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Anomalous diffusivity and electric conductivity for low concentration electrolytes in nanopores
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We apply equilibrium and nonequilibrium molecular dynamics simulations to study the dynamic properties
of electrolytes in nanopores. The realistic primitive model and the restrictive primitive model widely used in
the statistical mechanics of liquid-state theory are applied to model the electrolytes. The electrolytic ions are
immersed in water, treated in this work as either a dielectric continuum ignoring the size of solvent molecules
or a macroscopic dielectric continuuipolar property plus neutral soft spheres, and the aqueous electrolyte is
put in a confined space. To simulate a condition mimicking closely processes of practical interest and yet
maintaining the simulation computationally manageable, we consider an infinitely long and uncharged cylin-
drical tube. The equilibrium property of the self-diffusion coefficEnand the nonequilibrium property of
electric conductivityo are computed in terms of electrolyte concentration, particle size, and cylindrical pore
radius. The simulation results for the continuum solvent restrictive primitive model and continuum solvent
primitive model show normal behavior fdD versus pore radiu® at ionic concentration OM—i.e., D
decreases with decreasiRg—display anR independence dD at a certain threshold concentration and undergo
an anomalous increase hwith reducingR at a lower value 0.028. The mechanism of the anomaly at the
ionic concentration 0.028 was sought for and interpreted in this work to arise from the energetic and entropic
factors. Our simulated data of at this same concentration follow the same trend®a3o delve further into
the transport properties, we perform simulation studies for the discrete solvent primitive model and make a
detailed analysis of the characteristic of the ion radial density functions. Comparison of the latter functions
with those in the continuum solvent primitive model sheds light on the simulated diffusion coefficient within
the context of discrete solvent primitive model which is about two orders of magnitude less. This difference in
D is naturally attributed to the solvent effect. Similar disparities were reported by others for the discrete and
continuum restrictive primitive models.
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[. INTRODUCTION directed to finding an optimized performance of fuel cells
that depend on Nafion membranes and porous electrodes.

Electrolytes in a confined space, nanopores in particular, During the past two decades, computer simulations have
resemble many physical systems encountered in our dailgeen used to study the static and dynamic properties of mol-
life. Recently, studies of this spatially restricted system havescules or ions in porous media—7]. These simulation stud-
attracted a great deal of attention, both experimentally anéks are mainly devoted to an understanding of the equilib-
theoretically. One possible impetus for the intensified re+rium properties of the structures of channels and of the
search activities may be due to the marvellous discovery oénergetic and dynamics of aqueous dilute electrolytes in
the crystal structure of bacterial potassium chanfiglsThe  them. In most simulation studies, such as the electrolytes
latter can serve as a prototype example in studies of thadsorption, the ions are treated within the primitive model
structures of voltage-gated channels. In this regard, ion chatPM) and the solvent is approximated by a continuum dielec-
nels belong to one of these many systems. The understandifigc constant background. The papers of Rivera and Sorenson
of ions in a confined geometry in a state of either equilibriuml(8l, Lee and Chai9], Bodaet al.[10], and Hribaret al.[11]
or nonequilibrium is important in biological processes. Well @€ & few representatives of these recent works. In addition,

known cases are the numerical studies of biological channefimulations of electrolytes in nanopores that aim at a more
which have demonstrated specific ion selectivity phenom_reahstlc molecular model of solvent, the so-called discrete
olvent restrictive primitive model, have been proposed also.

enon, but the same energetic consideration is found to b 213 Concurrently, there are other simulation attempts
intact for simulations of ionic flow in the aqueous baths out-,"" : ’ : :
side the channels. The high rate of ionic transport is thusaif_n that give proper attention to the behavior of molecules

S 4 > Th molecular sieves. Here effort is directed to classify the
distinct feature observed in pores. In the area of materi iffusion modes into normalor tracey and single-file diffu-
science anq a somewha; closely “?'a‘eo' area, electrochem ons. This kind of simulation studies of molecular diffusion
try, interest in the properties of confined electrolytes has beep, | <hed considerable light on the underlying mechanism of
phase separation for particles in restricted sg&eWhile
these simulation works have uncovered such anomalies as
*Corresponding author. the charge non-neutralit}9], salt exclusion[14], selective
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adsorption[12], attractive double-layer forceglO], dual- size disparity for cations and anions is reminiscent of the
mode diffusion[6], etc., relatively fewer works are reported normal, single-file, and dual-mode diffusions numerically
for the transport properties of confined electrolytes despitgredicted for a binary adsorbate mixture in AIR® These
the fact that they are of greater industrial importance. simulation studies of molecular diffusion were motivated
Transport properties of electrolytes in restricted spacenainly by experiment§5,26—2§ reported to have observed
have been motivated greatly by experiments. Steck and Ye&ither normal or single-file diffusion for the single adsorbed
ger[15] and Gavaclet al. [16] carried out one of the early gpecies in AIPQ-5 zeolite. These diffusion behaviors were
conductivity experiments in _perfluorosulfomc acid mem- interpreted recently by Sholl and Fichthd6] who proposed
branes by means of an ac impedance method. Lack of @ yaneralized geometric criterion. It would be instructive to
definitive measurement of membrane pore sizes and the POQke the bearing of this criterion against our realistic primitive

characterization of the membrane structure have made the " \ve found thab decreases with decreasing pore ra-
interpretation of electric conductivity results extremely diffi- dius a'; ionic concentration (M., displays a neaR ingep en-
cult. Electrical conductivity measurements with various elec- play P

trolytes in track-etched mica membranes and the conducqence oD ata certain thrgshold conc_entration and shqws an

tance through a single submicrometer diameter pore using §'0malous increment with decreasifigat concentration

scanning ion-conductance microscope have been reported By92M- The simulatedr carried out at the electrolytic con-

