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We calculate the mobilities ui of the metal cations Li+, Na+, K+, Rb+, Cs+, and Ca2+ and the halides F-, Cl-,
Br-, and I- at infinite dilution by molecular dynamics simulation using the SPC/E model for water at 25°C
and a reaction field for the long-range interactions. The ion mobilities show the same trends as the experimental
results with distinct maxima for cations and anions. The mobilities (defined byui ) Di/kT) of the corresponding
uncharged species are also determined by simulation and are in qualitative agreement with Stokes’ law. The
mobilities of Li+, Na+, K+, Rb+ and F- increase on discharge, whereas Cl, Br, and I have smaller mobilities
than the corresponding anions. The mobility of the fictitious I+ ion, which differs from I- only in its charge,
lies between that of I- and I in the orderuI < uI+ < uI-. The residence time of water in the first solvation
shell of small cations (Li+ and Na+) and Ca2+ decreases when the ions are discharged, while the opposite is
observed on neutralizing I-, suggesting the formation of a solvent cage around the large uncharged I which
partially breaks up on charging, increasing the mobility of the corresponding ion. The cage breakup is greater
for I- than for I+ which correlates with the asymmetry in the entropies of solvation of I- and I+, in SPC/E
water on charge reversal, providing an explanation for the trends in the mobilities of I, I-, and I+. The
residence times of water in the primary hydration shell around cations pass through a minimum as a function
of size that correlates with the maximum in the corresponding solvation entropy, suggesting different types
of hydration, i.e., electrostatic ion solvation (hydrophilic) and cage formation (hydrophobic) respectively for
small and large cations. The results are in accord with recent calculations of the solvation entropy and free
energy as continuous functions of the charge and size (Lynden-Bell, R. M.; Rasaiah, J. C.J. Chem. Phys.
1997, 107, 1981). Hydrophilic and hydrophobic solvation are reflected in the exchange dynamics of the
water in the hydration shells around charged and uncharged solutes. The solvation dynamics of individual
cations and anions are distinct at short times but characterized by the solvent at long times. Solvent dynamics,
structure, and caging modulated by the charge and size of the ions are strongly implicated in determining
their mobilities.

I. Introduction

The variation in the mobility of ions in solution as a function
of concentration has been studied experimentally for many years
and theories due to Debye and Falkenhagen,1 Fuoss and
Onsager,2 Friedman,3 and Justice4 explain the concentration
dependence in dilute solutions. However, the mobility at infinite
dilution, where interionic interactions are absent, is still not fully
understood in relation to the size and charge of the ions and its
dependence on the equilibrium and dynamical properties of the
solvent. Water is also an exceptional solvent due to hydrogen
bonding and network structure, and its dynamics and structure
are perturbed by an ion. This is reflected in an ion’s mobility
and leads to unusual behavior in aqueous solutions that we study
by computer simulation of model systems.
A fundamental problem that requires a detailed explanation

is the observed maximum in the mobilities of the ions in aqueous
solution at infinite dilution as a function of size and its weaker
dependence on the sign of the ion charge; see Figure 1. The
latter observation immediately rules out simple molecular (e.g.,
dipolar solvent) or dielectric continuum models of the solvent

that respond identically or symmetrically to positive and negative
ions of the same charge magnitude and size. A second problem
is to understand the influence of solvent dynamics and structure
on ion mobility at infinite dilution.
The mobilityui of an ion is its drift velocity divided by the

external electric field. It is directly proportional to the charge
qi and inversely proportional to the frictionúi so thatui ) qi/úi.
Theories of ion mobilities at infinite dilution were originally
developed using continuum models by Max Born,5 Fuoss,6

Boyd,7 Zwanzig,8 Hubbard, Onsager, and Kayser,9 and Chen
and Adelman.10 They provided the conceptual basis for
discussions of ion mobility through their recognition of dielectric
úiD and hydrodynamic frictionúiH as the primary forces retarding
the motion of an ion in a solvent. The total friction, decomposed
into these components is

The hydrodynamic friction is proportional to the ion size and
is given by Stokes law. With slip boundary conditions

where Ri is the radius andη is the solvent viscosity. In
continuum treatments, the dynamical properties of the solvent
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úi
H ) 4πηRi (1.2)
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are usually characterized by a single relaxation timeτD and the
dielectric friction varies inversely as some power of the radius
Ri. This reduces the mobility whenRi is small and explains
qualitatively the maximum in the mobility as a function of the
size. In Zwanzig’s theory for example,

where εï and ε∞ are the static and high-frequency dielectric
constants of the solvent. It is symmetric with respect to the
charge and comparatively short-ranged through its variation
inversely with the cube of the ion radius. Hubbard and Onsager
(HO) developed a more complete formulation at the continuum
level which leads to a smaller dielectric friction than that
predicted by Zwanzig. Neither of these continuum theories
differentiates between positive and negative ions of the same
size but agreement with experimental results can be obtained
for ions of one charge type (e.g., anions) by treating the viscosity
as an adjustable parameter.11 Chen and Adelman10 extended
the continuum model to include the effects of local solvent
structure and dynamics.
In molecular theories,12,13 the friction coefficientú in the

