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Introduction

The glass transition and the molecular dynamics of fluids can be markedly different under confinement in mesoporous materials. Although this fact is revealed by a large amount of experimental and numerical data, 1,2 these data also reveal numerous contradictory expressions of nanoconfinement effects. For instance the glass transition temperature (T g ) usually decreases in confinement but may also remains constant or increases. 1,3,4,5,6,7,8 Non-monotonic variations of T g as a function of the pore size of a series of mesostructured porous silicates have also been reported. 9,10 In some cases, confinement also leads to the observation of two distinct glass transition temperatures. 11,12,13,14 Although no conciliating viewpoint on these results has been reached yet, it is recognized that the nature of the confining medium, of the interaction between fluid and matrix as well as intermolecular interactions are essential issues.

Key-parameters of interest include the topology of the confinement in terms of pore connectivity and dimensionality (isolated channels, spherical cavities, fractal or bi-continuous disordered structures), the nature of the porous matrix (smooth or hard confinement), 15 the chemical nature (hydrophilic, silanized) and the shape of the interface (rough or smooth). 1,2 Beyond the simple determination of the glass transition temperature, a variety of experimental spectroscopies (quasielastic neutron scattering, dielectric spectroscopy, depolarized dynamic light scattering) and molecular simulation techniques have been used to investigate confinement effects on the molecular dynamics and especially the structural relaxation processes related to the glass transition. 5,10,11,12,13,16,17,18,19,20,21 They provide an extended accessible timescale (from a few picoseconds to the macroscopic limit of about a thousand seconds), which allows following the signatures of confinement as a function of temperature from the liquid phase down to the glass transition. Despite the persisting disparity of the observations (slowing down or speeding up of the relaxation dynamics), these results emphasize an apparently general feature of confined fluids: nanoconfinement magnifies the non-Debye character of the structural relaxation process. This feature is commonly related to dynamical heterogeneities for bulk glass-forming system. 22 In confinement, molecular dynamics simulations provide a microscopic insight into the molecular dynamics, which allows attributing the additional broadening of the distribution of relaxation times to a spatially highly inhomogeneous dynamics in the pore. 21 Despite the number of interpretations proposed in literature, the problem of the molecular dynamics of nanoconfined fluids is still an open question. It certainly stresses the existence of many competing effects, the relative contributions of which depend on the characteristics of the system. Surface effects have been generally invoked and can be crucial according to the large surface-to-volume ratio of mesoporous materials. It is based on the introduction of a boundary condition, which is experienced by the molecules at the surface of the pore. This interfacial condition depends on the fluid-wall interaction and the roughness of the interface.

It could either concern only the population of molecules localized at the interface (two-states situation) or propagate to the inner pore via a mechanism mediated by the extension of regions of dynamically correlated molecules. 11,12,13,16,21 Another major issue concerns the thermodynamic state of the confined phase, which may differ from the bulk one in terms of structure or density. 9,23 The structure of H-bonding fluids is likely to be more sensitive to confinement since they develop interfacial and intermediate range orders. 24,25 Differences in density can be induced by surface tension and also because the timescale for density equilibration through a liquid flow within the porous material exceeds the experimental one at low temperature. 5,9,26 Finally, finite size is expected to prevent the extension of any correlation length beyond the pore size. This potential effect is pertinent to supercooled liquids since the glassy dynamics is commonly associated to the growth of nanometric cooperative rearrangement regions or frustration limited domains. 27,28 However, a definite signature of such intrinsic geometrical confinement effects seems elusive because of the complex entanglement with the above mentioned dominant effects.

Although there is still a lot of discussion even in the case of pure low-molecular weight simple glass-forming liquids, we are convinced that it is timely to extend the problem of nanoconfinement to more complex fluids. The latter are more relevant to different domains of technological or biological interest and also they can pose new questions for fundamental research. One example concerns mesogenic fluids, the phase transition and glass-like dynamics of which have been shown to be sensitive to confinement induced quenched disorder effects and low dimensionality. 29,30,31 Another example of such fluids is bioprotectant solutions, 32,33 which are used to prevent proteins and biological membranes from irreversible damage under drastic stress environmental conditions (e.g. drying or freezing conditions).

