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The stability of small silver clusters, Ag n with n=3, 4, 6, and 8, supported in a sodalite of EMT zeolite with a maximum possible aluminium content (Si/Al = 1) were studied with the Density Functional Theory based cluster approach. The results showed that various silver clusters, partially or compeltely reduced, can be stabilised in this zeolite with the maximum negative defects.

Computed formation energies for two reduction reactions reveals that completely reduced Agclusters can be stabilised trough hydrogenation, giving some preference to the formation of hydrogenated Ag 6 species. The hydrogenated neutral Ag n H m /EMT clusters remain stable at T=300 K as obtained from the analysis of the Born-Oppenheimer Molecular Dynamics trajectories. Ion exchange of Na + by Ag + cations is obtained to be exothermic with energy gain of 0.5 eV per Ag cation. The formation of Ag-O ionic bonds, known to stabilise metal clusters in zeolitic frameworks, is found to be preponderant in the structures with less than six silver atoms, which leads to strong geometrical deformations especially for Ag 3 and Ag 4 species. The largest possibly stabilised in the sodalite completely reduced silver cluster is Ag 8 . Partially reduced intact structures are obtained stable for silver clusters with n ≥ 4. Formation energies predict a co-existence of silver exchanged cations and partially reduced silver clusters with several oxidation states in the sodalite.

The density of state spectra (DOSS) of the supported completely and partially reduced Ag 4 and Ag 8 clusters are very similar despite the different cluster size, topology, and reduction degrees. DOSS of the host zeolite did not undergo any changes due to the interaction with silver clusters.

I. Introduction

Stabilization of silver aggregates inside the cavities in zeolites, alluminosilicate-based porous materials, has been extensively studied due to many applications in the chemical industry for their optical, redox and catalytic properties. [START_REF] Sun | Silver Clusters and Chemistry in Zeolites[END_REF][START_REF] Gao | Study of Structure and Optical Properties of Silver Oxide Films by Ellipsometry, XRD, and XPS Methods[END_REF][START_REF] Vosch | Strongly Emissive Individual DNA-Encapsulated Ag Nanoclusters as Single-Molecule Fluorophores[END_REF][START_REF] Richards | Oligonucleotide-Stabilized Ag Nanocluster Fluorophores[END_REF][START_REF] Xu | Water-Soluble Fluorescent Silver Nanoclusters[END_REF][START_REF] Sinclair | Density Functional Theory Calculations of Adsorption and Reactivity of Methanol at Alumino-Silicate Bronsted Acid Centres[END_REF][START_REF] Furusawa | Selective Reduction of NO to N2 in the Presence of Oxygen over Supported Silver Catalysts[END_REF][START_REF] Ju | The Local Structures of Silver(I) Ion Catalysts Anchored within Zeolite Cavities and Their Photocatalytic Reactivities for the Elimination of N 2 O into N 2 and O 2[END_REF][START_REF] Gurin | Self-assembling of Silver and Copper Small Clusters within the Zeolite Cavities: Prediction of Geometry[END_REF][START_REF] Kolobova | Formation of Silver Active States in Ag/ZSM-5 Catalysts for CO Oxidation[END_REF][START_REF] Shen | Gas-phase Selective Oxidation of Alcohols: In Situ Electrolytic Nano-Silver/Seolite Film/Copper Grid Catalyst[END_REF][START_REF] Dong | Silver Confined within Zeolite EMT Nanoparticles: Preparation and Antibacterial Properties[END_REF][START_REF] Zaarour | Progress in Zeolite Synthesis Promotes Advanced Applications[END_REF][START_REF] Miyanaga | Formation of Ag Clusters in Zeolite X Studied by in situ EXAFS and Infrared Spectroscopy[END_REF][START_REF] Mathisen | Irreversible Silver (I) Interconversion in Ag:ZSM-5 and Ag:SAPO-5 by Propene and Hydrogen[END_REF][START_REF] Golubeva | Stabilization of Silver Nanoparticles and Clusters in Porous Zeolite Matrices with Rho, Beta, and Paulingite Structures[END_REF] Metal clusters can be stabilised because of the negative charges at the substitution sites of Si 4+ cation by Al 3+ . [START_REF] Sun | Silver Clusters and Chemistry in Zeolites[END_REF][START_REF] Bogdanchikova | Role of Mordenite Acid Properties in Silver Cluster Stabilization[END_REF][START_REF] Kim | Two Crystal Structures of Fully Dehydrated, Fully Ag + -Exchanged Zeolite X. Dehydration in Oxygen Prevents Ag + Reduction without Oxygen, Ag 8 n+ (Td) and cyclo-Ag 4 m+ (near S4) Form[END_REF][START_REF] Anderson | Molecular Sieves: Science and Technology[END_REF] Small metal clusters are usually stabilised in the zeolites by applying ion-exchange procedure followed by an intra-zeolitical reduction process. Ag cations are reduced by heating, by reaction with reducing agents [START_REF] Furusawa | Selective Reduction of NO to N2 in the Presence of Oxygen over Supported Silver Catalysts[END_REF][START_REF] Gurin | Self-assembling of Silver and Copper Small Clusters within the Zeolite Cavities: Prediction of Geometry[END_REF][START_REF] Mathisen | Irreversible Silver (I) Interconversion in Ag:ZSM-5 and Ag:SAPO-5 by Propene and Hydrogen[END_REF] or via radiolytic reduction. [START_REF] Hornebecq | Stable Silver Nanoparticles Immobilized in Mesoporous Silica[END_REF] The Si/Al molar ratio in mordenite zeolites was reported to be the main parameter that permits to vary the size of formed metal species by reduction processes. [START_REF] Gurin | Self-assembling of Silver and Copper Small Clusters within the Zeolite Cavities: Prediction of Geometry[END_REF] Stable silver clusters with four and eight atoms were obtained in Rho, Pau and Beta zeolites with Si/Al molar ratio of 3.7 and 13 for Pau and Beta, respectively. [START_REF] Golubeva | Stabilization of Silver Nanoparticles and Clusters in Porous Zeolite Matrices with Rho, Beta, and Paulingite Structures[END_REF] This led to conclude that the surface acidity of Rho, Pau and Beta zeolites does not affect the stability of small silver clusters, which remained stable over a long time period. Silver sub-nm particles were obtained in various pores and on the surfaces of nanosized crystallite zeolites EMT, LTL, MFI, LTA, BEA with very different Si/Al ratio in each zeolite type. [START_REF] Zaarour | Progress in Zeolite Synthesis Promotes Advanced Applications[END_REF] Despite the enormous amount of information gathered, especially, in the last years, on the synthesis routes and reduction protocols, significantly fewer works have been devoted to a nonroutine description of the topology, geometrical structures, electronic properties and type of interactions of silver clusters with the oxide frameworks. For an extensive review about the challenges and earlier achievements on the characterisation of ionic clusters, including silver species, in zeolites we refer to the work of Anderson. [START_REF] Anderson | Molecular Sieves: Science and Technology[END_REF] More recently, inter-atomic distances in Agspecies formed in Y and A-zeolites [START_REF] Yamamoto | Stability of Silver Clusters in Zeolite A and Y Catalysts[END_REF] have been estimated from the extended X-ray absorption fine line structure (EXAFS) and the X-ray absorption near edge spectroscopy (XANES) measurements.

