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The physicochemical properties of alkali halide solutions have long been attributed to the collective interactions
between ions and water molecules in the solution, yet the structure of water in these systems and its effect
on the equilibrium and dynamic properties of these systems are not clearly understood. Here, we present a
systematic view of water structure in concentrated alkali halide solutions using molecular dynamics simulations.
The results of the simulations show that the size of univalent ions in the solution has a significant effect on
the dynamics of ions and other transport properties such as the viscosity that are correlated with the structural
properties of water in aqueous ionic solution. Small cations (e.g., Li+) form electrostatically stabilized
hydrophilic hydration shells that are different from the hydration shells of large ions (e.g., Cs+) which behave
more like neutral hydrophobic particles, encapsulated by hydrogen-bonded hydration cages. The properties
of solutions with different types of ion solvation change in different ways as the ion concentration increases.
Examples of this are the diffusion coefficients of the ions and the viscosities of solutions. In this paper we
use molecular dynamics (MD) simulations to study the changes in the equilibrium and transport properties of
LiCl, RbCl, and CsI solutions at concentrations from 0.22 to 3.97 M.

I. Introduction

For many years physicochemical properties, such as viscosity,
diffusivity, and solubility of brine solutions, have been studied
experimentally and theoretically as a function of concentration.
The explanation for the dependence of these properties on
concentration has been related to the effect of ions on water
structure and its dependence on the concentrations of salt
solutions. The distinctive feature of water is due to the hydrogen
bonding between water molecules, and it is believed that ions
of different sizes and charges alter the network structure of water
in quite different ways.

Previous viscosity measurements, spectroscopic analysis,1-9

thermodynamic considerations,10-14 and flotation tests15 have
revealed that ions of small size (Li+) interact strongly with water
molecules, and form hydrophilic hydration shells, while very
large ions behave more nearly like uncharged hydrophobic
solutes that interact weakly with surrounding water molecules
that form a disordered cage encapsulating the ion.16,17 X-ray
diffraction techniques have shown that the water structure is
related to the size of ions in the solution.18-21 Also, neutron
scattering experiments have provided precise information
regarding the solvation of water molecules around ions, and
illustrate that the water structure is dominated by cation-anion
interactions.22-25

Molecular dynamics (MD) simulation is a fundamental tool
that can be used to explore water/water, water/ion, and ion-
ion interactions, and to elucidate the influence of salts on the
dynamic properties of brine solutions.26-29 In the past decade,
much research has been devoted to the study of water structure,
as well as the dynamic and thermodynamic characteristics of

electrolyte solutions.13,17,28,30-41 Also efforts have been made
to characterize the energy parameters of various ions.35,39,42-44

The thermodynamics of solvation of simple ions as a function
of their size, charge, and charge inversion have been studied
by MD simulation at infinite dilution extensively,17 and different
types of hydration have been identified and discussed in relation
to the energy and entropy of solvation. Systematic investigations
by MD simulation of concentrated alkali halide solutions with
respect to their effect on water structures and the physicochem-
ical properties of the solutions are limited.

In this paper we use MD simulations to study how a few of
the equilibrium and transport properties of aqueous ionic
solutions change as the ion concentration increases. We focus
our attention on aqueous ionic solutions of LiCl, RbCl, and CsI
at concentrations ranging from 0.22 to 3.97M. The solvation
of these ions at room temperature and infinite dilution, where
ion-ion interactions are absent, exemplifies the different types
of hydration that can occur in solution.17 The present investiga-
tions also reveal how the hydration of these ions is altered as
the salt concentration increases, and provide valuable informa-
tion for further X-ray diffraction and neutron scattering studies.

II. Simulation Details

For MD simulations we used the DL_POLY_214 program.45

A simple cubic cell containing 256 particles including water
molecules and ions with periodic boundary conditions was used
for the simulation. The extended simple point charge (SPC/E)
model for water46 was used. The initial positions of water
molecules and ions were distributed randomly in the simulation
cell.
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The force field adopted in the present study was a combina-
tion of the Lennard-Jones and electrostatic interactions expressed
as:

whererij is the distance between particlei and j, σ and ε are
the size parameter and energy parameter, respectively, andqi

is the charge of theith atom (or ion). The intermolecular
potential parameters are derived from the work of Dang et al.
and are listed in Table 1. The potential parameters for unlike
site pairs are expressed via the Lorentz-Berthelot mixing rules:

Each simulation was for a constant number of ions and water,
constant pressure, and constant temperature (NPT) assembly
with the pressure fixed at 0.1 MPa and the temperature fixed at
300 K by using a Hoover’s thermostat and barostat.47 The Ewald
sum was used to account for the electrostatic interactions. The
Leapfrog method with a time step of 1 fs was used to integrate
the particle motion. A total simulation time of 1 ns (106 steps
of 1 fs) including a 200 ps equilibration period was performed.
The final results were analyzed for a further simulation of 800
ps after the equilibration period.

