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Abstract

The diffusion coefficients of carbon dioxide (COs2) and ethanol (EtOH) in carbon-
ated hydroalcoholic solutions and Champagne wines are evaluated as a function of tem-
perature by classical molecular dynamics (MD) simulations and *C-NMR. spectroscopy
measurements. The excellent agreement between theoretical and experimental diffusion
coefficients suggest that ethanol is the main molecule, apart from water, responsible for
the value of the CO5 diffusion coefficients in typical Champagne wines, a result that
could likely be extended to most sparkling wines with alike ethanol concentrations. COq
and EtOH hydrodynamical radii deduced from viscometry measurements by applying
the Stokes-Einstein relationship are found to be mostly constant and in close agreement
with MD predictions. The reliability of our approach should be of interest to physical
chemists aiming to model transport phenomena in supersaturated aqueous solutions or

water /alcohol mixtures.

Keywords: carbon dioxide, ethanol, diffusion, classical molecular dynamics, NMR spec-

troscopy, Champagne wines.



Carbon dioxide (CO,) supersaturation occurs in a wide variety of aqueous multicom-
ponent systems from inland waters and brines to sparkling beverages. Inland waters such
as rivers, lakes, and wetlands are often supersaturated with CO, and play a major role
in the evasion of petagrams of CO, into the atmosphere, then contributing to the global
carbon cycle.! Evaluating the yields of CO; evasion by temperature, alkalinity, and pH
measurements coupled to morphological studies of the wide surface areas from which CO,
escapes, thus allows to rationalize better the anthropogenic contribution to COs emissions
with respect to natural sources of COy production. CO, emission at the interface between
a supersaturated aqueous solution and a gas phase is also one of the two physical phenom-
ena accounting for the loss of CO, in sparkling beverages such as Champagne wines.* The
second path to COy emission in carbonated beverages is related to the very much sought
after and so-called effervescence process. Effervescence refers to the formation of bubbles
by non-classical heterogeneous nucleation from tiny gas pockets trapped within immersed
particles such as cellulose fibers, crystals, or within possible scratches or etchings done at the
surface of the glass.® Provided that the radius of curvature of the gas pocket trapped within
the particle exceeds a critical radius (of order of 0.2 um at the opening of a champagne
bottle), the diffusion of dissolved CO, within the gas pocket becomes thermodynamically
possible. Gaseous COy bubbles therefore progressively grow within the particle, to finally
be released in the champagne bulk into the form of characteristic bubble trains.® Force field
molecular dynamics simulations based on TIP5P water models have recently suggested that
CO, diffusion coefficients at T = 293 K could be predicted® by simply modeling champagne
as a hydroalcoholic solution supersaturated with CO,. Although the approach followed by
the authors could be applicable to a wide range of liquids supersaturated with gases (eg,
COg, methane, etc.), the SPC/E water model, supposed to be reliable for modeling the dif-

9 was found

fusion of CO, in water®® and sometimes used to model water /alcohol mixtures,
to underestimate strongly CO, diffusion coefficients. Moreover, comparative diffusion coef-

ficients of dissolved COs in various carbonated beverages (including a standard Champagne



wine) were only determined through the nuclear magnetic resonance (NMR) technique at a
single temperature of 293 K.'° A thorough temperature-dependent study would therefore be
valuable for both evaluating the performance of MD simulations to model such systems and
apprehending better the influence of temperature on bubble dynamics and subsequently on
some tasting sensations.

The main goal of this work is to characterize the interplay between COy and ethanol
(EtOH) molecules in standard Champagne wines as a function of temperature in order to
demonstrate that EtOH is the principal molecule responsible for the value of CO diffusion
coefficients in these multicomponent liquids. This assertion is supported by extensive clas-
sical molecular dynamics (MD) simulations and *C-NMR spectroscopy measurements that
aim to evaluate CO, and EtOH diffusion coefficients. These diffusion coefficients, combined
to experimental and theoretical viscosities, will also be shown to provide CO, and EtOH
hydrodynamical radii that nearly match the root-mean-squared (rms) atomic distance to
the molecular center of mass which promises a wide applicability of our approach.