Brownian limit is calculated from

whereFi(t) is the random force on a stationary ion at time t
and〈Fi(t) Fi(0)〉 is the equilibrium random force autocorrelation
function on this ion. Wolynes12 developed this by splitting the
random force autocorrelation function into components arising
from the correlations between the hard repulsive (H) and soft
attractive (S) contibutions to the force, so thatúi ) úiHH + úiSH
+ úiHS + úiSSwhere the hard self-correlationúiHH is identified
with the hydrodynamic dragúiH associated with Stokes’ law.
Thus, instead of two components there are four, but Wolynes
ignores the correlations between the soft and hard components
(úSH andúHS) because they relax on different time scales and
focuses on the time dependence of the fluctuations of the soft
forces, i.e.,úss. These fluctuations, when analyzed approxi-
mately, provide an expression for the dielectric drag and the
total friction

where〈Fs2〉 is the static mean square fluctuation in the soft forces
andτF is their characteristic decay time. The theory incorporates
the “solventberg” picture and the continuum dielectric friction
model as limiting cases. The molecular theory has been
generalized and extended recently by Biswas and Bagchi.13 They
also ignore the cross terms and treat the solvent as point dipoles
with a replusive core which naturally excludes any differentia-
tion between cations and anions of the same size. The
equilibrium correlations are calculated within the mean spherical
approximation. Details of the experimental solvent response
are introduced parametrically and lead to good agreement with
experimental cation mobilities in water and alcohol.
Simple continuum,5-9 point dipole,13 or even tetrahedral

models for water cannot differentiate between cation and anion
mobilities because of the inherent symmetry of the model for
the solvent. The shift in the mobilities of the anions with respect
to the cations as a function of size can be traced to the different
orientation of water in the primary solvation shell of the ions
(H pointed toward anions and oxygen toward cations). The
symmetry breaking of water structure by small ions on charge
reversal and their effect on ion mobility was not fully appreci-

ated until recent computer studies14 using a simple point charge
model (SPC/E)15 for water which has the required charge
asymmetry to distinguish between cation and anion solvation.
We continue to mimic the properties of the aqueous solvent

by using the same (SPC/E) model, but we also exploit the
flexibility available in a computer simulation to vary the charge
and size of ions arbitrarily in order to probe their effect on the
hydration dynamics and the self-diffusion coefficient of the
solute. In a recent study,16 these parameters characterizing an
ion were treated as dynamical variables in an extended system,
which enabled the free energy and entropy of hydration to be
calculated as continuous functions of the charge and size. One
could, through this artifice, determine absolute values of the
free energy and entropy of hydration and shuttle effortlessly
between hydrophobic and hydrophilic solvation states. Our
simulations of the mobility, solvation structure, and dynamics
reported here also vary the charge or the size, although they
are not treated as dynamical variables. The hydrodynamic and
dielectric contributions to the friction are probed instead by
turning off the charge and determining how the friction changes
as one of the solute parameters (charge or the size) is altered,
keeping the other constant.
We find that the diffusion coefficient of uncharged lithium

Li is larger than that of the charged Li+, while the neutral but
bigger iodine I has a smaller diffusion coefficient than the
negatively charged I-. The reasons for this are explored further
in this communication. Our simulations at zero charge also
allow us to test the limits of Stokes’ law for the hyrodynamic
friction in water. In addition, we investigate the solvation
dynamics of cations and anions to determine their variation with
ion size and charge since this modulates dielectric friction.
Finally our calculations of hydration numbers, residence times,
and exchange kinetics of water in the solvation shells of a range
of cations, anions, and fictitious (e.g., zero charge) solutes
provide important information on these shells or cages and show
how they correlate with ion or uncharged solute diffusion in
solution. Studies of ion mobility have advanced to the point
where the effects described here should be considered in future
elaborations of the theory in aqueous solvents.
This paper is organized as follows: the molecular dynamics

simulations of the diffusion coefficients of charged and un-
charged solutes are described in section II, followed by a
description of the solvation dynamics of cations and anions in
water in section III. The residence times of water in the shells
around the ions and the corresponding uncharged species are
discussed in section IV, and are related to the structure of these
shells. Section V describes the kinetics of water exchange in
the shells around charged and uncharged species. We conclude
with a summary and discussion of the results in section VI.
The mobilities and other structural and dynamical properties
are very sensitive to the details of the intermolecular potentials,
and our results are presented in tables and figures to provide a
convenient reference for further study and elaboration of the
model and theory of ion mobility.

II. Computer Simulation of Self-Diffusion of Charged
and Uncharged Solutes

We calculated the mobilities of the alkali metal ions (Li+,
Na+, K+, Rb+, I+, and Cs+), the halides (F-, Cl-, Br-, and I-),
and calcium (Ca2+) at 25°C through molecular dynamics (MD)
simulations14 using the SPC/E model15 for water and ion-water
parameters (Table 1) fitted to the binding energies of small
clusters of ions by Dang et al.17-24 The pair potential between

úi
D ) 3qi

2(εï - ε∞)τD/(4Ri
3
εï

2) (1.3)

úi ) 1/(3kT)∫o∞〈Fi(t) Fi(0)〉 dt (1.4)

úi ) úi
HH + (1/3kT)〈Fs

2〉τF (1.5)
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water and the ion has the form

whereεio andσio are Lennard-Jones parameters between oxygen
on a water molecule and an ioni, qj is the charge at sitej in
water, andqi is the charge on ioni. Also, rio and rij are the
distances between ioni and an oxygen site of a water molecule
and between ioni and a charge sitej in water.
Each simulation was in the NVT ensemble with the water

density fixed at 0.997 g/cm3 and the temperature at 298.15 K.
The number of water molecules, except as noted below, was
215, which corresponds to a box length of 18.64 A. Gaussian
kinetics was used to control the temperature, and a quaternion
formulation was employed to solve the equations of rotational
motion about the center of mass of rigid SPC/E water molecules.
A fifth-order predictor-corrector algorithm with a time step of
1 fs served to integrate the equations of motion.
Each system consisting of an ion and solvent molecules was