Westerman-Clark and Anders¢ti7] and Hansmet al. [18], centration 0.028! is consistent Wl_th thi anomaly. To b_e_

respectively. We should perhaps mention the patch-clamgXpPlained below, we attribute this anomaly to competitive

technique which has been widely applied to determine th&ontributions between the energetic and entropic factors.

current-voltage characteristics of various biological channels

in dif_ferent electr_olytic environmen[r19]._ _Since the afore- Il. MOLECULAR DYNAMICS SIMULATION

mentioned techniques are generally difficult for pores of a

few nanometers, there remain ambiguities in the interpreta- In this section, we present details of the EMD and NEMD

tion of experimental data obtained. Under this circumstancesimulations applied to study dynamic properties of electro-

the molecular dynamic$MD) method is an indispensable lytes in confined space.

tool for it can stretch into the regime inaccessible to experi-

ments. Lynden-Bell and Rasai§®0] performed an equilib-

rium MD simulation for a sample comprising one solute

molecule and water molecules in an infinite cylindrical pore In both the equilibrium and nonequilibrium MD simula-

with smooth repulsive walls. The solvent is treated there agions, we need, first of all, an interparticle potential function.

pointlike moleculegthe SPC/E modgland channels of vari- To construct this function generally and to set up the simu-

ous sizes are assumed uncharged. In the following yeargtion environment, we proceed as follows. First, thelecu-

equilibrium MD (EMD) simulations were applief21,22 to  lar behavior of the solvent is approximated by a system of

study more realistic biological ion channels. While it is pos-neutral soft spheres and its polar property, comprising the

sible, in principle, to perform a long-time simulation and molecular multipoles and hydrogen bonding, is reflected in

compare the results with, say, the patch-clamp experimentdhe reduction of the interactions between ions by a factor

data, in practice it is still numerically tedious to do long-time 1/¢, where g, is a dielectric constant simulating macro-

MD simulation for atomic channels. scopic continuum background. We use the primitive model
For the study oD and o of interest here, we may, how- for electrolytic ions, but treat their short-range interaction as

ever, proceed as follows. First, we apply the EMD simulationsoft cores. The ion-ion, ion-solvent, and solvent-solvent in-

to obtain short-time diffusion coefficients. Using the latter,teractions are modeled separately by a soft core Week-

we predict the current in a nonequilibrium situation within Chandler-Anderson potential given by

the context of the Nernst-Planck theory of ionic flux and

determine the ionic conductivity by the Nernst-Einstein soft .« JuL(rip) + € T < Tmin(Aw),

theory [23,24. Then we carry out a nonequilibrium MD uw(rij)— 0 otherwise

(NEMD) simulation and check the results against the EMD- '

projected conductivity based on the Nernst-Einstein theorywhere

With this strategy in mind, our plan in this work is to apply g \12 /g \6

the EMD and NEMD simulations to electrolytes and study uLs(ry) :4€M[<_Mi) - (_A&) } 2)

the mobility of ions in an infinitely long, uncharged cylindri- ij I

cal nanopore within which contains the solvent which is

modeled agi) a continuum dielectric constant ignoring the is the Lennard-Joned.J) potential. The\ or u in Eq. (1)

size of ions andii) a continuum dielectric constant simulat- denotes anion, cation, or solverd,, and d,, are the LJ

ing the polar property plus a collection of neutral softenergy and the soft-sphere diameter parameters of the

spheres reflecting its molecular nature. Differing from ourparticle-particle(which can be anion-anion, cation-cation,

preceding work$13,25 where we used the restrictive primi- anion-cation, anion- or cation-solvent, or solvent-solyent

tive model and fixed the electrolytic concentration ath0, 1 andrmm()\u)=21’5dw is the location of the minimum of the

we consider here different sizes for the sodium and chlorin@intruncated LJ potential. To account for the long-range Cou-

ions (the realistic primitive modgland extend the simulation lomb tail of ions, we correct the soft-core part by the elec-

to lower electrolytic concentrations. The due consideration ofrostatic interaction in a continuum solvent as

A. Interparticle potential

1)
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TABLE I. Lennard-Jones distance and energy parameters for the
R restrictive primitive models(Na",Na’) and (CI*,CI"), primitive

@ @ @ @ P model(Na",CI"), ion-solvent and ion-wall interactions. The solvent
when treated on a molecular level is characterized by oxygen O.
v @ @ @ @ The ion-wall (W) Lennard-Jones parameters are calculated by the

Lorentz-Berthelot rule.

H

A dy, (109m) 6,(102))
FIG. 1. Schematic figure for the cylindrical cell with periodic Na-Na 273 59.37
boundary condition in the axial direction. Different sizes for anions
and cations emphasize the realistic primitive model. Cl-Cl 4.86 27.87
Na-ClI 3.87 28.32
- 0-0 3.169 107.95
ug,(r) = A% (€) Na-O 2.876 86.6
Ameoe cro 3.25 86.6
Here q; is the charge of théth ion ande, is the dielectric W-W 3.87 28.32
permittivity of the vacuum. In this work, we consider two Na-W 3.30 41.00
specific cases of interest for the interaction potential. The  C-W 4.37 28.09
first case only accounts for the soft-core interactions among  O-W 3.52 55.29
ions ignoring those counterparts of the solvent molecules:
The total interaction potential is
()= ﬂ2<63 F(-9/2,-9/2,1(r;/R)?)
uSPM =T+ U, (4) Ul = ™ 30 Rid, ) — 1) (R + 1) /RTE
2
whereT" is Uy with the index\ or u takes oronly anions _ SF(=3/2,-3/2,1(r/R)’) ) )
or cations. We refer to Eq4) as thecontinuumsolvent ap- (Rldyy = 1i/dy) [(R+1)/R]*

