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Molecular dynamics computer simulations were carried out to study the preferential solvation of phenol in
equimolar acetonitrile-water and ethanol-water binary mixtures. Two water models were used to investigate
the model dependence of preferential solvation. The results are compared to recent intermolecular 1H NOESY
experiments reported on the same systems. In the case of acetonitrile-water the local mole fraction obtained
from simulations agrees quite well with experiments. In the case of ethanol-water there was a qualitative
difference, which was observed for both water models. However, when comparing the degree of preferential
solvation of the two cosolvents ethanol and acetonitrile with each of the two water models, the trend obtained
from the simulations agrees with experimental data.

1. Introduction

Water is a unique solvent with a combination of superior
solvation power for polar and ionic substances and a lack of it
in the case of noble gas atoms and organic nonpolar substances.
Because of its small size and high mobility, water molecules
are able to access and cover surfaces of solute molecules to
form a hydration shell. It is possible for water molecules to
participate in many arrangements of hydrogen bonds due to its
double donor and acceptor ability. Solvent mixtures of water
and a water-miscible organic solvent are important media in
many areas of industrial and environmental processes.1,2 Mixed
solvents may exhibit drastically different properties compared
to their pure components. One well-known example is the
water-dimethyl sulfoxide (DMSO) mixture which is commonly
used as a cryosolvent due to its remarkably low freezing point
(-70 °C for 3:1 water-DMSO mixture, while pure DMSO
freezes already at+18.6°C). Most importantly, binary mixtures
may have very different solvation power than the neat liquids
they are made of. For example, organic substances poorly
soluble in water become completely dissolved in some aqueous
liquid mixtures. On the molecular level this can be explained
by a competition between the two molecular species in their
interactions to the solute molecules. In a somewhat simplified
picture, the nonpolar parts of the solvent molecules solvate
nonpolar regions of the solute while the polar parts of the solvent
molecules are more attracted to polar groups of the solute, for
example by forming hydrogen bonds. This phenomenon is
known as preferential solvation. Preferential solvation creates
a complicated picture of competition and intermolecular interac-
tions in delicate balance, leading to favorable synergy effects
for solvation.

For atomic or molecular ions the preferential solvation in
mixed liquids may sometimes become even selective.3,4 Ex-
perimental evidence for selective solvation of ions in mixed
solvents comes from electrochemical and spectroscopic stud-
ies.5,6 The selective solvation phenomenon has received much
attention, particularly after measurements by Strehlow and
Koepp7 in the late 1950s. Many theoretical attempts to explain
selective solvation are found in the literature based on electro-

static, thermodynamic, and statistical mechanical arguments.
Among the more technical applications, there are problems in
hydrometallurgy of copper, silver, and gold, where preferential
solvation is used to refine or regain precious metals from
solutions of their salts. The reader is referred to excellent books
and review articles concerning preferential and selective
solvation.1-6,8

Various calorimetric approaches to study the preferential
solvation of nonelectrolytes in mixed solvents are discussed by
Korolev,9 including cases where the composition dependence
of enthalpy in binary mixtures is described by the Redlich-
Kister equation.10 An exact solution is found for the equation
of the extended coordination preferential solvation model. An
approach is suggested taking into account both preferential
solvation and the effect of solvent reorganization in the solvation
shell of the solute.

Computer simulation is an ideal method for the study of
structure and dynamics of solutions, including mixed solvents
on the molecular level. During the past two decades we have
developed simulation schemes in order to combine molecular
dynamics simulations and NMR relaxation measurements of
liquids and solutions.11 In particular, we have developed methods
to calculate the intermolecular NMR relaxation times which are
normally difficult to separate from the corresponding intramo-
lecular relaxation contributions.12 A method for calculating the
relaxation matrix from the dipole-dipole correlation functions
has previously been presented.13 This procedure accounts for
the dynamics of the dipole-dipole interaction and is an
alternative to usingr-6-averaged distances. However, periodic
boundaries used in molecular dynamics simulations impose an
artificial correlation, which might make detailed calculation of
NMR intermolecular relaxation parameters from molecular
dynamics simulations difficult unless prohibitively large boxes
are used.14 Simulations of preferential solvation around tet-
raalkylammonium chlorides in acetonitrile-water mixtures have
been reported and compared to mass spectrometry.15

