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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 A 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 channef@ A 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 A. While the smaller of these(fonNa', and

Ca" ") lie preferentially in the center of the channel, larger i¢@5 ", 1, and CS) 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 Grami¢tire radius of 2 A where C$ lies

closer to the center of the channel and"Nias off the axis. This difference can be attributed to the
specific molecular structure of the gramicidin pofegy., the presence of carbonyl groupss 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 molecule4996 American Institute

of Physics[S0021-96086)50944-X]

I. INTRODUCTION Computer simulation has been used for many years to
study the behavior of molecules in porous mediduch of

The mobility of water and hydrated ions in channels orthis work has been with slit-shaped pores and zeolites, but
micropores is important in biological systeifgsg., ion chan- Murad et al*® have looked at Lennard-Jones fluids in model
nels in membrangsnd in many systems of interest to chem- pores of different shapes and Petersoral'® have studied
istry and chemical engineeririg.g., porous materials includ- the same fluids in cylindrical channels. Sehal?® have
ing zeolites and bucky tubpsSelectivity of specific ions studied the diffusion of hard sphere fluids in hard cylinders
(e.g., the potassium igrand a high rate of transport are and recently Sansoet al?* have looked at the structure and
distinctive features of these pores but are incompletely undynamics of water in channels that are similar to those stud-
derstood. Some aspects of biological channels are quite ined here. A great deal of effort has also been put into more
triguing. For instance, the amino acid sequences of severagalistic modeling of biological channels, particularly grami-
biological channels have been deduced and it has been obidin, by McKay et al,'? Jordarf’~" Chiu et al.}**> Aquist
served that the mutation of a single amino acid residue in onand Warshet® Roux and Karplug;? and other§:??> Most of
case can transform a sodium ion channel to a channel pethe studies of biological channels attempt to include the spe-
meable to calcium ions, while the substitution of three amincific structure of the channel concerned, which makes their
acids in another is able to convert a cation selective channealnalysis quite complicated.
to an anion selective pore. The key questions are: How are Our aim in the work described in this paper is to study a
the selectivity and mobility of ions affected by the pore andvery simple model as a reference system for the behavior of
ion sizes, the ion charge and the structure, and the chargeater and aqueous solutions in pores. We use this to try to
distribution and conformational changes of the channelsolate some of the factors involved in the transport of water
membrane? Some of these problems have been addressedamd ions through micropores in general rather than to study a
experimental and theoretical studies and by modeling, buparticular system. By comparison with real pores and bulk
our understanding is still rudimentaty*® fluids, we also hope to learn more about the mechanism of
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y TABLE |. Potential parameters used.

z
A lon aiolA €o/kd molt ale
| N - Na* 2.876 0.5216 +1
N . K* 3.250 0.5216 +1
cs' 3.526 0.5216 +1
cat 3.019 0.5216 +2
F 3.143 0.6993 -1
- 3.785 0.5216 +1
I 4.168 0.5216 +1
O(H,0) 3.169 0.6502 ~0.8476
K—\ H(H,0) 0.0 +0.4238
P
reyl of Dang et al?*~?° and are the same as used by Lee and

Rasaiah in their work on ion mobility in bulk SPC/E watér.
FIG. 1. Cylindrical simulation cell for molecular dynamics study of ion We Use@' the minimum image convention W'th a Cu_mff at9
mobility and solvation in smooth channels. Periodic boundary conditionsA. We did not apply any Iong-range corrections. This makes
apply only in thez direction which is along the axis of the cylinder. the results comparable to those of Lee and Rasaiah for bulk
systems? It is also unclear what long-range corrections

Yvould be most appropriate. In a biological membrane pores

ion transport in confined systems of biological and chemica .
S . . . . . “are about 12 A long and connect two aqueous environments
significance. For instance, our simulations of simple cations . . . . . .
ith a high dielectric constant while the material of the

in smooth channels lead to results, for pores larger than 3 %(\TI]embrane has a much lower permittivity. In inorganic media
in radius, that are similar to their transport in bulk fluids but b Y. g

are rather different from what is known about their behaviorf[he pores may be much longer. We do not expect that includ-

is gramicidin(pore radius of 2 A which is blocked by the ing some type of long-range correction would affect the

divalent cation C&" and is essentially impermeable to Cl comparative fon mo.b'“t'es or the local structure. .
ions The wall potential was chosen to be steeply repulsive

Our model comprises an infinite cylindrical pore with and not to penetrate far into the center of the cylinder. The

T ; . form used was
smooth walls containing water molecules and ions of various

types. In addition to studying common ions such as"Na Vwai=A exd —B(r¢,—R)1, (D)
Cc&", ClI™, and others we have taken advantage of the sim

. - . YwhereR is the distance of the oxygen atom in the water
lation method to change the characteristics of the (®g.,

b itchi ff ina the si f the charims ord molecule or the ion from the axis of the cylinder. For these
y switching off or reversing the sign of the charge order calculations the values chosen weke=162 kJ mol! and

to try to understand the causes of the behavior we see. I§:4 18 A1 and the potential was cut off at 2.5 A from the
particular, switching off the charges changes a solute from _, :

being hvdrophilic to hvdrophobi q e ° fWaII. The same parameters were used for water and all ions.
€ing hydrophilic to hydrophobic and we INterpret SOMe Olriey/q1ye of B was chosen to be the same as that used

tehh?eé:tr;anges in behavior in terms of entropic and er1erget'guccessfully for the O—O repulsion parameters in a number
' of calculations of salts containing nitrites, nitrates, sulfates,
and perrhenate¥. The value ofA was chosen such that the
potential energy was equal toT at 1 A from the cylinder
Each sample comprises a specified number of water mokurface.
ecules and either a single or no solute molecule in a cylin- At first sight the cylinder wall appears to be extremely
drical channel with smooth repulsive walls. Figure 1 showshydrophobic. It must be recalled, however, that the interior
the channel geometry. Periodic boundary conditions are amf a cylindrically symmetric charge distribution has no radial
plied in thez direction (which is parallel to the axis of the field. This can be understood from a simple physical argu-
channel. ment. By symmetry, any components of the field in planes
The water molecules are rigid entities modeled by theperpendicular to the axis of symmetry must be radial. Radial
SPC/E potentid? which has charges of 0.847& on the O lines of force could only exist if there were charge density on
atom and 0.42380on the H atom and a Lennard-Jones centeithe cylinder axis to provide a source for them, but there is no
on the O atom. The molecules used as solutes are first axial charge density in a hollow tube such as the ones studied
series of real ions, second, hypothetical ions with alteredhere. If the surface charge distribution is nonuniform along
charges, and third, neutral solutes modeled as Lennard-Jongg axial directionas in a funnel-shaped charge distribujion
spheres with parameters identical to some of the real ionghere may be axial fields but no radial fields. In our cylindri-
The interactions of the ions with the water molecules are alseal model pore there would be no electrostatic field even if
due to charges and Lennard-Jones potentials. Table | sunthe wall contained a uniform charge or radial dipole distri-
marizes the parameters used. These are taken from the wobkition. The effect of such a hydrophilic surface would be to