They are often binary systems with strong and selective H-bond interactions (like sugar-water or sugar-polyalcohol solutions), which can lead to an unusual behavior under nanoconfinement. For instance, concentration fluctuations can be amplified by a possible asymmetric affinity of one particular constituent with the pore surface. In the case of glassforming constituents with very different T g , the relaxation dynamics of the mixture in the liquid phase is expected to cover a very broad range of characteristic times. As an indirect sign, the scrutiny of the resulting T g of the bulk solution versus concentration can reveal its non regularity (departure from the Gordon-Taylor law). 34,35 Here again, these effects are expected to be strongly affected by nanoconfinement.

The aim of this paper is indeed to identify some generic features related to confinement and interfacial effects on the molecular dynamics of bioprotectant solutions. This investigation is performed in controlled model conditions by using porous silicon material as a confinement matrix. It has been shown to provide unique experimental conditions to study nanoconfined complex fluids due to the low dimensionality of its macroscopically oriented pores. 30 Glycerol/Trehalose binary solutions are chosen as a model bioprotective fluid. These solutions are formed with two glass-forming liquids with very different glass transition temperatures, as measured by differential scanning calorimetry for the two pure components trehalose T g =393 K 36,37 and glycerol T g =190 K. 7 The addition of 20 % (Wt) trehalose to glycerol leads to an upward shift of Tg of about 13 K, which is almost twice smaller than what is predicted by assuming a regular solution model. 34,38 Such a discrepancy probably reflects effects of non-idealities, which have been already reported for binary systems with different molecular size and specific H-bond interactions. 39,40 They have been recently

highlighted by experiments and simulations for their optimal biopreservation properties. 41,42 Incoherent quasielastic backscattering experiments are performed on fully hydrogenated pure glycerol and a glycerol-trehalose binary solution (80%:20% Wt) both in bulk and confined in nanoporous silicon layers. The effects of adding trehalose and confinement effects on the structural relaxation dynamics in the liquid state are discussed from the analysis of the dynamic structure factor. The consequences on the dynamical arrest of the relaxation dynamics on approaching the glass transition are revealed by the analysis of elastic fixed window temperature scans on cooling.

Experimental procedure

Samples

Porous silicon matrices were made from a crystalline silicon substrate using an electrochemical anodization process in a HF electrolyte solution. The conditions of this process control properties such as porosity, thickness and pore size. Anodization of heavily pdoped (100) oriented silicon leads to highly anisotropic pores running perpendicular to the surface wafer (called columnar form of the PSi). These samples were electrochemically etched with a current density of 50 mA.cm -2 in a solution composed of HF, H 2 O and ethanol (2:1:2) according to previous studies. 43 Scanning electron microscopy (SEM) measurements provide interesting information about the shape of the porosity. It forms a parallel arrangement of not-connected channels of length 200 μm as shown in Fig. 1. A noticeable feature of PSi, which is at variance to other unidirectional pores such as MCM-41 or SBA-15, is the rough dendritic structure of the inner pore surface. 44,45 The latter has been recently shown to introduce strong disorder effects, which influence phase transitions such as capillary condensation or nematic to smectic transition. 30,46 SEM has shown to provide a rather poor estimation of the pore size. It can be explained by the low spatial resolution of this technique, which is even deteriorated by the low conductivity of PSi, and by the fact that only the pore opening is checked and not the inside porous layer. Therefore, nitrogen adsorption isotherms have been preferred to characterize the pore size.

The analysis of the onset of capillary condensation in the nitrogen adsorption/desorption curves with a model based on the Kelvin equation provides an average value of the pore diameter of 8 nm, as shown in Fig. 2.

FIG. 2:

Adsorption/desorption isotherms of nitrogen at 77 K in porous silicon films.

