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We have established the detailed phase diagram of the prototypical deep eutectic solvent ethaline (ethylene glycol / choline chloride 2:1) as a function of the hydration level, in the bulk state and confined in the nanochannels of mesostructured porous silica matrices MCM-41 and SBA-15, with pore radii RP = 1.8 nm and 4.15 nm. For neat and moderately hydrated DESs, freezing was avoided and glassforming solutions were formed in all cases. For mass fraction of water above a threshold value Wg'  30%, crystallization occurred and led to the formation of a maximally-freezeconcentrated DES solution. In this case, extremely deep melting depressions were attained in the confined states, due to the combination of confinement and cryoscopic effects. These phenomena were analyzed quantitatively, based on an extended version of the classical Gibbs-Thomson and Raoult thermodynamic approaches. In this framework, the predicted values of the water chemical activity in the confined systems were shown to systematically deviate from those of the bulk counterparts. The origin of this striking observation is discussed with respect to thermodynamic anomalies of water in the 'no-man's land' and to the probable existence of specific nanostructures in DES solutions when manipulated in nanochannels or at interfaces with solids.

Introduction

For the last decade, deep eutectic solvents (DESs) have emerged as promising alternative to classical solvents and have received increased attention for practical applications in various industrial fields. [START_REF] Abbott | Novel solvent properties of choline chloride/urea mixtures[END_REF][START_REF] Abbott | Deep eutectic solvents formed between choline chloride and carboxylic acids: Versatile alternatives to ionic liquids[END_REF][START_REF] Zhang | Deep eutectic solvents: syntheses, properties and applications[END_REF][START_REF] Smith | Deep Eutectic Solvents (DESs) and Their Applications[END_REF][START_REF] Ge | Deep eutectic solvents (DESs)-derived advanced functional materials for energy and environmental applications: challenges, opportunities, and future vision[END_REF][START_REF] Hansen | Deep Eutectic Solvents: A Review of Fundamentals and Applications[END_REF] DESs are often obtained by mixing of an H-bond donor (HBD) with a molecular ion or H-bond acceptor (HBA). [START_REF] Hansen | Deep Eutectic Solvents: A Review of Fundamentals and Applications[END_REF] A significant lowering of the melting point is obtained for compositions around the eutectic point, which makes it possible to design countless sorts of solvents, liquid at room temperature, by combining different components which would otherwise be solid. [START_REF] Kollau | Quantification of the liquid window of deep eutectic solvents[END_REF][START_REF] Martins | Insights into the Nature of Eutectic and Deep Eutectic Mixtures[END_REF] Non-ideal mixing effects related to H-bonds, ionic interactions, and supermolecular correlations between the DES constituents are also often associated to exceptionally deep depression of the melting point. [START_REF] Kaur | Anatomy of Microscopic Structure of Ethaline Deep Eutectic Solvent Decoded through Molecular Dynamics Simulations[END_REF][START_REF] Kaur | How Hydration Affects the Microscopic Structural Morphology in a Deep Eutectic Solvent[END_REF][START_REF] Percevault | Do Deep Eutectic Solvents Form Uniform Mixtures Beyond Molecular Microheterogeneities?[END_REF] An upper level of complexity is attained when DESs are used as ingredients of multicomponent systems. The most significant case consists in mixing DES and water, which advantageously lowers the viscosity of the solvent and makes it also possible to adjust many other physical properties, such as the conductivity, the dielectric permittivity, the dipolar relaxation dynamics and the mesoscopic structure, while possibly retaining its functional properties. [START_REF] Percevault | Do Deep Eutectic Solvents Form Uniform Mixtures Beyond Molecular Microheterogeneities?[END_REF][START_REF] Hammond | The Effect of Water upon Deep Eutectic Solvent Nanostructure: An Unusual Transition from Ionic Mixture to Aqueous Solution[END_REF][START_REF] Yadav | Densities and dynamic viscosities of (choline chloride plus glycerol) deep eutectic solvent and its aqueous mixtures in the temperature range[END_REF][START_REF] Meng | Impact of water on the melting temperature of urea plus choline chloride deep eutectic solvent[END_REF][15][START_REF] Kumari | Influence of Hydration on the Structure of Reline Deep Eutectic Solvent: A Molecular Dynamics Study[END_REF][START_REF] Lapena | Thermophysical characterization of the deep eutectic solvent choline chloride:ethylene glycol and one of its mixtures with water[END_REF][START_REF] Posada | Nanophase separation in aqueous dilutions of a ternary DES as revealed by Brillouin and NMR spectroscopy[END_REF][START_REF] Roldan-Ruiz | Brillouin and NMR spectroscopic studies of aqueous dilutions of malicine: Determining the dilution range for transition from a "water-in-DES" system to a "DES-in-water" one[END_REF][START_REF] Ahmadi | Deep eutectic-water binary solvent associations investigated by vibrational spectroscopy and chemometrics[END_REF][START_REF] Dai | Tailoring properties of natural deep eutectic solvents with water to facilitate their applications[END_REF][START_REF] Jani | Phase behavior of aqueous solutions of ethaline deep eutectic solvent[END_REF][START_REF] Jani | On the coupling between ionic conduction and dipolar relaxation in deep eutectic solvents: Influence of hydration and glassy dynamics[END_REF] For many applications related to catalysis, electrochemistry, gas capture, and energy storage, solvents are not considered as bulk liquid phases but handled at solid interfaces or in mesoporous hosts. [START_REF] Zhang | Nanoconfined Ionic Liquids[END_REF][START_REF] Joos | Eutectogels: A New Class of Solid Composite Electrolytes for Li/Li-Ion Batteries[END_REF][START_REF] Kaur | Bulk and interfacial structures of reline deep eutectic solvent: A molecular dynamics study[END_REF] However, when they are spatially confined at the nanometer scale, several fundamental properties of liquids considerably differ from those of their bulk counterparts. While confinement effects have been investigated for classical molecular liquids in numerous studies, [START_REF] Granick | Motions and Relaxations of Confined Liquids[END_REF][START_REF] Morineau | Finite-Size and Surface Effects on the Glass Transition of Liquid Toluene Confined in Cylindrical Mesopores[END_REF][START_REF] Alcoutlabi | Effects of Confinement on Material Behaviour at the Nanometre Size Scale[END_REF][START_REF] Alba-Simionesco | Effects of Confinement on Freezing and Melting[END_REF][START_REF] Morineau | Alba-Simionesco, Does Molecular Self-Association Survive in Nanochannels?[END_REF][START_REF] Richert | Dynamics of Nanoconfined Supercooled Liquids[END_REF][START_REF] Huber | Soft Matter in Hard Confinement: Phase Transition Thermodynamics, Structure, Texture, Diffusion and Flow in Nanoporous Media[END_REF] the topics has been virtually unexplored for DESs. [START_REF] Shen | Structural and Dynamical Properties of a Deep Eutectic Solvent Confined Inside a Slit Pore[END_REF][START_REF] Rozas | MoS2) Nanotubes in Reline Deep Eutectic Solvent[END_REF][START_REF] Lan | Thermal properties and cold crystallization kinetics of deep eutectic solvents confined in nanopores[END_REF] In the present work, the confinement effects on the phase behavior of aqueous mixtures of the prototypical DES named ethaline (ethylene glycol/choline chloride) have been established

