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Mechanisms of Metal Nanoparticles Nucleation and Growth Studied by Radiolysis

The ultradivided matter is used for long in various applications, for example in colloids, inks and paints, cosmetics, stained glasses, catalysts, photographic emulsions, ... But the progressive need of nanoparticles for various miniaturized devices and the different approaches for the synthesis have suddenly increased.

All of the bottom-up synthesis methods from a diluted precursor to metal nanoparticles imply several steps : a reduction reaction of ionic precursors by electron transfer, inducing the nucleation of atoms then the growth of the seeds into particles, more or less inhibited by stabilizers. The final size, shape, structure and dispersity of the particles strongly depend on the thermodynamics and the kinetics of these steps. The interaction of high energy radiation with the solvent provides, quantitatively and homogeneously distributed in the bulk, strong electron donors (solvated electrons, reducing radicals) which reduce metal ions as precursors into atoms. The radiation chemistry, on one hand in the steady state regime with an accurate knowledge of the yields of all the radiolytic products, and on the other hand in the pulse regime giving access to time-resolved data, constitutes a unique tool to elucidate the detailed mechanisms and to provide the keys of really controlling these processes in view of various applications.

Introduction

Actually, Roentgen (1895) and Becquerel (1896) discovered ionizing radiation, the Xrays and the radioactivity, respectively, by observing the reduction of silver halides in the photographic plates. Further, the reaction was used in thick nuclear emulsions to detect the tracks in nuclear physics (and still in some modern dosimeters). However, a partial bleaching of the image was observed if the development of the exposed emulsion was delayed too long, but this feature remained unexplained [START_REF] Haïssinsky | La chimie nucléaire et ses applications[END_REF]. The earliest syntheses of gold colloids by gamma-radiolysis were published by [START_REF] Haïssinsky | Catalyse hétérogène en chimie des radiations[END_REF] and Koulkes-Pujo and Raschkov (1967). Using the pulse radiolysis, [START_REF] Baxendale | Pulse radiolysis of Ag+ solutions[END_REF] first published the reduction rate constant of silver ions by the hydrated electron and the transient spectra of the silver atom and of the charged dimer Ag2 + . Although the silver metal was known as noble, again an unexplained reaction of the atom with oxygen was observed. Another pulse radiolysis study was published by von Pukies, Roebke and [START_REF] Von Pukies | Pulse radiolysis of some elementary processes of silver reduction[END_REF] on the first steps of the coalescence of the silver atoms. In 1972, Haïssinsky observed by γradiolysis that the value of the silver clusters formation yield was higher when a few particles were added in advance to the solution. When monovalent copper ions were used as scavengers of the solvated electrons in liquid ammonia, surprisingly the metal clusters were not found and instead supplementary molecular hydrogen evolved as if the nascent metal was oxidized by the protons, whereas the bulk metal was inert under the same conditions [START_REF] Delcourt | Capture de précurseurs de l'hydrazine par les ions Cu + au cours de la radiolyse de l'ammoniac liquide[END_REF]. A new concept was proposed, considering that nascent atoms and small 'quasi-atomic' aggregates displayed thermodynamical properties distinct from those of the bulk metal and that their reduction potential was much more negative. In 2 particular, they were easily oxidable in contrast with the bulk, even if the metal was noble (Fig. 1). The Walker 's team (1973) also demonstrated by photoionizing silver atoms produced by flash photolysis in water solutions that their ionization potential was much lower than that of the bulk. These conclusions were confirmed by the evaluation, by a thermodynamical cycle, of the reduction potential of the silver atom in aqueous solution as E°(Ag + /Ag°) = -1.8 VNHE instead of + 0.78 VNHE for the bulk metal electrode [START_REF] Henglein | Reactivity of silver atoms in aqueous solutions -(Gamma-radiolysis study)[END_REF]. Not only previous unresolved observations by radiation chemists were also understood, but the nuclearity-dependent properties of the metal particles should influence all the processes of their nucleation and growth.

Since then, the specific method of the radiation chemistry (strong reducing species homogeneously distributed in the solution, possible analysis of the yields of all the radiolytic products) has permitted to synthesize nanoparticles of various noble and non-noble metals [START_REF] Belloni | Radiation-induced preparation of metal catalysts : iridium aggregates[END_REF][START_REF] Belloni | Non noble metal catalytic microaggregates, a method for their preparation and their application in the catalysis of the photoreduction of water[END_REF][START_REF] Delcourt | Metal microaggregates prepared by radiolytic reduction in liquids[END_REF][START_REF] Marignier | New microaggregates of non noble metals and alloys prepared by radiation induced reduction[END_REF]. The complex mechanisms of the initial reduction of ionic precursors into atoms, the association of atoms or clusters with ions and the reduction in situ of these ions, the coalescence and its inhibition by ligands or supports were progressively studied in detail by pulse radiolysis. They have been previously described in detail [START_REF] Belloni | Radiation-induced synthesis of mono-and multi-metallic nanocolloids and clusters in Synthesis chemistry and some properties of metal nanoparticles[END_REF][START_REF] Belloni | Radiation chemistry of nanocolloids and clusters[END_REF][START_REF] Belloni | Nucleation, growth and properties of nanoclusters studied by radiation chemistry[END_REF][START_REF] Belloni | Metal clusters and nanomaterials, in Radiation Chemistry. From basics to application in material and life sciences[END_REF]. This short review emphasizes the main advances in the domain.

