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Effect of Salt on the Dynamics of Aqueous Solution of Hydrophobic Solutes: A

Molecular Dynamics Simulation Study’

Niharendu Choudhury*

Theoretical Chemistry Section, Chemistry Group, Bhabha Atomic Research Centre, Mumbai 400 085, India

The effect of salt concentration on the dynamics of the aqueous solution of small hydrophobic solutes is
presented. We have performed molecular dynamics simulation in an isothermal—isobaric ensemble of methane
in water without and with sodium chloride of different concentrations at standard temperature and pressure.
Mean square displacements of methane, water, and ions have been calculated from the analysis of simulation
trajectories, and diffusion constants have been obtained from slope of the respective mean square displacement
(MSD) plot. Translational mobilities of these molecules are shown to decrease with the increase of salt
concentration. Whether any correlation exists between the translational dynamics and the structure of
constituent particles in the solution has been investigated. Analysis of the methane—methane radial distribution
function reveals that the decreasing mobility of methane molecules is a consequence of the increasing
hydrophobic interaction between methane molecules as the concentration of the salt increases. For ions
also, the same correlation is observed, whereas in the case of water decreasing mobility is not directly

related with its structure.

Introduction

Since aqueous salt solutions form matrices for biological
molecules, it is perhaps not surprising that many biological self-
assembly processes such as protein folding, membrane forma-
tion, and molecular recognition, etc. are sensitive' ™ to the
nature and concentration of ions. It is believed that solvent
induced interaction between hydrophobic molecules in water,
known as hydrophobic interaction, is one of the dominant
forces® ° in many self-assembly processes. The hydrophobic
interaction is greatly influenced by the presence of salt in the
medium.” Depending on the nature and concentration of the
salt solution, either aggregation or dissolution of hydrophobic
solutes in water takes place. Knowledge of the effect of salt on
the structure and dynamics of hydrophobic solutes and other
constituent particles in the medium such as ions and water is
of fundamental interest for the understanding of aggregation
phenomena in biological systems.

Although the importance of the hydrophobic effect is well
recognized and many investigations'®~ !> have been devoted to
understand it, all facets of it are not yet completely understood.
Even the dissolution and aggregation of a small hydrophobic
solute like methane in water is not well understood, and
theoretical and computational endeavors to understand methane
hydration are still going on.'®”?* In particular, understanding
the behavior of methane in water is of fundamental as well as
industrial importance. As the methane + water system is one
of the simplest system to investigate computationally, funda-
mental insight into hydrophobic effect and hydrophobicity
induced aggregation can be achieved easily. Investigations on
the behavior of hydrophobic solutes at the small lengthscale is
the first step toward understanding hydrophobicity at larger
lengthscales, at which manifestation of hydrophobicity is
believed to be different and not well understood.”> ** Apart
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from this, clathrate hydrate formation®*** by methane in the
presence of water is of practical concern as it poses hazards in
oil and natural gas drilling and explorations. Clathrate hydrate
is a solid in which hydrophobic gas molecules occupy cages
formed by hydrogen bonded water molecules. The investigations
on the effects of temperature, pressure, and other chemicals on
the formation and dissolutions of the gas hydrates are thus of
immense industrial importance.

Many recent studies*"*>~*° have been devoted to understand-
ing the role of hydrophobic effect on the aggregation—dissolution
of methane in water. Theoretical studies in this respect started
long ago. A true statistical mechanical description of the
methane + water system has been provided by the work of Pratt
and Chandler'®'” and subsequent simulation study by Berne
and co-workers.'” Since then, many aspects of hydrophobic
hydration at the small lengthscale have been studied thoroughly.
Many theoretical investigations involving integral equation
theory,'® scaled particle theory,® information theory,'® and
simulations'®~2"*! have been reported. The thermodynamics of
hydrophobic hydration and aggregation of methane in water
have been studied in detail by many research groups.'*#>~*
The pressure dependence of the potential of mean force between
two methane molecules in water has also been investigated>®*’
and its connection to pressure induced denaturation of protein
has been discussed. The effect of temperature on the aggregation
of methane molecules in water has been studied. The solubility
of methane in water is directly related to the free energy of
solvation, and several studies®'*® have focused on the develop-
ment of a suitable methane + water model to reproduce
experimental solubility data as a function of temperatures.

