
Molecular Dynamics Simulation of Ion Mobility. 2. Alkali Metal and Halide Ions Using
the SPC/E Model for Water at 25 °C†

Song Hi Lee
Department of Chemistry, Kyungsung UniVersity, Pusan 608-736, Korea

Jayendran C. Rasaiah*
Department of Chemistry, UniVersity of Maine, Orono, Maine 04469

ReceiVed: October 16, 1995; In Final Form: NoVember 10, 1995X

We present results of computer simulations of the mobilities of the alkali metal ions (Li+, Na+, K+, Rb+, and
Cs+) and the halides (F-, Cl-, Br-, and I-) at 25°C using the SPC/E model for water and ion-water parameters
fitted to the binding energies of small clusters of ions. A simple truncation of the ion-water and water-
water potentials was used, and the mobilities calculated from the mean square displacement and the velocity
autocorrelation functions, respectively, were found to be in good agreement with each other. The calculations
demonstrate, for the first time, cation and anion mobilities that fall on separate curves, as functions of ion
size, with distinct maxima. This is in complete accord with experimental trends observed in water at 25°C.
The cation mobilities are also in better agreement with the measured values than the calculations done earlier
(J. Chem. Phys. 1994, 101, 6964) using the TIP4P model. The mobilities of the halides calculated here for
the SPC/E model are however slightly lower than the experimental results. The residence times of water in
the hydration shells around an ion are found to decrease dramatically with its size. Stereoscopic pictures
show that the structure of the solvent cage around an ion is qualitatively different for the larger ions, implicating
both solvent dynamics and structure as important factors in explaining ion mobility in aqueous systems.

I. Introduction

The mobilities of ions in water1 have been studied experi-
mentally for over a century,2 and they play an important role
in solution chemistry, biochemistry, and some aspects of cell
and membrane biology.3 They have also been investigated
theoretically4-13 using continuum and discrete models for the
solvent, but even the ion mobilities at infinite dilution are as
yet incompletely understood. A fundamental problem that
requires a detailed molecular explanation1 is the observed
maximum in the mobilities of the ions as a function of size and
its weaker dependence on the sign of the ion charge. The latter
observation immediately rules out simple dipolar or dielectric
continuum solvent models that do not distinguish between the
dynamical behavior of identical positive and negative ions of
the same charge magnitude.
The use of molecular dynamics (MD) simulation methods to

study ionic mobility has a relatively recent history that began
with the work of Ciccotti and Jacucci14 and has continued
through the efforts of many others.15-27 These studies have
provided an important source of microscopic information about
the subject, and there is now increasing interest in the
dependence of ion mobility on the dynamical properties of the
solvent apart from the expected dependence on the solvent
dielectric constant and viscosity and the size and charge of the
ions.
The explanation of the mobility of light ions like H+ in water

is a quantum mechanical problem that can be investigated by
path integral methods together with ab initio calculations of the
intermolecular interactions.28,29 Classical mechanics however
is an adequate first approximation for the dynamics of the
heavier alkali metal and halide ions in aqueous solution, but

for computer simulations to be useful, one must have reliable
and consistent potential energy functions for the water-water
and ion-water interactions. The other problems that remain
with classical simulations are insufficient statistics for a single
ion and, more seriously, an accurate but economical representa-
tion of the slowly decaying Coulombic interactions in an infinite
system and the type of boundary conditions to be used.
In our previous work,24 a series of MD simulations were

performed on model cation-water systems at 25°C, represent-
ing the behavior of Li+, Na+, K+, Rb+, and Cs+ in an electric
field of 1.0 V/nm and in its absence. The TIP4P model30awas
used for water, and TIPS potentials30b,30cwere adapted for the
ion-water interactions together with the Steinhauser switching
function,31 which smoothly reduces the interaction energy from
its value atr ) RL to zero atr ) RU (RL was usually chosen as
0.95RU with RU≈ 9 Å). The mobilities of the cations calculated
directly from the drift velocity and the distance traveled by the
ion were in good agreement with each other, and they were
also in satisfactory agreement with those determined from the
mean square displacement and the velocity autocorrelation
function in the absence of the field. Remarkably, they all
showed the same trends with ionic radii that are observed
experimentally for the alkali metal cations, although the
magnitudes were smaller than the experimental values in real
water at 25°C by almost a factor of 2. We also observed, in
our simulations, that the water molecules in the first solvation
shell around the small Li+ ion are stuck to the ion and move
with it as an entity for about 190 ps, while the waters in this
shell around the Na+ ion remain for 35 ps and those around the
large cations remain for 8-11 ps before significant exchange
with the surroundings occurs.
More recently there have been reports25-27 of spurious effects