proximation. For the second case, the long-range interactions

between anions and cations are again given by(8g.but, is the shifted LJ-type wall potential. In the abovg, is the

in addition, the cation-solvent, anion-solvent, and solventfeduced surface number density of the wd|l, ande,,, are
solvent interactions are assumed to take on the same poteffie distance and energy parameters for the particle-wall in-
tial form as Eq.(1). Within this so-calleddiscretesolvent  teraction,r; is the radial distance of thi¢h particle from the

primitive model(DSPM), we have center of the cylinder ,s(A\w) is the location of the mini-
mum of the LJ particle-wall potentiguinless specified, the
DPM _  soft  C (5) word “particle” is hereafter referred to generally as anions,
Uy, = Uy, T Uy,

cations, or solvent moleculgsandF(a,b,c;x) is the hyper-
Note that the index or x in U now runs over the anion geometric function. Note that we assume the dielectric prop-
A " erties of the wall and outside are the same as the solvent in

cation, or neutral solvent molecule and in contrastufg . ; . }
where the\ or u takes on an anion or cation only. Equations _appeallng to Eq(®) for the particle-wall interaction. Such a

(1)—(5) are basic functions to be used in the MD simulationJUdiCiOUS assumpti(_)n avoigjs_ the comp_lication to account for
below. To proceed to numerical simulation, we place all theth,e bo_undary congition arising frqm Q|ﬁerent_d|electr|c me-
particles inside a cylindrical cell of radit® and lengthH  dia: Given Eqs(1)~6) for the particle interaction potential,
(Fig. 1). A periodic boundary condition is applied along the bOth. EMD and NEMD S|mulat|o'ns can be garrled out if the
axial direction denoted by. Now the confinement of par- particle LJ parameters are available. In this WOFk, we have
ticles within the cylindrical cell means that we need to ac-2d0Pted the same set of LJ parameters previously used by

count for the ion/solvent-wall interactions. For an unchargedShpOhT[B’o] "Tnd more rﬁcentg/ by Crozi(erlt al. |[31] to n}odelh
channel, we use the analytical formula derived previously b)} e electrolyte Ng CI", and water molecules. As for the
Tjatjopoulouset al. [29] In their work Tjatjopoulouset al. particle-wall LJ parameters, they are calculated according to

considered micropores of a circular as well as a polygonai® Lorentz-Berthelot rulef32] We record all these LJ pa-

cross sections. In the present work, only the cylindrical chan/@mMeters in Table I.

nel is studied. Explicitly, the particle-wall potential is given
by

soft

B. Equilibrium MD simulation

We shall useNVT ensemble in our EMD simulation. The
UL 3w + UL minAW)), 15 = 1 in(Aw), system, confined within volum¥, consists ofN particles,
Uaw(r) =), ' which is the total number of either anions, cations, and sol-
vent molecules for theliscrete solvent primitive model or
(6) only anions plus cations for theontinuumsolvent primitive
model. These particles are thermally maintained at room
in which temperature, which is technically fixed by the Gaussian ther-

0, otherwise,
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TABLE Il. Reduced unitgsee text used in the simulation. The anions or cations are maintained at temperature 298.15 K in both the
RPM (first and second rowsand PM(third row). The 7 used in the simulation is T€°s.

RPM or PM m,, (a.u) p'l1p (1072 md) TI/T (K™ 7/7(100s™ D"/D (10" s m?) o lo (10°° Qm)

(Na*,Na’) 23 2.0346 0.02324 45.662 2.93858 1.3866
(crcn 35 11.4791 0.04952 14.244 2.97194 3.7041
(Na*,CI") 29 5.7961 0.04873 19.812 3.37010 2.1608

mostat[33]. The axial self-diffusion coefficient of the-type  is maintained in the simulation cell by the axial periodic
species of particled),, was calculated according to the Ein- boundary condition. This method resembles the artificial
stein formula(dropping the index for particles color current method39] used in the NEMD simulation of
the transport properties of non-Coulombic systems. In calcu-
1. ) lating the conductivity, the external electric field will gener-
D) = 5!'”;<|Z>\(t) -7 (0P, (8 ate Ohmic heat. This unavoidable feature will raise the tem-
- perature of the system. In this work, we keep a constant
temperature by employing the method proposed by Evans
and Morris[40Q] as follows. Writing the induced axial current
density asl,, the non-Newtonian equations of motion are

where the bracket§ --) denote the ensemble average of the
mean-square axial displacement of thetype species.
Strictly speaking, mutual diffusion coefficients should be
considered especially in the DSPM which consists of a mix- d

ture of three different species. MacElroy and J84] have —r;=pi/m (9
proposed a means to compute the diffusion coefficients in a dt

mixture and relate them to individual fluxes. Since the con- d

centration of ions of interest hefe<0.1M) is dilute, we may an

comfortably apply Eq(8) only and use it to compute the d mvad
self-diffusion coefficient of ions. At this point, we should —pi=F; +CIiEzéz—§<pi _ 2q zéz), (10)
mention several technical details used in the simulation. dt aN

