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Introduction

From a strictly physicochemical point of view, champagne, the world-renowned French sparkling wine, is a multicomponent hydroalcoholic system, with a density close to unity, a surface tension γ = 48 mN m -1 (indeed highly ethanol-dependent), and a viscosity about 50 % higher than that of pure water (also mainly due to the presence of 12.5 % v/v of ethanol). [START_REF] Liger-Belair | The science of bubbly[END_REF][START_REF] Liger-Belair | Recent advances in the science of champagne bubbles[END_REF] Champagne wines (i.e. wines produced in the Champagne region, that are almost exclusively sparkling wines known as "champagne") also hold high levels of dissolved carbon dioxide, formed together with ethanol during a second fermentation process (promoted by adding yeasts and a certain amount of sugar inside bottles filled with a base wine and sealed with a cap). In fact, during this second fermentation process, which occurs in cool cellars, gaseous CO 2 produced by yeasts cannot escape and progressively dissolves into the wine -an application of Henry's law states that the concentration of a given gaseous species dissolved into a solution is proportional to its partial pressure in the vapor phase above the solution. Champagne wines therefore hold a concentration of dissolved CO 2 proportional to the level of sugar added to promote this second fermentation. A standard 75 centiliters champagne bottle typically contains about 9 grams of dissolved CO 2 , which correspond to a volume close to 5 liters of gaseous CO 2 under standard conditions of temperature and pressure. [START_REF] Liger-Belair | Unraveling the evolving nature of gaseous and dissolved carbon dioxide in champagne wines: A state-of-the-art review, from the bottle to the tasting glass[END_REF] No wonder champagne and sparkling wine tasting mainly differ from non-effervescent wine tasting due to their large amount of dissolved carbon dioxide. Yeast-fermented CO 2 is indeed responsible for producing gas bubbles in the glass (the highly sought-after and so-called effervescence process), whereas industrial carbonation is the source of effervescence in soda drinks and most of fizzy waters.

In champagne and sparkling wine tasting, the presence of dissolved CO 2 in the liquid phase is a key parameter impacting several essential sensory properties: (i) the frequency of bubble formation and the bubble size in the glass, [START_REF] Liger-Belair | Recent advances in the science of champagne bubbles[END_REF][START_REF] Uzel | Modeling the Cycles of Growth and Detachment of Bubbles in Carbonated Beverages[END_REF] (ii) the mouth feel, i.e., the mechanical action of collapsing bubbles as well as the chemosensory excitation of nociceptors in the oral cavity (via the conversion of dissolved CO 2 to carbonic acid), [START_REF] Chandrashekar | The Taste of Carbonation[END_REF][START_REF] Dunkel | Carbonic Anhydrase IV Mediates the Fizz of Carbonated Beverages[END_REF] and (iii) the aromatic perception of champagne, [START_REF] Priser | Representative Champagne Wine Extracts for Gas Chromatography Olfactometry Analysis[END_REF][START_REF] Tominaga | Role of Certain Volatile Thiols in the Bouquet of Aged Champagne Wines[END_REF] as collapsing bubbles release their content in gaseous CO 2 and volatile organic compounds above the champagne surface. The contribution of effervescence to the global kinetics of CO 2 outgassing from a sparkling beverage was also examined from the theoretical point of view. By using ascending bubbles dynamics coupled with mass transfer equations, the flux of gaseous CO 2 released by bubbles, denoted dV dt , was found to obey the following scaling law: [START_REF] Liger-Belair | Kinetics of CO 2 Fluxes Outgassing from Champagne Glasses in Tasting Conditions: The Role of Temperature[END_REF] dV dt ∝ T 2 η ρg 2/3
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where T is the liquid temperature (in K), η is the liquid phase dynamic viscosity, ρ is the liquid density, g is the acceleration due to gravity, D is the bulk diffusion coefficient of dissolved CO 2 in the liquid phase, c L is the bulk concentration of dissolved CO 2 in the liquid phase, k H is the Henry's law constant (i.e, the solubility of CO 2 molecules with regard to the liquid phase), P is the ambient pressure, and h is the distance travelled by the bubble from its nucleation site (i.e., the distance that corresponds to the level of liquid in the glass since nucleation mainly occurs at its bottom). The CO 2 volume flux outgassing into the form of bubbles is thus strongly dependent on the bulk diffusion coefficient of dissolved CO 2 and a better knowledge of this key parameter might help us to understand better the significant differences in bubble sizes and kinetics of gas discharging that has been experimentally observed between various Champagne and sparkling wines. [START_REF] Liger-Belair | CO 2 volume fluxes outgassing from champagne glasses: The impact of champagne ageing[END_REF] From the theoretical point of view, several studies on carbon dioxide diffusion in water have been conducted in the past fifteen years by using molecular dynamics simulations [START_REF] Het Panhuis | A molecular dynamics study of carbon dioxide in water: diffusion, structure and thermodynamics[END_REF][START_REF] Zeebe | On the molecular diffusion coefficients of dissolved CO 2 ,HCO -3 , and CO 2-3 and their dependence on isotopic mass[END_REF][START_REF] Garcia-Ratés | Molecular Modeling of Diffusion Coefficient and Ionic Conductivity of CO 2 in Aqueous Ionic Solutions[END_REF] and compared to experimental data from the literature. [START_REF] Davidson | The determination of diffusion coefficients for sparingly soluble gases in liquids[END_REF][START_REF] Himmelblau | Diffusion of Dissolved Gases in Liquids[END_REF][START_REF] Thomas | Measurement of the diffusion coefficients of carbon dioxide and nitrous oxide in water and aqueous solutions of glycerol[END_REF][START_REF] Jähne | Measurement of the diffusion coefficients of sparingly soluble gases in water[END_REF][START_REF] Tamimi | Diffusion coefficients for hydrogen sulfide, carbon dioxide, and nitrous oxide in water over the temperature range 293-368 K[END_REF] In het Panhuis et al. used a similar approach to study the temperature and isotopic dependence of the diffusion of dissolved carbon dioxide, carbonate and bicarbonate ions in water. In particular, diffusion coefficients were found to increase steadily with temperature and were in very good agreement with previous experiments for T < 348 K. Finally, Garcia-Ratés et al. [START_REF] Garcia-Ratés | Molecular Modeling of Diffusion Coefficient and Ionic Conductivity of CO 2 in Aqueous Ionic Solutions[END_REF] studied the diffusion of carbon dioxide in pure and salty water, with particular emphasis on brines for which experimental diffusion coefficients are scarce. CO 2 was modeled as a rigid molecule with a quadrupole moment, dived into SPC/E water molecules. Diffusion coefficients computed by applying the Maxwell-Stefan theory [START_REF] Maxwell | The Scientific Papers of James Clerk Maxwell[END_REF][START_REF] Stefan | Über das Gleichgewicht und die Bewegung, insbesondere die Diffusion von Gasgemengen[END_REF] were found in good agreement with experimental data. [START_REF] Davidson | The determination of diffusion coefficients for sparingly soluble gases in liquids[END_REF][START_REF]International Critical Tables[END_REF] A direct application of CO 2 diffusion in brines is the study of the ability of marine algae called coccolithophores to extract atmospheric CO 2 dissolved in oceans for photosynthesis and calcification, namely the production of exoskeleton of overlapping plates composed of calcium carbonate known as coccoliths. [START_REF] Bolton | Late Miocene threshold response of marine algae to carbon dioxide limitation[END_REF] Understanding how these algae adapted to environments with different atmospheric rates of CO 2 through the ages can shed some light on how they could evolve in the future. More recently, Wang et al. [START_REF] Wang | Application of molecular dynamics simulations in molecular property prediction II: Diffusion coefficient[END_REF] undertook systematic molecular dynamics studies of a large variety of organic compounds and proteins in aqueous and nonaqueous solutions to determine their diffusion coefficients.

