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INTRODUCTION

Metal-organic frameworks are extremely versatile porous materials which, with their exceptionally high surface areas and chemical tunability [START_REF] Yaghi | Reticular Synthesis and the Design of New Materials[END_REF] , have found application in several domains, from gas adsorption 2 to drug delivery. [START_REF] Wang | Metal-Organic Frameworks for Stimuli-Responsive Drug Delivery[END_REF] This success has been possible through the synthesis of chemically and thermally stable frameworks, allowing their use in reactive environments and at relatively high temperature, up to several hundreds of degrees Celsius. [START_REF] Howarth | Thermal and Mechanical Stabilities of Metal-Organic Frameworks[END_REF][START_REF] Healy | The Thermal Stability of Metal-Organic Frameworks[END_REF] However, the large extent of voids in the MOFs structure makes these systems prone to mechanical instabilities when submitted to an external stress. [START_REF] Redfern | Mechanical Properties of Metal-Organic Frameworks[END_REF][START_REF] Collings | Metal-Organic Frameworks under Pressure[END_REF][START_REF] Mckellar | Structural Studies of Metal-Organic Frameworks under High Pressure[END_REF] Previous studies have shown that several effects of fundamental interest emerge in microporous MOFs under pressure, from the most common ones as loss of crystallinity and pore collapse, [START_REF] Redfern | Mechanical Properties of Metal-Organic Frameworks[END_REF] to more unusual responses as negative linear compressibility and reversible pore closing. [START_REF] Serra-Crespo | Experimental Evidence of Negative Linear Compressibility in the MIL-53 Metal-Organic Framework Family[END_REF][START_REF] Cai | Giant Negative Linear Compression Positively Coupled to Massive Thermal Expansion in a Metal-Organic Framework[END_REF][START_REF] Cairns | Giant Negative Linear Compressibility in Zinc Dicyanoaurate[END_REF] Evaluating how these materials behave when compressed is important for industrial applications as well. Indeed, common synthetic techniques provide MOFs as powders with low density, technically unsuitable for applications. Increasing the material's density and consequently its mechanical strength, has thus become an important research direction. [START_REF] Connolly | Shaping the Future of Fuel: Monolithic Metal-Organic Frameworks for High-Density Gas Storage[END_REF] The densification of MOFs into the form of pellets or monoliths has been achieved through various processes, such as mechanical/hydraulic pressing, extrusion, granulation and some densified MOFs have shown improved volumetric adsorption capacities and separation performances. [START_REF] Nandasiri | Separation, and Catalytic Properties of Densified Metal-Organic Frameworks[END_REF][START_REF] Blanita | Hydrogen Cryo-Adsorption by Hexagonal Prism Monoliths of MIL-101[END_REF][START_REF] Ardelean | Volumetric Hydrogen Adsorption Capacity of Densified MIL-101 Monoliths[END_REF][START_REF] Oh | Experimental Assessment of Physical Upper Limit for Hydrogen Storage Capacity at 20 K in Densified MIL-101 Monoliths[END_REF][START_REF] Samantaray | Volumetrics of Hydrogen Storage by Physical Adsorption[END_REF] MOFs monoliths are also easier to handle and present high mass transfer rates, [START_REF] Hou | Metal-Organic Framework Gels and Monoliths[END_REF][START_REF] Hong | Manufacturing of Metal-Organic Framework Monoliths and Their Application in CO2 Adsorption[END_REF] which is particularly beneficial for gas sorption applications and catalytic reactions.