First, the equations of motion that yield the positions of par- .
ticles were here solved numerically by the modified VerletVhereri, p;, andF; are the position, momentum, and force
algorithm [35]. Since the particles are restricted to move inVectors of theith particle, res’\;‘)ectlvelyg is the Gaussian
an infinite cylindrical cell, the method of the periodic bound- thérmostat parameter, adg=[2i-,qvi .|/ V, wherev; , is the
ary condition along the axis is imposed. The methodology axial velocity. Since the PM takes into consideration the size
proposed by RapapaB6] is sufficient for this purpose. Sec- d'Sp&f'tV for cat|oNn_s and anions, we usel,
ond, for convenience in simulation, we adopt reduced units™[Zi=10+ v+ 2/ Vi +[2i510-v- ]/ V- for the current den-
In terms of massm,, distance parametet,,, and energy sity of the PM. The detailed functional forms gfas well as
parameter, ,, the reduced units are defined for temperaturehat of T in the context of Gaussian constraint equation are
T =kgT/€,, time step T*:T[Em/(mxdfﬂ)]llz, density p* given in Tanget al. [25]. Finally, the conductivity can be
:(N/V)d3ﬂ, and finally self-diffusion coefficientD"  Obtained as
- 2 112 ; ; i i
TD/(GAMdAM/mA? . For convenience in conversion, we give o= lim JJE, (11)
in Table Il details of these reduced quantities applied to cases E,—0
of interest.
In accordance with the reduced units introduced above, the
C. Nonequilibrium MD simulations current density, electric field strength, and electric conductiv-

) ; © 6 .
For NEMD, we study the transport property of an electro-'Y @€ given t*)y ‘JZ_E(mﬂdw)/(ezew)]llz‘]z’ ) E,

lyte in a nanotube focusing in particular the electric flow of =(d,.&/ €,)E, and o” =[(m\d} €, ,)"*/€’]o, respectively.

ions. Instead of using the dual-control-volume grand canonifFor the convenience of the reader, values of the reduced units

cal MD [37] technique supposedly more suit to studying theare collected in Table Il also.

mobility of ions, here we follow Tangt al. [25] and others

[38], adopting the method of an electric potential gradient. IIl. NUMERICAL RESULTS

This approach has the advantage of easy implementation and

computationally it requires lesser amount of computing time We present numerical data for the self-diffusion coeffi-

in comparison with the former method. The electric potentialcient and electric conductivity first for the continuum solvent

gradient method, as the name indicates, amounts to applyirrgstrictive primitive mode(CSRPM and then for the con-

(axially) a constant uniform electric fiel, to the cylindrical ~ tinuum solvent primitive modelCSPM). The simulation re-

channel. In response to tlig, the anions and cations, on the sults that emphasize the effects of molecular behavior of wa-

average, move in opposite directions over a time period. Irer within the DSPM for the same equilibrium quantities are

the course of the motion of ions, a constant ion concentratioalso presented in this section.
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FIG. 2. lonic radial density function py,(r)=[Nnar(r)  +Ng.(r)]d3, oV, r being the radial distance from the cylindrical
+Nar(N]d3a o/ Vs 1 being the radial distance from the cylindrical axis, for continuum solvent RPNNa*,Na’) at cy,=0.1M obtained
axis, for continuum solvent RPN, Na') evaluated by taking the  as described in Ref§25,39. Notation used is as follows: solid line,

time average of X 10’7 for R/dy,ns=3 (dotted ling, 4 (dot-  R=15dy, s short-dashed lineR=10dy, s long-dashed lineR
dashed ling 5 (long-dashed ling 10 (short-dashed line and 15  =5¢, . dotted line,R=3dya.na

(solid ling) at cy,=0.1M (top), 0.09M (middle) and 0.028 (bot- X _
tom). The total number of anions and cations is 228 alydy,  tance toward the wall. For a lowey <0.1M, p'(r) varies

=2.73 A. almost uniformly with the radial distance across the channel.
The structure ofp’(r) at ¢,=0.1M is consistent with our
A. Self-diffusion coefficient: Continuum solvent RPM vs previous RPM sodium simulation. To show this, we depict in
continuum solvent PM Fig. 4 thep(r) atcy,=0.1M obtained using a different set of

Lennard-Jones energy and distance paraméggsis These
We begin by pointing out a consequence arising from the,"(r) compare favorably with those given in Fig. 2. The sec-
ion-wall interaction. For concreteness, we plot in Figs. 2 anthnd feature has something to do with the effect of soft wall.
3 the radial density profiles’(r) =[N,.(r)+N,_(r)]d3,/V of  In our model this repulsive force gives rise to an excluded
the RPM sodium\=Na, and chlorinex=Cl, respectively. volume, resulting in the physical volume available to cations
The ionic concentrations defined by, =N,./V=N,_/V  and anions different from the actual simulation cell. Such a
=0.0251, 0.08V and 0.M are considered for each of the confinement has the consequence of restricting the centers of
RPM systems. These figures reveal two interesting featuresons to lie within a region with an effective radil® =R
The first feature is that the RPM sodiwi(r) confined to the - vdy, Wherey is a “space-excluding” parameter. In view of
channel of radiusR=3dy,.na at Cya=0.1IM maximizesnear  this space restriction the actual cell volume available to ions
the axis of the cylinder and decreases linearly with the radiais wR'?H. wR’? is thus the cross-sectional area to be used
distance toward the cylindrical wall, whereas for the RPMbelow for estimating the electric current density. In connec-
chlorine at the sam& and c¢;, p'(r) minimizesnear the tion to this geometrical consideration, there is one further
cylindrical center and increases linearly with the radial dis-remark that we should comment on. In the present MD simu-
lations, the smallest channel radius selected is 8.18dhal
3dyana OF 1.69¢ ). The nominal diameter of the cylinder
less of the excluded regiogestimated in conjunction with
Table 1V) is 10.38(11.76 A for the CI (Na*). This effec-
tive channel diameter is larger than any of the characteristic
minimum length scaleg.e., twiced,, given in Table ) so
that an ion(cation or anioim in our model electrolyte can
easily pass anothégcation or aniomwithout overlap(similar
to the case of adsorbate Ne in Figbjlof Sholl and Fich-
thorn [6]). The implication is that neither sodium nor chlo-
rine ions will show the single-file diffusion.
: I ": We now discuss the EMD simulation f@. Before pre-
0.004p=e senting the results, we should make a remark on the numeri-
F T cal procedure used in the simulation. We run fox 40’7
0000 “——T— |, T3 1., .,.7° after an equilibration run of  10°7" for the RPM cases
0 2 4 gy, 6 8 (Na",Na’) and (CI*,CI") and also the PM casgNa*, Cl").
The total number of particled| (anions plus cationsused is
FIG. 3. Same as Fig. 2, but for continuum solvent 228. Also, we obtaiD in each EMD by averaging the mean-
RPM: (CI*,CI"). square displacement run over at least 20 different time ori-

