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In this paper we present some results from a simulation study of the mobility and solvation of ions
and uncharged molecules in aqueous solution in smooth cylindrical channels at room temperature.
This ideal system provides a reference system with which to compare the behavior of water and ions
in real porous materials such as zeolites, bucky tubes, and biological channels. We find that in
channels of radii between 2.5 and 5.5 Å the water molecules form a cylindrical solvation shell inside
the channel walls with some evidence of a second shell in the center of the largest channel. Not all
protons are involved in hydrogen bonding and a number point toward the walls. We attribute this to
the concavity of the surface. When a sodium ion is added it tends to lie in the center of the channel
where it can form the most complete solvation shell. Its diffusion rate decreases in smaller channels
until it moves too slowly in a channel of 2 Å radius to be detected in our simulations. This decrease
is only partly due to an increase in the mean square force on the ion. A range of ions of different
sizes were studied in a channel with radius 3 Å. While the smaller of these ions~F2, Na1, and
Ca11! lie preferentially in the center of the channel, larger ions~Cl2, I2, and Cs1! penetrate some
way into the layer of water inside the wall and methane and ions with the charges turned off move
next to the wall. Landau free energy analysis shows that this change is due to the balance between
entropy and energy. The behavior in smooth channels is quite the opposite of what has been
observed in experimental studies and simulations of Gramicidin~pore radius of 2 Å!, where Cs1 lies
closer to the center of the channel and Na1 lies off the axis. This difference can be attributed to the
specific molecular structure of the gramicidin pores~e.g., the presence of carbonyl groups!. As in
bulk solutions, the mobilities of the ions in smooth channels increase to a maximum with ion size
and decrease with increasing magnitude of the charge on the ion, while uncharged species diffuse
much more rapidly and show a monotonic decrease with size. This behavior is related to the
characteristics of the fluctuations of the forces on the solute molecules. ©1996 American Institute
of Physics.@S0021-9606~96!50944-X#

I. INTRODUCTION

The mobility of water and hydrated ions in channels or
micropores is important in biological systems~e.g., ion chan-
nels in membranes! and in many systems of interest to chem-
istry and chemical engineering~e.g., porous materials includ-
ing zeolites and bucky tubes!. Selectivity of specific ions
~e.g., the potassium ion! and a high rate of transport are
distinctive features of these pores but are incompletely un-
derstood. Some aspects of biological channels are quite in-
triguing. For instance, the amino acid sequences of several
biological channels have been deduced and it has been ob-
served that the mutation of a single amino acid residue in one
case can transform a sodium ion channel to a channel per-
meable to calcium ions, while the substitution of three amino
acids in another is able to convert a cation selective channel
to an anion selective pore.1,2 The key questions are: How are
the selectivity and mobility of ions affected by the pore and
ion sizes, the ion charge and the structure, and the charge
distribution and conformational changes of the channel
membrane? Some of these problems have been addressed in
experimental and theoretical studies and by modeling, but
our understanding is still rudimentary.3–16

Computer simulation has been used for many years to
study the behavior of molecules in porous media.17 Much of
this work has been with slit-shaped pores and zeolites, but
Muradet al.18 have looked at Lennard-Jones fluids in model
pores of different shapes and Petersonet al.19 have studied
the same fluids in cylindrical channels. Suhet al.20 have
studied the diffusion of hard sphere fluids in hard cylinders
and recently Sansomet al.21 have looked at the structure and
dynamics of water in channels that are similar to those stud-
ied here. A great deal of effort has also been put into more
realistic modeling of biological channels, particularly grami-
cidin, by McKay et al.,12 Jordan,4–7 Chiu et al.,14,15 Aquist
and Warshel,16 Roux and Karplus,1,2 and others.8,22 Most of
the studies of biological channels attempt to include the spe-
cific structure of the channel concerned, which makes their
analysis quite complicated.

Our aim in the work described in this paper is to study a
very simple model as a reference system for the behavior of
water and aqueous solutions in pores. We use this to try to
isolate some of the factors involved in the transport of water
and ions through micropores in general rather than to study a
particular system. By comparison with real pores and bulk
fluids, we also hope to learn more about the mechanism of
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ion transport in confined systems of biological and chemical
significance. For instance, our simulations of simple cations
in smooth channels lead to results, for pores larger than 3 Å
in radius, that are similar to their transport in bulk fluids but
are rather different from what is known about their behavior
is gramicidin~pore radius of 2 Å!, which is blocked by the
divalent cation Ca21 and is essentially impermeable to Cl2

ions.
Our model comprises an infinite cylindrical pore with

smooth walls containing water molecules and ions of various
types. In addition to studying common ions such as Na1,
Ca21, Cl2, and others we have taken advantage of the simu-
lation method to change the characteristics of the ion~e.g.,
by switching off or reversing the sign of the charge! in order
to try to understand the causes of the behavior we see. In
particular, switching off the charges changes a solute from
being hydrophilic to hydrophobic and we interpret some of
the changes in behavior in terms of entropic and energetic
effects.

II. COMPUTATIONAL DETAILS

Each sample comprises a specified number of water mol-
ecules and either a single or no solute molecule in a cylin-
drical channel with smooth repulsive walls. Figure 1 shows
the channel geometry. Periodic boundary conditions are ap-
plied in thez direction ~which is parallel to the axis of the
channel!.

The water molecules are rigid entities modeled by the
SPC/E potential23 which has charges of20.8476e on the O
atom and 0.4238e on the H atom and a Lennard-Jones center
on the O atom. The molecules used as solutes are first a
series of real ions, second, hypothetical ions with altered
charges, and third, neutral solutes modeled as Lennard-Jones
spheres with parameters identical to some of the real ions.
The interactions of the ions with the water molecules are also
due to charges and Lennard-Jones potentials. Table I sum-
marizes the parameters used. These are taken from the work

of Dang et al.24–29 and are the same as used by Lee and
Rasaiah in their work on ion mobility in bulk SPC/E water.30

We used the minimum image convention with a cutoff at 9
Å. We did not apply any long-range corrections. This makes
the results comparable to those of Lee and Rasaiah for bulk
systems.30 It is also unclear what long-range corrections
would be most appropriate. In a biological membrane pores
are about 12 Å long and connect two aqueous environments
with a high dielectric constant while the material of the
membrane has a much lower permittivity. In inorganic media
the pores may be much longer. We do not expect that includ-
ing some type of long-range correction would affect the
comparative ion mobilities or the local structure.

The wall potential was chosen to be steeply repulsive
and not to penetrate far into the center of the cylinder. The
form used was

Vwall5A exp@2B~r cyl2R!#, ~1!

whereR is the distance of the oxygen atom in the water
molecule or the ion from the axis of the cylinder. For these
calculations the values chosen wereA5162 kJ mol21 and
B54.18 Å21 and the potential was cut off at 2.5 Å from the
wall. The same parameters were used for water and all ions.
This value ofB was chosen to be the same as that used
successfully for the O–O repulsion parameters in a number
of calculations of salts containing nitrites, nitrates, sulfates,
and perrhenates.31 The value ofA was chosen such that the
potential energy was equal tokT at 1 Å from the cylinder
surface.