Electrolytes are naturally present in the biological systems
and its effect on the self-assembly of biological molecules is
significant. A large body of work'®™2!37:40:4148:49 hag therefore
been devoted to understand the effect of electrolyte on the
behavior of hydrophobic molecules in water. Quantification and
suitable explanation of the well-known Hofmeister (solubility)
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Table 1. Number of Each Species Used in the Simulations of
Aqueous NaCl Solutions of Concentration ¢

Nyre® Nio! Nyt Ny c/mol-L™"!
20 995 0 0 0.00
20 955 20 20 1.15
20 915 40 40 2.39
20 885 55 55 3.39

“Nymes Niy0r Nnats and 1\.’(;1* are numbers of methanes, water mole-
cules, Na™, and CI™, respectively.

effect” in protein solutions have been the subject matter of many
investigations over the decades. The effect of monovalent and
divalent salts on the hydrophobic interaction of methane in
water®" as well as the nature of the salt ions on the hydrophobic
interaction of methanes in water have been studied recently.***°
The reduction in hydrophobic interaction upon addition of
NH,CI has been shown®® to result from their reduction of
structural fluctuations, whereas increase in hydrophobic interac-
tion due to guanidinium chloride is attributed to its ability to
make large solvation shells. Dynamics of association has also
been studied, and the lifetime of the hydrophobic association
has been shown to increase upon salt addition. How a basic
parameter like charge density on the ion modifies the hydro-
phobic interaction leading to experimentally observed “salting-
in” and “salting-out” phenomena has also been investigated.*’
A conceptually simple but useful effort toward understanding
the salt effect is the preferential solvation/exclusion model by
Timasheff and co-workers,*® and it has been successfully used?’
to explain the effect of electrolytes on the solvation free energy
as well as pair and manybody hydrophobic interactions of
methane in water. In order to understand the effect of salt on
hydrophobic hydration and hydrophobic interaction, most of
these studies have focused on the interaction between salt and
the hydrophobic solutes. Recently the Hofmeister effects of
small hydrophobic solutes has been explained*” in terms of the
extent of hydrogen bonding in electrolyte solution without
hydrophobic solutes. From this study, it appears that the change
in water structure due to addition of salt is more fundamental
to the Hofmeister effect than preferential interaction between
small hydrophobic solutes and the salt.

Most of these investigations have studied the influence of
salt on the structural and energetic aspects of methane hydration,
and there are a few reports on the dynamics of the hydrophobic
solutes in water. The effect of salt on the dynamics of small
hydrophobic solutes and other constituents in the ionic solution
has not been investigated so far. In the present investigation,
we therefore intend to study the effect of salt on the translational
diffusions of hydrophobic solutes and other constituents such
as ions and water. We also try to find out whether any possible
correlation exists between the dynamics and the structure of
the constituent particles in the medium. In what follows, in the
next section I describe the model and simulation method,
followed by the results and discussion and a brief concluding
remark.

Models and Methods

In order to investigate the effect of salt on the dynamics of
an aqueous solution of small hydrophobic solutes, molecular
dynamics (MD) simulations of 20 methane molecules in aqueous
solutions of varying NaCl concentrations, namely (0, 1.15, 2.4,
and 3.4) mol-L ™", have been carried out. The number of species
included in each simulation is given in Table 1 The methane
molecule was represented as a spherically symmetric united
atom Lennard-Jones (LJ) solute. The salt ions Na™ and C1~ were
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Table 2. Potential Parameters (LJ Well Depth €, LJ Size Parameter
o, and Partial Charge ¢q) for Different Species Used in the
Simulation

atom €/kJ +mol ! o/nm gle
Me 1.2340 0.3700 0.0000
Na 0.4184 0.2580 +1.0000
Cl 0.4184 0.4400 —1.0000
O (SPC/E) 0.6502 0.3169 —0.8476
H (SPC/E) 0.0000 0.0000 +0.4238

modeled as charged spherical LJ solutes with the charge located
at the center. Water in the simulation was represented by the
SPC/E model.”" The potential parameters for water, methane,
and ions are tabulated in Table 2. For solute—water, solute—ion,
and water—ion interactions and for the interaction between
positive and negative ions, cross parameters for the LJ potential
were obtained by the Lorentz—Berthelot mixing rule.