Il. COMPUTATIONAL DETAILS
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change the electrostatic potential uniformly throughout theion of R. lon positions and velocities and in some cases
channel. This affects the chemical potential of the ions butvater positions were stored at intervals for subsequent analy-
not the water, thereby influencing the entrance of an ion tais. All the runs here were carried out at a temperature of 298
the channel but not its subsequent motion. K. This was achieved by using Gaussian thermostats which
There is a problem in choosing the most suitable channetonstrained the translational and rotational kinetic energies
length for a given radius and number of water moleculesto be constanit together with a weak Berendsen thermostat
Ideally one would like to be able to set the chemical potentiato overcome drift.
of the water to be the same as in some specified bulk solu- In an anisotropic system, such as that studied in this
tion. This would involve a lengthy series of computations.work, the pressure is a tensor. In our system there are two
An alternative is to choose the same density as bulk watedistinct values, the radial and axial components, which were
Unfortunately it is difficult to define the density in the chan- calculated separately. The axial componef, ], was cal-
nels for two reasons. First, because the wall repulsion is exculated in the usual way from the virial
ponential, the radius is not well defined; changing the value
of A is equivalent to changing the value of,. In all the P,~=| (N=2)kT+>, F.ijZj / Vv, (2
references t@, in this paper it is assumed that a standard g
value A=162 kJ mol* is used. The second problem is that where the sum is over all paif$ of the z component of the
the water density is highly nonuniform, with the moleculesforce oni due toj multiplied by the difference irz coordi-
forming a solvation layer inside the surface of the cylinder.nates. The factorN—2) is used because there are two de-
We chose a length of the chanrlefor each radius which grees of freedom which are fixed, namely theomponents
gave the same number density of molecules inside the vobf momentum and angular momentum. The voluvhevas
umeV=I1-rr§y| as in bulk water. taken to be equal to
Even with a given density there is a question as to the 5
effect of the periodic boundary conditions. If the channel V=mrgl. ©)

lengthl is too short, correlations of the density and dipolesThe radial pressure was measured both by the force per unit

may be propagated along the channel artificially. The origi-grea on the surface of the cylind@ssumed to have radius
nal channel lengths were chosen to contain at least 20 wat@gyl) and by the virial expression

molecules and, for wider channels a length of about 20 A.
Some runs were carried out for channels of twice the length. _

) : . 9 Pra=| 2NKT+ X Fyiixij+ 2 Fyiyij
In simulations with a solute, one water molecule was re- i ]

placed by a solute molecule without making any changes in

the box size. The imposition of periodic boundary conditions + 2 Foani(reyl— Ri)} /2\/' (4)
has a greater effect when an ion is present as the axial ori- [ '

entation of water dipoles is propagated further. We are n

dealing with infinitely dilute solutions of ions, but with chan- ;4 R is its distance from the axis of the cylinder. The
i .

nels of one ion per unit box length. Again we have per-oq its from these two methods agreed within 0.5 MPa
formed a few runs for more dilute solutions. In particular, all ban or better.

our simulations of single ions in channels of radiiBA and
20 A long were repeated for channels with twice this Iength'relate these pressures to the surface tensioand the inter-

The molecular dynamic:ﬁM[?) program was adapted pressur®,,.. Considering the work done by a cylinder of
from that used by Lee and Rasaiah. It uses a fifth-order Geqf'quid in expanding its radius frorR to R+dR gives

algorithm and quaternions to describe the motion of the wa-
ter molecules? The time step was 1 fs except for the simu-  PradAcdR=Pin AcdR—sdA;, )

lations with small hypothetical negative ions where it provedwhereAc=27rRl is the area of the surface of the cylinder in

necessary to halve the time step. Each run was started fromge iojecular dynamics box with periodic boundaries at in-
previous configuration or from a portion of a sample of bUIktervaIs ofl. The change in surface ardé,=2=IdR. On the

O\'ivherera",i is the force on théth molecule due to the wall

If the liquid in the pore were structureless one could

water. The velocities were chosen randomly from a Gaussiafiher hand the work done in increasing the length of the
distribution at the required temperature. The sample was aberiodic box bydl is

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 P, AdI=Pj,Adl—sdA,, (6)

such long runs were found to be necessary in order to Obtaiﬂ/hereA = 7R2 is the area of the cross section of the cylin-
X

reproducible results for the diffusion constants. Reliableder anddA,=27Rdl. Combining these two equations we
static averages could be obtained from shorter (608 ps. btain X

The quantities measured during the run included the poten-

tial energy, the ion—water potential energy, the interaction S=R(Prag—P,),

energy with the wall, and the pressure in both thand in P —op _p @
the radial directions. The separate contributions to the energy ™ rad - Tzz:
and the distribution functions for the ion and the oxygen andAlthough it is not clear that we can assume that our system
protons of the water molecule were accumulated as a fundias 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 wittalong the cylindrical axjs This equation is exact, although