At first sight the cylinder wall appears to be extremely
hydrophobic. It must be recalled, however, that the interior
of a cylindrically symmetric charge distribution has no radial
field. This can be understood from a simple physical argu-
ment. By symmetry, any components of the field in planes
perpendicular to the axis of symmetry must be radial. Radial
lines of force could only exist if there were charge density on
the cylinder axis to provide a source for them, but there is no
axial charge density in a hollow tube such as the ones studied
here. If the surface charge distribution is nonuniform along
the axial direction~as in a funnel-shaped charge distribution!
there may be axial fields but no radial fields. In our cylindri-
cal model pore there would be no electrostatic field even if
the wall contained a uniform charge or radial dipole distri-
bution. The effect of such a hydrophilic surface would be to

FIG. 1. Cylindrical simulation cell for molecular dynamics study of ion
mobility and solvation in smooth channels. Periodic boundary conditions
apply only in thez direction which is along the axis of the cylinder.

TABLE I. Potential parameters used.

Ion s iO /Å e iO /kJ mol
21 q/e

Na1 2.876 0.5216 11
K1 3.250 0.5216 11
Cs1 3.526 0.5216 11

Ca21 3.019 0.5216 12

F2 3.143 0.6993 21
Cl2 3.785 0.5216 11
I2 4.168 0.5216 11
O~H2O! 3.169 0.6502 20.8476
H~H2O! 0.0 10.4238
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change the electrostatic potential uniformly throughout the
channel. This affects the chemical potential of the ions but
not the water, thereby influencing the entrance of an ion to
the channel but not its subsequent motion.

There is a problem in choosing the most suitable channel
length for a given radius and number of water molecules.
Ideally one would like to be able to set the chemical potential
of the water to be the same as in some specified bulk solu-
tion. This would involve a lengthy series of computations.
An alternative is to choose the same density as bulk water.
Unfortunately it is difficult to define the density in the chan-
nels for two reasons. First, because the wall repulsion is ex-
ponential, the radius is not well defined; changing the value
of A is equivalent to changing the value ofr cyl . In all the
references tor cyl in this paper it is assumed that a standard
valueA5162 kJ mol21 is used. The second problem is that
the water density is highly nonuniform, with the molecules
forming a solvation layer inside the surface of the cylinder.
We chose a length of the channell for each radius which
gave the same number density of molecules inside the vol-
umeV5 lpr cyl

2 as in bulk water.
Even with a given density there is a question as to the

effect of the periodic boundary conditions. If the channel
length l is too short, correlations of the density and dipoles
may be propagated along the channel artificially. The origi-
nal channel lengths were chosen to contain at least 20 water
molecules and, for wider channels a length of about 20 Å.
Some runs were carried out for channels of twice the length.
In simulations with a solute, one water molecule was re-
placed by a solute molecule without making any changes in
the box size. The imposition of periodic boundary conditions
has a greater effect when an ion is present as the axial ori-
entation of water dipoles is propagated further. We are not
dealing with infinitely dilute solutions of ions, but with chan-
nels of one ion per unit box length. Again we have per-
formed a few runs for more dilute solutions. In particular, all
our simulations of single ions in channels of radii of 3 Å and
20 Å long were repeated for channels with twice this length.

The molecular dynamics~MD! program was adapted
from that used by Lee and Rasaiah. It uses a fifth-order Gear
algorithm and quaternions to describe the motion of the wa-
ter molecules.32 The time step was 1 fs except for the simu-
lations with small hypothetical negative ions where it proved
necessary to halve the time step. Each run was started from a
previous configuration or from a portion of a sample of bulk
water. The velocities were chosen randomly from a Gaussian
distribution at the required temperature. The sample was al-
lowed to equilibrate for at least 50 ps and data were collected
for 1–5 ns. This may seem a long time, but with only one ion
such long runs were found to be necessary in order to obtain
reproducible results for the diffusion constants. Reliable
static averages could be obtained from shorter runs~500 ps!.
The quantities measured during the run included the poten-
tial energy, the ion–water potential energy, the interaction
energy with the wall, and the pressure in both thez and in
the radial directions. The separate contributions to the energy
and the distribution functions for the ion and the oxygen and
protons of the water molecule were accumulated as a func-

tion of R. Ion positions and velocities and in some cases
water positions were stored at intervals for subsequent analy-
sis. All the runs here were carried out at a temperature of 298
K. This was achieved by using Gaussian thermostats which
constrained the translational and rotational kinetic energies
to be constant32 together with a weak Berendsen thermostat
to overcome drift.

In an anisotropic system, such as that studied in this
work, the pressure is a tensor. In our system there are two
distinct values, the radial and axial components, which were
calculated separately. The axial component, (Pzz), was cal-
culated in the usual way from the virial

Pzz5F ~N22!kT1(
i j

Fz,i j zi j G Y V, ~2!

where the sum is over all pairsi j of thez component of the
force oni due to j multiplied by the difference inz coordi-
nates. The factor (N22) is used because there are two de-
grees of freedom which are fixed, namely thez components
of momentum and angular momentum. The volumeV was
taken to be equal to

V5pr cyl
2 l . ~3!

The radial pressure was measured both by the force per unit
area on the surface of the cylinder~assumed to have radius
r cyl! and by the virial expression

Prad5F2NkT1(
i j

Fx,i j xi j1(
i j

Fy,i j yi j

1(
i
Fwall,i~rcyl2Ri !GY2V, ~4!

whereFwall,i is the force on thei th molecule due to the wall
and Ri is its distance from the axis of the cylinder. The
results from these two methods agreed within 0.5 MPa~5
bar! or better.

If the liquid in the pore were structureless one could
relate these pressures to the surface tension,s, and the inter-
nal pressurePint . Considering the work done by a cylinder of
liquid in expanding its radius fromR to R1dR gives

PradAcdR5PintAcdR2sdAc , ~5!

whereAc52pRl is the area of the surface of the cylinder in
the molecular dynamics box with periodic boundaries at in-
tervals ofl. The change in surface areadAc52p ldR. On the
other hand the work done in increasing the length of the
periodic box bydl is

PzzAxdl5PintAxdl2sdAx , ~6!

whereAx5pR2 is the area of the cross section of the cylin-
der anddAx52pRdl. Combining these two equations we
obtain

s5R~Prad2Pzz!,

Pint52Prad2Pzz. ~7!

Although it is not clear that we can assume that our system
has a uniform internal pressure or that the surface of tension
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is at the surface of the cylinder, we use these equations with
R5r cyl to evaluate the two quantitiess andPint from the two
pressure measurements.

A useful relation, which can be derived from the above
equations by considering the work done when the radius is
increased at constant volume, is the rate of change of free
energy per unit cylinder length,A, with cylinder radius,R, at
constant density:

S ]A

]RD
r

512ps. ~8!

For a structureless solvent,s is constant so thatA decreases
linearly with R as conditions within the channel become
nearer those in the bulk.