All the simulations were performed at constant temperature
and pressure (isothermal—isobaric (NPT) ensemble) with mo-
lecular dynamics extended system approach of Nose and
Anderson.> Initially around 1000 SPC/E water molecules were
simulated in the NPT ensemble with a target pressure of T =
298 K and P = 1 atm (760 bar) for equilibration. Twenty
methane molecules were then randomly inserted into the system
and all the water molecules from the vicinity of each methane
molecule were removed followed by a steepest decent minimi-
zation. Depending on the concentration of electrolyte we want
to consider, different numbers of NaCl molecules were then
incorporated in the system in a similar manner. Periodic
boundary conditions were applied in all three directions and
the Ewald method was applied to compute electrostatic interac-
tions. The bonds and angle of the water molecule were
constrained by using the RATTLE algorithm.>* Equations of
motion were propagated using the velocity Verlet algorithm with
a 2 fs time step. Equilibration runs of 2 ns followed by a
production run of 2 ns have been performed. Mean square
displacement (MSD) for different species and radial distribution
functions for different pair of species have been calculated from
the 2 ns simulation trajectory. The diffusion constant has been
calculated from the slope of the MSD using the Einstein relation:

1. O+ An—r@PO
D=-1 1
6 tEIOIO At M
where r(?) is the displacement at time ¢. The diffusion constant
can also be obtained from the integral of the velocity autocor-

relation function.

Results and Discussions

As stated earlier, in this investigation, we have considered
aqueous solution of methane molecules with varying concentra-
tions of NaCl salt to investigate translational dynamics of
methane molecules, ions, and water molecules. The structural
analysis of the solution has also been performed. The dynamical
aspects of methanes, ions, and water molecules have been
presented in the following subsection, while the structural
aspects of those species in solution have been presented sub-
sequently.

Dynamical Behavior of Various Species in Aqueous Elec-
trolyte Solution of a Small Hydrophobic Solute. The transla-
tional dynamics of methane, ions, and water as obtained from
the mean square displacements have been presented here. In
Figure 1, we plot mean square displacements of methane
molecules at different salt concentrations. The MSD of methane
molecules decreases with increasing salt concentration indicating
slower translation mobility of the small hydrophobic particle.
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Figure 1. Mean square displacements (MSD) of methane in aqueous solution
without and with added NaCl salt at varying concentrations. The solid line
represents the MSD of methane without any salt, while the dashed line is
for 1.15 mol-L ™", the dotted line is for 2.4 mol-L™", and the dash double
dot line is for 3.4 mol+L~" NaCl concentrations.

Table 3. Diffusion Constants (D) of Methane and Fitting
Parameters P and a (cf. Equation 2) of Methane MSDs in Various
Aqueous NaCl Solutions of Concentration ¢

c 107D
mol-L™! cm?es! P o
0.00 2.60 £ 0.09 1.48 1.006
1.15 1.97 £ 0.09 1.42 0.971
2.39 1.76 £ 0.04 1.42 0.971
3.39 1.64 + 0.06 0.90 1.014

The diffusion constants as calculated from the MSD plots using
eq 1 have been shown in Table 3. It is clear that diffusion
constant of methane decreases as the concentration of the salt
increases. There is almost 37 % decrease of the diffusion
constant of methane in 3.4 mol-L ™' NaCl solution as compared
to the same in the solution without any salt. To examine whether
methane molecules follow any anomalous diffusion, as observed
in many studies on hydration water of fullerenes™* and
proteins,55 we have fitted each of the MSD curve with the
equation

0 (r) — r(0)1* O= p* (2)

where P and a are two parameters. In Table 3, we have tabulated
the values of P and a for all the four solutions studied here.
The value of a is 1 in an ideal case of 3-D Brownian diffusion,
and any deviation from unity indicates the presence of anoma-
lous diffusion, which is shown to be related to a change in
effective dimensionality in some cases or dynamical and spatial
heterogeneity in others. Deviation is observed in case of
hydration water of a protein or a fullerene molecule. Subdif-
fusive behavior of hydration water has been observed in these
cases. In the present case of methane diffusion, however,
minimal deviation from linearity has been observed.