0.020
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llq"“r"“ill

0.012
p(r)
0.008
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FIG. 5. (a) Diffusion coefficient constand vs pore radiuR at
Cna=0.1IM (bottom, solid squarg@s0.09M (middle, solid circley
and 0.02B1 (top, solid up triangles for continuum solvent
RPM: (Na",Na’). D is the average of R+ and Dy,. The D for
taking 30 origins is shown as the down triangle simulatedRor
=8.19 A atcy,=0.029\. (b) Diffusion coefficient constanD vs
pore radiusR at cy,=Nyg+/V=0.1IM (bottom, solid squargs0.05
(middle, solid circley and 0.02M (top, solid up trianglesfor cat-
jons sodium in continuum solvent P{ita*,CI™). Note that we have
tested the simulation result aty,=0.1IM using the massm
=0.058 kg/mol (solid squarg and m=0.029 kg/mol (down tri-
angle for the caseR=13.65 A.

gins. We check carefully that this value fbr is sufficient,
since averagin@® greater than 20 different time origins gives
little change(see Figs. 5 and 6 each for a case sjutijote
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FIG. 6. (a) Diffusion coefficient constand vs pore radiuRR at
cc=0.1M (bottom, solid squargs0.09V1 (middle, solid circley
and 0.0281 (top, solid up triangles for continuum solvent
RPM:(CI*,CI"). D is the average dD¢;+ andDc-. TheD for taking
30 origins is shown as the down triangle simulated cat
=0.025V and forR=8.19 A.(b) Diffusion coefficient constarid vs
pore radiusR at cc;=Ng-/V=0.1IM (bottom, solid squargs0.05M
(middle, solid circleg and 0.02M (top, solid up trianglesfor an-
ions chlorine in continuum solvent PiNa*,CI"). Note that we
have tested the simulation result @;,=0.1M using the massn
=0.058 kg/mol(solid squarg and 0.029 kg/mokdown triangle
for the caseR=13.65 A.

dicted for R<13.65 A (R=2.81d¢.c). In other words, the
concentrationce; at which D is independent oR for the
RPM:(CI*,CI") is slightly lower, falling into a value that lies

thatD for the RPM case was determined by taking the aversomewhere between 0.0@5and 0.084. Third, Dy, or D¢

age values oD, + andD,— whereas for the PM cadey+
and Do~ were calculated separately. Figurgg)5and Ga)
depict the results oD vs R for the RPM(Na*",Na") and

RPM: (CI*,CI"), respectively, and in the same figures we

compare separately witDy,+ [Fig. 5b)] and D~ [Fig.
6(b)] extracted from the PMINa'*, CI"). As for p*(r), we con-
sider in each case three ionic concentraticpgA=Na or
Cl): namely, 0.0281, 0.09M and 0.M. There are three as-

pects of the simulations that merit emphasis. First, for thés presumably dominant since at higher concentrations there

RPM:(Na*,Na’), the diffusion coefficient constant a,
=0.1M increases with increasin@r decreases with decreas-
ing) R, achieves the valudy,~2.08x10°m?/s at R
=27.3A ( 10dy.na @and approaches Dy,~2.15

X 1076 m?/s forR>27.3 A. A spectacular behavior Dy, is
that it remains almost independent®ft ¢\,=0.05M but at
Cna=0.025M, Dy, increases anomalously with radial dis-
tanceR=13.65 A Second, for the RPNCI*,CI"), the gen-
eral trend ofD¢ with ¢ as a function olR mimics closely
the results for the RPM sodium. Here the chang®gfvs R
behaves in the usual mannercgt=0.1IM and 0.054; that is,
the magnitude oD, decreases with decreasiRgHowever,
at c;;=0.025, an anomalous increase Dy, is again pre-

vs R for PM: (Na*,CI") generally follows the same pattern as
the D data in the RPM, but the magnitude By, (D¢)
decreasesincreasepwith respect to the RPM.

The first aspect can be interpreted by resorting to two
factors: one factor is the electrostatic interactions among cat-

ions, anions and between the two specisergetic factor

and the other factor is the interactions between the ions and

the confining wallentropic factoy. At cy,=0.1M, the former

is a tendency for the ions within smaR to be more struc-
tured(Figs. 2 and 3and the entropy is therefore decreased.
It appears that the ion-wall interactions@f,=0.1M would
lead to more structuring and this kind of ordering would lead
to a decrease iD asRis reduced. Agy, is reduced, we find

the Coulombic interactions among cations, anions as well as
between them weakened; the repulsive ion-wall interactions,
on the other hand, begin to play a more active role in con-

tributing to the Coulombic forces felt by ion&@able l1lI).
This happens in the following manner. As &h cation or
anion atr; moves into the regiom;=r,;,(Aw) [defined by
Eqg. (6)], the ion-wall force operates and moves it radially
inward to a new position. The tagged ionrathus interacts
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TABLE Ill. Number of cationsN,+ plus anionsN,- (A=Na or FrT o TT o TT
Cl), out of a total number of 228 ions that fall into the ion-wall
interaction regionr=ry,,(\,w)] as a function of the cylindrical
radius R for ¢,=0.1M, 0.08M, and 0.02M. The ryi (A, w)=R
—1.006l\5.na (OF R=1.023¢).¢)) is the minimum distance defined
by Eg. (6). The ion-wall interacting number is calculated by the
formula: 228 -, ow p (NAr/Z; p'(NAr; where p'(r)=[Ny 6
+(r)+NA—(r)]dfx/V is the reduced radial density @N,++N,-)
ions.