Seventeen solvents were included in their work and, in particular, water molecules were modeled with a special "three-point" algorithm 25 while all the bonds of other molecules were constrained with the SHAKE algorithm. [START_REF] Ryckaert | Numerical integration of the cartesian equations of motion of a system with constraints: molecular dynamics of n-alkanes[END_REF] Despite these efforts, some diffusion coefficients still remained very different from their experimental counterparts, a problem that might be resolved by employing other more sophisticated water models such as SPC/E or TIP5P

(five-site transferable intermolecular potential). [START_REF] Mahoney | Diffusion constant of the TIP5P model of liquid water[END_REF] In the present article, we address the determination of CO [START_REF] Loncharich | The effects of truncating long-range forces on protein dynamics[END_REF] was employed to switch the potential to zero within the interval from 1 nm to 1.2 nm. In other words, Lennard-Jones and electrostatic interactions are unaltered when atoms are separated by less than 1 nm and are zero for distances above 1.2 nm. Each system is initially minimized by steepest descent and conjugate gradient algorithms to obtain starting configurations for the dynamics simulation. The initial phase of a dynamics simulation is a two-step equilibration composed of a first equilibration in the NV T ensemble, that lasts 200 ps for system 1 and 1 ns for system 2, and a second, The equations of motion are integrated using a leap-frog algorithm [START_REF] Hockney | Quiet High Resolution Computer Models of a Plasma[END_REF] with a time step of 1.0 fs for system 1 and 0.5 fs for system 2. Periodic boundary conditions are applied to the cubic container whose volume is about 305 nm [START_REF] Liger-Belair | Unraveling the evolving nature of gaseous and dissolved carbon dioxide in champagne wines: A state-of-the-art review, from the bottle to the tasting glass[END_REF] for system 1 and 349 nm 3 for system 2. The second phase of the dynamics simulation consists in running a set of ten independent NP T trajectories of 1 ns whose configurations are printed out every 1000 time steps (i.e., every 1 ps for system 1 and every 0.5 ps for system 2) for subsequent calculation of diffusion coefficients (see next section). The simulations were performed on Curie, a Bull supercomputer (bullx B510 blades based on Intel Xeon E5-2680 2.7 GHz

CPUs) located at TGCC (Très Grand Centre de Calcul) and managed by GENCI (Grand Equipement National de Calcul Intensif). Each simulation was run on 256 CPUs and took about 2 months of scalar CPU time. The VMD software 37 has been used to analyse typical trajectories and save output configurations in XYZ format for use in the post-treatment code that computes the diffusion coefficients.