The structural information obtained was of two types;
first the distribution of ions and molecules relative to the
channel, and second the distribution of water molecules rela-
tive to the ions. As the channels are cylindrically symmetri-
cal the probability distribution function for any particular
type of atom only depends on the perpendicular distanceR
from the axis of the channel. We measuredp(R) for O, H,
and solute atoms by constructing histograms of the instanta-
neous positions. From these the radial densities

r~R!5~2pR!21p~R! ~9!

were also calculated. The local environment of each solute
was measured in a similar way by constructing the function
nSO(r ) ~the probability density of finding an O atom at dis-
tancer from the solute molecule S! from a histogram of OS
distances. Similar functionsnOO(r ) andnOH(r ) were calcu-
lated for oxygen–oxygen and oxygen–hydrogen, respec-
tively. Coordination numbers were determined by integrating
these functions to their first minimum. The mean number of
close OH pairs and of hydrogen-bonds per molecule was
calculated in the pure water samples. A hydrogen bond was
defined whenrOH<2.5 and the angle OHO was greater than
130°, while a close OH pair was defined as one which satis-
fied the first criterion, but not necessarily the second.

Various aspects of the dynamics of the samples were
explored. In particular the mean square displacements in
both thez direction~along the axis! and in the perpendicular
direction were determined as a function of time. Multiple
time origins separated by 0.8 ps were used for this analysis
and the mean square displacements were followed for 50–
100 ps. From these quantities the diffusion constants of sol-
ute and water molecules along the cylinder axis can be de-
termined by

Dzz50.5S d^@z~ t !2z~0!#2&
dt D

lim

, ~10!

where the gradient is taken in the limiting linear region. The
diffusion constant is related to the velocity autocorrelation
time from

Dzz50.5̂ vz
2&tv , ~11!

wheretv is the correlation time for the decay of the normal-
ized velocity autocorrelation function in thez direction

~along the cylindrical axis!. This equation is exact, although
the diffusion constant is only defined for times that are long
enough for complete decay of the correlations in the veloci-
ties. In the Langevin theory of Brownian motion33 the diffu-
sion constant can also be related to the behavior of the fluc-
tuations in the forces by

Dzz5~kT!2/~^Fz
2&tF!, ~12!

wheretF is the correlation time of the random forceFz . The
assumptions of the Langevin theory are that the force corre-
lations decay much more rapidly than the velocity correla-
tions. If this were true then the velocity correlations would
decay exponentially. In aqueous solutions of ions the time
scales of the decay of force and velocity fluctuations are
similar and the velocity correlations certainly do not decay
exponentially. Nevertheless, the quantity

g5Dzẑ Fz
2&/~kT!2, ~13!

which would be equal totF
21 in the Langevin limit can be

calculated from the measured values ofD and ^Fz
2&. This

rate, g, relates in some way to time scales of forces and
network fluctuations and gives some insight into the varia-
tion of the mobility of the solute molecules.

The Landau free energy is the free energy of a system in
which one variable~often known as an order parameter! is
constrained. A familiar example of a Landau free energy is
the potential of mean force which is the free energy of a
system with the separation between two particles constrained
to be at some distancer apart. In that caser is the order
parameter and we can deduce properties of the system by
considering the potential of mean force as a function ofr .
The most probable values of the order parameter in an un-
constrained system correspond to minima in the Landau
function. Here we determined the Landau free energy as a
function of the radial displacementR of the ion or solute
from the axis of the cylinder. The basic relation is

A~R!52kT log@p~R!#1A, ~14!

wherep(R)dR is the probability of finding the ion between
R andR1dR andA is the Helmholtz free energy. Using this
equation we can determineA(R) ~within a constant! by
forming a histogram of probabilities. In order to access val-
ues ofR which have a low intrinsic probability one may add
a biasing potential acting on the solute, but not on the water
molecules. In this case

A~R!52kT log@PX~R!#2EX~R!1AX , ~15!

wherepX(R) is the probability distribution observed in the
presence of the biasing potentialEX(R) andAX is a constant
whose value depends on the biasing potential. By choosing a
number of different functions ofEX(R) one may explore the
whole range of values ofR and by overlapping the functions
A(R) in the different windows determine it over the whole
range. Overlapping is important as the constantsAX cannot
be determined in this method. This method is closely related
to the method of umbrella sampling32,34and has been applied
recently to melting and freezing in bulk liquids and
clusters.35–37
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Normally these methods are used in Monte Carlo pro-
grams, but we used our molecular dynamics program by in-
cluding an additional radial force2dEX(R)/dR due to the
biasing potential. Two forms ofEX(R) were used. In the first
the preexponential term in the solvent-wall potential@Eq.
~1!# was varied and in the second a quadratic term in
~R2Rref! was added. The water–water, water–ion, and
water–wall energy were all binned as a function ofR so that
the Landau entropy could be found by subtraction using

2TS~R!5A~R!2USW~R!2UWW~R!2UW wall~R!,
~16!

where the subscripts W and S refer to water and solute, re-
spectively.

There are two types of errors and uncertainties in the
measured values of thermodynamic and dynamic quantities.
The first is the accuracy to which one can determine the
quantity concerned for the system investigated and the sec-
ond is the sensitivity of the values to small changes in the
system, e.g., the density or channel length. Estimates of the
former are shown as error bars or discussed in the figure
captions. We have less information about the latter, but com-
ments are made in the text at appropriate places.

III. PURE WATER IN CYLINDRICAL PORES

A. Structure and hydrogen bonding

From the runs with water alone one can examine the
effects of confinement on the water structure and the
hydrogen-bond network. It is well known that solvation lay-
ers are found in water and other liquids near flat walls38 and
solvation shells are seen around spherical and nonspherical
solutes.39 This effect is due to packing. A similar effect is
apparent in these cylinders. Figure 2 shows the density dis-
tribution of the O and H atoms in the runs with pure water in
cylinders of different radii. Looking first at the O atom dis-
tribution and remembering that the O atoms are very close to
the center of mass of the molecule, we see that in all the
cylinders the water molecules form a solvation layer within
the wall with a maximum just over 1 Å from the wall. In the
channels of radius of 4.5 Å and above there is room for
another solvation shell in the channel and a second maxi-
mum in the probability density is seen in the center of the
channel. This central core of oxygen atoms is particularly
apparent in the 4.5 Å radius channel.

There is a contribution to the free energy of the system
which depends on whether the cylinder size is commensurate
with the natural separation of the solvation layers. This is
similar to the effects found in a liquid between a flat surface
and a tip or between two flat surfaces where the derivative of
the free energy with respect to tip–flat or flat–flat separation
gives a solvation force which can be probed in atomic force
microscope and similar experiments.39–41 It was noted in
Sec. II that the surface tensions gives a direct measure of the
derivative of free energy with respect to channel radius at
constant density and that in a continuum solvent models
would be constant. Thus the effects of solvation structure are
reflected in the variation ofs from a constant value. If the

solvation layer structure is commensurate with the channel
radius then the free energy relative to a continuum solvent
model will be a minimum and will rise to a maximum be-
tween the points withn and n11 commensurate solvation
shells. The surface tension, which is the derivative of the free
energy, will be greater than the continuum value between the
points of maximum and minimum stability of then layer
solvent structure and less than the continuum value at radii
higher than the maximum stability ofn layers and lower than
that ofn11 layers.