that the switching function has on ionic mobilities. It turns out
that the Steinhauser switching function31 causes distortions of
the velocity autocorrelation function that lead to ionic mobilities

† This paper is dedicated to Professor Harold L. Friedman on his
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that may be too large, in extreme cases, by a factor of up to
5!25 The effects also show up as unphysical behavior25,26 in
the radial distribution and orientational correlation functions in
the region of the switch off, which is about 9-10 Å away from
the central ion in our calculations.24 Indeed, signs of such
unphysical behavior are just visible in Figures 6 and 7 of our
previous work,24 and the smaller magnitudes of the calculated
mobilities in comparison to the experimental values could be
partly attributed to the use of this switching function. However,
the observed trends in the cation mobilities with ionic radii,
which are qualitatively in accord with experiment, are less likely
to be radically altered by truncation or a switch off function
that affects the mobilities of ions of the same sign and charge
to the same degree.
It has also been reported26 that a simple truncation of the

potential at a sufficiently large distance, when applied to
simulations of just one ion, produced results that are very similar
to the results in which Ewald sums or reaction field methods34-36

are used to include long-ranged Coulomb effects. However,
such a scheme is not recommended in simulations with more
than one ion, since the cutoff produces artificial correlations
between ions.26 We accordingly use the simple truncation
scheme in this paper for our simulations of single ion mobility
and leave the more elaborate and expensive computations using
Ewald sums or reaction fields34-36 for a subsequent communica-
tion.
Our main objective, in this paper, is directed toward obtaining

the first global view of ion mobilities at infinite dilution of alkali
metal ions and the halides in water at 25°C by computer
simulation, using a more accurate and self consistent set of
potential energy functions for the ion-water and water-water
interactions. We report the results of MD simulations using
the SPC/E potential37 for water molecules and analogous ion-
water potentials that have been fitted to the solvation energies
of small ion-water clusters particularly by Dang and co-
workers.38-43 Our results for the mobilities of the alkali metal
ions are in closer accord with experiment, and our calculations
for the halides agree qualitatively with the experimental
observation that their mobilities lie on a separate curve as a
function of the size with a maximum that is distinct from the
maximum for the cations. The calculations presented here are,
to our knowledge, the first to show that this characteristic
experimental result can be replicated in computer simulations
with currently available ion-water and water-water potentials.
This opens the way to a detailed study of the underlying cause
at a molecular level.
The paper is organized as follows. Section II contains a brief

description of molecular models and MD simulation methods
followed by section III, which presents the results of our
simulations, and our conclusions are summarized in section IV.

II. Molecular Dynamics Simulations

In the present study, we have selected nine systems involving
each of nine ionssfluoride, chloride, bromide, iodide, lithium,
sodium, potassium, rubidium, or cesium ionssolvated in 215
water molecules at 298.15 K. Each simulation was carried out
in the NVT ensemble, and the density was fixed at 0.997 g/cc,
which corresponds to a cubic box length of 18.64 Å for the
simulation. The usual periodic boundary condition in thex-,
y-, andz-directions and the minimum image convention for pair
potential were applied.
The SPC/E (extended simple point charge) model was

adopted for the water molecule. It is a reparametrization of
the simple point charge (SPC) model for water at 25°C that
improves the effective pair potential, leading to better values

of the diffusion coefficient and a configurational energy which
includes a self polarization energy correction.37 The oxygen-
oxygen radial distribution function is also somewhat improved
although the first peak is shifted inward and is too high
compared to both the experimental results and the calculated
SPC values.
All nine ions were represented by a point charge having a