Reduction mechanism

A high energy radiation (X-and γ-rays, electron and ion beams) first ionizes and excites the most abundant molecules, i.e. those of the solvent. The initial solvated electrons and free radicals partly recombine into molecular products. No addition of a reducing chemical is necessary because the irradiated solvent is itself the reductant. For example, in water [START_REF] Buxton | An overview of the radiation chemistry of liquids, in Radiation Chemistry. From basics to application in material and life sciences[END_REF]:

H2O vvvv-> e -aq, H3O + , H•, OH•, H2, H2O2

The solvated electrons and H • atoms are strong reducing agents at room temperature (E°( H2O/ e -aq) = -2.87 VNHE and E°(H + /H • ) = -2.3 VNHE), They are homogeneously distributed in the medium as the metal atoms that they produce. The OH • radicals are strong oxidants, and their counterbalancing action of electrons should be avoided. They may be scavenged by adding a molecule such as the ter-butanol which produces a radical inert towards the metal particles, or, better, by adding primary or secondary alcohols or formate ions yielding free radicals (R • in Fig. 1), themselves with a strong reducing power that contribute to the metal ion reduction. The arrow in Fig. 1 indicates the reduction potential increase during the nucleation and growth of the clusters. Obviously, the oxygen is removed under vacuum or by flushing inert gases to avoid the easy oxidation of atoms and oligomers. Nanoparticles of various noble metals were obtained by this way [START_REF] Belloni | Nucleation, growth and properties of nanoclusters studied by radiation chemistry[END_REF]Mostafavi, 2001, Cele et al., 2017). However, because the reduction potential of non-noble metal atoms and oligomers is very negative, the nucleation is much less easy and it requires weakly basic media to avoid the back oxidation by protons [START_REF] Marignier | New microaggregates of non noble metals and alloys prepared by radiation induced reduction[END_REF], Belloni et al., 1984[START_REF] Marignier | Nanoagrégats de nickel générés par radiolyse[END_REF][START_REF] Amblard | Synthèse radiolytique et réactivité catalytique de nanoagrégats bimétalliques greffés sur diverses électrodes[END_REF], Belloni et al., 1998[START_REF] Benoit | Effect of radiation dose on the size of bismuth particles produced by radiolysis[END_REF][START_REF] Soroka | Radiation-induced synthesis of nanoscale Co-and Ni-based electro-catalysts on carbon for the oxygen reduction reaction[END_REF]. Beyond a certain size, the potential becomes higher than that of oxygen or protons and the clusters are stable in air. Nickel and cobalt nanoparticles display ferromagnetic behavior [START_REF] Belloni | Radiation-induced synthesis of mono-and multi-metallic nanocolloids and clusters in Synthesis chemistry and some properties of metal nanoparticles[END_REF].

Pulse radiolysis studies of monovalent ions such as Ag + (von Pukies et al., 1968, Janata et al., 2012), or AuCN2 - [START_REF] Mosseri | Reduction of Au(CN)2in aqueous-solution. Formation of nonmetallic clusters and colloidal gold[END_REF] have clearly shown that, as soon as formed, the atoms not only dimerize but also may associate readily with excess metal ions (Fig. 1). The charged dimers are then reduced. The association/in situ reduction process also occurs on oligomers that grow by one atom unit. Most of reductants may be consumed in these reactions instead of creating new free atoms constituting as many nucleation centers. Therefore, the final mean concentration of particles is less and their final mean size is larger. The competition between the reduction of free ions and the reduction in situ of ions located on atoms and oligomers depend on the remaining concentration of free ions and on the dose rate that controls the production rate of the reducing species. Very high dose rates of powerful electron beam facilities favor the sudden and complete reduction of free ions, very small final size of clusters and narrow size dispersity [START_REF] Belloni | Radiation-induced synthesis of mono-and multi-metallic nanocolloids and clusters in Synthesis chemistry and some properties of metal nanoparticles[END_REF]. The association/reduction growth process is itself in competition with the coalescence growth process, but, in contrast with the coalescence, it is not at all influenced by the stabilizer concentration (Fig. 1) (see below).

Highly concentrated silver ions are reduced by the electrons prior the hydratation of he latter through a ultrafast process [START_REF] Balcerzyk | Unexpected ultrafast silver ion reduction: Dynamics driven by the solvent structure[END_REF]. In presence of the ligand CN -, first occur an electron attachment on Ag(CN)2 -, then the dissociation of the excited state of Ag(CN)2 2-into Ag(CN) -and the release of CN -, whereas the product of the reduction by hydrated electrons is Ag(CN)2 2- [START_REF] Wang | Effect of the solvation state of electron in dissociative electron attachment reaction in aqueous solutions[END_REF] (Fig. 2).