D (10°m%s)
~
T 1T 1T 1 | T T 1T 1 | T T T 1T I T T

s b Ly

1 Ftee =

[3)]

RPM R(A)/c, 0.1M 0.08V 0.025v

st

8.19 15 15 15 3

10.92 10 10 10

(Na*,Na) 13.65 8 8 8
23.7 4 4 4

40.95 2 2 2

8.19 53 54 52 'O.'O : b.loé

10.92 31 30 30 (a) O

(CI*,CI) 13.65 21 21 21
23.7 9 9 9

40.95 6 6 6 7

I|||||||l

D1 O"sz/s)

2 Hoso<

o

of
o
-
or
oF
ol

T[T v [ vrr[prtrrrrs

electrostatically with all other ions preferentially those with
an opposite polarity. The resulting configurati@m entropic
facton from which the system evolves subsequently must be
different from the bulk environment where the influence of 5
confined geometry is absent. Our results of simulations show
that such ion-wall interactions increase with decrea8irigr

all of ¢, (see Table lll for numerical evidencelhe conse- 3
quence is that the entropy of the system of cations and anions
is enhanced for a small&. This scenario can be seen from
Figs. 2 and 3 wherg’(r) variesuniformly for ¢, =0.025

and nonuniformly(or linearly) for ¢,=0.1M. The electro-
static interaction depends on the average distance between
ions. For a smaller pore radius, the smaller cross-sectional 1
area leads to a decrease in density in the axial dimension and

thus increases the ion-ion distance. This, in general, would (b)
lower the electrostatic interaction and is more pronounced at

a lower concentration. In fact, the present simulation predicts FIG. 7. (a) Diffusion coefficient constard vs concentratiomy,
that D, increases anomalously forc,,<0.05M and for continuum solvent RPMNa*,Na"). Notation used is as follows:
R<13.65 A in the RPMNa*,Na’) or c<0.08M andR  down triangle,R=40.95 A; up triangle,R=27.3 A; diamond,R
<19.44 A in the RPMCI*,CI"); these behaviors for p  =13.65 A; squareR=10.92 A; circle,R=8.19 A. Note that the up-
shown in Figs. 7a) and &a) for the RPM and in Figs. () per figure is forcy,=0.025 enlarggd fqr clarity and'separated
and 8b) for the PM, clearly manifest the response of ions infom cases focy,=0.0 and 0.M given in the lower figure(b)
confined space. Coming to the second aspect, this can b@Me @%@, but for N in continuum solvent PMNa’",CI").
explained by the inertia effect and the relatively larger physi-

cal size of chlorine. Both properties slow down the motion,be understood by noticing that the larger anions i8lthe

but they do not change the basi€oulomb interactions PM have less room to wander about compared with the
among anions, cations, and between them and the wall. IsBmaller anions Nain the RPM. The opposite situation oc-
view of the normal behavior oD, at c,=0.1IM where it curs to cations in the PMcompared with the RPM capge
decreaseswith reducing Rand the abnormal behavior at where, now, more space is available to*Nans instead of

¢, <0.08V whereD, increaseswith reducing R we would  CI* cations in the RPM. The entropic factor is therefore one
anticipate the existence of a threshojdat which concentra- of the reasons for the decremgimcrement in magnitude of
tion D, is independent oR. When this happens the electro- Dy, (D¢). The ionic radial density functions given in Figs.
static interactionienergetic factorwill just balance the ion- 9(a) and 9b), respectively, for Naand CrI in the model
wall interaction(entropic factoy. Finally, the third aspect can electrolyte CSPM further illustrate our proposition.
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=1 L ] . . . . *
= 12 ] FIG. 9. (@ lonic density function for cationspy,(r)
e . =Nya+(r)d3no/ V. T being the radial distance from the cylindrical
N axis, for continuum solvent PNNa*,CI") calculated by taking the
0.02 0.04 006 0.08 0.1 time average of X107 for R/dy,.ns=3 (dotted ling, 4 (dot-

(b)

o
<]

dashed ling 5 (long-dashed ling 10 (short-dashed line and 15
(solid line) at cy;=0.1IM (top), 0.08M (middle), and 0.02M (bot-
FIG. 8. (8 Same as Fig. (&, but for continuum solvent tom). The total number of anions and cations is 228 akg.q
RPM:(CI*,CI"). (b) Same as Fig. (&), but for CI" in continuum =3.87 A (b) Same aga), but for anions.
solvent PM{Na*,CI").
negative ions to the entropic factor. Since the potential pa-
rameters used he @able |) and by them are essentially the
same(except foroc.o=3.785 A, a different form of the ion-
Before describing the general characteristics of thewall repulsive potential and the treatment of water molecules
DSPM, it may be helpful to recall a relevant work of as point charggs the general behavior presented there for
Lynden-Bell and Rasaiaf20] who reported a similar MD the single-ion properties is a useful contrast to the collective
simulation for a system comprising of one solute embeddediffusion given here, at least qualitatively.
in point-charge SPC/E solvent molecules. Preparing the We now proceed to study the general properties of the
single ion(Na* or CI") and the water molecules in an infi- DSPM and compare it with the CSPM. Let us first look at the
nitely long cylindrical pore with smooth repulsive walls, density distribution of ions. For this purpose, we perform a
Lynden-Bell and Rasaiah studied the radial density distribusimulation for the DSPM for a total numbéxa*+CI") of 76
tion of ion (Na" or CI") and solvent molecules as well as the ions dispersed in 29 666 water molecules modeled in this
diffusion coefficient of the isolated ion as a function of porework by neutral soft cores. The solvent volume fraction is
radius. They noticed that the smaller'Nen tends to occupy estimated to bey,=0.2. Figures 1&)-10(c) display the ra-
the center of the cylinder while the larger"Gbn is more  dial density profiles of ions prepared at the concentration
likely found near the wall. Lynden-Bell and Rasaiah attrib-c,=0.025M for the cylindrical radiiR=8.19, 13.65, and
uted such a difference in the distributions of positive and27.3 A, respectively. In contrast to the density profiles of

