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Introduction

The incorporation of Ti 4+ in silicate melts and glasses has attracted an unceasing research interest in both geoscience and materials science. TiO2 is indeed a frequent secondary component of terrestrial and lunar rocks and has been evaluated as a sensitive indicator of magma genesis and differentiation [START_REF] Ryerson | Rutile saturation in magmas: implications for TiNbTa depletion in island-arc basalts[END_REF][START_REF] Gaetani | A model for rutile saturation in silicate melts with applications to eclogite partial melting in subduction zones and mantle plumes[END_REF][START_REF] Kularatne | Rutile solubility in hydrous rhyolite melts at 750-900°C and 2kbar, with application to titanium-in-quartz (TitaniQ) thermobarometry[END_REF][START_REF] Leitzke | Ti K-edge XANES study on the coordination number and oxidation state of Titanium in pyroxene, olivine, armalcolite, ilmenite, and silicate glass during mare basalt petrogenesis[END_REF].

More recently, the precipitation of nanosized Fe-Ti-oxides during decompression has been associated to the intermittent explosive behavior of low-viscosity magmas [START_REF] Genova | In situ observation of nanolite growth in volcanic melt: A driving force for explosive eruptions[END_REF]. Due to its strong tendency to segregate from the melt and crystallize, this oxide serves moreover as a widespread nucleating agent for the synthesis of glass-ceramics [START_REF] Höland | Principles of Designing Glass-Ceramic Formation[END_REF], while it represents a fundamental constituent of SiO2-TiO2 glasses/glass-ceramics that are appreciated for their low thermal expansion and catalytic activity [START_REF] Schultz | Binary Titania-Silica Glasses Containing 10 to 20 Wt% TiO2[END_REF][START_REF] Baiker | Selective catalytic reduction of nitric oxide with ammonia: II. Monolayers of Vanadia Immobilized on Titania-Silica Mixed Gels[END_REF][START_REF] Zandona | Spray-Dried TiO2(B)-Containing Photocatalytic Glass-Ceramic Nanobeads[END_REF].

The Ti 4+ ion possesses an amphoteric or intermediate character with respect to those of the classically defined network formers and modifiers [START_REF] Dietzel | Die Kationenfeldstärken und ihre Beziehungen zu Entglasungsvorgängen, zur Verbindungsbildung und zu den Schmelzpunkten von Silicaten[END_REF]. Its oxygen coordination in silicate melts exhibits a strong dependence on temperature, pressure and especially composition; it is generally pictured as a combination of coexisting tetrahedral, square-pyramidal and/or octahedral units [START_REF] Dingwell | X-ray absorption study of Ti-bearing silicate glasses[END_REF][START_REF] Farges | Coordination chemistry of Ti(IV) in silicate glasses and melts: II. Glasses at ambient temperature and pressure[END_REF][START_REF] Farges | Coordination chemistry of Ti(IV) in silicate glasses and melts: III. Glasses and melts from ambient to high temperatures[END_REF][START_REF] Romano | Effect of aluminum on Ticoordination in silicate glasses: A XANES study[END_REF][START_REF] Henderson | A Ti L-edge X-ray absorption study of Ti-silicate glasses[END_REF][START_REF] Nienhuis | Effect of Ti4+ on the structure of nepheline (NaAlSiO4) glass[END_REF]. Since lowcoordinated species are predominant in silicate glasses [START_REF] Farges | Coordination chemistry of Ti(IV) in silicate glasses and melts: II. Glasses at ambient temperature and pressure[END_REF][START_REF] Henderson | A Ti L-edge X-ray absorption study of Ti-silicate glasses[END_REF], whereas Ti 4+ is typically six-fold coordinated in the crystalline state [START_REF] Farges | Coordination chemistry of Ti(IV) in silicate glasses and melts: I. XAFS study of titanium coordination in oxide model compounds[END_REF], configurational changes are frequently associated with the precipitation of TiO2-bearing crystals in a silicate melt [START_REF] Farges | Coordination chemistry of titanium (IV) in silicate glasses and melts: IV. XANES studies of synthetic and natural volcanic glasses and tektites at ambient temperature and pressure[END_REF][START_REF] Cormier | Investigation of the Role of Nucleating Agents in MgO-SiO2-Al2O3-SiO2-TiO2 Glasses and Glass-Ceramics: A XANES Study at the Ti K-and L2,3-Edges[END_REF]. Analogously, the glass forming ability of TiO2-containing melts has been previously evaluated in terms of the ratio between low-coordinated species and modifier-like sixfold coordinated Ti 4+ , such as in the SiO2-TiO2 compositional system [START_REF] Evans | Glass structure: The bridge between the molten and crystalline states[END_REF]. This latter system, extensively studied in the past due to the above-mentioned technological importance, appears as a promising candidate for elucidating the solubility and structural role of Ti 4+ in a simplified amorphous silicate matrix. Nevertheless, literature sources spanning over at least five decades provided occasionally contrasting views on the structural features of these glasses (a short review is proposed in Section 1.1). This is partially related to their high melting temperature and strong tendency to crystallize [START_REF] Bunting | Phase equilibria in the systems TiO2, TiO2-SiO2 and TiO2-Al2O3[END_REF][START_REF] Ricker | Reactions in the System TiO2-SiO2; Revision of the Phase Diagram[END_REF][START_REF] Devries | Phase Equilibria in the System CaO-TiO2-SiO2[END_REF], which make the classical melt-quench route unfavorable, leading to a preference for other synthesis methods including flame hydrolysis and sol-gel processing.

This work was therefore conceived as a fundamental clarification of analogies and dissimilarities between SiO2-TiO2 glasses obtained by melt-quenching (or equivalently by flame hydrolysis, involving a very high sintering temperature) and by sol-gel processing. Combining Raman spectroscopy, solid-state nuclear magnetic resonance (NMR) and molecular dynamics (MD) simulations, we succeeded in developing an all-encompassing picture of the glass-forming region and structural features of these materials.

Review of relevant literature on SiO2-TiO2 amorphous materials

Studies based on conventional melting focused mostly on the determination of a phase diagram for the system (Fig. Sup1), involving a eutectic point at ~8 mol% TiO2 and ~1550 °C [START_REF] Bunting | Phase equilibria in the systems TiO2, TiO2-SiO2 and TiO2-Al2O3[END_REF] and a hightemperature liquid immiscibility field between ~20 mol% and ~90 mol% [START_REF] Devries | Phase Equilibria in the System CaO-TiO2-SiO2[END_REF][START_REF] Kirillova | Phase Relationships in the SiO2-TiO2 System[END_REF][START_REF] Zhang | Atomic scale structural analysis of liquid immiscibility in binary silicate melt: A case of SiO2-TiO2 system[END_REF]. Despite the high melting temperatures and the strong devitrification tendency, some authors succeeded in characterizing SiO2-TiO2 glasses synthesized by electromelting, setting the limit of glass-forming ability at 10-12 mol% TiO2 [START_REF] Ostrizhko | Structure of Glasses in the Silicon Dioxide Titanium Dioxide System[END_REF][START_REF] Varshal | Spectra of Raman and hyper-Raman light scattering of the TiO2-SiO2 glass system[END_REF] and invariably assuming a tetrahedral or mixed tetrahedral-octahedral oxygen coordination for Ti 4+ [START_REF] Ostrizhko | Structure of Glasses in the Silicon Dioxide Titanium Dioxide System[END_REF][START_REF] Varshal | Spectra of Raman and hyper-Raman light scattering of the TiO2-SiO2 glass system[END_REF][START_REF] Bihuniak | Structures, spectra and related properties of group IVB-doped vitreous silica[END_REF][START_REF] Kusabiraki | Infrared and raman spectra of vitreous silica and sodium silicates containing titanium[END_REF].