In solvents such as alcohols, the free radical issued from the primary cation after the ionization has strong reducing properties together with solvated electrons [START_REF] Mostafavi | Transient and stable silver clusters induced by radiolysis in methanol[END_REF]. The high value of the molar absorption coefficient and the maximum wavelength of the transient optical spectra of the atom Ag° and of the charged dimer Ag2 + are very similar to aqueous solutions (Fig. 3). This fast reduction of silver ions is followed by a slow reduction by the end-products aldehyde and glycol. In the solvent ethylene glycol, the radical of ethylene glycol formed after H abstraction does not reduce free Ag + ions because of the too negative potential of the couple Ag + /Ag°, but it reduces charged clusters Agn + [START_REF] Soroushian | Radiolysis of silver ion solutions in ethylene glycol: solvated electron and radical scavenging yields[END_REF] (Fig. 4).

The valences of multivalent metal ions are successively reduced by the radiolytic species up to the monovalent state. Then the reduction into atoms, and finally the coalescence into clusters is the same as in Fig. 1. For instance, trivalent gold ions are reduced by pulse radiolysis in water into divalent ions which disproportionate into monovalent and trivalent ions [START_REF] Baxendale | Study by pulse radiolysis on transitory species Au(II)[END_REF]. According to the quantitative analysis of timeresolved absorbance signals obtained by pulse radiolysis in 2-propanol, it was also found that a long-lived Au II dimer (Au II )2 was transiently formed, and that the disproportionation of Au II is intramolecular in the dimer. The optical absorption spectra of these various unstable valencies have been determined [START_REF] Dey | Mechanism of trivalent gold reduction and reactivity of transient divalent and monovalent gold ions studied by gamma and pulse radiolysis[END_REF]. The reducing species induced by a short electron pulse are all consumed during this first step.

Dose-dependent results in gamma-irradiation show that, as soon as formed, the strongly reducing atoms, formed from the reduction of monovalent ions Au I by radiolytic species, readily react with remaining trivalent ions up to their complete consumption [START_REF] Dey | Mechanism of trivalent gold reduction and reactivity of transient divalent and monovalent gold ions studied by gamma and pulse radiolysis[END_REF] (Fig. 5). Note that, because of the very low value of the reduction potential of atoms, the disproportionation of Au I into atoms and Au II is thermodynamically very unlikely. The mechanism of the gold ions reduction, characterized by a linear decay of the Au III absorbance and an induction time before the appearance of the surface plasmon band of the gold particles is the same in water [START_REF] Gachard | Radiation-induced and chemical formation of gold nanoparticles[END_REF], alcohols [START_REF] Dey | Mechanism of trivalent gold reduction and reactivity of transient divalent and monovalent gold ions studied by gamma and pulse radiolysis[END_REF] (Fig. 6), or THF [START_REF] Yamamoto | Radiationinduced synthesis of metal nanoparticles in ethers THF and PGMEA[END_REF]. The last reduction step of monovalent ions into gold atoms requires, as for all other metals, highly strong reducing species. In a low dielectric solvent such as the ethers tetrahydrofuran (THF) or propylene glycol monomethyl ether acetate (PGMEA), the yield of reducing radiolytic species is lower than in more polar solvents, because of partial recombination of the electrons with the sibling cations. But stable silver or gold nanoparticles may be synthesized by γ-irradiation, provided the reduction is not complete and some metal ions at their surface ensure an electrostatic repulsion. At complete reduction, the coalescence is no more inhibited, and the particles grow up to large sizes and precipitate [START_REF] Yamamoto | Radiationinduced synthesis of metal nanoparticles in ethers THF and PGMEA[END_REF] (Fig. 7).

Recently, a new time-resolved method was developed, synchronizing the transmission electron microscopy imaging with the irradiation by the electron beam [START_REF] Loh | Multistep nucleation of nanocrystals in aqueous solution[END_REF]. The same reduction processes of gold or silver ions occur as described above. The evolution with time of the size of the particles, immobilized near a silicon nitride membrane, and of their structure from an amorphous to a crystalline state are directly observed by the high resolution microscopy technique. Note that, during the characterization of nanoparticles by using electron microscopy or X-ray scattering, a too high dose of the beam would induce unwanted results due to additional radiolytic effects, whatever is the initial synthesis method.