Simplified multicomponent diffusion

Mean Squared Displacement (MSD)

Several formulations, based on the works of Fick, [START_REF] Fick | On Liquid Diffusion[END_REF] Maxwell and Stefan, 20,21 and Onsager, [START_REF] Onsager | Reciprocal relations in irreversible processes[END_REF] have been proposed to account for diffusion in multicomponent fluids. In the present section we will follow the generalized Fick's law formalism and show that the corresponding equations may be simplified for investigating Champagne wines. The generalized Fick's law for multicomponent systems states that fluxes J i are related to molar fraction gradients ∇x j ,

j ∈ [1, n -1],
where n is the number of species in the system, according to

J i = -c t n-1 j=1 D ij ∇x j (2)
where c t is the total molar concentration, D ij are the multicomponent diffusion coefficients,

x j is the mole fraction of species j, and J n is simply obtained by requiring that the sum of fluxes is zero. For n-1 species infinitely diluted in species n, the off-diagonal multicomponent diffusion coefficients vanish, [START_REF] Taylor | Multicomponent mass transfer[END_REF] and Eq. ( 2) simplifies to

J i = -c t D ii ∇x i (3) 
which has the same mathematical form as Fick's first law for binary systems, though the physical significance of the diffusion coefficients is different. In the case of Champagne wines, and in particular for systems 1 and 2, water represents at least 95 % of the quantity of matter and 90 % of the total mass. We will therefore assume, in first approximation, CO 2 and ethanol molecules "infinitely" diluted in water and will use Eq. ( 3) for computing the CO 2 flux. The infinite dilution approximation might seem too crude for ethanol, since this molecule is known to have a significant effect on the CO 2 diffusion coefficient, but we can replace in Eq. ( 3) D ii by an effective diffusion coefficient, D, that properly describes experimental data, as will be proved later in this work. The index i will be discarded in the remainder of the paper since we only investigate the diffusion coefficient of CO 2 , and Eq. ( 3) becomes

J = -c t D ∇x . (4) 
The general diffusion equation for CO 2 molecules then reads

∂c ∂t + ∇ • ( N t x) = ∇ • (c t D ∇x) (5) 
where c is the molar concentration of CO 2 and N t = c t u is the total molar flux with u the molar average velocity. In Champagne wines, we can consider that c t and D are constant since the total concentration does not change on short time scales (despite the fact that CO 2 may progressively evaporate through the porous cork stopper on very long time scales [START_REF] Liger-Belair | Losses of Dissolved CO 2 Through the Cork Stopper during Champagne Aging: Toward a Multiparameter Modeling[END_REF] ) and diffusion of CO 2 molecules can be assumed isotropic and homogeneous. We can also assume that champagne is a stationary liquid, i.e. u = 0. All these assumptions enable to simplify Eq. ( 5) to obtain

∂c ∂t = D∇ 2 c . (6) 
Provided that the system is considered invariant by spatial translation, we can determine that the probability density of such diffusing particles in a 3-dimensional space is a Green's function

G( r -r 0 , t) = 1 (4πDt) 3/2 e -( r-r 0 ) 2 4Dt (7)
where r and r 0 are the particle positions at time t and t 0 = 0, and D is the diffusion coefficient. From Eq. ( 7), we can then deduce that the mean squared displacement (MSD), [r(t)r(0)] 2 , of diffusing particles at time t is proportional to the diffusion coefficient

MSD(t) = [r(t) -r(0)] 2 = 6Dt. (8) 
This formula, as well as its counterpart based on the Green-Kubo formulation and velocity autocorrelation function, has been used to study self-diffusion of molecular liquids and even diffusion in binary liquids. [START_REF] Het Panhuis | A molecular dynamics study of carbon dioxide in water: diffusion, structure and thermodynamics[END_REF][START_REF] Zeebe | On the molecular diffusion coefficients of dissolved CO 2 ,HCO -3 , and CO 2-3 and their dependence on isotopic mass[END_REF][START_REF] Wang | Application of molecular dynamics simulations in molecular property prediction II: Diffusion coefficient[END_REF] In the present study, we will demonstrate that Eq. ( 8) is sufficient to investigate diffusion in multicomponent systems such as Champagne wines.

In the results section, diffusion coefficients are computed in two ways, by fitting the function MSD(t) to a straight line with slope 6D (see Eq. ( 8)) and by averaging diffusion coefficients D = MSD(t)/6t obtained at each time t. For each of these methods, we compared the results obtained when considering the mean squared displacement of the individual atoms of CO 2 and the mean squared displacement of the CO 2 center of mass.

Improvement of convergence

It is a matter of fact that diffusion coefficients based on MSDs can be hard to converge. [START_REF] Wang | Application of molecular dynamics simulations in molecular property prediction II: Diffusion coefficient[END_REF] To overcome this difficulty and reduce the statistical error, we averaged all our calculations over ten independent trajectories and over as many CO 2 molecules as present in the simulations.