Lennard-Jones (LJ) center on it. The potential parameters for
ion-water and water-water interactions in this model, collected
mostly from the work of Dang and collaborators,38-43 are listed
in Table 1. There are two exceptions: the parameters for the
Br- ion are the ones fitted to the SPC model by Lybrand, Ghosh,
and McCammon,44 and the Li+ parameters are for the revised
polarizability model (RPOL) of water developed by Dang.45

Thus the parameters for Br- may be slightly anomolous due to
optimization with respect to the SPC rather than the SPC/E
model. Likewise the parameters for Li+ are also not entirely
consistent with the rest, since they were obtained for the revised
polarizability (RPOL) model for water which, although similar
to the SPC/E model, includes explicitly the atomic polarizabili-
ties of the hydrogen and oxygen atoms in water. The polariz-
ability of the Li+ in this model is relatively small (0.029 Å3)
and is ignored implicitly in our study by using the RPOLσio
andεio parameters for Li+ (Table 1) with the SPC/E parameters
for water.
Apart from these two exceptions Table 1 provides a consistent

set of water oxygen ion parameters fitted to gas phase binding
energies of small ion-water clusters for the same SPC/E model
for water. Figure 1 shows that the ion-water distanceσio is
linearly related to the crystallographic radiusR but the well-
depth (Figure 2) follows no such simple behavior.

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 38
Cl- 3.785 0.5216 -1 40
Br- 3.896 0.4948 -1 44
I- 4.168 0.5216 -1 39
Li+ 2.337 0.6700 +1 45
Na+ 2.876 0.5216 +1 43
K+ 3.250 0.5216 +1 43
Rb+ 3.348 0.5216 +1 43
Cs+ 3.526 0.5216 +1 41

O(H2O) 3.169 0.6502 -0.8476 37
H(H2O) +0.4238
a In the SPC/E model for water, the charges on H are at 1.000 Å

from the Lennard-Jones center at O. The negative charge is at the O
site, and the HOH angle is 109.47°.

Figure 1. Ion-oxygen σio (Å) parameter as a function of the
crystallographic radiusR (Å) of the ion.
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A spherical cutoff (Rc ) 9.0 Å) was employed for all the
pair interactions. This is a simple truncation in which two
molecules are considered as interacting if the distance between
their centers is less than the cutoff radiusRc and the interaction
is neglected if the distance is larger thanRc. This procedure
introduces an artificial discontinuity in the pair potential at a
distancer ) Rc from the central molecule or ion. In our
previous study,11 we employed the Steinhauser switching
function18 instead, which smoothly reduces the interaction
energy from its value atr ) RL to zero atr ) RU to avoid the
discontinuity in the potential. This has been often used in the
previous simulations7-9,11 in order to avoid the sudden warm
up of the system, due to the energy discontinuity when the
simple truncation is employed. Recent studies25,26have reported
that although the switching function stabilizes the system’s
temperature, it can cause other problems, as discussed in
section I.

We used Gaussian isokinetics46-48 to keep the temperature
of the system constant and the quaternion formulation49 of the
equations of rotational motion about the center of mass of the
SPC/E water molecules. For the integration over time, we
adapted Gear’s fifth-order predictor-corrector algorithm50with
a time step of 10-15 s (1 fs). Molecular dynamics (MD) runs
of 100 000 time steps each were needed for the ion-water
system to reach equilibrium. The equilibrium properties were
then averaged over 10 blocks of 20 000 time steps (20 ps) for
a total of 200 000 (200 ps). The configurations of molecules
were stored every five time steps for further analysis.

III. Results and Discussion

In this section we present the results of our MD simulations
at 298.15 K; the principal static and dynamic properties are
considered separately.

A. Static Properties and Energetics.The average potential
energies of ion-water and water-water are listed in Table 2,
and the radial distribution functions for the ions and the O or
H atoms of water molecules are shown in Figures 3-5. The
potential energy for water includes a polarization correction37

of 5.2 kJ per mol. Table 3 contains the positions and magnitudes
of the maxima and minima ofgio(r) in the first and second shells
together with the corresponding values for the oxygen distribu-
tion functionsgoo(r) in pure water at 25°C. The magnitude
and position of the first peak in the chloride-oxygen (Cl-O)
radial distribution functions (4.06 at∼3.2 Å) agree closely with
the previous results50 of the Cl-TIP4P water model, since the

LJ parameters are almost the same (σClO ) 3.7835 Å andεClO
) 0.5216 kJ/mol for SPC/E, and 3.7916 Å and 0.5661 kJ/mol,
respectively, for TIP4P). Calculations27 for this system using

Figure 2. Ion-oxygenεio (kJ mol-1) parameter as a function of the
crystallographic radiusR (Å) of the ion.

