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Tailoring the Shape of Anisotropic Core-Shell Au-Ag Nanoparticles in Dimethyl Sulfoxide

The shape and size control of metal nanoparticles at the nanoscale is a crucial step in the development of diverse applications ranging from catalysis to plasmonics and surface-enhanced Raman spectroscopy (SERS). For the seed-mediated growth of nanocrystals, it is well established that the final morphology is dictated by the cristallinity of the seed but also by surfactant and additives. However, the systematic study of the impact and the fate of these additives to elucidate the growth mechanism remains challenging. Here, we show that the addition of Dimethyl sulfoxide (DMSO) for the silver growth on gold nanorod seeds, allows tailoring the shape of core-shell Au@Ag from truncated cuboids to octahedra. The combination of surface enhanced Raman scattering and X-ray photoelectron spectroscopies revealed the key role played by DMSO and its fate upon silver reduction.

INTRODUCTION

Nanomaterials hold great promises in chemistry, physics and biology, not only because of the specific properties (optical, mechanical, magnetic, electrical...) that occur at the nanoscale, but also because they constitute the building blocks for more complex functional structures. In this vast field of nanotechnologies, the elaboration of nanoparticles based on noble metals by wet chemical methods knew considerable advances allowing today to custom manufacture nanoparticles of different sizes, shapes, composition (mono or bimetallic) with a high degree of monodispersity. [START_REF] Polavarapu | Nanocrystal engineering of noble metals and metal chalcogenides: controlling the morphology, composition and crystallinity[END_REF] The interest for such structures goes beyond the aesthetic aspect and is motivated by the need to finely tune the optical properties of metal nanoparticles, their surface chemistry and adapt them to the intended application (catalysis, enhanced spectroscopies, bioimaging or biomedicine, etc). [START_REF] Cortie | Synthesis and Optical Properties of Hybrid and Alloy Plasmonic Nanoparticles[END_REF][START_REF] Tebbe | Organized Solid Thin Films of Gold Nanorods with Different Sizes for Surface-Enhanced Raman Scattering Applications[END_REF][START_REF] Zhou | Plasmon-enhanced light harvesting: applications in enhanced photocatalysis, photodynamic therapy and photovoltaics[END_REF][START_REF] Hamon | Hierarchical Assembly of Plasmonic Nanoparticles[END_REF][START_REF] Catala | Online SERS Quantification of Staphylococcus aureus and the Application to Diagnostics in Human Fluids[END_REF][START_REF] Bai | Gold/Silver Bimetallic Nanocrystals: Controllable Synthesis and Biomedical Applications[END_REF] Among the main solution-based synthetic routes to prepare metallic nanocrystals, the seed-mediated growth approach is the most powerful in term of versatility, degree of control (size and shape) and reproducibility. [START_REF] Xia | Seed-Mediated Growth of Colloidal Metal Nanocrystals[END_REF] The seed-mediated growth of nanocrystals relies on the separation of the nucleation step from the growth step. The seeds particles are prepared, collected and/or purified if necessary before being introduced in the growth medium. These seeds serve as template for the formation of the desired final nanocrystals, making it possible to produce, amongst others, anisotropic shapes (by symmetry breaking), core-shell bimetallic nanostructures, etc.