Stabilizers (ligands, polymers, supports)

It is known for long that the growth of particles in a colloid may be controlled electrostatically by suitable ligands, and/or by polymer steric hindrance. The influence of a great number of them has been studied [START_REF] Mostafavi | Ligand effects on solvated metal cluster properties[END_REF][START_REF] Belloni | Radiation chemistry of nanocolloids and clusters[END_REF][START_REF] Cele | Radiolytic conversion of platinum, rhodium, osmium and palladium salts into metal coatings and metal nanoparticles using intense gamma ray irradiation of precious metal salts to synthesise nanoparticles[END_REF]. Using pulse radiolysis, the transient reduced silver species Ag° and Ag2 + have been observed on colloidal silica. With a train of pulses, nanaoparticles are formed [START_REF] Lawless | Reduction and aggregation of silver ions at the surface of colloidal silica[END_REF]. More recently, [START_REF] Pillai | What factors controls the size and shape of silver nanoparticles in the citrate ion reduction method[END_REF] have observed how the ion citrate was complexing the silver transient species Ag2 + and Ag4 2+ , and how their reaction which are the early steps of the growth were much slower than without citrate.

To avoid competition with metal ions in the radiation-induced synthesis of nanoparicles, the stabilizers are chosen to be themselves inert towards reduction. However, some of them, such as poly (vinyl alcohol) (PVA), may scavenge the oxidizing radicals and may also contribute to the metal ions reduction. Other ones such as poly(methyl) methacrylate (PMMA), or the ligand N-isopropylacrylamide (NIPAAm) stabilize in THF the gold or silver particles, respectively, as far as unreduced ions are still fixed at their surface [START_REF] Yamamoto | Radiationinduced synthesis of metal nanoparticles in ethers THF and PGMEA[END_REF] (Fig. 7). The poly (acrylate) (PA) behaves as a very strong coalescence inhibitor. In its presence, and at partial reduction, very small and stable (even in air) silver oligomers of a few atoms only (Mostafavi et al.), such as Ag7 3+ ('blue silver') [START_REF] Remita | STM identification of silver oligomer clusters prepared by radiolysis in aqueous-solution[END_REF] and Pt5-7 [START_REF] Keita | STM investigations of Pt oligomers clusters[END_REF], have ben observed by STM. Nickel oligomers Ni13, of pink color (maximum wavelength of the absorption band at 540 nm) are also stabilized by PA [START_REF] Hioul | Radiation-induced pink nickel oligomeric clusters in water. Pulse radiolysis study[END_REF], and they are much smaller than the brown nanometric particles stabilized by PVA and absorbing in the near UV. However, nickel is a less noble metal than Ag or Pt, and the nickel oligomers are readily oxidized in air and within one day in the solution, so that STM imaging was excluded. However, the nuclearity of pink oligomers is determined as Ni13 by pulse radiolysis from the rate constant and the kinetics of the coalescence observed. The mechanism of their formation, studied by pulse radiolysis, is summarized in Fig. 8. The divalent metal ions, such as Ni 2+ , are not easily reduced because the reduction potential of the last step of monovalent ions reduction is lower than that of the first step : E°(Ni + /Ni °) < E°(Ni 2+ /Ni + ). The monovalent ions Ni + do not disproportionate and they are reduced only by the solvated electrons. In contrast, in the presence of the ligand polyacrylate, the second-order reaction of disproportionation of the monovalent state Ni + PA into Ni 2+ PA and Ni°PA has been observed by pulse radiolysis, meaning that the potential order is opposite : E°(Ni + /Ni °)PA > E°(Ni 2+ /Ni + )PA [START_REF] Hioul | Radiation-induced pink nickel oligomeric clusters in water. Pulse radiolysis study[END_REF].

Some ligands have specific interaction depending on the growing crystal axis and they control the final shape of the particle, such as cetylmethyl ammonium bromide, driving unidirectionally the growth of single monocrystalline platinum nanorods [START_REF] Krishnaswamy | Synthesis of singlecrystalline Platinum nanorods within a "soft" crystalline surfactant-Pt(II) complex[END_REF]. Highly swollen liquid crystals may act as nanoreactors for the synthesis of metal nanomaterials of varous shapes [START_REF] Surendran | Highly swollen liquid crystals as new reactors for the synthesis of nanomaterials[END_REF][START_REF] Holade | Au@Pt Core-shell mesoporous nanoballs and nanoparticles as efficient electrocatalysts toward formic acid and glucose oxidation[END_REF]. Gold nanorods may be obtained as confined in lamellar mesophases [START_REF] Abidi | Gold nanoparticles confined in lamellar mesophases[END_REF]) and palladium urchinlike nanaostructures are synthesized in cetylpyrimidium choride surfactant micellar solutions [START_REF] Ksar | Palladium urchin-like nanostructures and their H2 sorption properties[END_REF].

Metal atoms obtained by reduction of silver ions imbedded in polymeric membranes of Nafion® coalesce by 3-4 orders of magnitude slower than in the free solvent because the diffusion through the channels between the cavities is very slow [START_REF] Platzer | Nanosecond pulse radiolysis study of metal aggregation in polymeric membranes[END_REF]. From the kinetics observed by pulse radiolysis, it appears that the silver oligomers of nuclearity n ≤ 8 are corrodible by the protons, meaning that their reduction potential is still slightly negative at this size [START_REF] Amblard | Computerized Simulation of Silver Aggregation and Corrosion in Polymeric Membranes[END_REF].