The strongly hydrophobic character of the inner surface of freshly prepared PSi was minimized by treating the sample with hydrogen peroxide (H 2 O 2 ). H 2 O 2 leads to a slow oxidation of the proximity of the inner pore surfaces. 47 A droplet of H 2 O 2 was spread on the porous surface and the sample was placed in a vacuum chamber. Capillary impregnation of H 2 O 2 in the entire porosity was achieved under primary vacuum at 293 K. Atmospheric pressure was then restored in the chamber and the sample maintained for 15 minutes for the oxidation to proceed. PSi wafers were dried under vacuum (4. 10 -2 mbar) at 373 K for 24 h and stored in the vacuum chamber until used.

Fully hydrogenated glycerol (C 3 O 3 H 8 , 99%) and anhydrous trehalose (C 12 H 22 O 11, 99%) were purchased from Sigma-Aldrich and Merck, respectively. A glycerol-trehalose binary solution (80%:20% Wt) was prepared by adding the appropriate mass of crystalline trehalose to glycerol. The mixture was maintained in a hermetically closed flask, then heated up to 333 of full dissolution of trehalose. Just before the execution of neutron scattering experiments, pure glycerol and trehalose-glycerol were filled in PSi samples by capillary impregnation from the liquid phase in a vacuum chamber. The complete loading was achieved under vapor pressure and at a temperature of 333 K. The filled porous membranes were taken out from the vacuum chamber, the excess of liquid was removed from the wafer surface by wiping the samples with filtration papers and the samples were placed immediately in hermetically closed neutron scattering aluminum cells.

Quasielastic neutron scattering

Quasielastic neutron scattering experiments were carried out with fully hydrogenated samples using the high resolution back scattering spectrometer (BS) IN16 at the Institut Laue Langevin (Grenoble). 48 For the two molecular fluids, the contribution from the incoherent cross section corresponds to more than 93% of their total scattering cross section. It means that, after appropriate subtraction of the intensity arising from the sample environment and PSi, the contribution to the measured scattering intensity from coherent scattering can be neglected within a good approximation for the four samples. Moreover, 85% of the incoherent scattering of the glycerol-trehalose binary solution is arising from glycerol molecules. This means that despite a predominant contribution from glycerol to the incoherent scattering, results obtained for the mixture are composite functions, which reflect the dynamics of both constituents of the solution. A standard configuration of the IN16 spectrometer was chosen with Si(111) monochromator and analyzers in backscattering geometry, which corresponds to an incident wavelength of 6.271 Å and results in an energy resolution (FWHM) of 0.9 μeV.

The energy range was 15 μeV with a range of transfer of momentum Q between 0.2 Å -1 and 1.9 Å -1 .

PSi layers were placed in cylindrical aluminium cells. The selected orientation of the cell leads to a pore axis angle with respect to the incident neutron beam of about ω=45°.

Anisotropic dynamics is not expected for this system. The choice of this angle of incidence essentially guarantees that self-attenuation effects, which occur in the direction parallel to the PSi wafer surface, are significant only for an angle of diffraction of about 2θ ≈135°. Such large values are outside our range of interest. A cryofurnace was used in order to regulate the sample temperature in a range from 10 K to 350 K.

Elastic fixed window scans (EFWSs, i.e. with Doppler device stopped) were carried out in a temperature range from 10 K to 350 K. EFWSs have been performed both on cooling with typical ramps of 0.5 K.min -1 from 350 K down to 130 K and with 2 K.min -1 below. Data accumulation was performed during the continuous temperature scan integrating over intervals of 1 to 2 K. Quasielastic scattering functions S(Q,ω) were acquired at 310 K for the four different samples. The spectrometer resolution function R(Q,ω) was measured on each sample at 10 K. Standard data corrections were applied to EFWSs and scattering functions using conventional programs provided at ILL (sqw). The intensity was corrected for the contribution arising from the empty sample (empty cell and empty PSi) and thereafter normalized to the lowest temperature intensity. These background contributions appeared as purely elastic signals on IN16. There were extremely small for the bulk samples. For the confined systems, the contribution arising for the silicon wafers accounted for 25% to 35% of the maximum intensity at the highest intensity. The fitting of scattering functions S(Q,ω) in the frequency domain was carried out using the programs provided by the LLB (quensh). [START_REF] Is | Laboratory Léon Brillouin[END_REF] 

Results and discussion

Molecular dynamics in the high temperature liquid phase.