experimentally by differential scanning calorimetry (DSC) for an extended range of compositions, from mild hydration levels to complete dilution, and for temperatures ranging from 120 to 290 K.

The selection of ethaline-water system was prompted by recent studies that provide an in-depth viewpoint on its entire phase diagram, [START_REF] Jani | Phase behavior of aqueous solutions of ethaline deep eutectic solvent[END_REF] ionic conductivity and dipolar reorientational dynamics by broadband dielectric spectroscopy, [START_REF] Jani | On the coupling between ionic conduction and dipolar relaxation in deep eutectic solvents: Influence of hydration and glassy dynamics[END_REF] and its mesoscopic structural organization by neutron scattering [START_REF] Percevault | Do Deep Eutectic Solvents Form Uniform Mixtures Beyond Molecular Microheterogeneities?[END_REF] and molecular simulation. [START_REF] Kaur | How Hydration Affects the Microscopic Structural Morphology in a Deep Eutectic Solvent[END_REF] The experimental realization of spatial confinement was achieved thanks to the well-defined cylindrical pores of mesostructured silicas MCM-41 and SBA-15 (pore radius RP = 1.8 and 4.15 nm). As a whole, this work addresses for the first time the cumulative effects of confinement (Gibbs-Thomson effect) and solutes concentration (Raoult's law) on the freezing depression of confined DES aqueous solutions, and it aims at extending the latest developments made in the field for glycerol aqueous solutions. [START_REF] Malfait | Extension and Limits of Cryoscopy for Nanoconfined Solutions[END_REF] 2.

Samples and methods

Choline chloride (>99%) and ethylene glycol (anhydrous, 99.8%) were purchased from Sigma-Aldrich. Ethaline DES was prepared by weighting and adding ethylene glycol and choline chloride in a molar ratio of 2:1, mixed by mechanical agitation at about 60°C for 30 min until a clear homogeneous liquid phase was obtained and served as stock solutions. Series of 11 working solutions was prepared by pipetting and addition of ultrapure water (18.2 MΩ.cm) for regularly spaced mass fractions W=0-100%.

