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Abstract: The diffusion coefficients of ions and of uncharged solutes in aqueous solution & a6d at

infinite dilution are studied by computer simulation using the SPC/E model for water and-seftier potentials
employed in previous work (Koneshan, S.; etalPhys. Chem1998 102 4193-4204). The mobilities of

the ions calculated from the diffusion coefficients pass through a maximum as a function of ion size, with
distinct curves and maximums for positive and negative ions in qualitative agreement with experiment. We
aim to understand this at a microscopic level in terms of theoretical studies of the friction coefficrdnith

is related to diffusion coefficient by the StokeBinstein relation. This provides one method of calculafing

but it can also be obtained in principle from the random force autocorrelation function which is the starting
point of molecular theories of the friction. Molecular and continuum theories divide the friction into
hydrodynamic and dielectric components calculated in different ways on the basis of certain approximations
that are tested in this paper. The two methods of determihigige consistent results in simulations of large

ions or uncharged solutes but differ by a factor of nearly 1.5 for smaller ions. This is attributed to the assumption,
in our simulations and in some molecular theories, that the random force autocorrelation function of a moving
ion can be approximated by the total force autocorrelation function of a fixed ion but the observed trends in
¢ with ion size are unchanged. Three different separations of the force autocorrelation function are studied;
namely, partitioning this into (a) electrostatic and Lennard-Jones forces (b) hard and soft forces, and (c) forces
arising from the first shell and more distant forces. The cross-terms are found to be significant in all cases,
and the contributions of the sum of the soft term and the cross-terms, which are of opposite sign, to the total
friction in the hard-soft separation, is small for all the ions (large and small). This suggests that dielectric
friction calculated using this separation, with the neglect of cross-terms, is less accurate than previously supposed
and the success of these theories is due to a cancellation of errors in the approximations. This is supported
by recent a theoretical study of Chong and Hirata (Chong, C.; Hirath,Ghem. Physl998 108 739) which
evaluates the cross-terms. A phenomenological theory due to Chen and Adelman (Chen, J. H.; Adelman, S.
A. J. Chem. Phys198Q 72, 2819) calculates the friction in terms of effective hydrodynamic and dielectric
radii for the ions (cf. solventberg picture) and predicts low dielectric friction for large ions and small strongly
solvated ions. This also agrees qualitatively with our simulations but a complete molecular theory, applicable
to positive and negative ions in hydrogen-bonded solvents such as water, has yet to be developed.

1. Introduction that the water of hydration in the first shell is firmly held with
a residence time of50 ps but must be modified to account

an-(la—lhi?l ?r?:rllhrﬂj: ﬁ;\l/znzégnpgﬁcrjizc(;llV:xr:asnlsri]v;Te S\I/Jél: fhheaszstfor the mobility of CI- which has a much lower residence time
3 . y Pasi nearly 13 ps, indicating that the water in the primary hydration
several years:® The size and charge dependence of ion

mobility at infinite dilution in agueous solutions at room shell is not so firmly held as in i An alternative explanation

temperature is anomalous, with small ions such as lithium and is that diglectric fric_tion must be c_ons?dered in addition to the
sodium diffusing more slowly than larger ones such as rubidium normal_wscous _resnstance emboc_iled in _Stokes’ law and recent
and cesium. These studies indicate that Stokes’ law breakstheoretical studies have emphasized this.
down for small ions in highly polar solvents. One reason for Experimental investigations of the mobilities of ions in water
this is explained by the solventberg picture which assumes thatat room temperature also show two separate curves for cation
the solvent molecules immediately next to a small ion are tightly and anion mobilities as a function of size with each passing
bound and travel with the ion, making it act more like a large through a distinct maximum. This behavior was also reported
ion. This provides a plausible explanation for the mobility of for ions in methanol, ethanol, and propanol and in non-
the lithium ion in water at 25C for which there is evidence  hydrogen-bonded solvents such as pyridine and acetonitrile at
+ Coresponding author. (e-mall) rasaiah@maine maine.edu room ter.nperatu.re'. Again it i§ dielectric friction tha.t is usually
t University of Maine. ' R invoked in explaining the maximum although there is no theory
*The Queens University. that describes the different maximums for positive and negative
(1) Lee, S. H.; Rasaiah, J. G. Phys. Cheml996 100 1420. ions in molecular solvents such as water. It has been suggésted
(2) Lynden-Bell, R. M.; Rasaiah, J. @. Chem. Physl996 105 9266. . S . .
(3) Koneshan, S.; Rasaiah, J. C.; Lynden-Bell R. M.; Lee, Sl Rhys that the explanation for this lies in the asymmetric charge
Chem.1998 102, 4193. distribution of the solvent molecule and this effect would be
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absent in a simple dipolar solvent. This paper describes afrom which it is easily showhthat the memory function is