Quasielastic neutron scattering experiments have been used to investigate confinement effects on the molecular dynamics on a typical timescale from 0.1 to 2 nanoseconds. The scattering intensity from the fully hydrogenated molecules essentially corresponds to the incoherent scattering function S inc (Q,ω), which allows to probe the self-correlation of the hydrogen motion. This function is commonly approximated by Eq. 1 :
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In this expression, A(Q) stands for the elastic incoherent structure factor coming from restricted motions, S quasi (Q,ω) is the quasielastic response of slow molecular relaxations, and the contribution of the fast vibrational modes is approximated by the Debye-Waller factor expressed as an overall intensity loss expressed by the vibrational mean square displacement 2 u . [START_REF] Bée | Quasielastic Neutron Scattering[END_REF] The incoherent scattering function has been measured for the four systems at T=310 K, in order to characterize the liquid dynamics above the glass transition temperature, as shown in Fig. 3. The incoherent scattering function appears essentially as a quasielastic line, which is broader than the elastic resolution (A(Q)=0, S inc (Q,ω) ∝ S quasi (Q,ω)). The absence of any pure elastic contribution proves the loss of correlation of the protons motion on the time scale of the experiment. [START_REF] Bée | Quasielastic Neutron Scattering[END_REF] This non-localized character of the motion of the molecules most probably implies that translational diffusion processes occur on the time and length scales of the experiment. Comparing the line width of the scattering functions, one can also deduce the qualitative conclusion that the relaxation dynamics of the pure glycerol samples is faster at 310 K than for the binary solution samples. Nevertheless, a more quantitative analysis of the shape of the quasielastic lines is required to draw more detailed conclusions. ( )
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This stretched-exponential law is recognized as a convenient empirical way to reproduce the relaxation functions of glass-forming materials. This single function usually better reproduces the experimental data than a discrete combination of different modes (translation, rotation…), which are most probably coupled in the case of glass-forming liquids. [START_REF] Wuttke | [END_REF]52 τ K stands for the characteristic relaxation time, whereas β K reflects the non-Debye character of the relaxation function and the average relaxation time is
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This procedure provides good fits of the data for the four systems as shown as solid lines in Fig. 3. In a first step, both τ K and β K values were fitted for each Q values. Since no significant and systematic Q dependence of the β K exponents were observed, in a second step, they have been fixed for each sample to an average value and only τ K (Q) values were refined.

The value of β K exponents for pure glycerol is about 0.6. Different values for the β K exponent have been reported for pure glycerol. As reported in ref. 53, the shape of the relaxation function may depend on the experimental method used to probe the liquid dynamics. In fact, the value in our study is in full agreement with previous quasielastic neutron scattering experiments performed on a larger temperature range and using timetemperature superposition principle (0.58±0.02). [START_REF] Wuttke | [END_REF]54 Interestingly, β K differs significantly for the binary solution (β K = 0.5 for the bulk binary solution) and is also reduced by confinement, being equal to β K =0.5 and β K =0.4 for the pure confined glycerol and the confined binary solution, respectively. The exact values of β K should be taken with some care, since they result from a fit at different Q-values but at a unique temperature and covering a limited frequency (or time) scale of about one decade only. However, the difference between the β K exponents for the different samples is so large, that uncertainties coming for the fitting procedure could not affect the qualitative conclusions concerning trehalose and confinement effects on the dynamics.