For these reasons, we previously investigated the high-pressure response of one of the most studied mesoporous MOFs, MIL-101(Cr), pointing out the occurrence of pressure-induced amorphization and the incorporation of a large silicone polymer into the pores (diameters of 29 and 34 Å) at high pressure. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF] Mesoporous MOFs are of particular interest for the encapsulation of guests as molecules [START_REF] Liu | Mesoporous Metal-Organic Frameworks: Synthetic Strategies and Emerging Applications[END_REF] or nanoparticles [START_REF] Yu | Nanoparticle/MOF Composites: Preparations and Applications[END_REF] at ambient conditions, opening the way for new composites combining the advantages of both parent materials. In particular, metallic nanoparticles (NPs) have been successfully embedded in several MOFs boosting their performances for hydrogen storage [START_REF] Zlotea | Pd Nanoparticles Embedded into a Metal-Organic Framework: Synthesis, Structural Characteristics, and Hydrogen Sorption Properties[END_REF][START_REF] Malouche | Interactions of Hydrogen with Pd@MOF Composites[END_REF] , catalysis [START_REF] Yang | Metal-Organic Frameworks Meet Metal Nanoparticles: Synergistic Effect for Enhanced Catalysis[END_REF] and gas sensing [START_REF] Hu | Fabrication of Gold Nanoparticle-Embedded Metal-Organic Framework for Highly Sensitive Surface-Enhanced Raman Scattering Detection[END_REF] , among others. [START_REF] Falcaro | Application of Metal and Metal Oxide Nanoparticles@MOFs[END_REF] MIL-101(Cr) has ideal textural properties, thermal and chemical stability for nanoparticles (NPs) confinement. Various metals (Au, Cu, Pt, Ni and Pd) have been inserted in its pores with different metal loadings and nanoparticle sizes. [START_REF] Falcaro | Application of Metal and Metal Oxide Nanoparticles@MOFs[END_REF][START_REF] Chen | Palladium Supported on an Acidic Metal-Organic Framework as an Efficient Catalyst in Selective Aerobic Oxidation of Alcohols[END_REF][START_REF] Rosler | Metal-Organic Frameworks as Hosts for Nanoparticles[END_REF] Among all metals, Pd is one of the most studied for its unique property to absorb hydrogen at ambient conditions forming an interstitial hydride PdH0.7 [START_REF] Lewis | The Palladium-Hydrogen System A SURVEY OF HYDRIDE FORMATION AND THE EFFECTS OF HYDROGEN CONTAINED WITHIN THE METAL LATTICES[END_REF] and its interesting catalytic properties in several hydrogenation reactions. [START_REF] Biffis | Pd Metal Catalysts for Cross-Couplings and Related Reactions in the 21st Century: A Critical Review[END_REF] Moreover, confining Pd NPs within the pores is a straightforward way to functionalize MOFs and boost their performance. [START_REF] Chen | Boosting Catalysis of Pd Nanoparticles in MOFs by Pore Wall Engineering: The Roles of Electron Transfer and Adsorption Energy[END_REF][START_REF] Chen | Metal-Organic Framework Composites for Catalysis[END_REF] It is worth noting that the NPs confinement is usually confirmed by indirect observations such as a NPs size distribution lower than the pore diameter and the decrease of the internal surface area after the insertion. [START_REF] Malouche | Hydrogen Absorption in 1 Nm Pd Clusters Confined in MIL-101(Cr)[END_REF][START_REF] Chen | Location Determination of Metal Nanoparticles Relative to a Metal-Organic Framework[END_REF] Very rarely, direct observations by electron tomography have been reported, e. g. Ag clusters dispersed inside the pores of MOF-508. [START_REF] Houk | Silver Cluster Formation, Dynamics, and Chemistry in Metal-Organic Frameworks[END_REF] However, important artifacts are introduced by this technique (MOF damage by the electron beam and NPs agglomeration) hindering a systematic application of electron tomography.

A new alternative way to confirm the NPs insertion could be to evaluate the framework structural response to external compression which, if affected by the NPs content, would confirm their presence within the pores. The mechanical stability of NPs@MOF composites has never been investigated before and little is known about the capacity of these materials to sustain the densification processes necessary to spread their application.

In this paper, we report for the first time the high-pressure response of MIL-101 with embedded Pd NPs, namely x-Pd@MIL-101 (x=20, 35 wt%), exploiting synchrotron X-ray diffraction (XRD) and infrared (IR) spectroscopy to investigate the effect of the presence of Pd NPs on the mechanical properties of the framework.