equilibrated over 500 000 time steps (500 ps). Production runs
consisted of a further 500 000 time steps after equilibration.
Unlike our previous studies, we use a reaction field correction
to account for the long-range Coulomb interactions between the
charges,

whereεRF is the dielectric constant surrounding the cutoff sphere
of radiusRc, which is half the length of the simulation box.
The corresponding force between the charges is obtained by
differentiation with respect torij. The ratio (εRF -1)/(2εRF +
1) ) 0.5 for εRF ) ∞; we usedεRF≈ 22, which corresponds to
0.47 for this ratio, which is not sensitive to the value ofεRF
provided it is sufficiently large. The reaction field correction
is of course more easily programmed and uses less computa-
tional time than Ewald sums for the long-range charge interac-
tions. It provides an accurate alternative to Ewald sums
provided the parametrization of the potential functions is
consistent with the boundary conditions used.26 This is not the
case in our simulations since the ion-water potentials were
parametrized by fitting them to the binding energies of small

clusters of the solvated ion,17-24 but this should not seriously
impair our conclusions about the relative changes in the
solvation properties or mobilities for the range of cations and
anions studied by us.
We have added I+ to the list of simulated ions to extend the

size of the cations investigated; it has the same ion-water
parameters as I- in Table 1 except for the positive charge.
Additional simulations for the sodium ion Na+ and the largest
solutes (I- and I; see below) with 511 water molecules were
undertaken at the same temperature and density to assess the
effect of system size on the dynamical properties of the solute
and the solvent. The box length in this instance is 33% larger
(≈24 Å) and the properties of Na+, I-, and I were unaffected,
within the errors of our simulation, on increasing the system
size. As shown by us16 and by Hummer, Pratt, and Garcia,27

the long-range corrections influence the energy, but as seen here,
they seem to have less effect on the dynamics. Equation 1.3
implies that the dielectric friction on an ion falls off rapidly
with its size and the system size may have less effect on the
dynamics of large ions provided it is big enough to accom-
modate the solvation shells. Our calculations show that the
system size in our simulations is also large enough to character-
ize the dynamics of small ions and their hydration shells.
The ion mobilities were determined from the diffusion

coefficientsDi through the Einstein relationui ) Di/kT, where
k is Boltzmann’s constant andT is the absolute temperature.
The ion diffusion coefficients obtained independently from the
mean square displacement (MSD) and the velocity autocorre-
lation functions (VAC) are collected in Table 2. In Figure 1
the experimental mobilities plotted as a function of the crystal-
lographic radii in angstroms (Å) are represented as black circles
and the MSD simulations are represented by open circles or
squares. These calculations demonstrate that cation and anion
mobilities fall on separate curves, as functions of ion size, with
distinct maxima. This is qualitatively in accord with experiment,
although the agreement between experimental anion mobilities
is slightly worse than the corresponding results obtained earlier
without the reaction field corrections.14 This may be due to
the fact that the ion-water model parameters were determined
from the equilibrium properies of small ion-water clusters or
because the SPC/E model tends to exaggerate the cation-anion
difference.

TABLE 1: Halide -Water, Alkali Metal Cation -Water, and
Water-Water Potential Parameters (SPC/E Model)a

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

F- 3.143 0.6998 -1 17
Cl- 3.785 0.5216 -1 19
Br- 3.854 0.5216 -1 23
I- 4.168 0.5216 -1 18
Li+ 2.337 0.6700 +1 24b

Na+ 2.876 0.5216 +1 22
K+ 3.250 0.5216 +1 22
Rb+ 3.348 0.5216 +1 22
Cs+ 3.526 0.5216 +1 20, 21
Ca2+ 3.019 0.5216 +2 25

SPC/E σoo (Å) εoo (kJ/mol) charge (q) ref

O(H2O) 3.169 0.6502 -0.8476 15
H(H2O) +0.4238
a In the SPC/E model for water, the charges on H are at 1.000 A

from the Lennard-Jones center at O. The negative charge is at the O
site, and the HOH angle is 109.47°. b The Li+ parameters are for the
revised polarizability (RPOL) model.

φiw ) 4εio [(σio

rio
)12 - (σio

rio
)6] + ∑

jεw

qiqj

rij
(2.1)

Ucoul(rij) )
qiqj
rij {1+ ( εRF - 1

2εRF + 1) rij3Rc
3} (2.2)

Figure 1. Ion mobilities in units of 10-8 m2 V-1 s-1 as a function of
the crystallographic radiusR (Å) calculated from the mean square
displacement of the anions (O) and the cations (0), respectively in
SPC/E water using a reaction field for the long-range Coulomb
interactions. The experimental values are depicted as dark circles (O).
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As stated in the Introduction, the shift in the mobilities of
the anions with respect to the cations (Figure 1) can be traced
to the different orientation of water (Figure 2) in the primary
solvation shell of the ions (H pointed toward anions and oxygen
toward cations) in the SPC/E model and its effect on the friction.
A molecular theoretical treatment that takes this into account
in calculations of ion mobility has yet to be worked out. The
velocity autocorrelation function of the ions shown in Figure 3
depicts a gradual change from oscillatory to monotonic decay
as the ions grow larger. The mean square displacements of the
ions are shown in Figure 4.
We also calculated the diffusion coefficients of nonpolar

solutes using the same model for water and the ions of Table 1
except that the charges are turned off. They are summarized
in Table 2, and Figure 5 shows the dramatic effects of charge
neutralization on the diffusion coefficients. The mobilities,
defined asui ) Di/kT, of the discharged Li, Na, K, Rb, and F
are larger than the corresponding results for the charged ions,
whereas the calculated values for Cl, Br, and I lie below the
mobilities of the corresponding anions. The diffusion coefficient
of Cs+ shows the smallest change on discharging the ion. These
results immediately suggest that the variation in the mobility
with charge and size is somehow related to the structure of the
solvent around the ions characterized by the entropy and free
energy of solvation and by the solvation dynamics which we
describe in the next section. A plot of the friction coefficient
of the uncharged species vs the radius taken asσio of Table 1