It is well-known that the stretched exponential relaxation function may be expressed within two different scenarios, corresponding to the limiting cases of heterogeneous and homogeneous dynamics. 22 The homogeneous scenario assumes that the relaxation process is intrinsically of non-Debye type. On the contrary, the heterogeneous scenario relates stretching to the existence of dynamical heterogeneities of given typical size and life-time. Each individual heterogeneity may relax according to a simple Debye mode, with a different relaxation time, leading on average to a broadening of the distribution of relaxation times.

The marked decrease of the β K exponent in the binary system as compared to pure glycerol is most probably a direct consequence of a more heterogeneous dynamics. The bulk solution is composed of two glass-forming molecules with very different glass transition temperatures.

The calorimetric glass transition of the solution depends strongly on the concentration. 38 The local molecular dynamics can be affected likewise by the existence of concentration fluctuations at the nanometer scale, which are inherent to binary solutions. Moreover, this tendency to form spatial heterogeneities is amplified by the H-bonding character of the two molecules, which usually favors the formation of transient networks and clusters of mesoscopic size. 55 Indeed, trehalose and homologous dissacharide aqueous solutions are known to develop structural inhomogeneities, in terms of clusters and transient H-bond networks. 56 They are probably responsible for the major part of the broadening of the distribution of times of the structural relaxation with respect to neat glycerol.

Confinement also leads to a reduction of the β K exponent. This observation is in agreement with previous QENS experiments and molecular dynamics simulations of other nanoconfined glass-forming liquids. 19,21 This increase of the non-Debye character of the relaxation is likely to be attributed to the formation of spatial heterogeneities within the pore, which dynamical parameters depend on the distance to the pore surface. There are indeed an increasing number of experimental and numerical evidences that the dynamics of a confined fluid is spatially heterogeneous. 16,19,21,57,58,59 The case of the confined trehalose-glycerol solution is very striking, leading to a very small β K exponent (β K =0.4). For a binary glass-forming liquid, it is not excluded that dynamical heterogeneities can be amplified by non-homogeneous concentration distribution profile across the pore diameter.

Figure 4 shows the Q-dependence of the average relaxation rate 1/<τ>. This quantity is preferred to τ K , since it is much less sensitive to statistical uncertainties induced by numerical correlations between τ K and β K in the fitting procedure. Power law fits of τ give In the case of pure glycerol a departure from this single power law is observed at low Q (Q<1 Å -1 ), leading to a steeper Q-dependence. This feature has already been reported for bulk glycerol and more usually in glass-forming polymers. 54,61,62 A dispersion relation with ν=2 in the case of a stretching exponent β K smaller than 1 means that the Gaussian approximation of the shape of the van Hove self correlation function does not hold anymore. In fact, our observation supports the idea of a possible non-Gaussian to Gaussian cross-over around the location of the main diffraction peak, as already discussed for pure glycerol. 54,62 It highlights the coupling of the self-diffusion to the structural relaxation on the time and length scales probed by QENS. The analysis of this feature, including the case of a binary mixture and confined systems goes beyond the scope of the present paper, but will be discussed in a future study combining ongoing molecular dynamics simulations. 38 In order to address the influence of confinement on the molecular dynamics of the investigated liquids, we have compared the slopes of the dispersion curves in the Q-range where the Q -2 power law holds (Q>1 Å -1 ). The incoherent intermediate scattering function relaxes mainly via the translational diffusion of the protons, with a reduced amplitude due to fast relaxation and vibrational processes. Assuming a model based on an inhomogeneous distribution of normal diffusion processes, it can be expressed as follows: 63 ( ) ( )
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From the dispersion curve, one can obtain an average diffusion coefficient <D>=1/(<τ>Q 2 ), as already described for other liquids, such as confined water. 64 The values of <D> at the temperature T=310 K are reported for the four samples in Table 1. The value obtained for bulk glycerol is <D>=5.10 -8 cm 2 .s -1 , in quantitative agreement with a recent NMR study. 65 The addition of 20 percents trehalose considerably reduces the average diffusion coefficient of the solution, which is ten times smaller than for pure glycerol.