III. Results and Discussion

In this section, the MD simulation results were analyzed in
terms of the structural and dynamic properties separately. The
results are discussed according to ion sizes and their interactions
with water molecules.

1. Structural Properties. 1.1. Water/Ion Interactions.The
average radii of the primary hydration shell of selected particles
(ion or oxygen atom) determined as the distance to the first
minimum in the corresponding pair correlation functions in
dilute solutions are listed in Table 2. It is obvious that the size
of the hydrated Li+ ion represented by the primary hydration
shell radius of 2.775 Å is much smaller than that of water in its
coordination shell, which is 3.325 Å. For larger cations such as
Rb+ and Cs+, the size of the hydration shell increases accord-

ingly, and is larger than that of the pure water cluster. Similarly,
owing to their large size, the Cl- and I- hydration shells are
much larger than that of the pure water cluster. The size of the
hydrated ions will significantly influence the structure of the
system, as well as the dynamic properties of the system such
as particle diffusion coefficients and system viscosity, which
will be further discussed in later sections

The hydration numberNh of ions in the primary shell was
calculated from the solute-oxygen radial distribution function
(RDF) gio(r) using

where the upper limit corresponds to the first minimum ingio(r)
representing the radius for the first hydration sphere, andF* is
the density of particles in a given volume.

Figure 1 summarizes the hydration numbers for selected
cations as a function of salt concentration. As expected, the
hydration number is dependent on ion size, and for the same
salt concentration increases as the size increases. As the solution
becomes more concentrated, the hydration number of cations
decreases monotonically with Cs+ showing the most significant
drop, and Li+ the smallest decrease. For small ions such as Li+,
the large local electric field binds water molecules in a
tetrahedrally coordinated and tightly held hydrophilic hydration
shell as shown in Figure 2A. As the solution becomes more
concentrated, some of the water molecules participating in the
Li+ ion hydration shell are replaced by negatively charged Cl-

ions as shown in Figure 2B, hence the hydration number of
Li+ ions decreases as the solution concentration increases. The
strong hydrophilic hydration effects of Li+ ions also explain
the structure of water around the oppositely charged anions as
well as in bulk water in the same solution, which will be
discussed in later sections. For very large cations such as a Cs+

ion, the local electric fields at the ion surface have decreased
significantly, and they behave more like uncharged particles.17

Hence, as the size of the cation increases, the dominating
electrostatic hydrophilic hydration of small ions is gradually
replaced by hydrophobic hydration of large ions where hydrogen-
bonded water molecules form a disordered cage surrounding
the ions as can be seen in Figure 3A. When hydrophobic
hydration dominates, water molecules are loosely bonded to the
ion, and the radius of the primary hydration shell is large,

TABLE 1: Potential Parameters for Water/Water, Water/
Ion Interactions

ion/water σio (Å) εio (kJ/mol) charge (q) ref

Li + 2.337 0.6700 1 17
Rb+ 3.348 0.5216 1 13, 17
Cs+ 3.526 0.5216 1 37
Cl- 3.809 0.5216 -1 42
I- 4.169 0.5216 -1 46
O 3.169 0.6502 -0.8476 46
H 0 0 0.4238 17, 32, 33

TABLE 2: Average Radii of the First Hydration Shell of
Selected Particles

distance, Å

particle type this study (0.22 M) literature ref

O 3.33 3.3-3.45 17, 32, 33
Li + 2.78 2.65, 3.1 17, 32, 33
Rb+ 3.75 3.75, 3.9 17, 32, 33
Cs+ 4.035 3.85, 4.2 17, 32, 42
Cl- 3.98 3.8, 3.85 17, 32
I- 4.22 4.3 17 Figure 1. Hydration number of different anions as a function of

solution concentration.
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allowing more water molecules to be accommodated. As the
number of ions increases in the solution, there will be fewer
water molecules available to complete the cages around ions,
and the cations and anions will pair up to include fewer water
molecules in their hydration shells which are fragile and may
break, as observed from Figure 3B. Therefore, the hydration
number around these ions decreases with concentration and more
dramatically for large ions than it does for the small Li+ ions.
The change of hydration number with salt concentration reveals
the balance between the tendency for water molecules to be
associated with each other as pure water clusters and the
tendency to be associated with ions as hydration shells.