Our MD simulations make use of GROMACS version 4.5.5'* coupled to the CHARMM?27
force field.'? Despite their multicomponent nature, champagnes can be considered as car-
bonated hydroalcoholic mixtures in first approximation.®% The simulation box then contains
10 000 water molecules, described within the SPC/E or TIP5P water model, 440 ethanol
molecules and 50 CO5 molecules, reflecting the typical molecular proportions in Champagne
wines®. >3 Sugars are neglected in the present simulations since we focus our discussion on
standard commercial champagnes, namely brut champagnes (< 12g/L of sugars that is a
maximum of six saccharose molecules in our simulation box) that roughly represent 83% of
worldwide exportations (a pie chart representing 2013 Champagne wine shipments is pro-
vided in page S2 of Supporting Information). Simulations at five temperatures relevant for

applications on Champagne wines, namely 277 K (fridge temperature), 281 K and 285 K

2Champagnes typically hold 12.5% vol/vol of ethanol and 12 g/L of dissolved COs (following the so-called
Henry’s law which states that the equilibrium concentration of dissolved COs is proportional to the partial
pressure of gas phase CO3).



(cellar and tasting temperature), 289 K and 293 K (room temperature), are performed and
subsequently used for evaluating CO, and EtOH diffusion coefficients (additional details
concerning MD simulations are supplied in pages S1-S3 of Supporting Information). These
coefficients are derived from the calculation of the mean-squared displacement (MSD) of
CO, and EtOH centers of mass in a three-dimensional space, M SD(t) = 6Dt, then assum-
ing that the CO, and EtOH fluxes can be represented by common first Fick’s laws with
effective diffusion coefficients that encompass the effects of CO, and EtOH concentration
gradients. As illustrated in Figure la for MD simulations based on the TIP5P water model,
MSD curves obtained for CO5 molecules are almost perfectly linear at any temperature (the
MSD curves corresponding to SPC/E water models are given in page S3 of Supporting Infor-
mation), which confirms that the probability density of CO, molecules should be Gaussian
and therefore validates the assumption made on the expression of fluxes in terms of effective
diffusion coefficients.

In order to evaluate unambiguously the quality of TIP5P and SPC/E MD simulations,
translational diffusion coefficients were measured by *C-NMR spectroscopy in a model mix-
ture (87.5:12.5 (v/v) H,O:EtOH) and in a standard commercial brut Champagne wine sample
(Veuve Clicquot, Marne, France). Our highly sensitive spectrometer, with a large magnetic
field (B = 14T) and a state-of-the-art cryoprobe (coil at T = 20K), is well suited for provid-
ing reliable measurements over a broad range of temperatures and discussing the accuracy
of previous NMR measurements'?14 (details on the NMR protocol and NMR data are given
in pages S3-S6 of Supporting Information). It is also worth noting that no COs bubble, that
might bias experimental measurements, can form in NMR tubes. Indeed, a large amount of
dissolved COs is lost through outgassing when filling sample tubes with native champagne,
so that dissolved CO, concentration most probably falls below the critical concentration
enabling heterogeneous bubble nucleation.® This loss of CO, is somewhat compensated by
the addition of NaH!3CQj3, then improving at the same time the 3C-NMR signal. Due to

the weak interactions between the relatively rare (0.5% of the total number of molecules)



nonpolar CO, molecules, we assume in NMR experiments that deviations due to smaller
CO; concentrations should lie below experimental uncertainties (~ 5%, the size of symbols
in Figure 1). As illustrated in Figure 1b for a sample containing a carbonated hydroalcoholic
solution, diffusion coefficients are then determined by fitting series of 32 intensities of 3CO,
signals at each temperature of interest.