Figure 3 shows that most of the cylinders have approxi-
mately the same surface tension but the 2 and 4 Å cylinders
have lower values. These results suggest that the most stable
arrangement with a single water layer inside the cylinder
occurs at a slightly larger radius than 4 Å. However when the
channel radius is increased to 4.5 Å another solvation layer
has appeared. Looking at other data we see that the 4 Å
cylinder is anomalous in other ways. It has anomalously low
values for the internal pressure~Fig. 3! and for the diffusion
constant~Fig. 4!. Compared with the trend it has a slightly
lower potential energy and there are slightly more ‘‘close
hydrogens’’—that is, OH pairs separated by less than 2.5 Å.

FIG. 2. Density profiles of water across channels of different radii. The solid
lines represent the density of oxygen atoms and the dotted lines the hydro-
gen density. Each graph is marked with the value of the cylinder radius.
Note that there is a change of horizontal scale between the upper four and
the lower four sets of curves.
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We deduce that the water structure in the 4 Å cylinder is
anomalously stable.

At the molecular level the structure of water is deter-
mined by the hydrogen-bonding network. This is affected by
the concave surface of the cylinder. In a bulk sample of
water nearly all the protons are involved with H bonds. If a
small hydrophobic solute is dissolved in water the local hy-
drogen bond network may be strengthened as the water
forms clathratelike structures around the solute.42,43 Studies
of solvation of spheres of various sizes42–45show that as the
curvature of the sphere decreases the hydrogen-bond net-
work is weakened until adjacent to a flat surface it is no
longer possible for every proton to be involved in hydrogen
bonds. This trend is continued in our cylinders where the
surface is concave. One way in which this can be seen is in
the distribution functions for the protons~Fig. 2: dotted
lines! which extend nearer to the wall than those for the
oxygen atoms~Fig. 2: solid lines!; these protons cannot be

involved in H bonding. The molecular orientation also varies
with radius. The mean dipole in the radial direction is always
small and changes sign as the solvation peak is traversed.
This suggests that the dipoles preferentially lie perpendicular
to the radius vector, and this is confirmed by looking at the
orientational quadrupoles, which show that there also is a
slight preference for the dipoles to lie in the axial rather than
the tangential direction. The number of hydrogen bonds
around each water molecule would be equal to four in an
ideal ice configuration. It is considerably less than this in all
the cylinders, emphasizing the amount the hydrogen-bond
network is disrupted by confinement within the concave sur-
faces of the cylinders. As expected the number of water mol-
ecules in the first shell is as low as two in the narrowest
cylinders and increases steadily as the width increases.

Another piece of evidence relating to the hydrogen-bond
network is the coordination number of the water molecules,
which we determined by integrating the average numbers
found either to the first minimum in the probability function
nOO(r ) or to r53.5 Å. The values~shown in Fig. 3! vary
from 2 in the narrowest channel where the water molecules
are in single file to 4.1 in the broadest channel; all these are
less than the value of 4.5 found in bulk water at this tem-
perature. There is a corresponding decrease in the average
water potential energy, but no observable change in the po-
sition of the first maximum innOO.

Although the ensemble average of the dipole moment in
the axial direction must be zero there is the possibility of
instantaneous correlated fluctuations of water molecules in
the axial direction. Any correlations on a length scale greater
than the periodically repeated unit would be suppressed by
the imposition of periodic boundary conditions. We exam-
ined the density and axial dipole correlation functionsg(z)
andCm(z) defined by

g~z!5K (
i , j

d~z2uzi j u!L lY @N~N21!#, ~17!

Cm~z!5K (
i , j

~m i• ẑ!~m j• ẑ!d~z2uzi j u!L Y
K m2(

i , j
d~z2uzi j u!L , ~18!

wheremi is the dipole moment of thei th water molecule,ẑ is
a unit vector along the cylinder axis,l is the length of the
periodically repeated unit, andzi j is the difference inz co-
ordinates of the moleculesi and j . These functions are iden-
tical ~within the noise limits! for runs with 20 water mol-
ecules in a 3 Å channel with periodic boundaries 21.2 Å
apart and for a run of 40 water molecules in a channel of
twice the repeat length. They decayed to their limiting values
by 10 Å. All other static and dynamic quantities are identical
within the accuracy of measurement. We are confident that a
20 Å channel is sufficiently long to model the behavior of
water in infinite channels of radius 3 Å and above. In chan-
nels that are narrow enough for the water molecules to lie in
single file, chains of oriented water molecules may persist
for long times and distances.

FIG. 3. Structural properties of water as a function of cylinder radius. Upper
graph: Surface tension~the full line; units of 1024 J m22! and internal pres-
sure of water~the dashed line: units of MPa! In both cases the accuracy is
2% or better. Lower graph: Potential energy~right-hand scale! and solvation
number, number of hydrogen bonds and close O–H pairs~the left-hand
scale!. The surface tension and internal pressure were calculated as de-
scribed in the text. The numbers describe the surroundings of an average
molecule, i.e., in the ideal ice structure the solvation number and numbers of
hydrogen bonds and close OH pairs would each be equal to 4. The short
horizontal lines show the limiting values of the solvation number and po-
tential energy in the bulk.

9271R. M. Lynden-Bell and J. C. Rasaiah: Mobility of ions in channels

J. Chem. Phys., Vol. 105, No. 20, 22 November 1996

Downloaded¬05¬Jun¬2004¬to¬130.111.64.68.¬Redistribution¬subject¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



B. Dynamics in channels with water

Figure 4 shows the diffusion constantD for axial motion
and the mean square forces in both the axial direction^Fz

2&
and the perpendicular direction^Fx

2& together with the rateg
defined in Eq.~13!. It is only in the narrowest channels
where the water molecules are in single file that the diffusion
is too slow to measure. In this case the whole column of
water would have to move together for diffusion to occur.
For channels with a radius of 3 Å and above the diffusion
constant is the same order of magnitude as in the bulk liquid,
but there are small variations, e.g., the structural stability of
the channel with radiusr cyl54.0 Å is reflected in a slowing
of the dynamics. These results are all based on channels of
about 20 Å in length. A run of water in the 3 Å channel at
the same density but twice the length gave an indistinguish-
able plot of the mean square displacement as a function of
time as well as the same structural and thermodynamic prop-
erties within the errors.

As mentioned in Sec. II, the rate of diffusion depends on
the mean square fluctuation in the force and a quantityg with
dimensions of a rate; in the limit of Brownian motion the
latter rate is just the inverse of the correlation time of the
random forces acting on the diffusing molecule. The values
of the mean square forces andg measured for these systems
show that the former vary rather little with cylinder radius so
that the variation in the diffusion coefficient withr cyl is due
mainly to changes in the dynamics of the network as re-
flected ing. The actual values of the rateg correspond to
time scales of femtoseconds. The molecules in the stable
network ~r cyl54! do not move so easily as in the less stable
networks.

IV. SOLUTIONS OF SODIUM IONS IN CHANNELS

In this section we compare results for a specific ion
~Na1! as a function of channel radius.

