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ABSTRACT: Hydrophobic hydration is critical in biology
as well as many industrial processes. Here, computer
simulations of ethanol/water mixtures show that a three-
stage mechanism of dehydration of ethanol explains the
anomalous concentration dependence of the thermody-
namic partial molar volumes, as well as recent data from
neutron diffraction and Raman scattering. Moreover, the
simulations show that the breakdown of hydrophobic
hydration shells, whose structure is determined by the
unique molecular properties of water, is caused by the
microcomplexity of the environment and may be
representative of early events in protein folding and
structure stabilization in aqueous solutions.

The changes in solvation of hydrophobic molecules upon
association are the basis for the hydrophobic effect, found

in protein folding1 and formation of micelles and membranes.2

However, since experimentally probing the water structure
around dissociated hydrophobic molecules is difficult due to
their low solubility, much of our current molecular view comes
from computational and theoretical studies.3,4 Although an
iceberg-like hydration shell was proposed based on the
anomalous concentration dependence of the partial molar
volumes of alcohols in water,5 the current view of the
hydrophobic effect emphasizes a length-scale crossover at ∼1
nm.3 Recently, neutron diffraction studies of methanol/water
mixtures have shown molecular-level segregation consistent
with hydrophobic effects, but no enhancement of water
structure around nonpolar groups.6,7 On the other hand, new
Raman scattering measurements of n-alcohols have found
hydrophobic hydration shells with greater tetrahedral order
than in bulk water.8 In addition, recent large-scale simulations
of t-butanol/water mixtures have shown unphysical demixing at
higher concentrations,9 leading to concerns about the current
water models. Here, extensive molecular dynamics simulations
of ethanol/water mixtures reconcile these seemingly conflicting
reports. A critical factor is the tetrahedral order of the
hydrophobic hydration shell, which is determined by the
unique properties of a water molecule but influenced by the
microcomplexity of the environment. Moreover, the pro-
gressive breakdown of this shell with increasing ethanol
concentration leads to a microcomplexity-driven model for
hydrophobic association, which has implications for more
complex molecules in aqueous solution.

Computer simulations of anomalous properties of liquid
water can identify fundamental characteristics of a water
molecule. For instance, a large molecular quadrupole appears
essential for reproducing pure-liquid properties,10 including the
temperature of maximum density associated with hydrophobic
solvation.11 Of the models used here, SSDQO112,13 and TIP4P-
Ew14 have large quadrupole moments and a similar tetrahedral
arrangement of two hydrogen bond donors and two acceptors
(i.e., the coordination numbers nOwOw are 4.39 and 4.48,
respectively, and the Debenedetti measure of tetrahedrality q15

are 0.671 and 0.658, respectively), while TIP3P16 (as modified
in the CHARMM force field17) has a small quadrupole and
much more disordered donors (Figure 1). However, SSDQO1

also accounts for the out-of-plane p-orbital electron density
(“lone-pairs”), seen in quantum chemical calculations.18 Thus,
SSDQO1 has an energetic preference for tetrahedrality, while
TIP4P-Ew relies on liquid-state packing to localize the donors.
While an energetic versus packing preference for tetrahedral

order gives rise to similar structures for the pure liquid, the
structure of the molecular hydration shell of the amphiphilic
molecule ethanol at infinite dilution shows that it is not the case
in solution (Figure 2). The energetic preference for the
tetrahedral arrangement in SSDQO1 leads to a densely packed
hydration shell (11.3 waters around the methyl) with
tetrahedral order (around the methyl, nOwOw = 3.81, q =
0.615) around the hydrocarbon tail. The recent Raman
spectroscopy data support these results, showing that the
hydrogen bonding in the hydration shell of highly dilute
ethanol is more tetrahedral compared to bulk water at
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Figure 1. Three-dimensional distribution of water around a water
molecule (red and white stick) in the pure liquid, with red surface
indicating probability density greater than 3 for TIP3P, TIP4P-Ew, and
SSDQO1 (from left to right).
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moderate temperatures.8,19 In contrast, the hydration shell is
more stretched and distorted in TIP4P-Ew (even more so in
TIP3P) since pure liquid packing no longer occurs. Even
though the measures of tetrahedral order are only slightly
different for first shell water (around the methyl, nOwOw = 3.90,
q = 0.607), the slightly greater number of waters allowed as
neighbors disrupts the tetrahedrality enough so that there are
fewer waters in the first shell (10.8 waters around the methyl).
In addition, although ethanol/water interactions may play a
role,9 they were identical for TIP3P and SSDQO1 results
shown and similar results were obtained with other ethanol
parameters (see Supporting Information).
The behavior of the mixtures as a function of the mole