R=r, to evaluate the two quantitiessandP;, from the two  the diffusion constant is only defined for times that are long

pressure measurements. enough for complete decay of the correlations in the veloci-
A useful relation, which can be derived from the aboveties. In the Langevin theory of Brownian motitirthe diffu-

equations by considering the work done when the radius ision constant can also be related to the behavior of the fluc-

increased at constant volume, is the rate of change of fretiations in the forces by

energy per unit cylinder lengtld, with cylinder radiusR, at

— 2 2
constant density: D,,= (kD) ((F3)7e), (12
where: is the correlation time of the random forEe. The
0A . .
—| =+27s. (8) assumptions of the Langevin theory are that the force corre-
IR p lations decay much more rapidly than the velocity correla-

tions. If this were true then the velocity correlations would
linearly with R as conditions within the channel become decay exponentially. In agueous SOIUt'OnS of ions .the time
scales of the decay of force and velocity fluctuations are

nearer those in the bulk. e dth oci lati v d q
The structural information obtained was of two types;Slml aran the velocity correlations ce_zrtalny 0 not decay
exponentially. Nevertheless, the quantity

first the distribution of ions and molecules relative to the
channel, and second the distribution of water molecules rela-  y=D,(F2)/(kT)?, (13

tive to the ions. As the channels are cylindrically symmetri- . o

cal the probability distribution function for any particular Which would be equal tag: * in the Langevin limit can be
type of atom only depends on the perpendicular distahce calculated from.the measured vglues fand (F7). This
from the axis of the channel. We measurg@) for O, H rate, v, relates in some way to time scales of forces and
and solute atoms by constructing histograms of the instantd€twork fluctuations and gives some insight into the varia-

neous positions. From these the radial densities tion of the mobility of the solute molecules. _
The Landau free energy is the free energy of a system in

p(R)=(27R) 'p(R) (9)  which one variablgoften known as an order parameétés

were also calculated. The local environment of each solutgonstrained. A familiar example of a Landau free energy is

was measured in a similar way by constructing the functiorFhe poteqtr\al hOf mean f_orc% which is the fr(_a? energy OT ad
ne(r) (the probability density of finding an O atom at dis- system with the separation between two particles constraine

tancer from the solute molecule)Srom a histogram of 0S  © D€ at som% distance 3‘33”' In that case '? tt:]e order o
distances. Similar functionseo(r) andngy(r) were calcu- Parameter and we can deduce properties of the system by

lated for oxygen—oxygen and oxygen—hydrogen respeC(;onsidering the potential of mean force as a functiomn .of

tively. Coordination numbers were determined by integratingThe most probable values of the order parameter in an un-

these functions to their first minimum. The mean number OiconsFralned system corrgspond to minima in the Landau
close OH pairs and of hydrogen-bonds per molecule Wa;nctlon. Here we determined the Landau free energy as a

For a structureless solvers,is constant so thah decreases

calculated in the pure water samples. A hydrogen bond wa nction of _the radial d_isplacemerm O_f the iqn or solute
defined wherr o;<2.5 and the angle OHO was greater than rom the axis of the cylinder. The basic relation is
130°, while a close OH pair was defined as one which satis-  A(R)=—kT log[p(R)]+A, (14)

fied the first criterion, but not necessarily the second. . . . .
Various aspects of the dynamics of the samples Wer(gvherep(R)dR is the probability of finding the ion between

explored. In particular the mean square displacements iR andR+dRandA is the Helmholtz free energy. Using this

both thez direction (along the axisand in the perpendicular ;equa}tlon Vr‘:? can dettfermnE)A(bF.«’l).(wnhm 3 constant by I
direction were determined as a function of time. Multiple ©©"™Ng @ histogram of probabilities. In order to access val-

time origins separated by 0.8 ps were used for this analysiges, Of,R which hgve a ,IOW intrinsic probability one may add
and the mean square displacements were followed for 502 biasing potent!al acting on the solute, but not on the water
100 ps. From these quantities the diffusion constants of Sofpolecules. In this case

ute and water molecules along the cylinder axis can be de- A(R)=—kT log[ Px(R)]— Ex(R)+ Ay, (15)

termined b
y where py(R) is the probability distribution observed in the

d{[z(t)—2(0)]%) presence of the biasing potent&}(R) andA, is a constant
D,,=0. T dt i 10 \yhose value depends on the biasing potential. By choosing a
number of different functions dEyx(R) one may explore the
where the gradient is taken in the limiting linear region. Thewhole range of values &R and by overlapping the functions
diffusion constant is related to the velocity autocorrelationA(R) in the different windows determine it over the whole
time from range. Overlapping is important as the constaftscannot
D,,~0.5v2)r (11) be determined in this method. This method is closely related
= 2/t to the method of umbrella samplitfe**and has been applied
wherer, is the correlation time for the decay of the normal-recently to melting and freezing in bulk liquids and
ized velocity autocorrelation function in the direction clusters®~3’
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Normally these methods are used in Monte Carlo pro- 18
grams, but we used our molecular dynamics program by in- [
cluding an additional radial force-dEy(R)/dR due to the I A
biasing potential. Two forms dfy(R) were used. In the first 15 =
the preexponential term in the solvent-wall potenfigh. I
(1)] was varied and in the second a quadratic term in L
(R—R,) was added. The water—water, water—ion, and 12 f
water—wall energy were all binned as a functiorRo$o that [
the Landau entropy could be found by subtraction using

—TSR)=A(R)—Us(R)—Uww(R)—Uy Wa“(R)’(lG

where the subscripts W and S refer to water and solute, re- 6L

spectively. 6 4 2 0 2 4 6
There are two types of errors and uncertainties in the

measured values of thermodynamic and dynamic quantities. 6 N
The first is the accuracy to which one can determine the [ ; /

quantity concerned for the system investigated and the sec- L
ond is the sensitivity of the values to small changes in the 3
system, e.g., the density or channel length. Estimates of the
former are shown as error bars or discussed in the figure r
captions. We have less information about the latter, but com- 0r
ments are made in the text at appropriate places.