Moreover, the diffusion coefficients under confinement are systematically about 1.5 larger than for the bulk liquids (see Table 1 and also Fig. 4) both for the pure and the binary solution. This result demonstrates that the microscopic molecular dynamics is already affected by confinement in the normal liquid phase above the melting point. 

Variable temperature fixed window scans

In order to monitor the molecular dynamics from the liquid to the glassy state, elastic fixed window scans (EFWS) have been acquired during cooling from 350 K to 10 K, as shown in A comparison between the EFWS displayed in Fig. 5 for the four different systems reveals some distinct effects on the relaxation dynamics of glycerol solutions on the nanosecond timescale of both confinement and of the addition of trehalose. The elastic intensity of the bulk trehalose-glycerol solution qualitatively resembles the bulk glycerol one, except for an overall shift to higher temperature of about 20 K, when measured at half the maximum elastic intensity. This overall slowing down of the relaxation dynamics of the binary solution on increasing the amount of trehalose is mostly related to the change in the glass transition temperature. Experiments with specifically H/D labeled binary systems could partly disentangle the different processes involving glycerol and trehalose molecules, which contribute to the overall slowdown of the relaxation decay probed for fully hydrogenated solutions.

Conversely, confinement leads to an apparent shift to lower temperature of the elastic intensity of about ΔT= -7 ±2 K when measured a half maximum intensity. Interestingly, the confinement effect cannot be described by a simple temperature shift. Indeed, the slope of the elastic intensity as a function of temperature is smaller in confinement than in bulk in the temperature region where the time scale of quasielastic relaxation processes crosses the instrumental resolution (i.e. between 300 K and 250 K for glycerol and between 330 K and 270 K for the binary solution). This feature is observed for pure glycerol and for binary solution. As a consequence, the difference of the elastic intensity between bulk and confined pure glycerol keeps increasing on decreasing temperature from about 300 K to 250 K and approaching the glass transition. The situation of the trehalose-glycerol solution is even more striking, since the two elastic intensities cross at about 325 K. This observation is of central interest to understand confinement effect. A broadening of the transition region could reflect a broader distribution of relaxation times related to a higher degree of heterogeneity of the dynamics in confinement. In addition, it may arise from an increasing deviation between the dynamics of the bulk and confined liquid during cooling on approaching the glass transition.

It is also remarkable that the elastic intensity vanishes or is very small at 350 K for the two confined fluids (i.e. 50-60 K above T g of bulk glycerol). This differs from previous neutron spin echo and neutron backscattering experiments on confined liquids, which show a remaining elastic intensity well above the glass transition: more than 20% of elastic intensity 150 K above T g for the glass-former OTP in 7 nm SBA-15 porous silicates and 20% of elastic intensity 30 K above the clarification point for a mesogenic liquid 8CB in PSi. 20,31 This remaining apparent elastic contribution is commonly attributed to a fraction of the confined liquid, most probably located near the solid interface, which is immobile on the time scale of the experiment. Such surface induced blocking effect on the molecular dynamics is obviously of smaller importance in our case, probably because of a smaller surface to volume ratio or a different nature of the surface interaction.

Low temperature mean square displacement

At low temperature, the quasielastic lines due to relaxation processes are not broad enough to be discriminated from a true elastic peak within the experimental resolution. Vibrational modes lead to an inelastic contribution, which is outside the energy range covered by BS.