EXPERIMENTAL

The pristine MIL-101 [(Cr3O)Clx(OH)1-x(H2O)2(O2C-C6H4-CO2)3](H2O)n was synthesized from terephthalic acid, chromium chloride hexahydrate and water, as previously described. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF][START_REF] Blăniţă | Synthetic Method of MIL-101(Cr) Metal-Organic Framework[END_REF] The obtained powder was activated by heating under reflux with ethanol for 24 hours, filtered and dried at 423 K for 10 hours.

The insertion of Pd nanoparticles (NPs), with loading rates of 20 and 35 wt%, into the MIL-101(Cr) pores was done through a bottom-up double solvent method based on the impregnation of the pristine sample by a precursor solution followed by reduction under Ar/H2 flow. This procedure is schematically reported in Figure 1 (steps 1-3). We already reported the successful loading of MIL-101 with 20 wt% of Pd NPs (20-Pd@MIL-101). [START_REF] Malouche | Interactions of Hydrogen with Pd@MOF Composites[END_REF][START_REF] Malouche | Hydrogen Absorption in 1 Nm Pd Clusters Confined in MIL-101(Cr)[END_REF] For the highest loading, 35 wt%, we employed a slightly modified approach, i.e. two consecutive impregnations were performed as detailed below. MIL-101 was first degassed under vacuum (around 10 -5 mbar) at 493 K for 18 h and 150 mg of degassed MOF were ultrasonicated in 30 mL of pentane for 20 minutes minimizing the exposure of the powder to air. The solution was stirred for 30 minutes and 0.2 mL of an aqueous solution containing H2PdCl4 (1.56x10 -3 mol/mL of Pd) has been added (see step 2 of Figure 1). Thereafter, the mixture was vigorously stirred, in a beaker covered by a parafilm, for 4 hours at room temperature and further stirred without parafilm to let the solvents evaporate. The recovered solid was dried overnight at 343 K in an oven and degassed again in the same conditions already mentioned. A second impregnation, identical to the first, was performed and finally the recovered powder was reduced under Ar/H2 flow (0.5 L/min) at 573 K for 15 minutes, as shown in step 3 of Figure 1. This composite will be called 35-Pd@MIL-101 in the following. The presence of randomly dispersed Pd NPs in both composites has been confirmed by Transmission Electron Microscopy (TEM) with a 200 kV FEG TEM (FEI Tecnai F20 equipped with a Gatan Energy Imaging Filter, resolution 0.24 nm) and the average size has been determined through a statistical analysis on several TEM images. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed to determine the Pd chemical composition of the composites, resulting in the final values of 19.9±0.5 and 35.0±0.9 wt% of Pd over the whole composite mass for 20-Pd@MIL-101 and 35-Pd@MIL-101 samples, respectively.

The textural properties of MIL-101, 20-Pd@MIL-101 and 35-Pd@MIL-101 were determined from N2 adsorption-desorption isotherms at 77 K, following the standard BET procedure on the Sorptomatic 1990 (Thermo Electron Corporation, USA) instrument. It is important to stress that all the samples were stored and manipulated in a glovebox under Ar or N2 gas atmosphere (O2 and H2O levels < 1 ppm) and never exposed to air avoiding both water adsorption and Pd NPs oxidation. Moreover, samples were degassed again before every experiment to ensure the removal of possibly adsorbed guest molecules.

High-pressure (HP) XRD and IR data were collected at the SOLEIL Synchrotron (France) at the CRISTAL and SMIS beamlines, respectively. The pressure was generated by a membrane diamond anvil cell (DAC) sketched in Figure 1 (step 5) equipped with 500 µm culet IIas diamonds.

Stainless steel gaskets pre-indented to a 50 µm thickness and with a 150-200 µm holes were used.