computer simulation study of the different contributions of
particular interest in solution chemistry to the frictional force
on ions in agueous solution at 2& and at infinite dilution.
The mobilityu = »/E is the drift velocity per unit electric
field E. It is also related to the diffusion coefficient in the
absence of a field via the fluctuation dissipation theorem and

related to the autocorrelation function of the random force by

[£(0)-f(t)

)= =57 1.7)

Combining eqgs 1.5 and 1.7, one finds that the friction coefficient

may be determined from the S|Ope of the mean square disp|acejs related to the time integl’al of the random force autocorrelation

ment at large times

D = "¢ lim d(ri(t) — r,(0)/")/clt (1.0)

or from the integral of the velocity autocorrelation function:

D = 1/(3T) J:"I,(t)-v,(0)ht (1.1)
Theoretical discussions of ion mobility are usually couched in
terms of the friction coefficient on the ion which, in the linear
regime, is related to the diffusion coefficient in the absence of
an electric field by the Stoke<Einstein relation:

D = kT/C

The friction coefficient of a charged Brownian particle is
usually divided into hydrodynamié&, and dielectricp com-
ponents. It is related to the integral of the random force
autocorrelation function, which is the starting point of molecular
theories of ion mobility that predict the total friction and the
relative contributions of each componéit.

The motion of an ion in a solvent can be discussed in terms
of the generalized Langevin equation for the total fdF¢g =
mv acting on the ion, which is the sum of three terhis:

(1.2)

mu(t) = F> — [ k(@vt—7) dr +1(t)  (1.3)
Here the first ternFXis the external force such as, for example,
the forcegE on an ion of charge in an external electric field
E, the second term is the frictional force in whiefr) is called
the memory function, and the third term is the random force
whose ensemble averagi¢) = 0. The memory function can
be related to the friction coefficient and also to the random force
autocorrelation function.

Oncev(t) reaches a steady state formallytat co, mi¥is
also zero and

F = v} «(7) dr (1.4)
from which it follows that the friction coefficient
t= [ k(@) dr (1.5)
If the external force is turned off
my(Y) 0= — [ k(D) (t — 7)Cte (1.6)

(4) Hubbard, J.; Wolynes, P. Theories of Solvated lon DynamicEhin
Chemical Physics of lon Saltion; Dogonadze, R. R., Kalman, E.,
Kornyshev, A. A., Ulstrup, J., Eds.; Elsevier: New York, 1985; Part C,
Chapter 1.

(5) Hubbard, J. Non-Equilibrium Theories of Electrolyte Solutions. In
The Physics and Chemistry of Aqueous lonic Solufi@lisent-Funel,

M. C., Neilson, G. W., Eds.; Reidel, D. Publishing Co: Dordrecht, The
Netherlands, 1987.

(6) Baluchani, U.; Zoppi M.Dynamics of the Liquid StateOxford

University Press: New York, 1994.

function (see eq 2.9 below). Note that egs 1.7 and 1.5 refer to
the random force autocorrelation function; the integral of the
total force autocorrelation function of a moving ion tends to

zero at long times.

The advantage of this formulation, which has been exploited
in many theoretical discussiof$,is that it can be split into
different contributions; the difficulty with it is that it is the
random force and not the total force that is involved. The
random force is that part of the force that is orthogonal to the
solute dynamics, and formal expressions for its time evolution
involve propagations with a projected Hamiltonfanlt is
difficult to characterize and measure this in a simulation, but
an approximation which is often made is to assume that, in the
Brownian limit of a stationary ion, the random force autocor-
relation function is approximated by the corresponding total
force autocorrelation function, which can be calculated directly
in a molecular dynamics simulation of a fixed ion. However,
any error in this assumption or errors in calculating the time
integral (see eq 2.9) that provides the friction coefficient will
lead to an inconsistency with the friction coefficient determined
from the diffusion coefficient via the Stoke&instein relation.