Figure 3. Radial distribution functionsgio(r) of SPC/E water molecules
as a function of the distancer io between the anion (i) and the oxygen
atom (o) of a water molecule.

Figure 4. Radial distribution functionsgih(r) of SPC/E water molecules
as a function of the distancer io between the anion (i) and the hydrogen
atom (h) of a water molecule.

TABLE 2: Average Ion-Solvent, Solvent-Solvent
Potential Energies and Diffusion Coefficients of Water
Calculated from the MSD at 25 °C

U (kJ/mol)

ion-water water-water
Dw (× 10-5 cm2/s)

MSD

F- -840.4( 6.0 -39.5( 0.1 2.96( 0.11
Cl- -575.6( 8.4 -40.0( 0.1 3.09( 0.15
Br- -539.0( 2.8 -40.1( 0.1 2.90( 0.05
I- -460.1( 5.4 -40.2( 0.1 2.84( 0.09
Li+ -912.0( 6.5 -39.6( 0.2 3.19( 0.23
Na+ -745.0( 3.7 -39.8( 0.1 3.03( 0.16
K+ -606.5( 1.7 -40.1( 0.1 3.04( 0.10
Rb+ -571.0( 1.7 -40.3( 0.1 2.96( 0.08
Cs+ -534.4( 5.6 -40.5( 0.1 2.73( 0.06
H2O -41.4( 0.1 2.59( 0.08
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Ewald sums and the TIP4P model showed that thegClO(r) has
its first peak at∼3.2 Å with a peak height of∼3.8.
The heights of the first peaks in the bromide-oxygen (Br-O)

and bromide-hydrogen (Br-H) radial distribution functions
(3.46 Å at∼3.3 Å and 3.15 Å at∼2.3 Å) in our simulations
are also in general accord with independent studies25 of the
bromide ion in SPC water which assumeσBrO ) 4.103 Å and
εBrO ) 0.4193 kJ/mol.
When the radial distribution functions (Figure 5) for the

cations and O atoms of water molecules in the present studies
are compared with those of our previous study using the TIP4P
water model,24 the results are qualitatively similar except for
the Li-O case. The large increase in the height and the decrease

in the Li-O distance of the first peak may be due to differences
between the two water modelssSPC/E and TIP4Psespecially
the positions of the point charge on the water molecule or
excessively long equilibration times. Also, the average coor-
dination number of water molecules around the Li+ ion shown
in Table 4 is decreased in the SPC/E model from its value in
the TIP4P model.
Table 4 displays average coordination numbers of water

molecules in the first solvation shell alone and in the first and
second solvation shells of the ions, calculated from our
simulations. These numbers can be compared with previous
results, which are 4.1,17 5.8,19,456.2,26,28and 6.051 for F-, 8.3,17

7.2,19,27 7.3,26 7,50 and 6.940 for Cl-, 7.626 for Br-, 5.319 and
6.024,30c for Li+, 6.0,17,19 5.8,38 and 6.624 for Na+, 6.3,17 7.5,19

7.9,24 and 7.8 for Rb+,24 and 9.6 for Cs+.24 We discuss the
dynamics of the solvation shells in the next section.
An examination of stereoscopic pictures of equilibrium

configurations of water in the first solvation shell alone and
the first and second solvation shells of F-, I-, Li+, and Cs+,
respectively, shows that all the OH vectors of water molecules
in the first shell around the F- ion point toward the ion, while
the directions of some of the OH vectors pointing toward the
I- ion are disturbed by hydrogen bonding to water molecules
in the second solvation shell. Water molecules around the I-

ion are more loosely packed together than those around the F-

ion, and this appears to have a greater effect on the diffusive
motion of I- than F. Similar behavior of water dipoles is
observed around the cations, but the water dipoles around the
Cs+ ion are more disrupted than the dipole around the I- ion.
B. Dynamic Properties. The diffusion coefficients (D),

calculated from the mean square displacement (MSD) of the
ions and from the velocity autocorrelation functions (VAC), are
listed in Table 5. The ionic mobilities (u), determined from

