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ABSTRACT: Single crystals built-up from octahedral Mo6 cluster units, with appropriate geometry and size, constitute Fabry-Pérot type optical microcavities with well-defined resonances. Such resonances appear in the VIS-NIR range when performing optical transmittance (OT) or photoluminescence (PL) measurements. They strongly depend on the crystal thickness and on the optical constants of the material, specifically the real and the imaginary parts of the refractive index. In this work, the accurate measurement of the crystal thickness is used for the determination of the optical constants by means of a fitting process, and the preferred orientation of the crystals was determined by X-ray diffraction. KEYWORDS: cluster; molybdenum; single crystal; optical cavities; resonance modes In the last decades, octahedral molybdenum clusters have attracted increasing attention from the scientific community due to their intrinsic photophysical and redox properties. These clusters are found in complexes with general formula [Mo6X i 8L a 6] n (-2 ≤ n ≤ 4), where X i are inner halide ligands and L a correspond to organic or inorganic apical (or terminal) ligands. These clusters have outstanding optical properties such as absorption of light in the UV-visible range, bright emission in the red/near IR region with high quantum yields and PL lifetimes up to several hundreds of microseconds. [START_REF] Kirakci | Comparative Study of the Redox and Excited State Properties of (NBu4N)2[Mo6X14[END_REF][START_REF] Mikhaylov | Molybdenum Iodidesfrom Obscurity to Bright Luminescence[END_REF][START_REF] Mikhailov | Synthetic Tuning of Redox, Spectroscopic, and Photophysical Properties of {Mo6I8}4+ Core Cluster Complexes by Terminal Carboxylate Ligands[END_REF][START_REF] Evtushok | A Comparative Study of Optical Properties and X-Ray Induced Luminescence of Octahedral Molybdenum and Tungsten Cluster Complexes[END_REF] It is also well-known that these clusters act as efficient photosensitizers in processes related to the generation of singlet oxygen. These properties make these inorganic compounds particularly attractive in design of functional hybrid nanomaterials with potential applications in nanoarchitectonics, [START_REF] Cordier | Inorganic Molybdenum Octahedral Nanosized Cluster Units, Versatile Functional Building Block for Nanoarchitectonics[END_REF]6 optoelectronics, [START_REF] Truong | Visible Tunable Lighting System Based on Polymer Composites Embedding ZnO and Metallic Clusters: From Colloids to Thin Films[END_REF][START_REF] Nguyen | Extended Study on Electrophoretic Deposition Process of Inorganic Octahedral Metal Clusters: Advanced Multifunctional Transparent Nanocomposite Thin Films[END_REF][START_REF] Khlifi | Dimethylsiloxane) Functionalized with Complementary Organic and Inorganic Emitters for the Design of White Emissive Waveguides[END_REF][START_REF] Khlifi | Switchable Two-Dimensional Waveguiding Abilities of Luminescent Hybrid Nanocomposites for Active Solar Concentrators[END_REF][START_REF] Prévôt | Design and Integration in Electro-Optic Devices of Highly Efficient and Robust Red-NIR Phosphorescent Nematic Hybrid Liquid Crystals Containing [Mo6I8(OCOCnF2n+1)6]2-(n = 1, 2, 3) Nanoclusters[END_REF][START_REF] Bigeon | Efficient Active Waveguiding Properties of Mo 6 Nano-Cluster-Doped Polymer Nanotubes[END_REF][START_REF] Nguyen | Preparation and Characterization of Hollow Silica Nanocomposite Functionalized with UV Absorbable Molybdenum Cluster[END_REF][START_REF] Renaud | Preparation by Electrophoretic Deposition of Molybdenum Iodide Cluster-Based Functional Nanostructured Photoelectrodes for Solar Cells[END_REF][START_REF] Daigre | Metal Atom Clusters as Building Blocks for Multifunctional Proton-Conducting Materials: Theoretical and Experimental Characterization[END_REF][START_REF] Renaud | Inorganic Molybdenum Clusters as Light-Harvester in All Inorganic Solar Cells: A Proof of Concept[END_REF][START_REF] Vorotnikov | On the Synthesis and Characterisation of Luminescent Hybrid Particles: Mo6 Metal Cluster Complex/SiO2[END_REF][START_REF] Nerambourg | Multifunctional Hybrid Silica Nanoparticles Based on [Mo6Br14]2-Phosphorescent Nanosized Clusters, Magnetic γ-Fe2O3 and Plasmonic Gold Nanoparticles[END_REF][START_REF] Dechézelles | Fine Tuning of Emission through the Engineering of Colloidal Crystals[END_REF][START_REF] Grasset | Water-in-Oil Microemulsion Preparation and Characterization of Cs2[Mo6X14]@SiO2 Phosphor Nanoparticles Based on Transition Metal Clusters (X = Cl, Br, and I)[END_REF] lighting, [START_REF] Robin | Epoxy Based Ink as Versatile Material for Inkjet-Printed Devices[END_REF] hydrogen storage, [START_REF] Dybtsev | Influence of [Mo6Br8F6]2-Cluster Unit Inclusion within the Mesoporous Solid MIL-101 on Hydrogen Storage Performance[END_REF] biomedicine, [START_REF] Evtushok | A Comparative Study of Optical Properties and X-Ray Induced Luminescence of Octahedral Molybdenum and Tungsten Cluster Complexes[END_REF][START_REF] Vorotnikov | Luminescent Silica Mesoparticles for Protein Transduction[END_REF][START_REF] Brandhonneur | Molybdenum Cluster Loaded PLGA Nanoparticles: An Innovative Theranostic Approach for the Treatment of Ovarian Cancer[END_REF][START_REF] Elistratova | Interfacial Uploading of Luminescent Hexamolybdenum Cluster Units onto Amino-Accepted manuscript / Final version Decorated Silica Nanoparticles as New Design of Nanomaterial for Cellular Imaging and Photodynamic Therapy[END_REF][START_REF] Cheplakova | Nanosized Mesoporous Metal-Organic Framework MIL-101 as a Nanocarrier for Photoactive Hexamolybdenum Cluster Compounds[END_REF][START_REF] Neaime | Time-Gated Luminescence Bioimaging with New Luminescent Nanocolloids Based on[END_REF][START_REF] Solovieva | Cellular Internalisation, Bioimaging and Dark and Photodynamic Cytotoxicity of Silica Nanoparticles Doped by {Mo6I8}4+ Metal Clusters[END_REF][START_REF] Aubert | Extended Investigations on Luminescent Cs2[Mo6Br14]@SiO2 Nanoparticles: Physico-Structural Characterizations and Toxicity Studies[END_REF][START_REF] Kirakci | X-Ray Inducible Luminescence and Singlet Oxygen Sensitization by an Octahedral Molybdenum Cluster Compound: A New Class of Nanoscintillators[END_REF][START_REF] Kirakci | Cationic Octahedral Molybdenum Cluster Complexes Functionalized with Mitochondria-Targeting Ligands: Photodynamic Anticancer and Antibacterial Activities[END_REF][START_REF] Brandhonneur | Molybdenum Cluster Loaded PLGA Nanoparticles as Efficient Tools against Epithelial Ovarian Cancer[END_REF] and catalysis. [START_REF] Nagashima | Catalytic Reactions over Halide Cluster Complexes of Group 5-7 Metals[END_REF][START_REF] Kamiguchi | Characterization of Catalytically Active Octahedral Metal Halide Cluster Complexes[END_REF][START_REF] Kumar | Photoreduction of CO2 to Methanol with Hexanuclear Molybdenum [Mo6Br14]2-Cluster Units under Visible Light Irradiation[END_REF][START_REF] Puche | Enhanced Photocatalytic Activity and Stability in Hydrogen Evolution of Mo6 Iodide Clusters Supported on Graphene Oxide[END_REF][START_REF] Kumar | Graphene Oxide Supported Molybdenum Cluster: First Heterogenized Homogeneous Catalyst for the Synthesis of Dimethylcarbonate from CO2 and Methanol[END_REF][START_REF] Barras | Fast Photocatalytic Degradation of Rhodamine B over [Mo6Br8(N3)6]2-Cluster Units under Sun Light Irradiation[END_REF][START_REF] Barras | One-Pot Synthesis of Gold Nanoparticle/Molybdenum Cluster/Graphene Oxide Nanocomposite and Its Photocatalytic Activity[END_REF][START_REF] Kumar | Hexamolybdenum Clusters Supported on Graphene Oxide: Visible-Light Induced Photocatalytic Reduction of Carbon Dioxide into Methanol[END_REF][START_REF] Beltrán | A Photobleaching Resistant Polymer Supported Hexanuclear Molybdenum Iodide Cluster for Photocatalytic Oxygenations and Photodynamic Inactivation of Staphylococcus Aureus[END_REF][START_REF] Feliz | In Situ Generation of Active Molybdenum Octahedral Clusters for Photocatalytic Hydrogen Production from Water[END_REF][START_REF] Feliz | Supramolecular Anchoring of Octahedral Molybdenum Clusters onto Graphene and Their Synergies in Photocatalytic Water Reduction[END_REF][START_REF] Ivanova | Hexamolybdenum Clusters Supported on Exfoliated H-BN Nanosheets for Photocatalytic Water Purification[END_REF] Surprisingly, only scarce studies about the optical and electronic