Diffusion coefficients derived from *C-NMR spectroscopy measurements in carbonated
hydroalcoholic solutions (black downward triangles in Figure 1c) are found in excellent agree-
ment with SPC/E results above 281 K. The SPC/E model is a reparameterization of the
SPC model that includes polarization effects in order to improve the reliability of water
properties, such as radial distributions, diffusion constants and densities, at temperatures
about 300-305 K.16 It is therefore not expected to reproduce the water density maximum at
T = 277 K much better than the standard SPC model. On the contrary the TIP5P model
was devised to better reproduce water density at this temperature.!” Although TIP5P diffu-
sion coefficients overestimate experimental data by 30 — 40%, they are perfectly parallel to
the experimental curve, even at low temperature, and a simple division of these coefficients
by an empirical factor of 1.4 (dashed line in Figure 1c¢), in order to compensate the excessive
TIP5P diffusivity, significantly improves the agreement with experiments at 277 K < T <
289 K. This overestimation can be partly related to results obtained on water self-diffusion
coefficients,'® where the TIP5P diffusion coefficient (D = 2.6240.04 x 10~m?/s) was found
to slightly overestimate the experimental value (D = 2.3 x 107%m?/s) and the diffusion coef-
ficient predicted by the SPC/E model (D = 2.4940.05 x 107m?/s) at T' = 298 K. A slight
overestimation has also been recently observed at T' = 293 K for CO, diffusion in water®
where the TIP5P diffusion coefficient (D = 2.36 £0.09 x 107m?/s) was ~ 12% higher than
the SPC/E diffusion coefficient (D = 2.11 £ 0.14 x 10m?/s). However, we cannot exclude
the fact that our model for ethanol, based on the CHARMMZ27 force field, is also in part
responsible for this overestimation. Based on these observations, we would recommend the

SPC/E model for evaluating diffusion coefficients in such aqueous solutions at temperatures



285 K < T < 300 KP and the TIP5P model at lower temperatures, provided that one SPC/E
or experimental value of diffusion coefficient is available at higher temperature to estimate
any possible scaling factor.

The impressively good agreement obtained above 281 K when the SPC/E model is used
also contrasts with the poor agreement obtained with this model in previous studies at
T=293 K (blue circle in Figure 1c¢).® The newly gained reliability seems to come from an
improved equilibration stage where standard canonical (NVT') equilibrations are replaced
by replica exchange molecular dynamics (REMD) simulations in the isothermal-isobaric
(NPT) ensemble. Without any REMD simulation the average enthalpy of the system is
indeed —4.14 + 0.2 x 10° kJ/mol whereas it increases to —4.09 + 0.2 x 10° kJ/mol as a
REMD equilibration stage is performed, a difference that was identified to be mainly due to
smaller Coulomb short-range interactions in the former simulation. In contrast, the average
enthalpy for systems with TIP5P water molecules (black and blue square in Figure 1c) re-
mains ~ —3.51 x 10° kJ/mol when replica exchange equilibrations are performed. Knowing
that no major energy barrier should exist in our model carbonated hydroalcoholic solution,
the discrepancy observed in former SPC/E simulations probably came from an incomplete
equilibration stage that might have been overcome by performing longer NPT simulations.

CO, diffusion coefficients derived from ¥*C-NMR measurements on typical brut cham-
pagnes (red downward triangles in Figure 1d) are found to nearly match experimental COq
diffusion coefficients obtained in carbonated hydroalcoholic solutions, with a gap between
the two curves that does not exceed 0.8 x 1071%m?/s. These coefficients are also in very close
agreement with diffusion coefficients estimated by applying the Stokes-Einstein formula (red

crosses in Figure 1d)
kT kgT

D — = 1
6mnR 6w R(1.08 x 10~ 7¢2806/T) (1)

where kg is the Boltzman constant, T'(K) is the temperature, n(Pa-s) is the viscosity that

follows an Arrhenius-like law adjusted on viscometry measurements performed on standard