We also implemented a multi-origin algorithm in which each configuration at time t serves as a possible reference configuration for the computation of MSDs at later times t ′ , see [START_REF] Frenkel | Understanding molecular simulation : from algorithms to applications[END_REF] and references therein, which equivalently comes to increase the number of time origins t 0 used for computing diffusion coefficients. For instance, a 1 ns-trajectory composed of 1001 steadily spaced out configurations (initial configuration at time t = 0 and 1000 configurations at later times) may lead to up to 1000 reference configurations for computing MSDs. If we effectively consider 1000 reference configurations, there are 1000 ways to compute the diffusion coefficient D(∆t = 1ps), namely by using the MSDs obtained between time steps 0 and 1, 1 and 2, • • •, 999 and 1000, but only one way to compute D(∆t = 1 ns), namely by using the MSD obtained between time steps 0 and 1000. The average diffusion coefficient at ∆t is then D(∆t) Nt 0 ,N traj ,N mol where the average runs over the number of reference configurations, N t 0 , the number of trajectories, N traj (10 in the present study), and the number of CO 2 molecules, N mol (10 per trajectory for system 1 and 50 per trajectory for system 2). In the following, the quantity D(∆t) Nt 0 ,N traj ,N mol will be denoted D(∆t) 1 while D 2 will be the average of the D(∆t) 1 over time. The same notation will be adopted for the MSDs.

Viscosities

An important and directly measurable quantity characteristic of a fluid is its viscosity, η.

The viscosity of CO 2 in systems 1 and 2 has been deduced from the Stokes-Einstein formula

η = k B T 6πDR (9) 
where T is the temperature, k B the Boltzmann constant, and R the hydrodynamical radius of the diffusing particle (assumed spherical). We used the averaged root-mean-square (RMS) distance of the atoms in CO 2 with respect to the molecule center-of-mass as hydrodynamical radius. Although the Stokes-Einstein formula has been derived for diffusing particles much larger than solvent molecules, experimental studies on Champagne wines tended to prove that this formula could still be valid at the molecular scale. [START_REF] Liger-Belair | Diffusion Coefficient of CO 2 Molecules as Determined by 13 C NMR in Various Carbonated Beverages[END_REF] 

Results

Molecular dynamics simulations were performed for systems 1 and 2 as described in the previous section. The dependence of the diffusion coefficient, D 2 , on the number of time origins (i.e. N t 0 ) is reported in Figure 2 for the two systems at ambient temperature (T = 293 K) and atmospheric pressure (P = 1 bar). As illustrated in this figure, if a single origin is only considered together with the initial configuration, the error on the value of the diffusion coefficient, though averaged over 10 trajectories and all N mol CO 2 molecules, reaches about 5%. When the multi-origin procedure is applied, convergence to within less than 1% can be obtained for 10 to 100 time origins, depending on the system, which then improves the accuracy of our results. Furthermore, the two results based on the fit of the mean squared displacements as a function of time, i.e. MSD(∆t) AT 1 and MSD(∆t) COM 1 that correspond, respectively, to the MSD averaged over the three CO 2 atoms and to the MSD of the CO 2 center of mass (see blue upward triangles and red squares in Fig. 2), are in very close agreement. Differences are more pronounced for the two evaluations based on the time average of D(∆t) 1 (see black circles and green diamonds in Fig. 2), with a systematic shift to lower values for diffusion coefficients calculated from the CO 2 center of mass displacement. The values of the diffusion coefficients presented in the remainder of this paper will always correspond to averages over 1000 time origins for system 1 and 2000 time origins for system 2.

Figure 3a and Figure 3b illustrate the time dependence of the diffusion coefficients averaged over the number of trajectories, the number of CO 2 molecules and the number of time origins, D(∆t) 1 , and the time dependence of the corresponding mean squared displacements, MSD(∆t) 1 , respectively. The first function remains practically constant, while the second exhibits a linear behaviour, which proves the robustness of our procedure for computing the diffusion coefficient according to either of the two methods. Furthermore, the figures show, as expected from experimental and theoretical data from the literature, that the diffusion coefficient of dissolved CO 2 in liquid water increases with temperature [START_REF] Zeebe | On the molecular diffusion coefficients of dissolved CO 2 ,HCO -3 , and CO 2-3 and their dependence on isotopic mass[END_REF][START_REF] Frank | Diffusion coefficients and viscosities of CO + 2 H 2 O, CO + 2 CH 3 OH, NH + 3 H 2 O, and NH + 3 CH 3 OH liquid mixtures[END_REF] but decreases as ethanol molecules are added to the system. However, the diffusion coefficient of CO 2 in pure water (system 1) should be about 1.85 -2 × 10 -9 m 2 /s at 293 K and 2.3 × 10 -9 m 2 /s at 300 K. [START_REF] Het Panhuis | A molecular dynamics study of carbon dioxide in water: diffusion, structure and thermodynamics[END_REF][START_REF] Zeebe | On the molecular diffusion coefficients of dissolved CO 2 ,HCO -3 , and CO 2-3 and their dependence on isotopic mass[END_REF][START_REF] Frank | Diffusion coefficients and viscosities of CO + 2 H 2 O, CO + 2 CH 3 OH, NH + 3 H 2 O, and NH + 3 CH 3 OH liquid mixtures[END_REF] In the present work the values of 2.36 ± 0.09 × 10 -9 m 2 /s and 2.11 ± 0.14 × 10 -9 m 2 /s were found for the TIP5P and SPC/E models at 293 K and a value of 2.85 ± 0.10 × 10 -9 m 2 /s was found for the TIP5P model at 300 K (see Ta- When ethanol is added (System 2 in Fig. 3 and Table 1), the diffusion coefficient of CO 2 drops significantly to 1.61 ± 0.12 × 10 -9 m 2 /s when the TIP5P water model is employed, a result that is very close to the experimental data obtained for the C1 and C2 samples of Champagne wines, 1.41 × 10 -9 m 2 /s 28 and 1.5 ± 0.2 × 10 -9 m 2 /s, [START_REF] Autret | Use of magnetic resonance spectroscopy for the investigation of the CO 2 dissolved in champagne and sparkling wines: a nondestructive and unintrusive method[END_REF] respectively. Note that the latter experiment was conducted at the slightly higher temperature of T = 295 K, while the other values were obtained at T = 293 K. A third champagne sample, C3, has also been investigated and led to a lower and probably less reliable value of the CO 2 diffusion coefficient. A third champagne sample, C3, has also been investigated and led to a lower and probably less reliable value of the CO 2 diffusion coefficient. As Autret et al. [START_REF] Autret | Use of magnetic resonance spectroscopy for the investigation of the CO 2 dissolved in champagne and sparkling wines: a nondestructive and unintrusive method[END_REF] argued, this might be due to the experimental protocol since Champagnes 2 and 3 were originally held in 375 mL and 750 mL bottles whereas the experiment needed to be conducted on 375 mL bottles. This imposed to transfer champagne 3 in a smaller vessel which might cause some loss of gas. Beside the apparent reliability of the TIP5P model, simulations performed with the SPC/E water model are not in agreement with experiment although diffusion coefficients are effectively below the diffusion coefficient of fizzy water (see Table 1)