They also lead to a reduction of the elastic intensity, which allows one to measure the mean square displacement (MSD) <u²> of vibrational modes from a linear regression of the logarithm of the elastic intensity as a function of Q 2 on a Q-range from 0.7 Å -1 to 1.9 Å -1 according to 66 This is at variance to some polymeric systems, which MSD exhibit well-defined low temperature modes related to side group dynamics and decoupled from the alpha relaxation. 67 The rise of the MSD shows up in a temperature region around the calorimetric glass transition temperature (T g =190 K), as already observed for many other glass-forming molecular systems. These findings suggest that the fast dynamics probed by the MSD also senses the glass transition as other quantities such as enthalpy and specific volume, as discussed in ref. 68. In the case of the bulk binary solution, a similar behavior is observed but the deviation from the harmonic behavior occurs at higher temperature (about 210 K), in agreement with previously discussed EFWS. A similar cross-over is observed for the two confined systems, which suggest that the glass transition is also probed in confinement from the variation of MSD. Similar signatures of the glass transition are usually reported for confined molecular liquids and polymers, 67 although this upturn is not universally related to Tg as shown by the work of Soles, et al. on nanoconfined polycarbonate thin films. 69 For both pure glycerol and the trehalose-glycerol solution, confinement results in an increase of the MSD in the glassy and liquid states. In the low temperature region, this suggests a weaker stiffness for the confined vitreous phase whereas in the high temperature region, the larger amplitude movements mostly result from the lower glass transition temperature of the confined phase as compared to the bulk. Here again, such a behavior does not seem to be universal to confined glassforming systems, and reductions of the MSD have been also reported for polymer thin films in the glassy state. 69 
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Summary and conclusions

We have investigated the dynamics of pure glycerol and a trehalose-glycerol binary solution in bulk and confined situations. The incoherent dynamic structure factor measured by QENS has provided information on the proton self-motion in the liquid phase well above Tg (at T=310 K), corresponding to a typical time window of about 0.1 to 2 ns, which also corresponds to the liquid structural relaxation timescale at this temperature. EFWS have allowed measuring the molecular relaxation dynamics on a temperature range corresponding to the liquid and supercooled liquid. The vibrational and sub-nanosecond fast relaxation dynamics have been described by the mean square displacement <u²> in the glass (below 200 K) and in the region of the glass transition temperature.

It is noteworthy that the overall measurements provide a same qualitative depiction of trehalose and confinement effects on the dynamics of the glycerol solution. This is also in agreement with ongoing NMR and dielectric spectroscopy studies on the same materials. Erreur ! Signet non défini., [START_REF] Ulbrig | Diploma arbeit from the University of Saarbrücken[END_REF] Trehalose significantly slows down the dynamics of the glycerol solution. At T=310 K in the liquid phase, it corresponds to a decrease of the average self diffusion coefficient by a factor of ten. This effect persists on decreasing temperature and affects the glassy dynamics, as reflected by a significant shift to high temperature of the EFWS (ΔT g ≈20 K). This confirms the so-called 'switching-off' effect of trehalose, which has been related to its exceptional biopreservative efficiency. 32,33,41,42 The second observation is a smearing out of the relaxation steps. It is characterized by an increased non-Debye character of the incoherent intermediate scattering function in the liquid phase. It supports the idea that trehalose in glycerol promotes dynamical inhomogeneities. This is generally awaited for a binary system composed by molecules, which have different characteristic relaxation modes and most specifically for disaccharides bioprotectant solutions, which are known to develop structural inhomogeneities, in terms of clusters and transient H-bond networks. 56 In addition, we have investigated the same two liquids under confinement using PSi nanochannels. At T = 310 K, in the liquid phase, we have observed a slight modification of the incoherent quasielastic neutron scattering functions, which are broader and more stretched as compared to the same bulk systems (β K stretching exponent as small as β K = 0.4 for the confined binary solution). These effects have been quantified assuming a model of an inhomogeneous distribution of diffusion coefficients, which are coupled to the structural relaxation in the time and lengthscale of this study. The average diffusion coefficient is found systematically larger in confinement by a factor of 1.5 as compared to bulk value.

On decreasing temperature, fixed window scans confirm a deviation of the relaxation dynamics of the confined systems from the bulk one, which seems to increase on approaching the glass transition. It results in a substantial shift (estimated to about ΔT = -7 K) of the temperature where the MSD <u 2 > departs from its essentially vibrational behavior in the glassy state.

The broadening of the intermediate scattering function at T = 310 K in the liquid state proves that confinement amplified the inhomogeneous character of the liquid dynamics. This is an evidence for the existence of non-equivalent dynamical environments within the pore.

We note that this feature is likely to be amplified for a multi-constituent system with nonsymmetric fluid-wall interactions.