A. Structural features

Figure 5 shows the density distribution functions for the
sodium ion~continuous lines! and the water molecules~wa-
ter oxygen—dashed lines! projected along the channel length
for a series of channels of different widths. The numbers of
water molecules and channel lengths are given in Table II.
There was no observable difference in this function for chan-
nels with a 3 Åradius and lengths of 21.2, 42.4, and 84.8 Å.

FIG. 4. Dynamics of water in channels of different radii.D ~the left-hand
scale! is the diffusion coefficient along the axis of the cylinder.D is related
to the^Fz

2& ~the right-hand scale; units of nN2; accuracy 3%! and to the rate
g ~the right-hand scale: units of 100 ps21!. ^Fx

2& is the corresponding mean
square force in thex direction.

FIG. 5. Density profiles of Na1 ~solid line! and water~O atoms–the dotted
line! across channels of different radii.

TABLE II. Simulations of Na1 solutions~the numbers for pure water simu-
lations are the same except that the solute was replaced by a water mol-
ecule!.

Radius of
channel
r cyl/Å

Length of channel
l /Å

Number of
waters

Number of
solutes

Volume/
molecule
V/Å3

2.0 28.6 11 1 29.94
2.5 30.5 19 1 29.94
3.0 21.2 19 1 29.97
3.5 19.5 24 1 30.01
4.0 19.1 31 1 30.00
4.5 19.3 41 1 29.95
5.5 18.9 59 1 30.44
3.0 42.4 39 1 29.97
3.0 84.8 79 1 29.97
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We note that the sodium ion tends to avoid the outside of the
channel which is preferentially occupied by water molecules
~except in the narrowest channels!. The only example where
there is a significant distortion of the water structure com-
pared with the pure water results shown in Fig. 2 is for the 4
Å radius channel. Examining individual configurations one
finds that in the narrower channels~i.e., up to and including
that with a radius of 3.0 Å! the water molecules in the ion’s
solvation shell lie above and below the ion. Figure 6 illus-
trates this; it shows two views of a configuration from the
simulation of the 3 Å channel. At the instant at which this
snapshot was taken the solvation shell is made up of two
molecules above and three below the ion. Animations show
that from time to time water molecules pass the ion, moving
from below to above or vice versa. The average coordination
number in this channel was 5.4. Figure 7 shows the coordi-
nation numbers as a function of radius. As the radius of the
channel increases, the number of neighboring water mol-
ecules changes from 2~with the molecules in single file! in
the narrowest channel to about 6 in the widest channel. The
coordination number found in simulations with the same po-
tential in bulk is 5.9.30 In the wider channels the overall
orientation of the solvation shell is less affected by the chan-
nel geometry than in the example shown in Fig. 6. However
it is only in the widest channel that the radial density of
sodium ions in the interior of the channel becomes even
approximately uniform~see Fig. 5!. The observed positions
of the sodium ions are the ones which allow the ion to maxi-
mize its bonding to the water. The changes in the solvation
energy shown in Fig. 7 mirror the changes in the coordina-
tion number but remain higher than the value in simulations
of bulk solution30 ~2745 kJ mol21!.

It will be recalled that in the 4.0 Å channel the structure
with pure water was particularly stable. By contrast in this
channel the structure around the sodium ion is less stable
than the trend would suggest. In Fig. 7 we see that the sol-
vation energy is less negative than expected and the solva-
tion number is also possibly smaller than the trend would
suggest. Further, the water structure is significantly distorted
by the ions. This is the only channel for which one can
readily see the consequences of the competition between the
preferred water structure and the solvation structure around
the ion.

Internal pressure and surface tension can be calculated in
the same way as for the channels containing water and values
are given in Table III. By comparison with Fig. 3 we see that
there is little difference between the results for pure water
and for the solution of sodium ions in channels whose radius
is larger than 2.5 Å. This is not too surprising as both quan-
tities are primarily due to the water molecules. In smaller
channels the separation into surface tension and internal
pressure components has no physical meaning. The value of

FIG. 6. Two views of a configuration from the simulation of Na1 in a
channel with radius 3 Å.~a! View of the molecular dynamics box from the
side; the axis of the channel is vertical.~b! View down the axis of the
channel. In this view the channel wall is a circle inscribed in the square
shown.

FIG. 7. Properties of Na1 as a function of channel radius. Upper graph:
Solvation energy~the right-hand scale; accuracy 1 kJ/mol! and coordination
number~the left-hand scale!. Lower graph: dynamics of sodium Na1 ion.D
~the left-hand scale! is the diffusion coefficient along the axis of the cylin-
der.D is related to thêFz

2& ~the right-hand scale; units of nN2; accuracy
3%! and to the rateg ~the right-hand scale: units of 100 ps21!. ^Fx

2& is the
corresponding mean square force in thex direction.
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Pzz is negative for Na1 solutions in the 2 Å radius channel
although the pure water has a positive value and the radial
pressures are similar in the two cases.

The effects of concentration were investigated by com-
paring the results for the 3 Å channel with one ion, the same
molecular density, and three different lengths, i.e., three dif-
ferent concentrations. The presence of an ion tends to align
the water molecules with their dipole moments pointing
away from the ion. This alignment is propagated in both
directions along the channel axis until the point halfway be-
tween the ion and its image where there is no net alignment.
It is this indirect interaction of the solvation shells which can
give a concentration dependence to some quantities. We con-
structed the ion–axial dipole correlation function

Cm~z!5K (
i

~m̂ i• ẑIi !d~z2uzIi u!L Y K (
i

d~z2uzIi u!L ,
~19!

wherezIi is the difference inz coordinates of the ion and
molecule i and circumflexes denote unit vectors. We com-
pared this function and the ion–water axial density distribu-
tion function for four systems, namely one Na1 ion in 3 Å
cylinders of length 21.2, 42.4, and 84.8 Å, and in a 4.5 Å
cylinder of length 19.4 Å. The axial distribution functions for
the three 3 Å cylinders were indistinguishable. The ion–
dipole correlation functions for the 42.4 and 84.8 Å channels
are very similar to each other, but that for the 21.2 Å channel
differs at distances greater than 5 Å. At distances less than 5
Å the alignment is high withCm(z) reaching values of 0.8.
At z510 Å where the shortest channel has no alignment, the
value ofCm(z) is 0.3 in the two longer 42.4 and 84.8 chan-
nels. This increased alignment changes the solvation energy
from 2594 kJ/mol~21.2 Å! to 2604 kJ/mol~42.4 Å! and
2597 kJ/mol~84.8 Å!, respectively, and affects the dynam-
ics. In the 4.5 Å channel the alignment is lower by 50% and
we do not anticipate significant changes in the solvation en-
ergy or diffusion constants in these wider channels.

B. Diffusion

In bulk SPC/E water30 the diffusion constant for sodium
ions is 1.231029 m2 s21 while that of water is 2.631029

m2 s21. One can explain this in part by the larger size of the
sodium ion plus its hydration shell, and it is therefore not

surprising that the diffusion of the sodium ions is more af-
fected by confinement in a channel than is the diffusion of
water. Figure 7 shows the solute diffusion constants and re-
lated quantities as a function of radius. The diffusion con-
stant decreases as the channels get narrower.