properties of octahedral molybdenum cluster-based materials at the single crystal level and at the micrometer scale are reported, and those are limited to Cs2[Mo6X i 8X a 6] (X = Cl, Br, I) compounds. [START_REF] Saito | Structural and Electronic Properties of the Metal Cluster-Based Compounds Including High Concentration of Solvent Molecules[END_REF][START_REF] Saito | From Cs2Mo6Cl14 to Cs2Mo6Cl14•H2O and Vice Versa: Crystal Chemistry Investigations[END_REF][START_REF] Saito | Theoretical and Experimental Determination of the Crystal Structures of Cesium-Molybdenum Chloride[END_REF][START_REF] Johnston | Crystal Structures and Hydrogen-Bonding Analysis of a Series of Solvated Ammonium Salts of Molybdenum(II) Chloride Clusters[END_REF][START_REF] Saito | Solvent-Mediated Purification of Hexa-Molybdenum Cluster Halide, Cs2[Mo6Cl14] for Enhanced Optical Properties[END_REF][START_REF] Saito | Lattice and Valence Electronic Structures of Crystalline Octahedral Molybdenum Halide Clusters-Based Compounds[END_REF][START_REF] Saito | Simulation of Crystal and Electronic Structures of Octahedral Molybdenum Cluster Complex Compound Cs2[Mo6Cl14] Using Various DFT Functionals[END_REF] Getting single crystals at the micrometer and nanometer scales is advantageous for device manufacturing in the development of high-efficiency solar cells, photonic and optoelectronic devices, sensors and photocatalysts. The difficulties of growing bigger crystals are avoided and a low defect density and interferences from the grain boundaries are expected. One area of great interest for applications in optics and sensing is the use of single crystal materials as Fabry-Pérot microresonators. Fabry-Pérot cavities are fundamental and ubiquitous optical elements frequently used in many important devices, such as lasers or narrowband wavelength filters in spectrometers. [START_REF] Czuchnowski | Improving the Sensitivity of Planar Fabry-Pérot Cavities via Adaptive Optics and Mode Filtering[END_REF][START_REF] Hunger | A Fiber Fabry-Perot Cavity with High Finesse[END_REF][START_REF] Islam | Chronology of Fabry-Perot Interferometer Fiber-Optic Sensors and Their Applications: A Review[END_REF][START_REF] Dobrovolsky | Fabry-Perot Microcavity Modes in Single GaP/GaNP Core/Shell Nanowires[END_REF][START_REF] Li | Plasmon Coupled Fabry-Perot Lasing Enhancement in Graphene/ZnO Hybrid Microcavity[END_REF][START_REF] Furchi | Microcavity-Integrated Graphene Photodetector[END_REF] In this sense, it is crucial to study deeply the intrinsic optical properties of molybdenum cluster-based materials at the single crystal level. While the molybdenum cluster composition determines the refractive index, the shape of crystals provides the type of attainable optical modes. Both, a high refractive index and a geometry with parallel facets are expected to favor the appearance of Fabry-Pérot resonances. As far as we know, the refractive index of octahedral-based cluster materials was only reported twice: first, for immobilized [Mo6I i 8] 4+ cluster cores onto p-and n-doped Si(111) surfaces through complexation by a pyridine-terminated organic monolayer previously covalently bound to hydrogen-terminated Si(111). [START_REF] Fabre | Electrochemical and Charge Transport Behavior of Molybdenum-Based Metallic Cluster Layers Immobilized on Modified nand p-Type Si(111) Surfaces[END_REF] In that study, an increase of the real part of the refractive index (n) of the pyridine-terminated Si(111) monolayer was observed after the molybdenum cluster immobilization (from 1.67  0.03 to 1.79  0.02, respectively). The Brewster angle technique was also used to determine the real part of the refractive index at 650 nm of a polydimethylsiloxane (PDMS) doped with 2 wt% of [Mo6I8(OCOC2F5)6] 2-cluster anion and 0.5 wt% of a blue green emissive organic luminophore. [START_REF] Khlifi | Dimethylsiloxane) Functionalized with Complementary Organic and Inorganic Emitters for the Design of White Emissive Waveguides[END_REF] In this case, the increase of n from 1.42 up to 1.48 upon doping allows waveguiding propagation under perpendicular or longitudinal excitation of the emitted white light in a silica microfiber containing the doped polymer.