which confirms that the presence of ethanol significantly increases the liquid viscosity. The failure of the SPC/E model comes as a surprise since it provides good results for the diffusion of CO 2 in pure water as demonstrated in the literature [START_REF] Het Panhuis | A molecular dynamics study of carbon dioxide in water: diffusion, structure and thermodynamics[END_REF][START_REF] Zeebe | On the molecular diffusion coefficients of dissolved CO 2 ,HCO -3 , and CO 2-3 and their dependence on isotopic mass[END_REF][START_REF] Garcia-Ratés | Molecular Modeling of Diffusion Coefficient and Ionic Conductivity of CO 2 in Aqueous Ionic Solutions[END_REF] and confirmed in the present work. The comparison between the TIP5P and SPC/E water models will be discussed in the next section. Knowing that Champagne wines contain a number of compounds other than CO 2 , water and ethanol (e.g., sugars, glycerol and peptides), experimental diffusion coefficients of CO 2 in these sparkling beverages should be lower limits for the computed CO 2 diffusion coefficients in a water/ethanol mixture that respects champagne proportions. The fact that the TIP5P CO 2 diffusion coefficients are already very close to the experimental values obtained on Champagne wines tends to demonstrate that water and ethanol are probably the main ingredients affecting CO 2 diffusion, although other molecules may be relevant within the framework of tasting.

The viscosities of CO 2 computed from the Stokes-Einstein formula (see Eq. 9) are indicated in Table 1. The viscosity in system 1 is found to be 0.96×10 -3 Pa•s and 1.07×10 -3 Pa•s for the TIP5P and SPC/E water models, respectively, which is in agreement with the experimental value 31 of 10 -3 Pa • s when taking into account statistical uncertainties. The viscosity in system 2 is found to be 1.40×10 -3 Pa•s with the TIP5P water model which is in agreement with experiments performed on Champagne wines. [START_REF] Liger-Belair | Diffusion Coefficient of CO 2 Molecules as Determined by 13 C NMR in Various Carbonated Beverages[END_REF] The hydrodynamical radii inserted in this formula were derived from our force field molecular dynamics simulations by averaging over all the trajectories the RMS distance of the three atoms of CO 2 with respect to the CO 2 center of mass. This definition of the hydrodynamical radius may not be the most suitable for linear CO 2 molecules but it has the advantage to be a very general definition that can be applied to molecules independently of their particular symmetry and it seems to provide excellent agreement with experiment. This result must, however, be regarded with caution since the Stokes-Einstein formula is not expected to yield the best method for the computation of viscosities when the size of the diffusing particles is close to that of the solvent molecule. A better method might be to compute viscosities from the Green-Kubo formula based on stress tensors. [START_REF] Frenkel | Understanding molecular simulation : from algorithms to applications[END_REF][START_REF] Hansen | Theory of simple liquids[END_REF] 

Discussion

The results reported in the previous section reveal that CO 2 diffusion coefficients computed from the TIP5P water model always exceed those computed from the SPC/E water model, by 11 % for system 1 and 37 % for system 2 (see Table 1). Moreover, the comparisons with experimental data suggest that the SPC/E model is more reliable for modeling system 1 (ie, CO 2 in water) whereas the TIP5P model seems more reliable for modeling system 2 (ie, CO 2 in a water/ethanol mixture) which prevents us from concluding that one model would systematically overestimate or underestimate the true result. Knowing that the main cohesive intermolecular interactions between water, ethanol, and carbon dioxide come from hydrogen bonding, we have plotted the average number of hydrogen bonds (H bonds) at any time of the dynamics in Fig. 4 to shed some light on the relative behavior of the SPC/E and TIP5P models and try to understand better the failure of the SPC/E model to provide accurate results for the CO 2 diffusion coefficient in system 2. A water molecule can at most donate and accept two H bonds due to its two hydrogen atoms and lone pairs whereas an ethanol molecule can only donate one H bond (but can also accept two H bonds) and a In system 1, the overall number of H bonds (bars labelled "1" in Fig. 4) is ∼ 18000 for SPC/E and ∼ 17000 for TIP5P. H bonds are largely dominated by water-water interactions (99.97 % of the H bonds) since there are only ten CO 2 molecules in system 1. These numbers of H bonds are in agreement with previous studies that found ∼ 2700 interactions in purely aqueous droplets composed of 1500 SPC/E water molecules. [START_REF] Ahadi | Ejection of Solvated Ions from Electrosprayed Methanol/Water Nanodroplets Studied by Molecular Dynamics Simulations[END_REF] However, the number of H bonds between CO 2 and water molecules is slightly larger when the TIP5P model is considered which could appear contradictory since CO 2 diffusion coefficients are found larger in TIP5P water (see Table 1). This result suggests that the diffusion of CO 2 molecules is determined by the overall set of intermolecular (bonding and non-bonding) interactions between CO 2 molecules and their environment rather than the scarce H bonds (about 0.5 H bond per CO 2 molecule) these molecules could form with water molecules, which therefore explains why diffusion coefficients computed from SPC/E simulations are smaller than those deduced from TIP5P simulations.