Ill. PURE WATER IN CYLINDRICAL PORES '. A
“\r_ =15
A. Structure and hydrogen bonding AN

3 S M N
From the runs with water alone one can examine the 3 2 0 1 5 3

effects of confinement on the water structure and the x/A
hydrogen-bond network. It is well known that solvation lay-
ers are found in water and other liquids near flat Vaksd I_:IG. 2. Density profiles qf water across channels of different rgdii. The solid

. . . lines represent the density of oxygen atoms and the dotted lines the hydro-
solvation shells are seen around spherical and nonsphericgl, gensity. Each graph is marked with the value of the cylinder radius.
solutes™ This effect is due to packing. A similar effect is Note that there is a change of horizontal scale between the upper four and
apparent in these cylinders. Figure 2 shows the density digbe lower four sets of curves.
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 teolvation layer structure is commensurate with the channel
the center of mass of the molecule, we see that in all theadius then the free energy relative to a continuum solvent
cylinders the water molecules form a solvation layer withinmodel will be a minimum and will rise to a maximum be-
the wall with a maximum just ovel A from the wall. In the  tween the points witm and n+1 commensurate solvation
channels of radius of 4.5 A and above there is room forshells. The surface tension, which is the derivative of the free
another solvation shell in the channel and a second maxenergy, will be greater than the continuum value between the
mum in the probability density is seen in the center of thepoints of maximum and minimum stability of the layer
channel. This central core of oxygen atoms is particularlysolvent structure and less than the continuum value at radii
apparent in the 4.5 A radius channel. higher than the maximum stability oflayers and lower than

There is a contribution to the free energy of the systenthat of n+1 layers.

which depends on whether the cylinder size is commensurate Figure 3 shows that most of the cylinders have approxi-
with the natural separation of the solvation layers. This ismately the same surface tension but the @ 4rA cylinders
similar to the effects found in a liquid between a flat surfacehave lower values. These results suggest that the most stable
and a tip or between two flat surfaces where the derivative odrrangement with a single water layer inside the cylinder
the free energy with respect to tip—flat or flat—flat separatioroccurs at a slightly larger radius than 4 A. However when the
gives a solvation force which can be probed in atomic forcechannel radius is increased to 4.5 A another solvation layer
microscope and similar experimerts? It was noted in has appeared. Looking at other data we see that the 4 A
Sec. Il that the surface tensigrgives a direct measure of the cylinder is anomalous in other ways. It has anomalously low
derivative of free energy with respect to channel radius atvalues for the internal pressu(gig. 3) and for the diffusion
constant density and that in a continuum solvent madel constant(Fig. 4. Compared with the trend it has a slightly
would be constant. Thus the effects of solvation structure arlower potential energy and there are slightly more “close
reflected in the variation of from a constant value. If the hydrogens”—that is, OH pairs separated by less than 2.5 A.

J. Chem. Phys., Vol. 105, No. 20, 22 November 1996
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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 r=3.5 A. The valuegshown 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 imgg.

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

FIG. 3. Structural properties of water as a function of cylinder radius. UppetIhe axial dlre_cthn. Any Correlatlon_s ona Iength scale greater
graph: Surface tensiofthe full line; units of 104 J m 2 and internal pres-  than the periodically repeated unit would be suppressed by
sure of water(the dashed line: units of MPdn both cases the accuracy is the imposition of periodic boundary conditions. We exam-

2% or better. Lower graph: Potential enefgight-hand scaleand solvation ined the density and axial dipole correlation functiar(g
number, number of hydrogen bonds and close O—H pdirs left-hand . y P @l=)
andC ,(z) defined by

scalg. The surface tension and internal pressure were calculated as d
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 _

o ; zZ)= o(z—|zi|) )| N(N—=1)],
hydrogen bonds and close OH pairs would each be equal to 4. The short 9(2) <% ( | g |)> / [N )]
horizontal lines show the limiting values of the solvation number and po-
tential energy in the bulk.

17

C,L(Z)=<izj (Mi'z)(ﬂj'2)5(z_|zij|)> /

We deduce that the water structure ireth A cylinder is
anomalously stable. <M22 5(Z—|Zij|)>,
At the molecular level the structure of water is deter- "
mined by the hydrogen-bonding network. This is affected bywhereg; is the dipole moment of thigh water moleculez is
the concave surface of the cylinder. In a bulk sample ofa unit vector along the cylinder axik,is the length of the
water nearly all the protons are involved with H bonds. If aperiodically repeated unit, argj; is the difference ire co-
small hydrophobic solute is dissolved in water the local hy-ordinates of the moleculésandj. These functions are iden-
drogen bond network may be strengthened as the watdical (within the noise limitg for runs with 20 water mol-
forms clathratelike structures around the sofét& Studies ecules h a 3 A channel with periodic boundaries 21.2 A
of solvation of spheres of various si2&g*®show that as the apart and for a run of 40 water molecules in a channel of
curvature of the sphere decreases the hydrogen-bond nétvice the repeat length. They decayed to their limiting values
work is weakened until adjacent to a flat surface it is noby 10 A. All other static and dynamic quantities are identical
longer possible for every proton to be involved in hydrogenwithin the accuracy of measurement. We are confident that a
bonds. This trend is continued in our cylinders where the20 A channel is sufficiently long to model the behavior of
surface is concave. One way in which this can be seen is iwater in infinite channels of radiu3 A and above. In chan-
the distribution functions for the proton@=ig. 2: dotted nels that are narrow enough for the water molecules to lie in
lines) which extend nearer to the wall than those for thesingle file, chains of oriented water molecules may persist
oxygen atomgFig. 2: solid line$; these protons cannot be for long times and distances.

(18

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

Downloaded-05-Jun-2004-t0-130.111.64.68.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://jcp.aip.org/jcp/copyright.jsp



9272 R. M. Lynden-Bell and J. C. Rasaiah: Mobility of ions in channels

4 ——r—r—r—r 17 0.4 T
.-". . 155
3 4037 :
T ] %
E ] ©
) -0.2°§
a I ¥ X ] 3
I Sy ] =
1| 401 =
5 1
oL I RPN R RUTIN BN
2 3 4 5 6
r /A

eyl

FIG. 4. Dynamics of water in channels of different radi.(the left-hand
scalg is the diffusion coefficient along the axis of the cylindBris related
to the(F§> (the right-hand scale; units of fNaccuracy 3%and to the rate
y (the right-hand scale: units of 100 P%. (F2) is the corresponding mean
square force in the direction.

