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Thermodynamic properties

Figure S1 shows the influence of composition on the density p, thermal expansion coefficient
ap, heat capacity cp, and isothermal compressibility k7 of ethanol/water mixtures. In gen-
eral, the main experimental trends are satisfactorily captured by the force fields employed

in this work. The evolution of density (see Fig. Sla) is particularly well predicted, includ-
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Figure S1: Influence of composition on a) density, b) thermal expansion coefficient, ¢) heat
capacity and d) isothermal compressibility of ethanol/water mixtures at 298 K and 1 bar.
Filled symbols represent results obtained from our simulations. Open symbols correspond
to experimental data obtained from different sources: density p ,5"5% thermal expansion
coefficient ay,, 5 5™ heat capacity c,,1?51 and isothermal compressibility rr.535%520-528
Error bars are smaller than symbol sizes. The dashed lines are a guide to the eye.
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ing a closer estimation of the density of pure water by the modified semi-flexible Fw-SPC
model, with respect to the original fully flexible Fw-SPC model.5?” The simulations provide
excellent predictions for both the thermal expansion coefficient (see Fig. S1b) and heat ca-
pacity (see Fig. Slc) for pure ethanol, however, the results for pure water are somewhat
overestimated. The restriction of bond stretching in the modified Fw-SPC model results
in a higher thermal expansion coefficient and lower heat capacity than the original Fw-SPC
model.5?? The high values obtained for pure water explain the general overprediction of these
properties with respect to experimental values at intermediate concentrations. Despite this,
the variation with mixture concentration is preserved, especially for the heat capacity where
more data are available for comparison. Finally, the isothermal compressibility clearly fol-
lows the experimental trend (see Fig. S1d), again with a slight overestimation with respect
to the experimental data. The minimum of the isothermal compressibility observed in the
experimental data at a zgion ~ 0.1 might be present in our simulation model; however,
additional simulations in that concentration region would be required to confirm this fea-
ture. In general, the Fw-SPC presents slight deviations in the prediction of absolute values
of some thermodynamic properties of water which affect the estimation of these proper-
ties of ethanol/water mixtures, particularly at low ethanol concentrations. However, this is
compensated by a good prediction of dielectric properties, which is the main focus of this

work.
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The hydrogen bond network

Prior studies have shown how the dielectric response of alcohol /water mixtures is driven by
the dynamics of their hydrogen bond network and the hydrophobic effects related to their
alkyl groups. In line with the iceberg model suggested by Frank and Evans,>° the first
hydration shell around hydrophobic groups has historically been assumed to have the struc-
ture of clathrate hydrates, in which water molecules are hydrogen-bonded in a configuration
closer to a tetrahedral structure than bulk water itself. The more ordered structure would
be characterized by a large entropy decrease and heat capacity rise with respect to bulk
water. However, in recent years this assumption has been challenged by several experimen-

5317538 which suggest the enhancement of hydrogen bonding in

tal and theoretical studies,
the first hydration shell of hydrophobic solutes does not actually occur, or at least not to
a large enough extent to explain the significant entropy drop.5% 54 In these studies, this
more ordered structure is associated to the formation of a cavity in the solvent in which the
solute can be introduced.®*? Although significant progress has been made in the study of
the concentration dependence of the hydrogen bond network in alcohol/water mixtures, it
is still not fully understood.

Using MD simulations with polarizable models, Noskov et al.5** have shown how hy-
drogen bonding is intensified in the first hydration shell surrounding hydrophobic groups
but is more intensely depleted in the vicinity of hydroxyl groups, leading to a net depletion
of hydrogen bonding in the first hydration shell of ethanol. This phenomenon is, however,
balanced by a larger enhancement in the second hydration shell, which results in a global
strengthening of the hydrogen bond network. At high ethanol concentrations, approximately
above the equimolar mixture, a transition from a percolating network of hydrogen-bonded
water molecules to a more disperse structure is clearly observed. The lower amount of water
molecules in the second hydration shell diminishes its compensation effect, and the deple-
tion of water hydrogen bonds in the first shell becomes dominant. As a consequence, the

net outcome is a weakening of the global hydrogen bond structure. Zhong and Patel,*
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using a different polarizable model, agree with the net positive excess in water hydrogen
bonding at low ethanol concentrations, although in their study they observed a depletion
of hydrogen bonds in the surroundings of hydrophobic groups and an enhancement in the
vicinity of hydroxyl groups in the first hydration shell, in contrast with Noskov’s results. The
contribution of the second hydration shell is also positive, but its magnitude is significantly

