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Smoluchowski hypernetted chain theory description of the dynamics of ions confined
in charged micropores

Pedro J. Colmenares and Wilmer Olivares-Rivas
Departamento de Quı´mica, Grupo de Quı´mica Teo´rica, Universidad de los Andes, La Hechicera, Me´rida, Venezuela

~Received 8 June 1998!

The diffusion of an ion inside a charged planar slit micropore is analyzed from a stochastic point of view.
Using the instantaneous relaxation approximation~IRA!, the Fokker-Planck-Smoluchowski equation was used
to calculate the survival probabilityGi(x,t), namely, the probability that an ion of speciesi remains inside the
pore at timet given that it started to diffuse at a given positionx. The ionic density profiles were obtained using
the three-point extension hypernetted chain theory~HNC!, which explicitly takes into account the finite ionic
sizes, and the results are compared to those using the classical modified Gouy-Chapman~MGC! theory based
on the Poisson-Boltzmann point-ion equation. Calculations were carried out for a variety of pore widths,
electrolyte charges, surface potentials, and absorbing or reflecting boundary conditions. We also calculate the
mean first passage time~MFPT!, t, and the position-averaged MFPT,t̄. Our Smoluchowski HNC results show
strong discrepancies with the classical Smoluchowski MGC theory. In particular, for small pores and doubly
charge coions, we observed oscillations in the position-averaged MFPT, as a function of the pore size, which
are absent in the classical theory.@S1063-651X~99!09201-6#

PACS number~s!: 05.20.2y, 05.40.2a, 02.50.2r
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I. INTRODUCTION

The study of the dynamics of coions and counterions
electrolyte solutions, confined by charged surfaces, is of f
damental importance in the understanding of a wide var
of chemical and biophysical systems and processes. D
sion controlled kinetics and transport phenomena in lame
liquid crystals are just two examples@1–4#.

It is common to assume that, as a central ion moves in
a charged micropore, the remaining confined ions adjust t
spatial configurations instantaneously, in such a manner
the central ion moves in the one-particle equilibrium pote
tial of mean force set up by the charged wall. Therefo
time-dependent correlation effects can be neglected. This
proximation, referred to as the instantaneous relaxation
proximation ~IRA!, was successfully used by A˚ kesson,
Chan, and others@3–5,7#.

Previous studies of the ion-diffusion problem have de
with counterions confined by two charged surfaces@3#, elec-
trolytes in a semi-infinite domain@5#, or point-ion electro-
lytes in charged slit pores@6#. All of them are based on the
IRA approximation and a Poisson-Boltzmann or Gou
Chapman description of the nonhomogeneous ionic st
ture. Of particular interest is the work of Chan and McQu
rie @6#, who calculated the average time for the diffusion
ions between two charged surfaces by solving the Sm
chowski equation for the one-particle propagator@1,2#. They
used the ionic distribution given by the Poisson-Boltzma
equation for point ions and considered all the relev
boundary conditions for the transverse self-diffusion of io
in the charged slit.

The agreement between the MFPT obtained from Brow
ian dynamics and the Smoluchowski equation using
simulation potential of mean force in the IRA approximati
is excellent@4,7#. However, important deviations were foun
when using the Poisson-Boltzmann potential of mean fo
PRE 591063-651X/99/59~1!/841~9!/$15.00
n
-

ty
u-
r

e
ir
at
-
,
p-
p-

lt

-
c-
-
f
u-

n
t
s

-
e

e,

particularly for doubly charged electrolytes.
On the other hand, it is well known that the short-ran

effects neglected when ions are represented by point ions
quite important when dealing with concentrated electrol
solutions, high surface potentials, and pores of molecu
dimensions.