Nevertheless, large-scale production of monolithic glass samples has first been achieved by the flame hydrolysis method, in which a stoichiometric vapor mixture of suitable volatile precursors (such as SiCl4 and TiCl4) is oxidized in a CH4-O2 flame to obtain a fine glassy particulate that can be thereafter sintered at temperatures > 1700 °C [START_REF] Schultz | Binary Titania-Silica Glasses Containing 10 to 20 Wt% TiO2[END_REF]. The glass-forming region was macroscopically inferred to extend up to ~12.5 mol% [START_REF] Schultz | Binary Titania-Silica Glasses Containing 10 to 20 Wt% TiO2[END_REF]; early Raman and IR spectroscopic characterizations suggested again a tetrahedral or mixed tetrahedral-octahedral oxygen coordination of Ti 4+ [START_REF] Tobin | Raman Spectra of Some Low-Expansion Glasses[END_REF][START_REF] Smith | The Difference Infrared Spectra of Titanium-Containing Vitreous Silica[END_REF][START_REF] Chandrasekhar | Phonons in TiO2-SiO2 glasses[END_REF], in agreement with the reported solubility of TiO2 in cristobalite up to ~8 mol% [START_REF] Evans | Solid Solution of TiO2 in SiO2[END_REF]. More direct investigations performed by X-ray absorption spectroscopy (XAS) at the Ti K-edge [START_REF] Sandstrom | Coordination of Ti in TiO2 SiO2 glass by X-ray absorption spectroscopy[END_REF][START_REF] Greegor | Investigation of TiO2-SiO2 Glasses by X-ray absorption spectroscopy[END_REF] revealed Ti 4+ to be almost solely 4-fold coordinated in these glasses in the range 2-6 mol% TiO2, with an increasing amount of octahedral species (still < 30% of the total) subsequently appearing up to 11.5 mol%, where the first crystalline TiO2 polymorphs were detected.

At impurity levels (TiO2 < 0.03 mol%), Ti 4+ would instead exhibit modifier-like 6-fold oxygen coordination. Later analyses by X-ray photoelectron spectroscopy [START_REF] Mukhopadhayay | Surface studies of TiO2-SiO2 glasses by X-ray photoelectron spectroscopy[END_REF], Raman and IR spectroscopy [START_REF] Chmel | Vibrational spectroscopic study of Ti-substituted SiO2[END_REF][START_REF] Richter | Ultrashort pulse induced modifications in ULE -from nanograting formation to laser darkening[END_REF] and electron energy loss spectroscopy [START_REF] Cheng | Coordination and optical attenuation of TiO2-SiO2 glass by electron energy loss spectroscopy[END_REF] did not substantially alter these views.

The sol-gel route, typically based on the condensation of sols containing hydrolyzed alkoxide precursors, started to be evaluated extensively in the 1980s as a possible alternative to the high melting temperatures of SiO2-TiO2 mixtures [START_REF] Gonzalez-Oliver | Silica and silica-titania glasses prepared by the solgel process[END_REF][START_REF] Hayashi | Preparation of titania-silica glasses by the gel method[END_REF][START_REF] Emili | Structural investigations of TiO2-SiO2 glassy and glass-ceramic materials prepared by the sol-gel method[END_REF]; the potential use of these materials as porous substrates for catalytic applications particularly boosted scientific investigations [START_REF] Baiker | Selective catalytic reduction of nitric oxide with ammonia: II. Monolayers of Vanadia Immobilized on Titania-Silica Mixed Gels[END_REF]. Nevertheless, the choice of suitable synthesis parameters resulted crucial to avoid phase separation already in the sols or in the gels [START_REF] Schraml-Marth | Porous silica gels and TiO2/SiO2 mixed oxides prepared via the sol-gel process: characterization by spectroscopic techniques[END_REF][START_REF] Beghi | Structural investigation of the silica-titania gel/glass transition[END_REF][START_REF] Delattre | 17O Solution NMR Characterization of the Preparation of Sol-Gel Derived SiO2/TiO2 and SiO2/ZrO2 Glasses[END_REF][START_REF] Delattre | 17O Solution NMR Characterization of the Preparation of Sol-Gel Derived SiO2/TiO2 and SiO2/ZrO2 Glasses[END_REF][START_REF] Gervais | Detection, Quantification, and Magnetic Field Dependence of Solid-State 17O NMR of X-O-Y (X,Y = Si,Ti) Linkages: Implications for Characterizing Amorphous Titania-Silica-Based Materials[END_REF]. The need for drying the gels at relatively high temperatures to obtain fully interconnected glasses, moreover, appeared in clear conflict with the low thermal stability of these glasses [START_REF] Hayashi | Preparation of titania-silica glasses by the gel method[END_REF][START_REF] Knight | Raman spectra of gel-prepared titania-silica glasses[END_REF][START_REF] Salvado | Phase separation in materials of the systems TiO2-SiO2 and ZrO2-SiO2 prepared by the alkoxide route[END_REF]; notice that water could be still detected in SiO2-TiO2 amorphous materials after annealing at 900 °C [START_REF] Gonzalez-Oliver | Silica and silica-titania glasses prepared by the solgel process[END_REF] and a similar H2O persistence was reported in gel-derived SiO2 glass [START_REF] Puyané | Preparation of silica and soda-silica glasses by the sol-gel process[END_REF][START_REF] Bertoluzza | Raman and infrared spectra on silica gel evolving toward glass[END_REF][START_REF] Klein | Densification of monolithic silica gels below 1000°C[END_REF][START_REF] Gallo | Apparent viscosity of sol-gel processed silica[END_REF].

All these factors made the structural investigation of gel-derived SiO2-TiO2 glasses rather challenging. For instance, above ~6 mol% TiO2, heterogeneity and TiO2 crystallization affected the samples employed by Henderson and coworkers for their Raman and XAS studies [START_REF] Henderson | A Ti L-edge X-ray absorption study of Ti-silicate glasses[END_REF][START_REF] Hayashi | Preparation of titania-silica glasses by the gel method[END_REF][START_REF] Henderson | The structure of Ti silicate glasses by micro-Raman spectroscopy[END_REF][START_REF] Henderson | The structure of titanium silicate glasses investigated by Si K-edge Xray absorption spectroscopy[END_REF][START_REF] Henderson | Titanium coordination in silicate glasses investigated using O K-edge X-ray absorption spectroscopy[END_REF]. Despite this, they inferred a mixed 4-fold and 5-fold coordination for Ti 4+ in the glass, possibly involving the formation of oxygen triclusters; they associated 6-fold coordinated species to Ti-rich clusters. Concurrently, other authors [START_REF] Smith | Application of oxygen-17 NMR spectroscopy to detection of atomic scale phase separation in titania-silica gels[END_REF][START_REF] Dirken | 17O and 29Si Solid State NMR Study of Atomic Scale Structure in Sol-Gel-Prepared TiO2-SiO2 Materials[END_REF][START_REF] Rigden | The role of titanium in : mixed sol-gels: an x-ray and neutron diffraction study[END_REF][START_REF] Anderson | An EXAFS study of silica-titania sol-gels[END_REF][START_REF] Mountjoy | XANES Study of Ti Coordination in Heat-Treated (TiO2)x(SiO2)1-x Xerogels[END_REF][START_REF] Mountjoy | In-situ hightemperature XANES observations of rapid and reversible changes in Ti coordination in titania-silica xerogels[END_REF][START_REF] Pickup | The Structure of TiO2-SiO2 Sol-Gel Glasses from Neutron Diffraction with Isotopic Substitution of Titanium and 17O and 49Ti Solid-State NMR with Isotopic Enrichment[END_REF][START_REF] Wallidge | Advanced physical characterisation of the structural evolution of amorphous (TiO2)x(SiO2)1-xsol-gel materials[END_REF] adopted a multipronged approach including solid-state NMR, X-ray and neutron diffraction and XAS to elucidate the structural evolution of SiO2-TiO2 gels during condensation and annealing.

According to their ultimate results, four possible environments are suggested for Ti 4+ in these materials: 1) distorted octahedral oxygen coordination, prevalently in gels treated below 250 ºC and possibly corresponding to a tetrahedron with two further bonds to hydroxyl groups; more regular 2) tetrahedral and 3) octahedral units, dispersed in the amorphous structure of gel-derived glasses treated at relatively high temperature; 4) six-fold oxygen coordination in phase-separated TiO2-rich clusters and crystals.