Small metal oligomers of silver [START_REF] Gachard | Optical and ESR spectroscopic studies of silver clusters in Ag, Na-Y Zeolite by γ irradiation[END_REF], copper (DeWaele et al, 2007), platinum [START_REF] Yordanov | Elucidation of Pt clusters in the micropores of zeolite nanoparticles assembled in thin films[END_REF] or palladium [START_REF] Knoerr | Preparation of colloidal BEA zeolite functionalized with Pd aggregates as a precursor for low dimensionality sensing layer[END_REF] are synthesized in porous zeolites after ion exchange by the precursors and irradiation.

When ions are prior adsorbed on supports, then reduced in situ by irradiation at room temperature, the diffusion of atoms at the surface and their coalescence (or sintering) are strongly restricted and the final sizes of clusters are very small. Several metals and supports (oxides or metal electrodes) have been studied, mainly in view of catalytic applications [START_REF] Belloni | Nucleation, growth and properties of nanoclusters studied by radiation chemistry[END_REF]. Because nickel is particularly active in the catalysis of various reactions, oxide-supported nickel clusters have been synthesized by irradiation and their structure studied in detail. Electrons issued from the irradiation of the support also contribute to the reduction of the metal ions. The radiation-induced Ni/α-Al2O3 clusters exhibit a high activity at moderate temperature in the benzene hydrogenation reaction [START_REF] Chettibi | The metal-support interaction in the oxide supported nickel nanoparticles synthesized by radiolysis[END_REF], and, when tested on the steam-reforming methane reaction, a remarkably high selectivity in CO [START_REF] Keghouche | Radiation-induced synthesis of α-Al2O3 suported nickel clusters. Characterization and catalytic properties[END_REF]. Supported Ni clusters Ni/CeO2 display high catalytic performance in the benzene hydrogenation reaction with a total conversion within a large and low temperature range. These properties were assigned to intermetallic Ni-Ce and Ni-Ce2 compounds detected together with the zerovalent Ni phase [START_REF] Chettibi | Ni-Ce intermetallic phases in CeO2-supported nickel catalysts synthesized by γ-radiolysis[END_REF]) (Fig. 9). The catalytic activity of Ni/TiO2 in the same benzene hydrogenation reaction is slightly less than for Ni/CeO2, but the complete conversion temperature and the turn-over frequency are much higher than for the Ni/TiO2 catalyst synthesized by molecular hydrogen reduction at high temperature [START_REF] Chettibi | Structural and catalytic characterization of radiation-induced Ni/TiO2 nanoparticles[END_REF] (Fig. 10). Again, intermetallic phases, Ni2.66Ti1.33 and Ni3Ti were observed in the radiolytic catalyst instead of an oxidized Ni5TiO7 phase for the H2-reduced sample. Still higher performance were obtained on the radiolytic catalysts Ni-Ce/Al2O3 and Ni-Pt/Al2O3 (Table 1) [START_REF] Seridi | Structural study of radiolytic catalysts Ni-Ce/Al2O3 and Ni-Pt/Al2O3[END_REF].

Table 1. Comparative results of turn-over frequencies (TOF) of radiation-induced or H2-reduced catalysts at different temperatures in the benzene (Bz) hydrogenation reaction. [START_REF] Chettibi | Ni-Ce intermetallic phases in CeO2-supported nickel catalysts synthesized by γ-radiolysis[END_REF] ; (c) [START_REF] Chettibi | Structural and catalytic characterization of radiation-induced Ni/TiO2 nanoparticles[END_REF] ; (d) [START_REF] Seridi | Structural study of radiolytic catalysts Ni-Ce/Al2O3 and Ni-Pt/Al2O3[END_REF] ; (e) [START_REF] Seridi | Structural study of radiolytic catalysts Ni-Ce/Al2O3 and Ni-Pt/Al2O3[END_REF].

Samples

Structural studies of radiation-induced bimetallic Ni-Pt/SiO2 reveal the presence of NiSi, Ni3Pt or NiPt3 nanoalloyed clusters depending on the different initial Pt ions content. At low temperature, the magnetization is enhanced, and, in contrast with bulk Ni-Pt alloys, it increases with the Pt content [START_REF] Benguedouar | Structure and magnetic properties of Ni-Pt nanoalloys supported on silica[END_REF].

Using a scanning electron nanobeam (2 nm), thin polymeric films loaded with silver or gold nanoparticles have been synthesized by a one-step irradiation-induced reduction of the solid solutions of the metal ions embedded in the polymer together with the cross-linking of the matrix. In view of realizing specific nanopatterning of high resolution using a directwriting process, groups of nanobeam scans produced 500 or 200 nm wide lines that can be separated by unexposed spaces of adjustable width where precursors were dissolved [START_REF] Yamamoto | Synthesis of metal nanoparticles and patterning in polymeric films induced by electron nanobeam[END_REF] (Fig. 11).