In fact, a detailed study of the effects of the ionic size a
ion-ion correlation on the equilibrium structure of electr
lytes confined in charged micropores has been carried ou
using the three-point extension HNC integral equation@8,9#.
Different surface conditions, such as fixed zeta poten
@10#, fixed surface potential@11#, or fixed surface charge
@12,13#, were analyzed for a variety of salt concentration
charges, potentials, and pore sizes. Important quantita
and qualitative differences were found when comparing w
the classical point-ion theory for the thermodynamic a
electrokinetic properties. Excellent agreement was found
tween the HNC and the grand-canonical Monte Carlo sim
lations profiles, as illustrated in Fig. 1@12–14#.

In this work we study the transverse diffusion of ions
finite size within a charged slit pore of molecular dime
sions. We solve the Smoluchowski equation in the IRA a
proximation, using the potential of mean force resulting fro
the solution of the HNC equation~S-HNC!, and compare
with the classical Smoluchowski-MGC theory~S-MGC!. We
obtain the survival probability and also evaluate the MF
and the position-averaged MFPT for the boundary conditi
used by Chan and McQuarrie@6# as a function of electrolyte
charge and pore size.

II. THEORY

Let us model the pore as two infinite charged sheets w
a given surface charge densitysM , due to a fixed surface
potentialc0 , on each plane and separated by a distanceL.
The ions are modeled as hard spheres of diametera bearing
a chargezi on its center. As depicted in Fig. 1, the ions a
841 ©1999 The American Physical Society
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free to move in they andz directions but are confined to th
@2h,h# x domain, whereh5(L2a)/2. The solvent is a con
tinuous medium with a uniform dielectric constante. As we
mentioned before, the objective of this paper is the appl
tion of the first passage time theory to the ions inside
pore. The theory of MFPT is well discussed elsewh
@1,2,6#. For clarity we present here a short outline of the k
equations.

We approximate the instantaneous total force acting on
ion at a distancex8 from the charged wall as a Langevin-lik
type, i.e.,

dxi8

dt8
5v i , ~2.1!

dv i

dt8
52jv i2

dWi~x8!

dxi8
1A2jkBT f i~ t8!, ~2.2!

where jv i(x8) is the hydrodynamic Markovian drag forc
with j andv i being the friction coefficient and velocity of th
ion i, respectively;Wi(x8) is the equilibrium potential of
mean force acting oni and f i(t) is the usuald-correlated-
zero-mean white noise resulting from the collisions of t
particles with ioni, i.e.,

^ f i~ t8!&50, ~2.3!

^ f i~ t8! f i~s8!&5d~ t82s8! ~2.4!

and T and kB are the temperature and Boltzmann consta
respectively. Though a generalized Langevin theory sho
be the correct formalism to describe the dynamics of
system, the lack of information about the friction kernel
the fluid confined in the charged plates obliges us to app
to the more simplified Langevin model.

In what follows, we suppose the velocities of the io
attain a canonical distribution much faster than positio

FIG. 1. Schematic representation of the planar slit pore show
the coions and counterions reduced density profilesg1(x) and
g2(x) as functions of the reduced distancex5x8/h. Results are for
a 2:2, 0.971 M RPM electrolyte in a slit formed by two walls
thicknessd5a, separated a distanceL55a, and bearing a fixed
surface charge of 0.272 C/m2. The open and filled circles are th
grand-canonical Monte Carlo data of DeGre`ve @14#. The continuous
and dashed lines are the HNC and MGC theories, respectively
-
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e
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Thus, at the time scale of positions, velocities attain
steady state, i.e.,dv(x8)/dt850 @instantaneous relaxatio
approximation~IRA!# so Eq.~2.1! can be written dimension
less as

dxi

dt
5

d„2bWi~x!…

dx
1 f̃ i~ t !, ~2.5!

where x5x8/h, t5t8D/h2, h5(L2a)/2, and f̃ i(t)
5A2h2/D f i(t). In the last equation, the diffusion constantD
was defined by the Nernst-Einstein formula, i.e.,D5kBT/j
andWi(x) is the potential of mean force.