In particular, core-shell Au-Ag nanostructures have been extensively studied as they can be obtained by the epitaxial growth of silver onto pre-formed gold seeds (lattice mismatch : 0.2%). Many different shapes such as cylinders, dumbbells, shuttles, cuboids, and octahedrons can be generated by controlling the reaction conditions and the medium composition (pH, reducing agent…). [START_REF] Hou | Core-Shell Noble Metal Nanostructures Templated by Gold Nanorods[END_REF][START_REF] Jing | Tunable Plasmonic Nanoparticles with Catalytically Active High-Index Facets[END_REF][START_REF] Liu | Au@Ag core-shell nanocubes: epitaxial growth synthesis and surface-enhanced Raman scattering performance[END_REF][START_REF] Huang | Fabricating a Homogeneously Alloyed AuAg Shell on Au Nanorods to Achieve Strong, Stable, and Tunable Surface Plasmon Resonances[END_REF][START_REF] Liu | Size-Dependent Surface Enhanced Raman Scattering Activity of Plasmonic Nanorattles[END_REF] In the specific case of gold nanorods (AuNRs) as seeds for silver growth, it is well established that the final coreshell shape depends strongly on the crystalline structure of the AuNRs. Indeed, when AuNRs are single crystalline, the epitaxial silver growth occurs mainly on the lateral facets along the short axis leading to square prismatic shapes (cuboids), thus decreasing the final aspect ratio. [START_REF] Okuno | Uniform and controllable preparation of Au-Ag core-shell nanorods using anisotropic silver shell formation on gold nanorods[END_REF][START_REF] Park | Ag shell morphology on Au nanorod core: role of Ag precursor complex[END_REF] Conversely, using similar reaction conditions with penta-twinned AuNRs leads to silver deposition preferentially on the tips of the rod, thus increasing the aspect ratio of the particle. [START_REF] Mayer | Controlled Living Nanowire Growth: Precise Control over the Morphology and Optical Properties of AgAuAg Bimetallic Nanowires[END_REF] Besides crystallinity of the seeds, other factors such as additives and capping agents (PVP, thiol, aminoacids…) could strongly impact the final morphology. [START_REF] Cho | Synthesis and Characterization of Noble-Metal Nanostructures Containing Gold Nanorods in the Center[END_REF][START_REF] Sanchez-Iglesias | Rapid Epitaxial Growth of Ag on Au Nanoparticles: From Au Nanorods to Core-Shell Au@Ag Octahedrons[END_REF][START_REF] Bai | Controllable Preparation of Core-Shell Au-Ag Nanoshuttles with Improved Refractive Index Sensitivity and SERS Activity[END_REF][START_REF] Huang | Covalently capped seed-mediated growth: a unique approach toward hierarchical growth of gold nanocrystals[END_REF][START_REF] Yan | Fabricating chiroptical starfruit-like Au nanoparticles via interface modulation of chiral thiols[END_REF][START_REF] Niu | Shaping Gold Nanocrystals in Dimethyl Sulfoxide: Toward Trapezohedral and Bipyramidal Nanocrystals Enclosed by {311} Facets[END_REF][START_REF] Khlebtsov | Tip-Functionalized Au@Ag Nanorods as Ultrabright Surface-Enhanced Raman Scattering Probes for Bioimaging in Off-Resonance Mode[END_REF][START_REF] Dai | Bimetallic Au/Ag Core Shell Superstructures with Tunable Surface Plasmon Resonance in the Near-Infrared Region and High Performance Surface-Enhanced Raman Scattering[END_REF][START_REF] Jessl | Silver-Assisted Synthesis of Gold Nanorods: the Relation between Silver Additive and Iodide Impurities[END_REF] Under thermodynamic control, the shell growth follows the relative surface energy of exposed crystalline facets. [START_REF] Xia | Seed-Mediated Growth of Colloidal Metal Nanocrystals[END_REF][START_REF] Gomez-Grana | Au@Ag Nanoparticles: Halides Stabilize {100} Facets[END_REF][START_REF] Katz-Boon | Stability of Crystal Facets in Gold Nanorods[END_REF] However, the surface energy could dramatically change in the presence of halides and ligands when they adsorb preferentially on certain facets, thus favoring other morphologies than those expected. [START_REF] Gomez-Grana | Au@Ag Nanoparticles: Halides Stabilize {100} Facets[END_REF][START_REF] Wang | Rod-Shaped Au-Pd Core-Shell Nanostructures[END_REF] For instance, octahedral core-shell Au@Ag nanoparticles are obtained when silver reduction is performed on AuNRs seeds surrounded by PVP or thiol. [START_REF] Cho | Synthesis and Characterization of Noble-Metal Nanostructures Containing Gold Nanorods in the Center[END_REF][START_REF] Sanchez-Iglesias | Rapid Epitaxial Growth of Ag on Au Nanoparticles: From Au Nanorods to Core-Shell Au@Ag Octahedrons[END_REF] Nevertheless, PVP can form a relatively strong interaction between its carbonyl group and the metal surface which could be problematic for sensing applications using Surface Enhanced Raman spectroscopy. [START_REF] Moran | Replacement of Poly(vinyl pyrrolidone) by Thiols: A Systematic Study of Ag Nanocube Functionalization by Surface-Enhanced Raman Scattering[END_REF][START_REF] Koczkur | Polyvinylpyrrolidone (PVP) in nanoparticle synthesis[END_REF] In fact, it may not only block functional groups from binding to metal surface and thus losing the benefit of near-field enhancement but also contribute to a high background signal compromising trace analysis.

Herein, single-crystalline gold nanorods (AuNRs) were used as seed for the controlled silver overgrowth leading to either truncated cuboidal or octahedral shapes which are usually not accessible without surfactant exchange by thiol or polymers. This new methodology to synthesize highly uniform core-shell Au@Ag nanoparticles in water with tunable shell thickness uses DMSO as shape directing agent while maintaining the CTAC surfactant usually wrapping Au and Ag nanoparticles. Surface enhanced Raman and X-Ray photoelectron spectroscopies support the non-innocent role played by DMSO on the crystal growth mechanism.

EXPERIMENTAL SECTION

Chloroauric acid (HAuCl4) was purchased from Alfa Aesar. Hexadecyltrimethylammonium bromide CTAB (98%), Hexadecyltrimethylammonium chloride CTAC (>95%) and sodium oleate (NaOL) were purchased from TCI; Silver nitrate (>99%), L-ascorbic acid (AA, >99%), Sodium borohydride (99%) and and dimethyl sulfoxide DMSO (99.9%) were purchased from Sigma-Aldrich. All solutions were prepared with Milli-Q water with a resistivity > 18.2 MΩ.cm -1 .