For all the experimental runs, a glovebox equipped with a microscope was used to load the samples in the gasket hole and then to seal the DAC with screws at the lowest pressure achievable. Alkali salts, finely milled and stored in an oven at 120 °C, were used as pressure transmitting media (PTM): NaCl for XRD experiments and CsI for IR. These PTM ensure a good compromise between hydrostatic conditions and non-penetration of the medium inside the pores, as previously demonstrated. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF][START_REF] Celeste | Hydrostaticity of Pressure-Transmitting Media for High Pressure Infrared Spectroscopy[END_REF] The ruby fluorescence technique was used for the pressure measurement in the HP IR experiments while the NaCl equation of state was employed during XRD measurements. HP XRD data were recorded at the CRISTAL beamline using a monochromatic beam (40x40 µm 2 ) with a wavelength of 0.5802 Å and a Rayonix SX165 detector. The Dioptas software was used to convert 2D diffraction images to 1D patterns. [START_REF] Prescher | A Program for Reduction of Two-Dimensional X-Ray Diffraction Data and Data Exploration[END_REF] Lattice parameters were extracted through a Le Bail refinement.

IR spectra at high pressure were acquired at the SMIS beamline using a Thermo-Fisher iS50 Fourier Transform IR interferometer coupled with synchrotron radiation. The DAC was placed between two long working distance custom Schwarzschild objectives in a home-built horizontal microscope. A liquid He cooled Si bolometer was used to collect far infrared (FIR) spectra in the 200-700 cm -1 spectral range while mid infrared (MIR) spectra, between 700-4000 cm -1 , were collected with a liquid N2 cooled MCT/A detector. Peak frequencies have been obtained via leastsquare fitting using Lorentzian functions. For both experiments, pressure was increased at a rate of about 0.02 GPa per minute. 

RESULTS AND DISCUSSION

The 20-Pd@MIL-101 and 35-Pd@MIL-101 composites have been synthesized following a double-impregnation method, as previously detailed in the experimental section, and characterized by laboratory XRD measurements at ambient conditions, as shown in the Supporting Information (SI) in Figure S1-S2. The comparison between the XRD patterns of Pd doped and pristine samples clearly indicates that the NPs insertion does not alter the framework structure. The presence of Pd has been then verified by transmission electronic microscopy (TEM). The two samples show well distributed Pd NPs with narrow particles size distributions and average sizes of 1.1 (σ = 0.3) and 1.6 (σ = 0.5) nm, respectively, obtained from statistical analysis of NPs sizes (around 300) measured from several TEM images (Figure 2). It is worth noting that our synthetic procedure allows the preparation of Pd NPs with average size of 1.6 nm for very high metal loading (35 wt%), one of the highest for such small nanoparticles, to the best of our knowledge. [START_REF] Malouche | Interactions of Hydrogen with Pd@MOF Composites[END_REF] Isotherms obtained from N2 adsorption/desorption measurements at Standard Temperature and Pressure conditions (STP) for the two composites are shown in SI Figure S3 and correspond to curves typical of mesoporous materials, while the pore size distribution is shown in Figure S4. The specific surface area and the total pore volume decrease with the metal doping from 3549(±10) m 2 /g to 1839(±10) m 2 /g and 1388(±10) m 2 /g and from 1.72(±0.01) cm 3 /g to 0.86(±0.01) cm 3 /g and 0.65(±0.01) cm 3 /g for 20 wt% and 35 wt% Pd loading, respectively (see SI Table S1). This effect is due to the increase of sample density and to the presence of NPs which might hinder the N2 adsorption into the pores. [START_REF] Chen | Boosting Catalysis of Pd Nanoparticles in MOFs by Pore Wall Engineering: The Roles of Electron Transfer and Adsorption Energy[END_REF] Thermogravimetric analysis (TGA) was also performed on the synthesized samples and TGA curves are shown in Figure S5. Additional TEM figures are also provided in the SI (Figures S6-S11). Selected XRD patterns at high-pressure for pristine MIL-101, 20-Pd@MIL-101 and 35-Pd@MIL-101 are displayed in Figure 3 in the low 2θ range, where the main diffraction peaks are observed.