These overall results (e.g. change of the average relaxation time and broadening of the relaxation distribution) agree with ongoing solid-state NMR and dielectric experiments on the same systems. 22,[START_REF] Ulbrig | Diploma arbeit from the University of Saarbrücken[END_REF] Such features have been frequently reported for other systems and often discussed with respect to some predictions about finite size effects. However, we note that these observations are not systematic among different systems and a unifying picture is certainly missing. 1,2,4,6,7 It is also possible that the observed confinement effects on the glassy dynamics result from a modification of some other physical properties of the confined liquid (such as density, rheology or H-bonds induced intermediated range order), which indirectly affects the structural relaxation. 5,9,26 Very recently, there has been a growing number of evidences of long-lived mesoscopic dynamical heterogeneities in bulk liquid glycerol and long-time long-range relaxation processes in glycerol-aerosils dispersions well above T g , which suggest that confinement may lead the confined glass-forming liquid to a frustrated state with different physical (static or dynamical) properties. [START_REF] Zondervan | Proc. Natl. Acad. Sci. USA[END_REF][START_REF] Zondervan | Proc. Natl. Acad. Sci[END_REF][START_REF] Sharma | [END_REF] For pure glycerol, our results emphasize significant confinement effects on the structural relaxation deep in the liquid phase as well as on the glassy dynamics on cooling, which relation to bulk mesoscopic dynamical heterogeneities is to be unraveled. We have also reported unprecedented manifestation of an amplified non-Debye character of the relaxation function for the binary bioprotectant solution that goes beyond the case of pure glycerol.

Molecular simulations are required in order to scrutinize potential mesoscopic inhomogeneities related to concentration fluctuations and specific interfacial interactions.

Table 1

Average diffusion coefficient and Kohlrausch stretching exponent obtained from the incoherent quasielastic neutron backscattering function at a temperature T = 310 K. 

FIG. 1 :

 1 FIG. 1: Scanning electron micrographs of the porous silicon film. (a) top view at low magnification showing the 30 μm thick porous layer attached to the silicon substrate and (b) side view at higher magnification.

FIG. 3 :

 3 FIG. 3: Incoherent quasielastic spectra of glycerol and the glycerol-trehalose solution in bulk and confined in porous silicon layers measured at T=310 K on the high resolution backscattering spectrometer IN16. The intensity is corrected for empty sample contribution and normalised to maximum intensity. The displayed curves have been scaled to one at the maximum intensity for clarity. The resolution function of the apparatus is displayed as a filled gray shape. The solid lines are best fits of the data using a stretched exponential (see text). The graphs correspond to three different values of the transfer of momentum, (a) Q=0.54 Å -1 , (b) Q=0.96 Å -1 and (c) Q=1.33 Å -1 .
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 604 FIG. 4: Average relaxation time τ as a function of the transfer of momentum Q obtained from the incoherent quasielastic spectra at T =310 K for pure glycerol and the glyceroltrehalose solution in bulk and confined in porous silicon. Dashed lines superimposed on bulk glycerol data emphasize the cross-over between two different power law variations.
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 55 Fig. 5. In a EFWS, the measured intensity is in principle S inc (Q,ω=0) (see equation 1). It
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 6 FIG. 6: Mean square displacement of glycerol and the glycerol-trehalose solution in bulk and confined in porous silicon layer obtained from incoherent neutron backscattering on cooling. Inset : magnification of the temperature region of the glass transition.
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 6 Figure 6 shows the measured mean-square displacement as a function of temperature. The
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Table 1

 1 Average diffusion coefficient and Kohlrausch stretching exponent obtained from the incoherent quasielastic neutron backscattering function at a temperature T = 310 K.

		Bulk glycerol	Confined	Bulk trehalose-	Confined
			glycerol	glycerol	trehalose-
	β Κ	0.6	0.5	0.5	glycerol 0.4
	<D>	5.0	7.6	0.52	0.77
	(10 -8 cm 2 .s -1 )				
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