In this study, the relatively short Ag-Ag distance of 2.75 Å were attributed to Ag 4 + species in agreement with the Ag-Ag distances in ZSM-5. [START_REF] Shibata | Ag Cluster as Active Species for SCR of NO by Propane in the Presence of Hydrogen over Ag-MFI[END_REF] Applications of EXAFS, XANES and X-ray photoelectron spectroscopies to characterise Na-mordenite catalysts with 5, 10 and 15 wt% of silver loading revealed the co-existence of Ag + , Ag x O and Ag n + (n<10) structures in the same material. [START_REF] Aspromonte | Study of the Nature and Location of Silver in Ag-Exchanged Mordenite Catalysts. Characterization by Spectroscopic Techniques[END_REF] Recently, silver-containing LTA with the lowest possible Si/Al ratio was investigated using scanning transmission electron microscopy (STEM) with spherical aberration-corrected high-angle annular dark-field. [START_REF] Mayoral | Atomic Resolution Analysis of Silver Ion-Exchanged Zeolite A[END_REF] It was proposed that a neutral Ag 6 octahedron is formed in the sodalite cage with a Ag-Ag distance of 2.7 Å and coordinated to other eight silver cations, each located in the center of a 6-ring. [START_REF] Mayoral | Atomic Resolution Analysis of Silver Ion-Exchanged Zeolite A[END_REF] Ab-initio optical spectra of Ag 8 and Ag 14 , embedded in sodalite models, without and with Al 3+ substitution, were found dependent on the cluster size and charge; [START_REF] Cuong | Theoretical Modeling of Optical Properties of Ag8 and Ag14 Silver Clusters Embedded in an LTA Sodalite Zeolite Cavity[END_REF] however information about the interaction or formation energies has not been provided and charged Ag 14 /sodalite truncated cluster models have been considered. Theoretical studies, based on the Density Functional Theory (DFT) methods demonstrated that silver cluster topology, optical properties and geometrical parameters can be controlled by the Si/Al ratio in Ag n -ZSM-5(Al n ) (n=1-3). [START_REF] Yumura | Behavior of Ag3 Clusters Inside a Nanometer-Sized Space of ZSM-5 Zeolite[END_REF][START_REF] Yumura | Combined Experimental and Computational Approaches To Elucidate the Structures of Silver Clusters inside ZSM-5 Cavity[END_REF] In this article we present a systematic computational study on the stability of both neutral and charged Ag n (n=3, 4, 6, and 8) clusters embedded in the sodalite cavity of the EMT zeolite with Si/Al=1.0. This work was mostly stimulated by the recently obtained stable small Ag-clusters in the sodalite of EMT with Si/Al=1.1 that posses a crystallite ordering at nano-scale range and is expected to open a range of interesting new applications. [START_REF] Dong | Silver Confined within Zeolite EMT Nanoparticles: Preparation and Antibacterial Properties[END_REF][START_REF] Zaarour | Progress in Zeolite Synthesis Promotes Advanced Applications[END_REF] Our work aims at describing the hostguest interactions as a function of cluster size and oxidation states in the zeolite framework with the maximum of Al 3+ content.

II. Computational details and models of silver clusters hosted into the sodalite cage.

All calculations were performed at the density functional (DF) level of theory with the deMon2k code. [START_REF] Köster | deMon2k Version 4.2.0; The deMon developers[END_REF][START_REF] Geudtner | deMon2k[END_REF] The PBE exchange correlation functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] was used combined with the DZVP 31 basis sets. Automatically generated auxiliary basis sets were employed. [START_REF] Köster | Hermite Gaussian Auxiliary Function for the Variational Fitting of the Coulomb Potential in Density Functional Methods[END_REF][START_REF] Köster | Calculation of the Exchange-Correlation Potential with Auxiliary Function Densities[END_REF] An adaptive grid for numerical quadrature was used and the SCF convergence criterion of 10 -7 a.u. was set.

The EMT structure is composed of sodalite cages (or β-cages), consisting of 24 T atoms (T = Si and Al), rings with 4 or 6 T atoms connected by O atoms. Sodalite cages are linked through double 6-rings. The T atoms in the 4 and 6-rings lie in the same plane while the O atoms are in alternating sequence displaced slightly above and below these planes. The framework structure consists of super cages formed by the sodalite cages.