For anions, some interesting results have been observed in
our simulations. As seen in Figure 4, in LiCl solutions, the
hydration number for Cl- was found to increase slightly until
the salt concentration increased to 3.97 M. But when the cation
is Rb+, the hydration number of Cl- decreases with respect to
concentration. This means that the size of the cation has a
substantial influence on the structure of water molecules not
only around the cation but also around anions when the
concentration is high. First of all, due to the asymmetry of the
water molecule, the hydration state of anions is different than
that of cations with similar size as shown schematically in Figure
5, and is energetically more favorable. Thus, in this arrangement
water molecules can accommodate themselves stably around
anions. In LiCl solutions, as seen from Figure 2B, it is clear
that, as the salt concentration increases, Cl- ions will replace
some of the water molecules in the Li+ ion tetrahedral hydration

structure. When this happens, as shown schematically in Figure
6, the distance between the Cl- ion and the water molecules in
the Li+ tetrahedral hydration shell is around 3.66 Å, which is
very close to the distance of primary minimum in the Cl-O
radial distribution functiongOCl(r), and therefore, these water
molecules are counted into the hydration shell of the Cl- ion.
The more ions in the solution, the greater the possibility for
the Cl- and Li+ to pair up, leading, therefore, to the larger

Figure 2. Snapshot from MDS of 0.9 M LiCl solution containing 4
Li + and 4 Cl- (A) and 3.97 M LiCl solution containing 16 Li+ and 16
Cl- (B). Red, oxygen atom in water; yellow, hydrogen atom; purple,
Cl-; and green, Li+. Each Li+ is tetrahedrally bonded with four water
molecules at low concentration as seen in Figure 1A. When the solution
becomes concentrated, some water molecules in the Li+ tetrahedral
hydration shell are replaced by Cl-, forming direct cation/anion pairing
as seen in Figure 1B.

Figure 3. Snapshot from MDS of 0.9 M CsI solution containing 4
Cs+ and 4 I- (A) and 3.97 M CsI solution containing 16 Cs+ and 16
I- (B). Red, oxygen atom in water; yellow, hydrogen atom; purple, I-;
and green, Cs+. Water molecules form hydrophobic cages around
cations, and stable hydration shells around anions. At high solution
concentration, cations and anions pair up minimizing the number of
water molecules in the primary hydration shell around ions.

Figure 4. Hydration number of different anions as a function of
solution concentration.

Figure 5. Schematic model showing the hydration of Cl-. All the
distances shown are obtained fromgClO(r). The orientation of the water
molecule directly bonded with the Cl- is due to the asymmetry of water
molecules, and thus the hydration of Cl- is energetically more stable
than the hydration of similar sized cations.

Figure 6. Schematic model showing the replacement of one water
molecule in a Li+ tetrahedral hydration structure with a Cl-. The three
water molecules are within the distance to be included into the primary
hydration shell of Cl-.
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hydration number of the Cl- ions. At very high solution
concentration, as many as three Cl- ions can directly bond with
one Li+ ion as seen in Figure 2B, therefore fewer water
molecules are in the Cl- hydration shell, thus, the hydration
number decreases. The discrepancy of Cl- ion hydration number
at high concentration between neutron scattering experiment
(∼5.5)25 and this study (∼7.2) is due to the fact that in neutron
scattering experiments, the hydration number is calculated based
on correlation between the Cl- ion and deuterium atoms in D2O
(gDCl(r)), whereas in this study, the calculation is based on the
correlation between the Cl- ion and the oxygen atom in H2O
(gOCl(r)). From Figure 6, it is clear that whengHCl(r) is used to
calculate the Cl- ion hydration number, the distance between
the Cl- ion and the hydrogen atoms is larger than the distance
of the primary minimum in thegHCl(r), due to the orientation
of the water molecules bonded with the Li+ ion (water hydrogen
atoms pointing away from the Cl- ion). Therefore, these Li+

ion bonded water molecules are not counted in the primary Cl-

ion hydration shell in the data from neutron scattering experi-
ments. Further, at 3.97 M, the Cl- ion hydration number based
on gHCl(r) is about 5.66 in this study, which is in very good
agreement with neutron scattering study results.25 For Rb+,
which is a big cation, water molecules form a loose hydration
shell as mentioned previously. For the same reason that the
hydration number around large cations decreases with solution
concentration, the hydration numbers around Cl- ions in RbCl
solutions as well as I- ions in CsI solutions become smaller in
more concentrated solutions.

1.2. Water/Water Interactions.Water molecules are capable
of forming hydrogen bonds, and the number of water molecules
directly bonded with a reference water molecule is the primary
shell water/water coordination number. The variation of the
primary shell water/water coordination number with concentra-
tion for different brine solutions is summarized in Figure 7.

The variation of water/water coordination is explained in
terms of the different hydration structures of ions in the solution.
In pure water, water molecules form dynamic tetrahedral
networks. When Li+ ions are present, some water molecules
will be tetrahedrally bonded around Li+ ions. As shown
schematically in Figure 8, when calculating the coordination
number of water 1, besides water 2, 3, and 4, which are directly
hydrogen bonded with water 1, water 5, 6, and 7 will also be
counted because the distance between water 1 and water 5, 6,
and 7, which is around 3.31 Å, is very close to the distance of

the primary minimum of pure water from the radial distribution
function gOO(r), which is 3.33 Å. Therefore, the coordination
number of water 1 is six. As more Li+ ions are present, the
number of water molecules tetrahedrally bonded with Li+ ions
increases accordingly, and one direct result is the water/water
coordination number increases with salt concentration.