(Figure 6) is approximately linear. Assuming slip boundary
conditions and Stokes’ law the viscosity of SPC/E water at 25
°C is calculated to be 1.73× 10-3 kg m-1 s-1. The
experimental value for water at this temperature is 0.89× 10-3

kg m-1 s-1.
The ion oxygengio(r) and ion hydrogengih(r) radial distribu-

tion functions have been discussed earlier14 for the same set of
ions except I+ and Ca2+. The distribution functions for the
uncharged species are shown in Figure 7, and the positions of
the maxima and minima of the solute-oxygengio(r) functions
are collected together with the corresponding results for the ions
in Table 3.
Figure 8 compares solute oxygen distribution functions

gio(r) for I-, I, and I+ and shows that the water molecules are
drawn closer toward I- than toward I+. The ion-oxygen
distribution function for the Ca2+ ion (Figure 9) is sharply
peaked and has a low minimum between the first and second
hydration shells like the distribution functions for Li+ (Table
3), indicating a tightly bound first shell of water molecules.

III. Solvation Dynamics of the Ions

The dynamical response of a solvent to charge perturbation
has been studied extensively over the past decade in time-

Figure 2. Primary hydration shells of Li+ and F- ions. The water
molecules are approximately tetrahedrally oriented around Li+ with O
atoms near the ion, while F- has approximately 6-7 water molecules
around it with protons near the ion.

TABLE 2: Diffusion Coefficient D and Mobilities u of
Solutes at Infinite Dilution in Water at 25 °C Calculated
from the Mean Square Displacements and Velocity
Autocorrelation Functions

D(10-9 m2 s-1) u (10-8 m2 V-1 s-1)

ion MSD VAC MSD VAC

F- 1.04( 0.06 0.99( 0.08 4.04( 0.23 3.85+ 0.31
F 3.31( 0.20 3.21( 0.21 12.88( 0.78 12.49( 0.82
Cl- 1.77( 0.08 1.65( 0.02 6.88( 0.31 6.42( 0.08
Cl 1.51( 0.13 1.60( 0.11 5.88( 0.51 6.23( 0.43
Br- 1.85( 0.18 1.76( 0.06 7.20( 0.70 6.85( 0.23
Br 1.30( 0.08 1.29( 0.05 5.06( 0.31 5.02( 0.19
I- 1.60( 0.01 1.61( 0.05 6.23( 0.04 6.27( 0.19
I 0.98( 0.05 1.00( 0.02 3.81( 0.19 3.89( 0.08
I+ 1.28( 0.12 1.23( 0.12 4.98( 0.47 4.79( 0.47
Li+ 1.22( 0.02 1.18( 0. 01 4.75( 0.08 4.59( 0.04
Li 14.35( 0.40 15.85( 0.57 55.85( 1.56 61.69( 2.22
Na+ 1.28( 0.05 1.29( 0.06 4.98( 0.19 5.02+ 0.23
Na 5.42( 0.10 5.73( 0.19 21.10( 0.39 22.30( 0.73
K+ 1.83( 0.13 1.85( 0.10 7.12( 0.51 7.20+ 0.39
K 2.60( 0.05 2.71( 0.20 10.12( 0.19 10.55( 0.78
Rb+ 1.98( 0.08 1.91( 0.02 7.71( 0.31 7.43( 0.08
Rb 2.08( 0.02 2.11( 0.27 8.10( 0.08 8.21( 1.05
Cs+ 1.88( 0.17 1.89( 0.15 7.32( 0.66 7.36( 0.58
Cs 2.03( 0.01 1.94( 0.04 7.90( 0.04 7.55( 0.16
Ca2+ 0.53( 0.03 0.55( 0.01 2.06( 0.12 2.14( 0.04

Figure 3. Velocity autocorrelation functions of positive and negative
ions as functions of time (in ps). Note the oscillations of the small
ions in their solvation shells.
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delayed fluorescence experiments28,29 and by computer
simulation.30-38 Its effect on fast chemical reactions such as
electron transfer, cis-trans isomerization and photochemical
reactions in solution has been widely appreciated.39-47 The
mobility of an ion may be considered as a response to an
external electric field, and it is influenced by the energy and
dynamics of solvation, which could retard or even enhance its
mobility. Although solvation dynamics is often characterized
as a solvent property (e.g., through one or more relaxation times
or a characteristic fast response at short times),29 its dependence
on the solute probe has been appreciated only recently.35 We
investigate this aspect of solvation dynamics for our model
cations and anions in SPC/E water.
The solvent response is defined by

whereE(t) is the ion-solvent energy of interaction at timet
after the charges are turned on in an equilibrated system
containing the uncharged solute. We consider a single ion in

SPC/E water, and our simulations ofS(t) for different ions are
shown in Figures 10 and 11. Each of the curves indicates a
rapid decline inS(t) on a femtosecond time scale, followed by
an oscillatory decay and slower long time relaxation. The initial
drop in S(t) during the first few femtoseconds is larger for
cations than for anions, but the oscillatory response following
this is similar for both types of ions and has a frequency of
about 26 ps-1. The amplitude of the oscillations depends on
the solute size for a given charge and is greater for the larger
ions. The period of oscillation is weakly dependent on the
charge and size, but the long time decay is essentially the same
for solutes of either charge, making it a characteristic of the
solvent. By fitting this decay to an exponential, we find a
solvent relaxation time of about 0.34 ps. The initial fast
response of the solvent, modulated by the solute charge and
size, could be attributed to the rotational and translational
rearrangement of the solvent on charging up the solute. The

Figure 4. Mean square displacement of the cations and anions in units of Å2.