To prepare the EMT zeolite model with a Si/Al ratio of 1.0, we started from the EMT unit cell with parameters a = b =17.215 Å, c = 28.082 Å, α = β = 90.0°, and γ = 120.0° consisting only of Si and O atoms. Thus the unit cell was replicated and a truncated model, shown in Figure 1a, was cut from this periodic structure. The dangling bonds were saturated with hydrogen atoms. According to the Loewenstein rule, [START_REF] Loewenstein | The Distribution of Aluminum in the Tetrahedra of Silicates and Aluminates[END_REF] Si atoms were systematically substituted by Al in order to obtain Si/Al=1.

Owing to the presence of the three-valent Al atoms replacing the tetra-valent Si atoms, the zeolite framework is negatively charged and its neutrality is maintained by the insertion of Na + cations that were initially placed at the crystallographic positions of an EMT structure with Si/Al = 3.31 and the Na/Al = 0.949, as reported in the work of Livens et al. [START_REF] Lievens | Cation Site Energies in Dehydrated Hexagonal Faujaste (EMT)[END_REF] This model structure consists of 36 Na, 36

Al, 36 Si, 48 H, and 168 O. In order to find the distribution of Na + leading to the minimum energy, eleven input structures with different Na + positions were first selected and completely optimized.

We found that in the most stable model, which is displayed in Figure 1a, Na + are arranged as follows: one Na + interacting with each of the eight six-rings -four six-rings belonging to the hexagonal prisms and four six-rings from the side of the super cage -facing the central sodalite cage, but being slightly displaced toward the center of the sodalite cage; one Na + interacting with each of the four six-ring of the truncated sodalite cavities; one Na + in each of the three truncated six-ring of the four terminal sodalite cages; the remaining twelve Na + occupy the sites of the walls of the super cage located in front of the four-rings of the terminal sodalite cages. This Na + arrangement generally agrees with the crystallographic cation sites in faujasite structures. [START_REF] Smith | Faujasite-Type Structures: Aluminosilicate Framework: Positions of Cations and Molecules: Nomenclature[END_REF] Each Ag n (n = 3, 4, 6, 8) cluster was embedded in this sodalite model (denoted hereafter as

Ag n /EMT) by substituting nNa + , coordinated to the oxygens of the six-rings of the central sodalite cage, with nH + cations. In addition to these neutral clusters, species with a charge q were studied as follows: for n=3, q=1+, 2+, and 3+; for n=4, q=2+ and 4+; for n=8, q=2+, 4+, 6+, and 8+. For all the considered clusters, various possible H + locations in the neighbourhood of the silver structures were examined. Full geometry optimisation was applied in order to establish the minimum energy configurations in all the cases. In order to verify the stability of the obtained H + and Ag n positions, 1b.

Born
The formation energy was computed for two possible reduction reactions: (i) reduction with

H 2 EMT [nNa] + nAg + + (n-q)/2 H 2 → (Ag n ) q /EMT[(n-q)H] + nNa + (R 1 )
and (ii) reduction with N 2 H 4 :

EMT[nNa] + nAg + + (n-q)/4 N 2 H 4 → (Ag n ) q /EMT[(n-q)H] + (n-q)/4 N 2 + nNa + (R 2 )
The Mulliken population analysis and density of state spectra (DOSS) were computed.

Lorentzian functions with a constant half width of 0.1 eV was used to plot DOSS.

III. Results and discussion

III. 1 Stabilisation by hydrogenation of supported completely reduced clusters

The most expected locations of the hydrogen cations necessary to compensate the charges in the zeolite with completely reduced silver clusters are in the vicinity of the negative defects.

Because hydrogenation of metal clusters in zeolites was established for small rhodium and iridium clusters in HZSM-5 and HY, [START_REF] Ivanova Shor | everse Hydrogen Spillover onto Zeolite-Supported Metal Clusters: An Embedded Cluster Density Functional Study of Models M6 (M = Rh, Ir, or Au)[END_REF] The computed formation energies, E f , using eq. ( R1) and (R2), are reported in Table 1.

These results reveal that in all the neutral Ag n /EMT models, the hydrogenated silver structures 

Structural deformation of embedded Ag n clusters

The hosting of Ag n in the sodalite cavity causes various degrees of structural deformations compared to their Ag n counterparts in gas-phase. These variations are particularly strong for three and four atomic structures and depend on the hydrogenation. The smallest Ag 3 H stable cluster in

EMT is an open triangle (Figure S1, (a) in the Supporting Information, SI) with Ag-Ag distances of 2.898, 2.952 and 3.296 Å. These distances are somewhat larger in comparison to the previous theoretical results. [START_REF] Yumura | Behavior of Ag3 Clusters Inside a Nanometer-Sized Space of ZSM-5 Zeolite[END_REF] The discrepancy can be attributed to the established by us energetically favoured Ag 3 H cluster in the sodalite containing more negative sites than in the previous models. Considering the larger size geometries Ag 6 and Ag S2 (a). An octahedron geometry of Ag 6 cluster hosted in sodalite of LTA with Si/Al = 1was proposed from the analysis of the experimental STEM images (vide supra), [START_REF] Mayoral | Atomic Resolution Analysis of Silver Ion-Exchanged Zeolite A[END_REF] which was not strictly corroborated by our results. This Ag-configuration has been proposed from the best fit between the experimental STEM and the simulated deconvoluted image, assuming perfect Ag 6 octahedron coordinated to eight Ag + cations, Ag 6 (Ag + ) 8 , in agreement with a model that has also been previously suggested from the single crystal XRD results. [START_REF] Sun | Silver Clusters and Chemistry in Zeolites[END_REF] The deformation of the Ag 6 H 2 octahedron is caused by the hydrogenation, which contributes to stabilise the supported silver structures (vide infra) in our models.

The observed tendency to decrease the Ag-Ag distances from hydrogenated to nonhydrogenated three-and four-atomic clusters, remains valid also in the case of larger silver 3.