As ethanol molecules are added in the simulation (system 2), the number of H bonds between water molecules (bars labelled "4" in Fig. 4) decreases by a few percents, some ethanol-water H bonds are formed although the propensity of ethanol molecules to form H bonds can be mitigated by their ethyl group as already pointed out for the methyl group of methanol molecules, [START_REF] Ahadi | Ejection of Solvated Ions from Electrosprayed Methanol/Water Nanodroplets Studied by Molecular Dynamics Simulations[END_REF][START_REF] Hawlicka | Molecular dynamics studies of NaCl solutions in methanol-water mixtures. An effect of NaCl on hydrogen bonded network[END_REF] and the overall number of H bonds thus increases compared to system 1. The liquid becomes more viscous and the same general trend prevails for diffusion coefficients: SPC/E simulations always lead to smaller diffusion coefficients than TIP5P simulations. However, the decrease of CO 2 diffusion coefficients is more pronounced in SPC/E simulations since they go down from 2.11 × 10 -9 m 2 /s to 1.02 × 10 -9 m 2 /s (drop by ∼ 52 %) instead of going down from 2.36 × 10 -9 m 2 /s to 1.61 × 10 -9 m 2 /s (drop by ∼ 32 %) for TIP5P simulations. This decrease can be partly explained by the lesser loss of water-water H bonds as ethanol is included in the simulation and the larger number of ethanol-water H bonds formed (bars labelled "5" in Fig. 4). When excluding defects of the SPC/E water model to explain the inaccurate CO 2 diffusion coefficients obtained in system 2, other possible sources of discrepancies might be related to the hypothesis that CO 2 and ethanol molecules are infinitely diluted in water but this error would also stand for TIP5P simulations that provide good results for system 2 at 293 K, or to an improper sampling of initial configurations when running the SPC/E dynamics of system 2 although the SPC/E dynamics of system 1 and the TIP5P dynamics of system 2 yield results in excellent agreement with experiments and earlier theoretical studies.

Conclusion

In this paper, we have performed force field molecular dynamics simulations in the NP T ensemble to investigate the diffusion of CO 2 in water (system 1) and in a water/ethanol mixture (system 2), respecting the proportions found in typical Champagne wines. We have established a robust procedure for the determination of the CO Beside the question of H bonding, it is worth noting that tiny cellulose fiber-made structures have recently been identified as the main bubble nucleation sites found in champagne glasses, under standard tasting conditions. [START_REF] Liger-Belair | Modeling Nonclassical Heterogeneous Bubble Nucleation from Cellulose Fibers: Application to Bubbling in Carbonated Beverages[END_REF] Therefore, the next challenging step will be the investigation of CO 2 diffusion through the wall of tiny cellulose fiber-made structures immersed in a water/ethanol mixture in order to unravel the physical chemistry behind the nucleation and growth of CO 2 bubbles, a question with direct aftermaths for the industry of effervescent wines, and more specifically Champagne wines.

TAB. 1: Comparison of theoretical and experimental diffusion coefficients and viscosities

with data from the literature. We only included in the table the D COM 2 theoretical diffusion coefficients obtained from the fit of the mean squared displacement of CO 2 centers of mass. In our work, theoretical uncertainties reflect the standard deviation between the values of theoretical diffusion coefficients at different times. Also note that the experimental data from Frank et al. [START_REF] Frank | Diffusion coefficients and viscosities of CO + 2 H 2 O, CO + 2 CH 3 OH, NH + 3 H 2 O, and NH + 3 CH 3 OH liquid mixtures[END_REF] were obtained for a zero molar fraction of CO 2 inside water (infinite dilution of CO 2 in water). Theoretical viscosities were simply computed from the Stokes-Einstein formula (see text). The labels "C1", "C2" and "C3" for NMR experiments on Champagne wines stand for "champagne 1", "champagne 2" and "champagne 3" since three kinds of Champagne wines were investigated by Liger-Belair et al. and Autret et al. [START_REF] Liger-Belair | Diffusion Coefficient of CO 2 Molecules as Determined by 13 C NMR in Various Carbonated Beverages[END_REF][START_REF] Autret | Use of magnetic resonance spectroscopy for the investigation of the CO 2 dissolved in champagne and sparkling wines: a nondestructive and unintrusive method[END_REF] Note that the value of the diffusion coefficient in champagne C3 is lower than in champagne C2 because of a loss of CO 2 during the experiment. In the "Technique" column, "VACF" and "FACF" respectively stand for velocity and force autocorrelation function, and "Einstein" refers to the Generalized Einstein relations. 
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  ns-equilibration in the NP T ensemble. These equilibrations are performed by using a Nosé-Hoover thermostat 34 (T = 293 or 300 K) and a Parinello-Rahman barostat 35 (P = 1 bar) with a time constant of 0.3 ps. Note that all the molecular dynamics simulations discussed in the present work were achieved in a box containing 10 4 TIP5P water molecules to maintain the average pressure close to its reference value of P ref = 1 bar (maximum deviation: | P -P ref | ≈ 0.04 bar).

