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Introduction

Bimetallic nanoparticles (NPs) have attracted a great interest in many scientific areas, particularly in catalysis where these materials have shown interesting properties. 1 Over the years, a great number of systems have been studied with, inter alia, the aim to control the chemical order at small size for tuning both the physical and the chemical properties of the resulting particles. Thus, years ago, we studied the progressive incorporation of ruthenium into platinum NPs, leading to alloy particles of small size (< 2 nm) which retained the crystal structure of the corresponding bulk alloys. When the Pt content is high, the bimetallic NPs adopt the face-centered cubic (fcc) structure, while for high Ru contents the structure changes to hexagonal close-packed (hcp). 2 Following this research line, small core-shell RuPt NPs stabilized by polyvinylpyrrolidone (PVP) were obtained by co-decomposition under a hydrogen atmosphere of Ru(COD)(COT), COD = cyclooctadiene and COT = cyclooctatriene, and Pt(CH3)2(COD) at room temperature. 3 However, when the decomposition of a mixture of Ru(COD)(COT) and Pt(CH3)2(COD) was performed in the presence of 1,4-Bis(diphenylphosphino)butane (dppb), the resulting bimetallic NPs presented a ruthenium rich core and a disordered shell containing both ruthenium and platinum, probably due to the high chemical affinity of the diphosphine ligand for both metals. Such a change in surface composition then explained the change in the reactivity of the NPs. 4 This observation demonstrates the potential of molecular chemistry in the synthesis of nanoparticles, being able to modulate their structures, their surface composition and thus their corresponding catalytic properties.

N-Heterocyclic carbenes (NHCs) are excellent ligands to stabilize metal nanoparticles (MNPs) due to their high electron donor capacity. 5 As they form strong ligand-transition metal bonds, they are more In addition to local probe studies, Wide-Angle X-ray Scattering (WAXS) analyses were performed to access global structural information. The monometallic NPs were comparable to the ones observed on monometallic Ru 8c and Pt NPs using the same ligand. Specifically, Ru adopts the hexagonal closed packed (hcp) structure with a coherence length close to 1.6 nm and Pt adopts the fcc structure with a coherence length close to 2.2 nm (Figure S8, top and bottom). Limited discrepancy between TEM size and WAXS coherence length has often been observed and is usually related to different weighting schemes for the different techniques. More surprisingly, the bimetallic samples display very different patterns ranging from fcc-like for RuPt-dba and RuPt2-dba to hcp-like for RuPt-DMC, the case of RuPt-nor being intermediate. The complete series of RDFs is similar to those obtained for an extended range of Pt/Ru compositions. 2b Since for a 1:1 RuPt alloy we expect a fcc structure, these results point to the formation of an alloy (i.e. a homogeneous distribution of the two metals) for RuPtdba and RuPt2-dba, and an anisotropic metal distribution in the other cases. Thus, deviation from the structure expected for a given composition has been observed by WAXS in several occurrences and has been related to core-shell segregation in the nanoparticles 3,4,15 In all cases, the apparent structure reflects the order in the best crystallized part of the particle, obviously the core. This is therefore an indirect but global proof of Ru-enrichment of the core of RuPt-DMC, and thus of a Pt-enrichment of the shell (as confirmed below).

Surface studies

The surface state of the bimetallic RuPt NPs was characterized by attenuated total reflectance Fourier transform infrared (ATR FT-IR) and magic angle spinning solid-state NMR (MAS-NMR) measurements. Carbon monoxide (CO) coordinates easily on the Ru and Pt surface and displays a distinct signature according to its coordination mode and to the nature of the metal. It is thus possible to determine the presence of accessible sites and to get insight into the metal composition of the NP surface after CO adsorption. In both metals (Pt and Ru), CO can coordinate in a bridging (COb; on the faces of the NP) or in a terminal mode (COt; on the apexes and edges of the NP), 16 Figures S9-S14

show the FT-IR spectra of Ru, Pt, RuPt-nor, RuPt-DMC, RuPt-dba and RuPt2-dba NPs before (orange) and after (blue) CO adsorption (1 bar, r.t., 20 h). In general, after exposure to CO all the spectra exhibit the characteristic absorption bands of COb (~ 1800 cm -1 ) and COt (~ 2000 cm -1 ).