In all the supported silver structures with n=3, 4, 6, and 8, the Ag-Ag distances are very similar, depending only on the hydrogenation. In the hydrogenated silver structures, r(Ag-Ag) are longer by 0.1-0.15 Å compared to these in the bare Ag n /EMT clusters. Different degrees of topology deformations occurred due to the stabilisation via silver-oxygen ionic bonds formation. In the clusters with three and four Ag atoms the Ag-O bonds dominate the Ag-Ag interactions that lead to the most pronounced structural changes. Small structural perturbations are found only for the bare Ag-clusters (b) and (c) in the sodalite that nearly preserved the same topology and bond lengths as those of their gas-phase counterparts. Formation of such structures is however energetically unfavoured as follows from the positive E f values in Table 1. Our computed Ag-Ag bond lengths are systematically longer than those from EXAFS [START_REF] Shibata | Ag Cluster as Active Species for SCR of NO by Propane in the Presence of Hydrogen over Ag-MFI[END_REF] and STEM [START_REF] Mayoral | Atomic Resolution Analysis of Silver Ion-Exchanged Zeolite A[END_REF] analysis reporting distances of ~2.7 -2.75 Å. Recent DFT study on the effect of the number of Al 3+ cations in a tenmember ring in a ZSM-5 cavity showed that Ag-Ag bond distances elongated with the increase of Al 3+ content and reported r(Ag-Ag) = 2.9 Å in Ag 4 cluster in a cavity with three aluminium cations. [START_REF] Yumura | Combined Experimental and Computational Approaches To Elucidate the Structures of Silver Clusters inside ZSM-5 Cavity[END_REF] The latter result agrees well with the Ag-Ag distances obtained by us for the hydrogenated Ag n H m clusters embedded in a cavity with the maximum possible Al 3+ cations (Si/Al=1).

The averaged Ag-O bond lengths in all the hydrogenated silver structures (a) are in the range of 2.40 -2.48 Å and in structures (b), and (c) -in the range of 2.50 -2.56 Å. In the averaging of the Ag-O bonds, bond distances ≤ 2.60 Å were taken in consideration. The number of shorter Ag-O bonds is higher in the hydrogenated clusters, which also contributes to the silver stabilisation. The Ag-H distances of 1.8-1.9 Å are formed in all the hydrogenated geometries.

Atomic charges computed within Mulliken population scheme showed that all the hydrogenated clusters are positively charged and the adsorbed hydrogen atoms bear a negative charge in the range of -0.16 ˗ -0.27 e. In Figure 4 are presented the atomic charges of the silver atoms, the adsorbed hydrogens and the binding oxygens in Ag 4 H 2 /EMT and Ag 8 H 3 /EMT clusters as representative cases. Similar charge distribution between the metal atoms and adsorbed hydrogen was found in hydrogenated rhodium and iridium clusters in zeolites, with -0.16e to -0.14e charge at H sites. [START_REF] Ivanova Shor | everse Hydrogen Spillover onto Zeolite-Supported Metal Clusters: An Embedded Cluster Density Functional Study of Models M6 (M = Rh, Ir, or Au)[END_REF] The electron density transfers towards the adsorbed hydrogens can be explained with the higher hydrogen electronegativity than that of Ag. We found that the total positive charge on

Ag n H m /EMT slightly decreases with the silver cluster size from 0.34 e (Ag 3 ) down to 0.20 e (Ag 8 ).

Hydrogenation causes the electron depletion of the silver particles, which enhances the Ag-O ionic bond strengths that stabilises Ag n H m in the sodalite with Si/Al=1.

Other possible Ag-configurations in sodalite cage

Further on, we have examined the hypothesis that more than one Ag-cluster with two or three atoms can co-exist in the cavity of a sodalite. Because, the hydrogenation of Ag 4 led to a splitting into two Ag 2 H...Ag 2 H-species, we have also considered the possibility to find two separate silver trimers in the sodalite. Starting from two separated hydrogenated Ag 3 clusters (with the minimum separation distance of 3.37 Å) the optimization led to a hydrogenated Ag 6 H 4 /EMT minimum structure, being more stable by 1 eV than Ag 6 H 2 (structure (a) in Figure S2). Therefore, two separated Ag 3 clusters would not remain stable in the sodalite and would preferably aggregate to intact Ag 6 clusters. The latter result agrees very well with the experimental suggestions. [START_REF] Sun | Silver Clusters and Chemistry in Zeolites[END_REF][START_REF] Anderson | Molecular Sieves: Science and Technology[END_REF][START_REF] Mayoral | Atomic Resolution Analysis of Silver Ion-Exchanged Zeolite A[END_REF] The initial geometry of the sodalite with the two separated silver trimers and the resulting optimized Ag 6 H 4 /EMT structures are shown in Figure 5a. Moreover, this Ag 6 H 4 /EMT cluster is the most stable among all the considered possibly formed neutral Ag n H m clusters as follows from the computed formation energies in Table 1. This result additionally suggests that various stable configurations can occur depending on the particular synthesis protocol.

We have also examined the possibility to stabilise large neutral silver species. Ag [START_REF] Mayoral | Atomic Resolution Analysis of Silver Ion-Exchanged Zeolite A[END_REF] experiments that an intact silver cluster co-exists with Ag + cations; however the proposed structure from these experiments is Ag 6 (Ag + ) 8 . In our computations, the initial intact Ag 14 /EMT structure split spontaneously, during the geometry optimisation, to a minimum energy structure with Ag 8 cluster embedded in the sodalite, coordinated to six silver cations, Ag 8 (Ag + ) 6 (Figure 5b). This revealed that the largest possibly embedded intact cluster in the sodalite with Si/Al=1 would be an octamer; however the formation energies in Table 1 predicted the hydrogenated hexamer to be the most favoured silver cluster among the completely reduced structures in line with the experimental suggestions for the sodalite with the maximum possible negative defects. [START_REF] Mayoral | Atomic Resolution Analysis of Silver Ion-Exchanged Zeolite A[END_REF] Despite it, the formation of other hydrogenated completely reduced silver clusters (especially with n ≥ 4) cannot be excluded, because they were also found energetically favoured from the computed formation energies.