We present a molecular dynamics study of the friction
coefficient of several positive and negative ions including a
hypothetical ion T and corresponding uncharged species in the
SPC/E point charge model for 215 water molecules. The |
ion has the same size as éxcept that it is positively charged
while the | has zero charge. In this way, we extend the sizes
of the simplest positively charged ions beyond the usual range
to study their behavior when they are lafgélhe uncharged
species are just the same as the corresponding charged ions
except that they have zero charge. In previous viofkwe
have shown that a simple model of ions dissolved in rigid
nonpolarizable water does show mobility maximums as a
function of size for both cations and anions. In this work, we
analyze the behavior in terms of several theoretical treatments
of this problem.

The purpose of our study is (a) to test the accuracy of the
fixed ion approximation for the friction coefficient, (b) to
investigate the assumptions made about separation of the
different contributions to the friction coefficient in molecular
theories of ion mobility and determine their limitations, and (c)
to identify some of the factors affecting the contributions to
the hydrodynamic and dielectric friction of ions in aqueous
solution and to assess the relative importance of these contribu-
tions for different ions.

It must be recognized that our model with a nonpolarizable
water and a small system size has limitations. The neglect of
polarizability could change the dielectric response of the water,
thereby affecting the calculated dielectric friction. The system
may also be too small to fully include the collective dynamics
of the solvent and its influence on the ion. Nevertheless, as

(7) (a) Wolynes, P. GJ. Chem Physl978 68, 473. (b) Colonomos, P.;
Wolynes, P. GJ. Chem. Physl979 71, 2644. (c) Wolynes, PAnnu. Re.
Phys. Chem198Q 31, 345.

(8) (a) Biswas, R.; Roy, S.; Bagchi, Bhys. Re. Lett. 1995 75, 1098.
(b) Biswas, R.; Bagchi, BJ. Am. Chem. S0d997, 119, 5946. (c) Biswas,
R.; Bagchi, B.J. Chem. Physl997 106, 5587. (d) Bagchi, B.; Biswas, R.
Acc. Chem. Red.99§ 31, 181.
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the calculated mobilities and their functional dependence on ion density, flow, and polarization fields induced by the moving
size agree with experiment, we believe that the model and theion are derived using projection operators, and an approximation
system size capture the essential physics of ionic mobility in is employed to decouple them into electrostatic and hydrody-

water. namic parts. The equations are then solved by assuming a local
o density, viscosity, and dielectric constant for the solvent in a
2. The Friction on an lon solvation sphere of radiuRs centered on the ion which is

A. Continuum Picture. In the continuum approach, the approximately the size of the first solvation shell given by the

ion is treated as a charged sphere moving in a viscous dielectricPosition of the first minimum in the iorwater radial distribution
medium. The friction coefficient is divided into two parts, a functionsgi(r). This leads to analytic solutions for the viscous
viscous drag, given by Stokes’ law and a dielectric friction ~ &v and dielectricZp friction coefficients which are determined

dragCp. It follows that the total friction by the ratio of the solvated ion radi& to the radiusk of the
bare ion, i.e.RJ/R, and a desolvation function
£=8 1% (2.1)
. . . . A= nploc/neﬁp (2.4)
Assuming slip boundary conditions, the viscous drag,
¢, = 4R 2.2) that lies between 0 and 1 (® A = 1) corresponding to the

limits of rigid solvation and no solvation, respectively. The

wherey is the solvent bulk viscosity anfd is the ion or solute desol_vation funct_iom o_lepends on the local structure (i.e., I(_)cal
radius. The electric field due to the ion polarizes the surround- density pioc @nd viscosityyioc), and the local solvent dynamics
ing dielectric medium, which relaxes relatively slowly as the through the effective local viscosity

ion moves causing a retarding force on the ion. The friction

arising from this is the dielectric frictionf), which was first et = ioc T (TP/6M[(pod0)? — 1[RJR — 1] x

studied by Borf and subsequently by Fuo¥sBoyd !t Zwan- [(Re dU(r)/dr], g (2.5)
zig,»? and by Hubbard and Onsagdér.In Zwanzig’s revised
theory}2 which contains the essential physics in a simple form

’ B * wherem s the mass of the solvent molecuteis local solvent
the dielectric friction

translational relaxation time, and(r) is the ion-solvent
potential averaged over solvent orientations in the gas phase.