Experimental

Sol-gel glasses

Sol-gel glasses were produced as spray-dried nanobeads according to the method presented in a previous publication [START_REF] Zandona | Spray-Dried TiO2(B)-Containing Photocatalytic Glass-Ceramic Nanobeads[END_REF]. Two solutions were prepared, homogenized separately and mixed together in the desired ratios shortly before being spray-dried. The first solution contained tetraethoxysilane (TEOS, 99.0% (GC), Fluka), isopropanol, deionized water as a hydrolysis agent (molar ratio TEOS/H2O = 0.25) and concentrated nitric acid (69%, Fluka) to adjust the pH to 1. The second solution was obtained by mixing equimolar amounts of Ti-butoxide (97.0%, Sigma-Aldrich) and ethyl acetoacetate (99.0%, Sigma-Aldrich) in isopropanol. Mixed solutions corresponding to samples with 5, 8, 10 and 17 mol% TiO2 (respectively T5s, T8s, T10s and T17s in the following) were nebulized into a tube furnace set at 200 °C using an aerosol atomizer (Atomizer, AGK 2000, Palas) operated with pressurized air (2.8 bar); the resulting nanobeads (diameter between 50 and 200 nm) were collected from a particle filter at the other end of the furnace. Higher TiO2 loadings (e.g. from 25 to 50 mol%) could be sprayed but proved unstable to the subsequent treatment at 600 °C (SI section, Fig. Sup2); they were therefore discarded from our further analyses. For the production of a glass containing 8 mol% TiO2 and enriched in 17 O, the same procedure was applied, using 17 O-enriched water (enrichment degree: 40%, Cortecnet) for the hydrolysis of TEOS; the sample is noted as T8s( 17 O).

Melt-quenched glasses

Melt-quenched glasses were prepared by aerodynamic levitation coupled to CO2 laser heating (ADL), using a setup described in a previous work [START_REF] Zandonà | Glass-forming ability and ZrO2 saturation limits in the magnesium aluminosilicate system[END_REF]. SiO2 (Chempur, 99.9%) and TiO2 (Evonik, Aeroxide TiO2 P 25, 99.5%) powders were mixed thoroughly in an agate mortar and pressed into pellets of approximately 1 g. Small chunks of the pellets weighing from 10 to 50 mg were then melted using O2 as a levitation gas, gradually increasing the laser power until reaching 1900-2100 °C (as recorded by two pyrometers). The levitated droplet was left at this temperature for a few seconds and then quenched by cutting the laser power; the cooling rate is estimated to be in the order of 300 K s -1 or more [START_REF] Zandonà | Glass-forming ability and ZrO2 saturation limits in the magnesium aluminosilicate system[END_REF]. Using this method, several glassy beads containing 0, 0.5, 1, 2, 4, 6, 8 and 10 mol% could be prepared; they were accordingly named T0m, T0.5m, T1m, T2m, T4m, T6m, T8m, T10m (-m for melt-quenched). In the range T0m-T6m, macroscopically homogeneous colorless beads could reproducibly be obtained, whereas TiO2richer compositions frequently exhibited opaque regions due to the crystallization of anatase, as confirmed by Raman spectroscopy. It was impossible to reliably obtain glassy samples with TiO2 contents >10 mol%.

All glassy beads were very rich in bubbles, due to the high viscosity of the materials at the employed melting temperatures, which also resulted in occasionally poor chemical homogenization of the melts (confirmed by SEM). Nevertheless, lower viscosities could not be attained due to physical limitations, since Si and Ti are increasingly volatile above 2000 °C [START_REF] Leo | Thermodynamic Properties of the Oxides and their Vaporization Processes[END_REF]. An analytical strategy based on the analysis of a large number of samples was therefore adopted to overcome the uncertainties possibly arising from the occasional heterogeneity of the samples (see below).

In the attempt of synthesizing a melt-quenched glass enriched in 17 O, the as-sprayed sol-gel sample T8s( 17 O) was placed in a tungsten crucible and melted at 1800 °C for 1 h in vacuum (to avoid exchanges with the atmospheric 16 O2), using a Setaram DTA/TGA SETSYS Evo 2400. The so-obtained material was partially crystallized; it is referred in the following as T8m( 17 O).

Heat treatments

The as-prepared sol-gel materials required a further annealing stage to fully decompose the residues of their organic precursors, as also observed before [START_REF] Zandona | Spray-Dried TiO2(B)-Containing Photocatalytic Glass-Ceramic Nanobeads[END_REF]. A treatment at 450 °C for 12 h in air resulted insufficient: a strong photoluminescence still prevented the acquisition of Raman spectra with the selected laser line at 514 nm; heating at 600 °C for 12 h was found more suitable, although the glasses still contained substantial amounts of water. To dehydrate them, several drying protocols were then attempted in air using conventional laboratory furnaces, as detailed in Fig. 3-b: heating ramps were kept at 5 K s -1 , testing maximum temperatures between 900 °C and 1200 °C and isothermal segments from 1 h to 30 h.

In the case of sample T8s( 17 O), the pre-emptive heat treatment at 600 °C was performed in Ar using a Setaram DTA/TGA SETSYS Evo 2400, to avoid exchanges with 16 O2 from the atmosphere; however, the sample still exhibited photoluminescence, so that the as-sprayed powder was subsequently treated also at 800 °C for 12 h, to enable its characterization by Raman spectroscopy. Different decomposition kinetics of the organic precursors according to the employed atmosphere have been previously reported [START_REF] Gonzalez-Oliver | Silica and silica-titania glasses prepared by the solgel process[END_REF]. TiO2-bearing cristobalite was synthesized according to the procedure described by previous authors [START_REF] Evans | Solid Solution of TiO2 in SiO2[END_REF]: sample T5s was placed in a hot furnace at 1450 °C for 2 h and then quenched in air. For comparison, a TiO2-free cristobalite sample was similarly produced, treating our SiO2 raw material at 1600 °C for 4 h. These samples are respectively named as T5crist and T0crist in the following treatment.

Raman spectroscopy

Raman spectra were collected in parallel polarization using a Renishaw InVia Qontor spectrometer, mounting an Ar green laser (514 nm) and a holographic grating of 1800 lines/mm. The nominal laser power was generally set at 50 mW, but samples containing high amounts of TiO2 and/or crystalline TiO2 polymorphs required attenuation down to 1% of this power to avoid detector saturation. The measurements were performed with 15 s integration time and 6 accumulations, focusing 30-40 μm below the surface of the melt-quenched beads or on the gel-derived nanosized powders with a 50x objective. Numerous meltquenched beads of each nominal composition were analyzed at several locations, to avoid partially crystallized regions and average out possible compositional inaccuracies deriving from occasionally poor homogenization of the melts. In the following data treatment (Fig. 2), at least three spectra for each meltquenched composition were analyzed, after a first selection among several candidates. Data evaluation involved a simple baseline subtraction between 80 and 1300 cm -1 (Figs. 3 and4 examine a much wider spectral range and therefore report the raw spectra); the spectra were then normalized to their maximum intensity. To verify the appearance and growth of a Raman band at ~685 cm -1 (marked as T1 in the following), the spectra shown in Figure 1 were smoothed and differentiated in the range 620-770 cm -1 ; the slope of the first derivative was used to mathematically infer the concavity variation in this spectral region. Interpretation of the Raman spectra of crystalline materials was facilitated by the online consultation of the RRUFF database [START_REF] Lafuente | The power of databases: The RRUFF project[END_REF]: reference IDs are accordingly reported in the text.

X-ray diffraction (XRD)

The samples were characterized by XRD using a D8 Advance Bruker laboratory diffractometer (Bragg-Brentano geometry, Cu Kα1,2 incident radiation, LynxEye XE line detector). The powders were placed on low-background flat Si sample holders and dispersed with a few ethanol droplets. Lattice parameters were computed by Le-Bail fits using the software HighScore Plus (Panalytical).

Transmission electron microscopy (TEM)

Sample T8m( 17 O) was examined in a Philips CM20 TEM operated at 200 kV, performing brightand dark-field imaging, selected area electron diffraction (SAED) and energy-dispersive X-ray spectroscopy (EDX) measurements. The powder was dispersed in ethanol, after which a droplet was deposited and dried on a copper grid layered by an amorphous holey carbon film.