In conclusion of this section, we note that the BOMD trajectories at T=300 K with initial optimized hydrogenated species, revealed stable hydrogen arrangement, which remained unchanged along the dynamics. Nevertheless our sampling is short because of the large size models; it suffices to estimate the influence of the fast vibrational motions on the hydrogenation.

III.2 Partially reduced (Ag n ) q /EMT

Energy stability and structural parameters of selected partially reduced Ag 3 , Ag 4 and Ag 8 structures supported in the same sodalite model (Figure 1a) were also investigated. The formation energies, computed from R 1 and R 2 reactions are reported in Table 1 in comparison with the completely reduced clusters. Charged Ag 3 /EMT clusters were not found intact. The three silver cations are separated by ≥ 4.2 Å for all the considered charges q = 1+, 2+ and 3+. Therefore partially reduced (Ag 3 ) q / EMT clusters are unlikely to be formed and will lead to various positions of Ag + cations in the sodalite with Ag + ions remaining well separated. Starting from an intact (Ag 3 ) 3+ cluster and optimising it in the sodalite led to a minimum energy configuration with the three Ag + ions, each displaced in the center of the 6-ring, thus occupying the positions of Na + cations in the minimum energy EMT model, Figure 1. Exactly the same situation occurs for (Ag 4 ) 4+ /EMT and (Ag 8 ) 8+ /EMT clusters as illustrated in Figures 6 and7, respectively. These optimized structures represent models of silver exchanged EMT and are characterised by the most negative formation energies for each cluster size, which confirms that reduction is necessary to form metal clusters.

Partially reduced (Ag 4 ) q /EMT with q = 2+ and (Ag 8 ) q /EMT with q = 2+, 4+ and 6+ were also studied following same computational protocol for the initial structures as that applied in the case of the completely reduced species. All the initial and final (Ag 4 ) q /EMT, and (Ag 8 ) q /EMT are shown in Figures 6 and7, respectively, where each initial geometry is presented left to the arrow and each optimized geometry is presented right to the arrow. Notice that all geometry optimizations were performed on the full EMT model, Figure 1a, but in the Figures 6 and7 As follows from E values, also reported in Figure 6, there is a manifold of partially reduced silver clusters that can be formed in the sodalite with very similar thermodynamic stabilities (relative energies are spread in the interval of 0. The initial structures in the geometry optimisation calculations of the studied (Ag 8 ) q /EMT clusters are those selected from snapshots along the BOMD trajectories using the small EMT model (Figure 1b). Hydrogenation stabilises only the silver clusters with q= 2+ and 4+. According to the reactions R 1 and R 2 , the formation energies of (Ag We have also evaluated the interaction energy per silver cation, E/Ag + estimating in this way the enthalpy of the ion exchange reaction. Using the total energies of the non-reduced minima structures (Ag 3 ) 3+ /EMT, (Ag 4 ) 4+ /EMT, and (Ag 8 ) 8+ /EMT in the relation

E/Ag + = 1/n {E [EMT(nNa)] + E[qAg + ] -E[(Ag n ) q
/EMT] -nNa + } , for q=n it was found thatE/Ag + in the three non-reduced minima configurations amounts to -0.5 eV. The latter result indicates an exothermic exchange of sodium by silver cations.

III.3 Density of states and analysis of the molecular structures

The variations of the electronic structures with the cluster size and reduction degrees were examined as well by analysing the density of the state spectra (DOSS) and frontier molecular orbitals of four and eight atomic silver clusters supported in the sodalite in comparison with the same features in the gas-phase clusters. First, DOSS of the EMT large and small models, used for the geometry optimisation and BOMD study, respectively, are compared in Figure 8a (see Figure 1 for the EMT sodalite models). The attribution of the band compositions to the atomic orbitals is also indicated in Figure 8. As follows both DOS spectra are similar and there is an expected difference in the intensity of the peaks, because of the different number of atoms. The bands attributed to Na + orbitals are shifted due to the different chemical environment of sodium cations in both models. The highest occupied molecular oribitals (HOMOs) in both sodalite representations are close in energy. The lowest occupied molecular orbital (LUMO) of the small model is downshifted by ~3 eV with respect to LUMO in the large mode, because of the smaller repulsion in a model with fewer electrons.

In Figure 8b, we report DOSS of the gas-phase Ag There is also a negligible difference with DOSS of Ag 8 -species in Figure 8c, where DOSS of Ag 8 H 3 /EMT, (Ag 8 H) 2+ /EMT, (Ag 8 H) 4+ /EMT, (Ag 8 ) 6+ /EMT and (Ag 8 ) 8+ /EMT are presented. The 4d contributions of the Ag 8 cluster in gas-phase are in the range from -9.18 to -7.14 eV and in the case of the supported eight-atomic clusters the Ag4d,5s, O2p and H1s orbitals form the band between -16.8 and -6.5 eV. As already observed for the (Ag 4 ) q /EMT species, the intensity of the peaks are, in general, related to the HOMO-LUMO energy gap. The most peaked DOSS is obviously given by the symmetrical (Ag 8 ) 8+ /EMT structure to which is assigned the largest HOMO-LUMO gap of 3.20 eV (see Figure 8c). The isolated and supported completely reduced Ag 8 species are characterised with similar width of the HOMO-LUMO energy gap, whereas a large difference is found for the isolated and supported completely reduced Ag 4 cluster. We attribute this difference to the strong geometrical deformations caused by the interaction of Ag 4 cluster with the sodalite (see Figure 2(a)). The structural features of Ag 8 in EMT were found to resemble those of the gas-phase counterpart, which is also reflected by the computed similar energies of the HOMO-LUMO gap.