Further, at very high solution concentration (3.97 M in this
study), the first minimum of the O-O radial distribution
function can be as large as 3.7 Å, which is also the theoretically
closest distance between water 1 and water molecules that
tetrahedrally bonded with water 5, 6, and 7 as is schematically
shown in Figure 8. Also, at very high solution concentration,
as previously discussed, Cl- can replace water molecules in
the Li+ ion tetrahedral structure, which leads to the fact that
some of the water molecules in the Cl- ion hydration shell are
within the distance to be counted as coordinating with water
molecules in the Li+ ion tetrahedral structure. All these factors
contribute to the large water/water coordination number at high
solution concentration.

In contrast, when large Cs+ ions are in the solution, water
molecules are loosely caged around these ions. For water
molecules composing the cages, because one position has been
taken by these large ions, only three other water molecules can
be hydrogen bonded to them and counted as primary waters of
coordination, thus, the water/water coordination number of these
cation bonded water molecules is less than that of the pure water
cluster. As more ions are in the solution, more water molecules
will be around ions, and consequently, the water/water hydration
number decreases monotonically with salt concentrations.

In this study, we did not distinguish the water molecules in
pure water clusters and those that participate in ion hydration,
which play a significant role in terms of the water/water
hydration number when the solution concentration is high. For
example, in 3.97 M LiCl solution, there are 16 cations, 16
anions, and 224 water molecules. Around each Li+ ion, there
are about 3.3 tetrahedral bonded water molecules that lead to a
total of about 53 water molecules in cation hydration shells.
The hydration number of Cl- is 7.33, which includes the
contribution of water molecules bonded to the Li+ ion that is
simultaneously bonded with the Cl-. Taking this factor into
consideration, there are only about 4.2 water molecules directly
caged around each Cl-, totally about 77 water molecules. That
leaves 94 water molecules to participate in pure water clusters.
The observed large water/water coordination number of 6 at

Figure 7. The first shell water/water coordination numbers as a
function of solution concentration in different salt solutions.

Figure 8. Schematic model showing the hydration of Li+ with distances
between particles obtained from the radial distribution functions. It is
shown that water 5, 6, and 7 are within the distance to be included
into the primary shell of water 1.
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this concentration mostly results from the contribution of water
molecules around Li+ ions. Water molecules in the Cl-

hydration shell can also contribute when the Cl- ion is paired
up with Li+. As to water molecules in pure clusters, their
influence is not very significant if any.

1.3. Cation/Anion Interactions.The cation/anion coordination
number as a function of salt concentration is summarized in
Figure 9 where both the primary and secondary coordination
numbers are presented. Generally speaking, independent of ion
species, both the primary and secondary coordination numbers
between cation and anion increase when the salt concentration
increases. Specifically, for the Li+/Cl- combination, an increase
of the secondary coordination number, which is the interaction
of hydrated or solvent separated ions, is much more significant
than an increase of the primary coordination number, which is
the naked ion-ion interaction. In contrast, for the Cs+/I-

combination, the primary coordination increases much more
significantly with concentration. And for the Rb+/Cl- combina-
tion, the change in the coordination number for both the primary
and the secondary shell is almost of the same magnitude. When
Li+ ions are in the solution, due to the strong local electric fields,
water molecules are tightly bonded by Li+ ions, excluding the
direct contact with Cl- ions. When a large number of ions are
in the solution, there is competition between ion/water and ion/
ion interactions. Because hydrophilic hydration of Li+ ions
dominates, driven by minimization of system energy, the
coordination number between hydrated ions increases more
significantly relative to the direct ion/ion contact. For larger
ions such as Cs+ ions, loose hydrophobic hydration shells are
formed around these ions. On the other hand, water molecules
try to keep their integrity as pure water clusters. Because of the

direct cation/anion interaction, which will lead to fewer water
molecules participating in the hydration shells (energetically
more favorable), the primary coordination number increases
faster as a function of salt concentration. For the intermediate
ion combination (Rb+ and Cl-), the ion/water and the ion/ion
interactions are in close competition.