The potentialWi(x8) is crucial in our dynamical ap-
proach. Unlike previous work@6#, we use results of the mor
physical HNC~hypernetted chain! approximation@9,11# to
evaluate the potentialW(x8) and compare it with more sim
plified models. Since, to our knowledge, no direct compa
sons of the HNC and MGC profiles with Monte Carlo sim
lation data have been made for a confined electrolyte in
geometry, we present in Fig. 1 the reduced particle dens
gi(x)5r i(x)/r for coions and counterions of a 2:2, 0.971
salt in a slit pore of widthL55a, bearing a fixed charge o
s50.272 C/m2. Here the open and filled points are th
coion and counterion grand-canonical Monte Carlo~GCMC!
profiles of DeGre`ve @14#. The continuous lines are the HNC
results and the dashed lines are the corresponding MGC
ues@12,13#. One can see from Fig. 1 that the complex stru
ture predicted by the GCMC simulation for this system
well reproduced by the HNC theory and totally missed
the point-ions MGC approximation. In order to relate to pr
vious work on the dynamics of ions at interfaces, in th
work we will maintain conditions of fixed surface potenti
@11# instead of fixed surface charge@12,13#. In this case, the
results are conveniently independent of the thickness of
walls @11#.

Thus, from the knowledge of the density profiles for se
eral combinations of ion charges, electrolyte concentratio
and surface potentials, we construct the potential through
expression 2bWi(x8)5 ln gi(x8), where b51/kBT and
gi(x8) is the normalized radial distribution function~RDF!
of ions typei confined within the charged plates.

Equation~2.5! is simply the drift velocity of the ion unde
a stochastic potential field. Thus, if the stochastic differen
equation ~2.5! is interpreted in Ito’s sense@2#, the corre-
sponding Fokker-Planck equation for the conditional pro
ability P25P(xi ,tuy,t0) of finding the ion inxi at t given
that it started to diffuse iny at t0 is

]P2

]t
52

]

]x Fd~2bWi !

dx
2

]

]xGP2 ~2.6!

which, as expected, is the Smoluchowski equation.
For an ion confined within the planar slit pore, the pro

ability G(y,t) of an ion to be in the diffusion domaina,x
,b without having been absorbed on the absorbing bou
aries is simply

G~y,t !5E
a

b

dxi P~xi ,tuy,t0!. ~2.7!

g
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PRE 59 843SMOLUCHOWSKI HYPERNETTED CHAIN THEORY . . .
A time evolution equation for this survival probability can b
easily obtained by integrating the backward Fokker-Pla
equation. The result reads@2#

]G~y,t !

]t
5

d„2bWi~y!…

dy

]G~y,t !

]y
1

]2G~y,t !

]y2 ~2.8!

which can be solved with the initial conditionG(y,t50)
51 and boundary conditionsG(y5a,t)50 if the wall ata
is absorbing, ordG(y,t)/dtuy5a50 if it is reflecting.

Let us defineT(y), the first passage time~FPT!, as the
time needed for an ion to reach the boundary given tha
started aty and h(y,t)dt as the probability density of the
T(y)’s. Thus for FPT’s in the intervalt,T(y),t1dt we
find thath can be defined in terms ofG(y,t) as

FIG. 2. A/R survival probabilityG(x,t) as a function of the
initial reduced position within the slit pore,x0 , of counterions~up-
per graph! and coions~lower graph! in the domain@0,1#. Results are
for a 1 M, 1:1 electrolyte enclosed in a planar pore of widthL
55a and a surface potential of 50 mV. The reduced timet
5Dt8/h2, 0.35, 0.7, and 1.0 are indicated for each curve. T
dashed lines are the classical S-MGC theory while the continu
curves are our S-HNC theory. The absorbing plane is located in
center of the pore, while the plane of closest approach is reflec
k

it

h~y,t !52
]G~y,t !

]t
. ~2.9!

We are particularly interested in the first moment of t
distribution of FPT’s, the mean first passage time~MFPT!, t,
which is

t5E
a

b

dt th~y,t ! ~2.10!