PHigher temperatures are not relevant for wine research, especially when considering sparkling beverages.



commercial champagne (from coopérative Nogent I’Abbesse, Marne, France),'® and R(m)
is the hydrodynamical radius of the diffusing molecule that is assumed to match roughly
the rms atomic distance to the CO, center of mass (Rco, ~ 0.95 A in our simulations)
deduced from MD simulations. The good correspondence between the values of CO, diffusion
coefficients obtained for champagne wines and carbonated hydroalcoholic solutions indicates
that glycerol molecules and sugars, the next more abundant species that could increase the
viscosity of champagnes, have probably minor effect on the value of CO, diffusion coefficients.
Ethanol is therefore the main molecule, apart from water, responsible for the value of the
CO; diffusion coefficient, although champagne is a multicomponent mixture composed of a
large number of species, from monoatomic ions to sugars and macromolecules. The previous
results then confirm that modeling champagnes as carbonated hydroalcoholic solutions by
using common water models is sufficient to capture most of the physical effects involved in
COs diffusion in these systems.

As illustrated in Figure 2a, SPC/E and TIP5P EtOH diffusion coefficients essentially
surround the diffusion coefficients deduced from 3*C-NMR measurements on carbonated
hydroalcoholic solutions. The TIP5P model remains more accurate than the SPC/E model
at low temperature, and we can check that all these curves lie roughly 0.1 — 0.2 x 10~%m? /s
below empirical diffusion coefficients obtained for infinitely diluted ethanol in water, the
upper limit that EtOH diffusion coefficients should not exceed since ethanol increases the
viscosity of liquids, over the full temperature range from 277 K to 293 K (dashed line in
Figure 2a). From a quantitative point of view, EtOH diffusion coefficients are roughly half
as big as CO, diffusion coefficients, and differences between SPC/E and TIP5P models seem
softened whereas their overall mixture enthalpy differs by ~ 14%. This unexpected behavior
can be partly explained in terms of the average number of H bonds® per molecule, which
hardly reaches 0.3-0.5 for CO4 but increases to 2.5—2.7 for EtOH, over the whole temperature

range investigated here. Consequently, CO, rather diffuses as a spectator species in the

°H bonds are defined by purely geometric considerations®2? based on the "g hbond" tool supplied in
the GROMACS version 4.5.5 distribution.



network formed by water and EtOH molecules, a behavior already postulated elsewhere,®
and it is strongly influenced by stability alterations of the hydroalcoholic mixture. A drop
in enthalpy, as observed with the TIP5P water model, will yield a smaller "caging" of CO,
molecules and a possible increase of their diffusivity (see Figure 1c). On the contrary, EtOH
molecules form more H bonds with their environment, their diffusivity is decreased compared
to CO4y molecules, and differences in water models have weaker dynamic effects on these less
mobile species (see Figure 2a). The small shift of 0.1 — 0.5 x 107%m?/s between 3C-NMR
measurements performed in carbonated hydroalcoholic solutions (black downward triangles
in Figure 2b) and Champagne wines (red downward triangles in Figure 2b) also reveals that
the value of EtOH diffusion coefficients should not be influenced significantly by molecules
other than water and COy in brut champagnes. MD-based diffusion coefficients essentially
lie in between semi-empirical diffusion coefficients based on Equation (1) with Rgion ~ 1.6 A
(red crosses in Figure 2b) and NMR spectroscopy measurements (red downward and upward
triangles in Figure 2b). With regard to experimental and theoretical uncertainties, all these
diffusion coefficients can therefore be considered to be in very close agreement.