1.4. Further Water Structure Discussion.The ratioRiO, which
is expressed as:

where the subscripti represents the reference particle (ion or
water molecule) and the subscript O represents the surrounding
water. The variations ofRiO as a function of solution concentra-
tion are summarized in Table 3 for cation/water, anion/water,
and water/water structures, respectively. In pure water, because
all the water molecules are dynamically hydrogen bonded with
other water molecules, and form tetrahedral structures, the ratio
ROO is around 4.5, the same as the primary shell water/water
coordination number. For cation hydration shells, it is noticed
that there is almost a monotonic increase ofRLiO from about
4.0 in very dilute solution to about 4.4 in concentrated solution.
At very low concentration, water molecules tetrahedrally bonded
with Li+ ions are also tetrahedrally bonded with other water
molecules in bulk. Because the radius of the secondary hydration
shell of Li+ is smaller than the secondary shell for a pure water
cluster, fewer water molecules can be accommodated in the
secondary hydration shell for Li+, leading to the observed lower
RLiO number when compared to pure water clusters. When the
solution concentration is increased, some of the water molecules
in the primary Li+ hydration shell are replaced by Cl- ions as
previously discussed, thus, the number of water molecules in
the primary hydration shell of a Li+ ion is smaller. But some
of the water molecules in the Cl- ion primary hydration shell
are included in the secondary hydration shell of the Li+ ion,
therefore,RLiO increases with solution concentration. For larger
cations such as Rb+ and Cs+, it is obvious that RiO is
significantly lower than that of pure water clusters at all solution
concentrations. As previously discussed, water molecules loosely
bond with large cations. These water molecules participating
in ion hydration shells are not able to form a complete tetrahedral
water cluster with other water molecules. This breakdown of
the continuous water network is most significant in the vicinity
of the cations, and leads to the observed decrease ofRiO. As
the solutions become more concentrated, Rb+ ions and Cs+ ions
are paired up with corresponding anions in the solutions, and
theRiO increases with solution concentration as is the case for
Li+ ions.

Figure 9. The first and second shell cation/anion coordination number
variation as a function of solution concentration for different salts.

TABLE 3: Ratio of Water Molecules in the Secondary Shell to Those in the Primary Shell around Ions (RiO) as a Function of
Solution Concentration

ratio of water molecules in the secondary shell to those in the primary shell around ions (RiO)

concn, M Li+ Rb+ Cs+ Cl-/LiCl Cl -/RbCl I-/CsI LiCl RbCl CsI

0.00 4.51 4.51 4.51 4.51 4.51 4.51 4.51 4.51 4.51
0.22 4.17 2.63 2.21 3.52 3.70 3.72 4.30 4.45 4.43
0.44 4.19 2.65 2.21 3.49 3.79 3.76 4.11 4.38 4.35
0.90 4.22 2.70 2.26 3.41 3.81 3.85 3.87 4.38 4.32
1.37 4.26 2.77 2.38 3.22 3.87 3.85 3.44 4.24 4.27
1.85 4.32 2.82 2.42 3.09 3.85 3.91 3.29 4.23 4.25
2.36 4.38 2.83 2.47 3.08 3.90 3.94 3.03 4.22 4.20
2.88 4.49 2.89 2.63 3.05 3.94 4.00 2.80 4.08 4.16
3.97 4.59 2.89 2.64 2.99 4.12 4.10 2.14 3.93 4.21

RiO )
no. of water molecules in the secondary shell of particle i
no. of water molecules in the primary shell of particle i

(5)
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For Cl- ions in LiCl solutions, it is interesting to notice that
RiO instead of increasing as a function of solution, decreases.
This is because, in LiCl solution, the Cl- ion can replace water
molecules in the primary Li+ ion hydration shell. Under this
condition, all the other water molecules that bonded with the
same Li+ ion will be included in the primary hydration shell of
this Cl- ion, leading to an increased primary hydration number.
On the other hand, due to the large distance between Cl- ion
and water molecules in the same primary Li+ ion hydration shell,
water molecules in the secondary hydration shell of this Li+

ion are not within the distance limit to be included in the
secondary hydration shell of the Cl- ion. Thus, theRClO in LiCl
solution is significantly lower than that ofROO for pure water
clusters, and decreases as a function of solution concentration.
For Cl- ions in RbCl solutions and I- ions in CsI solutions,
their RiO variation follows the same trend as that of cations for
the same reasons. One issue that needs to be addressed here is
that despite the large sizes of these anions, their ability to break
tetrahedral water networks is not as significant as that of large
cations, as indicated by their largerRiO for the same concentra-
tion. This characteristic is explained in terms of the asymmetry
of water molecules. Consequently these anions have a greater
hydration energy when compared to alkali cations of similar
size, and are able to form a more stable hydration shell,16,17

therefore being less destructive to water structures.
ROO describes the structure of water molecules in the bulk.

It can be seen that in LiCl solution,ROO decreases monotonically
with the solution concentration for the same reason that explains
the changes ofRClO in the same solution. In solutions containing
larger cations, water molecules in the bulk maintain their
tetrahedral network very well as indicated by the largeROO at
all concentrations. The noticeable decrease ofROO in RbCl and
CsI solutions with solution concentration is due to the fact that
some water molecules participate in the formation of hydration
shells around large ions in these solutions. In this way the
integrity of tetrahedral water structures is lost. Such an analysis
also explains the ion/water and cation/anion structures discussed
in the previous sections.

2. Dynamic Properties.2.1. Residence Times.The residence
time of water in the primary hydration shells of ions,τ , is
defined by

〈R(t)〉 is derived from time correlation functions17,40,46 and is
defined by

whereθi(t) is the Heaviside unit step function, which has the
value 1 if a water moleculei is in the hydration shell of the ion

at time t and zero otherwise.Nh is the hydration number.
Following previous work,17,40,42,48the residence time can be
accurately approximated by numerical integration of〈R(t)〉 up
to t ) 10 ps with the remainder calculated by fitting〈R(t)〉 at
extended time to an exponential decaye-t/τ′. The single time
characteristic parameter,τ′, would be equal to the actual
residence time if the decay of〈R(t)〉 was exponential at all times.
To take account for the temporary excursion of water molecules
in the hydration shell, water molecules absent for less than 2
ps are considered as present. Residence times of various particles
as a function of solution concentration using the exponential
fit method were calculated and are presented in Table 4 for
cations, anions, and water molecules.