Changing the ion concentration has two effects, first the
diffusion constant~as determined from the limiting slope of
the mean square displacement! may be altered and second,
the short time behavior is changed. This is shown for six
runs in Fig. 8. Each of these runs was 5 ns long, and the
mean square displacements calculated for 6000 time origins.
The lowest lines are for the 21.4 Å channel, the middle ones
for the 42.4 Å channel, and the top one for the longest chan-
nel ~84.8 Å!. The limiting slopes and diffusion constants do
not change much@values of the diffusion constant are~in
units of 1029 m12 s21! 0.30, 0.26, and 0.24 for the three runs
at 21.2 Å; 0.19, 0.16 for the two runs at 24.2 Å, and 0.27 for
the run at 84.8 Å#. The short time behavior is dramatically
different. In the longest channel the limiting slope is not
reached until 10–15 ps and the intercept of the asymptotic
line on the^z2& axis is much larger. The intercept may be
interpreted as the square of the ion displacement due to the
local motion before true diffusive motion sets in, e.g., in a
solid the mean square displacement reaches a constant value
asymptotically so in this case the intercept is equal to the
square of the amplitude of the atom’s vibrational motion
within the crystal. The unexpected dependence of the inter-
cept on the channel length indicates that as the channel gets
longer there is a larger amplitude of local motion of the ion
relative to the bulk water before diffusion sets in. The root
mean square displacement as measured by the intercept
ranges from 0.5 Å in the 21.2 Å length channel to 1.7 Å in
the 84.8 Å length channel. This change may be the result of
the larger density fluctuations due to the possibility of longer
wavelength sound waves in longer channels.

Analyzing these results for diffusion in different channel

TABLE III. Pressures and enegies for Na1 solutions in various channels.
The pressures are reproducible to within 1 MPa.

Radius of channel
r cyl/Å

Pzz

/MPa
Prad

/MPa
Pint

/MPa
Surface tension

/J m22

1.5 5.7 666 1326 0.0099
2.0 267 724 1514 0.0158
2.5 251 705 1160 0.0114
3.0 109 564 1019 0.0137
3.5 153 457 761 0.0106
4.0 233 474 715 0.0096
4.5 183 461 740 0.0125
5.5 217 416 615 0.0109

FIG. 8. Mean square axial displacement of the sodium ion in 3—AA chan-
nels of different lengths. Lower curves: three runs with length 21.2 Å;
middle curves: two runs with length 42.4 Å; upper curve: a single run with
length of 84.8 Å. Note that although the slopes at long times and hence the
diffusion constants are very similar, the short time behavior varies consid-
erably with channel length.
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widths into the product of a contribution from the mean
square force and a rate constant for the force fluctuationsg,
one finds that, unlike the pure water case, the changes inD
are due to both an increase in the mean square force in the
longitudinal direction as the channel gets narrower and a
decrease in the rateg. The mean square force is unaffected
by concentration; the observed decrease inD with increasing
box length is due to a change in the solvation dynamics.

V. VARIATION WITH ION RADIUS AND CHARGE

In this section we discuss the properties of a range of
solutes in a particular channel, namely the one with 3 Å
radius. We examine the effects of charge and size of solute,
taking advantage of the freedom one has in a simulation of
changing these properties independently. By doing this we
can isolate the effects of charge and size and compare the
extremes of hydrophilic and hydrophobic solvation by turn-
ing the charges on and off.

A. Structure and free energy

Figure 9 shows the axial projection of the density distri-
bution functions for various solutes in the channel with a
radius of 3 Å. These results are for one ion and 19 water
molecules in a channel with a radius of 3 Å and length of
21.2 Å which are indistinguishable from the density distribu-
tion functions for one ion and 39 water molecules in a chan-
nel with twice the length. From top to bottom the graphs are
for uncharged species, negative ions, positive ions, and pure
water, respectively. There is a remarkable difference be-
tween the uncharged species and the ions and there are clear
trends among the ions depending on their size. Uncharged
species hug the outside of the cylinder, and have a maximum
in their probability density near that of the water oxygen
atoms. They avoid the center of the cylinder completely.
There is only a small change in distribution with atomic
radius. The ions, on the other hand, show a strong size de-

pendence which is roughly the same for positive and nega-
tive ions. Smaller ions tend to lie in the center of the cylin-
der, while the larger ions are more likely to be found nearer
the outside of the channel. Except for I2, which has pen-
etrated the water layer near the outside of the channel, the
ions still lie nearer the channel axis than the water.

One can understand why ions might prefer to be in the
center of the cylinder as in that position the ion is best placed
to form as complete a solvation shell as possible from waters
all around it. As can be seen from the configuration in Fig.
6~a!, the Na1 ion in the 3 Å channel forms a solvation shell
with water molecules above and below in the axial direction.
It is less clear at first sight why the larger ions should favor
the outside of the channel. Even if a solvation shell fits less
easily around a larger ion confined in a channel one would
expect that a central position would be a better arrangement
than for the ion to be situated in the solvation layer of the
wall, and indeed our free energy calculations show this to be
true as far as the ion–solvent energy interactions go. The
solute and solvent interactions with the wall in our model are
identical and purely repulsive—see Eq.~1!. The reason that
the large ions move to the wall is that entropic terms in the
free energy become important.

In order to understand these results we performed Lan-
dau ~or constrained! free energy calculations for I2, Na1,
and hypothetical positive, negative, and neutral species with
the same Lennard-Jones diameters as these two species, us-
ing the method described in Sec. II. Figure 10 shows the
Landau free energy,A(R), as a function of the distance,R,
of the solute from the axis of the cylinder for the three small
and three large solutes in these calculations. AsA(R) and
2TS(R) can only be determined to within an arbitrary con-
stant, we have displaced the curves for convenience. The
minima in A(R) correspond to the most favorable position
for the ion, which occur at the channel center for small ions
and nearer the outside for larger ions and neutral species.

We now analyze the source of this varying behavior. As
described in Sec. II, the Landau free energy can be written as
the sum of five terms:

A~R!52TSW~R!1UWW~R!1USW~R!2UW wall~R!

2TSS~R!, ~20!

where the subscripts S and W refer to solute and water, re-
spectively. The last contribution arises from the factor 2pR
in the available volume as a function ofR, giving

2TSS~R!52kT log~R/Å !1const, ~21!

which disfavors the center and is the cause of the rise in
A(R) very close to the center; otherwise it is a small effect.
The variation of the rest of the entropy,SW , is due to
changes in the solute–water and water–water interactions.
The more tightly bound the solvation shell the more its en-
tropy is decreased, but at the same time the resulting modi-
fication of the water network may give an increase in en-
tropy. We are unable to separate these effects in our
calculations. The lower graph in Fig. 10 shows the entropic
contribution to the free energy,2TSW(R), plotted on the

FIG. 9. Density profiles of solutes in a 3 Å channel. From bottom to top:
water ~H and O atoms!; positive ions~Na1, K1, Cs1!; negative ions~F2,
Cl2, I2!; uncharged species with radii corresponding to Na1 ~inner!, K1,
Cs1 ~outermost!.
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same scale as the free energy changes. Note that each curve
can only be determined to an arbitrary constant, so the abso-
lute values are meaningless; it is the trends that concern us.
We see that the entropic contributions are not very important
for the small solutes—that is, those with the same radius as
Na1. The entropy is a maximum at the center of the channel
for the positive ion.