The intensity MIL-101 peaks decreases as pressure increases and Bragg reflections become undetectable above 0.17 GPa. The original XRD pattern is not recovered after the pressure release (see Figure 3a) indicating that an irreversible amorphization occurs under compression below 0.17 GPa. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF] The two composites 20-Pd@MIL101 and 35-Pd@MIL-101 have a very different background as compared to the original MOF, especially at low 2θ (Figure 3-b,c). This is due to the strong scattering caused by the presence of Pd nanoparticles. [START_REF] Li | Small Angle X-Ray Scattering for Nanoparticle Research[END_REF] The full 2θ range is shown in SI Figure S12, where no diffraction peaks of the fcc Pd structure could be identified. This is due to the very short coherence length of ultra-small Pd NPs unable to diffract X-rays and also proves the absence of large Pd NPs agglomerated outside the pores, consistent with our earlier study on 20-Pd@MIL-101. 34 Despite the different background, the evolution of the XRD patterns of the Pd doped samples qualitatively corresponds to the pressure response of pristine MIL-101. Bragg reflections weaken on compression becoming no longer detectable above a certain pressure value and they are not restored after the pressure release, thus indicating an irreversible pressure-induced amorphization for both composites (see Figure 3-b,c). Detailed inspection reveals that the patterns of Pd loaded samples vanish at higher pressure compared with pristine MIL-101. The amorphization is completed around 0.25 GPa and 0.32 GPa for 20-Pd@MIL-101 and 35-Pd@MIL-101, respectively.