B. Dynamics in channels with water

Figure 4 shows the diffusion constdbtfor axial motion
and the mean square forces in both the axial directff)
and the perpendicular directidi¥2) together with the rate
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 radiusf @ A and above the diffusion g 5. Density profiles of Na (solid line) and waterO atoms—the dotted
constant is the same order of magnitude as in the bulk liquidine) across channels of different radii.
but there are small variations, e.g., the structural stability of
the channel with radius.,=4.0 A is reflected in a slowing
of the dynamics. These results are all based on channels 6f Structural features

about 20 A in length. A run of water in ¢h3 A channel at Figure 5 shows the density distribution functions for the
the same density but twice the length gave an indistinguishsodium ion(continuous linesand the water moleculdsva-
able plot of the mean square displacement as a function qgr oxygen—dashed lingprojected along the channel length
time as well as the same structural and thermodynamic profor a series of channels of different widths. The numbers of
erties within the errors. water molecules and channel lengths are given in Table II.
As mentioned in Sec. Il, the rate of diffusion depends onThere was no observable difference in this function for chan-

the mean square fluctuation in the force and a quamtitth  nels wih a 3 Aradius and lengths of 21.2, 42.4, and 84.8 A.
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 valuedABLE Il. Simulations of N4 solutions(the numbers for pure water simu-
of the mean square forces amdneasured for these systems lations are the same except that the solute was replaced by a water mol-

-3 -2 -1 0 1 2 3
x/A

. . . . eculs.

show that the former vary rather little with cylinder radius so 0
that the variation in the diffusion coefficient with,, is due Radius of Volume/
mainly to changes in the dynamics of the network as re- channel  Length of channel Number of Number of molecule

flected iny. The actual values of the ratg correspond to ~ "e/A A waters  solutes  VIA®

time scales of femtoseconds. The molecules in the stable 5 28.6 11 1 29.94
network (r.,=4) do not move so easily as in the less stable 2.5 30.5 19 1 29.94
networks. 3.0 21.2 19 1 29.97
35 19.5 24 1 30.01
4.0 19.1 31 1 30.00
45 19.3 41 1 29.95
IV. SOLUTIONS OF SODIUM IONS IN CHANNELS 55 18.9 59 1 30.44
. , . 3.0 42.4 39 1 29.97
In this section we compare results for a specific ion 3 84.8 79 1 29.97

(Na") as a function of channel radius.
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FIG. 6. Two views of a configuration from the simulation of Nin a - [ ] 04 %
channel with radius 3 A(a) View of the molecular dynamics box from the é’ I 1 ~
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channel which is preferentially occupied by water molecules

. 2 3 4 5 6
(except in the narrowest channel$he only example where c A
there is a significant distortion of the water structure com- !
pared.wnh the pure water r.esu'lts §hown in Fig. 2 IS forthe 45 - Properties of Naas a function of channel radius. Upper graph:
A radius channel. Examining individual configurations onesolvation energythe right-hand scale; accuracy 1 kJ/inahd coordination
finds that in the narrower channdlise., up to and including number(the left-hand scaje Lower graph: dynamics of sodium Naon. D
that with a radius of 3.0 )&the water molecules in the ion’s (the Ieft-hand sca)eis thezdiﬁusioq coefficient along the axis of the cylin-

. . . . . der.D is related to theF2) (the right-hand scale; units of RNaccuracy
solvation shell lie above and below the ion. Figure 6 illus-3y; anq 10 the ratey (the right-hand scale: units of 10095, (F2) is the
trates this; it shows two views of a configuration from the corresponding mean square force in #hdirection.
simulation of tke 3 A channel. At the instant at which this
shapshot was taken the solvation shell is made up of two
molecules above and three below the ion. Animations show It will be recalled that in the 4.0 A channel the structure
that from time to time water molecules pass the ion, movingwith pure water was particularly stable. By contrast in this
from below to above or vice versa. The average coordinatiochannel the structure around the sodium ion is less stable
number in this channel was 5.4. Figure 7 shows the coordithan the trend would suggest. In Fig. 7 we see that the sol-
nation numbers as a function of radius. As the radius of theration energy is less negative than expected and the solva-
channel increases, the number of neighboring water moltion number is also possibly smaller than the trend would
ecules changes from @vith the molecules in single fijein suggest. Further, the water structure is significantly distorted
the narrowest channel to about 6 in the widest channel. Thby the ions. This is the only channel for which one can
coordination number found in simulations with the same po-+eadily see the consequences of the competition between the
tential in bulk is 5.9 In the wider channels the overall preferred water structure and the solvation structure around
orientation of the solvation shell is less affected by the chanthe ion.
nel geometry than in the example shown in Fig. 6. However Internal pressure and surface tension can be calculated in
it is only in the widest channel that the radial density ofthe same way as for the channels containing water and values
sodium ions in the interior of the channel becomes everare given in Table Ill. By comparison with Fig. 3 we see that
approximately uniform(see Fig. 5. The observed positions there is little difference between the results for pure water
of the sodium ions are the ones which allow the ion to maxi-and for the solution of sodium ions in channels whose radius
mize its bonding to the water. The changes in the solvatioris larger than 2.5 A. This is not too surprising as both quan-
energy shown in Fig. 7 mirror the changes in the coordinatities are primarily due to the water molecules. In smaller
tion number but remain higher than the value in simulationshannels the separation into surface tension and internal
of bulk solutior?® (—745 kJ mol'%). pressure components has no physical meaning. The value of
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TABLE lIl. Pressures and enegies for Naolutions in various channels. Na* in 3A channels

The pressures are reproducible to within 1 MPa. 0.04 e
Radius of channel P,, Pad Pint Surface tension 0.035
reglA /IMPa  /MPa  /MPa 132
0.03
15 5.7 666 1326 0.0099
2.0 —67 724 1514 0.0158 g 0-02
25 251 705 1160 0.0114 E 0.02
3.0 109 564 1019 0.0137 £
35 153 457 761 0.0106 T0.015
4.0 233 474 715 0.0096 0.01
4.5 183 461 740 0.0125
55 217 416 615 0.0109 0.005
O:-:I.:nl:-.l-.-l...
[} 2 4 6 8 10

time/ps
P,, is negative for N solutions in tke 2 A radius channel

although the pure water has a positive value and the radi@iG. 8. Mean square axial displacement of the sodium ion in 3—AA chan-

pressures are similar in the two cases. ne.:deIOf differe.ntt lengths. .It_r?\:ver t(;]uzvzez:/{hree runs with Ie'ngtlh 21.2 /i&r;
“The effects of conoentration were investigated by com{T44e S s it lenal 424 s upper e a sl it

paring the results for th3 A channel with one ion, the same itusion constants are very similar, the short time behavior varies consid-

molecular density, and three different lengths, i.e., three diferably with channel length.