Synthesis of Au nanorods (AuNRs) AuNRs with aspect ratio of 2.6 were prepared following a seed-mediated growth procedure previously reported by Murray. [START_REF] Ye | Using Binary Surfactant Mixtures To Simultaneously Improve the Dimensional Tunability and Monodispersity in the Seeded Growth of Gold Nanorods[END_REF] Briefly, for seed solution preparation: 5 mL of 0.5 mM HAuCl4 was mixed with 5 mL of 0.2 M CTAB solution in a 50 mL round-bottom flask. NaBH4 (0.6 mL of freshly prepared solution at 0.01 M) was diluted to 1 mL with cold water and then injected under vigorous stirring (1200 rpm) which caused an immediate color change from yellow to brown. The seed solution was stirred for 1 min and then aged for 30 min. For the growth solution: solution containing CTAB (7 g) and NaOL (1.23 g) in 250 mL of warm water (50°C) was mixed with 24 mL of 4 mM AgNO3 solution and then kept undisturbed at 30 °C for 15 min. Afterward, 250 mL of aqueous solution HAuCl4 solution at 1 mM was added and the resulting solution stirred at 700 rpm, became colorless after 90 min. Then 1.5 mL of HCl (37 wt. % in water) was injected and the mixture was stirred at 400 rpm for 15 min before adding ascorbic acid (1.25 mL of 0.064 M). The solution was vigorously stirred at 1000 rpm for 30 s before the addition of 400 µL of Au seed solution. This final growth solution was stirred for 30 s and left undisturbed at 30°C overnight. AuNRs were purified by centrifugations at 6000 rpm for 30 min, then at 5800 rpm for 10 min. 6 mL of CTAB 1 mM were then added before undergoing another centrifugation at 5800 rpm for 10 min.

Synthesis of Au@Ag cuboids For growth of cuboidal Au@Ag NRs, the as-prepared gold-CTAB nanorods (500µL, 0.39nM) were added to a CTAC solution (30 mM 34.5 mL of water). The mixture was heated at 60°C at 800 rpm. After 20 min, 2ml of Ag-NO3 (4mM) and 2ml of mixture solution containing Ascorbic acid (100 mM) and CTAC (30 mM) were simultaneously injected with a syringe pump at a speed rate of 1 mL/min, and the mixture was stirred for 2 hours. The final product was collected after 2 centrifugations at 5000 rpm for 10 min.

Synthesis of Au@Ag truncated cuboids For growth of truncated cuboidal Au@Ag NRs, the asprepared AuNRs (500 µL, 0.39 nM) were mixed with 1.15 mL of DMSO. After 5 min, the resulting solution was added to a CTAC solution (30 mM in a mixture of 7 mL of DMSO and 25 mL of water) and was heated at 60°C under magnetic stirring (800 rpm). After 20 minutes, 2 mL of AgNO3 (4 mM) and 2 mL of solution containing ascorbic acid (100 mM) and CTAC (30 mM) were simultaneously injected with a Syringe Pump with a speed rate of 1ml/min, and the mixture was stirred for 2 hours. The final product was collected by 2 centrifugations at 5000 rpm for 10 min and redispersed in water.

Synthesis of Au@Ag octahedra For growth of Au@Ag octahedra, the as-prepared AuNRs (0.39 nM) suspension was diluted to reach 0.19 nM and 500 µL of the latter was mixed with 1.15 mL of DMSO. After 5 min, the resulting solution was added to a CTAC solution (30 mM in a mixture of 7 mL of DMSO and 25 mL of water) and was heated at 60°C under magnetic stirring (800 rpm). After 20 minutes, 2 mL of AgNO3 (4 mM) and 2 mL of solution containing ascorbic acid (100 mM) and CTAC (30 mM) were simultaneously injected with a Syringe Pump with a speed rate of 1 ml/min, and the mixture was stirred for 2 hours. The final product was collected by 2 centrifugations at 5000 rpm for 10 min and redispersed in water.

Instrumentation Visible-NIR Absorption spectroscopy: Extinction spectra were recorded from AuNRs samples in a cuvette (path length= 2mm) under a bright field optical microscope (Nikon, TI-DH) equipped with a spectrometer (Andor, SR-303i) and a CCD camera (ANDOR, DU401A-BR-PD) through a 100× objective (Nikon, NA 0.7) using halogen lamp as a light source. UV-visible-near-infrared (NIR) absorption spectra were recorded using an Agilent 8453 spectrophotometer in the range of 190-1100 nm, using 2 mm path length quartz cuvettes.

Zeta potential Measurements: The zeta-potential was determined from electrophoretic mobility measurements using a Zetasizer Nano ZS instrument (Malvern Panalytical).