Figure 5. Mobilities of charged and uncharged species as a function
of the radii.

S(t) ) [E(t) - E(∞)]/[E(∞) - E(0)] (3.1)

Figure 6. Friction coefficient (kg s-1) vs sizeσoi (Å) for the uncharged
species. This shows that Stokes law is obeyed reasonably well.
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oscillatory response is more likely a reflection of the rotational
reorientation of the solvent molecules accompanied by libra-
tional motion with an amplitude that is greater for larger ions
because of the weaker electric field in the solvent shells.

IV. Hydration Numbers and Residence Times

The residence times of water in the solvation shells and the
corresponding hydration numbers provide information about the
lifetime and population of the solvent molecules near an ion or
an uncharged solute. How this depends on the charge and the
size of the solutes is of interest in relation to the diffusion
coefficients described in section II.

The hydration numberNh in the primary shell was calculated
from the solute-oxygen distribution functionsgio(r) using

where the upper limit of integrationR1 is the radius of the first
hydration sphere which corresponds to the first minimum in
gio(r). Integration betweenR1 and the second minimumR2 in
the distribution functiongio(r), when it exists, provides the
hydration numbers in the second shell. A second shell is
identified only for the charged species (except Cs+) and a third
shell is also clearly visible in the ion-water distribution
functions of most anions but not cations. The water molecules
in the primary shell of a negative ion have H pointed toward
the ion and are drawn closer toward the ion than water molecules
in the primary shell of a positive ion of the same size which

Figure 7. Solute-oxygen radial distribution functions of uncharged
Li, Rb, F, and I.

TABLE 3: Positions and Magnitudes at Maxima and
Minima of Solute-Oxygengioand Oxygen-Oxygen Radial
Distribution Functions goo at 25 °C

first max first min second max second min

ion rio/A gio r io/A gio rio/A gio rio/A gio

F- 2.60 7.92 3.20 0.17 4.45 1.45 5.50 0.79
F 3.34 1.88 5.05 0.78
Cl- 3.20 4.06 3.80 0.49 5.00 1.28 6.05 0.89
Cl 3.89 1.88 5.65 0.74
Br- 3.30 3.46 3.85 0.52 5.05 1.23 6.15 0.88
Br 4.01 1.87 5.73 0.73
I- 3.60 2.68 4.30 0.72 5.05 1.25 6.65 0.85
I 4.25 1.81 6.03 0.73
I+ 3.83 2.10 5.85 0.87
Li+ 1.95 14.00 2.65 0.02 4.10. 1.69 5.25 0.89
Li 2.50 1.94 4.15 0.81
Na+ 2.45 7.21 3.25 0.16 4.50 1.42 5.40 0.84
Na 2.97 1.90 4.76 0.80
K+ 2.80 4.57 3.65 0.47 4.75 1.15 5.80 0.90
K 3.39 1.88 5.09 0.77
Rb+ 2.90 3.94 3.75 0.59 5.10 1.14 5.90 0.89
Rb 3.49 1.87 5.23 0.76
Cs+ 3.05 3.20 3.85 0.74 5.40 1.09 6.25 0.90
Cs 3.53 1.85 5.25 0.76
Ca2+ 2.45 14.14 3.39 0.01 4.46 1.96 5.43 0.79
Ca 3.15 1.93 4.85 0.76

water roo/A goo roo/A goo rwoo/A goo roo/A goo

H2O 2.75 2.98 3.30 0.83 4.50 1.10 5.65 0.90

Figure 8. Ion-oxygen radial distribution functions of I-, I+, and I.

Figure 9. Ion-oxygen radial distribution function of Ca2+. Note the
deep minimum, indicating a tightly bound first hydration shell.

Nh )∫0R1gio(r)4πr2 dr (4.1)
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has oxygen pointed toward the ion. Figure 8, which compares
gio(r) for I-, I, and I+, shows this clearly. The hydration
numbers in the primary shells of the three solutes vary widely
from 7.9 for I- to 27 for I and 25 for I+.
Hydration numbers listed in the second column of Table 4

are plotted as a function of the shell size in Figure 12. The
number of water molecules in the primary hydration shell varies

linearly with the size but with different slopes for cations and
anions. The hydration numbers of the discharged ions approach
the number of water molecules in the second shell of the
corresponding charged ions from below as the ions become
larger. These results are easily understood in terms of the charge
asymmetry of water molecule and the decrease in the field with
ion size. However, the residence times of the water molecules
in these shells are more interesting since they are correlated
with the increase or decrease in the diffusion coefficients on
charge neutralization.

Figure 10. Response function (eq 3.1) of the cations as a result of
switching on the charge. Inset shows the response function at short
times. Note the variations in the oscillations at short times and the
similar response at long times except for Li+.

Figure 11. Response function (eq 3.1) of the anions as a result of
switching on the charge. Inset shows the response function at short
times. Note the variations in the oscillations at short times and the
similar response at long times.