Molecular dynamics simulation and DFT GIPAW computation

Classical molecular dynamics (MD) model structures of T10m glass were generated with rigid ion potentials using the DL_POLY 4 package, whose details are reported elsewhere [START_REF] Todorov | DL_POLY_3: new dimensions in molecular dynamics simulations via massive parallelism[END_REF][START_REF] Okhotnikov | New interatomic potential parameters for molecular dynamics simulations of rare-earth (RE = La, Y, Lu, Sc) aluminosilicate glass structures: exploration of RE3+ field-strength effects[END_REF]. This composition has been chosen to remain close to that of melt-quenched glasses while increasing the number of statistically relevant titanium atoms in the cell. Cubic boxes with 150 atoms were used and the edge lengths were adjusted to match the experimental density [START_REF] Schultz | Binary Titania-Silica Glasses Containing 10 to 20 Wt% TiO2[END_REF]. We used a previously proposed force field [START_REF] Malavasi | Towards a quantitative rationalization of multicomponent glass properties by means of molecular dynamics simulations[END_REF] in which interactions between Si-O, Ti-O and O-O are formalized by a Morse potential. Initial random structures were first equilibrated by a 100 ps NVT run at high temperature (3500 K), followed by quenching at a rate of 2.5 K ps -1 from 3500 K to 300 K. Six structures were created to increase the statistics.

For all obtained structural models, the atomic positions were optimized by DFT using the CASTEP package [START_REF] Clark | First principles methods using CASTEP[END_REF]. Computations of NMR chemical shielding and electric field gradient tensors were then performed using the Gauge Including Projector Augmented Waves (GIPAW) [START_REF] Pickard | All-electron magnetic response with pseudopotentials: NMR chemical shifts[END_REF] and the Projector Augmented Waves (PAW) [START_REF] Profeta | Accurate First Principles Prediction of 17O NMR Parameters in SiO2: Assignment of the Zeolite Ferrierite Spectrum[END_REF] methods respectively, as implemented in CASTEP. All computations were performed using the GGA PBE functional [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] and ultrasoft pseudopotentials (Materials Studio 7.0) generated "on-the-fly" [START_REF] Yates | Calculation of NMR chemical shifts for extended systems using ultrasoft pseudopotentials[END_REF]. Isotropic chemical shifts were calibrated based on series of computations performed on model crystalline systems of known structures, according to the relationships [START_REF] Cadars | New Insights into the Molecular Structures, Compositions, and Cation Distributions in Synthetic and Natural Montmorillonite Clays[END_REF]: where δ is the isotropic chemical shift and σ the corresponding chemical shielding.

𝛿( 𝑆𝑖 29 ) = -0.
NMR parameters were also computed for anatase and rutile TiO2 models considering supercells of 384 and 576 atoms, respectively, and using the same setting as for MD structures. Structural and GIPAW calculations were analysed using a homemade python code. Atoms were clustered as a function of their speciation (i.e. coordination numbers, atom-linked…), calculating property distributions for each speciation. Distributions were smoothed by applying a Gaussian broadening to each point with broadness equal to the standard deviation of the dataset. The cut-off radius used to perform structural analyses was set to 2.2 Å for Si-O and Ti-O, corresponding to the first minimum of the partial distribution function. All structural analyses reported in the text below were performed on these DFT-optimized structures.

Solid-state nuclear magnetic resonance (NMR)

Only reproducibly amorphous samples were characterized by solid-state NMR, crushing and grinding several beads; the resulting powder was filled into ZrO2 rotors. In addition, partially crystallized T8m( 17 O) was also measured, to support the interpretation of 17 O Magic Angle Spinning (MAS) NMR spectra. 29 Si MAS NMR spectra were acquired on a Bruker Avance III spectrometer operating at a magnetic field of 7.0 T ( 29 Si Larmor frequency of ν0=59.6 MHz) using a 4 mm probe. Spectra were recorded at a spinning rate of 10 kHz using a 30° flip angle (radio frequency field of 55 kHz) and a recycle delay of 60 s to insure complete relaxation of the magnetization. Between 1000 and 3000 transients were collected for each spectrum. 29 Si chemical shifts are referenced relative to tetramethylsilane (TMS) at 0 ppm. Because the T8m( 17 O) sample was only available in limited amount, a Carr-Purcell-Meiboom-Gill (CPMG) echotrain acquisition [START_REF] Waugh | Sensitivity in Fourier transform NMR spectroscopy of slowly relaxing systems[END_REF][START_REF] Larsen | 29Si and 17O (Q)CPMG-MAS solid-state NMR experiments as an optimum approach for half-integer nuclei having long T1 relaxation times[END_REF] was used to enhance the signal-to-noise ratio by summing 256 echoes equally spaced by a duration of 5.2 ms. 17 O MAS NMR spectra were acquired on a Bruker Avance III spectrometer operating at a magnetic field of 17.6 T ( 17 O Larmor frequency of ν0=101.7 MHz) using a 2.5 mm probe. Quantitative spectra were recorded at a spinning rate of 33.33 kHz using a small flip angle of 10° (corresponding to a pulse duration of 0.55 µs). Between 16384 and 20480 transients were co-added with a recycle delay of 0.5 s. 17 O chemical shifts are referenced relative to water at 0 ppm. 17 O-{ 1 H} polarization transfer experiments allowing the selective observation of T-O-H moieties were performed using a refocused-INEPT [START_REF] Fyfe | Dipolar dephasing between quadrupolar and spin-12 nuclei[END_REF][START_REF] Trebosc | Through-space R3-HETCOR experiments between spin-1/2 and half-integer quadrupolar nuclei in solid-state NMR[END_REF] sequence with a SR421 recoupling block [START_REF] Brinkmann | Proton-Selective 17O-H Distance Measurements in Fast Magic-Angle-Spinning Solid-State NMR Spectroscopy for the Determination of Hydrogen Bond Lengths[END_REF][START_REF] Giovine | Magnetization transfer from protons to quadrupolar nuclei in solid-state NMR using PRESTO or dipolar-mediated refocused INEPT methods[END_REF]. The RF field strengths for the π/2 and π pulses on the 17 O and 1 H channels were set to 20 and 78 kHz, respectively, while a 1 H RF field strength of 66.66 kHz corresponding to the 2ωR condition was used for the recoupling block. Recoupling delay was kept short (120 µs) in order to selectively probe short-range O-H distances. 29 Si FID were processed through a homemade python code using nmrglue and numpy libraries [START_REF] Helmus | Nmrglue: an open source Python package for the analysis of multidimensional NMR data[END_REF][START_REF] Harris | Array programming with NumPy[END_REF]. Gaussian apodization centered at the top of the signal was applied prior to Fourier transform with line broadening of 25 Hz for 29 Si and 17 O. Simulations of 17 O spectra were done with Dmfit software [START_REF] Massiot | Modelling one-and two-dimensional solid-state NMR spectra[END_REF] and 29 Si ones were done using fNMR package [START_REF] Charpentier | Numerical and theoretical analysis of multiquantum magicangle spinning experiments[END_REF]. (the latter one possibly involving a LO-TO splitting) can be assigned to the vibrations of Si-O-Si linkages in the glass network [START_REF] Galeener | Longitudinal Optical Vibrations in Glasses: GeO2 and SiO2[END_REF][START_REF] Galeener | Vibrational dynamics in O18 -substituted vitreous SiO2[END_REF][START_REF] Galeener | Vibrational dynamics in 30Si-substituted vitreous SiO2[END_REF]; S2 and S3 are also known as "defect lines", respectively stemming from the breathing modes of four-and three-membered rings of SiO4 tetrahedra [START_REF] Barrio | Regular ring dynamics in AX 2 tetrahedral glasses[END_REF][START_REF] Galeener | Planar rings in glasses[END_REF]; S5 and S6 were previously related to the asymmetric stretching of bridging oxygens linking SiO4 tetrahedra, again with a LO-TO splitting [START_REF] Galeener | Longitudinal Optical Vibrations in Glasses: GeO2 and SiO2[END_REF][START_REF] Galeener | Vibrational dynamics in O18 -substituted vitreous SiO2[END_REF][START_REF] Galeener | Vibrational dynamics in 30Si-substituted vitreous SiO2[END_REF] or possibly corresponding to two different sets of stretching vibrations [START_REF] Mcmillan | A study of SiO2 glass and supercooled liquid to 1950 K via high-temperature Raman spectroscopy[END_REF]. Upon TiO2 incorporation, the broad maximum S1 shifted to lower wavenumbers, while S2 and S3 gradually subsided.