For the large solutes—that is those with the same radius
as I2—the entropic contribution is much more important and
favors the outside of the channel. These solutes can be clas-
sified as structure making in the environment of the channel
center so that the entropy of the water is increased as they are
removed from the channel. This result for the confined ion is
the opposite to the observed behavior in bulk, where I2 is
found to be a structure breaker.46–49

Figure 11 shows the most important of the energetic
terms, that is the solute–water potential energy~above! and
the water–water potential energy~below!. The solute–water
interaction is straightforward to understand. It is stronger and
hence more negative for small ions compared with large ones
and is also stronger for negatively charged ions than for posi-

tive ions. This reflects the stronger interactions in the more
compact solvation shell around small ions and the fact that
the positively charged hydrogens can be approached more
closely by negative ions than the oxygen by positive ions.
The variation with ion position, which is what is important
for the structure within the channel, always favors the center
of the channel, and is larger for small ions than large ions.
The solute–water interaction and its variation with ion posi-
tion is negligible for the uncharged species.

The water–water potential energyUWW(R) which is
shown in the lower part of Fig. 11 shows the extent of the
disruption of the hydrogen-bond network by the solute. The
limiting values for the solutes at the center of the cylinder are
shown in Table IV. The differences between the values for
19 water molecules plus a solute molecule and those for 19
or 20 water molecules alone~given at the bottom of Table
IV ! provide a measure of the disruption of the hydrogen-
bond network of the water by a solute in the center of the
cylinder. As expected, the stronger the solvation of a charged
species, the greater the disruption of the network. It is, how-
ever, the variation of the water–water energy with positionR
of the solute which contributes towards the preferred solute

FIG. 10. Thermodynamics as a function of solute position relative to the
axis of the channel. Upper graph: Landau free energies of small and large
ions. Lower graph: corresponding entropic contributions@2TS(R)#. See
Eqs. ~14!–~16! for details and note that as both these functions contain an
undetermined constant the vertical position of all these curves is arbitrary.

FIG. 11. Contributions to the potential energy as a function of solute posi-
tion. Upper graph: Solute–water interaction energy; lower graph: water–
water interaction. Unlike the quantities shown in Fig. 9 these energies are
determined absolutely. The limiting values are in Table IV.
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position. For small ions and the positively charged large ion
UWW falls with R, favoring the outside. There is little varia-
tion in UWW for I2, but it does have a weak maximum
aroundR51.7 Å. The entropic term shown in Fig. 10 favors
the outside of the channel at least for large species. Thus for
charged species we can say that small ions favor the channel
center because the energetic terms dominate the Landau free
energy, and large ions favor the outside as for them entropic
terms dominate.

The neutral molecules behave somewhat differently. The
small neutral solute seems to have remarkably little effect on
either quantity suggesting that it has very little effect on the
water hydrogen bonding. A detailed analysis of the various
contributions shows that the large fall observed in Landau
free energy toward the outside of the channel is made up of
approximately equal contributions from small falls in the
water–water, water–wall, and water–solute energies. The
large neutral solute, a typical hydrophobic particle, is par-
ticularly interesting as it stabilizes the hydrogen-bonding net-
work. This is shown by the fact that the values ofD19 and
D20 ~see Table IV!, the differences betweenUWW for the
system with a solute molecule and 19 waters, and for the
system with no solute and 19 or 20 waters, respectively, is
negative. There is also a large increase in entropy as the
solute is pulled away from the center of the channel. This
may be an example of ‘‘iceberg’’ formation which has long
been postulated.46,47 This enhanced ordering of water has
also been been inferred from simulations of bulk solutions of
methane in water.50

To sum up, the three important terms that determine
A(R) and hence the position of the solute in the channel, are
the solute–water energy, the water–water energy, and the
entropic term2TS(R). The solute–water energy always fa-
vor the central position, but the other two terms tend to favor
the outside of the channel. The behavior of small ions is
dominated by their large solvation energy, while the behav-
ior of larger ions and uncharged species is dominated by the
entropic term due to the changes in water structure around
the ion.

As we observed a concentration dependence of the dif-
fusion constants for sodium ions in the 3 Å channel we car-
ried out at 5 ns runs for all the charged species in cylinders
of radius of 3 Å and two lengths, 21.2 and 42.4 Å. A com-
parison of such runs for one of the uncharged solutes (K)
showed no differences in dynamics or statics, so runs for the

other uncharged solutes were not repeated for longer chan-
nels. The radial density distribution functions were indepen-
dent of channel length within the accuracy for which they
could be determined. There is lowering of the solvation en-
ergy by 1%–3% for positive ions and 3%–4% for negative
ions ~the solvation energy is reproducible to an accuracy of
about 0.2%!. The mean square forces on the ions are inde-
pendent of channel length to within their reproducibility. The
axial ion–dipole correlation functions described previously
were similar in magnitude forz.12 Å for all singly charged
ions.

B. Diffusion and dynamics

One of the characteristic features of ion diffusion in bulk
water that is observed both experimentally and in simula-
tions is that the diffusion constants of positive ions rises to a
maximum at Rb1 as the ion radius is increased.30 A similar
phenomenon occurs with negative ions, but at a slightly
larger radius at Br2.30,51 Figure 12 and Table V show our
results for the 3.0 Å channel. In the upper graph the diffusion
constants in the confined system are compared with those
previously observed in simulations with the same potential in

TABLE IV. Water–water potential energy with solute on the cylinder axis.
D19 andD20 are the differences in energy between the system with 19 water
molecules and one solute molecule and one with no solute and 19 or 20
water molecules, respectively.

Charge sSO/Å Ion UWW~0!/kJ D20 D19

21 4.168 I2 253063 117 81
11 4.168 252365 124 88
0 4.168 266365 216 252

21 2.876 225865 389 353
11 2.876 Na1 2340610 307 271
0 2.876 260565 4 40

FIG. 12. Dynamics of solutes in the 3 Å channel as a function of ion size
~Lennard-Jones ion–water parameters!. Upper graph: Diffusion coeffi-
cients of ions in bulk and in the channel. Lower graph: The rateg @defined
in Eq. ~13!# for charged and neutral species in the channel.
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a bulk system. We have included values for positive and
negative ions with radii equal to those for I2 and Na1, re-
spectively. In the channel the diffusion constants of all the
ions are considerably less than in an unconfined environ-
ment. The reduction in diffusion constant is approximately
constant so that while Na1, K1, and F2 diffuse at about
one-quarter of the rate they would have if they were uncon-
fined, the larger ions are less affected, the rates being 40% of
the bulk rate for Cs1, 57% for Cl2, and 37% for I2. There
are still maxima in the mobility versus ion radius curves for
the positive ions but they appear to be shifted to larger ion
radii. The diffusion constants for uncharged species on the
other hand~see Table V! are much larger and decrease
monotonically. Animations of our simulations in wider chan-
nels also reveal ions and water molecules overtaking each
other during their diffusive motion along the channel length.