Nuclearity-dependence ot the cluster reduction potential

Because of the very negative reduction potential of atoms and clusters, none of the electron donors with a potential being higher than them could initiate the reduction of isolated ions in the bulk or at the surface of small clusters. This was directly observed when simultaneously some silver atoms and an electron donor were produced by the same electron pulse [START_REF] Mostafavi | Nucleation dynamics of silver aggregates. Simulation of photographic development processes[END_REF]. The nuclearity-dependent potential of clusters is thus measured, in spite of their short life-time during the growth, from the reaction kinetics with the electron donor of known potential. Below a critical time, only the coalescence of atoms was observed as without the donor. After this time required for the nucleus to reach a minimum critical size and a reduction potential at least equal to the donor potential constituting a threshold, the donor starts to decay, together with the reduction by the donor of ions in situ on the critical nucleus and its growth by successive ion additions/reductions. The critical nuclearity of the nucleus is known from the critical time and from the coalescence rate constant. The nuclearity-dependence of the reduction potential of silver clusters was thus measured by studying the influence of electron donors of different reduction potentials [START_REF] Mostafavi | Nucleation dynamics of silver aggregates. Simulation of photographic development processes[END_REF][START_REF] Khatouri | Ionization potential of clusters in liquids[END_REF] (Fig. 12). The final size of the particles depends on the ratio between the concentrations of ions and donor. The potential also depends on the ligand as shown for Ag(NH3)2 + [START_REF] Texier | Reduction of Ag I (NH3)2 + to Ag 0 (NH3)2 in solution. Redox potential and spectral study[END_REF] or Ag(CN)2 - [START_REF] Texier | Radiolytic reduction of Ag(CN)2solution : ligand effect on the redox potential[END_REF].

This mechanism also accounts for all the features of the autocatalytic photographic development of the critical nuclei of the latent image by the chemical developer. Simultaneously, the subcritical nuclei are corroded by the oxidized developer [START_REF] Mostafavi | Nucleation dynamics of silver aggregates. Simulation of photographic development processes[END_REF]. Actually, the development process was used to control the final size and the homodispersity of nanoparticles. For example, gold ions were reduced by irradiation into clusters which, in presence of a chemical electron donor, act as seeds homogeneously dispersed in the solution and growing up through an autocatalytic process to the size determined by the respective concentrations [START_REF] François | Optical Limitation induced by Gold Clusters. 1. Size Effect[END_REF]. Whereas small radiolytic Ni or Co nanoparticles are weakly attracted by magnetic fields, they may be developed to larger sizes by a chemical reductant, and the colloids of developed particles at high concentration behave as ferrofluids (Marignier and Lian, unpublished results).

The reduction of small charged metal clusters by stronger electron donors but also the oxidation of the neutral ones by stronger electron acceptors make them excellent electron relays and explain their high efficiency in heterogeneous catalysis of electron donor-acceptor reactions. Actually, the efficiency of ultradivided metals does result not only kinetically from their high specific area, as often referred, but almost thermodynamically from their suitable relay reduction potential between those of the donor and of the acceptor [START_REF] Belloni | Nucleation, growth and properties of nanoclusters studied by radiation chemistry[END_REF]Mostafavi, 2001, Belloni, 2006).

It was found that the atoms and oligomers reduction potential of all the metals, even noble, was very negative. However, the potential increase versus the nuclearity is specific for each of them, and for example, at any size, nickel is more easily oxidized than noble metals. For non-noble metals, the nuclearity-dependent potential curve is expected to be shifted to more negative values than in the curve determined for silver in Fig. 12. This variation also depends on the possible interaction of the clusters with ligands, polymers or solid supports. For example, gold or silver clusters synthesized from cyano complexes are readily oxidized in air [START_REF] Treguer | Dose Rate effects on radiolytic synthesis of gold-silver bimetallic clusters in solution[END_REF]. In contrast, ions adsorbed on glass or oxides are more easily reduced than in the solution. The potential of silver clusters formed on silver halides is slightly higher than for clusters in solution (Gresziak et al., 2008).

In mixed solutions of two metal ions, both have equal probabilities to encounter the reducing species and to be reduced. However, as far as both of ions are not totally reduced, a slow intermetal electron transfer occurs from the less noble atoms to the more noble ions. Thus, the more noble metal is first produced in a cluster, and, after complete formation of the latter constituting a core, the less noble metal ions are reduced in situ on this core and constitute the shell. The process depends on the competition between the reduction rate, i.e. the dose rate, and the intermetal electron transfer rate which depends on the couple of metals. At high dose rate, complete reduction of all the ions of both metals may be over before any electron tranfer could occur. Then the atoms coalesce according to the precursors concentrations. The formation of nanoalloys is thus favored [START_REF] Treguer | Dose Rate effects on radiolytic synthesis of gold-silver bimetallic clusters in solution[END_REF]. Various mixed solutions have been studied. The dose rate where nanoalloys instead of core-shell clusters are obtained depends clearly on the couple of metals and may change by several orders of magnitude [START_REF] Belloni | Radiation chemistry of nanocolloids and clusters[END_REF][START_REF] Mirdamadi-Esfahani | Bimetallic Au-Pt nanoparticles synthesized by radiolysis: Application in electro-catalysis[END_REF][START_REF] Holade | Au@Pt Core-shell mesoporous nanoballs and nanoparticles as efficient electrocatalysts toward formic acid and glucose oxidation[END_REF] (Fig. 13). Note that the transition dose rate and the metal structure of the core/shell also depends on the ligand, as for the couple Au and Ag, having an opposite potential order in presence of Cl -or CN -.