In our early studies of water-acetonitrile mixtures16 we
observed so-called microheterogeneities among water molecules
in low water concentration region. Water molecules were
observed to form small chains: both linear and cyclic.17 Later
this was confirmed by Bertie and Lan18 in their study of IR* Corresponding author. E-mail: aatto@physc.su.se.
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intensities on water-acetonitrile and by us19 in detailed simula-
tions on a much larger scale as well as in MD simulations by
Mountain.20 We have also studied preferential solvation of
carbohydrates in water/DMSO and methanol/DMSO liquid
mixtures simulations.21-23 Simulations of preferential solvation
of peptides in ethanol-water and TFE-water solutions have
also been reported.24 A convenient and powerful way to analyze
and visualize the solvation structure is to use spatial distribution
functions.25

Spectroscopic methods used to study preferential and selective
solvation are mainly based on NMR, IR, and UV/vis spectral
shifts. NMR is a powerful method for studying the local
environment of molecules, with respect to both structure and
dynamics. Nuclear dipole-dipole interactions play a major role
in the NMR relaxation.26 The cross-relaxation between solute
and solvent nuclei can be used as a measure of the solvent
environment around the solute, and due to the short-ranged
nature of the dipole-dipole interaction only the local structure
is probed. This effect is used in 2D 1H NOESY NMR
spectroscopy, where the cross-peak intensity is related to the
spin density around the solute.27 Preferential solvation studies
have lately become attractive due to the development of these
techniques, and it is possible to study neutral molecules in
solvent mixtures28 as well as preferential solvation of specific
sites around large molecules.29,30 Since we are interested in
modeling preferential solvation, a model for the intermolecular
contribution to the relaxation rate under rapid tumbling condi-
tions,R1, is useful:31

whereg(r) is the radial distribution function of the solvent spins
around the solute anda is the distance of closest approach
between the nuclei. The correlation time,τc, reflects the rotation
correlation time and the residence time of a solvent molecule
in the first hydration sphere. This is a rather crude model, but
it provides an interesting first look into preferential solvation
via distance-weighted radial distribution functions and will work
as a bridge between NMR-derived quantities and molecular
dynamics simulations.

In this paper we wish to present our study of preferential
solvation of the simple alcohol phenol in two mixed solvents:
acetonitrile-water and ethanol-water. Phenol is readily soluble
in many organic substances, for example in ethanol, but only
sparsely soluble in water, 8 vol % at normal conditions. For
modeling purposes phenol is attractive since it clearly has a
hydrophobic and hydrophilic part. Also, the solvent mixtures
have interesting properties due to their different hydrogen bond
donor abilities and the liquid structure. Self-association has been
observed in acetonitrile-water32 and ethanol-water33 and is
important for the solvation of solutes dissolved in the mixtures.30

A more complete description of preferential solvation would
include also these effects. The aim in the present study is to
examine the solvation structure of phenol. A thorough descrip-
tion of the mechanisms of clustering or self-assocation of the
solvents is considered to be outside of the scope of this work.

This investigation is largely inspired by the recent work by
Bagno where the solvation shell of organic molecules was
probed by intermolecular 1H NOESY.34 We anticipate that MD
simulations and intermolecular NOE measurements would
provide a powerful combination in studies of three-dimensional
solvation structure and dynamics around macromolecules in
solutions and in solvent mixtures in particular. In the next section
we describe the simulation methods and the used molecular

models in some detail. In section 3 we present and discuss our
results while conclusions from this investigation are summarized
in section 4.