The MSDs of Na™ and C1™ ions have been shown in Figure
2a and b, respectively. For the Na™ ion, it has been observed
that although the slope of MSD decreases with increasing salt
concentration, there is not much changes in the slope, where as
for C1™ ions there is a significant change in the slope of MSD
in going from (1.15 to 2.39) mol-L~". The diffusion constants
as calculated from the MSD for both the ions at different salt
concentrations are displayed in Table 4. It is clearly seen for
the Na* ion that the change in D from the 1.15 mol-L™" solution
to the 2.39 mol-L~! solution is only 11 %. On the other hand,
the change in D for the Cl™ ion is significant, and it is about 30
% in the 2.39 mol+L ™' electrolyte solution as compared to 1.15
mol-L~" solution. It is interesting to observe that a Cl~ ion
has greater translational mobility as compared to a Na™ ion in
1.15 mol-L ™" solution. It is not surprising because a Na* ion
is more hydrated than a CI™ ion, and it is evident from the

N 2 | T ) ) -
o<l P
3 4/
%) 2
=1t 2 7
o 7
e 4
0 i 1 i 1 i 1 2
0 100 200 300 400
oN<\( 3 _ 7]
®2F P
= } e
o 1 e .
— | e
0 A 1 A 1 i 1 2
0 100 200 300 400
t/ps

Figure 2. Mean square displacements of (top) sodium ions and (bottom)
chloride ions in the aqueous electrolyte solution of methane at different
NaCl concentrations (c): solid line, ¢ = 1.15 mol-L™'; dotted line, ¢ =
2.39 mol-L™"; dashed line, ¢ = 3.39 mol+L ™" NaCl concentrations.

Table 4. Diffusion Constants of Na* (Dy,+) and Cl~ (D¢y) Ions in
Various Aqueous NaCl Solutions of Concentration ¢

c 10Dy, + 10°D¢y-
mol-L~! cm?es™! cm?es™!
1.15 0.8923 1.4172
2.39 0.7865 0.9861
3.39 0.7739 0.7903

Table 5. Diffusion Constants of Water Dy , and Fitting
Parameters, P and o (cf. Equation 2), of Water MSD in Various
Aqueous NaCl Solutions of Concentration ¢

c 1075D]_lzo
mol-L~! cm?es™! P o
0.00 2.35 1.4689 0.994
1.15 2.08 1.2285 1.002
2.39 1.72 1.1071 0.990
3.39 1.48 0.9755 0.986

ion—water radial distribution functions (not shown). Similar
behavior has been observed in many earlier studies for infinitely
dilute solution. The difference in diffusivities between Na* and
CI™ ions decreases as salt concentration increases, which may
be a consequence of ion-pair formation.

In order to investigate the effect of electrolyte concentration
on the dynamical behavior of water in the methane + water
system, the MSD of water for different solutions with varying
salt concentrations have been displayed in Figure 3. Here too,
the slope of the MSD plot decreases with increase in ion
concentration. It is consistent with earlier simulation study,56
which shows that the translational mobility of water at normal
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Figure 3. Mean square displacements (MSD) of water in aqueous solution
without and with added NaCl salt at varying concentrations. The lines
represent the same concentrations as in Figure 1.
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Figure 4. Diffusion constant of water in the methane + water solution
relative to the diffusivity (D) of water in the methane + water solution
without added salt as a function of salt concentration.
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Figure 5. Methane—methane radial distribution functions (gye_me(7)) at
various concentrations (¢) of NaCl: solid line, no salt; dotted line, ¢ = 1.15
mol-L~"; dashed line, ¢ = 2.39 mol-L™!, and dash double dot, ¢ = 3.4
mol-L~".