fraction of ethanol (XE) can be divided into three regions
representing three distinct states in the dehydration of ethanol
(Figure 3). In region I (XE < ∼0.05), the amount of bulk water
(dark blue) decreases while the number of hydration shells

(light blue) of ethanol increase and even come into contact
(Figure 3, top left). Bulk water disappears at XE = ∼0.05, which
corresponds to just enough water for about one hydration shell
around each ethanol, although ∼50% of the ethanol form
dimers while the rest remain as monomers. Thus, in region II
(∼0.05 < XE < ∼0.25), the hydration shells begin to break up
into clusters of water (Figure 3, top right). Specifically, the
(light blue) water around the hydrocarbon tails decreases while
the (lime) water hydrogen-bonded to the ethanol hydroxyls
remains, so that the tails begin to associate (Figure 3, bottom
left). Essentially, only water hydrogen-bonded to the ethanol
hydroxyls remains at XE = ∼0.25, which corresponds to
maximum possible number of three water molecules hydrogen
bonding to each ethanol hydroxyl group. Thus, in region III
(XE > ∼0.25), the (lime) water bound to the ethanol hydroxyls
decreases (Figure 3, bottom right).
The coordination numbers show how the compositions of

the molecular environments change as a function of XE and can
be compared to neutron diffraction studies20 (Figure 4). Here,

nXY is the coordination number around a central atom X of type
Y atom (X,Y = Ow, the water oxygen, or C2, the methyl
carbon). The nC2Ow shows a nonlinear decrease with increasing
XE, with a fast decrease in regions I and II due to the decreasing
hydrophobic hydration and a slower decrease in region III due
to the dehydration of the ethanol hydroxyl. However, nC2Ow is
consistently larger in SSDQO1 and experiment than TIP4P-Ew
because of the larger number of waters in the tetrahedrally
ordered hydrophobic hydration shell. In addition, the nonlinear
decrease nOwOw and large values of nC2Ow seen in SSDQO1 and
experiment indicate a preference for formation of hydration
shells over water clusters. In contrast, the linear behavior of
nOwOw of TIPnP is consistent with the unphysical demixing
seen in the 64 000 particle simulations of t-butanol in water at
XE = 0.19 since water clustering is favored.
In addition, the nOwOw of just waters hydrating the C2 show a

change in region I compared to the 4.4 neighbors found in bulk
(Figure 4, inset). At infinite dilution, this nOwOw is 3.8, in
agreement with the Raman data at XE < 0.01, which indicates
that the tetrahedrally ordered hydration shell waters also have
fewer weak hydrogen bonds than bulk,8 apparently due to the
loss of the interstitial water.21 As dimerization begins to occur,
the water in hydration shells that come into contact must satisfy
the tetrahedral constraints of each shell. This suggests the
tetrahedral ordering is breaking down so that the water is
becoming more bulk-like, which is supported by lack of

Figure 2. The ethanol hydration shell from simulations with TIP4P-
Ew (left) and SSDQO1 (right). Large spheres are ethanol oxygens
(red) and carbons (aqua); small spheres are water oxygens (red) and
hydrogens (white).

Figure 3. Ethanol/SSDQO1 mixtures from simulations in regions I
(XE = 0.01, top left), II (XE = 0.1, top right and bottom left), and III
(XE = 0.4, bottom right). In the top figures, spheres represent water in
ethanol hydration shells (light blue) and bulk (dark blue), while in the
bottom figures, the hydration is divided into hydrophilic (lime) and
hydrophobic (light blue). Also, spheres represent ethanol hydroxyls
(red) and carbon (black) in all figures.