The effect of increasing the channel length~i.e., diluting
the ions! is first to lower the diffusion coefficients with the
exception of I2 ~the values are given in Table V!. Second, at
short times the mean square displacements increase and the
onset of the asymptotic behavior is delayed. The latter effect,
which may be due to the local motion of the ion in its sol-
vation cage or to density fluctuations in the channel, is more
pronounced for the smaller ions. Its presence means that the
average mean square displacement must be followed for long
times to obtain reliable values for the diffusion constant. Our
results are based on 80 ps length functions.

Using the analysis described in Eq.~13! we can use the
measured force fluctuations to define a rateg which is related
to the time scale of fluctuations in the network in the chan-
nels. This quantity is shown in the lower part of Fig. 12. The
first thing to note is that unlike the diffusion constants which
differ by an order of magnitude, the values ofg for charged
and uncharged species are comparable. The main reason that

uncharged species diffuse more rapidly is that the random
forces acting on them are smaller as they interact less
strongly with their surroundings.

VI. CONCLUSIONS

In this work we have found that aqueous solutions in
nanopores have a markedly nonuniform density with a layer
of water molecules lining the walls of the channel. This sug-
gests that the treatment of ion and water diffusion by con-
tinuum models52 is unlikely to be valid for channels with
radii smaller than 5–6 Å.30,53 In a recent paper21 Sansom
et al. have simulated modified TIP3P water in cylindrical
channels similar to ours, but of finite length with open ends.
They studied channels with radii 3, 6, 9, and 12 Å, together
with hourglass-shaped pores. They also see the formation of
solvent layers. The main difference seems to be that they see
a greater effect of confinement of the diffusion of the water
molecules.

For channels containing pure water, molecular diffusion
is only slowed significantly when the channel is narrow
enough~radius 2 Å! that the molecules form a single file~see
Fig. 4!. In slightly larger channels we see a specific depen-
dence of many properties on the channel size. In particular
one channel, radius 4 Å, seems to be particularly stable en-
ergetically and has a decreased diffusion rate. Interestingly
this is due to more nonlinear O–H contacts~Fig. 3! than one
might expect from the general trend rather than an increased
number of hydrogen bonds.

Sodium and calcium ions favor the regions with low
water density~e.g., the centers of the smaller channels! and
are always further from the channel walls than the layer of
water molecules which line the channel. The rate of diffusion
of sodium ions are slowed as a result of this confinement
even in the wider channels studied here. This is due both to
changes in the mean squared force^Fz

2& and in the rateg.
Other solutes behave rather differently. Larger ions and

uncharged species tend to favor the outer regions of the
channel, and a Landau free energy analysis shows that,
broadly speaking, this change is due to an increasing impor-
tance of the entropy for the larger ions. The preferred posi-
tion of smaller and more highly charged ions at the center of
the channel is the result of the dominance of the solvation
energy over both the entropic terms and the water–water
energy. The diffusion constants of these species in a particu-
lar small channel~3 Å radius! are reduced by an approxi-
mately constant amount from the corresponding values in
bulk water so that more slowly moving ions have a larger
percentage reduction. There is still a maximum in the
diffusion-ion size relation as in bulk solutions, but, for posi-
tive ions, it is displaced to larger ion sizes.

The preference of uncharged species for the outside of
the cylinder where they are in contact with the hydrophobic
wall can be considered as a typical of hydrophobic interac-
tion. The usual argument for the preference of hydrophobic
species to aggregate is that this reduces the area of contact
between the hydrophobic and hydrophilic molecules. The ag-
gregation of small hydrocarbons is found to increase with

TABLE V. Mean square forces and diffusion constants for solutes in 3 Å
channels. Solutes marked with an asterisk are hypothetical entities the same
size as the ion shown. The mean square forces are determined to 5% while
the errors in the diffusion constants are comparable for the two channels.

Ion
length ^Fz

2&/nN2 ^Fz
2&/nN2

D/109 m2 s21

21.2 Å
D/109 m2 s21

42.4 Å

Positive ions
Na1 0.44 0.31 0.32 0.1960.07
K1 0.35 0.18 0.46 0.3960.07
Cs1 0.26 0.12 0.83 0.7860.07
~I* !1 0.12 0.08 0.75 0.4160.1

Ca21 0.90 0.84 0.021 0.02560.02

Negative ions
~Na* !2 00.91 0.99 0.060 0.08560.04
F2 0.61 0.48 0.28 0.2060.1
Cl2 0.26 0.16 0.97 0.7560.1
I2 0.17 0.10 0.63 0.9060.1

Neutrals
~Na* ! 0.016 0.031 5.8
~K* ! 0.017 0.040 5.6 5.460.1
~Cs* ! 0.019 0.045 4.5
~I* ! 0.024 0.052 1.2
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temperature, suggesting that the driving force is primarily
entropic. However in other circumstances there is evidence
for an enthalpic contribution as the hydrogen bonding in the
solvation shell is sometimes stronger than in bulk water.
Here we find that the driving force for the large uncharged
species to go to the wall is entropic and that, when isolated in
the center of the channel there is an energetic stabilization of
the hydration shell.

Our simulations of ions in smooth channels provide no
information about their entry into the channel but only infor-
mation about their subsequent motion within it after admis-
sion. As observed earlier, a uniform distribution of dipoles
on the walls of a smooth perfectly cylindrical channel pro-
duces no radial field and has no effect on the disposition of
the ions in the channel~e.g., whether it is off-center or near
the wall! or on their diffusive motion along it in an infinitely
long channel, but it could change the chemical potential of
ions within the channel to selectively prevent or ease their
entry. For instance, a uniform distribution of dipoles on the
channel wall with the negative ends pointing toward the
channel axis could discourage the entry of anions as ob-
served in gramicidin. Distortions in the shape of the channel
or a nonuniform distribution of dipoles on the channel sur-
face could produce a field~radial and axial! and influence the
positions and rates of passage of ions along the channel.

These simulations of ion structure and mobility in
smooth channels of different radii provide a useful reference
against which real systems such as nanopores, zeolites, and
biological channels can be judged. Our results for the mo-
bilities of ions in smooth channels with radii ranging from 2
and 5.5 Å are rather different from observations of ion trans-
port in the dimer of gramicidin A which has been studied in
detail.1 In this channel, hydrogen-bonded carbonyl groups
line a pore of radius 2 Å and length close to 26 Å with walls
made up of two right-handed beta helices with mainly hy-
drophobic amino acid side chains extending into the cell
membrane. Permeation in this channel involves collective
single file translation of partially dehydrated ion and water
molecules through a narrow pore of a width which is at the
lower limit of our simulations. The channel is permeable
only to water and cations; it is impermeable to anions and is
blocked by divalent cations such as Ca21. Also it has been
observed in simulations1,4 that Cs1 lies closer to the center of
the gramicidin channel, and Na1 lies off the axis. This is the
reverse of what is observed in our simulations of structure-
less and smooth channels that are slightly wider~radius 3 Å!.
We attribute this difference to the narrower channel width
and to specific molecular interactions between binding sites
and carbonyl groups on the gramicidin wall and the water
molecules and ions.
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