The mesoporous materials MCM-41 silicas were prepared in our laboratory according to a procedure similar to that described elsewhere [START_REF] Grun | The Synthesis of Micrometer-and Submicrometer-Size Spheres of Ordered Mesoporous Oxide MCM-41[END_REF] and already used in previous works. [START_REF] Morineau | Finite-Size and Surface Effects on the Glass Transition of Liquid Toluene Confined in Cylindrical Mesopores[END_REF][START_REF] Alba-Simionesco | Confinement of Molecular Liquids: Consequences on Thermodynamic, Static and Dynamical Properties of Benzene and Toluene[END_REF][START_REF] Morineau | Glass Transition, Freezing and Melting of Liquids Confined in the Mesoporous Silicate MCM-41[END_REF][START_REF] Morineau | Structure of Liquid and Glassy Methanol Confined in Cylindrical Pores[END_REF] Hexadecyl-ammonium bromide was used as template to get a mesostructured hexagonal array of aligned channels with pore radius RP = 1.8 nm as determined by nitrogen physisorption. The SBA-15 mesoporous silicas were prepared using a procedure described elsewhere, [START_REF] Alba-Simionesco | Confinement of Molecular Liquids: Consequences on Thermodynamic, Static and Dynamical Properties of Benzene and Toluene[END_REF][START_REF] Zhao | Nonionic Triblock and Star Diblock Copolymer and Oligomeric Surfactant Syntheses of Highly Ordered, Hydrothermally Stable, Mesoporous Silica Structures[END_REF][START_REF] Audonnet | From the Capillary Condensation to the Glass Transition of a Confined Molecular Liquid: Case of Toluene[END_REF][START_REF] Dosseh | Dynamical Properties of Toluene and ortho-Terphenyl Confined in MCM-41 and SBA-15 Mesoporous Materials[END_REF][START_REF] Xia | Phase Diagram and Glass Transition of Confined Benzene[END_REF] with slight modifications of the thermal treatments to optimize the final structure of the product. [START_REF] Brodie-Linder | SBA-15 synthesis: Are there Lasting Effects of Temperature Change within the First 10 min of TEOS Polymerization?[END_REF] Nonionic triblock copolymer (Pluronic P123): (EO)20(PO)70(EO)20 was used as a template to obtain a mesostructured hexagonal array of aligned channels with a pore radius RP = 4.15 nm.

The calcined matrices were dried at 120°C under primary vacuum for 12 hours prior to the experiments. The empty MCM-41 and SBA-15 (from 8 to 10 mg) were packed in DSC Tzero© aluminum hermetic pans and then filled by liquid imbibition with DES aqueous solution injected from a syringe. The weighted amount of DES aqueous solution was determined precisely to allow loading of the porous volume with no excess liquid out of the porosity. It corresponded to a filling ratio  (expressed as liquid volume per mass of matrix) of = 0.63 ± 0.02 cm 3 .g -1 and  = 0.83 ± 0.02 cm 3 .g -1 for MCM-41 and SBA-15, respectively. We verified for a limited number of compositions that, for slightly overfilled samples, the presence of excess liquid could be detected by additional thermal events located at temperatures corresponding to bulk transitions, which is also in accordance with previous DSC experiments. [START_REF] Malfait | Extension and Limits of Cryoscopy for Nanoconfined Solutions[END_REF][START_REF] Jani | Dynamics of water confined in mesopores with variable surface interaction[END_REF] The differential scanning calorimetry (DSC) measurements were performed with a Q-20 TA Instrument equipped with a liquid nitrogen cooling system. The melting transition of an indium sample was used for calibration of temperature and heat flux. In general, the temperature was ramped linearly on cooling and heating in the temperature range from 120 to 290 K (scanning rate of 10 K.min -1 ). For samples with water mass fraction W = 40% and 50%, additional thermal pretreatments were also investigated such as quenching down to 120 K (in order to limit crystallization) or cycling in the range 120-170 K (in order to favor complete crystallization), and thereafter followed by a final heating branch from 120 to 290 K at 10 K.min -1 .