Consequences for the chemical synthesis of metal nanoparticles

In the chemical synthesis, stable reducing agents are used instead of the transient solvated electrons and reducing free radicals in the radiation-induced synthesis. For example, the synthesis of gold or silver nanoparticles has recently attracted an increasing interest for their properties applied in various domains. Particularly, the Turkevich method uses the reduction of silver [START_REF] Pacioni | Synthetic routes for the preparation of silver nanoparticles, in Silver nanoparticles applications in the fabrication and design of medical and biosensing devices[END_REF] or gold ions [START_REF] Wuithschick | Turkevich in new robes: Key questions answered for the most common gold nanaoparticle synthesis[END_REF] under boiling conditions by citrate ion acting as the electron donor and together as the stabilizer.

However, as soon as formed by strong electron donors, the atoms undergo the same mechanisms as described above. In particular, in such bottom-up syntheses, the atoms and the smallest particles are strongly sensitive to oxygen and protons. Also, the final size distribution highly depends on the competition between the reduction rate and the association of atoms or clusters with excess ions. In contrast with the homogeneous and instantaneous penetration of radiation, the chemical reduction process is controlled by the rate of the initial step of mixing the reactants. Thus, the firstly formed atoms and oligomers associate readily with excess ions and act as nucleation seeds at the further contact with the reductant. This may explain the higher sizes and dispersity of the particles compared to the radiolytic process. The synthesis of alloyed particles is also more difficult than by the sudden high dose rate irradiation.

However, a mixing of reactants by using microfluidics at high flow rates would partly overcome this type of growing reaction and the structure of superlattices of gold particles may be observed by time-resolved X-ray scattering (Abecassis et al., 2008).

Another and more serious difficulty arises from the reduction potential of the chemical agent. Because the reduction of the monovalent ion into the atom constitutes the last step of the reduction and the first step of the particle construction, and because the reduction potential of free atoms of all metals is very negative (even for metals that are noble in the macroscopic state), most of reductants are thermodynamically not suitable to overcome this barrier. Some are able to reduce only the ions adsorbed on the reactor walls where their potential is less negative (silver mirror process), or to develop germs initiated by solvated electrons photochemically induced. Some other reductants may decompose at high temperature in producing hydrogen free radicals acting as strong reductants. However, high temperature favors the coalescence and sintering.

Concluding remarks

High energy radiations penetrate homogeneously into the solutions and produce from the solvent at room temperature very strong reductants able to reduce multivalent ions to lower valencies and any monovalent, noble or non-noble, metal ions into initially isolated atoms. Under these conditions, particularly at high dose rate, the coalescence of atoms is therefore restricted at most by stabilizers or at the surface of supports. Irradiation-induced reduction of metal ions is thus a powerful method for synthesizing very small and homodisperse mono-or multimetallic, noble and non-noble nanoparticles in various media and matrices. The alloying is favored by high dose rates. The pulse radiolysis method provides time-resolved observations of the reactions, and the determination of the mechanisms, including of the bimetallic nanoparticles formation. Moreover, the reduction potential of transient clusters may be evaluated from kinetics and the nuclearity-dependence of the potential accounts for the electron transfer catalysis or for the specific development of seeds by chemicals beyond a critical nuclearity. 
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Fig. 3. Transient optical absorption spectra in AgClO4 methanolic solutions after an electron pulse (dose = 200 Gy). At increasing time, the solvated electron decays in the infrared and the band of silver atoms increases at 340 nm, then (at 700 ns) only the band of the charged dimer Ag2 + is observed at 300 nm. Optical path : 1 cm. [START_REF] Mostafavi | Transient and stable silver clusters induced by radiolysis in methanol[END_REF].

Fig. 4. General scheme of of the radiolysis of silver ions solutions in ethylene glycol. Yield values of the various embranchments, given in 10 -7 mol J -1 , are determined from γand pulse radiolysis results. [START_REF] Soroushian | Radiolysis of silver ion solutions in ethylene glycol: solvated electron and radical scavenging yields[END_REF].

Fig. 5.

Optical absorption spectra at increasing dose of γ-irradiated Au III Cl4 -solutions in 2-propanol with poly(ethylene glycol) as stabilizer. Inset : Dependence on dose of the absorbances of Au III at 321 nm and of gold nanoparticles at 560 nm. The induction dose before particles are observed of as far as Au III is not totally reduced and its linear decrease mean that strongly reducing atoms comproportionate with Au III . [START_REF] Dey | Mechanism of trivalent gold reduction and reactivity of transient divalent and monovalent gold ions studied by gamma and pulse radiolysis[END_REF].