2. Methods and Models

Five all-atom MD systems were prepared according to Table
1. For the systems IV-VII the mole fraction of water isXH2O

) 0.5. We neglect the contribution to the mole fraction from
the phenol, which is at a comparatively low concentration since
a single phenol molecule was used in the simulations. We aimed
to reproduce the low concentration used in experiments on the
same system28 and wanted to avoid possible solute-solute
interactions in the simulation cell.

The OPLS force field35,36was used for the organic compounds
phenol, acetonitrile, and ethanol. The models SPC/E37 and
TIP3P38 were used for water. These two well-established water
models were used to see force field dependences in the
calculated quantities. The package GROMACS (3.2.1)39,40was
used for preparation of the systems, simulation, and analysis
unless otherwise stated. Simulations were run under NPT
conditions with the Nose´-Hoover thermostat41 (coupling time
0.2 ps) and the isotropic Parrinello-Rahman barostat42 (coupling
time 1 ps). Cubic periodic boundary conditions were used, and
van der Waals potentials were cut off at 1 nm. Particle-mesh
Ewald (PME) with a grid spacing of 0.1 nm was used to treat
the electrostatic interactions. Systems were energy minimized
prior to MD simulations, which were run with a time step of
2 fs with LINCS constraints on hydrogens.43 Equilibration times
of 500 ps were allowed for, during which densities and energies
stabilized. The temperatures were thermostated to 300 K, and
the external pressure was set to 1 bar. Production runs for the
ternary systems were 40 ns long, and trajectories were saved
every 0.2 ps. For the binary reference systems 19.5 ns
trajectories were produced.

It is straightforward to investigate the isotropic preferential
solvation through radial distribution functions (RDF),g(r), and
this was used as a starting point. Two approaches were used.
First, RDFs were evaluated from different positions in the solute
molecule to the center atom in the solvents. To assess the ratio
of solvents, B and C, in a neighborhood of the center-of-mass
of a group of atoms, which we call Q, the integrated RDFs were
used, similar to a procedure described previously:44

whereFB is the bulk number density of component B. The mole
fraction of substance B at the distancer from compound Q,
xB(r), was calculated from the expression

Second, RDFs from solute hydrogens to solvent hydrogens were
evaluated. These distributions relate more closely to the NOE
NMR experiment, where proton-proton cross relaxation is

R1 ∝ τc∫a

∞
r2[g(r)/r6] dr (1)

TABLE 1: Solvents Simulated in This Work

system no. solvent composition

I 504 SPC/E water
II 200 ethanol
III 200 acetonitrile
IV 128 ethanol+ 128 SPC/E water
V 128 acetonitrile+ 128 SPC/E water
VI 128 ethanol+ 128 TIP3P water
VII 128 acetonitrile+ 128 TIP3P water

nQB(r′) ) FB∫0

r′
gQB(r)4πr2 dr (2)

xB(r) )
nQB(r)

nQB(r) + nQC(r)
(3)
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measured. When several RDFs were obtained (e.g., the two types
of nonpolar hydrogens in ethanol), the average value of their
integrated RDF was used. Anr-6-weighted distribution was also
calculated, in analogy with the association number,Aij. The
association number is in turn related to the Kirkwood-Buff
number,Gij, in for example the work of Holz et al.45 The
distance-dependent weighted distributions,m(r′), can be defined
as

with a local mole fraction defined as in eq 3.
Spatial distribution functions25 (SDF) were also calculated

and visualized. The main advantage of the SDF in this analysis
is the detailed geometric information about the solvation. A
useful quantity in this context that illustrates the relative
solvation is thedifferencespatial distribution function (∆SDF)
between two species in the solution:

wheregB(x,y,z) is defined as the density of solvent B in the
volume element surrounding the pointx, y, z.46 The SDFs were
visualized done with VMD.47 It should be noted that in principle
the equilibrium spatial distribution functions could also be
investigated by a Monte Carlo approach.