First, the residence time for water molecules in the primary
water shell increases inversely with ion size for both cations
and anions. Small ions such as Li+ strongly interact with water
molecules in the hydration shell and therefore significantly
confine the movement of water molecules in the primary water
shell, resulting in a substantially longer residence time. For large
ions such as Cs+, Rb+, and I-, the local electric fields are weak
as discussed earlier, and water molecules in the primary
hydration shell are more loosely bonded to them. Thus they
are more mobile and the residence time of water is shorter. A
similar observation has also been documented in the litera-
ture.17,40 Second, the residence time for water in the primary
hydration shell around Li+ ions increase significantly with
solution concentration, while only moderate increase was
observed for Rb+ ions and almost no noticeable change for Cs+

ions. This can also be explained in terms of different hydration
shell structures around these ions. Strong hydrophilic hydration
is dominating for small ions. At very high solution concentration,
as many as one fourth of the total water molecules are
tetrahedrally bonded by Li+ ions, hence, when one water
molecule diffuses away from a Li+ ion, there is a very good
chance for this water molecule to be tetrahedrally bonded by
other Li+ ions, therefore the diffusivity of water molecules
around Li+ ions decreases significantly with solution concentra-
tion. This is also the reason for the significantly increased
residence times for water molecules around Cl- ions and within
pure water clusters in LiCl solution as a function of solution
concentration. When the ion size increases, hydrophobic hydra-
tion plays a more significant role and water molecules form
cages and bond loosely around ions. Under this condition, the
diffusivity of water molecules in pure water clusters and around
ions is of the same magnitude. In very concentrated solutions,
despite the fact that almost all water molecules participate in
the hydration of ions, the mobility of water molecules does not
change significantly. Therefore, in CsI solution, the residence
time of water does not have a noticeable change with solution
concentration. Only a marginal increase was noticed for water
molecules in RbCl solutions.

TABLE 4: Residence Times of Various Particles as a Function of Solution Concentration

residence time, ps

concn, M Cs+ Rb+ Li + Cl-/LiCl Cl -/RbCl I-/CsI H2O/LiCl H2O/RbCl H2O/CsI

0.22 6.8 7.7 50.4 11 10.4 7.2 5.7 5.6 5.6
0.44 7.4 7.4 54.1 11.3 9.9 7.3 5.7 5.6 5.5
0.9 7.1 8.2 64.1 11.5 10.3 7.3 6.3 5.5 5.5
1.37 6.9 8.1 68.5 12.1 9.8 7.4 6.4 5.4 5.6
1.85 7 7.9 90.1 13.6 10.2 7.1 6.6 5.5 5.4
2.36 7.5 8.7 101 14.3 10.6 7.4 6.9 5.8 5.8
2.88 7.1 8.3 108.7 15.8 10.2 7.5 7.9 5.6 5.4
3.97 7.5 9.1 109.9 16.4 10.6 7.5 7.9 5.6 5.8

τ ) ∫0

∞
〈R(t)〉 dt (6)

R(t) )
1

Nh
∑
i)1

Nh

[θi(0)θi(t)] (7)
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2.2. Self-Diffusion Coefficients.The tracer diffusion coef-
ficient Di of an ion can be calculated from its mean square
displacement (MSD)17,40,49by using the relationship

whereri(t) is the position of a particlei at timet. The diffusion
coefficients of ions in dilute solution (0.22 M in this study) are
summarized in Table 5, and compared with literature values at
infinite dilution. The diffusion coefficients of ions calculated
in the current study are close to the values from the literature,
demonstrating that the simulation has been validated. The
observed differences in the diffusion coefficients can be
explained in terms of the solution concentration in the simula-
tion, which is 0.22 M for the current study and is the infinite
dilute state for the references.

The diffusion coefficients for cations, anions, and water are
shown as a function of salt concentration in Table 6. From the
table, it can be seen that the diffusion coefficients for the ions
and water molecules decrease with increasing salt concentration.
Close analysis of these data indicates that the decrease in
diffusion coefficients with concentration is the smallest for the
CsI solution and largest for LiCl solution. In both cases, as the
concentration increases, the diffusion coefficients of the cation
and anion become more nearly alike. A similar observation has
been made in previous studies of aqueous solutions of NaCl
and KCl solutions at high concentrations.40,50As for the systems
containing large ions (Cs+, Rb+, and I-) with weaker electric
fields, the observed decrease of ion diffusivity can be explained
also in terms of increased ion pairing, which slows down the
movement of ions and water molecules bound to them.