The frontier orbitals of gas-phase Ag 8 and Ag 8 H 3 /EMT are shown in Figure 9b. Again, the major contributions to HOMO are those of Ag5s and O2p orbitals.

In summary, the DOSS of the small silver clusters supported in the sodalite is very little affected by the number of Ag atoms, cluster charges and particular geometries. The highest occupied band is dominated by the O2p and silver 4d and 5s orbitals. The support of silver clusters in the zeolite does not modify its O2p or other bands as follows from the comparison with DOSS of the solely EMT models in Figure 8a. This can be expected, because the stabilisation of silver clusters occurs via ionic bond formations with the framework oxygens.

Conclusion

We have studied the effect of the support of EMT zeolite with Si/Al=1 on the geometrical and electronic features of small Ag n clusters, n = 3, 4, 6, and 8. Completely and partially reduced species were considered in the sodalite cavity. Completely reduced silver sub-nm particles can be stabilized due to hydrogenation. Adsorbed hydrogens withdraw electron density from the silver atoms, causing a partial oxidation of the metal cluster and therefore enhancing the ionic Ag-O bonds. The hydrogenated structures were found stable also at T=300K as followed from the BOMD trajectories. Bare, completely reduced silver clusters were not found in the sodalite cage to be energetically favored. The Ag-O ionic bonds dominate the Ag-Ag bonds in the completely reduced clusters with n ≤ 6 causing therefore strong geometrical deformations. The Ag-Ag interactions are least perturbed and dominate in the hydrogenated Ag 8 species hosted in the sodalite, whose topology remains similar to that in their gas-phase counterparts.

Hydrogenation is also found energetically favorable for partially reduced (Ag 8 ) 2+ and (Ag 8 ) 4+ . Charged silver particles interact strongly with the zeolite than the hydrogenated completely reduced ones. Computed formation energies, including those of the non-reduced (Ag n ) q for q = n that were taken as reference values, predict that partial silver reduction can occur nearly spontaneously and explains the co-existence of silver exchanged cations and small clusters with several oxidation states in sodalites. DOS spectra of all the considered here Ag 4 and Ag 8 clusters in gas-phase, and supported in the sodalite do not vary with the size, charge and topology of the clusters. The Ag4d orbitals overlap with O2p in the energy interval of -17 --6.5 eV. The electronic structure of the host sodalite is found unaffected by the guest silver clusters. 

  we have considered three different initial structures that represent the fully hydrogenated Ag n H m /EMT cases and partial hydrogenated Ag n with protons forming bridging O-H-Ag groups with the oxygen of the six-ring of the sodalite cage and Ag atoms. These models are exemplified for the initial and optimized neutral Ag 4 /EMT and Ag 8 /EMT in Figure 2. In Figure 2a are displayed the fully hydrogenated Ag n H m /EMT and in Figure 2b,c -the structures with bridging O-H-Ag groups. Structures (b) and (c) differ in the orientations of some of the hydrogen cations bound to the oxygens.

  Ag n H m (a) are the energetically favoured ones, independently on the cluster size. The formation energies computed for structures (b) and (c) with bare silver clusters are positive that indicates endothermic reduction reactions. The hydrogenation is well favoured for clusters with n ≥ 4 as follows from the large formation energy differences between products (a) and products (b), (c).

Indeed, in the bare Ag 3 /

 3 EMT species, (Figure S1(b), (c)) both Ag 3 /EMT structures form triangles with Ag-Ag distances of 2.752, 2.835 and 2.902 Å (b), and 2.790, 2.841 and 2.871 Å (c), in a better agreement with the previous results. The bare Ag 3 /EMT clusters are less stable by 0.70 and 0.87 eV, respectively, than Ag 3 H/EMT. The hydrogenated Ag 4 cluster in the sodalite cage, Figure 2 (a), which is more stable by 1.58 and 2.24 eV than the other two structures in Figure 2 (b) and (c), respectively, can be considered as split in two Ag 2 H...Ag 2 H species. Such a deformation is not observed for the bare Ag 4 /EMT structures that preserve their gas-phase rhombic form. The analysis of the bond distances, r, averaged by considering the Ag-Ag bond distances ≤ 3.40 Å, shows that in the hydrogenated Ag 4 H 2 configuration, the averaged Ag-Ag bond length elongates to 2.96 Å in comparison to the gas-phase Ag 4 cluster with an averaged r(Ag-Ag) = 2.80 Å. The cluster structural changes are notably smaller for structures (b) and (c): in Ag 4 /EMT the averaged Ag-Ag distances are 2.85 Å (b) and 2.83 Å (c).

  14 cluster was the largest size possible to introduce into the zeolite with Ag-O bonds of 1.4 Å and maintaining the Ag-Ag distances to their values in the gas-phase counterpart. In order to keep the neutrality in this case, eight Na + were replaced by eight hydrogen cations. During the optimisation procedure, the initial Ag 14 H 8 /EMT structure split into Ag 8 H 2 in the sodalite and six AgH species migrated to the six rings as shown in Figure 5b. The remaining Ag 8 H 2 intact cluster has almost the same structural parameters as those found for Ag 8 H 3 /EMT in Figure 2 (a). This result corroborates the suggestion from XRD 1 and STEM

  only the sodalite is shown for a better presentation of the silver clusters. In the structures in Figs 6 (a) and 7 (a) are shown the fully hydrogenated initial geometries and the optimized hydrogenated clusters. Analogously, in Figs 6 (b), (c) and 7 (b), (c) are displayed the partially hydrogenated Ag-clusters with protons forming bridging O-H-Ag groups in the starting geometries. The capital letters A and B in Figure 6 differentiate structures with protons interacting with different six-rings of the sodalite cage.