Raman spectroscopy: Raman spectra were recorded using a confocal Raman microspectrometer Jobin-Yvon LABRAM HR 800 equipped with a thermoelectric cooled CCD and a motorized XY displacement stage. In the present study, a continuous wave (CW) 785 nm laser was used for SERS excitation. The laser line was focused onto samples through a microscope 50× objective (Olympus, NA: 0.75), and signal collected through the same objective in backscattering mode. The Rayleigh scattering was filtered with a long pass edge filter. Incident laser power was adjusted with neutral density filters and measured at the sample position with a power meter. All spectra were collected from colloidal nanorods samples in a 2mmcuvette and recorded within the 150-2000 cm -1 spectral range. Microscopy: TEM observations have been performed with an aberration-corrected microscope, a Jeol-ARM-200F equipped with a cold FEG operating at an acceleration voltage of 200 kV in transmission mode or in Scanning mode on a High Angular Annular Dark Field detector (STEM-HAADF). SEM imaging was performed with field emission scanning electron microscope (FE-SEM; Zeiss, Supra) operating at 5kV. The concentrated colloidal suspensions were diluted and one drop of this dispersion was deposited onto a carbon grid for TEM (or silicium wafer for SEM). Size distributions were determined from EM images using more than 100 NPs for each sample.

X-ray Photoelectron Spectroscopy: X-ray photoelectron spectra were recorded using a K-Alpha + system (Ther-moFisher Scientific, East-Grinsted, UK) fitted with a micro-focused and monochromatic Al Kα X-ray source (hn=1486.6 eV, spot size of 400 µm, 12kV). The pass energy was set to 150 and 40 eV for the survey and the narrow high resolution regions, respectively. The recorded XPS spectra were calibrated and fitted by using Avantage software (version 5.977). Spectral calibration was determined by setting the Ag3d5/2 component at 368.2 eV. The surface composition was determined by using the integrated peak areas and the corresponding Scofield sensitivity factors corrected for the analyzer transmission function.

RESULTS AND DISCUSSION

Cuboidal-type Core-shell Au@Ag particles are usually obtained through the controlled reduction of silver ions onto gold nanorods AuNRs using ascorbic acid (AA) as reducing agent in the presence of cetyltrimethylammonium chloride (CTAC) as surfactant. [START_REF] Okuno | Uniform and controllable preparation of Au-Ag core-shell nanorods using anisotropic silver shell formation on gold nanorods[END_REF][START_REF] Goris | Three-Dimensional Elemental Mapping at the Atomic Scale in Bimetallic Nanocrystals[END_REF] This seedmediated growth is conventionally conducted in water at 60°C to give Au@Ag cuboids (Fig 1 .A).

Interestingly, with the same reagents and conditions except the addition of DMSO in the medium, resultant core-shell Au@Ag nanoparticles with truncated-cuboidal shapes were obtained (Fig 1 .B). In a typical synthetic procedure silver nitrate and AA were infused into AuNRs seed solution in DMSO containing CTAC at a flow rate controlled by a programmable dual-syringe pump. The concomitant addition of silver precursor and the mild reducing agent at the same time ensured the reduction of Ag + onto the AuNRs seeds while preventing the homogeneous nucleation of silver nanoparticles. Therefore, playing only with the solvent composition, two kinds of Coreshell Au@AgNRs were prepared from the same single crystal AuNR seeds (length = 115.2±11.1 nm; width =45.1±6.0 nm), cuboids in water (Fig 1-A) and truncated cuboids in DMSO/water (Fig 1-B).

Taking advantage of plasmonic resonance characterizing gold nanorods, the progressive evolution of these seeds into core-shell particles was monitored by UVvisible-NIR absorption spectroscopy. The absorption spectrum of the initial AuNRs featured two distinct extinction bands at 529 nm corresponding to the transverse Localized Surface Plasmon (LSP) mode (short axis) and a stronger band at 734 nm corresponding to the longitudinal LSP mode (main axis) due to their anisotropic shape (see Fig. 2-B). These optical features were dramatically impacted after the addition of silver and ascorbic acid to the AuNRs suspension in DMSO. The gradual blue-shift of the longitudinal LSPR band over time reflects the growth of silver shell and the concomitant decrease of rod aspect ratio from 2.6 to 2.0. The progressive morphological transition of AuNRs into truncated cuboids was also revealed by SEM analysis on samples collected at different reaction times (see Fig. S1-2). The spectrum of the final Au@Ag NRs (Fig. 2-B) presents the LSPR bands associated with a longitudinal LSPR (631 nm), a transverse LSPR (508 nm), and two higher hybrid order modes (345 and 411 nm). It is worth pointing out that the size of the Au-Ag truncated cuboids nanocrystals could be easily controlled by starting with Au nanorod seeds of different sizes. As exemplified in Figure S5, AuNRs with aspect ratios of 2.6, 3.4 and 4.7 allowed to prepare highly uniform Au-Ag truncated cuboids. These latter present bands spanning a large part of the visible spectral range (Fig. S6).