B. Self-diffusion coefficient: Discrete solvent primitive model
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FIG. 10. (3@
(1) =Nya+ (N aned Vs

=Ny(r)d3,.c/V, T being the radial distance from the cylindrical
axis, for N& (solid line) in discrete solvent PMNa",CI"), CI-
(long-dashed lingin discrete solvent PMNa*,CI"), and water
(short-dashed line respectively. The number of ions used is
Nnar(r) +Ng-(r) =76 for ions and\g=29 666 for solvent. The dis-
crete solvent volume fraction is estimated to4e0.2. The simu-
lation was carried out with X 10°7 equilibration time and run
further for 1x 10’7 taking an average of five time origins. The
concentration of ions and the pore radRiare 0.0251 and 8.19 A,
respectively(b) Same aga), but for radiusR=13.65 A.(c) Same

r/d

Na-Cl

lonic radial density
pei(N=Ner-(Ndg, ¢ /V,

as(a), but for radiusR=27.3 A.

functions py,

and

p(r)
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TABLE IV. Comparison of the excluded space induced by ion-
wall interaction for the DSPMupper two rowgand CSPM (lower
two rows for Na* and CI' at concentration 0.028 for different
pore radii. Numerical values given are distancis units of A)
measured from the wall.

R(A)
lon 8.19 13.65 27.3
Na* 2.31 2.25 2.20
cr 3.00 2.95 2.90
Na* 2.35 2.35 2.30
cr 3.04 3.05 3.00

Lynden-Bell and RasaialFig. 9 in Ref.[20]), the radial
density distribution functions of Naand CI are reversed
with the ions of N& (CI7) distributed close«farthen from

the pore center while those of water molecules prefer to stay
near the wall. Note that the number of water molecules used
in the present simulation is significantly larger. In compari-
son with the CSPM, the DSPM radial density functions ex-
hibit structures that are entirely different. The most obvious
disparity is the accumulation of ions in the vicinity of the
wall. For the DSPM, the density distribution functions of
ions display two clear peaks which are located, for pore ra-
diusR=8.19 A atry,+~5.11 and 1.66 A for cations and at
re—~4.30 and 0.89 A for anions; fdR=13.65 A, atry,+
~10.53 and 7.16 A and;—=~9.71 and 6.97 A; and foR
=27.3 A, atry,+=~24.2 and 20.8 A and¢-~23.4 and
20.4 A, and they oscillate into the center of the cylinder. The
oscillatory profile is relatively stronger in the region near the
cylindrical axis forR=8.19 A compared with those fdR
=13.65 and 27.3 A. In fact, thg'(r) in the two larger pore
radii approach the cylindrical axis with nearly constant den-
sity. The regions where the ions are excluded by the ion-wall
interaction are given in Table IV in which are included for
comparison the corresponding data in the CSPM. Also, it is
seen that the'(r) of solvent particles peaks at positions
Fwater~4.91, 10.37, and 24.0 A, respectively, for pore radii
R=8.19, 13.65, and 27.3 A, closer to the wall, but lies gen-
erally in between those'(r) of cations and anions. This
behavior differs from the simulatedl (r) using the DSRPM
[13] and may be attributed to the more realistic DSPM con-
sidered in the present simulation work and to the fact that the
concentration of electrolyte is lower than that of Taatgal.

[13] (c,=0.1M). Now, according to the works of Targj al.

[13] and others[41-43 a localized distribution of ions
would lead to a lower value of the local diffusion coefficient,
and naturally, the pore-averag@{ will also be lower. For
instance, our simulated, data at channel radiuRR
=13.65 A for the DSPM yieldDy,+=0.0737+0.005 26
X108 m?/s and Dg—-=0.049 46+0.003 18 10°® m?/s;
these values are indeed much smaller in magnitude com-
pared with those of the CSPKDy,+=5.107 12+0.470 99

X 107 m?/s andD¢,— =3.445 07+0.4308 10 m?/s). The
decrease iD, is the result of the effect of discrete solvent
molecules.
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C. Conductivity: Continuum solvent primitive model 002 | — ‘ ‘ ‘ ‘ ' ‘ ‘ ]