To quantify the differences in the structural response with and without Pd NPs, we performed a Le Bail refinement on the three datasets using the cubic Fd3 ̅ m space group, as proposed originally by Férey in 2005. [START_REF] Férey | A Chromium Terephthalate-Based Solid with Unusually Large Pore Volumes and Surface Area[END_REF] In panel (a) of Figure 4, the unit cell volumes of pristine MIL-101, 20-Pd@MIL-101 and 35-Pd@MIL-101 are reported as a function of pressure up to 0.3 GPa. Each point has been normalized to the initial volume value obtained at the lowest pressure for each sample (the corresponding lattice parameters, not normalized, are given in the SI Figure S13). For the three samples, the unit cell volume shows a similar behavior under pressure, with an initial decrease then followed by a plateau. At higher pressures, the refinement is not possible due to the complete loss of Bragg reflections. From Figure 4a, it is noticeable that the slope, which is related to the compressibility of the material, [START_REF] Bini | Materials Under Extreme Conditions -Molecular Crystals at High Pressure[END_REF] is affected by the amount of Pd NPs. To quantify this difference, we performed a fit of the experimental data with a second-order Birch-Murnaghan equation of state to obtain the bulk modulus of each sample, which is inversely related to the compressibility. The results are reported in Figure 4b and the fits of experimental points for the three samples are displayed in SI Figures S14-S16. The bulk modulus clearly increases with the metal loading, reaching an almost five-times larger value for the highest Pd content. The pressure value above which the volume compression ceases (i.e. the volume starts to be constant as function of pressure) is identified as the amorphization onset. The end of the volume compression on the crystalline phase, which gives the observed Bragg reflections, implies the concomitant nucleation of an amorphous phase. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF] The amorphization onset clearly shifts to higher pressure with increasing Pd content from 0.05 GPa to 0.09 and 0.21 GPa for MIL-101, 20-Pd@MIL-101 and 35-Pd@MIL-101, respectively, as highlighted by the arrows in Figure 4a and shown in Figure 4c. The transition to the amorphous phase is completed at slightly higher pressure, when the XRD patterns are not present anymore, as previously discussed. To have complementary local information, we performed high-pressure synchrotron-based infrared spectroscopy on the Pd doped samples in the far-IR region. The FIR spectral evolution of the pressure response for 20-Pd@MIL-101 and 35-Pd@MIL-101 is shown in Figure 5. In this frequency range, the pristine MIL-101 presents two IR active modes, a collective mode (ν1) at 389 cm -1 , tentatively assigned to an out-of-plane movement of the benzene ring coupled with a rocking of the metallic atom as proposed for MIL-53(Al), [START_REF] Hoffman | Elucidating the Vibrational Fingerprint of the Flexible Metal-Organic Framework MIL-53(Al) Using a Combined Experimental/Computational Approach[END_REF] and the other one around 589 cm -1 attributed to the CrO stretching in the metallic cluster (ν2). [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF][START_REF] Hadjiivanov | Power of Infrared and Raman Spectroscopies to Characterize Metal-Organic Frameworks and Investigate Their Interaction with Guest Molecules[END_REF] The IR spectra of x-Pd@MIL-101 samples closely resembles that of the pristine MIL-101 [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF] in the whole IR range (see SI Figure S17), with no apparent spectral modifications, indicating that no strong chemical interactions take place between the guest NPs and the host framework under pressure. In particular, the two OH modes at 3589 and 3671 cm -1 in x-Pd@MIL-101, which previously proved to be very sensitive to the presence of guest molecules, [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF][START_REF] Volkringer | Infrared Spectroscopy Investigation of the Acid Sites in the Metal-Organic Framework Aluminum Trimesate MIL-100(Al)[END_REF] present a line shape and pressure dependence similar to those measured for MIL-101 with the same solid PTM thus confirming the lack of guest-host chemical interactions. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF] When increasing pressure, the intensity of the ν1 peak decreases in both 20-Pd@MIL-101 and 35-Pd@MIL-101, finally becoming hardly detectable above 0.6 GPa (see Figure 5). The ν2 peak broadens but is observed in the whole pressure range, up to 1.0 GPa. It is worth noting that the OH modes detected around 3600 cm -1 become weaker under compression until they completely disappear at about 0.7 GPa (see SI Figure S17). These spectral modifications are not reversible after the pressure release, in agreement with XRD results. We quantified this observation by performing a least-square peak fitting using Lorentzian profiles of the x-Pd@MIL-101 spectra and pure MIL-101 previously published. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF] We obtained the peak heights -h(νi) -of both ν1 and ν2 modes, then used to calculate the h(ν2)/ h(ν1) ratio at each pressure, shown in Figure 6a. This quantity is about 1.5 at the lowest pressure for the three samples, i.e. in the crystalline phase, and it stays constant until a pressure threshold, which depends on the Pd loading, is reached: 0.10(±0.05) GPa for MIL-101, 0.20(±0.05) GPa for 20-Pd@MIL-101, and 0.30(±0.05) GPa for 35-Pd@MIL-101. Above this threshold, the ratio monotonically increases with pressure until the ν1 mode disappears. In Figure 6, the colored arrows indicate the pressure value where the crystal-to-amorphous phase transition is completed accordingly to XRD results. In summary, the collective mode intensity abruptly lowers compared to that of the CrO mode when the amorphization process is completed, as marked by the h(ν2)/h(ν1) ratio deviation from the initial value of 1.5. This effect is clearly affected by the presence of Pd NPs, as found for the amorphization onset obtained from XRD.

From the peak fitting we also obtained the peak frequencies for both modes, as reported in Figure 6b-c up to 0.65 GPa. The ν1 and ν2 frequencies blue-shift in the pristine sample while a distinct behavior appears in the NPs doped samples, with a blue-shift followed by a red-shift as a function of pressure. The pressure value where this trend changes is affected by the metal loading, being 0.25 GPa for 20-Pd@MIL-101 and 0.4 for 35-Pd@MIL-101. This effect, once again, correlate well with the dependence of the crystalline-amorphous transition from the metal content observed by XRD. When the system is still crystalline with detectable Bragg reflections (see Figure 3), both modes show a usual pressure-induced hardening, which reflects the reduction of interatomic distances. [START_REF] Bini | Materials Under Extreme Conditions -Molecular Crystals at High Pressure[END_REF] On the contrary, the transition to the amorphous phase, i.e. the loss of long range order, is accompanied by the softening of these modes which suggest short-range instabilities or charge transfer effects.