2
&= Cutd (2.3) The functionA, which measures the degree of desolvation,
336(1 + 2¢) reachs a limit of 1 for a completely desolvated ion. For rigidly
solvated ionsyet is infinite andA — 0.
whereC = 3/, 74 is the Debye relaxation time,ande., are the The end result of Chen and Adelman’s theory is that the solute

static and high-frequency dielectric constants of the solvent, radii are renormalized to include solvation dynamics and
respectively, andj is the charge on the ion. We note that the structure through the desolvation functianand the ratio of
solvent relaxation is described by a single relaxation time and the radii of the solvated ion to the bare ion, whichRg/R.

the dielectric friction is symmetrical in the charge since it varies The hydrodynamic friction is

as the square of the charge. Consequently, the dielectric friction

in this theory is the same for positive and negative ions of the &, = 4R, (2.6)

same radiu®k. This is contradicted by the experimental data

for ion mobility in aqueous solution at room temperattfe. where the effective hydrodynamic radius is given by
One might expect the above continuum approach to be

reasonably satisfactory for the mobility of an ion in a Stock- 1R, = (1 - A)IRs + AR (2.7)

mayer fluid in which the dipolar interactions are approximated
by point dipoles, which interact symmetrically with positive and The corresponding dielectric friction in the CheAdelman

negative ions. However, water is a more subtle substance Where[heory contains a modified radili that replaces, in eq 2.3
the molecular structure and its associated asymmetric charg(-‘-With C = 1/, where '

distribution have a strong effect on the solvation propeffes.

The molecular structure of the solvent is particularly important -

in determining ion mobility as both the vizcous res)i/starﬁ)ce and Ro = RiJRs4f(A’RJRs’€IOJ (2.8)

the dielectric friction are local in origin. For dielectric friction,

this can also be seen from eq 2.3, which shows that it falls off and e is the local dielectric constant of the solvation shell.

as R3, which implies that contributions to this frictional ~ The functionf(A,R</Rseic) interpolates smoothly between the

component from the solvent outside large ions or beyond the extremes of a rigidly solvated and completely unsolvated ion.

first hydration shell of small ions decreases rapidly with the It follows that the recalculated hydrodynamic and dielectric

distance. friction also interpolate smoothly between these limits. Note
Chen and Adelmdd extended the continuum model of that, even if there is complete desolvation in the senseAhat

Hubbard and Onsager to include the effects of local solvent = 1, the dielectric radius may be closeRgif there is dielectric

structure and dynamics. A coupled set of equations for the saturation in the first shell.
One consequence of the Chefdelman theory is that the
E%;nggsg'é: ,\Pﬂr:g’rf)'g?,i%ti' Azczid. Sci. U.S.A959 45, 807. contribution formally associated with dielectric friction is sharply
(11) Boyd, R. H.J. Chem. Phys1961, 35, 1281. reduced by solvation to an extent related to the tightness of
(12) Zwanzig, R.J. Chem. Phys1963 38, 1603;197Q 52, 3625. binding of solvent to ion. Since their expression for dielectric
Hu(l:;LbSaZr(da) J'j”g?grﬂ' g,-;\yg{‘;?g%% ’11-6239?3)- 53%32?57’367;22553 (FE’)F friction is also inversely proportional to the cube of the effective
J. Chem. Physl981, 74, 3535;1982 76, 3377. o " ionic radius, it is small for large ions that are poorly solvated