Moreover, by varying the AgNO3 to Au seed concentration, it is possible to tailor the shape of Au@Ag nanoparticles from rod to octahedron and to fine-tune their optical properties (see Fig. 2 andESI). Figure 2 shows representative UV/Vis spectra and corresponding electron microscopy images for the variety of morphologies obtained with different ratios Au seed/AgNO3 in the growth medium. At intermediate proportions of added AgNO3, Au@Ag truncated cuboidal nanoparticles are obtained and characterized by two dipolar LSPR modes in the visible spectral range, as mentioned earlier. At high proportions of AgNO3 in the medium, Au@Ag particles with octahedral morphology are evidenced by electron microscopy and the isotropic shape is further confirmed by extinction spectroscopy. Indeed, only one LSPR band is apparent in the visible region resulting from the merger of longitudinal and transverse peaks into a single band at 545 nm. Au@Ag-C 134.1±7.9 69.2±3.9 1.9 735

Au@Ag-T 130.6±8.0 65.6±4.0 2.0 631

Au@Ag-O 133.6±7.7 110.5±7.3 1.2 545

a Au@Ag-C, Au@Ag-T, Au@Ag-O refer to cuboids, truncated cuboids and octahedral core-shell Au@Ag nanoparticles respectively. L=length, l=width and R=aspect ratio of the particle. lLLSP is wavelength max of longitudinal LSP band.

High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) imaging which yield intensities directly related to the atomic number Z, was used to further characterize the bimetallic structure. From HAADF-STEM images included in Fig. 2-A, one can easily discern the silver shells from the gold cores appearing brighter in the dark field images. In the core-shell particles, the gold nanorod template is located in the center of both the cuboid and the truncated cuboid pointing to an isotropic growth of silver on the lateral facets of AuNRs. The TEM images reveal besides that the epitaxial growth of the silver shell on gold nanorod seeds takes place almost exclusively at the lateral facets. Table 1 summarizes the dimensions measured from TEM analysis for core-shell Au@Ag particles obtained from the same AuNRs starting seed and the corresponding optical characteristics.

Single crystal gold nanorod seeds have an octagonal cross section featuring eight {250} lateral facets and a combination of {110} and {111} facets at the tips. [START_REF] Rodríguez-González | Overgrowth and Crystalline Structure of Gold Nanorods[END_REF][START_REF] Goris | Atomic-scale determination of surface facets in gold nanorods[END_REF] Being less stable than {111} and {110} facets, the {250} lateral facets grow faster to yield truncated cuboidal morphology with four {110} lateral facets and four {111} facets on the tips. The further deposition of silver on {110} lateral facets leads to octahedral structure enclosed by eight {111} facets. [START_REF] Cho | Synthesis and Characterization of Noble-Metal Nanostructures Containing Gold Nanorods in the Center[END_REF][START_REF] Sanchez-Iglesias | Rapid Epitaxial Growth of Ag on Au Nanoparticles: From Au Nanorods to Core-Shell Au@Ag Octahedrons[END_REF][START_REF] Gomez-Grana | Gold Nanooctahedra with Tunable Size and Microfluidic-Induced 3D Assembly for Highly Uniform SERS-Active Supercrystals[END_REF] It has been demonstrated in previous work by DFT calculations that the surface energy g of the main low-order Ag crystal facets can be significantly impacted by the adsorption of halide. [START_REF] Gomez-Grana | Au@Ag Nanoparticles: Halides Stabilize {100} Facets[END_REF] In fact, g for bare Ag crystal facets follow the order (111) < (100) < (110) which leads to a Wulff construction (equilibrium particle) featuring {111} planes among other. Conversely, when Cl -(provided by CTAC surfactant) is adsorbed on silver as a densely packed layer, the Wulff construction contains mainly {100} facets in agreement with the Au@Ag cuboidal shape synthesized in water. Alternatively, the growth of silver in the presence of DMSO and CTAC on single crystalline AuNR results in truncated cuboidal shapes with {111} and {110} facets or even octahedra with {111} facets mainly. This suggests that the chloride layer on silver is no longer densely packed in DMSO due either to the possible depletion of the CTAC surfactant bilayer in organic solvent or the adsorption of DMSO onto silver.

In order to tackle this question, zeta potential measurements, Raman and X-ray photoelectron spectroscopies were combined to gain further insights into the surface chemistry of these core-shell structures. The effect of DMSO proportion in the incubation step of AuNRs was investigated by UV-visible extinction spectroscopy, SEM and correlated to the zeta potential (see Fig. 3 andESI). In water, Au nanorods enclosed in CTAB bilayer possess positive z values originating from the cationic ammonium group of CTAB surfactant. As depicted in Fig. 3-A, z potential decreases steadily with the increase of DMSO proportion in the mixture. z potential is close to zero in a mixture (3/2) of DMSO/H2O and reaches negative values for higher DMSO content. The zeta potential is positive below 40% of DMSO in the mixture (+35mV at 25% of DMSO) and become negative beyond 70% of DMSO (-25 mV at 80%). The increase of organic solvent percentage in the medium induces a desorption of CTAB from Au surface causing a drastic decrease in z potential. The UV-visible extinction spectra recorded for various ratios DMSO/water are presented in Fig. 3-B. At low (or very high) percentage of DMSO, the longitudinal LSPR peak is only slightly red-shifted (3 nm) due to the change in refractive index of the solution but the AuNRs stay well dispersed.