TABLE 4: Average Coordination Numbers and Residence
Times (ps) of Water in Hydration Shells of an Ion and the
Corresponding Discharged Species in SPC/Ea Water at 25
°C

ion
hydration
number

res time ps*
num (expon fit)

res time ps
num (expon fit)

F- (1st shell) 6.3 24.5(24.5) 23.4(23.7)
(2nd shell) 19.4 14.5(15.1) 10.4(11.8)

F 17.1 19.3(20.1) 15.5(17.6)
Cl- 7.2 16.6(17.5) 12.8(14.0)

23.0(24.1) 13.4(15.6)
Cl 22.6 22.2(22.8) 18.2(19.9)
Br- 7.5 13.2(13.6) 11.3(12.4)

26.5 20.4(21.3) 14.8(16.9)
Br 23.1 25.6(26.2) 19.0(20.6)
I- 7.9 13.8(14.9) 8.9(10.3)

29.5 24.7(26) 13.7(16.2)
I 27.2 27.9(28.2) 23.7(25.2)
I+ 25.1 21.4(21.8) 19.0(20.5)
Li+ 4.1 50.6 (50.6) 54.4(54.5)

17.4 16.19(16.5) 11.2(12.7)
Li 11.0 7.7(9.3) 4.1(6.9)
Na+ 5.8 22.4((22.8)) 19.6(19.8)

18.3 18.2(19.2) 11.9(13.8)
Na 12.6 12.9(13.5) 8.7(10.3)
K+ 7.1 14.3(15.1) 8.7(9.4)

19.4 18.6(19.8) 9.7(12.1)
K 17.6 17.9(18.7) 14.1(16.4)
Rb+ 7.9 12.1(12.6) 10.0(11.5)

21.0 16.3(17.4) 10.2(12.7)
Rb 19.3 20.0(20.5) 16.4(18.2)
Cs+ 8.3 13.9(14.8) 10.1(11.6)
Cs 19.5 19.9(20.2) 15.7(17.2)
Ca2+ 7.9 699(699) 700(700)

17.6 18.7(18.9) 16.7(16.7)
Ca 15.7 13.6(14.2) 9.9(11.5)
H2O(SPC/E) 4.4 5.7(6.9) 5.20(6.6)

a The second solvation shell for Cs+ and all the uncharged species
is not clearly defined. Data for this are not presented in the table.

Figure 12. Hydration numbers of the first solvation shell of ions as a
function of the shell radius.
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The residence times are calculated from time correlation
functions15,22 defined by

whereθi(t) is the Heaviside unit step function, which is 1 if a
water moleculei is in the coordination shell of the ion at time
t and zero otherwise, andNh is the hydration number of this
shell. Following Impey et al.,48 we allow for the temporary
excursion of water from a hydration shell by counting it as
present if it is only absent for periodt* e 2 ps. This may
changeR(t) at short times (<2 ps), but it does not noticeably
affect the residence times of water in the primary hydration
shells of the smaller ions, which are much larger than 2 ps. It
does however change the residence times of the secondary
hydration shells of the ions and more noticeably the residence
times of water in the (primary) shells of the uncharged species!
Excursions of water molecules from these shells are thus more
frequent, implying rapid crossing and recrossing in and out of
the shell. The time correlation functions and residence times
of the hydration shells assuming the 2 ps delay are labeled with
an asterisk in Table 4.

Figure 13 displays the time dependence of the ensemble-
averaged〈R(r,t)〉 for water around the anions and cations

calculated in our simulations. The residence time,τ, is defined
by

but was obtained by numerical integration of〈R(t)〉 up to t )10
ps, with the remainder calculated by fitting〈R(t)〉 at large times
to an exponential decay e-t/τ′. The residence timesτ are
summarized in Table 4; the numbers in parentheses areτ′ that
would be equal to the actual residence time if〈R(t)〉 decayed
exponentially with a single characteristic timeτ′ for long and
short times. The two residence times are labeled “num” (for
numerical) and “expon fit” (for exponential fit) at the heads of
the columns. Simulations of Na+ with 512 water molecules
lead to residence times within 2 ps of those for this ion reported
in Table 4. We consider this as an approximate measure of the
accuracy of the times given in Table 4.
Figure 14 shows that the residence time of water in the first

shell generally decreases or increases with the sizeσio of the
shell depending on whether the solute is charged or uncharged.
The exception to this is the increase in the residence time from
Rb+ through Cs+ to the fictitious I+. The residence time
minimum correlates nicely with the maximum in the solvation
entropy of cations as a function of the size determined by
Lynden-Bell and Rasaiah16a (Figure 4 of ref 16a). Allowing
for a 2 psexcursion time and differences in the shell radii, the
residence times of water molecules in the second shell of the
large ions and the primary shell of the corresponding uncharged
solutes are similar. With some exceptions (notably lithium,
sodium, and fluorine) the residence time of water in the first
hydration shell of a discharged solute is larger than the residence
time of water in the primary shell of the corresponding charged
ion. Remarkably, the large residence time of 28 ps for water
in the first shell of uncharged iodine I is halved when it acquires
a negative charge but decreases only slightly to 21 ps when it
acquires a positive charge (I+). This is in sharp contrast to the
residence time of 8 ps for water in the primary shell of
uncharged lithium Li, which increases by a factor of 6 when Li
is charged to Li+.
The conclusion is inescapable that the water molecules in

the primary solvation sheaths around smaller positive and
negative ions are not only oriented differently, with respect to
the ion, due to the charge asymmetry of water, but they are
also structurally different from the solvation of large uncharged
solutes and cations (e.g., I+). Stereoscopic pictures (Figure 15)

Figure 13. Residence correlation functions for the hydrated water
molecules in the first solvation shell of cations and anions.

R(t) )
1

Nh
∑
i)1

Nh

[θi(0) θi(t)] (4.2)

Figure 14. Residence times of cations, anions, and uncharged species
as a function of the solute size.