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 bothsurprising that the diffusion of the sodium ions is more af-

directions along the channel axis until the point halfway befected by confinement in a channel than is the diffusion of

tween the ion and its image where there is no net alignmentvater. Figure 7 shows the solute diffusion constants and re-

It is this indirect interaction of the solvation shells which canlated quantities as a function of radius. The diffusion con-

give a concentration dependence to some quantities. We costant decreases as the channels get narrower.

structed the ion—axial dipole correlation function Changing the ion concentration has two effects, first the
diffusion constantas determined from the limiting slope of
C.(2)= 2 (ﬁi'iui)5(2—|2n|)> / <2 5(z_|z”|)>, the mean square displacementay be altered and second,
' ' the short time behavior is changed. This is shown for six

(19 runs in Fig. 8. Each of these runs was 5 ns long, and the
where z;; is the difference inz coordinates of the ion and mean square displacements calculated for 6000 time origins.
moleculei and circumflexes denote unit vectors. We com-The lowest lines are for the 21.4 A channel, the middle ones
pared this function and the ion—water axial density distribufor the 42.4 A channel, and the top one for the longest chan-
tion function for four systems, namely one Néon in 3 A nel (84.8 A). The limiting slopes and diffusion constants do
cylinders of length 21.2, 42.4, and 84.8 A, and in a 4.5 Anot change mucljvalues of the diffusion constant afe
cylinder of length 19.4 A. The axial distribution functions for units of 10° m*2s71) 0.30, 0.26, and 0.24 for the three runs
the thre 3 A cylinders were indistinguishable. The ion— at 21.2 A; 0.19, 0.16 for the two runs at 24.2 A, and 0.27 for
dipole correlation functions for the 42.4 and 84.8 A channelghe run at 84.8 A The short time behavior is dramatically
are very similar to each other, but that for the 21.2 A channetlifferent. In the longest channel the limiting slope is not
differs at distances greater than 5 A. At distances less than ®ached until 10-15 ps and the intercept of the asymptotic
A the alignment is high withC ,(z) reaching values of 0.8. line on the(z%) axis is much larger. The intercept may be
At z=10 A where the shortest channel has no alignment, thénterpreted as the square of the ion displacement due to the
value ofC ,(2) is 0.3 in the two longer 42.4 and 84.8 chan- local motion before true diffusive motion sets in, e.g., in a
nels. This increased alignment changes the solvation energplid the mean square displacement reaches a constant value
from —594 kJ/mol(21.2 A) to —604 kJ/mol(42.4 A) and  asymptotically so in this case the intercept is equal to the
—597 kJ/mol(84.8 A), respectively, and affects the dynam- square of the amplitude of the atom’s vibrational motion
ics. In the 4.5 A channel the alignment is lower by 50% andwithin the crystal. The unexpected dependence of the inter-
we do not anticipate significant changes in the solvation eneept on the channel length indicates that as the channel gets
ergy or diffusion constants in these wider channels. 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 A in the 21.2 A length channel to 1.7 A in

In bulk SPC/E watéef the diffusion constant for sodium the 84.8 A length channel. This change may be the result of
ions is 1.2<10°° m?s™! while that of water is 2610 °  the larger density fluctuations due to the possibility of longer
m? s . One can explain this in part by the larger size of thewavelength sound waves in longer channels.
sodium ion plus its hydration shell, and it is therefore not  Analyzing these results for diffusion in different channel

B. Diffusion
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— pendence which is roughly the same for positive and nega-
' ‘N ] 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, Iwhich 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 N& ion in the 3 A 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
32 o 1 2 3 easily around a larger ion confined in a channel one would

x/A expect that a central position would be a better arrangement
than for the ion to be situated in the solvation layer of the

“-‘ uncharged

FIG. 9. Density profiles of solutesiia 3 A channel. From bottom to top:

water (H and O atomy positive ions(Na*, K*, Cs'); negative ions(F, wall, and indeed our free energy calculations show this to be
CI", I"); uncharged species with radii corresponding to'Nmnen, K*,  true as far as the ion—solvent energy interactions go. The
Cs” (outermost solute and solvent interactions with the wall in our model are

identical and purely repulsive—see Hd). The reason that

widths into the product of a contribution from the mean the large ions move to the wall is that entropic terms in the

square force and a rate constant for the force fluctuations free energy become important.

one finds that, unlike the pure water case, the chang®s in In order to understand these results we performed Lan-
: ' i hcl}au (or constrainefl free energy calculations for ) Na',

longitudinal direction as the channel gets narrower and nedsrgrggtrllztrlmcr]?a:rg?\]s:rl]\:aes, gizgr;r?gtveer’s?sdt;::gzter?\llvzpsc:aecsi'evgltzs-
decrease in the ratg. The mean square force is unaffected. P '

by concentration; the observed decreasb with increasing :?g ctjhe ;nethod descrllQbed n ?ec.t!l. F'?l:rrle é.OtShOWS the
box length is due to a change in the solvation dynamics. andau free energy\(R), as a function of the distance,

of the solute from the axis of the cylinder for the three small
and three large solutes in these calculations.A4R) and
V. VARIATION WITH ION RADIUS AND CHARGE ~TSR) can only be determined to within an arbitrary con-
In this section we discuss the properties of a range oftant, we have displaced the curves for convenience. The
solutes in a particular channel, namely the one with 3 Aminima in A(R) correspond to the most favorable position
radius. We examine the effects of charge and size of solutdOr the ion, which occur at the channel center for small ions
taking advantage of the freedom one has in a simulation ofnd nearer the outside for larger ions and neutral species.
changing these properties independently. By doing this we W& now analyze the source of this varying behavior. As
can isolate the effects of charge and size and compare ttffescribed in Sec. Il, the Landau free energy can be written as
extremes of hydrophilic and hydrophobic solvation by turn-the sum of five terms:

ng the charges on and off A(R)=~TSy(R) + Uaw(R) + UsiR) ~ U war(R)

A. Structure and free energy _TS(R), (20)
Figure 9 shows the axial projection of the density distri- ]

bution functions for various solutes in the channel with awhere the subscripts S and W refer to solute and water, re-

radius of 3 A. These results are for one ion and 19 wategPectively. The last contribution arises from the factarR2

molecules in a channel with a radiué ® A and length of N the available volume as a function Bf giving