5E
a

b

G~y,t !dt, ~2.11!

where the last equation is obtained after using the defini
~2.9! and subsequent integration by parts. At this point, it
possible to find the ordinary differential equation which
satisfied by thet(y)’s. It is found by integrating the evolu
tion equation forG(y,t). Using Eq.~2.11! into Eq.~2.8!, the
result reads

e
us
e

g.

FIG. 3. A/R survival probabilityG(x,t) as a function of the
initial position within a slit pore,x0 , of the coions~lower graph!
and counterions~upper graph! for a 0.5 M, 2:2 electrolyte enclose
in a planar slit pore a width of 5a and surface potential of 50 mV
The notation is the same as in Fig. 2.
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d2t~y!

dy2 1
d„2bW~y!…

dy

dt~y!

dy
521. ~2.12!

This equation can be solved analytically. Its solution depe
upon the nature of the boundary conditions, i.e., absorbin
reflecting. Thus, for a diffusion domain@a,b# with a,b
and, noticing thatg(x)5exp$2bW(x)% it is found thatt(y)
is defined by

FIG. 4. A/R MFPT, tAR , as a function of the initial positionx0

for coions ~a! and counterions~b! of a 1:1, 1 M electrolyte in a
planar slit pore of size 5a, and two surface potentials of 50 and 10
mV as indicated. As before, the continuous curves correspond to
S-HNC theory, the dashed curves to the S-MGC approximat
and, here as in the next figures, the dotted curve is the free-diffu
limit ~FD!.
s
or

tAR~y!5E
a

y dx

g~x!
E

x

b

g~z!dz ~2.13!

for an absorbing boundary ata and reflecting atb,

tRA~y!5E
y

a dx

g~x!
E

b

x

g~z!dz ~2.14!

if a is reflecting andb is absorbing, and finally, if both
boundaries are absorbing

he
n,
on

FIG. 5. A/A MFPT, tAA , as a function of the initial position
x0 , for coions~lower graph! and counterions~upper graph! of a 1:1,
1 M electrolyte in a slit pore of size 5a, and two surface potentials
of 50 and 105 mV as indicated. Notation is the same as Figs. 1
tAA~y!5
1

E
a

b dz

g~z!

F S E
a

y dz

g~z! D Ey

a dx

g~x!
E

b

x

g~z!dz2S E
y

b dz

g~z! D Ea

y dx

g~x!
E

a

x

g~z!dzG . ~2.15!



s

C
on
ilib
ri-

he

-

at
e

sult
The
d

-

s
ry
he
n in
ur-
ns.
an

d-
the
t is,
ger
are
are

s

,

f

PRE 59 845SMOLUCHOWSKI HYPERNETTED CHAIN THEORY . . .
The position-averaged MFPT for boundariesi and j is
defined as

t̄ i j 5E
a

b

t i j ~y!g~y!dy. ~2.16!

Equations~2.8! and ~2.13!–~2.16! are the central result
needed in this paper.

III. RESULTS AND DISCUSSION

We have solved numerically both the S-HNC and S-MG
differential equations for model 1:1 and 2:2 electrolytes c
fined to a slit pore at constant surface potential. The equ
rium radial distribution functions obtained from the nume
cal solution of the integral equations@11# were accurately
fitted using a spline algorithm, to allow easy handling of t
data.

Figure 2 shows the survival probabilityG(x,t) as a func-
tion of the initial positionx0 for a 1:1, 1 M RPM electrolyte
in a planar slit pore of widthL55a, having a surface poten

FIG. 6. A/R MFPT, tAR , as a function of the initial position for
coions~lower graph! and counterions~upper graph! of a 2:2, 0.5 M
electrolyte in a planar slit pore of size 5a and two surface potential
of 25 and 50 mV as indicated.
-
-

tial c550 mV. The diffusion domain corresponds to anA/R
boundary condition where the absorbing plane is located
the middle of the slit porex50 and the reflecting planes ar
located at the planes of closest approach atx521 and 1.
Results are for several reduced timest5Dt8/h2 as indicated
for each curve. The continuous curves are our S-HNC re
and the dashed curves are the S-MGC classical theory.
upper graph, Fig. 2~a!, corresponds to the counterions an
the lower graph, Fig. 2~b!, to the coions.