The large zeta potential measured at low and high %DMSO reflects the electrostatic repulsion between charged particles thus preventing their aggregation, in full agreement with the corresponding extinction spectra. At intermediate proportions of DMSO in the medium (45-65%), as the zeta potential approaches zero (+/-10 mV), the extinction spectra are dramatically modified pointing to an aggregation of particles. Interestingly, at 60% of DMSO, it was possible to monitor the evolution of optical properties over time. The longitudinal peak is progressively blue-shifted to reach 50 nm shift after 10 min while the transverse peak is redshifted by 25 nm at the same time (see Fig. S3). Such optical behavior points clearly to a side by side assembly. [START_REF] Sun | pHcontrolled reversible assembly and disassembly of gold nanorods[END_REF][START_REF] Nepal | High-Yield Assembly of Soluble and Stable Gold Nanorod Pairs for High-Temperature Plasmonics[END_REF] The addition of an excess of surfactant to reconstruct the CTAB bilayer around the AuNRs allowed us to quench the assembly and characterize the resulting clusters by SEM imaging (see Fig. S4).

In order to elucidate the role of DMSO in the formation of truncated cuboids, two different organic solvents (ethanol EtOH and acetonitrile MeCN) were also used for the growth of silver on AuNRs seeds. EtOH and MeCN are polar solvents able to solubilize CTAB and to potentially destabilize the surfactant bilayer around AuNRs. [START_REF] Nepal | High-Yield Assembly of Soluble and Stable Gold Nanorod Pairs for High-Temperature Plasmonics[END_REF][START_REF] Pramod | Plasmon Coupling in Dimers of Au Nanorods[END_REF] As anticipated, both solvents led to a decrease of z potential of AuNRs seed solutions moving from a positive value at low organic solvent content to negative z potential at high content.

The growth of silver on AuNR seeds (aspect ratio 3.9) in different solvents was then monitored by UV-visible absorption spectroscopy showing an effect on the kinetics of silver growth (Fig. 4). In all cases, the longitudinal (LLSP) peak experiences a dramatic blue shift and intensity increase as exemplified for DMSO in Fig 4-A. The blueshifting Dl of LLSP follows the order DMSO>>H2O~EtOH>MeCN and reaches for the final Au@Ag particles after 1h: 181 nm (MeCN), 184 nm (EtOH), 187 nm (H2O) and 221 nm (DMSO). The comparative study of this blue shift over time for different solvents (Fig. 4-B) showed comparable deposition kinetics with ca 180 nm blue shift in water, EtOH and MeCN. Interestingly, the growth kinetics is faster in DMSO and an even larger LSPR shift for the final Au@Ag particles is evidenced with DMSO (by more than 40 nm as compared to other solvents). The final morphologies revealed by SEM (Fig. 4-C) are conventional cuboids for synthesis in water, EtOH and MeCN whereas truncated cuboids are obtained only with DMSO. There is clearly a specific behaviour with DMSO implying that it is not only perturbing the CTAB bilayer, but likely also interacting with metallic surface.