Comparing the spectra in the 1800 -2200 cm -1 region (Figure 4), we observe that for Ru the frequency for the main contribution of COt is 1965 cm -1 while for Pt it is 2034 cm -1 . As this main contribution of COt absorptions for RuPt-nor, RuPt-dba, RuPt2-dba and RuPt-DMC appear at 2003, 2005, 2024 and 2026 cm -1 , respectively, we can propose that RuPt2-dba and RuPt-DMC displays a Pt rich surface, whereas an alloy type surface is expected for RuPt-nor and RuPt-dba. We can thus find some differences at the surface, an enrichment of Pt being observed as we advance in the sequence RuPt-nor ≈ RuPt-dba << RuPt-DMC ≈ RuPt2-dba. This series confirms that very different surfaces can be obtained by changing only the organometallic precursor used during the synthesis. The higher concentration of Pt atoms on the surface of RuPt-DMC results from the slow decomposition of the Pt-DMC precursor, which is assisted by ruthenium and leads to an enrichment in Pt on the shell of the NP. 3 RuPt2-dba has been proven to be a fcc alloy, but also presents a high percentage of Pt atoms on its surface, as expected from its chemical composition. RuPt-nor and RuPt-dba display similar surfaces in terms of Ru and Pt concentrations, as shown by similar frequencies for the main contribution of COt, intermediate between the ones of Pt and those of Ru. Therefore, we can modulate the surface composition of bimetallic NPs prepared by the organometallic approach via two ways: i) the decomposition rate of the organometallic precursors used in the synthesis and ii) the molar stoichiometry of these organometallic precursors (1:1, 1:2, etc.). S14) is visible on FT-IR spectra before exposure to carbon monoxide (orange). This behaviour is typical for Ru NPs, which are able to decarbonylate THF used as solvent during the NP synthesis. 17

This decarbonylation process has never been observed for Pt NPs, and consequently no CO band before reaction of Pt NPs with carbon monoxide could be detected (Figure S10). Interestingly, bimetallic RuPt2-dba NPs are not able to decarbonylate THF either, which supports the enrichment of their surface in Pt atoms.

The presence of the water-soluble carbene on the NP surface was also demonstrated by solid-state 13 C CP-MAS NMR spectra of Ru, Pt, RuPt-nor, RuPt-DMC, RuPt-dba and RuPt2-dba (Figures S15-S20). In all spectra, we can find all the signals of the sulfonated NHC ligand on the NP. The signals are assigned to: ~163 ppm: imidazolium carbene carbon ; ~142 ppm: quaternary carbons of aromatic ring; ~125-122 ppm: protonated carbons of aromatic ring and imidazolium backbone; ~47 ppm: α and γ alkyl chain CH2 groups of the sulfonated N-substituent; ~25-22 ppm: isopropyl and β alkyl chain CH2 groups, as previously demonstrated. 8a,c After submitting all the nanoparticle samples to a pressure of 1 bar of 13 CO (r.t., 20 h), their 13 C MAS NMR spectra (Figures S21-S26) display intense and broad high frequency resonances corresponding to adsorbed 13 CO. For monometallic Ru NPs, a broad signal corresponding to bridging CO (COb) is visible at 232 ppm, on which is superimposed a peak corresponding to terminal CO (COt) at 198 ppm (Figure S21). As commonly observed in other Ru NPs systems, the COt showed a more intense signal than COb in 13 C CP-MAS experiment, notably due to a difference of surface mobility. 15a,18 In contrast, shows : i) that the structure of particles is not homogeneous and ii) that the presence of ruthenium limits the development of magnetism in the particles as it does when it is alloyed to ferromagnetic materials.

Catalytic Studies.