Results and discussion

Thermograms

The thermograms measured on heating are shown in a 3D representation in Fig. 1 for bulk and confined DES aqueous solutions. Two distinct thermal events are visible : a jump in the heat flux, at temperature about 150 K, which is the signature of a glass transition, and an endothermic peak, located in the temperature range from 230 to 280 K, that is related to melting. A detailed discussion of the phase behavior has been performed for bulk aqueous solutions of ethaline by Jani et al.. [START_REF] Jani | Phase behavior of aqueous solutions of ethaline deep eutectic solvent[END_REF] Two different regimes were observed depending on the hydration level, with respect to a threshold value Wg'  30%. For low hydration levels (W  Wg'), no crystallization/melting was observed on cooling/heating under the experimental conditions. In fact in this case, corresponding to 'Water-in-DES' according to ref. [START_REF] Roldan-Ruiz | Brillouin and NMR spectroscopic studies of aqueous dilutions of malicine: Determining the dilution range for transition from a "water-in-DES" system to a "DES-in-water" one[END_REF], the entire solution vitrifies. This is confirmed by the single thermal signature of the glass transition. The observations made for DES solutions in the two confined geometries were qualitatively the same as those reported for bulk solvents. The minor exception concerns the solution with W = 30% confined in SBA-15, that presented a weak endothermic peak (visible in Fig. 1b), indicating that a small fraction of ice formed. This observation is likely due to the close proximity of W with the threshold value Wg'.

For W > Wg', both crystallization/melting and glass transition phenomena were observed. It indicates that in this case, denoted 'DES-in-Water', ice coexists with a freeze-concentrated aqueous solution of DES at low temperature. In the bulk, for W = 40-50%, it was however also possible to avoid crystallization during fast cooling and maintain the entire solution in a homogeneous supercooled metastable or vitreous non-equilibrium state. In confinement, for W = 40-50%, crystallization always occurred on cooling at 10 K.min -1 . However, on re-heating, we also observed a tiny residual exothermic peak (representing  3% of the total crystallization enthalpy) at about Tc = 170 K (cf. Fig. S1). We attribute this feature to cold crystallization of a small fraction of metastable freezable water that remained trapped in the liquid solution during the cooling ramp. This phenomenon indicates slow crystallization kinetics, and as such, it could indeed be circumvented by applying a thermal cycle in the range 120-170 K before final heating from 120 to 290 K (cf. Fig. S1).

Despite the apparent qualitative similarity between the phase behavior of bulk and confined DES solutions, remarkable differences in transition temperatures and their dependence on hydration level are visible in Fig. 1. In order to better exemplify the respective effects of confinement and hydration on the phase transitions, a selection of thermograms are compared in Fig. 2. corresponding to a hydration level, W = 10%, smaller than Wg'. For bulk ethaline solution, the heat capacity jump, around the midpoint Tg = 155 K, is rather sharp (i.e. occurring on a few degrees).

It is also associated with an endothermic overshoot that is a characteristic feature of glass-forming liquids, and that we attribute to enthalpy relaxation in the vicinity of the glass transition. [START_REF] Alba | THERMODYNAMIC ASPECTS OF THE VITRIFICATION OF TOLUENE, AND XYLENE ISOMERS[END_REF] In confinement, the glass transition is spread out, with a temperature broadening that is larger the smaller the pore size. For prototypical glassforming liquids, such as toluene, similar confinement effects were attributed to the broadening of the distribution of relaxation times due to surfaceinduced spatial dynamic heterogeneities. [START_REF] Morineau | Finite-Size and Surface Effects on the Glass Transition of Liquid Toluene Confined in Cylindrical Mesopores[END_REF] It is also worth noting that, although occurring over a wide temperature range, the glass transition of confined DES aqueous solutions occurred in a single step. It means that expected supermolecular entities formed by strong attractive interactions in DESs do not lead to the observation of distinct calorimetric glassy dynamics. [START_REF] Kollau | Quantification of the liquid window of deep eutectic solvents[END_REF][START_REF] Kaur | Anatomy of Microscopic Structure of Ethaline Deep Eutectic Solvent Decoded through Molecular Dynamics Simulations[END_REF][START_REF] Kaur | How Hydration Affects the Microscopic Structural Morphology in a Deep Eutectic Solvent[END_REF][START_REF] Percevault | Do Deep Eutectic Solvents Form Uniform Mixtures Beyond Molecular Microheterogeneities?[END_REF][START_REF] Hammond | The Effect of Water upon Deep Eutectic Solvent Nanostructure: An Unusual Transition from Ionic Mixture to Aqueous Solution[END_REF][START_REF] Kumari | Influence of Hydration on the Structure of Reline Deep Eutectic Solvent: A Molecular Dynamics Study[END_REF] This is different from recent work on organic binary solvents which, when confined, present microphase-separated structures with two distinct molecular dynamics and distinct glass transitions. [START_REF] Hamid | Microphase Separation of Binary Liquids Confined in Cylindrical Pores[END_REF][START_REF] Hamid | Multiple Glass Transitions of Microphase Separed Binary Liquids Confined in MCM-41[END_REF][START_REF] Mhanna | More room for microphase separation: An extended study on binary liquids confined in SBA-15 cylindrical pores[END_REF][START_REF] Mhanna | Dynamic Heterogeneities in Liquid Mixtures Confined in Nanopores[END_REF] Concerning the average glass transition temperature, it was found weakly affected by confinement, but with a larger downward shift for SBA-15. For W = 10%, it was Tg = 151.5 K for DES in SBA-15, compared to respectively 155.8 K and 155.4 K, for DES in MCM-41 and in the bulk state. This means that the dependence of Tg on pore size RP is non-monotonic.