ble 1 )

 1 . The overestimation of the CO 2 diffusion coefficient in TIP5P water may be due to limitations of the CHARMM force field or of the TIP5P water model. For instance, studies on water models[START_REF] Mahoney | Diffusion constant of the TIP5P model of liquid water[END_REF] have shown that water self-diffusion at 25 • C and 1 atm was poorly reproduced by SPC, TIP3P and TIP4P models, which lead to diffusion coefficients of D = 3.85 × 10 -9 m 2 /s (NP T ensemble), D ≈ 5 -5.2 × 10 -9 m 2 /s (NV T and NP T ensembles), and D ≈ 3.3 × 10 -9 m 2 /s (NV T and NP T ensembles), respectively, whereas the experimental result is D ≈ 2.30 × 10 -9 m 2 /s.[START_REF] Mills | Self-diffusion in normal and heavy water in the range 1-45 deg[END_REF] For TIP5P in the NV T ensemble and SPC/E in the NP T ensemble the results were more suitable, leading to D = 2.62×10 -9 m 2 /s and D = 2.49 × 10 -9 m 2 /s, respectively. We may therefore infer that the TIP5P model is responsible for a slight overestimation of the CO 2 diffusion coefficient in water. Convergence issues, on the other hand, have negligible effects on this diffusion coefficient since mean squared displacement and diffusion coefficient curves in Figures 3 sound properly defined at all times. Therefore, we do not expect these results to be changed significantly by an increase of the number of trajectories.

CO 2

 2 molecule can accept four H bonds. In the present work, a H bond is considered to occur between an oxygen atom and a hydrogen atom whether the O d -O a distance between the donor oxygen atom O d and the acceptor oxygen atom O a remains below 3.5 Å and the H-O d -O a angle remains below 35 • .[START_REF] Chandler | Interfaces and the driving force of hydrophobic assembly[END_REF][START_REF] Ahadi | Ejection of Solvated Ions from Electrosprayed Methanol/Water Nanodroplets Studied by Molecular Dynamics Simulations[END_REF] 
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 12314 FIG. 1: Snapshot of the simulation box used as model for champagne made with the VMD software. The box contains 50 molecules of CO 2 (oxygen atoms in red and carbon atoms in green) in a VDW representation, 440 molecules of ethanol (orange) in a CPK representation and 10 4 TIP5P molecules of water (blue). The box volume is 349 nm 3 .
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  Jones pair diameter σ ij = (σ i + σ j )/2 and a geometric average for heteronuclear Lennard-Jones well depth ǫ ij = √ ǫ i ǫ j , where σ i and ǫ i

	modeling water self-diffusion 27 or diffusion of CO 2 in pure water, we will show that direct interactions are parameterized by following the Lorentz/Berthelot mixing rule, namely an
	comparison with experimental data obtained on Champagne wines 28,29 apparently confirm the suitability of this model to compute diffusion coefficients in water/ethanol mixtures representative of Champagne wines. The extent of the hydrogen-bonded network formed by arithmetic average for heteronuclear Lennard-are the Lennard-Jones pair diameter and well depth of the homonuclear diatomic molecule
	SPC/E and TIP5P water molecules is discussed to highlight the differences between CO 2 i, respectively. A shifting function was used to compute Lennard-Jones interactions in the
	diffusion coefficients obtained within these two water models. interval between 1 nm and 1.2 nm where long-range forces are made to decay smoothly to
	zero. Electrostatic interactions are computed by means of a Particle-Mesh Ewald algorithm
	Method and a switching function
	Force field molecular dynamics
	Carbon dioxide diffusion coefficients are derived from molecular dynamics simulations per-
	formed with the GROMACS v4.5.5 program 30 on two systems: (i) 10 CO 2 molecules in a
	box containing 10 4 water molecules (two-component system hereafter called "system 1") and
	(ii) 50 CO 2 molecules in a box containing 440 ethanol molecules and 10 4 water molecules
	(three-component system hereafter called "system 2"). System 1 is used as benchmark to
	ensure that our model provides proper estimates of diffusion coefficients since aqueous solu-
	tions of CO 2 have been investigated extensively. 11,12,31 System 2 is a mixture of CO 2 , ethanol
	and water molecules in typical champagne proportions, as illustrated by the simulation box
	displayed in Fig. 1. This is the simplest model for a description of Champagne wines, which
	are complex mixtures of water, ethanol, glycerol, sugars, peptides, tartaric and lactic acids,
	monoatomic ions, etc. supersaturated with carbon dioxide. 2
	Carbon dioxide and ethanol were modeled by means of the CHARMM27 32 force field,
	2 diffusion coefficients in water and their intramolecular bonds were left free from any constraint. Water molecules were
	and in a water/ethanol mixture where molecules are present in proportions similar to those described by the SPC/E and TIP5P 27 models, believed to be the most accurate water models
	typically found in Champagne wines. The TIP5P and SPC/E water models are used and implemented in GROMACS v4.5.5 to determine transport properties in liquid water. The
	the results therein are compared with abovementioned experimental and theoretical studies potential energy surface then encompasses interactions for bonds, angles, dihedrals, Lennard-
	from the literature. Although the TIP5P model might be regarded as less accurate for Jones intermolecular non-bonded interactions, and electrostatic interactions. Lennard-Jones