Diffusion coefficients were calculated from the mean-square
deviations (MSD) of molecules. A linear function was fitted to
the MSD from time 20 ps to 5 ns. The diffusion coefficients
provide a good measure of the dynamics of the liquid mixture
and can be determined experimentally very accurately. Diffusion
is also a relevant property to investigate since many chemical
processes rely on diffusion for mass transport. In the current
investigation this information was mainly used as a validation
of the force fields.

Although hydrogen bonding is a complex phenomenon which
affects both the solvation thermodynamics and the dynamics,
it is possible to give a functional definition of hydrogen bonding
in the molecular dynamics trajectory based on geometric
considerations. The hydrogen bonds in the present study were
defined as the configurations with a donor-acceptor distance
of no more than 0.35 nm and an angle between donor-
hydrogen-acceptor of minimum 150°.

3. Results and Discussion

3.1. Radial and Spatial Distribution Functions.To be able
to compare and identify our results with the experimental values
of preferential solvation reported by Bagno et al.,34 local mole
fractions defined from ther-6-scaled RDFs around the ring
hydrogens are presented in Figure 1. The local mole fractions
in the study by Bagno et al.34 are reported asxH2O ) 0.4 and
xH2O ) 0.2 in the acetonitrile-water and ethanol-water
mixtures, respectively. The scaled RDF was chosen since it
illustrates ther-6 dependence of the spin dipole-dipole interac-
tion. This scaling separates the acetonitrile-water mixture from
the ethanol-water mixture. Table 2 summarizes the mole
fractions at the distance from the phenol hydrogen of 1.25 nm.
For the meta and para positions the order of preferential
solvation is clear with both water models, with the acetonitrile-
water mixtures close to the experimental value at 0.4 (0.38-
0.42) and the ethanol-water mixture between 0.33 and 0.38.
At the ortho position the preferential solvation effect was
smaller, mainly due to the high water content close to the
hydroxyl group of the phenol. It is worth noting that the NOESY
experiments performed at 2.3 T were unable to separate the
peaks from theortho andpara protons of phenol. At distances
over 0.6-0.7 nm the local mole fraction changes very little,
reflecting ther-6 scaling.

The distance-weighted distributions indicate at least a qualita-
tive agreement with experimental data. To establish the con-
nection with the molecular description, the degree of preferential
solvation was also calculated from the RDFs for the different
sites of the phenol molecule. These data are presented in Figure
2. The local mole fraction of water around the hydroxyl group
is higher than that measured from the center-of-mass. The local
mole fraction of the cosolvent is analogously higher around the

Figure 1. Local mole fraction of water around the ring hydrogens of phenol calculated from ther-6-scaled RDFs (eq 4). Left: ethanol-water
(simulations IV, VI). Right: acetonitrile-water (simulations V, VII).

mQB(r′) ) FB∫0

r′gQB(r)

r6
4πr2 dr (4)

gB-C(x,y,z) ) gB(x,y,z) - gC(x,y,z) (5)