Such a variation has been reported for different glassforming systems, and attributed to competing interfacial and finite size effects on glassy dynamics. [START_REF] Morineau | Finite-Size and Surface Effects on the Glass Transition of Liquid Toluene Confined in Cylindrical Mesopores[END_REF][START_REF] Schonhals | Glassy dynamics of polymers confined to nanoporous glasses revealed by relaxational and scattering experiments[END_REF] We now discuss the melting transition for the 'DES-in-water' regime (W > Wg'), which is illustrated in Fig. 2b for W = 60% and compared to pure water in Fig. 2c. As a general trend, it is obvious that the melting point decreased when W and/or RP decreased. The first phenomenon, classically denoted cryoscopic effect, expresses the effect of adding a solute on the freezing/melting behavior of the solvent. It was rationalized in the late 19th century by one of the three Raoult's laws, which embrace the overall colligative properties of solutions. [START_REF] Raoult | Sur le Point de Congélation des Liqueurs Alcooliques[END_REF] For bulk DES solutions, the cryoscopic depression of the melting point for W = 60% is 20 K, as indicated by an arrow in Fig. 2b. The second phenomenon, denoted confinement effect, is classically denoted as the Gibbs-Thomson effect. [START_REF] Jahnert | Melting and freezing of water in cylindrical silica nanopores[END_REF] It expresses the growing importance of interfacial energy in determining the thermodynamic stability of crystal with nanometer scale dimension. For pure water, the Gibbs-Thomson effect due to confinement with RP = 4.15 nm is indicated by an arrow in Fig. 2c. Interestingly, the selected systems (composition and pore size) highlight that it may easily happen that the melting depressions due to both phenomena, when considered separately, (i.e. cryoscopic and Gibbs-Thomson effects) have about the same magnitude.

Phase diagram

When addressing the interesting case of confined DESs aqueous solutions, the question emerges about how these two effects actually combine. To address this issue, we present in Fig. 3 For W < 30%, the glass transition of the aqueous DES solution decreases steadily with increasing the hydration level. In the bulk, this tendency can be correlated to the decrease of the viscosity and increased molecular mobility. [START_REF] Jani | On the coupling between ionic conduction and dipolar relaxation in deep eutectic solvents: Influence of hydration and glassy dynamics[END_REF] Interestingly, we can conclude that this beneficial effect of water on the dynamics of DES is retained in nanoscopic environment. For W = 30-90%, the glass transition temperature assumed an almost fixed value. This indicates that, after water crystallization, the composition of the unfrozen glassforming solution is rather constant and independent on the overall composition W. This interpretation found an independent confirmation provided by the melting enthalpy of Hm, which can be considered as a measure of the fraction of ice formed. [START_REF] Jani | Phase behavior of aqueous solutions of ethaline deep eutectic solvent[END_REF] As illustrated in Fig. 4, the values of Hm follow a linear dependence on W and they can be extrapolated at zero enthalpy to a non-vanishing value of W. We can therefore conclude that, in the 'DES-in-Water' regime, crystallization leads to the formation of a maximally-freeze concentrated DES solution with a composition Wg' = 30 ±5% that is comparable in the bulk and confined states. 

Thermodynamic modeling of liquidus and chemical activity

During heating, for W = 30-90%, the melting process occurs on a broad temperature range, which ends at the liquidus line. In confined geometry, the liquidus temperature classically corresponds to the melting point of a crystal of ice of nanometer size r in equilibrium with a surrounding solution of composition W. [START_REF] Malfait | Extension and Limits of Cryoscopy for Nanoconfined Solutions[END_REF] It has been shown for confined pure water that r is closely related to the radius of the pore, such that r = Rp -e, if one takes into account an unfrozen interfacial layer of thickness e  0.6 nm. [START_REF] Jahnert | Melting and freezing of water in cylindrical silica nanopores[END_REF] In this situation, it can be demonstrated from classical thermodynamics that the melting point 𝑇 𝑟 𝑊 is determined by eq. 1, where 𝛾 𝑠𝑙 and 𝑣 𝑠 are the iceliquid surface tension and ice molar volume, a is the water chemical activity in the DES aqueous solution and R the gas constant. [START_REF] Malfait | Extension and Limits of Cryoscopy for Nanoconfined Solutions[END_REF] The quantity ∆𝜇 0 (𝑇) = 𝜇 𝑠 (𝑇) -𝜇 𝑙 (𝑇) is the difference between the chemical potential of bulk ice and bulk pure liquid water at temperature T.