  2 diffusion coefficient from such simulations that is based on the common Fick's law and the subsequent computation of mean squared displacement. The CO 2 diffusion coefficients in SPC/E water are in excellent agreement with previous studies, the TIP5P model was found to somewhat overestimate the diffusion coefficients. In particular, this overestimation can be related to the smaller number of H bonds formed with water molecules. In contrast, when ethanol is included in the simulation, results obtained with the TIP5P model (ie, D = 1.61 ± 0.12 × 10 -9 m 2 /s) are in excellent agreement with existing experimental data on Champagne wines (ie, D exp ≈ 1.4 -However, a deeper understanding of H bonding in different water models might help to better interpret the reason for the huge discrepancy observed for SPC/E water molecules when ethanol molecules are taken into account. The question of H bonding between water and alcohol molecules is also of practical interest for investigating the fragmentation mechanisms of charged droplets produced by electrospray ionisation[START_REF] Ahadi | Ejection of Solvated Ions from Electrosprayed Methanol/Water Nanodroplets Studied by Molecular Dynamics Simulations[END_REF] since water/methanol mixtures are common solvents for such systems. It is also helpful for the development of coarse-grained approaches that aim to model the properties of electrosprayed droplets by Monte Carlo[START_REF] Bonhommeau | Charge localization in multiply charged clusters and their electrical properties: Some insights into electrospray droplets[END_REF][START_REF] Bonhommeau | MCMC 2 : A Monte Carlo code for multiply charged clusters[END_REF] or molecular dynamics 50 simulations with applications in proteomics,[START_REF] Fenn | Electrospray Wings for Molecular Elephants (Nobel Lecture)[END_REF] in atmospheric physics with the study of aerosols,[START_REF] Laskin | New mass spectrometry techniques for studying physical chemistry of atmospheric heterogeneous processes[END_REF] and even nanotechnology since charged droplets can be used as vectors to deposit species on thin films.[START_REF] Jaworek | Electrospray droplet sources for thin film deposition[END_REF] 

	1.5 × 10 -9 m 2 /s), whereas SPC/E simulations significantly underestimate the experimental
	diffusion coefficients obtained for Champagne wines. This underestimation has been partly
	attributed to a greater propensity of SPC/E water molecules to preserve the H-bonded
	network of pure water and form more ethanol-water H bonds, although statistical issues
	cannot be completely excluded.
	In this study, we have thus shown that the relation between mean squared displacement
	and the diffusion coefficient is appropriate to investigate the diffusion of multicomponent
	systems provided that the solvent (i.e. water in the present study) remains largely dominant.

Table 1

 1 SolventTechnique T (K) D (×10 -9 m 2 /s) η (×10 -3 Pa • s)

	water	TIP5P + MSD fit SPC/E + MSD fit TIP5P + MSD fit	293 293 300	2.36 ± 0.09 2.11 ± 0.14 2.85 ± 0.10	0.96 ± 0.04 1.07 ± 0.07 0.81 ± 0.04
		SPC/E + MSD 11 SPC/E + VACF 11 SPC/E + FACF 11	293 293 293	2.1 ± 0.3 2.1 ± 0.08 1.8 ± 1.33	---
		SPC/E + VACF 12	298	2.02 ± 0.19	-
		SPC/E + VACF 13 SPC/E + Einstein 13	298.15 298.15	1.98 ± 0.19 2.04 ± 0.36	--
		Taylor-Aris dispersion 31	293	-	1.0
		Taylor-Aris dispersion 31	298	1.97	-
		Taylor-Aris dispersion 31	303	-	0.80
		Taylor-Aris dispersion 31	308	2.49	-
		Taylor-Aris dispersion 31	313	-	0.65
		Taylor-Aris dispersion 31	318	3.07	-
		Taylor-Aris dispersion 31	328	3.67	-
	water/ethanol	TIP5P + MSD fit SPC/E + MSD fit	293 293	1.61 ± 0.12 1.02 ± 0.11	1.40 ± 0.11 2.20 ± 0.25
	fizzy water	NMR 28	293	1.85	0.96 ± 0.02
	Champagne wines	NMR(C1) 28 NMR(C2) 29 NMR(C3) 29	293 295 295	1.41 1.5 ± 0.2 1.3 ± 0.1	1.48 ±0.02 --

Acknowledgments

The authors are indebted to the Bull company for financial support through ANRT grant 2011/1288, and to Stéphane Pralet for valuable discussions. We would like to acknowledge the Très Grand Centre de Calculs (TGCC) of the Grand Equipement National de Calcul Intensif (GENCI), the ROMEO computer center of the University of Reims Champagne-Ardenne and the Plateau technique de Modélisation Moléculaire Multiéchelle de Reims (P3M) who provided computer time and support.