τ )∫0∞ 〈R(t)〉 dt (4.3)
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confirm that the solvent molecules near an uncharged I or I+ in
SPC/E water form a cage around the solute in contrast to the
water molecules oriented toward the ion in the primary shell
around I-. This is consistent with the entropies of solvation
calculated as a function of the charge by Lynden-Bell and
Rasaiah, who introduced the terms hydrophobic and hydrophilic
solvation.16a The uncharged solute has the lower entropy of
solvation (hydrophobic solvation), and the increase in the
solvation entropy on charging I to I+ is less than the increase
when I is charged to I-. The asymmetry in the solvation entropy
on charge reversal diminishes as the size of the solute decreases
(Figure 4 of ref 16a) and is correlated with the asymmetry in
the residence times of water in the primary shells of I+ and I.
It also appears to be correlated with the asymmetry in the
dynamical properties such as the mobility of positive and
negative ions in aqueous solutions at 25°C. The increased
mobility of I- as compared to I is related to the collapse of the
solvent cage enclosing I when it is charged to I-.

V. Solvent Exchange and Hydrogen Bond Dynamics

We expect the different types of hydrophobic and hydrophilic
solvation to be reflected in the exchange dynamics of the water
in the primary shell around the positive and negative ions as
well as uncharged solutes. Rey and Hynes49,50 describe the
detailed dynamics in simulations of water exchange around a
Na+ at room temperature in terms of unimolecular SN1 and
bimolecular exchange SN2 reactions and also concerted ex-
changes in which several molecules enter and leave the shell
more or less simultaneously. We find that apart from the
behavior observed by Rey and Hynes in the primary shells of
Na+, the dynamics of the secondary shell around singly charged
ions and the primary shell water encircling an uncharged solute
or large charged ion (I+) is more strongly influenced by the
interactions between water molecules forming these cages rather
than by their interaction with the caged solute.

The rate coefficient for exchange iskMD ) 1/τ*, whereτ* is
the residence time of water in the primary shell which includes
the 2 ps excursion time described earlier. The free energy
barrier for solvent exchange in the primary shell of an ion may
be determined from the potential of average forcewio(r) between
the ion and a surrounding water molecule. It is related to the
orientationally averaged ion-water distribution functions
gio(r) by -âwio(r) ) ln gio(r), whereâ ) 1/kT in which k is
Boltzmann’s constant andT is the absolute temperature. Figure
16 displays this for cations and anions. From a simple
unimolecular perspective the reaction coordinate for exchange
is the ion-water distance. The free energy change as a function
of the ion-water distancer is obtained by adding a term
describing the increase in volume withr and is given by

wherer# corresponds to the top of the barrier. Figure 17 shows
this for Li+ and K+ ions. The barrier for dissociation of the
ion-water pair varies from 6 to 3 in units ofkT from Li+ to
K+ and 4kT to 2kT from F- to Br -. The rate coefficient is
kMD ) κktst, whereκ is the transmission coefficient, and the
transition state theory rate coefficient,

is an upper bound for the rate coefficient so thatκ e 1. In eq
5.2µ is the reduced mass of the dissociating ion-water pair in
the exchange process. Our results forkMD, kTST, and κ are
summarized in Table 5. The calculations for Na+ agree closely
with Rey and Hynes’ determination, and the general conclusion
is that the deviations from transition state theory are large. This
could be interpreted in terms of Grote-Hynes theory51 or its
extensions, which we will not pursue.52

The free energy barriers calculated on the same basis for water
exchange around Cs+, I-, and the uncharged solutes are much
smaller (1kT, and 1.5kT, respectively) (see Figure 18). Yet the
residence time of water in these shells is large! This suggests
that the structure and dynamics of water molecules in these
shells are very different from what they are in the primary shells
around small cations and anions. The solvation dynamics of
water in the cages around uncharged solutes are strongly
influenced by the h-bonded water-water interactions within the
cage, and the solute-water distance is no longer an appropriate
reaction coordinate to describe the kinetics of water exchange.
To study this further in simulations of uncharged solutes in

SPC/E water, we must define a h-bond between two water
molecules and examine a property characteristic of this bonding
such as the fluctuations in the populations of the hydrogen (h)

Figure 15. Stereoscopic picture of the equilibrium configuration of
the first solvation cage of water molecules around uncharged I-, I, and
I+ from top to bottom.

TABLE 5: Hydration Shell Dynamics. Rate Coefficients
Calculated from Residence Timeτ* Determined in MD
Simulations (kMD ) 1/τ*) and Transition State Theory (kTST)
and the Corresponding Transmission CoefficientsK )
kMD/kTST

ion kMD (ps-1) kTST(ps-1) κ

Li+ 0.020 0.069 0.29
Na+ 0.045 0.22 0.21
K+ 0.070 0.71 0.10
Cs+ 0.072 0.95 0.08
F- 0.041 0.24 0.17
Cl- 0.060 0.69 0.09
Br- 0.075 0.74 0.10
I- 0.072 1.12 0.06

âwio
eff(r) ) âwio(r) - 2 ln(r/r#) (5.1)

kTST ) ( kT2πµ)
1/2 e-âWeff

(r#)

∫0r# dr e-âWeff
(r)

(5.2)
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bonds.53,54 We compare this with the corresponding population
fluctuations in the first hydration shell around the discharged
solute, e.g., iodide (I). Two water molecules are considered to
be h-bonded if their interoxygen distance is less than 3.29 Å
and simultaneously the O__H...O angle is less than 30°.
Following Luzar and Chandler,53,54we define a hydrogen bond
population operatorh(t), which is 1 if the pair of waters is
h-bonded and zero otherwise. Fluctuations in the hydrogen bond
populations are characterized by the correlation function

which is the conditional probability that a hydrogen bond is
intact at timet if it existed at zero time. Here〈 〉 signifies an
ensemble average, and the average number of h-bonds isN(N
- 1)〈h〉/2, whereN is the hydration number or the number of
bulk waters depending on the region of interest. Luzar and