Results

Glass-forming ability and overall examination

In parallel, three supplementary Raman features became visible and increased in intensity, labelled as T1, T2 and T3. The assignment of these bands is controversial in the available literature and will be addressed in higher detail in the Discussion section. Nevertheless, the position of the maximum of T2 (Fig. 2-a), the concavity of the Raman spectra at T1 (i.e. the slope of their 1 st derivative, Fig. 2-b) and the intensity ratio T2/T3 (Fig. 2-c) exhibited an approximately linear correlation with the TiO2 content of the melt-quenched glasses. (the spectra are reported in Fig. 3).

Gel-derived glasses treated at 600 °C for 12 hours in air (Fig 1-b) exhibited strong similarities with those of their melt-quenched counterparts; amorphous materials could be easily obtained up to 17 mol% TiO2. However, the computation of the above-introduced indices (Fig. 2) highlighted a general shift of T2 to higher wavenumbers, a lower visibility of T1 and a much lower intensity of T3 in comparison to meltquenched glasses of similar composition; the defect bands S2 and S3 appeared moreover more pronounced (compare for instance T5s and T6m). As for sample T8s( 17 O) (dried at 800 °C for 12 in Ar), its spectrum matched well with that of T8s but exhibited a slight overall shift to lower wavenumbers, in line with previous observations of the Raman spectrum of 18 O-subtituted SiO2 [START_REF] Galeener | Vibrational dynamics in O18 -substituted vitreous SiO2[END_REF]. The noticed differences between melt-quenched and gel-derived glasses were ascribed to the non-negligible water content of these latter, as demonstrated by Raman spectra collected over a wider range (Fig. 3). A broad band assignable to OH stretching vibrations was indeed clearly identifiable at ~3600 cm -1 [START_REF] Stolen | Water and its relation to broken bond defects in fused silica[END_REF][START_REF] Behrens | Quantification of dissolved H2O in silicate glasses using confocal microRaman spectroscopy[END_REF], while it was absent in meltquenched materials. Bright-field and c) dark-field TEM micrographs of one of the Ti-enriched crystalline noduli found in the sample, with an inset exemplifying the well-defined electron diffraction patterns obtainable from them.

Structural characterization

Melt-quenched samples

Further investigations of the incorporation of Ti 4+ in silica glasses were conducted using 17 O and 29 Si solid-state NMR, which have been shown to provide detailed information about chemical bonding and local structures in a variety of glasses [START_REF] Farnan | Quantification of the disorder in network-modified silicate glasses[END_REF][START_REF] Wang | Multiple-Quantum Magic-Angle Spinning 17O NMR Studies of Borate, Borosilicate, and Boroaluminate Glasses[END_REF][START_REF] Angeli | 17O 3Q-MAS NMR characterization of a sodium aluminoborosilicate glass and its alteration gel[END_REF][START_REF] Angeli | Influence of zirconium on the structure of pristine and leached soda-lime borosilicate glasses: Towards a quantitative approach by 17O MQMAS NMR[END_REF][START_REF]Multinuclear solid-state NMR of inorganic materials[END_REF][START_REF] Lee | Nature of Cation Mixing and Ordering in Na-Ca Silicate Glasses and Melts[END_REF]. For this purpose, a melt-quenched 17 O-enriched glass with nominal 8 mol% TiO2 was synthesized as described above (Section 2.2).

As shown in Figure 5, the quantitative 17 O MAS NMR spectrum of sample T8m( 17 O) exhibits two well-resolved 17 O central transition (CT) resonances and their associated satellite-transition (ST) spinning sideband manifolds, thereby revealing two distinct oxygen bonding environments in the glass structure.

According to 17 O NMR literature data on SiO2-TiO2 materials [START_REF] Delattre | 17O Solution NMR Characterization of the Preparation of Sol-Gel Derived SiO2/TiO2 and SiO2/ZrO2 Glasses[END_REF][START_REF] Dirken | 17O and 29Si Solid State NMR Study of Atomic Scale Structure in Sol-Gel-Prepared TiO2-SiO2 Materials[END_REF][START_REF] Pickup | The Structure of TiO2-SiO2 Sol-Gel Glasses from Neutron Diffraction with Isotopic Substitution of Titanium and 17O and 49Ti Solid-State NMR with Isotopic Enrichment[END_REF], the intense line centered at 24.7

ppm and the broader one at 280 ppm can be assigned to bridging O_2Si and O_1Ti-1Si environments, respectively. For the O_2Si moieties, the 17 Experimental spectra and their simulations correspond to dark blue and red lines, respectively. CT lines and ST spinning sidebands patterns of O_2Si, O_1Si-1Ti and O_1Si-1H contributions are shown as light blue, grey and black lines, respectively.

To support the interpretation of the 17 O NMR results, DFT GIPAW computations of 17 O chemical shifts were performed for structural models with composition T10m. Six amorphous structures of 150 atoms were generated by classical force field molecular dynamics (MD) simulations and relaxed by DFT (at 0 K).

Structural details of these models are given in Table Sup2 (see also .cif files and Fig. Sup4 in the supplementary materials). In all cases, MD simulations led to a fully polymerized tetrahedral network containing only SiO4 and TiO4 units, with no other higher-coordination polyhedral species (e.g. 5-fold or 6-fold coordinated Ti 4+ , 5-fold coordinated Si 4+ ). The proportion of Si-O-Ti and Ti-O-Ti linkages exhibits a slight variability but, on average over the six structures, corresponds respectively to 18 and 1 % of the oxygen content, as expected from composition and assuming a random distribution of TiO4 units in the network. The average Ti-O bond length (1.83 Å) is found to be larger than the Si-O one (1.63 Å), in agreement with their ionic radii [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]; similarly, the average Si-O-Si bond angle (147.9°) is smaller than the Si-O-Ti one (150.1°). For the six amorphous structures, DFT GIPAW calculations lead to average 17 O isotropic chemical shift values of about 47 ppm for O_2Si and 312 ppm for O_1Si-1Ti environments (Figure 6, Table Sup3), in agreement with the proposed assignment. Moreover, the computations predict an average 17 The local structure of melt-quenched glasses up to 8 mol% TiO2 was also investigated using 29 Si solid-state NMR. As depicted in Figure 7-a, the 29 Si MAS spectra of melt-quenched samples were very similar, almost independently of the titanium content. For the TiO2-free silica glass, the 29 Si spectrum showed a broad resonance at -110.0 ppm characteristic for Q 4 units and only a slight shift of 0.7 ppm toward lower frequency was observed upon TiO2 additions up to 8 mol%. The weak variations in the 29 Si MAS spectra can be quantified by measuring the deviation from a Gaussian model lineshape which accounts for the spectrum acquired from the TiO2-free silica glass (δiso= -110 ppm, fwhm=12.3), as illustrated in Figure 7-b. Since 17 O NMR results indicate the formation of Si-O-Ti bonds, it shows that the 29 Si isotropic chemical shift is almost unchanged by the substitution of Si 4+ by Ti 4+ in the second coordination sphere of Q 4 units. This contrasts with the substitution of a silicon atom by a four-fold coordinated Al 3+ or with the formation of a non-bridging oxygen atom, which lead to chemical shift variations of 5 and 10 ppm respectively [START_REF]Multinuclear solid-state NMR of inorganic materials[END_REF]. The trend is confirmed by GIPAW computations of the MD amorphous models with 10 mol% of TiO2, which allow to benchmark the 29 Si chemical shift ranges of Si-(OSi)4 and Si-(OSi)3(OTi) moieties in a fully-polymerized network of SiO4 and TiO4 tetrahedra. Indeed, the 29 Si chemical shift ranges calculated for these two environments are found to overlap completely, with a difference of less than 0.7 ppm between their mean chemical shift values (Figure 7-c) and in good agreement with former computations of 29 Si chemical shifts in Ti-bearing zeolites (Ricchiardi and Sauer, 1999). In line with 17 O NMR results, the 29 Si MAS spectra thus suggest the formation of Si-O-Ti linkages with incorporation of titanium atoms as TiO4 tetrahedral units in a fully polymerized network up to 8-10 mol% TiO2. and the simulated spectrum of T0m (red circle, left axis) and position of the center of gravity of each spectrum (blue square, right axis). (c) 29 Si isotropic chemical shift distributions of Si(OSi)4 and Si(OSi)3(OTi) environments obtained from GIPAW calculations for the MD models with 10 mol% TiO2.