TABLE 3: Positions and Magnitudes at Maxima and Minima of Ion-Oxygengio and Oxygen-Oxygengoo Radial Distribution
Functions at 25°C

first max first min second max second min

ion r io (Å) gio r io (Å) gio r io (Å) gio r io (Å) gio

F- 2.60 7.92 3.20 0.17 4.45 1.45 5.50 0.79
Cl- 3.20 4.06 3.80 0.49 5.00 1.28 6.05 0.89
Br- 3.30 3.46 3.85 0.52 5.05 1.23 6.15 0.88
I- 3.60 2.68 4.30 0.72 5.05 1.25 6.65 0.85
Li+ 1.95 14.00 2.65 0.02 4.10 1.69 5.25 0.89
Na+ 2.45 7.21 3.25 0.16 4.50 1.42 5.40 0.84
K+ 2.80 4.57 3.65 0.47 4.75 1.15 5.80 0.90
Rb+ 2.90 3.94 3.75 0.59 5.10 1.14 5.90 0.89
Cs+ 3.05 3.20 3.85 0.74 5.40 1.09 6.25 0.90

roo (Å) goo roo (Å) goo rwoo (Å) goo roo (Å) goo

H2O 2.75 2.98 3.30 0.83 4.50 1.10 5.65 0.90

Figure 5. Radial distribution functionsgio(r) of SPC/E water molecules
as a function of the distancer io between the cation (i) and the oxygen
atom (o) of a water molecule. The inset shows the corresponding radial
distribution functionsgih(r) as a function of the distancer ih between
the cation (i) and the hydrogen atom (h) of a water molecule.

TABLE 4: Average Coordination Number and Residence
Times (ps) of Water Molecules in Hydration Shells of an Ion
or Water Molecule at 25 °Ca

ion hydration number residence time (ps)

F- 6.4 (18.2) 28.5 (10.9)
Cl- 7.4 (24.7) 9.0 (9.0)
Br- 7.2 (24.4) 9.5 (8.9)
I- 8.1 (30.0) 7.7 (10.6)
Li+ 4.1 (16.1) ∼400 (11.6)
Na+ 5.9 (17.5) 26.4 (9.8)
K+ 7.2 (21.2) 9.4 (9.6)
Rb+ 7.8 (21.0) 9.3 (8.5)
Cs+ 9.6 (21.3) 9.5 (9.3)
H2O (SPC/E) 4.3 (16.9) 4.5 (8.3)

aNumbers in parentheses are for the second hydration shell in column
2 (hydration number) and for the first and second shells in column 3
(the residence times).
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these diffusion coefficients using the Einstein relationu ) Dq/
kT, are also listed in the same table. They are compared, in
Figure 6, with the experimental results and with our previous
simulations for the alkali metal cations using the TIP4P model
for water. Table 2 also records the diffusion coefficients of
waterDw in pure SPC/E water and in the ionic systems that
were studied; they were calculated from the MSD of water
molecules.
Figure 6 shows that the ionic mobilities of the anions are

underestimated by about 20% in our simulations, while those
of the cations are in better agreement with experiment. The
experimental trends in the mobilities as a function of ionic radii
are also observed in our simulations of univalent cations and
anions with distinct maxima. The ionic mobilities of the cations
obtained from our previous simulations using TIP4P water were
clearly underestimated.
The residence time correlation function19,24 is defined by

whereθ(r,t) is the Heaviside unit step function, which is 1 if a
water moleculei is in a regionr within the first coordination
shell of the ion and 0 otherwise, andNr is the average number

of water molecules in this regionr at t ) 0. Figures 7 and 8
show the time dependence ofR(r,t) for water around the anions
and cations, respectively, calculated in our simulations. The
characteristic decay time,τ, is defined by the relation

but was obtained by fitting the time correlation function to an
exponential decay〈R(r,t)〉 ≈ exp(-t/τ), which is useful par-
ticularly whenτ is large.
The decay times, also listed in Table 4, show the average

decay times of water in the first shell alone and also in the first
and second shells. We note that these times decrease rapidly
with increasing ion size and that the decay time for water in
the first shell around Li+ is even larger than what was found
previously in the TIP4P model.