HereGj (x0 ,t) measures the probability that at timet an
ion of type j, originally located atx0 , has not yet been ab
sorbed by the midplane to the left. ThenG(x0 ,t)→0 asx0

→0 andG(1,0)51. Though not shown, for very small time
the survival probability for counterions and coions are ve
similar. However, as the time evolves a difference in t
dynamics of counterions and coions develops, as show
Fig. 2. Since the coions are repelled by the walls, their s
vival probability becomes lower than that of the counterio
The effect of the ionic size and ion-ion correlations cause
increase inGj (x0 ,t) for the counterions and, correspon
ingly, a decrease for the coions. This is illustrated by
differences between the S-HNC and S-MGC curves. Tha
the finite-size counterions are allowed to remain away lon
from the absorbing midplane, while the finite-size coions
further pushed towards the midplane. These differences

FIG. 7. A/A MFPT, tAA , as a function of the initial position
x0 , for coions~lower graph! and counterions~upper graph! of a 2:2,
0.5 M electrolyte in a pore of size 5a and two surface potentials o
25 and 50 mV as indicated.
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larger the closer the ions are from the reflecting walls at
beginning.

The behavior of the survival probability for a doub
charged 2:2, 0.5 M electrolyte solution is shown in Fig.
Results are for the same reduced times and conditions as
2, keeping the potential at 50 mV. Here, we clearly se
marked increase both in differences between the surviva
counterions and coions in the slit pore and in the discrep
cies between the S-HNC and the S-MGC theories. The
vival probability of the coions decreases as the ionic cha
is increased. This difference is more notorious in the S-H
approach, which considers more rigorously the ion-ion sh
range correlations. We observe in Figs. 2 and 3 that, in g
eral, the S-MGC classical theory overestimates the surv
of the coions and underestimates the survival of the co
erions.

Figure 4 shows the mean first passage time,tAR(x0), for
absorbing/reflecting boundary conditions (A/R) as a func-
tion of the initial reduced positionx0 for coions ~a! and
counterions~b! of 1:1, 1 M electrolyte in a planar slit pore o
size 5a, and two surface potentials of 50 and 105 mV

FIG. 8. Reduced position-averaged MFPT,t̄RA , as a function of
the pore size parameterL/a for R/A conditions in@0,1# or A/A in
@21,1# for coions~lower graph! and counterions~upper graph! for a
1:1, 1 M electrolyte and two surface potentials of 50 and 105 mV
indicated. The free-diffusion limit corresponds to the value1

3.
e

.
ig.
a
of
n-
r-
e

C
t-
n-
al
t-

s

indicated. The continuous curves correspond to the S-H
theory, the dashed curves to the MGC approximation,
the dotted curve is the free-diffusion limit~FD!. As expected,
the MFPT goes to zero as the initial position of the diffusi
particle gets closer to the absorbing boundary. Due to
electrical field, coions are pushed away from the reflect
surface atx51 in the direction of the absorbing plane atx
50, giving rise to MFPT’s that are lower that those expec
in the free-diffusion limit. The opposite occurs to the cou
terions. The ion-ion correlations due to the finite ion si
have the effect of lowering the MFPT of the coions a
increasing it for the counterions. This can be seeing by co
paring the S-HNC results to those of the S-MGC since
latter neglects those correlations. Both the effect of the e
trostatic potential and the interionic correlations increa
with the surface potential.