temperature and pressure decreases with increasing concentration
of sodium ion. The diffusion constants of water as calculated
from the slopes of the MSD plots have been shown in Table 5.
It is of note that the diffusion constant can also be obtained
from the velocity autocorrelation function and the values of
the diffusion constant as obtained from the two methods are
close to each other.”** The diffusivity of water also follows
the same trend that it decreases with increase in salt concentra-
tion. The analysis of the MSD plot using eq 2 for any anomalous
diffusion of water in the medium shows no significant deviation
from the usual linear behavior. In Figure 4, the diffusivity of
water in different solutions with varying salt concentration
relative to the same at salt free solution has been shown as a
function of salt concentration. The decrease in Dy, with
increasing salt concentration as shown in Figure 4 is linear.
Similar effect of salt on water diffusion constant has been
observed in electrolyte solution near and above freezing point.
The reason for this decrease has been analyzed in a recent
investigation, and it is found®® that increase in the number of
the long-lived water molecule residing in the solvation shells
contributes to the slowness of the translational mobility of water.

Structural Aspects of Various Species in the Aqueous Elec-
trolyte Solution of Small Hydrophobic Solutes. In this subsection,
structural aspects of methanes, ions, and water have been
presented. Possible correlations, if any, between the dynamic
behavior and the liquid structure have been discussed. In order
to monitor the effect of salt concentration on the methane—
methane aggregation, which is related to the potential of mean
force between the methane molecules in water, we have shown
in Figure 5 the Me—Me radial distribution function at different
salt concentrations. It is clearly seen that the first peak of g(r)
increases with increasing salt concentration indicating increasing
hydrophobic interaction between methane molecules. Thus, the
slower diffusion of the methane with increasing salt concentra-
tion is a consequence of the increasing tendency of the methane
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Figure 6. (a) Na*—Na™ radial distribution functions (gy,*_n.+(r)) at various
salt concentrations: solid line, ¢ = 1.15 mol-L ™!, dotted line, ¢ = 2.39
mol-L~!; dashed line, ¢ = 3.39 mol+L"!. (b) CI —CI" radial distribution
functions (g¢~—¢;~(r)) at various salt concentrations. The lines represent
the same concentrations as in part a.
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Figure 7. Oxygen—oxygen radial distribution functions (gon(#)) of water
at various NaCl concentrations (c¢): black line, no salt; red line, ¢ = 1.15
mol-L~", green line, ¢ = 2.39 mol-L"'; blue line, ¢ = 3.39 mol-L™".

molecules for aggregation. We have already shown that ion
diffusion, in general, becomes slower with increasing salt
concentration. In order to investigate whether there is any
correlation of the decrease in D with the ion—ion radial
distribution functions, we have calculated gy,+_n,*(r) and
gcr-—cr-(r), and these are shown in Figure 6a and b, respectively.
In both the cases, there is increasing correlation with increasing
salt concentration as evident from the increasing height of the
first peak in the ion—ion g(r). So, the decreasing nature of the
diffusion constants of the ions with increasing salt concentration
is a consequence of increasing effective interaction between the
ions.

We have seen that the decrease in diffusivity of methane
molecules and ions with increasing electrolyte concentration is
related to their respective radial distribution function, which is
a measure of the effective interaction among the particles.
Whether decrease in diffusivity of water is related to its structure
in the same way, we have calculated the oxygen—oxygen radial
distribution function of water and it is shown in Figure 7 for
different salt concentrations. Contrary to the previous two cases,
the first peak of g(r) here decreases with increasing salt
concentration, indicating disruption of water structure. Sodium
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chloride is known to be a water structure breaker at normal
temperature and pressure. Thus, the decrease of diffusivity of
water can not be explained by considering the water radial
distribution. This issue has been recently discussed and the
reason for the decrease in D in electrolyte solution is shown to
be a consequence of the long residence time of some of the
solvation shell water molecules.

Concluding Remarks

We have investigated structure and dynamics of aqueous
solution of methane with and without added salt. The effect of
increasing salt concentration on the dynamics of methane, ions,
and water has been analyzed. It is shown that translational
mobility of each of the species (methane, + ve and — ve ions,
and water) decreases with increasing salt concentration. Possible
correlation of the structure with diffusion has been shown to
exist in case of methane and ions. For water however, diffusion
is not correlated with structure in the same way. Further studies
of the dynamics of hydration water around ions, methanes, and
water molecule will be useful in this respect and such studies
are in progress.
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