2_1.2 A which are indis_tinguishable from the density distribu- —TSy(R)=—kT log(R/A)+ const, (21)

tion functions for one ion and 39 water molecules in a chan-

nel with twice the length. From top to bottom the graphs arewhich disfavors the center and is the cause of the rise in

for uncharged species, negative ions, positive ions, and pu®(R) very close to the center; otherwise it is a small effect.

water, respectively. There is a remarkable difference beThe variation of the rest of the entropg,, is due to

tween the uncharged species and the ions and there are cledranges in the solute—water and water—water interactions.

trends among the ions depending on their size. Unchargetihe more tightly bound the solvation shell the more its en-

species hug the outside of the cylinder, and have a maximuitnopy is decreased, but at the same time the resulting modi-

in their probability density near that of the water oxygenfication of the water network may give an increase in en-

atoms. They avoid the center of the cylinder completelytropy. We are unable to separate these effects in our

There is only a small change in distribution with atomic calculations. The lower graph in Fig. 10 shows the entropic

radius. The ions, on the other hand, show a strong size deontribution to the free energy; TSy(R), plotted on the
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FIG. 10. Thermodynamics as a function of solute position relative to theFIG. 11. Contributions to the potential energy as a function of solute posi-
axis of the channel. Upper graph: Landau free energies of small and largéon. Upper graph: Solute—water interaction energy; lower graph: water—
ions. Lower graph: corresponding entropic contributignsT (R)]. See water interaction. Unlike the quantities shown in Fig. 9 these energies are
Egs. (14)—(16) for details and note that as both these functions contain andetermined absolutely. The limiting values are in Table IV.

undetermined constant the vertical position of all these curves is arbitrary.

tive ions. This reflects the stronger interactions in the more

same scale as the free energy changes. Note that each cuo@mpact solvation shell around small ions and the fact that
can only be determined to an arbitrary constant, so the absthe positively charged hydrogens can be approached more
lute values are meaningless; it is the trends that concern uslosely by negative ions than the oxygen by positive ions.
We see that the entropic contributions are not very importanthe variation with ion position, which is what is important
for the small solutes—that is, those with the same radius afor the structure within the channel, always favors the center
Na’. The entropy is a maximum at the center of the channebf the channel, and is larger for small ions than large ions.
for the positive ion. The solute—water interaction and its variation with ion posi-

For the large solutes—that is those with the same radiution is negligible for the uncharged species.
as ['—the entropic contribution is much more important and  The water—water potential enerdyyw(R) which is
favors the outside of the channel. These solutes can be clashown in the lower part of Fig. 11 shows the extent of the
sified as structure making in the environment of the channatlisruption of the hydrogen-bond network by the solute. The
center so that the entropy of the water is increased as they alieniting values for the solutes at the center of the cylinder are
removed from the channel. This result for the confined ion isshown in Table IV. The differences between the values for
the opposite to the observed behavior in bulk, wherasl 19 water molecules plus a solute molecule and those for 19
found to be a structure break®r*° or 20 water molecules alongiven at the bottom of Table

Figure 11 shows the most important of the energetidV) provide a measure of the disruption of the hydrogen-
terms, that is the solute—water potential enef@yove and  bond network of the water by a solute in the center of the
the water—water potential ener@yelow). The solute—water cylinder. As expected, the stronger the solvation of a charged
interaction is straightforward to understand. It is stronger angpecies, the greater the disruption of the network. It is, how-
hence more negative for small ions compared with large onesver, the variation of the water—water energy with positon
and is also stronger for negatively charged ions than for posief the solute which contributes towards the preferred solute
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TABLE IV. Water—water potential energy with solute on the cylinder axis.

Ay andA,, are the differences in energy between the system with 19 water 25 P T T
molecules and one solute molecule and one with no solute and 19 or 20 ]
water molecules, respectively. 2 — i(" -------- § § —
[ Cst" cr e ]
Charge asdA lon Uww(0)/kJ Ao Agg 2.5 [ L Bk ¥
-1 4.168 r —-530+3 117 81 f ! !
+1 4.168 —523+5 124 88 2 [
0 4.168 —663+5 ~16 —52 = 1
-1 2.876 —258+5 389 353 [
+1 2.876 N& —340+10 307 271 0.5 [
0 2.876 —605+5 4 40
ol

position. For small ions and the positively charged large ion
U falls with R, favoring the outside. There is little varia-
tion in Uy, for 17, but it does have a weak maximum
aroundR=1.7 A. 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

. o . 28 3 32 34 36 38 4 42
approximately equal contributions from small falls in the sigma/A
water—water, water—wall, and water—solute energies. The
large neutral solute, a typical hydrophobic particle, is par+iG. 12. Dynamics of solutes in¢h3 A channel as a function of ion size
ticularly interesting as it stabilizes the hydrogen-bonding net{Lennard-Jones ion—water parameter Upper graph: Diffusion coeffi-
work. This is shown by the fact that the valuesofy and _cients of ions in bulk and in the channel._LO\{ver graph: The safdefined

. in Eq. (13)] for charged and neutral species in the channel.

A,y (see Table IV, the differences betweeb,,, for the
system with a solute molecule and 19 waters, and for the

system with no solute and 19 or 20 waters, respectively, igther uncharged solutes were not repeated for longer chan-
negative. There is also a large increase in entropy as thgels. The radial density distribution functions were indepen-
solute is pulled away from the center of the channel. Thigjent of channel length within the accuracy for which they
may be an example of “iceberg” formation which has long ¢oyid be determined. There is lowering of the solvation en-
been postulatet?*” This enhanced ordering of water has ergy by 1%—3% for positive ions and 3%—4% for negative
also been been inferred from simulations of bulk solutions ofgyng (the solvation energy is reproducible to an accuracy of
methane in wate?’ _ ~ about 0.2% The mean square forces on the ions are inde-
To sum up, the three important terms that determingyendent of channel length to within their reproducibility. The
A(R) and hence the position of the solute in the channel, argya| jon—dipole correlation functions described previously

the solute—water energy, the water—water energy, and thgere similar in magnitude far>12 A for all singly charged
entropic term—T§R). The solute—water energy always fa- jons.

vor the central position, but the other two terms tend to favor
the outside of the channel. The behavior of small ions is,B
dominated by their large solvation energy, while the behav-""
ior of larger ions and uncharged species is dominated by the One of the characteristic features of ion diffusion in bulk
entropic term due to the changes in water structure aroundater that is observed both experimentally and in simula-
the ion. tions is that the diffusion constants of positive ions rises to a
As we observed a concentration dependence of the difmaximum at RB as the ion radius is increasgtA similar

fusion constants for sodium ions inett8 A channel we car- phenomenon occurs with negative ions, but at a slightly
ried out at 5 ns runs for all the charged species in cylindersarger radius at Br.3®! Figure 12 and Table V show our

of radius d 3 A and two lengths, 21.2 and 42.4 A. A com- results for the 3.0 A channel. In the upper graph the diffusion
parison of such runs for one of the uncharged solut€s ( constants in the confined system are compared with those
showed no differences in dynamics or statics, so runs for thpreviously observed in simulations with the same potential in

gamma/ ps”!