Figure 5 shows the MFPT as a function of the initi
reduced positionx0 for coions~a! and counterions~b! for the
same system as Fig. 4 but for an absorbing/absorbing (A/A)
boundary condition. Here we have three absorbing bou

s

FIG. 9. Reduced position-averaged MFPT,t̄AR , as a function of
the pore size parameterL/a for A/R conditions in@0,1# for coions
~lower graph! and counterions~upper graph! for a 1:1, 1 M electro-
lyte and two surface potentials of 50 and 105 mV as indicated.
free-diffusion limit corresponds to the value13.
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aries, one at the midplane of the slit pore and the other
the plane of closest approach. The MFPT in the fr
diffusion limit is symmetric with respect to the two absor
ing planes, aroundx50.5. In the MGC approach, the effec
of electrostatic ion-surface interaction causes an asymm
The MFPT curves are shifted to the right-hand side for
coions, giving larger times, and to the left-hand side for
counterions, giving lower times. A similar situation occurs
the HNC approach, but here the asymmetric behavio
more complex, particularly for the coions, as the potentia
increased. In general, the interionic correlation, neglecte
the MGC approach, favors the absorption of the coions
delays the absorption of the counterions. Again, all the
served effects are enhanced by a larger surface potentia

Figures 6 and 7 show theA/R andA/A MFPT’s as func-
tions of the initial position for coions~a! and counterions~b!
of a 2:2, 0.5 M electrolyte in a planar slit of size 5a, and two
surface potentials of 25 and 50 mV as indicated. These
ures show the effect of the ionic charge on the MFPT
A/R andA/A boundary conditions. In general, the separat
from the free-diffusion limit and the discrepancy between
S-HNC and S-MGC theories is increased as the ionic cha

FIG. 10. Reduced position-averaged MFPT,t̄AA , as a function
of the slit pore size parameterL/a for A/A conditions in@0,1# for
coions~lower graph! and counterions~upper graph! for a 1:1, 1 M
electrolyte and two surface potentials of 50 and 105 mV as in
cated. The free-diffusion limit corresponds to the value1

12.
at
-

ry.
e
e

is
s
in
d
-

g-
r
n
e
es

increase. Namely, in an absorbing/reflecting situation
doubly charged coions are absorbed faster, while the dou
charged counterions are absorbed at larger times, as c
pared to the singly charged ions under similar conditions

The position-averaged mean first passage timet̄ corre-
sponds to the mean time that a given species takes to
absorbed irrespective of its initial position in the diffusio
domain. ForR/A and A/R conditions in the domain@0,1#,
free diffusion givest̄5 1

3 .
In Figs. 8–10, we show the effect of the slit pore size

the reduced position-averaged MFPT,t̄, for three different
absorption conditions. Figure 8 shows the reduced posit
averaged MFPT as a function of the pore size parame
L/a, for R/A conditions in the domain@0,1# or A/A in
@21,1# for coions ~a! and counterions~b! for a 1:1, 1 M
electrolyte, and two surface potentials of 50 and 105 mV
indicated. The free-diffusion limit corresponds to the val
1
3 . Figure 9 corresponds toA/R conditions in@0,1# for which
the free-diffusion limit also corresponds to the value1

3. Fig-
ure 10 shows the results forA/A conditions in@0,1#. Here,
the free-diffusion limit corresponds to the value1

12.
For R/A conditions the absorbing plane is located at t

i-

FIG. 11. Reduced position-averaged MFPT,t̄RA , as a function
of the pore size parameterL/a for R/A conditions in@0,1# or A/A in
@21,1# for coions~lower graph! and counterions~upper graph! for a
2:2, 0.5 M electrolyte and potentials of 25 and 50 mV as indicat
The free-diffusion limit corresponds to the value1

3.
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848 PRE 59PEDRO J. COLMENARES AND WILMER OLIVARES-RIVAS
plane of closest approach to the surface and, therefore
viations from the free-diffusion limit, the value13 in this case,
are higher for the coions and lower for the counterions,
shown in Fig. 8. The ion-ion short-range correlations due
the finite ionic sizes have the effect of further increasing
coion position-averaged MFPT while decreasing that of
counterions, as shown by the strong discrepancies betw
the S-HNC and S-MGC theories in Fig. 8. The absorpt
time shows a maximum for the coion and a minimum for t
counterions for pores of sizes close to 5a. When the absorb-
ing plane is located at the midplane of the planar slit po
under A/R conditions, the situation is reversed for coio
and counterions, as shown in Fig. 9.