Average isotropic chemical shifts (and standard deviations) are -112.7 (6.9) and -113.4 (5.6) ppm for Si(OSi)4 and Si(OSi)3(OTi), respectively.

Sol-gel samples

As in the case of melt-quenched glasses, the nature of Ti 4+ incorporation in gel-derived glasses was studied by 17 O NMR. The 17 O MAS spectrum of the gel-derived glass T8s( 17 O) showed, in addition to the previously observed O_2Si and O_1Si-1Ti signals, a third contribution at lower chemical shift partially overlapping with the O_2Si CT peak (Figure 5). This new resonance located at 4.0 ppm could be selectively highlighted using 1 H-magnetization transfer experiments, revealing a short O-H distance and being therefore assigned to O_1Si-1H moieties in agreement with previous works [START_REF] Cong | 17O MAS NMR Investigation of the Structure of Calcium Silicate Hydrate Gel[END_REF][START_REF] Cong | 29Si and 17O NMR investigation of the structure of some crystalline calcium silicate hydrates[END_REF]. A small variation of the 17 O isotropic chemical shift of bridging O_2Si (δiso = 43.1 ppm, CQ = 5.19 MHz) is also observed with respect to the melt-quenched glass. The spectrum did not show any additional signal characteristic of Ti-O-Ti bonding, suggesting a homogeneous distribution of Ti atoms. Quantitative analysis of the spectrum gives relative proportions of 89, 7 and 4 % for bridging O_2Si, O_1Si-1Ti and non-bridging O_1Si-1H oxygen atoms, respectively. The proportion of O_1Si-1Ti is lower than expected from nominal composition, which could be associated to a preferential 17 O-enrichment of Si-O-Si linkages since TEOS was hydrolyzed separately with 17 O-enriched water during synthesis.

The 29 Si MAS NMR spectra of the gel-derived samples calcined at 600°C (Figure 8) showed obvious differences from those of melt-quenched glasses, with shoulders appearing at higher chemical shifts associated to depolymerized SiO4 units. Indeed, 1 H- 29 Si cross-polarization MAS spectra recorded at different contact times highlighted the presence of three distinct contributions located at -109.2, -100.5 and -91.5 ppm (see Figure Sup3). According to 29 Si chemical shift ranges, the peak at -109.2 ppm is assigned to both Si(OSi)4 and Si(OSi)3(OTi) Q 4 units, while the line at -100.5 ppm is assigned to Si(OSi)3(OH) Q 3 units and the later one of much weaker intensity to Si(OSi)2(OH)2 Q 2 moieties. Simulations of quantitative spectra were done using the parameters extracted from CP MAS spectra and only the intensity of each component was varied. The position of the Q 4 line is found very similar with that observed for meltquenched samples and the proportion of Q 2 moieties bearing two hydroxyl groups does not exceed 1% for all compositions heated at 600°C. A significant decrease of the relative proportion of Q 3 units is observed as the titanium content increases. 

TiO2-doped cristobalite

To support our discussion of SiO2-TiO2 glasses, we additionally synthesized TiO2-doped cristobalite (sample T5crist) according to the devitrification method reported by previous authors [START_REF] Evans | Solid Solution of TiO2 in SiO2[END_REF]. The lattice parameters obtained from Le-Bail refinements of XRD data (Fig. 9) confirmed an expansion of the unit cell of cristobalite upon incorporation of Ti 4+ , due to its larger effective ionic radius (0.42 Å) compared to Si 4+ (0.26 Å) [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]; anatase and rutile were limited to trace levels in the sample. The Raman spectrum of T5crist resembled closely that of T0crist, excluding the bands assignable to an anatase impurity; nevertheless, two additional vibrational features could be discerned at high wavenumber, with maxima respectively at 955 cm -1 and 1115 cm -1 . to which all unmarked features can otherwise be related).

Discussion

The results of our study provide a self-consistent structural view on the formation of glasses in the binary system SiO2-TiO2. Anhydrous glasses can be obtained by melt-quenching at least up to 10 mol% TiO2, despite the higher difficulty in quenching a homogeneously amorphous material as TiO2 content increases. This observation is consistent with the available phase diagram [START_REF] Bunting | Phase equilibria in the systems TiO2, TiO2-SiO2 and TiO2-Al2O3[END_REF][START_REF] Devries | Phase Equilibria in the System CaO-TiO2-SiO2[END_REF], whose eutectic locates at ~8 mol%: beyond this point, the first phase predicted to form during cooling through the liquidus is rutile, whose ability to precipitate homogeneously in the volume can clearly affect glass-forming ability more than cristobalite, which is typically found at the surface. Moreover, the threshold of 10 mol% TiO2 corresponds to the statistical emergence of Ti-O-Ti bonds in a random network of tetrahedral units (the most consistent structural description of SiO2-TiO2 glasses, see also below), as mirrored by the average values of our MD models in Tab. Sup2. In other words, the statistical presence of Ti-O-Ti direct linkages in the melt appears to be energetically unfavorable for glass formation (as supported by the energy differences between various relaxed MD models listed in Tab. Sup2), possibly representing the main structural driving force for the onset of crystal nucleation.

Concerning gel-derived glasses, we analyzed only materials up to 17 mol% TiO2, since samples with 25 mol% and 50 mol% already exhibited crystalline features after the first calcination at 600 °C (SI, Fig. Sup2). Other authors reported the synthesis of gels of high TiO2 content and similarly noted their high instability [START_REF] Gonzalez-Oliver | Silica and silica-titania glasses prepared by the solgel process[END_REF][START_REF] Hayashi | Preparation of titania-silica glasses by the gel method[END_REF][START_REF] Beghi | Structural investigation of the silica-titania gel/glass transition[END_REF][START_REF] Salvado | Phase separation in materials of the systems TiO2-SiO2 and ZrO2-SiO2 prepared by the alkoxide route[END_REF][START_REF] Smith | Application of oxygen-17 NMR spectroscopy to detection of atomic scale phase separation in titania-silica gels[END_REF][START_REF] Dirken | 17O and 29Si Solid State NMR Study of Atomic Scale Structure in Sol-Gel-Prepared TiO2-SiO2 Materials[END_REF][START_REF] Anderson | An EXAFS study of silica-titania sol-gels[END_REF][START_REF] Best | A raman study of TiO2-SiO2 glasses prepared by sol-gel processes[END_REF][START_REF] Walther | TiO2/SiO2 mixed oxide catalysts prepared by sol-gel techniques. Characterization by solid state CP/MAS spectroscopy[END_REF][START_REF] Rainho | 29 Si nuclear-magnetic-resonance and vibrational spectroscopy studies of SiO 2 -TiO 2 powders prepared by the sol-gel process[END_REF]. The predictable H2O content of our samples, which can be roughly estimated as a few wt% based on our Raman [START_REF] Behrens | Quantification of dissolved H2O in silicate glasses using confocal microRaman spectroscopy[END_REF] and 29 Si NMR spectra, persisted even after a preemptive drying stage at 600 °C, so that these materials should be consistently described as belonging to a ternary compositional system, i.e. SiO2-TiO2-H2O. Obtaining dry glasses from these hydrous gels proved then rather challenging, probably also due to the lowering of viscosity and to the enhancement of nucleation usually noticed in water-bearing silicate melts [START_REF] Davis | Influence of water on nucleation kinetics in silicate melt[END_REF][START_REF] Deubener | Water and the glass transition temperature of silicate melts[END_REF][START_REF] Del Gaudio | Viscosity and glass transition temperature of hydrous float glass[END_REF]. Our observations therefore confirm the conclusions previously inferred from other compositional systems [START_REF] Zanotto | The formation of unusual glasses by sol-gel processing[END_REF]: the sol-gel route does not seem to significantly enlarge the anhydrous glass-forming ability of reluctant glass-formers, due to the inevitable competition between dehydration and devitrification on the way to a fully densified glass. This scenario is in line with the updated definition of the glassy state of matter and its ultimate fate to crystallize [START_REF] Zanotto | The glassy state of matter: Its definition and ultimate fate[END_REF],