∆𝜇 0 (𝑇 𝑟 𝑊 ) = -2 𝑣 𝑠 𝑟 𝛾 𝑠𝑙 + 𝑅𝑇 𝑟 𝑊 ln (𝑎) (1) 
For temperature close to the bulk melting point of pure water, 𝑇 𝑏𝑢𝑙𝑘 0 = 273,15 K, ∆𝜇 0 (𝑇) can be approximated by

∆𝜇 0 (𝑇) ≈ ∆𝜇 0 ̂(𝑇) = -∆𝐻 𝑚 (1 - 𝑇 𝑇 𝑏𝑢𝑙𝑘 0 ) (2) 
with ∆𝐻 𝑚 being the melting enthalpy of ice (cf. Supporting Information). This corresponds to the level of approximation classically made to derive the Gibbs-Thomson and the Raoult's laws. 

Applied to pure water, this equation was found in good agreement with the experimentally determined melting points (cf. Tables S1 andS2). If one assumes that 𝛾 𝑠𝑙 is not significantly dependent on the liquid composition, the variation of the liquidus temperature 𝑇 𝑟 𝑤 with the concentration of the aqueous DES solution can be determined by

∆𝜇 0 (𝑇 𝑟 𝑤 ) = ∆𝜇 0 (𝑇 𝑟 0 ) + 𝑅𝑇 𝑟 𝑤 ln (𝑎) (4) 
which is simplified to the following extended cryoscopic equation for confined systems when the approximated version of ∆𝜇 0 ̂(𝑇) is used.

∆𝐻 𝑚 ( 𝑇 𝑟 𝑤 -𝑇 𝑟 0 𝑇 𝑏𝑢𝑙𝑘 0 ) = 𝑅𝑇 𝑟 𝑤 ln (𝑎) (5) 
The predicted liquidus lines obtained from Eq. 5 in the limit of ideal mixing approximation are indicated in Fig. 3 as dashed lines. They are in fair agreement with experimentally determined melting points for large hydration levels, but significant deviations are observed for smaller hydration, typically for W < 70%. The experimental melting point depression is larger than predicted for aqueous DES solutions in the bulk state and in SBA-15. An opposite situation is obtained for stronger confining condition in MCM-41. We have identified two possible origins of the observed discrepancy that are not specific of the confined systems. Firstly, the classical firstorder approximation of the chemical potential of bulk water around 𝑇 𝑏𝑢𝑙𝑘 0 (Eq. 2) neglects the contribution from heat capacities and their temperature dependences. Its validity is certainly questionable for the DES systems studied in the present work that demonstrate exceptionally deep melting depression, up to -50 K. Secondly, deviations from ideality have been commonly reported for DES and they certainly need to be accounted for in the case of DES aqueous solutions. [START_REF] Kollau | Quantification of the liquid window of deep eutectic solvents[END_REF] In order to incorporate these two elements in the thermodynamic description, we have evaluated the water chemical activity from eq. 4, based on the experimentally determined liquidus temperatures and using for ∆𝜇 0 (𝑇) an improved description of the water Gibbs free energy, determined by Johari et al. [START_REF] Johari | Thermodynamic Continuity between Glassy and Normal Water[END_REF] and later parametrized in a temperature range from 273,15 K to 153 K by Koop et al. [START_REF] Koop | Water Activity as the Determinant for Homogeneous Ice Nucleation in Aqueous Solutions[END_REF] (cf. eq. S3). We present the resulting estimates of the water chemical activity as a function of the composition in Fig. 5. The water activity presents a linear dependence on the water molar fraction, with slope that depends on the conditions of confinement. For bulk DES aqueous solutions, the activity coefficient is smaller than one. This most probably reflects specific interactions between water and the DES components, as already discussed from the structural point of view. [START_REF] Kaur | How Hydration Affects the Microscopic Structural Morphology in a Deep Eutectic Solvent[END_REF][START_REF] Percevault | Do Deep Eutectic Solvents Form Uniform Mixtures Beyond Molecular Microheterogeneities?[END_REF][START_REF] Hammond | The Effect of Water upon Deep Eutectic Solvent Nanostructure: An Unusual Transition from Ionic Mixture to Aqueous Solution[END_REF] Interestingly, the as-obtained values of water activity are consistent with very recent determinations made for a restricted range of composition, using a different approach based on the partial pressure of the vapor phase as illustrated by open diamonds in Fig. 5b [START_REF] Behboudi | Water Activity in Aqueous Solution of Sucrose in the Presence of Some Deep Eutectic Solvents[END_REF]. As for the confined DES solutions, it is striking that the evaluated values of water activity are different from those of their bulk counterparts. For pore radius RP = 4.15 nm, the apparent deviation from ideal mixing is reduced. And for stronger confining condition, RP = 1.8 nm, the activation coefficient even becomes larger than unity. This observation is consistent with the reduced cryoscopic effect seen in Fig. 3 for MCM-41, with the liquidus being located at temperatures above the thermodynamic predictions based on classical Gibbs-Thomson and ideal mixing approximations.