Figure 6. Ion mobilities in units of 10-4 cm2/(V s) as a function of
the crystallographic radiusR (Å) calculated from the mean square
displacements of the anions (O) and the cations (0), respectively, in
SPC/E water. The corresponding mobilities for cations in TIP4P water24

are shown as dark boxes (9), and the experimental values are the points
depicted as dark circles (b).

TABLE 5: Diffusion Coefficient D and Mobility u of
Halides and Alkali Metal Cations at Infinite Dilution in
Water at 25 °C Calculated from the Mean Square
Displacements and Velocity Autocorrelation Functions

D (× 10-5 cm2/s) u (× 10-4 cm2/(V s))

ion MSD VAC MSD VAC

F- 1.30( 0.42 1.29( 0.38 5.06( 1.63 5.02( 1.48
Cl- 1.73( 0.42 1.71( 0.29 6.73( 1.63 6.65( 1.13
Br- 1.89( 0.24 1.87( 0.22 7.35( 0.93 7.27( 0.86
I- 1.68( 0.41 1.78( 0.40 6.54( 1.59 6.93( 1.55
Li+ 1.18( 0.09 1.27( 0.13 4.59( 0.35 4.79( 1.36
Na+ 1.22( 0.47 1.22( 0.45 4.75( 1.83 5.45( 1.75
K+ 2.02( 0.45 2.17( 0.42 7.86( 1.75 8.45( 1.63
Rb+ 2.11( 0.46 2.20( 0.47 8.21( 1.79 8.56( 1.83
Cs+ 2.00( 0.35 1.99( 0.39 7.78( 1.36 7.74( 1.52

R(r,t) )
1

Nr
∑
i)1

Nr

[θ(r,0)θ(r,t)] (3.1)

Figure 7. Residence time correlation function for the hydrated SPC/E
water molecules in the first hydration shell of each anion.

Figure 8. Residence time correlation function for the hydrated SPC/E
water molecules in the first hydration shell of each cation.

τ )∫0∞〈R(r,t)〉 dt (3.2)
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IV. Conclusions and Comments

Our calculations demonstrate, for the first time, that the
unusual behavior of experimentally determined cation and anion
mobilites at infinite dilution in aqueous systems at 25°C can
be reproduced in molecular dynamics simulations using the
SPC/E model for water and simple pairwise additive ion-water
potentials derived from the binding energies of ion-water
clusters.38-43 This paves the way for a detailed study of the
mechanism of ion transport and the influence of solvent structure
and dynamics on the mobility of ions in aqueous solution.
Improvements to the model potentials and the computational

techniques, especially by using Ewald sums or reaction fields
to take account of the long-range forces, are in progress. We
expect that the same trends will be observed in the mobilities
as a function of ion size although the quantitative agreement
with experiment for the cations may be slightly worse. Work
in progress shows that Ewald sums have a greater effect on the
negative ions than on the cations for the model considered,
bringing the simulated mobilities for the anions closer to
experiment. However, we caution that the use of Ewald sums
or reaction fields with potentials fitted to the binding energies
of small clusters of a solvated ion, that are by construction of
limited extent and range, may not be always optimal or even
completely consistent.
We have implicitly assumed, in our study, that the non-

Newton trajectories of our Gaussian isokinetic simulations
mimic the time evolution of a real system at constant temper-
ature correctly to enable the diffusion coefficient to be calculated
from the mean square displacement and the velocity autocor-
relation function. This seems plausible but, as far as we know,
has not been proved rigorously, although the question was raised
some time ago.53

The single most important requirement for observing in
simulations subtle trends in the ion mobility as a function of
ion size is the use of a consistent set of parameters for the ion-
water and water interactions derived from the same model for
water and parallel experimental data on ion-solvent energies
of hydrated clusters of single ions.
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