The delayed disappearance of the collective ν1 mode compared to the amorphization pressure value observed in XRD data indicates that short-range order is still present after the amorphization, at least in a narrow pressure range, and it is then completely lost for further compression. This is in agreement with a recent pair distribution function study on MIL-100(Fe) showing that short-range correlations are retained even in the amorphous phase obtained by ball milling treatment. In summary, XRD and IR data consistently show that embedding Pd nanoparticles inside the pores results in an increased mechanical stability of the framework. This phenomenon is likely due to steric effects of the Pd nanoparticles filling the pores since the stability range and the bulk moduli of the framework increase proportionally to the Pd loading. In our previous work we shown that the insertion of polymers into the pores of the pristine MIL-101 enhanced the framework stability by one order of magnitude but the control on the pore filling was lacking. [START_REF] Celeste | Mesoporous Metal-Organic Framework MIL-101 at High Pressure[END_REF] The present strategy, with its fine control of the metal loading inside the MOF, allows tuning, as demonstrated, the mechanical properties of the framework, indicating that the pore volume is gradually filled by Pd NPs increasing the metallic loading. The fact that the insertion inside MIL-101 of completely different chemicals, as a polymeric fluid and metallic NPs, increases the host's stability range confirms that the observed enhancement is mainly driven by a purely steric filling mechanism, where an ultimate "hyperfilling" of the pores is reached with the fluid. This also suggests that other host-guest interactions have little effect on the structural stability of MIL-101 under pressure.

Pd@MIL-101 composites thus result to be better candidates, compared to pristine MIL-101, for post-synthetic modification involving compression. Indeed, the shaping and densification of loose MOFs powders in pellets, beads or monoliths, which is necessary before any application, usually involves loadings up to several tons corresponding to pressures of hundreds of MPa, [START_REF] Yuan | PCN-250 under Pressure: Sequential Phase Transformation and the Implications for MOF Densification[END_REF][START_REF] Wang | Surviving Under Pressure: The Role of Solvent, Crystal Size, and Morphology During Pelletization of Metal-Organic Frameworks[END_REF] i.e. values compatible with the pressure range explored in the present study. Therefore, combining the incorporation of functional nanomaterials in the framework with densification processing could become a successful strategy to further improve MOFs performances for applications. The enhanced stability of Pd@MIL-101 composites against the amorphization also represents new evidence for the effective presence of Pd nanoparticles inside the pores which is often deduced exclusively from the compatibility of the average NPs size with the available pore diameters.

CONCLUSIONS

In this work, we have studied the effect of pressure on the mesoporous MIL-101 functionalized with Pd nanoparticles up to 35 wt% exploiting two complementary synchrotron-based techniques, X-ray diffraction and infrared spectroscopy. Such high metal loadings are achieved through a double solvent synthetic method and confirmed by laboratory techniques. The precise control of the NPs loading allowed us to show that the pressure value where the framework's amorphization process is completed shifts from about 0.1 GPa, for the pristine MIL-101, to around 0.3 GPa for the highest metal loading, i.e. 35 wt% Pd. The bulk modulus is also increased by the NPs presence, reaching nearly a fivefold increase for the 35-Pd@MIL-101 composite. From the infrared spectra, we identified a spectroscopic quantity tracking the amorphization process, i.e. the ratio between the heights of the peaks assigned to the chromium oxide stretching and the collective mode, which can be exploited from now on as a vibrational marker of the framework stability. The pressure dependence of the vibrational frequencies of the same IR modes suggests structural or electronic local effects on the chromium oxide clusters when the transition to the amorphous phase is completed. Both XRD and IR results show that increasing the Pd loading tunes the mechanical properties of the host framework enhancing its structural stability. This clearly points out that Pd nanoparticles are effectively inserted inside the MIL-101 pores, thus showing that the application of high mechanical pressure represents a powerful tool to demonstrate the successful insertion of well-dispersed nanometric objects inside MOFs' pores at least for high metal loadings. The enhancement of the mechanical stability of MIL-101 filled with Pd nanoparticles paves the way to
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 6 Figure 6. (a) Pressure dependence of the ratio between the peak heights of the ν1 and ν2 modes of
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the quest of more stable, more functional MOFs for densification before gas absorption applications.
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