which disallow a spontaneous glass-to-crystal transformation. As for the observed formation of Ti-rich pseudo-metallic noduli in T8m( 17 O) during melting at 1800 ºC in vacuum, it was clearly caused by the extreme reducing conditions, which were previously shown to even possibly lead to volatilization of silicon as gaseous SiO [START_REF] White | Reactions Between Liquid CaO-SiO2 Slags and Graphite Substrates[END_REF]. Notice that the non-detection of these pseudo-metallic noduli on the oxygen spectrum (expected in the O_2Ti range) can be explained by their low volume fraction, their minor oxygen content and also the short recycling delay used in the measurements, optimized for amorphous signals.

The computational prediction and experimental confirmation of the absence of an observable and quantifiable effect of Ti-O-Si bonding on the 29 Si NMR spectra of amorphous materials qualifies again the characterization of SiO2-TiO2 glasses as a challenging task. Yet, our data obtained from melt-quenched glasses corroborate full polymerization of the silicate network (only Q 4 species on the 29 Si spectra) upon actual incorporation of Ti in their structure; Si-O-Ti bonds are moreover clearly observable in the 17 O spectrum of T8m( 17 O) (despite its partial crystallization). Relating these observations, Ti 4+ must be isomorphously integrated into the silicate network, as previously proposed by various authors assuming a prevalent tetrahedral coordination for Ti 4+ (at least at low TiO2 content) in anhydrous and homogeneous SiO2-TiO2 glasses [START_REF] Varshal | Spectra of Raman and hyper-Raman light scattering of the TiO2-SiO2 glass system[END_REF][START_REF] Bihuniak | Structures, spectra and related properties of group IVB-doped vitreous silica[END_REF][START_REF] Sandstrom | Coordination of Ti in TiO2 SiO2 glass by X-ray absorption spectroscopy[END_REF][START_REF] Greegor | Investigation of TiO2-SiO2 Glasses by X-ray absorption spectroscopy[END_REF]. This conclusion is supported by the synthesis of Ti 4+ -containing cristobalite, in which the transition metal necessarily substitutes Si 4+ in the tetrahedral network sites. The Raman spectrum of this phase also exhibits two supplementary bands at 955 cm -1 and 1115 cm -1 , whose position is close to that of T2 and T3 in glasses, clearly supporting their assignment to the vibrational features of bridging oxygens related to a 4-coordinated network-forming Ti 4+ ; this assignment agrees with the majority of literature sources [START_REF] Varshal | Spectra of Raman and hyper-Raman light scattering of the TiO2-SiO2 glass system[END_REF][START_REF] Kusabiraki | Infrared and raman spectra of vitreous silica and sodium silicates containing titanium[END_REF][START_REF] Tobin | Raman Spectra of Some Low-Expansion Glasses[END_REF][START_REF] Chandrasekhar | Phonons in TiO2-SiO2 glasses[END_REF][START_REF] Sokolov | Quantum-chemical modeling of titanium centers in titanosilicate glass[END_REF].

Regarding the Raman band T1, its assignment is less straightforward: given its vicinity to the position of bands arising in most of the known TiO2 polymorphs in the range 600-670 cm -1 [START_REF] Beuvier | Accurate Methods for Quantifying the Relative Ratio of Anatase and TiO 2 (B) Nanoparticles[END_REF][START_REF] Tompsett | The Raman spectrum of brookite, TiO2 (Pbca, Z = 8)[END_REF][START_REF] Ma | Raman study of phase transformation of TiO2 rutile single crystal irradiated by infrared femtosecond laser[END_REF], its interpretation as the signature for 6-coordinated Ti 4+ species in the amorphous network is particularly tempting, as also claimed by previous authors [START_REF] Varshal | Spectra of Raman and hyper-Raman light scattering of the TiO2-SiO2 glass system[END_REF]. This assignment would however imply the formation of 6-fold Ti 4+ already at very low TiO2 content (see the linear dependence from composition observed in Fig. 2-b), which is in clear antithesis with our MD simulations, NMR data and previous XAS investigations exhibiting no significant detection of 6-fold Ti 4+ up to at least ~6 mol% TiO2 [START_REF] Sandstrom | Coordination of Ti in TiO2 SiO2 glass by X-ray absorption spectroscopy[END_REF][START_REF] Greegor | Investigation of TiO2-SiO2 Glasses by X-ray absorption spectroscopy[END_REF]. Consequently, the Raman band may indeed originate from a 6-fold coordinated Ti 4+ content at impurity level, made detectable due to the especially high Raman sensitivity of these species as compared to other techniques (the high scattering power of TiO2 polymorphs is well known to Raman users); nevertheless, the vibrational feature could equally stem from an additional mode related to tetrahedrally coordinated Ti 4+ , shifted from the typical positions observed in SiO2 (e.g. the band S4) or in GeO2 [START_REF] Galeener | Longitudinal Optical Vibrations in Glasses: GeO2 and SiO2[END_REF].

Based on our data, we also do not find significant reasons for assigning Ti 4+ to a 5-fold oxygen coordination, which was proposed to be the dominant configuration in gel-derived and partially crystallized SiO2-TiO2 glasses investigated by other authors [START_REF] Henderson | Titanium coordination in silicate glasses investigated using O K-edge X-ray absorption spectroscopy[END_REF]. Indeed, MD simulations produce structural models in which Ti 4+ is invariably 4-fold coordinated. In addition, the presence of TiO5 units is expected to lead to extra-coordinated (3-fold) oxygen atoms with higher chemical shift values, which can be excluded from the analyses of the 17 O NMR spectra. For the same reason, pronounced clustering of octahedrally coordinated Ti 4+ in the amorphous state seems also unlikely, since no signal is detected around 600ppm on 17 O spectra. Moreover, pure TiO2 has virtually no glass-forming ability and no other vibrational features are observed at lower wavenumber (100-300 cm -1 ), where the most intense bands of TiO2 crystals are typically found [START_REF] Beuvier | Accurate Methods for Quantifying the Relative Ratio of Anatase and TiO 2 (B) Nanoparticles[END_REF][START_REF] Tompsett | The Raman spectrum of brookite, TiO2 (Pbca, Z = 8)[END_REF][START_REF] Ma | Raman study of phase transformation of TiO2 rutile single crystal irradiated by infrared femtosecond laser[END_REF].

NMR data obtained from H2O-bearing gel-derived glasses still revealed the presence of Q 3 species ( 29 Si spectra) and of Si-OH linkages ( 17 O spectra), demonstrating an incomplete dehydration/densification of their network even after a treatment at 600 °C for 12 h. The lower fraction of Q 3 species noticed in TiO2richer glasses could reflect the expected lower viscosity of these materials, allowing higher structural mobility and faster H2O removal during the drying stages: a calorimetric effect interpretable as a glass transition was observed in T17s at ~675 °C [START_REF] Zandona | Spray-Dried TiO2(B)-Containing Photocatalytic Glass-Ceramic Nanobeads[END_REF], while the Tg of anhydrous T10m was previously estimated as ~1000 °C [START_REF] Schultz | Binary Titania-Silica Glasses Containing 10 to 20 Wt% TiO2[END_REF] and that of anhydrous SiO2 as ~1200 °C [START_REF] Urbain | Viscosity of liquid silica, silicates and alumino-silicates[END_REF]. More generally, water incorporation is likely to represent the crucial factor for the increased glass forming ability of hydrous SiO2-TiO2 glasses or, differently formulated, for the higher solubility of Ti 4+ in gel-derived water-bearing silicate glasses: a partially depolymerized, less rigid network can probably more easily accommodate network distortions due to the substitution of Si 4+ for the substantially larger Ti 4+ , also avoiding energetically less favorable Ti-O-Ti direct linkages.