  4 cluster in gas-phase are in the range of -9.16 ˗ -7.25 eV. When supported, the Ag(4d,5s) orbitals overlap with O2p and give rise to the energy band in the interval -16.5 ˗ -6.8 eV. There is therefore a shift of the Ag4d band to the lower energies when supported in the zeolite. This down-shift can be associated with the partial positive charge at the silver clusters even in the completely reduced hydrogenated structures. The O2p band in the zeolite does not undergo any significant change due to the O-Ag ionic interactions as follows from the comparison of DOSS in Figure8afor the large EMT model. H1s orbitals, including those of the adsorbed on the silver cluster hydrogens or the bridging Ag-H-O hydrogens, lie in the same band. The highest occupied orbital, or the Fermi level, is composed predominantly by Ag5s and O2p orbitals and the plot of HOMO is shown in Figure 9a. Nevertheless, the three supported Ag 4 clusters are characterised by different geometrical parameters, charges, and chemical environment (hydrogen adsorption), their DOS spectra are very similar. The only difference of the electronic structures in the four types of Ag 4 -species is the HOMO-LUMO energy gap and the relative intensities.

Figure Captions Figure 1 .

 Captions1 Figure Captions

Figure 2 .

 2 Figure 2. Completely reduced Ag 4 Na 32 Al 36 Si 36 H 52 O 168 and Ag 8 Na 28 Al 36 Si 36 H 56 O 168 structures. Only sodalite is shown for clarity. The initial structures are reported left to the arrows and the optimized ones -right to the arrows. The structures are (a) fully hydrogenated silver clusters, and (b), and (c) partially hydrogenated silver clusters with protons forming bridging O-H-Ag groups. In the (c) structures some protons are not involved in the O-H-Ag bridge, pointing outside the sodalite cavity. The relative energies in eV are reported.

Figure 3 .

 3 Figure 3. Selected Ag-Ag, Ag-O, and Ag-H bond distances in Å of the ground-state (a) Ag 4 H 2 /EMT (top) and Ag 4 in gas-phase (bottom); and (b) Ag 8 H 3 /EMT (top) and Ag 8 in gas-phase (bottom).

Figure 4 :

 4 Figure 4: Atomic net charges in e obtained from Mulliken population analysis of the ground state (a) Ag 4 H 2 /EMT (top) and gas-phase Ag 4 (bottom); and (b) Ag 8 H 3 /EMT (top) and gas-phase Ag 8 (bottom).

Figure 5 .

 5 Figure 5. The (a) Ag 3 …Ag 3 /EMT input structure left to the arrow and the optimized Ag 6 H 4 structure -right to the arrow, shown only in the sodalite for clarity; and (b) the optimized Ag 14 /EMT structure presented in the full model. The full model is used in all the optimized structures.

Figure 6 .

 6 Figure 6. (Ag 4 ) 2+ /EMT and (Ag 4 ) 4+ /EMT structures. Left to the arrow are shown the starting geometries and right to the arrow -the optimized geometries. Only sodalite is shown for clarity. The (Ag 4 ) 2+ /EMT structures are (a) fully hydrogenated, and (b), and (c) partial hydrogenated with protons forming bridging O-H-Ag groups. In the (c) structures some protons are not involved in the O-H-Ag bridge, pointing outside the sodalite cavity. The capital letters A and B differentiate structures with protons interacting with different six-rings of the sodalite cavity. The relative energies in eV are reported.

Figure 7 .

 7 Figure 7. (Ag 8 ) q / EMT (q = 2+, 4+, 6+ and 8+) minimum energy structures. Only sodalite is shown for clarity.

Figure 8 .

 8 Figure 8. Density of state spectra of the ground state sructures: (a) EMT large (black) and EMT small (red) models; (b) gas-phase Ag 4 cluster (black), Ag 4 H 2 /EMT (red), (Ag 4 ) 2+ /EMT (cyan) and (Ag 4 ) 4+ /EMT (yellow); (c) gas-phase Ag 8 cluster (black), Ag 8 H 3 /EMT (green), (Ag 8 H) 2+ /EMT (blue), (Ag 8 H) 4+ /EMT (cyan), (Ag 8 ) 6+ /EMT (red) and (Ag 8 ) 8+ /EMT (yellow).

Figure 9 .

 9 Figure 9. Graphical representation of the HOMO and LUMO of the Ag 4 , Ag 4 H 2 /EMT, Ag 8 and Ag 8 H 3 /EMT minimum energy structures.

Figure 1 .Figure 2 .

 12 Figure 1. The EMT model structures: (a) large and (b) small. The (b) structure was derived from the optimized geometry of the large model (a) by fixing the positions of the atoms of the sodalite cage together with the four nearest Na + to the sodalite cage. These cations are necessary to keep the structure neutral. In structure (b) only the coordinates of the hydrogens were relaxed.

Figure 3 .

 3 Figure 3. Selected Ag-Ag, Ag-O, and Ag-H bond distances in Å of the ground-state (a) Ag 4 H 2 /EMT (top) and Ag 4 in gas-phase (bottom); and (b) Ag 8 H 3 /EMT (top) and Ag 8 in gas-phase (bottom).

Figure 4 :

 4 Figure 4: Atomic net charges in e obtained from Mulliken population analysis of the ground state (a) Ag 4 H 2 /EMT (top) and gas-phase Ag 4 (bottom); and (b) Ag 8 H 3 /EMT (top) and gas-phase Ag 8 (bottom).

Figure 5 .

 5 Figure 5. The (a) Ag 3 …Ag 3 /EMT input structure left to the arrow and the optimized Ag 6 H 4 structure -right to the arrow, shown only in the sodalite for clarity; and (b) the optimized Ag 14 /EMT structure presented in the full model. The full model is used in all the optimized structures.