The self-diffusion of water molecules in LiCl solution changes
dramatically in magnitude as the solution becomes denser. The
self-diffusion coefficient of SPC/E water at 25°C is 2.5× 10-9

m2 s-1 and decreases by 40% as the concentration of the LiCl
solution increases from 0.22 M to 3.97 M (see Table 6). Over
the same concentration range, the diffusion coefficient of water
in RbCl and CsI shows a slight increase (more apparent in CsI
solutions) and finally an overall drop by 33% and 6%
respectively at 3.97 M from their values 0.22 M. The decrease
in the diffusion coefficient of water with concentration of LiCl

can be attributed to fewer unbound water molecules outside the
tightly bound hydration sheaths of Li+ ions and LiCl ion pairs.
The initial increase in the diffusion coefficient of water as the
salt concentration of RbCl and CsI increases is interesting and
may be attributed to the increase in number of water molecules
in the more loosely bound hydration cages of these ions. As
the concentration increases further increased ion pairing slows
down the movement of the ions and water molecules bound to
them as discussed above. In CsI solutions, water molecules exist
either in ion hydration shells or in pure water clusters;
nevertheless, the mobility of water molecules in these two phases
does not have a significant difference as discussed previously,
therefore the diffusivity of water molecules is relatively
independent of the solution concentration.

2.3. Viscosity.The shear viscosityη , which describes
resistance to flow, can be calculated by using equilibrium
fluctuation of the off-diagonal components of the stress tensor.51

Averaging over the three off-diagonal components can improve
the statistical convergence of the calculation. It was shown by
Daivis and Evans29,51that, for an isotropic system, the statistical
convergence can be further improved by including equilibrium
fluctuations of the diagonal components of the stress tensor.
The generalized Green-Kubo formula therefore can be ex-
pressed as:

whereV andT are volume and temperature of the simulation
cell, kB is the Boltzmann constant,qRâ is a weight factor (qRâ

) 1 if R * â, qRâ ) 4/3 if R ) â ), andPRâ is defined as

whereδRâ is the Kronecker delta (δRâ ) 1 if R ) â, δRâ ) 0
if R * â ).

By analogy with the Einstein relationship for self-diffusion,
the shear viscosity can be calculated by using the mean-square
“displacement” of the time integral of the shear components of
the stress tensor:52

where

TABLE 5: Comparison of Calculated Diffusion Coefficients
at 0.22 M with Values Reported in the Literatures at Infinite
Dilution

diffusion coefficient, 10-9 m2 s-1
ion or

molecule this study literature ref

Li + 1.06 1.22 17
Rb+ 1.86 1.98 17
Cs+ 1.77 1.88 17, 30, 40
Cl- 1.6 1.56-1.77 17
I- 1.59 1.6 46
H2O 2.5 2.35 17

Di ) lim
tf∞

1
6
〈[ri(t) - ri(0)]2〉 (8)

TABLE 6: Diffusion Coefficients for Cations, Anions, and Water Shown as a Function of Salt Concentration

diffusion coefficient, 10-9 m2 s-1

concn, M Li+ Rb+ Cs+ Cl-/LiCl Cl -/RbCl I-/CsI H2O/LiCl H2O/RbCl H2O/CsI

infinitely dilute solution17,38 1.22 1.98 1.88 1.77 1.77 1.60 2.50 2.50 2.50
0.22 1.06 1.86 1.77 1.61 1.52 1.59 2.49 2.54 2.48
0.44 0.99 1.74 1.76 1.47 1.50 1.56 2.49 2.52 2.49
0.90 0.91 1.62 1.64 1.28 1.46 1.48 2.27 2.42 2.57
1.37 0.80 1.52 1.62 1.08 1.39 1.41 2.20 2.35 2.53
1.85 0.75 1.44 1.52 0.97 1.32 1.37 2.07 2.31 2.51
2.36 0.64 1.35 1.42 0.87 1.21 1.28 1.80 2.18 2.50
2.88 0.58 1.25 1.27 0.80 1.10 1.18 1.65 2.12 2.43
3.97 0.43 1.05 1.23 0.62 1.02 1.12 1.44 1.97 2.35

η )
V

10kBT
∫0

∞ ∑
R
∑

â

qRâ〈PRâ(t)PRâ(0)〉 dt (9)

PRâ ) (σRâ + σâa)/2 -
δRâ

3
(∑

γ

σγγ) (10)

η ) lim
tf∞

V

20kBTt
〈∑

R
∑

â

qRâ[LRâ(t) - LRâ(0)]2〉 )

lim
tf∞

V

20kBTt
〈∑

R
∑

â

qRâ[∆LRâ(t)]
2〉 (11)
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It has been shown by Mondello and Grest52 that eqs 11 and
12 give the same results as the Green-Kubo formulation for
MD simulations of short-chain alkanes. In this study, we used
eqs 11 and 12 to calculate the shear viscosity of the system.