We have recently reported similar features for confined aqueous solutions of glycerol, although this first observation seemed restricted to smallest pore size RP = 1.8 nm. [START_REF] Malfait | Extension and Limits of Cryoscopy for Nanoconfined Solutions[END_REF] Understanding the origin of this phenomenon is challenging, and different interpretations can be invoked. First, it can be questioned the hypothesis classically made in the derivation of the Gibbs-Thomson thermodynamic theory. The extended version of the Gibbs-Thomson law including cryoscopic effect (eq. 3) involves the solid-liquid surface tension, which was approximated by that of bulk water. Despite the large surface curvature found in nanopores, this approximation has been commonly found to work well for pure liquids. [START_REF] Jahnert | Melting and freezing of water in cylindrical silica nanopores[END_REF] This approximation is more questionable for DES aqueous solutions, due to possible solute effects on the ice interfacial properties. However, this is unlikely to be the dominant reason for observations already made for extremely diluted solutions (i.e. < 5 % of DES molar fraction).

A second point of interest concerns the Gibbs free energy of water. We have circumvented limitations of the classical approximation made in the Gibbs-Thomson formalism (eq. 2), by using an advanced description of the water thermodynamic properties. [START_REF] Johari | Thermodynamic Continuity between Glassy and Normal Water[END_REF] However, the extremely deep depression of the melting point found in confined DES aqueous solution implies entering into the water 'no-man's land' below 236 K, where only extrapolated values of the Gibbs free energy of water are available. As such, our results might reflect the puzzling nature of water in the low temperature range where thermodynamic anomalies are invoked, and are the subject of constant active discussion in the literature. [START_REF] Gallo | Water: A Tale of Two Liquids[END_REF] Finally, we find it very likely that, due to pore surface interactions and spatial restrictions at the molecular scale, DES aqueous solutions adopt a different nanostructure in pores. This interpretation finds support in recent studies of the nanostructure of DESs at solid interfaces. [START_REF] Bryant | Bulk and interfacial nanostructure and properties in deep eutectic solvents: Current perspectives and future directions[END_REF] Atomic force microscopy studies of choline chloride based DESs interacting with different types of flat surfaces including Pt(111), mica and highly-ordered pyrolytic graphite, have demonstrated both lateral and vertical (layering) nanostructures. [START_REF] Hammond | Nanostructure of the deep eutectic solvent/platinum electrode interface as a function of potential and water content[END_REF][START_REF] Elbourne | Nanostructure of a deep eutectic solvent at solid interfaces[END_REF] The interfacial liquid ordering was shown to gradually decay on the nanometer-scale as a function of the distance to the solid surface.