Figure 4. The coordination numbers nC2Ow (solid) and nOwOw
(dashed) as a function of XE from TIP3P (blue), TIP4P-Ew
(green), and SSDQO1 (red) simulations and neutron diffraction
data (×). The dotted lines separate regions I, II, and III. Inset is nOwOw
for the first hydration shell of the methyl carbon.
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enhancement of the hydration shell water in the neutron
diffraction studies of slightly more concentrated solutions (i.e.,
mole fraction of 0.05 for methanol7).
The concentration dependence of the partial molar volumes

of ethanol VE and water VW are thermodynamic properties that
are influenced by the changing molecular environments and can
be compared to density measurements22 (Figure 5). In the

simulations, the decrease in VE(0) with respect to VE(1)
appears to be proportional to the tetrahedral order of the bulk
water (Figure 1), and the experimental decrease has been
attributed to the compressive effects of water around
hydrocarbons.23,24 However, in SSDQO1, VE actually decreases
in region I from its infinite dilution value by ∼2 cc/mol to a
minimum near XE = ∼0.05, in agreement with experiment.
Although this phenomenon is widely known, it has not been
interpreted molecularly to our knowledge. Here, it is attributed
to a decrease in the free volume around the tail as the hydration
shells come into contact with other hydration shells, with the
transition from enhanced tetrahedral order to greater more
bulk-like disorder in the shell leading to tighter packing against
the hydrocarbon. However, in the TIPnP models, the free
volume change is minimized because the hydration shells are
already distorted before they come into contact. In addition, the
appearance of disordered hydration in the Raman data for n-
alcohols of between four to seven carbons at high temper-
atures8 is consistent with the changes in the partial molar
volume behavior for the longer alcohols at high temperatures25

rather than a length-scale crossover, which occurs at 20 carbons
for n-alkanes.3

Further increasing XE leads to a sharp increase in VE (region
II) as the hydration shells break down and the ethanol tails
coalesce (Figure 3, XE = 0.1). Here, the loose packing of
hydrocarbon against hydrocarbon increases the free volume
around the ethanol. Also, for VW, a slight expansion occurs near
XE = ∼0.05 and a subsequent decrease in region II occurs more
noticeably in the SSDQO1 simulations, in agreement with
experiment. While this has previously been attributed to a
breakdown of liquid water structure,26 the simulations suggest a
more complete explanation. In particular, the slight increase is
due to the increasing proportion of hydration shells to bulk,
while the decrease is due to the decreasing proportion of the
partially tetrahedral hydrophobic hydration shells to the
remaining disordered hydrating water clusters and strings.
A second weaker transition occurs at XE = ∼0.25 where

methanol/water mixtures appear to change from a water-only
percolating to a bipercolating mixture,27 and other thermody-

namic anomalies also appear.23 VE increases more slowly in
region III, because the three hydrogen-bonding waters of the
ethanol hydroxyl are replaced by two hydrogen-bonding
ethanols, and the free volume is less affected.
The concentration dependent behavior shown here implies a

mode of hydrophobic association for amphiphilic molecules in
which the hydration changes as a result of the microcomplexity
of the solute environment. In this model, hydrophobic moieties
that are far apart have tetrahedrally ordered hydration shells
that stabilize the separated species. As the hydration shells
come into contact, the shells become partially disordered as the
hydrating waters at the point of contact satisfy the constraints
of both shells, but stay mostly intact so that the hydrophobic
moieties remain solvated (region I). Next, the shells break apart
as the concentration of hydrophobic moieties increases when
the hydrating water can no longer satisfy the constraints
imposed by the presence of multiple hydration shells (region
II). Finally, the hydrophilic moieties become desolvated (region
III).
The different stages in the desolvation processes identified in

this study may also play a role in key events in protein folding,
from the initial dehydration of the unfolded polypeptide28 to
the final expulsion of water that leads to the folded, stable
protein in solution.29 Moreover, the importance of micro-
complexity is consistent with recent studies of the role of the
chemical heterogeneity in hydrophobic protein surfaces30 and
the extensiveness of the changes in the structure of water in the
binding of proteins and ligands.31
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