Chandler relate the detailed h-bond dynamics of SPC water with
the time derivative dC(t)/dt.
We have calculatedC(t) for bulk SPC/E water, for the water

in the primary hydration shells of uncharged I, and for a water
molecule treated as a solute in bulk SPC/E water. For the last
two “solutes” only h-bonding within the primary shell is
considered and h-bonding with water outside the shell is
excluded. The correlation functions computed in our simula-
tions at room temperature are shown in Figure 19.
The population fluctuations of h-bonded molecules in the shell

around the uncharged I are similar to those observed in bulk
water but quite different from the h-bond fluctuations within
the first “hydration shell” around a single water molecule in
the bulk fluid. The implied presence of a fluctuating hydrogen-
bonded cage around uncharged I is clear from Figure 19. It is
consistent with the lowering of the solvation entropy ac-
companying charge neutralization of I- or I+ in SPC/E water
observed in simulations by Lynden-Bell and Rasaiah.16a

Figure 16. Ion-water potentials of average force for cations and anions as a function of the ion-water distancer.

Figure 17. Effective potentials of average force for Li+ and K+ as a
function of the ion water distancer. Note the difference between the
very high barrier preventing escape of water from the shell around Li+

and to the comparatively lower barrier for escape from the shell around
the larger potassium ion. Nevertheless the residence times (51 ps for
Li+ and 14 ps for K+) differ by a factor of only 3.5.

Figure 18. Potentials of average force for uncharged Li, K, Cl, and I
as a function of the solute-water distance. The barrier heights are
essentially the same but the residence times for water in the first shell
or cage vary from 7.7 ps for Li to 28 ps for I.

C(t) ) 〈h(t)h(0)〉/〈h〉 (5.3)
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VI. Conclusions

Our simulations of ion mobility in SPC/E water show the
same trends with respect to size and charge type observed in
experiments and also provide information on the solvation
structure and dynamics that bear indirectly on ion mobilities in
aqueous solutions. We have analyzed this further through
studies of fictitious systems, with zero charge for example, that
reveal some of the limitations of current theories and provide
directions for future theoretical developments.
The mobility of an ion is a complicated function of its charge

and size that is modulated by the structure and dynamics of the
hydration shells and the solvent. This was discussed by Chen
and Adelman,10 using a simple modification of the continuum
model. The solvation shell around small ions is dramatically
altered by charge neutralization; the changes though less drastic
for a large ion with a weaker field are also qualitatively different
since larger solutes appear to be encased within solvent cages
with a finite lifetime determined by water-water h-bond
interactions. The structure of the solvation sheaths and, to a
lesser extent, their short time dynamics depend on the sign of
the ionic charge since the water molecules, around cations and
anions, are oriented differently in the primary hydration shells.
Our studies of the structure and dynamics of the solvation

shells complement and support conclusions drawn from recent
investigations of the free energy and entropy of solutes as
continuous functions of their charge and size.16a These studies
showed that the entropy of solvation of a solute passes through
a minimum near zero charge, signaling cage formation (hydro-
phobic hydration) with the water molecules held together by
h-bonds. The solvation entropy gradually increases as the solute
is charged positively or negatively, reflecting breakup of the
cage. Further increase in the charge promotes ion solvation or
hydrophilic hydration through electrostatic ion-water interac-
tions and leads eventually to a decrease in the solvation entropy
after passing through maxima on either side of the entropy
minimum. The asymmetry in the entropy-charge curves
implies that the hydrophilic entropy of solvation is determined

by the sign and magnitude of the ion charge and is governed
by the interaction between this charge and the higher multipoles
of the asymmetric charge distribution of the water molecule as
well as the water dipole.
The shift in the mobilities of the anions with respect to the

cations as a function of size is related to the different orientation
of water molecules in the primary solvation shell of the ions
(H pointed toward anions and oxygen toward cations) which
arises from the charge asymmetry of the water molecule. The
increased mobility of the lithium ion on discharge is understood
in terms of an effective decrease in size of the moving entity
due to desolvation. In contrast to this, the decreased mobility
of the iodide ion (I-) on charge neutralization arises from solvent
cage formation. The cage breaks up, leading to greater mobility
when I is charged to I-. This is accompanied by a decrease in
coordination number from 27 to 8, a decrease in the residence
time from 28 to 14 ps, and an increase in the solvation entropy
as observed in simulations by Lynden-Bell and Rasaiah.16a In
contrast to this, the coordination number and residence time
decrease only slightly when I is charged to I+ and the mobility
shows a correspondingly small increase. The increase in entropy
of solvation is also smaller than the increase in going from I to
I-.
The minimum in the residence times of water in the primary

hydration shell around cations as a function of size correlates
with the maximum in the solvation entropy, again suggesting
different types of hydration for small and large cations. The
lower entropy and larger water of hydration residence times
associated with small cations reflect orientational ordering of
the waters in the primary shell by strong ion-water interactions.
Similar features of a large residence times and lower entropy
of solvation observed for large cations (I+) are however related
to cage formation through h-bond interactions between water
molecules forming the cage. The borderline between these
extremes lies at or near the solute size corresponding to the
Rb+ ion.
The incorporation of the subtle effects of solvation dynamics,

solvent caging, and charge asymmetry described here and the
polarizability of ions and solvent molecules55 not explicitly
considered in this study in molecular theories of ion mobility
present interesting challenges for the future.
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