The catalytic activity of the water-soluble RuPt NPs was studied in the deuteration of L-lysine in order to compare all the systems. Deuteration reactions were carried out using a catalytic loading of 6-7 % of NPs in D2O under 2 bars of D2 at 55°C for 42 hours. Deuteration reactions were carried out by submitting a solution of lysine to 2 bars D2 at 55°C for 42 hours. The incorporation of deuterium in Llysine using RuPt-nor, RuPt-DMC, RuPt-dba and RuPt2-dba NPs as catalyst is generally lower than with Ru NPs (Table 1 andFigures S27-32). 8c The α and ε positions of L-lysine were nearly completely deuterated using RuPt-nor, RuPt-DMC and RuPt-dba, but using RuPt2-dba the activity decreased considerably. The latter result was expected because Pt is not active in this catalytic reaction and RuPt2-dba present higher Pt content. We also observed a change in selectivity using the RuPt bimetallic NPs since we did not detect any deuteration on the γ position of lysine in contrast to monometallic Ru NPs. Thus, the presence of Pt at the NP surface inhibits the H/D exchange in γ position, in addition to reducing the activity of the catalyst. [a] Reaction conditions: all experiments were performed in D2O in the presence of 6-7 mol % of NPs, 2 bar of D2 at 55°C during 42h.

In order to compare more precisely the activity of the different systems, kinetic studies were carried out. For this purpose, D2O solutions of 1 mg/mL of NPs with 11 mg of L-lysine where heated at 55 ºC during 16 h in a high pressure NMR tube under 2 bars of D2, and deuterium incorporation in L-lysine was monitored by 1 H NMR spectroscopy (Figure 5). As observed in the previous catalytic experiments, the highest conversion was achieved with Ru. However, interestingly, bimetallic systems

RuPt-nor and RuPt-DMC showed a faster reaction rate during the initial 3 hours. After this time, we observed a radical change in the deuteration rate, probably due to some deactivation processes or reorganization of the NP surface. On the other hand, as predictable, RuPt2-dba presented the lowest activity, because of its high Pt content. 

Chemical shift perturbation.

To gain insight into the differential reactivity of the Ru or mixed RuPt NPs, and notably the preferential deuteration of the ε rather than the α position, we recorded NMR spectra of Lysine samples at different concentrations in the presence of Ru or RuPt-dba NPs, which show the more pronounced decrease of deuteration at the  position. In order to correct the pH variations of these unbuffered samples, we added 0.5mM of trimethylsilylpropanoic acid (TMSP) and of Na2HPO4 before lyophilizing the individual samples and we carefully adjusted the pH to a value of 9.22 ± 0.02 before adding the NPs. Referencing of the proton spectra thereby becomes easier, and the 31 P NMR signal of the phosphate buffer allows verifying the pH of the final sample in a non-intrusive manner (Figure S33). 20

Similarly as reported before, chemical shift perturbations (CSPs) upon increasing the NP/Lysine ratio were more pronounced in the proton than in the carbon dimension for the 1 H, 13 C correlations corresponding to the α and ε positions, whereas the inverse was true for the  position (Figure S34).

In order to see more subtle differences between both series, we recorded high resolution proton 1D spectra. Reference spectra of the lysine samples at different concentrations but without NPs gave an idea about the precision of the measurement, and indicated that variations higher than 5Hz could be considered as significant (Figure S34). For Ru NPs, the CSP values are 17Hz for the Hα proton but only 9Hz for the Hε upon tenfold variation of the Lysine concentration (Figure 6). The pKa of the side chain amino group being further away from the actual pH, this behaviour correlates well with the preferential deuteration at the α rather than the ε position. For the RuPt NPs, we found an even larger value of 25Hz for the Hα CSP, whereas a value of 8Hz was observed for the Hε. In contrast to the Ru NPs, where observation of the absorbed CO led to the picture of a readily accessible surface, composed of Ru(0) and well-dispersed NHC ligands, the RuPt NPs contain both Ru and Pt atoms at their surface next to the same ligands. The comparable CSP for the Hε protons suggests that they approach the surface of both Ru and RuPt NPs in a similar fashion, and hence rather coordinate to the Ru atoms. Comparable CSP for the Hε protons is in good agreement with comparable deuteration during the kinetics study. In contrast, the differential CSP for the Hα protons hints to a different environment for the Hα proton when approaching the RuPt NP rather than the Ru NP. The possibility of a chelating effect involving both the amine and the acid groups can thus enhance the coordination of the Lysine to the RuPt surface and thus a strong adsorption of the groups close to the C. As predicted by the Sabatier principle, the stronger coordination of the carboxylate in presence of Pt leads to a decrease of the catalytic efficiency. 21 As the interaction between the substrate and the surface is 

  Scheme 1. Synthesis of Ru, Pt, RuPt-nor, RuPt-DMC, RuPt-dba and RuPt2-dba.