TABLE 2: Mole Fractions around Ring Hydrogens of
Phenol from r-6-Scaled RDFsa

xH2O,SPC/E xH2O,TIP3P

ethanol-water
ortho 0.46 0.46
meta 0.33 0.37
para 0.33 0.38

acetonitrile-water
ortho 0.48 0.49
meta 0.39 0.42
para 0.38 0.42

a The values were taken at a distance of 1.25 nm.
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para carbon. The relative ordering of preferential solvation in
acetonitrile-water and ethanol-water mixtures is clear for the
hydroxyl group, with ethanol being the more highly preferred
solvent. For the other sites chosen it is notable that the same
qualitative appearance is observed in both solvents but that
acetonitrile has a high local mole fraction (0.7-0.8) at a distance
of around 0.4 nm from the center-of-mass of phenol. Overall,
the local mole fractions for the ethanol-water mixtures lie close
together, whereas in the case of acetonitrile-water the mole
fractions vary more with distance and appear quite different
depending on which center of reference is used. The behavior
of the local mole fraction at very small distances is explained
by a small number of close approaches by the smallest molecule,
i.e., water. This will givexH2O ≈ 1 since the cosolvent cumu-
lative numbernQC is very close to zero. The local mole fractions
obtained from the unscaled RDFs also show that thepara
position has a similar behavior of preferential solvation in the
0.4-0.5 nm interval as the scaled RDFs do. This means that
the preferential solvation described with ther-6-scaled RDFs
only accounts for the first solvation shell, and even so it does
not include the strong association of acetonitrile to the center-
of-mass, which lies close to the center of the phenol ring. The
RDF is somewhat inadequate for describing the solvation struc-
ture around a nonspherical molecule, which motivates the use
of the spatially resolved distribution function presented below.

In Figure 3 the∆SDFs for the mixed solvent systems with
the SPC/E water model are shown. The differences between
the three sites show in Figure 2 confirm the picture from the
spatial distribution functions, i.e., that positive (negative)
densities are given where the oxygen of water (cosolvent) is in
a higher local concentration. The localization of water around
the hydroxyl group of phenol is clear, as is the smeared-out
distribution of cosolvent around the ring. This illustrates the
association of the cosolvent with the phenyl ring. Note the
extension of the ethanol density surface, forming an ethanol-
rich region compared to the corresponding position in the
acetonitrile-water system. This behavior can also be observed
in Figure 2, where the effect can be seen as fluctuations in the
local mole fraction at distances above 0.6 nm. A notable
difference between the ethanol-water and acetonitrile-water

mixtures is the extent of the excess of water around the hydroxyl
group. Ethanol competes more readily with water for the
hydrogen bonds to phenol.

It is also notable that ethanol and acetonitrile form clusters
in water at the simulated bulk mole fraction. The hydrogen bond
structure of the ethanol-water mixture enables a fairly intimate
mixture of the solvent molecules, but clear self-association
between the species was shown. For the acetonitrile-water
simulations regions rich in acetonitrile were observed, which
were probably stabilized mainly by a strong dipole-dipole
interaction. Water formed chains or small clusters. We do not
go further into the mechanism for this homoclustering of the
solvents but focus on the solute solvation. It should be noted
that with the models used in the present study and at the

Figure 2. Local mole fraction of water as a function of distance from three different positions on phenol. Top left: ethanol-water mixture with
SPC/E water (simulation IV). Top right: ethanol-water mixture with TIP3P water (simulation VI). Bottom left: acetonitrile-water mixture with
SPC/E water (simulation V). Bottom right: acetonitrile-water mixture with TIP3P water (simulation VII). The three different positions are the
center-of-mass (COM) of phenol (black), thepara carbon (red), and the hydroxyl oxygen (blue).

Figure 3. ∆SDF of solvents around phenol. Top (A and C) and side
view (B and D). gH2O-ethanol from simulation IV (A and B) and
gH2O-acetonitrile from simulation V (C and D). Red isodensities (+1.2,
+0.8,+0.4) represent excess of water oxygen over cosolvent hydrogen
acceptor (ethanol oxygen and acetonitrile nitrogen respectively). Blue
isodensities (-1.2,-0.8,-0.4) represent excess of cosolvent hydrogen
acceptor over water oxygen.
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equimolar mixture the radial structure of the solvent-solvent
distributions was similar in the case of ethanol-water and
acetonitrile-water.