smaller. More recently, Ghoufi et al.5%

confirmed Noskov’s observations for high ethanol
concentrations using non-polarizable force fields. They explain the weakening of the hydro-
gen bond network as a transition from a percolating network formed by hydrogen-bonded
water molecules to a non-percolating network in which water and ethanol form clusters of
decreasing size as the concentration of ethanol increases. These clusters may, however, be
the origin of the difficultly in separating water from ethanol at high concentrations. For
concentrations higher than the azeotropic composition, water molecules were found to be
fully dispersed, making their separation easier.

The experimental studies of Li et al.53" seem to agree with most of the previous conclu-
sions and suggest a model with three critical alcohol compositions: x; = 0.07, x5 = 0.15, and
x3 = 0.60. Below x, large hydration shells form around the hydrophobic groups of alcohol
molecules. Above this concentration, extended hydrogen bond networks are generated as
water molecules show a preference for the hydroxyl groups of the alcohols. The resulting hy-
drogen bond structure becomes increasingly stronger until a mole fraction x5 is reached. At
this point, a minimum in the diffusivity of alcohol molecules is observed, which corresponds
to a situation in which the mixture achieves its most structured configuration. For higher
concentrations, alcohol molecules tend to aggregate, reducing the strength of the hydrogen
bond network, until reaching a point (z3) in which water and ethanol diffusivities become
independent.

In Fig. S2a, we show the effect of concentration on the size of the hydrogen bond network.
In this work, a hydrogen bond is considered to exist when the distance between the hydrogen

atom on the donor molecule and the oxygen atom on the acceptor molecule is less than 2.4 A
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Figure S2: Effect of concentration on the cluster size distribution in ethanol/water mixtures
at 298 K and 1 bar.

and the angle between the hydrogen bond and the covalent bond is greater than 150°.5%
Figure S3 shows the change with concentration of the fraction of ethanol and water molecules
that belong to extended networks (a network formed by more than half of the molecules in
the mixture). The distributions of the number of molecules of each component of the mixture

in these clusters are shown in Figs. S2b and S2c.
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Figure S3: Effect of concentration on the fraction ¢,ciwort: 0f molecules belonging to extended
networks in ethanol/water mixtures at 298 K and 1bar. An extended network is considered
to be present when it is formed by more than half of the available molecules of each species.
Error bars are smaller than the symbols size. Dashed lines are a guide to the eye.

Figure S4a shows the distribution of the number of hydrogen bonds formed by each
molecule with any other molecule. The contributions of the number of hydrogen bonds
formed by ethanol molecules with other ethanol molecules and with any molecule are pre-
sented in Figs. S4b and S4c, respectively. The distributions of the number of hydrogen bonds
formed by water molecules with other water molecules and with any molecule are shown in
Figs. S4d and S4e, respectively.

The results presented in Fig. S4 are used to obtain the evolution of the average number of
hydrogen bonds with concentration shown in Fig. S5. As the concentration of ethanol in the
mixture increases, the average number of hydrogen bonds formed by each molecule (black)

decreases due to the lower availability of hydrogen bonding sites. Despite the disparity of
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Figure S5: Effect of concentration on the average number of hydrogen bonds formed by
each molecule (2gp) in ethanol/water mixtures at 298 K and 1bar. Error bars are smaller
than the symbols size. Solid lines are a guide to the eye.

approaches on how to define®*% and count hydrogen bonds and the wide variety of results
in the literature, the average number of hydrogen bonds obtained in this work falls within

1538513 and water.547-55 Figure S5 also

the range covered by previous studies for both ethano
shows the effect on the average number of hydrogen bonds between molecules of the same
species (red and blue) and between molecules of different species (green). Initially, as the
first ethanol molecules are added to pure water, they tend to associate with water molecules
rather than with themselves. This is however not sufficient to counteract the depletion of
water-water hydrogen bonds. As more ethanol molecules become available in the mixture, a
preference towards forming hydrophobic clusters with themselves is clearly observed. Beyond
the equimolar mixture, the percolating network formed by water-water and ethanol-water
hydrogen bonds tends to vanish, and ethanol-ethanol clusters become predominant. These
results agree with the main conclusions of an extensive study of the hydrogen bond network

of ethanol/water mixtures recently carried out by Gereben and Pusztai. 55
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