Table 1: Viscosities (1072Pa-s) of hydroalcoholic solutions and Champagne wines
as a function of temperature (277 K< 7' < 293 K) for the mixtures considered
in MD simulations (columns 2 and 3) and for hydroalcoholic samples (HS) and
champagne samples (CS) typically used in *C-NMR measurements (columns 4
and 5). Column 6 reports brut champagne viscosities from the literature (CL).?3

T(K) TSPC/E NTIPSP THSs Tics NcL

277 246+0.84 156+£0.01 2602 2885 2.709
281 1.89+0.65 1.35+£0.01 2245 2460 2.345
280 148+0.33 1.75+£046 1.955 2.136 2.039
289 1.63+042 1.15+£0.18 1.718 1.856 1.779
293 1.32+0.33 1.26£0.19 1523 1.636 1.558

It is a matter of fact that diffusion coefficients in sparkling beverages can be easily deter-
mined from viscosities by applying the Stokes-Finstein relationship (see Equation (1)) pro-
vided that the hydrodynamical radii of diffusing molecules are known. In a previous work,®

we found that simply defining the COy hydrodynamical radius as the rms atomic distance
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Table 2: Hydrodynamical radii (A) of CO, and EtOH obtained by applying the
Stokes-Einstein relationship. Rgpc g and Rripsp are deduced from the theoretical
diffusion coefficients and viscosities that correspond to MD simulations includ-
ing SPC/E and TIP5P water molecules, respectively. Rys and Rcg are deduced
from 3C-NMR diffusion coefficients and viscometry measurements on carbon-
ated hydroalcoholic samples (HS) and champagne samples (CS). Experimental
uncertainties are estimated to remain below 0.04 A.

CO, EtOH
T'(K)  Rspese Rripsp Rus Rcs  Rspcse Rripsp Rus  Rcs

277 1.68+0.96 1.224+0.14 095 088 316176 3.14+=0.54 1.81 1.66
281 1.02x045 1.22+£0.13 1.05 1.00 2.04+£093 298+£044 188 1.83
280 1.34+044 084+£030 1.03 099 270+092 187+£0.70 1.85 1.81
289 1.15+041 1.12+026 1.04 1.03 2144+0.76 252+£0.64 182 1.84
293 1.24+041 1.04+£0.22 103 1.02 231+£0.78 252+£0.65 180 1.78

to the CO, center of mass was sufficient to reproduce the typical viscosity of champagnes at
T = 293 K, but the validity of this empirical definition was not evaluated at lower temper-
atures and for larger molecules. We first report in Table 1 theoretical viscosities calculated
from MD simulations by evaluating the transverse current autocorrelation functions,® dy-
namical viscosities deduced from viscometry measurements (details on these experiments are
given in pages S4 and S5 of Supporting Information), and viscosities from the literature.?
Despite the large uncertainties, SPC/E viscosities are in good agreement with dynamical
viscosities measured in hydroalcoholic solutions. TIP5P viscosities are underestimated as
expected from the overestimation of COy, and to a lesser extent EtOH, diffusion coefficients
when this water model is used. Both viscosities measured on brut champagnes lie above
the viscosity of the hydroalcoholic solution and they only differ by ~ 5%, a deviation that
can be attributed to the composition of these two sparkling beverages and to experimental
uncertainties. The dynamical viscosities are then combined with 3C-NMR CO, and EtOH
diffusion coefficients to provide an experimental estimate of the CO, and EtOH hydrody-

namical radii from the Stokes-Einstein relationship. Table 2 compares these experimental

estimations of hydrodynamical radii with theoretical radii derived from MD diffusion coeffi-

dWe used the g tcaf GROMACS tool for this purpose.
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cients and viscosities at 277 K < T < 293 K. Experimental hydrodynamical radii are little
temperature-dependent (Rco, ~ 1 A and Rgion ~ 1.8 A) and they only decrease by 1% to
10% in champagnes compared to carbonated hydroalcoholic solutions. Their deviation from
the empirical rms estimates (Rco, =~ 0.95 A and Rgon ~ 1.6 A) does not exceed ~ 10%
for CO5 and ~ 18% for EtOH, and the agreement with theoretical hydrodynamical radii,
namely Rspc/r and Rripsp, is also qualitatively correct. This confirms the suitability of
our simple definition of hydrodynamical radii for relatively small diffusing molecules and the
relevance of the Stokes-Einstein relationship for evaluating viscosities or diffusion coefficients
in supersaturated aqueous solutions such as Champagne wines.