Conclusion

We used a combination of Raman spectroscopy, molecular dynamics, GIPAW computations and solid-state 29 Si and 17 O NMR as a powerful multipronged approach for the structural characterization of glasses. Taking into account all hypotheses proposed in the literature, we have been able to confirm that titanium prevalently assumes a tetrahedral oxygen coordination in anhydrous SiO2-TiO2 glasses and that the glass solubility of TiO2 is limited to ~10 mol%. Gel-derived glasses can incorporate substantially higher amounts of TiO2, most likely due to the depolymerizing effect of a non-negligible water content: this result suggests that dehydration may be crucial in driving the crystallization of transition metal oxides in melts.

All in all, the sol-gel route does not appear a viable solution for enlarging the glass-forming range of anhydrous silicates.

Figure 1 .

 1 Figure 1. Raman spectra acquired from SiO2-TiO2 glasses obtained by different synthesis methods. a) Meltquenched samples; b) gel-derived materials, treated at 600 °C for 12 h in air, excluding T8s( 17 O) which was treated in Ar at 800 °C for 12 h. The main characteristic bands for vitreous SiO2 are labelled as S1, S2, S3, S4, S5 and S6, while those related to the incorporation of Ti 4+ are identified by T1, T2 and T3; vertical lines are kept at the same position in both figures to facilitate the comparison.

Figure 2 .

 2 Figure 2. Representative indices computed from the Raman spectra of melt-quenched and gel-derived glasses (T8s( 17 O) was disregarded due to the isotopic shift). a) Location of the maximum intensity for the Raman band labeled as T2; b) slope of the 1 st derivative of the Raman signal at the position of T1; c) intensity ratio between T2 and T3. Light blue circles represent the values obtained for partially dehydrated (and still amorphous) gel-derived samples, namely T5s treated at 1000 °C for 1 h and T8s treated at 900 °C for 2 h

Figure 3 .

 3 Figure 3. Raman spectra collected over a wider range (80 -4200 cm -1 ) from some of the samples. a) Meltquenched glasses (as-prepared) and gel-derived glasses (pre-treated at 600 °C for 12 h), manifesting the presence of water in their structure; b) gel-derived glasses treated at various temperatures for up to 30 h, invariably exhibiting the onset of crystallization before full dehydration was completed.

Figure 4 .

 4 Figure 4. Experimental characterization of sample T8m( 17 O), obtained by melting gel-derived T8s( 17 O) at 1800 °C in vacuum. a) XRD pattern and Raman spectrum (inset) of the sample, manifesting the formation of small amounts of Ti-suboxide solid solutions (indexable as Ti6O or Ti3O) in an otherwise fully anhydrous and amorphous matrix (labels: t for Ti-suboxide solid solution, w for rests of the tungsten crucible). b)

  O average isotropic chemical shift and quadrupolar coupling values (δiso = 41.3 ppm, CQ = 5.33 MHz) obtained from the CT lineshape simulation assuming Gaussian distributions of δiso and CQ are close to those reported for pure silica glass[START_REF] Clark | Correlated structural distributions in silica glass[END_REF][START_REF] Trease | Bond length-bond angle correlation in densified silica-Results from 17O NMR spectroscopy[END_REF] (Tab. Sup1). Getting δiso and CQ values for the O-1Ti-1Si resonance is more difficult because it shows a featureless central transition, in addition to satellite transition sidebands of low intensities. We only report the position of the CT barycenter (δ1/2) and notice that the <±3/2,±1/2> satellite transition sidebands are much broader than those of the O-2Si resonance suggesting a larger distribution of17 O isotropic chemical shift for the O-1Ti-1Si moieties. Except for the ST spinning sidebands of O_2Si and O_1Ti-1Si, we note the absence of signals in the 400-800 ppm chemical shift range associated to oxygen atoms bonded to four, three or two titanium atoms[START_REF] Scolan | Surface and bulk characterisation of titanium-oxo clusters and nanosized titania particles through 17O solid state NMR[END_REF]. The relative proportions of O_2Si and O_1Ti-1Si environments obtained from the fit of the spectrum (tacking into account all ST contributions) are 93% and 7%, respectively. This amount of Si-O-Ti bridging bonds is lower than expected (15 %) from the nominal composition, assuming a homogenous17 O-enrichment of all T-O-T linkages in a fully polymerized random network of SiO4 and TiO4 tetrahedra.Since XRD and TEM revealed the formation of pseudo-metallic Ti-rich noduli in the sample, the observed lower proportion of O_1Ti-1Si contributions is likely due to a deviation from the starting composition of the glass, i.e. to a lower final TiO2 content than the nominal. Nevertheless, this does not affect the overall interpretation of the 17 O MAS spectra.

Figure 5 .

 5 Figure 5. 17 O MAS NMR spectra of 17 O-enriched glasses: (a,b) melt-quenched T8m( 17 O) and (c,d) gelderived T8s( 17 O), recorded at 17.6 T with a spinning rate of 33 kHz. The 17 O-1 H MAS spectrum of T8s( 17 O) recorded using refocused-INEPT [78,79] polarization transfer with SR42 1 dipolar recoupling [80] is shown in black in (c,d). Expansions of the -100 to 150 and 150 to 1000 ppm frequency ranges are shown in (b,d).

  O chemical shift difference of 265 ppm between oxygen atoms bridging two SiO4 and those bridging one SiO4 and one TiO4 tetrahedral unit, with a larger distribution of17 O isotropic chemical shift for the latter. These results closely mimic the observed frequency difference between the two17 O signals (255.3 ppm), as well as the observed larger broadening of the O_1Si-1Ti <±3/2,±1/2> satellite transition sidebands, strongly supporting the formation of a fully polymerized silica-like network incorporating TiO4 tetrahedral units up to several mol% TiO2.

Figure 6 .

 6 Figure 6. 17 O isotropic chemical shift distributions obtained from GIPAW calculations for the MD structural models with 10 mol% TiO2. Average isotropic chemical shifts (and standard deviations) are 47.1 (8.7), 312.1 (25.1) and 656.1 (17.1) ppm for O_2Si, O_1Si_1Ti and O_2Ti environments in the MD models. Results of GIPAW calculations for O_3Ti environments in anatase and rutile TiO2 are also provided for comparison.

Figure 7 .

 7 Figure 7. (a) 29 Si MAS NMR spectra of melt-quenched samples recorded at 7.0 T with a spinning rate of 10 kHz. Experimental spectra are shown in blue, while red dashed lines correspond to the best fit of the T0m spectrum with a Gaussian lineshape. (b) Percentage of difference between the experimental spectra

  For the T8s( 17 O) sample, the amount of non-bridging oxygen atoms determined from the relative intensities of Q n resonances is about 10 %. This corresponds to about twice the value obtained from the17 O spectrum (4 %) suggesting a non-uniform17 O-enrichment of the different bonding environments in the T8s( 17 O) sample. Apart from manifesting OH-bearing structural units, the29 Si and17 O spectra of gel-derived glasses show strong similarities with those of melt-quenched samples and remain consistent with the incorporation of four-fold coordinated Ti atoms in the silicate network at low TiO2 content.

Figure 8 .

 8 Figure 8. Experimental 29 Si NMR spectra of sol-gel samples (blue) and their simulations (dashed red). The individual Gaussian contributions associated to Q 4 ,Q 3 and Q 2 species are shown as dashed green, yellow and purple, respectively.

Figure 9 .

 9 Figure 9. Results of the analytical characterization of samples T0crist and T5crist, devitrified respectively at 1600 °C and 1450 °C to form cristobalite. a) XRD patterns and related Le-Bail fits, detailing the lattice parameters obtained for cristobalite (filled areas: calculated intensity; broken line: background; gray line: fit residuals; a and r label the most intense peak of anatase and rutile, respectively); b) Raman spectra of the same samples (labels: a for anatase, * for Raman bands absent in the reference spectrum of tetragonal cristobalite [RRUFF-ID: X050046], to which all unmarked features can otherwise be related).
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