3.2. Hydrogen Bonding of Phenol. In contrast to the
aromatic ring, where solvation is due to hydrophobic interac-
tions, the hydroxyl group readily forms hydrogen bonds to the
solvent donors and acceptors. Block-averaged data on the
number of bonds from the solvent to phenol hydroxyl are
presented in Table 3. Water and ethanol act as both donors and
acceptors, which is reflected in their high average number of
hydrogen bonds. Acetonitrile participates as a hydrogen bond
acceptor, and in the pure acetonitrile system this bond is present
at about 90% of the simulated time. In the acetonitrile-water
mixture the amount of hydrogen bonding between acetonitrile
and phenol is reduced to roughly 30%. The SPC/E and TIP3P
models give similar results in the acetonitrile-water mixtures.
For the ethanol-water mixture the ratio of hydrogen bonding
from ethanol and water is 1.33 in the case of SPC/E and 1.03
in the case of TIP3P.

3.3. Dynamical Properties of the Simulated Liquid Mix-
tures. Diffusion is a sensitive probe of the dynamics in the liquid
on the molecular length scale. Diffusion coefficients were
calculated for the solvent species, and these are summarized in
Table 4. The overall agreement with experimental data was
reasonable, with some differences between the two water
models. The underestimation of the diffusion coefficient in
acetonitrile-water mixtures with the SPC/E water model has
been observed in simulation before.19 The explanation given
there is reasonable: that the effective charges on the water
molecules are large due to taking the overall polarization into
account and that this gives an overly structured liquid. The
situation is reversed for the ethanol-water mixture, where the
SPC/E model gives more reasonable values of the diffusion
coefficient, and TIP3P overestimates diffusion. It is well-
established that TIP3P models water with a too high diffusion
coefficient, and here we see the effect carrying over to the
cosolvent ethanol. Since the atomic charges are optimized for
the pure liquids, it is possible that mixtures do not reproduce
experimental data as accurately as desirable. For static properties

such as spatial distribution around the solute, this is probably
of little importance. However, any inaccurately modeled dynam-
ics might be significant for comparisons with NMR-related
quantities, where intermolecular time correlation functions are
important. The limiting factor for comparison with NMR
experiments in our view is the periodic boundary conditions
which introduce artificial contributions to the dipole-dipole
correlation function with the box sized used in the present study.
The values for the diffusion obtained in this work show however
that the models used give a reasonable behavior with respect
to dynamics.

4. Conclusions

From the detailed molecular information in molecular dynam-
ics simulations the solvation structure and preference of phenol
have been investigated. Different measures of the degree of
preferential solvation have been used for equimolar mixtures
of ethanol-water and acetonitrile-water. Local mole fractions
around different sites at the phenol molecule showed that the
solvation is preferential and that there is a qualitative agreement
with NMR experiments. To relate the simulated quantities to
the NMR experiment, the distance dependence of the spin
dipole-dipole interaction was taken into account through the
use of a distance-weighted distribution function. The two water
models gave slightly different quantitative results but overall
showed the robustness of the simulations. It should also be noted
that the experimental results used to assess the validity of our
results34 are semiquantitative in the sense that several ap-
proximations are made in the treatment of the NMR data. In
the ethanol-water models we were unable to show the strong
preferential solvation reported experimentally.34 It is possible
that a reparametrization of the force field would be needed to
approach the experimental values. However, since it is not clear
exactly how the quantities determined in our simulations and
in the experiments should be related to each other, it is not clear
that general improvements to the force field would be ac-
complished by matching the local mole fractions.

In the simulations, the dynamic dependence of the dipole-
dipole interaction which is important in spin relaxation is not
taken into consideration in the present study, since evaluation
of this property is difficult with reasonable box sizes.14 Diffusion
is one of the dynamical properties that influences NOE transfer,
and since diffusion data from the present study show deviations
from experimentally determined diffusion data in at least one
of the mixed systems, we chose not to investigate the dynamics
of the solutions more closely.

Ethanol participates as both hydrogen donor and acceptor in
bonding to phenol. Acetonitrile acts as an acceptor and competes
with water. The structure of the acetonitrile-water mixture
decreases the amount of hydrogen bonding to phenol compared
to the expected degree of solvation from the pure solvents.
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