Remarkably, the interfacial layering was also shown to be reinforced by the addition of up to 40wt% of water. [START_REF] Hammond | Nanostructure of the deep eutectic solvent/platinum electrode interface as a function of potential and water content[END_REF] It is also noteworthy that, in the presence of surface-charged mesoporous silica colloids, long-range fluctuations of the structure of ethaline were measured on distance exceeding hundreds of nanometers by small angle X-ray scattering. [START_REF] Hammons | Extended hierarchical solvent perturbations from curved surfaces of mesoporous silica particles in a deep eutectic solvent[END_REF] When DESs are confined in nanoporous media, interfacial phenomena play a predominant role due to a high surface-to-volume ratio, which can greatly perturb the structure of the liquid. In fact, our finding that the chemical activity in the confined solution does not follow the bulk property of the solution at the same macroscopically averaged composition can be seen as the indication of concentration inhomogeneities resulting from the spatial segregation between water and DES constituents in pore. This phenomenon has been first discussed in a thermodynamic study of a different type of aqueous solution (glycerol) for RP = 1.8 nm, but for RP = 4.15 nm, bulk-like water chemical activity were recovered. [START_REF] Malfait | Extension and Limits of Cryoscopy for Nanoconfined Solutions[END_REF] This is unlike the present DES systems, which already exhibit thermodynamic deviations for relatively large pore size, indicating the more complex nature of the nanostructure of DESs compared to alcohol solutions. [START_REF] Percevault | Do Deep Eutectic Solvents Form Uniform Mixtures Beyond Molecular Microheterogeneities?[END_REF][START_REF] Hammond | The Effect of Water upon Deep Eutectic Solvent Nanostructure: An Unusual Transition from Ionic Mixture to Aqueous Solution[END_REF] Inspiring future works, it is noteworthy that, unlike confined organic binary mixtures, [START_REF] Hamid | Microphase Separation of Binary Liquids Confined in Cylindrical Pores[END_REF][START_REF] Hamid | Multiple Glass Transitions of Microphase Separed Binary Liquids Confined in MCM-41[END_REF][START_REF] Mhanna | More room for microphase separation: An extended study on binary liquids confined in SBA-15 cylindrical pores[END_REF][START_REF] Mhanna | Dynamic Heterogeneities in Liquid Mixtures Confined in Nanopores[END_REF][START_REF] Essafri | Microphase Separation of a Miscible Binary Liquid Mixture under Confinement at the Nanoscale[END_REF] a direct structural examination of this phenomenon remains to be established for nanoconfined DESs.

Conclusions

While the effects of confinement on the physical properties of conventional liquids have been the subject of intense activity over the past two decades, the topic is still in its infancy regarding emerging new classes of alternative solvents. We have performed, for the first time, a comprehensive thermodynamic study of the phase behavior of aqueous solutions of the prototypical ethaline deep eutectic solvent when confined in well-defined nanochannels.

Crystallization from neat DES and from lightly hydrated DESs can be avoided using conventional thermal conditions over an extended temperature range, both in bulk and in confined geometry. In fact, they form good glass-forming systems, and the impact of confinement on their glass transitions is moderate. This is of major practical interest, and more specifically, it means that the beneficial effect of water on the dynamics of DES is preserved in nanoscopic environment.

For hydration level beyond a threshold value Wg'  30%, DES aqueous solutions phase separate into ice and a maximally-freeze concentrated DES solution. The liquidus exhibits an important dependence on both the pore size and the DES composition. This illustrates the confinement and cryoscopic effects, which are classically expressed in terms of the Gibbs-Thomson and Raoult's laws, respectively. For bulk solution, and in a lesser extent for the large pore size (RP = 4.15 nm), we demonstrate that predictions from classical thermodynamics are in good agreement with experimental observations, as soon as non-ideal mixing effects and an advanced description of Gibbs free energy of water are implemented. However, we conclude that such a classical thermodynamic approach fails to capture the phase behavior of DES solutions in the small pore size (RP = 1.8 nm). Understanding the origin of this discrepancy remains a very challenging question.

In fact, due to the extremely deep melting depression attained under these conditions, the liquidus moves downward into the 'no-man's land' of water, where the advent of thermodynamic anomalies is invoked, and only extrapolated values of the water properties are accessible. Bearing in mind this intrinsic difficulty, we infer that it could also indicate that the apparent activity of water in confined DESs is actually larger than in their bulk counterparts. As such, this remarkable feature indirectly points to the possible existence of specific nanostructures, such as concentration inhomogeneities and intermolecular correlations in DES when manipulated in nanochannels or at interfaces with solids. Given the obvious applied interest of the use of DESs in nanoporous materials, these results may serve as inspiration for future studies.
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 1 Figure 1. 3D representation of the thermograms measured during heating for of aqueous solutions
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 2 Figure 2. Confinement effect on the thermograms of aqueous solutions of Ethaline (2:1) DES

  the phase diagram of bulk and confined solutions. It should be stressed however, that the studied systems are actually ternary mixtures, and only a pseudo-binary phase diagram along the line of constant ethylene glycol/choline chloride relative mole ratio was determined.
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 3 Figure 3. Phase diagram of aqueous solutions of ethaline DES measured in the bulk state (green
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 4 Figure 4. Variation of the melting peak enthalpy with the water mass fraction for aqueous solutions

For

  confined aqueous solutions, the liquidus temperature 𝑇 𝑟 𝑤 writes then as an extended version of the Gibbs-Thomson equation

Figure 5 .

 5 Figure 5. Water chemical activity in aqueous solutions of ethaline DES in the bulk state (green
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