  

  

  

  Oppenheimer Molecular Dynamics (BOMD) at T= 300 K was applied to each of the most stable Ag n /EMT geometry. The simulation time was 3 ps per structure. The BOMD simulations were carried out on a smaller model, consisting only of the sodalite cage (Na 24 Al 24 Si 24 O 84 H 24 ) with Na + cations fixed at their optimized positions in the large structure Na 36 Al 36 Si 36 H 48 O 168 . The small model is presented in Figure

  8 , we found that they remain intact upon hydrogenation giving rise to Ag 6 H 2 /EMT and Ag 8 H 3 /EMT species. The optimized Ag 6 H 2 /EMT and Ag 6 /EMT clusters are reported in Figure S2, SI section. As follows, the energetically favoured Ag

6 H 2 structure is formed by four in plane atoms that are coordinated to two atoms out of plane, bound to the zeolite oxygens. This topology can be viewed as deformed elongated octahedron with one too large Ag...Ag separation of 4.22 Å. Selected distances are presented in Figure

  Due to the Ag 8 cluster size it is possible to form a maximum number of Ag-O bonds without perturbing strongly the Ag-Ag interactions and leading to topological distortions. For the clusters with less than eight atoms, being significantly smaller compared to the sodalite diameter of ~7 Å, a stronger structural deformation occurs in order to enhance the stabilising silver-oxygen ionic interactions. The Ag-Ag distance variations of Ag 4 H 2 /EMT and Ag 8 H 3 /EMT with respect to the ground state structures of Ag 4 and Ag 8 in gasphase are illustrated in Figure

	particles, e.g. the averaged Ag-Ag separation in Ag 6 H 2 /EMT is 2.97 Å; in Ag 6 /EMT is 2.81 Å (b)
	and 2.76 Å in Ag 6 /EMT (c). The latter two bare Ag 6 /EMT structures are less stable by 1.80 and 2.39

eV, respectively. Similar are the averaged distances in Ag 8 H 3 /EMT in Figure

2

(a) and Ag 8 /EMT in Figure 2 (b), (c), computed to be 2.97, 2.87 and 2.88 Å in (a), (b) and (c), respectively. The larger size of Ag 8 cluster results in a more compact structure in the sodalite compared to the Ag-configurations with fewer atoms.

  6 eV). The minimum energy geometries, (b)-(A) for (Ag 4 ) 2+ /EMT and (Ag 4 ) 4+ /EMT, were verified by means of BOMD simulations using the smaller EMT model shown in Figure1b. Hydrogenated four-atomic clusters with q=2+ were not obtained among the low energy structures. In all cases (Ag 4 ) 2+ /EMT clusters remain intact with averaged distances of 2.88 -2.92 Å. The E f values in Table1suggest that (Ag 4 ) 2+ /EMT and (Ag 4 ) 4+ /EMT structures can coexist as concluded from the nearly equal formation energies. This predicts a spontaneous reduction to (Ag 4 ) 2+ in the zeolites. The formation of the completely reduced hydrogenated structure is less favourable as follows from the computed E f of Ag 4 H 2 /EMT that is by 36% smaller than E f of (Ag 4 ) 2+ /EMT.

  4 cluster, Ag 4 H 2 /EMT, (Ag 4 ) 2+ /EMT and (Ag 4 ) 4+ /EMT minimum energy structures. The obtained intensity trend (Ag 4 ) 4+ /EMT > Ag 4 H 2 /EMT > (Ag 4 ) 2+ /EMT correlates with the HOMO-LUMO energy gap tendency ΔE HOMO-LUMO ((Ag 4 ) 4+ /EMT) > ΔE HOMO-LUMO (Ag 4 H 2 /EMT) > ΔE HOMO-LUMO ((Ag 4 ) 2+ /EMT). The bands are narrow if clusters are not formed in (Ag 4 ) 4+ /EMT, thus increasing the peak intensities. The (4d,5s) orbital contributions of the Ag

Table 1 :

 1 Formation energies in eV computed for Ag n (n= 3, 4, 6 and 8) neutral and charged clusters in the sodalite cage of the EMT model as a difference between the energies of the products and the reagents in two reduction reactions R 1 and R 2 (see text). The capital letters A and B differentiate structures with protons interacting with different six-rings of the sodalite cavity (see Figure6). Structure obtained from an initial model with two separated Ag 3 clusters in the sodalite, Figure5.

	Structures (a) refer to the hydrogenated clusters.		
	Species	Structure	R 1	R 2
	Ag 3 /EMT	(a)	-0.19	-0.22
		(b)	0.51	0.48
		(c)	0.68	0.65
	(Ag 3 ) 1+ /EMT	(a)	-0.98	-1.00
	(Ag 3 ) 2+ /EMT	(a)	-0.47	-0.48
	(Ag 3 ) 3+ /EMT	(a)	-1.64	
	Ag 4 /EMT	(a)	-1.36	-1.39
		(b)	0.22	0.19
		(c)	0.88	0.85
	(Ag 4 ) 2+ /EMT	(a)-(A)	-2.15	-2.17
		(a)-(B)	-1.84	-1.85
		(b)-(A)	-2.17	-2.19
		(b)-(B)	-2.02	-2.03
		(c)-(A)	-1.89	-1.91
		(c)-(B)	-1.61	-1.63
	(Ag 4 ) 4+ /EMT	(a)	-2.14	
	Ag 6 /EMT	(a)	-0.86	-0.91
		(b)	1.14	1.09
		(c)	1.53	1.48
	*Ag 6 /EMT	(a)	-1.87	-1.92
	Ag 8 /EMT	(a)	-1.31	-1.38
		(b)	0.27	0.21
		(c)	1.33	1.26
	(Ag 8 ) 2+ /EMT	(a)	-2.58	-2.63
	(Ag 8 ) 4+ /EMT	(a)	-4.12	-4.15
	(Ag 8 ) 6+ /EMT	(a)	-4.21	-4.23
	(Ag 8 ) 8+ /EMT	(a)	-4.29	
	*			

2.48 1.79 1.84 2.35 2.95 2.56 2.40 2.47 2.38 1.89 2.54 2.98 1.81 2.38 2.70 2.87 2.75 (a) (b) 2.79
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