Indeed, DMSO is not only a highly polar solvent but also an ambidendate ligand for transition metals. Due to its peculiar electronic structure, DMSO exhibits three possible coordination modes to transition metals: monodentate (S-bonded or O-bonded) and more rarely bidentate (S,O-bonded). [START_REF] Cotton | Sulfoxides as ligands .2. the infrared spectra of some dimethyl sulfoxide complexes[END_REF][START_REF] Risberg | Ambidentate coordination in hydrogen bonded dimethyl sulfoxide, (CH3)(2)SO center dot center dot center dot H3O+, and in dichlorobis(dimethyl sulfoxide) palladium(II) and platinum(II) solid solvates, by vibrational and sulfur K-edge Xray absorption spectroscopy[END_REF] We took advantage of the strong electric field confinement around AuNRs to characterize the chemical surface by surface enhanced Raman scattering (SERS) and investigate the possible coordination of DMSO on metallic surface (Fig. 5). The recorded SERS spectrum of AuNRs suspended in water with 785 nm laser line, shows a strong band at 178 cm -1 traced back to Au-Br stretching vibration originating from CTAB adsorption on gold surface. [START_REF] Boca | Detoxification of gold nanorods by conjugation with thiolated poly(ethylene glycol) and their assessment as SERS-active carriers of Raman tags[END_REF][START_REF] Ahmad | Tailoring the Surface Chemistry of Gold Nanorods through Au-C/Ag-C Covalent Bonds Using Aryl Diazonium Salts[END_REF][START_REF] Haidar | Design of Stable Plasmonic Dimers in Solution: Importance of Nanorods Aging and Acidic Medium[END_REF] When AuNRs are incubated in DMSO, besides the Au-Br stretching vibration, the SERS spectrum reveals unambiguously the vibrational signature of DMSO where three specific bands deserve our attention: the SC2 symmetric (nCS-sym) and asymmetric (nCS-asym) stretching modes and the S-O stretching mode. In fact, the SC2 stretching bands shift from 667 and 696 cm -1 for neat DMSO to 676 and 711 cm -1 in the presence of AuNRs, respectively. On the other hand, the S-O stretching band frequency is significantly downward shifted by more than 30 cm -1 , suggesting a decrease of S-O bond order. Unexpectedly for gold, this is consistent with the interaction of DMSO with gold surface preferentially in O-bonded configuration. [START_REF] Shen | Interfacial structure of dimethylsulfoxide at Ag electrodes from surface enhanced Raman scattering and differential capacitance[END_REF][START_REF] Vlckova | Surface-enhanced raman-scattering spectroscopy of organometallics in systems with aqueous silver colloids[END_REF][START_REF]Acetonitrile (MeCN) was selected in our study not only for its ability to perturb the surfactant bilayer but also because MeCN is able to coordinate to metallic surface (either gold or silver) through the N lone pair. Unlike DMSO[END_REF] After silver deposition and purification, the recorded SERS spectra on core-shell particles (Fig. 6) feature both Ag-Br and Ag-Cl stretching bands at 164-180 cm -1 and 224-230 cm -1 , respectively. 48,[START_REF] Roy | The origin of the potential dependence of the surface enhanced raman-spectrum of chloride on silver[END_REF] Bromide originates from the CTAB surrounding the starting AuNRs seeds (nAu-Br~180 cm -1 , see Fig. 5). Despite the high concentration of CTAC in the growth medium, only a partial exchange of bromide occurs. This is likely due to the higher stability of bromide monolayer on silver compared to the corresponding chloride monolayer in accordance with their solubility product AgBr (2.71 x 10 -13 at 20°C), AgCl (1.12 x 10 - 10 at 20°C). [START_REF] Kawasaki | Preparation and surface characterization of Ag(111) film covered with halide monolayer[END_REF] Interestingly, the frequency and band-width of Ag-X (X=Cl or Br) stretching modes are strongly dependant on the Au@Ag nanoparticle shape (cuboid, truncated cuboid or octahedra), (see inset Fig. 6).

These findings are in line with the previously reported studies of halide adsorption on silver sols and intimately related to the surface coverage and crystalline facets on which halides are adsorbed. [START_REF] Garrell | Surface enhanced raman-spectroscopy of halide-ions on colloidal silvermorphology and coverage dependence[END_REF][START_REF] Shaw | Surface enhanced raman-spectroscopy of halide-ions on colloidal silversimulation of silver-halide ion spectra[END_REF] For octahedra and truncated particles prepared in DMSO, S-C stretching band is identified at 680 cm -1 wheras the expected S-O stretching band could not be located after silver growth. In order to complement this unexpected result, X-ray Photoelectron spectroscopy (XPS) analysis was conducted to monitor the fate of DMSO after silver growth.

XPS surveys and high-resolution XPS spectra recorded for the Au@Ag particles after multiple washing and centrifugations, are given in ESI and Fig. 7. The XPS Ag 3d region shows two peaks assigned to the 3d5/2-3d3/2 spin orbit doublet at 368.2 and 374.2 eV, respectively. In the XPS pattern, the signal of Au was much lower than that of Ag, indicating that AuNRs seeds were embedded into Ag. For thick silver depositions, the signal of Au becomes barely detectable by XPS indicating that gold nanorod is burried inside the core-shell structure.