We have previously reported the synthesis of (H3O)2[Mo6Br i 8(OH) a 6]•10H2O (MC) single crystals by hydrolysis of the (TBA)2[Mo6Br i 8F a 6] (TBA = tetrabutylammonium) precursor. [START_REF] Feliz | In Situ Generation of Active Molybdenum Octahedral Clusters for Photocatalytic Hydrogen Production from Water[END_REF] The chemical composition was confirmed by XPS and EDX-SEM analyses. The Raman spectrum showed the characteristic band shifts of the Mo6 cluster based unit. The structure of MC was determined by single crystal X-ray diffraction. It crystallizes in the R-3m space group (N°166) with the following unit cell parameters: a = 15.2455(8) Å, c = 11.1440 (8). Schematically, the structure can be depicted as the stacking of [Mo6Br i 8(OH) a 6] 2-cluster units according to a A-B-C-A mode. Water molecules are ordered and located within the voids generated by the cluster units stacking. It is worth noting that a strong hydrogen-bond network develops between the clusters and the water molecules. [START_REF] Daigre | Metal Atom Clusters as Building Blocks for Multifunctional Proton-Conducting Materials: Theoretical and Experimental Characterization[END_REF] The latter is magnified by the presence of protons that counter balance the charge of the cluster unit. They are statistically shared by apical hydroxyl groups between adjacent clusters leading to protonic conductivity. This crystalline material remains, till nowadays, as the highest ac- tive catalyst in the light-driven water reduction to molecular hydrogen among the Mo6-cluster based materials tested, achieving productions up to 4298 mol gr -1 catalyst of H2 after 5 hours of illumination. [START_REF] Feliz | In Situ Generation of Active Molybdenum Octahedral Clusters for Photocatalytic Hydrogen Production from Water[END_REF] The optical studies of these cluster single crystals are limited to PL, showing the characteristic cluster emission in the red region of the spectrum.
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Herein, we controlled the growth and isolated single crystals of MC with different crystal sizes. It is shown herein the possibility to use these crystals as optical cavities for potential applications in photonic technologies. This molybdenum cluster-based material was studied with an home-made optical system, and the crystals emission and transmittance spectra were analyzed in order to extract the optical constants of the material. [START_REF] Ramiro-Manzano | Optical Properties of Organic/Inorganic Perovskite Microcrystals through the Characterization of Fabry-Pérot Resonances[END_REF] The preparation of single crystals with composition MC was optimized by cautious control of the crystallization conditions to obtain the targeted size. [START_REF] Feliz | In Situ Generation of Active Molybdenum Octahedral Clusters for Photocatalytic Hydrogen Production from Water[END_REF] Single crystals of MC were obtained with regular shapes, parallel faces and with low density of defects with a yield around 90%. The remaining material was associated to some agglomerates and irregular particles. Small sized (less than 30 m) crystals were selected and their morphology was studied. Figure 1a and S1 (see Supporting Information) show the optical microscopy images of several crystals supported on a glass substrate. The top view and cross section field-emission scanning electron microscopy (FESEM) images for the collected single crystals (Figure 1b andc, respectively) reveal a rhombohedral crystal habit with average crystal faces with angles of 107.4 and 71.9 for crystals with sizes between ca. 15 and 5 m. At this degree of magnification, some defects and small-attached particles were detected from the chosen specimen.