To calculate the shear viscosity more accurately, the correla-
tion was integrated for 20 ps, which is roughly twice the
rotational diffusion time of water molecules, and averaged over
40 times the entire equilibrium run.

Shear viscosity for SPC/E water at 300 K was calculated and
compared with experimental results to test the simulation
procedure. The calculated viscosity of water was around 1.1 g
m-1 s-1 (mPa‚s), which is in good agreement with the
experimental value of 0.88 g m-1 s-1 (mPa‚s). This indicates
that our MD simulations can predict the viscosity of pure water
with quite good accuracy. We assume that our calculations of
the viscosity of salts in SPC/E water also provide a good
representation of the viscosities in real solutions.

The viscosities calculated from our MD simulations of brine
solutions as a function of solution concentration are shown in
Figure 10. As expected, the size of the ions has a significant
influence on the viscosity of the solution. When small ions are
present (LiCl solution), the system shear viscosity increases
monotonically with solution concentration. As the ion size
increases (RbCl solution), the system viscosity shows very weak
dependence on the solution concentration. Further increases in
ion sizes (CsI solution) leads to an obvious decrease of viscosity
as a function of solution concentration. This variation of solution
viscosity as a function of ion size and solution concentration
has also been observed experimentally by several research
groups,15,53 so our simulations show the same trends.

In LiCl solution, Li+ ions interact strongly with either water
molecules or corresponding anions, and form stable tetrahedral
structures, which contribute substantially to a “thicker” system.
Though Cl- ions, due to their large size, do not form strong
bonds with water molecules, the influence of cations is
dominating. This observation is in good agreement with
experimental measurements and theoretical modeling in the
literature.53 Consequently, the mobility of the solution will
decrease, and system shear viscosity, which describes mobility
macroscopically, will increase. The higher the solution concen-
tration, the more significant role the Li+ ions play, thus the
higher the viscosity. In contrast, when large ions (Cs+ and I-)
are present in the solution, loose hydrophobic shells are formed
around these ions, and the ion/water interaction is not as strong
as water/water interaction, accounting for the decrease in the
system shear viscosity. In this research, the solution shear
viscosity was calculated in a NPT ensemble, which may
introduce errors compared to a NVE ensemble. However, the
errors are expected to be small with respect to the obvious
changes of solution viscosity with solution concentration.

IV. Conclusion

In this study the structure and dynamics of concentrated LiCl,
RbCl, and CsI aqueous solutions have been studied successfully
by using molecular dynamics simulation. It is found that a small
ion such as Li+, owing to strong electronegativity, significantly
immobilizes the water molecules by tetrahedrally bonding with
them, and therefore leads to a more compact structure. The
higher the salt concentration, the denser the water molecules
are packed as indicated by a monotonic increase of water/water
coordination numbers as a function of salt concentration. On

the other hand, large ions such as Rb+, Cs+, and I- form weak
bonds with water molecules, and a loose hydrophobic hydration
shell. Thus, the coordination between water molecules decreases
with salt concentration. Also, as the ion size increases, the ion/
water electrostatic interaction becomes less significant when
compared to the hydrogen bonding interaction of water mol-
ecules. This agrees satisfactorily with the observed dominating
increase of naked Cs+/I- ion pair contact, and hydrated Li+/
Cl- ion pair contact with respect to an increase in salt
concentration.

We have concluded that ion size influences the mobility of
water molecules in solution. When small ions such as Li+ are
present, the mobility of water molecules in both the ion
hydration shell and the bulk water decreases as a function of
salt concentration. In contrast, for solutions containing large ions
(CsI and RbCl), the ion/water electrostatic interaction does not
contribute significantly to immobilize the water molecules.
Consequently, the residence time of water molecules does not
show a substantial change with solution concentration. The
changes of residence times support the observations of self-
diffusion coefficients of particles as a function of salt concentra-
tion, which show that when Li+ ions are present, the diffusion
coefficients of water molecules in the solution decrease sig-
nificantly with salt concentration, and when Cs+ and I- ions
are present, there is no significant change of the water diffusion
coefficients with salt concentration.

The change of system viscosity with solution concentration
as determined from MD simulation in this study successfully
compliments the experimental results reported in the litera-
ture,17,38 and provides an in-depth understanding regarding the
variation of viscosities as a function of ion sizes and salt
concentrations from a molecular perspective. For LiCl solutions,
the system viscosity increases monotonically with salt concen-
tration due to the strong ion/water interactions in the solution.
As the ion size increases, hydrophobic hydration becomes
dominating, and leads to negligible variation of system viscosity
with salt concentration in the case of RbCl. Further increase in
the ion size to Cs+ and I- reveals a noticeable decrease of
system viscosity as a function of salt concentration. The
excellent agreement between the simulation results and the
experimental results for the variation of viscosity with ion size
and concentration provides information to describe the phe-
nomenological behavior of alkali halide solutions.

∆LRâ(t) ) ∫0

t
PRâ(t′) dt′ (12)

Figure 10. System shear viscosity change as a function of solution
concentration.
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