Fig. 6. Mechanism of the reduction of Au III into gold nanoparticles in 2-propanol. The reduction potential of AuI/Au° is so negative that this last reduction step requires the strong reducing properties of the solvated electron. [START_REF] Dey | Mechanism of trivalent gold reduction and reactivity of transient divalent and monovalent gold ions studied by gamma and pulse radiolysis[END_REF]. The turn-over frequency at 140 °C (total conversion) is 33 Bz Niat -1 s -1 and much higher than for a catalyst reduced by H2 at 350 °C (d). [START_REF] Chettibi | Structural and catalytic characterization of radiation-induced Ni/TiO2 nanoparticles[END_REF]. 

  [START_REF] Chettibi | The metal-support interaction in the oxide supported nickel nanoparticles synthesized by radiolysis[END_REF] (b) 

Fig. 1 .

 1 Fig.1. Scheme summarizing the processes during the reduction of metal ions (in red), by solvated electrons and free radicals as induced by radiolysis, into metal atoms (in blue). The ions may be free in solution or associated with atoms and clusters where they are reduced in situ. The growth into nanoparticles by coalescence of atoms, then clusters, is controlled by stabilizers, in contrast with the growth by successive units resulting from the association/ reduction route which is not. The arrow on the left indicates that the reduction potential of single atoms is very negative and that the potential increases with the nuclearity of the growing particles.

Fig. 2 .

 2 Fig. 2.Energetic diagram of the Ag(CN)2 -reduction. An electron attachment results from the reaction with hydrated electrons. In contrast, highly concentrated ions react with electrons before their hydration through a dissociative electron attachment of the excited state of Ag(CN)2 2-and the release of CN -.[START_REF] Wang | Effect of the solvation state of electron in dissociative electron attachment reaction in aqueous solutions[END_REF] 

Fig. 7 .

 7 Fig.7. Dose-dependent optical absorption spectra during the gamma-reduction of AuCl4 -(at 320 nm) in THF solutions and PMMA as stabilizer. At 12 kJ L -1 , the trivalent ions are totally reduced into monovalent ions and the formation of nanoparticles (at 530 nm) starts. Above 25.4 kJ L -1 , the particles precipitate. Inset : HRTEM image of a single gold nanoparticle at two magnifications.[START_REF] Yamamoto | Radiationinduced synthesis of metal nanoparticles in ethers THF and PGMEA[END_REF].

Fig. 8 .

 8 Fig. 8. Mechanism of the radiolytic reduction of Ni 2+ aqueous solutions in presence of the stabilizer polyacrylate and absorption spectrum of pink oligomers Ni13, obtained by an electron pulse of 900 Gy. (Hioul et al., 2014).

Fig. 9 .

 9 Fig. 9. Benzene conversion in the hydrogenation reaction catalyzed by the radiation-induced catalyst Ni/CeO2 5wt%. Fresh catalyst at increasing (a) and decreasing (b) temperature. Catalyst treated at 350 °C after irradiation(c). The turn-over frequency at 140 °C (total conversion) is 33.5 Bz Niat -1 s -1 .[START_REF] Chettibi | Ni-Ce intermetallic phases in CeO2-supported nickel catalysts synthesized by γ-radiolysis[END_REF].

Fig. 10 .

 10 Fig.10. Benzene conversion in the hydrogenation reaction catalyzed by the radiation-induced catalyst Ni/TiO2 5wt%. Fresh catalyst at increasing (a) and decreasing (b) temperature. Catalyst after cycles (dotted and red lines) (c). The turn-over frequency at 140 °C (total conversion) is 33 Bz Niat -1 s -1 and much higher than for a catalyst reduced by H2 at 350 °C (d).[START_REF] Chettibi | Structural and catalytic characterization of radiation-induced Ni/TiO2 nanoparticles[END_REF].

Fig. 11 .

 11 Fig.11. SEM image of the Ag/PS patterns 500 nm wide obtained by using scans of an electron nanobeam (2 nm) irradiating a film supported on silicon. The Ag nanoparticles appear as white dots in gray polymer lines.[START_REF] Yamamoto | Synthesis of metal nanoparticles and patterning in polymeric films induced by electron nanobeam[END_REF].

Fig. 12 .Fig. 13 .

 1213 Fig.12. Nuclearity-dependence of the reduction potential of silver atoms and clusters in water. The reduction potential of an electron donor (Dev) constitutes a thermodynamical threshold. The first electron transfer occurs exclusively to charged clusters with a potential higher than that of the electron donor, i.e. beyond the corresponding critical nuclearity nc. Then, the nuclei grow by successive ion additions/reductions and the final size of the nanoparticles depends on the ratio between the concentrations of the donor and the nuclei. By analogy with photography, the mechanism is called a development.[START_REF] Khatouri | Ionization potential of clusters in liquids[END_REF].