Aiming to study the orientation of the deposited single crystals, the X-ray pattern of few single crystals dispersed onto a Si(911) substrate was recorded. Five diffraction peaks are identified in the diffractogram (Figure S2, Supporting Information) and correspond to the family of planes in the {-111} direction, with an interplanar distance between peaks of 8.516 Å, in the basis of the symmetry of the single crystals. This unique disposition of the {-111} facets confirms a preferential orientation of the single crystals, resting on their flat surfaces upon deposition onto a surface. The X-ray patterns acquired after optical studies remained unaltered (Figure 2) which confirms the single crystals stability under light irradiation with standard measurement conditions. The thermogravimetric/differential thermal analysis (TG/DTA) registered for the crystalline samples of MC also probe their thermal stability under operational conditions. The TG/DTA curves (Figure S3, Supporting Information) obtained under dry atmosphere show that the crystals remain stable up to 63 C. This thermal stability confirms their potential applications as optical microcavities. At higher temperatures (63-81 C), the sample displays a weight loss of 14% that we associate to water molecules, and this could be responsible of a structural reorganization of the crystals. Flat and clean facets are convenient for observing optical resonances. A clear resonance phenomenon was observed in most of the crystals analyzed, in spite of the fact that some of them had defects and, eventually, other smaller attached particles. Figure 1d shows the OT spectrum measured in the direction perpendicular to the supporting substrate of the single crystal selected in Figure 1a. The spectrum consists of two different regions. One region at shorter wavelengths (from 425 to ca. 550 nm) is characterized by an abrupt transition from vanishing to high transmittance. The strong absorption of the material observed in the diffuse reflectance spectrum in this wavelength range (Figure S3, Supporting Information) prevents the optical resonance phenomenon to occur. The second region, displayed in the range from ca. 550 nm to longer wavelengths, shows a low absorption and clear interference fringes, which indicate that the crystal behaves as an optical microcavity. Such fringes depend basically on two parameters: refractive index and crystal thickness. [START_REF] Saleh | Fundamentals of Photonics[END_REF] Thus, for a given refractive index dispersion, the thinner is the crystal, the more separated are the fringes. [START_REF] Poelman | Methods for the Determination of the Optical Constants of Thin Films from Single Transmission Measurements: A Critical Review[END_REF] Such parameters can be deduced by fitting the transmittance spectrum to an appropriate model (see Supporting Information). However, it is convenient to determine the crystal thickness by other means firstly in order to avoid spurious solutions. Figure 1d illustrates the fitted spectrum to a reported model [START_REF] Ramiro-Manzano | Optical Properties of Organic/Inorganic Perovskite Microcrystals through the Characterization of Fabry-Pérot Resonances[END_REF] for a crystal thickness, determined by optical profilometry of (13650 ± 50) nm. Figure 3a andb show the respective fitted real (n) and imaginary (k) parts of the refractive index. The real part of the refractive index is comparable to those reported for other molybdenum materials, such as molybdenum oxide films, that usually appear in the range of 1.7-2.3. [START_REF] Sian | Structural and Photoelectron Spectroscopic Studies on Amorphous and Crystalline Molybdenum Oxide Thin Films[END_REF][START_REF] Vos | Atomic Layer Deposition of Molybdenum Oxide from (NtBu)2(NMe2)2Mo and O2 Plasma[END_REF][START_REF] Szekeres | Spectroscopic Ellipsometry Study of CVD Molybdenum Oxide Films: Effect of Temperature[END_REF][START_REF] Deb | Physical Properties of a Transition Metal Oxide: Optical and Photoelectric Properties of Single Crystal and Thin Film Molybdenum Trioxide[END_REF][START_REF] Ivanova | Spectroscopic Characterization of CVD-Molybdenum Oxide Films[END_REF] The error in the measurement of the thickness yields, in the case of n, a confidence interval indicated by the grey area (Figure 3a). Regarding k, the fitted values should be considered cautiously because OT measurements include most probably optical scattering, which cannot be distinguished from optical absorption, and it was not considered in the fitting model. As another example, Figure S4 (see Supporting Information) shows the OT While the values almost coincide in the case of the real part, large discrepancies arise for the imaginary part, especially in the short wavelengths region. This is not surprising and it is attributed to imponderable optical scattering, which depends on the crystal size, the light spot size and its position on the crystal.