In this letter we compared COy and EtOH diffusion coefficients deduced from classical
molecular dynamics simulations, *C-NMR. spectroscopy measurements, and semi-empirical
formulae based on an Arrhenius-like law to unveil the interplay between COy and EtOH
molecules in Champagne wines. We showed that experimental and theoretical diffusion
coefficients are in very close agreement to each other and that carbonated hydroalcoholic
solutions can be considered as proper models to investigate CO; and EtOH diffusion in
Champagne wines. In particular, EtOH was shown to be the main molecule responsible for
the value of COy diffusion coefficients in these beverages, and probably in most sparkling
wines with alike ethanol concentrations provided that sugars are not in large amount in the
solution, which is true for standard commercial champagnes, namely brut champagnes. In
other words, there should be no major correlation between the taste of such sparkling wines,
mainly due to acids, sugars, and proteins in the mixture, and the formation and growth
dynamics of COy bubbles that mainly relies on CO diffusion. Moreover, CO, diffusion
seems more sensitive to alterations in water models than EtOH molecules, a property that
was partly attributed to the larger propensity of EtOH molecules to participate in the H
bonding network, making these molecules less mobile by nature and therefore less prone
to dynamic changes. COy and EtOH hydrodynamical radii deduced from the insertion of

theoretical or experimental viscosities in the Stokes-Einstein relationship were also found to
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be in good agreement with the predictions given by the rms atomic distance to molecular
centers of mass. This simple empirical definition of hydrodynamical radii could therefore
be used as first approximation to evaluate diffusion coefficients or viscosities in liquids, and

especially in water/alcohol mixtures commonly used as solvents in physical chemistry.
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Figure 1: [color online| (a) Mean squared displacements (MSDs) of CO, centers of mass in
a carbonated TIP5P water/ethanol mixture at temperatures ranging from 277 K to 293 K.
(b) BC-NMR peak position of ¥*CO; in a carbonated hydoalcoholic sample (HS1) at tem-
peratures ranging from 277 K to 293 K. The plus signs represent experimental data points
whose non-linear fit is depicted as a solid curve. (c) CO, diffusion coefficients in carbonated
hydroalcoholic solutions deduced from TIP5P MD runs (black squares), SPC/E MD runs
(black circles), and "C-NMR spectroscopy measurements (black downward triangles). The
blue symbols represent TIP5P and SPC/E results from the literature.® The dashed line is
obtained by dividing the TIP5P curve by an empirical factor of 1.4. (d) CO, diffusion coef-
ficients in common Champagne wines deduced from *C-NMR spectroscopy measurements
(red downward triangles), NMR spectroscopy measurements from the literature (red upward
triangles),'®! and the Stokes-Einstein relationship of Eq. (1) (red crosses). The dashed
curves refer to the TIP5P and SPC/E diffusion coefficients plotted in Figure c.
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Figure 2: |color online| (a) EtOH diffusion coefficients in carbonated hydroalcoholic solutions
deduced from TIP5P MD runs (black squares), SPC/E MD runs (black circles), and '3C-
NMR spectroscopy measurements (black downward triangles). The dashed curve represents
empirical results for the infinite dilution of EtOH in pure water.??! (b) EtOH diffusion co-
efficients in common Champagne wines deduced from *C-NMR spectroscopy measurements
(red downward triangles), NMR spectroscopy measurements from the literature at 295 K
(red upward triangles),'* and the Stokes-Einstein relationship of Eq. (1) (red crosses). The
dashed curves refer to the TIP5P and SPC/E diffusion coefficients plotted in Figure a.
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