When both the midplane and the plane of closest
proach are absorbing (A/A), the maxima and minima ar
shifted to larger pore sizes, as shown in Fig. 10. Additio
ally, while the counterions present deviations from the fr
diffusion limit similar to those observed in theR/A condi-
tion, the coions present an oscillatory behavior wh
described by our S-HNC theory. This effect is not predic
by the S-MGC theory. In fact, these oscillations seem
have the same origin in the short-range interactions as d
the net force between the plates, as observed both ex

FIG. 12. Reduced position-averaged MFPT,t̄AR , as a function
of the pore width,L/a, for A/R conditions in @0,1# for coions
~lower graph! and counterions~upper graph! for a 2:2, 0.5 M elec-
trolyte and surface potentials of 25 and 50 mV as indicated.
free-diffusion limit corresponds to the value13.
e-

s
o
e
e
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n

,
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-
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n
d
o
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ri-

mentally and theoretically@11,15#. Namely, they are due to
the hard-sphere short-range interactions. The irregular s
oscillations observed for very narrow slit pores, close toL
5a, are just a feature of the numerical integration, sin
very few points were used.

Figures 11–13 show that the effects described in F
8–10 for 1:1 electrolytes are strongly enhanced for a dou
charged 2:2 electrolyte. The short-range ion-ion and i
interface correlations are originated in our model by the f
that ions have a finite diametera. However, such correlation
are coupled with the long-range electrostatic interactio
due to the wall’s electrical field and the Coulomb ion-io
potential. As a consequence, an increase on the ionic ch
or on the surface potential has the effect of magnifying
importance of the short-range correlations, particularly
slit pores a few ionic diameters wide.

IV. CONCLUSIONS

We have described the dynamics of ions inside narr
charged slit pores in terms of the survival probabil

e
FIG. 13. Reduced position-averaged MFPT,t̄AA , as a function

of the pore width,L/a, for A/A conditions in @0,1# for coions
~lower graph! and counterions~upper graph! for a 2:2, 0.5 M elec-
trolyte and surface potentials of 25 and 50 mV as indicated. T
continuous curves correspond to our S-HNC results, the das
curves to the S-MGC approximation, and the free-diffusion lim
~dotted line! corresponds to the value112.
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Gi(x,t), the mean first passage timet(x), and the position-
averaged MFPT,t̄, for a variety of absorbing and reflectin
boundary conditions.

The numerical solution of the Smoluchowski equation
gether with the HNC equilibrium profiles, under the insta
taneous relaxation approximation~IRA!, allowed the explicit
consideration of the ion-ion short-range correlations a
ionic size effects. These effects had been previously
glected in the classical theory based on the Poiss
Boltzmann approximation@6#. As expected, the dynamics o
both coions and counterions is strongly modified by th
effects, as can be seen by comparing our S-HNC results
the corresponding S-MGC.

In general, the electrostatic surface-ion interaction has
effect of increasing the time that a coion spends inside a
pore before it is absorbed,t̄AA , as compared to the situatio
of a noninteracting free-diffusing particle. However, the o
cillations observed ont̄AA indicate that a doubly charge
s

s.

an
-
-

d
e-
n-

e
ith

e
lit

-

coion could spend less time than a free-diffusing particle
certain sizes of the micropore. This effect seems to have
origin in the continuous spatial rearrangement of the ions
to the interplay of short-range and electrostatic ion-ion a
ion-charged wall correlations absent in the S-MGC theo
These findings could have particular relevance for the ch
istry of confined ionic systems.
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