Single crystals of MC yielded PL when they were excited in the absorption region (Figure S6, Supporting Information) and the emission properties have been previously reported (em = 670 nm, exc = 390 to 430 nm). [START_REF] Feliz | In Situ Generation of Active Molybdenum Octahedral Clusters for Photocatalytic Hydrogen Production from Water[END_REF] Such PL can couple to the optical resonance modes of the cavity and produces interference fringes as well. However, because of the envelope curve, they are more difficult to observe than in the case of the OT signal. Figure 4 shows a crystal (see inset) of (10500 ± 50) nm in thick where both, OT and PL, were measured. It is important to stress that the spectral position of the resonances is the same for both spectra.

In summary, high-quality single crystals of MC deposited with a preferred orientation onto a flat surface showed well-defined resonances in the VIS-NIR range when OT or PL measurements were done in a perpendicular direction to the surface. We have proven that selected Mo6 cluster-based crystals constitute Fabry- 
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Pérot type optical microcavities with potential applications in photonic devices.
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Figure 1 .

 1 Figure 1. Optical microscopy of several crystals of MC deposited on a glass substrate (a), FESEM images of the top view (b) and crosssectional view (c) of two crystals, and experimental and fitted OT spectra (d) of the selected crystal in (a) measured in the direction indicated by the arrow in (c). Scale bars in a): 100 m; in b) and c): 1 m.

Figure 2 .

 2 Figure 2. X ray patterns of a set of single crystals of MC before (a) and after optical studies (b).

Figure 3 .

 3 Figure 3. Fitted real (a) and imaginary (b) parts of the refractive index for the crystal selected in Figure 1(a).

Figure 4 .

 4 Figure 4. OT (black) and PL (red) spectra of the crystal shown in the inset.measurement of a crystal of (15800 ± 50) nm in thick and the fit to the same model.[START_REF] Ramiro-Manzano | Optical Properties of Organic/Inorganic Perovskite Microcrystals through the Characterization of Fabry-Pérot Resonances[END_REF] FigureS5aand b (see Supporting Information) show the corresponding fitted real and imaginary parts respectively of the refractive index (red curves). For comparison, the fitted values for the sample of Figure1are plotted in black in FigureS5(Supporting Information). While the values almost coincide in the case of the real part, large discrepancies arise for the imaginary part, especially in the short wavelengths region. This is not surprising and it is attributed to imponderable optical scattering, which depends on the crystal size, the light spot size and its position on the crystal.Single crystals of MC yielded PL when they were excited in the absorption region (FigureS6, Supporting Information) and the emission properties have been previously reported (em = 670 nm, exc = 390 to 430 nm).[START_REF] Feliz | In Situ Generation of Active Molybdenum Octahedral Clusters for Photocatalytic Hydrogen Production from Water[END_REF] Such PL can couple to the optical resonance modes of the cavity and produces interference fringes as well. However, because of the envelope curve, they are more difficult to observe than in the case of the OT signal. Figure4shows a crystal (see inset) of (10500 ± 50) nm in thick where both, OT and PL, were measured. It is important to stress that the spectral position of the resonances is the same for both spectra.In summary, high-quality single crystals of MC deposited with a preferred orientation onto a flat surface showed well-defined resonances in the VIS-NIR range when OT or PL measurements were done in a perpendicular direction to the surface. We have proven that selected Mo6 cluster-based crystals constitute Fabry-
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