0:...I...I...I.-.l...l...l...

Diffusion and dynamics
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TABLE V. Mean square forces and diffusion constants for solutes in 3 Auncharged species diffuse more rapidly is that the random

channels. Solutes marked with an asterisk are hypothetical entities the safgrces acting on them are smaller as they interact less
size as the ion shown. The mean square forces are determined to 5% Wh"%rongly with their surroundings

the errors in the diffusion constants are comparable for the two channels.S

lon D/’ m*s ! D/ m?s?
length  (F2NNZ  (F2)/nN? 21.2 A 42.4 A VI. CONCLUSIONS
Positive ions In this work we have found that agqueous solutions in
Néf 0.44 031 0.32 0.180.07 nanopores have a markedly nonuniform density with a layer
éﬂ 8-22 8-12 g-gg 8-’;‘38-8; of water molecules lining the walls of the channel. This sug-
(I*S+ ' ' ' Can gests that the treatment of ion and water diffusion by con-
) 0.12 0.08 0.75 0.410.1 , ) i , .
tinuum model? is unlikely to be valid for channels with
ce* 0.90 0.84 0.021 0.0250.02 radii smaller than 5-6 &%%In a recent papét Sansom
Negative ions et al. have simulated modified TIP3P water in cylindrical
(Na*)~ 00.91 0.99 0.060 0.0850.04 channels similar to ours, but of finite length with open ends.
F 0.61 0.48 0.28 0.2680.1 They studied channels with radii 3, 6, 9, and 12 A, together
(f[ g-is g-ig 8-2; 8;38-1 with hourglass-shaped pores. They also see the formation of
' ' : R solvent layers. The main difference seems to be that they see
Neutrals a greater effect of confinement of the diffusion of the water
(Na*) 0.016 0.031 5.8 molecules.
(K*) 0.017 0.040 5.6 5#40.1 o e
Cs) 0.019 0.045 e For channels containing pure water, molecular diffusion

(%) 0.024 0.052 12 is only slowed significantly when the channel is narrow
enough(radius 2 A that the molecules form a single filsee

Fig. 4). In slightly larger channels we see a specific depen-
dence of many properties on the channel size. In particular
a bulk system. We have included values for positive andne channel, radius 4 A, seems to be particularly stable en-
negative ions with radii equal to those for and N&, re-  ergetically and has a decreased diffusion rate. Interestingly
spectively. In the channel the diffusion constants of all thethis is due to more nonlinear O—H conta@g. 3) than one
ions are considerably less than in an unconfined environmight expect from the general trend rather than an increased
ment. The reduction in diffusion constant is approximatelynumber of hydrogen bonds.

constant so that while Na K*, and F diffuse at about Sodium and calcium ions favor the regions with low
one-quarter of the rate they would have if they were unconwater density(e.g., the centers of the smaller chanhelsd
fined, the larger ions are less affected, the rates being 40% afe always further from the channel walls than the layer of
the bulk rate for C§, 57% for CI', and 37% for T. There  water molecules which line the channel. The rate of diffusion
are still maxima in the mobility versus ion radius curves forof sodium ions are slowed as a result of this confinement
the positive ions but they appear to be shifted to larger ioreven in the wider channels studied here. This is due both to
radii. The diffusion constants for uncharged species on thehanges in the mean squared fo(Eé) and in the ratey.

other hand(see Table ¥ are much larger and decrease Other solutes behave rather differently. Larger ions and
monotonically. Animations of our simulations in wider chan- uncharged species tend to favor the outer regions of the
nels also reveal ions and water molecules overtaking eacthannel, and a Landau free energy analysis shows that,
other during their diffusive motion along the channel length.broadly speaking, this change is due to an increasing impor-

The effect of increasing the channel lengile., diluting  tance of the entropy for the larger ions. The preferred posi-
the iong is first to lower the diffusion coefficients with the tion of smaller and more highly charged ions at the center of
exception of T (the values are given in Table)VSecond, at the channel is the result of the dominance of the solvation
short times the mean square displacements increase and theergy over both the entropic terms and the water—water
onset of the asymptotic behavior is delayed. The latter effecgnergy. The diffusion constants of these species in a particu-
which may be due to the local motion of the ion in its sol- lar small channel3 A radiug are reduced by an approxi-
vation cage or to density fluctuations in the channel, is morenately constant amount from the corresponding values in
pronounced for the smaller ions. Its presence means that thmilk water so that more slowly moving ions have a larger
average mean square displacement must be followed for longercentage reduction. There is still a maximum in the
times to obtain reliable values for the diffusion constant. Ourdiffusion-ion size relation as in bulk solutions, but, for posi-
results are based on 80 ps length functions. tive ions, it is displaced to larger ion sizes.

Using the analysis described in Ed.3) we can use the The preference of uncharged species for the outside of
measured force fluctuations to define a ratghich is related the cylinder where they are in contact with the hydrophobic
to the time scale of fluctuations in the network in the chan-wall can be considered as a typical of hydrophobic interac-
nels. This quantity is shown in the lower part of Fig. 12. Thetion. The usual argument for the preference of hydrophobic
first thing to note is that unlike the diffusion constants whichspecies to aggregate is that this reduces the area of contact
differ by an order of magnitude, the valuespfor charged between the hydrophobic and hydrophilic molecules. The ag-
and uncharged species are comparable. The main reason tigaégation of small hydrocarbons is found to increase with
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