In view of the anomalous behavior &f at c,=0.025M, Tt :\—E\I :
we now present our NEMD results far in the CSPM. . 0018 e ]
Figures 112)-11(c) display plots ofaNa+ in electrolyte NaCl ' T B 4+
o~ in electrolyte NaCl, and totat” = a'Na++(TC|_ of electro- 0012 ]
lyte NaCl atc,=0.0231, respectlvely Separately, we in- L= = = ]
cluded in each plota) o, or o vs E, simulated for different 0008 o 00lls ol o0t 00190
R and(b) 0')\ or o vsRfor the equmbrlum case obtained by E,
extrapolatingE, — 0. As can be seen from these figures, the e
linear response behavior is satisfied generally in all cases I ]
considered here. Let us summarize three specific features. , . *%[ . ]
First, the o+ and o- at the large pore radiuR=27.3 A : I ]
have nearly constant magnltudes or weakly increase with in- ool E ]
creasngZ resulting in the totab™” increases with i increasing .
E,. As Rdecreases to 13.65 & of either cations or anions (@ 0.008 5 10 15, 20 25 30
is in opposition to the change lﬁz Thus theo, ., o and RA)
o all decrease with mcreasm@ as the pore radius becomes — : ,
small (in the present cas®=27.3 A). This trend differs Lo ]
from the simulation work of Tangt al. [25] at c\,=0.1IM 0.024 a x = ]
where there they predicted the RPWa",Na") ¢ increases . oolel _ ]
with increasingE, at R=10dy,.naand Flya.ng but reversing o P $-mmmmmmm OO
behavior is observed dR=3dy,.na Second, the simulated 0008 - o = T
aNa+, oC|_ and ¢" all show an anomalous increment as the i ]
channel radius is decreased. Third, for although the electric 000 o oo B 00165 00190
conductivity of sodium ions aR:27.3(a;a+:0.008 36 and 0,032 . , E: .
13.65 A (a*NaFO.019 is larger thana*C,_ at the sameR -
(a*m_:0.006 22 and 0.014 83, respectivelihe electric con- oo MO f 1
ductivity o-=0.026 76~ 0, ,.=0.026 82 is observed & 0.016 - ]
=8.19 A. The first two features qualitatively correlate with 0.008 | h
the results oD vs R given in Figs. 5 and 6. Quantitatively, *
the trend is similar to our preceding work for RPM results at 0000 - T 7 o1 2
¢,=0.1M (Fig. 7 in Ref.[13]) in that it is slightly different (b) RA)
from the D, of ions obtained within the context of the
Nernst-Einstein equation. This would point to the general 0055 ]
validity of the Nernst-Einstein equation for confined electro- I I\{\{ ]
lytes such as the CSPM reported here. The third feature, 0.040 | .
however, needs further explanation. Returning to Figa) 9 ¢ I T T P 3 |
and 9b) for the radial density functions, we observe an un- 0.025 | .
usual feature. At,=0.025M, p'(r) is uniform as a function - = = ]
of r and its magnitude increases with decreadiigBoth ool b—o .

. . : . 00090 00115 00140 _ 00165  0.0190
cations and anions separately follow this trend. There is, E
however, one basic difference. AR=8.19 A, p:w(r) ooss b o T L
~0.001 65 and is much less than,(r)=0.002 25 at the ' * -
sameR. The difference is certainly larger compared with 0.040 | .
those atR=13.65 [p;,a+(r)~0.001 25p::|_(r)z0.0014| and o I hd ]
27.3 Al py(r) =0.001 05p,,-(r) = 0.0011. In other words, 0025 1 ]
the average cross-sectional density of aniorR=a8.19 A is 0ol0 b e v s
higher (see also Table Ijithan that of cations. As a conse- © 6 1 6 , 2l 26

guence, the average axial density of anions is generally R@

lower, implying that the anion-anion distance in the axial
direction, on the average, will be larger. It is therefore quite FIG. 11. () Reduced electric conductivity” vs applied uni-

form electric er|dE (upper figure for cations N& in continuum
lausible thato..- at a smallelR can achieve a value com-
P cl solvent PM{Na",CI- ) simulated atcy,=0.029M for channel radii

parable tooy,. In our preceding work13], the NEMD  p-g 19(squarey 13.65(circles, and 27.3triangles A. The lower
simulation for severely confined systems wigr1.5 and figure depictings” vs R (A) is obtained by extrapolating, —0
2dya.naShowed that” decreases rapidly to zero. We believe corresponding to the equilibrium situatiofin) Same aga), but for
that a similar phenomenon will possibly be observed also foanions Ct in continuum solvent PMNa',CI"). (c) Same aga) but
the CSPM. for the Na+CI~ system in continuum solvent PNNa",CI").
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IV. SUMMARY AND CONCLUSION NEMD simulations, the simulated electric conductivity at the
i _ samec, =0.025M for different R follows the same anoma-
The EMD and NEMD simulations were performed 10 |o5 pattern a® vsR. In contrast to the CSPM, the diffusion
study the equilibrium and nonequilibrium properties of acqefficient for the DSPM under the condition of saRend
model electrolyte NaCl which is prepared at three electroy, pehaves differently due to increased interactions between
lytic concentrations—namely, ¢,=0.IM, 0.0, and jons and solvent molecules. Here, in addition to ions, the

0.023v—and is confined to an infinitely long, uncharged g4\ ent molecules interact also with the wall. Since the num-
cylindrical pore. For the EMD simulations, we compare thepe of water molecules is significant, an immediate conse-
continuum solvent RPM and PM for the diffusion coeff|C|entquence is that the solvent-wall interactions may easily over

as a function of the radius of the cylinder at each ionic cony,heim the ion-wall interactions. The behavior bfis there-

centration. Our simulation results show that it decreases Wi“fbre very much influenced by interactions between the ions
reducingR at ¢,=0.1M, shows a weak dependence Brat 4. the solvent molecules. Normal diffusive motion for the

¢,=0.08V, and asc, falls down to 0.02M, D decreases gnions and the cations with decreasiaat differentc, is
initially with R (from 15d,, to approximately Byana OF  thus to be anticipated.

2.81dc.c)) and then increases anomalously with further re-
ducing R. Both continuum solvent RPM and PM display
these interesting features. The mechanism behind the anoma-
lous change oD with R for differentc, can be understood This work has been supported in part by the National
qualitatively in this work by looking closely at the Coulom- Science Council Grant No.(NSC91-2112-M-008-038

bic interactiongenergetic factgrbetween anions and cations S.K.L. would like to thank Professor K. Y. Chan for initiating
and at the role played by the wall in pushing away those ionghe Taipei Trade Centre Exchange Scheme 2001 and for his
that “invade” the repulsive regiom=r,,(min), thereby kind hospitality during his visit to the University of Hong
changing the ionic configuratiogentropic factoy, which in ~ Kong. We acknowledge continual support from the National
turn alters the electrostatic coupling among ions. For theCentral University.
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