Although the silver growth on gold nanorods is performed in the presence of only chlorinated surfactant CTAC, all samples reveal the presence of both chloride and bromide in full accordance with SERS analysis. As illustrated in Fig. 7, the high resolution XPS Br3d shows the typical Br3d5/2 and Br3d3/2 spin-orbit doublet for adsorbed bromide on silver surface at 68.0 and 69.1 eV respectively. [START_REF] Hubert | Cetyltrimethylammonium bromide silver bromide complex as the capping agent of gold nanorods[END_REF] Cl2p spectrum can be decomposed into two pairs of peaks indicating the presence of two Cl species. The Cl2p3/2 peak at 197.6eV representing the major component is assigned to adsorbed chloride ions on silver surface. [START_REF] Han | Site-selected synthesis of novel Ag@AgCl nanoframes with efficient visible light induced photocatalytic activity[END_REF] The minor species whose Cl2p3/2 peak appears at 199.3eV, is likely resulting from the in-situ X-ray photoinduced reduction of AgCl, as previously reported in the literature. 55 For core-shell particles synthesized via the DMSOassisted silver growth, signature of sulfur species was evidenced. Interestingly, the S2p region shows binding energy peaks shifted by more than 3 eV toward lower binding energy from the expected values for oxidized sulfur (>165 eV). [START_REF] Sexton | A spectroscopic study of the coordination of dimethylsulfoxide to a platinum (111) surface[END_REF][START_REF] Schroter | The interaction of dimethylsulfoxide with a gold surface[END_REF][START_REF] Feng | Trapping of Charged Gold Adatoms by Dimethyl Sulfoxide on a Gold Surface[END_REF] The S2p signal can be decomposed into two contributions at 161.9 eV and 160.9 eV for S2p3/2. Such dramatic downward shift of binding energies suggests an increase of the net electronic charge on the sulfur and cannot be accounted for only by back-donation from Ag to DMSO ligand. The absence of S-O stretching band in the SERS spectra after silver growth and the significant shift of S2p binding energies towards lower binding energies evidenced by XPS, indicate that DMSO (sulfur oxidation state 0) was converted into reduced species. Indeed, the peak at 161.9 eV is consistent with adsorbed organic sulfide (or thiolate) on silver such as dimethylsulfide (sulfur oxidation state -II). [START_REF] Bensebaa | XPS study of metal-sulfur bonds in metal-alkanethiolate materials[END_REF][START_REF] Lim | Adsorption of dimethyl sulfide and methanethiolate on Ag and Au surfaces: Surface-enhanced Raman scattering and density functional theory calculation study[END_REF][START_REF] Gozdziewska | Nitroxide-coated silver nanoparticles: synthesis, surface physicochemistry and antibacterial activity[END_REF] The minor contribution in the S2p signal identified at 160.9 eV, is very likely due to silver sulfide Ag2S where sulfur oxidation state is -II. [START_REF] Bensebaa | XPS study of metal-sulfur bonds in metal-alkanethiolate materials[END_REF][START_REF] Limam | Local Degradation Mechanisms by Tarnishing of Protected Silver Mirror Layers Studied by Combined Surface Analysis[END_REF] The close examination of SERS spectra in the region below 300 cm -1 , reveals a shoulder at ~270 cm -1 only for DMSO-assisted silver growth on gold seeds. This is representative of Ag-S stretching band in Ag2S which further strengthens our assumption of DMSO reduction. [START_REF] Martina | Micro-Raman investigations of early stage silver corrosion products occurring in sulfur containing atmospheres[END_REF] 

CONCLUSIONS

In summary, we showed that the growth of silver in mild conditions with added organic solvent results in core-shell Au@Ag nanoparticles with different morphologies. We demonstrated that the use of DMSO promotes the formation of truncated cuboids and ultimately octahedral, thereby offering a remarkable control over the optical response spanning the whole visible range. The combination of SERS and XPS highlighted the noninnocent role played by the ligand DMSO through the possible reduction of DMSO during silver overgrowth. The exact mechanism of DMSO reduction on silver is currently investigated and will be reported in due course.

Figure 1 .

 1 Figure 1. SEM images of Gold nanorods (AuNRs) templated growth of silver in (A) water and (B) water/DMSO mix. Scale bar: 200 nm for SEM micrographs. (C) TEM images of truncated cuboids Au@Ag. (D) Histograms of the lengths and widths of Au@Ag truncated cuboids.
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Figure 2 .

 2 Figure 2. (A) SEM and STEM-HAADF characterizations of Gold nanorod seeds (a), truncated cuboids Au@Ag (b, d), octahedral Au@Ag (c, e). (B) Absorption spectra of starting seeds and final Au@Ag nanoparticles.

Figure 3 .

 3 Figure 3. (A) Evolution of z-potential in water/DMSO mixture. The solid line is only guide to the eye. (B) Absorption spectra of AuNRs in different water/DMSO mixtures.

Figure 4 .

 4 Figure 4. Influence of added organic solvent on silver growth (A) Evolution of extinction spectra over time after addition of silver nitrate and ascorbic acid in presence of DMSO. (B) Spectral shift Dl of the longitudinal surface Plasmon band with silver growth on AuNRs in water (black), DMSO (red), acetonitrile (green) and Ethanol (blue). (C) Corresponding SEM micrographs of the final core-shell Au@Ag nanoparticles obtained with different added solvents.

Figure 5 .

 5 Figure 5. Solution-based SERS spectra recorded for AuNRs in water before (blue) and after incubation in DMSO (red). Raman spectrum of neat DMSO (black line).

Figure 6 .

 6 Figure 6. Solution-based SERS spectra recorded for coreshell Au@Ag: cuboids (red), truncated cuboids (black) and octahedra (blue) in water. The inset corresponds to the enlarged spectra of the region comprising Ag-halide stretching modes and the arrow indicates the shoulder assigned to Ag-S stretching mode. Scale bar=50 nm for STEM images.

Figure 7 .

 7 Figure 7. High-resolution XPS spectra of Ag3d, Br3d, S2p and Cl2p photoelectrons for Au@Ag truncated cuboidal nanoparticles.

Table 1 :

 1 Sizes and optical properties of core-shell Au-Ag obtained from the same Au seed (115 x 45 nm). a

		L /nm	l /nm	R	lLLSP /nm
	AuNRs seed	115.2±11.1	45.1±6.0	2.6	734
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