Figure 1 .

 1 Figure 1. TEM micrographs and the corresponding size histograms of a) Ru, b) Pt, c) RuPt-nor, d) RuPt-DMC, e) RuPt-dba and f) RuPt2-dba NPs.

Figure 2 .

 2 Figure 2. High Resolution (a) STEM, (b) HADDF and (c) BF images of RuPt-nor. (d, e) Elemental mapping and (f) relative composition of RuPt-nor as determined by EDX.

Figure 3 .

 3 Figure 3. High Resolution (a) STEM (b) -HADDF and (c) -BF images of RuPt-DMC. (d-e) Elemental mapping (f) and relative composition of RuPt-DMC determined by EDX.

Figure 4 .

 4 Figure 4. Normalized ATR FT-IR spectra of Pt (red), RuPt-DMC (dark blue), RuPt2-dba (purple), RuPt-dba (orange), RuPt-nor (light blue) and Ru (green) after CO adsorption.

  for monometallic Pt NPs, very broad peaks between 200-500 ppm are observed for COb/COt resonances, experiencing weak to strong Knight shifts (as the NPs stands here in the critical size where Knight shift effects appear). 19 Similar chemical shifts have been previously observed on platinum NPs of similar size. 14 No CO signal could be observed in the 13 C CP-MAS experiment due to their fast relaxation. All bimetallic RuPt systems display two very broad resonances centered near 220-240 ppm and 330-370 ppm for the major and the minor ones, respectively (Figures S23 -S26). These signals correspond to the superimposition of Ru COb and Knight shifted Pt COb/COt resonances. The width of these resonances presumably results from the presence of different chemical environment and coordination modes either on Ru or on Pt. The proportion of Knight shifted Pt COb/COt signal (versus total CO signal) increase in the sequence RuPt-dba (255%) < RuPt-nor (315%) < RuPt-DMC (355%) < RuPt2-dba (445%). This series, in addition to the descriptions of the WAXS and FT-IR experiments, gives the following surface compositions: an alloy surface for RuPt-dba, a Pt rich surface for RuPt-DMC, an intermediate situation for RuPt-nor and a Pt rich alloy for RuPt2-dba. In 13 C CP-MAS experiment, weak diamagnetic Ru COt resonances were observed only for RuPt-dba and RuPt2-dba, with an additional diamagnetic broad Ru COb resonance for RuPt-dba. This observation can be due in part to the relative smaller size of RuPt-dba and RuPt2-dba NP sample (mean diameter of 1.3 (0.4) nm), in which very small NPs can exhibit the diamagnetic CO resonances. The higher proportion of Knight shifted Pt COb/COt in RuPt2-dba NPs (Figure S26) confirms the presence of a higher concentration of surface Pt in these nanoparticles. Furthermore, the weaker Knight shift effect observed in the bimetallic Ru:Pt = 1:1 NPs compared to the monometallic Pt NPs 18 L.M. Martínez-Prieto, B. Chaudret, Acc. Chem. Res., 2018, 51 376-384. 19 J.M. Asensio, S. Tricard, Y. Coppel, R. Andrés, B. Chaudret, E. de Jesús, Angew. Chem. Int. ed. 2017, 129, 883-887.

Figure 5 .

 5 Figure 5. Activities of Ru, RuPt-nor, RuPt-DMC, RuPt-dba and RuPt2-dba for C-H deuteration of L-lysine as a function of the time on the  (left) and  position (right).

  stronger, the product fails to dissociate rapidly from the NPs, thereby decreasing the overall efficiency of this reaction at this position.

Figure 6 .

 6 Figure 6. Chemical Shift Perturbation measurements in high resolution proton 1D spectra for Ru (a) and RuPt-dba (b) on the L-lysine (Cα and Cε positions), decreasing the concentration of lysine, at constant concentration of NPs.

  

Table 1 .

 1 Deuteration experiments with L-lysine.[a] 

	Catalyst	α (%)	β (%)	γ (%)	δ (%)	ε (%)
	Ru 8c	99	0	12.5	0	98.5
	RuPt-nor	94	0	0	0	96
	RuPt-DMC	97	0	0	0	97.5
	RuPt-dba	91	0	0	0	97
	RuPt2-dba	69	0	0	0	67
	Pt	6	0	3.5	0	0
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