(14) Chen, J. H.; Adelman, S. A. Chem. Phys198Q 72, 2819. and for small ions that are strongly solvated, but it may be
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significant for ions of intermediate size such as the loosely the ion. The last terngssis the soft-soft term that depends
solvated Ct or Br~ in waterl® on the structural rearrangements of the solvent molecules due
The mobilities of positive and negative ions of the same size to attractive forces. Wolynésargued that the time scales
in the Chen-Adelman theory could differ due to differences in  associated the hard and soft parts are widely different and the
the local solvent viscosity, density, dielectric constant, or cross-term€us = Csp, Which depend on both time scales, can
relaxation of the solvent in the vicinity of these ions. This shifts be ignored. The hard patty is treated as the hydrodynamic
the problem to the calculation of these quantities. Many years viscous resistancg,, while the soft part is associated with the
earlier, Frank® fitted the mobilities of the halides in water at  dielectric friction termp. The molecular theory treats the
room temperature to Zwanzig's continuum theory by using a solvent as an overdamped Debye fluid characterized by a single
local viscosity for the solvent. relaxation time. The friction coefficient reduces to the con-
The usual explanation of the mobility maximum as a function tinuum limit in the case of weak long-range interaction potentials
of ion size is that dielectric friction, which decreases with solute and to the solventberg limit, in which the ion moves with its
size, dominates for small ions while the viscous resistance, shell, in the case of strong ion solvent interactions.
which increases with ion size, dominates for large ions. An  The molecular theory was further extended and developed
alternative view is presented in the Chehdelman theory in for ions in a dipolar fluid by Biswas et dl.who also assumed
which the maximum in mobility may occur even when dielectric that the cross-terms are negligible. Their analysis takes account
friction is negligible. They showed that as the ion size increases of the ultrafast dynamics of the solvent and the intermolecular
andA changes from 0 to 1, the effective ionic radius for their correlations that characterize the solvation dynamics of a newly
viscous term (see eq 2.7) goes through a minimum value in created ion. The short-range repulsive nonpolar interactions
certain solvents. They estimated that their dielectric friction contribute to the hydrodynamic friction which they calculated

term was negligible in non-hydrogen-bonding solvéhend
that the maximum mobility was entirely due to desolvation. In
a later paper, Nguyen and Adelraestimated the maximum
contribution of the dielectric friction to be less than 50% for
ions in water®

It should be emphasized however that the Ch&delman

using a mode coupling theory with results similar to the
predictions of Stokes’ law. The long-range iedipole interac-
tions determine the dielectric friction. This depends on the
dynamic structure factors of the pure solvent and the ion and
on the equilibrium ionA-dipole direct correlation function for
which they use the mean spherical approximation. The theory

theory is essentially phenomenological. Also, the separation was tested against the experimental ion mobilities in water by

between hydrodynamic and dielectric friction is not as clearly
defined as in the continuum model from which it is derived.
For instance, the desolvation functidndetermined by the local
viscosity 171oc and solvent relaxation time, also contibutes to
both the hydrodynamic and dielectric friction and influences
their relative magnitude.

B. Molecular Picture. In the molecular picture, the focus

treating water as a dipole. It gives good agreement for ions of
a given charge type (cations) showing that the theory is self-
consistent. However, the treatment of water as a simple dipole
does not distinguish between the mobilities of positive and
negative ions of the same size.

The validity of the approximation of neglecting the cross-
terms has been a longstanding problem. This was investigated

is on the solvent molecules which change their positions and by Berkowitz and Watf in a molecular dynamics study of Na
orientations as the ion moves changing its interaction with the and CI using TIPS4 model for water. They found that the

ionic solute. The friction coefficient is given by

—_1 =
C_3kBTJ:)

wheref is the random force exerted on an ion by the solvent
molecules andgT is the thermal energy. The corresponding
integral of the total ion solvent force autocorrelation function
of an unconstrained moving ion is z€ero!®

Equation 2.9 is the usual starting point of molecular theories
of ion mobility.”# The first major assumption is to replace the
random force on a moving ion by the total force on a fixed ion.
By splitting the potential of this force into soft and hard parts,
the friction constant can be further divided into four contribu-
tions.

dtrd(0)-f(t) (2.9)

&= Cunt Cus T Csn T Css (2.10)

The first term is the hardhard contribution due to the binary

cross-terms are not zero. Later studies carried out by Sridhar
et al?® using a different water potential came to similar
conclusions. Recently, Chong and Hirdthave considered a
further extension of the theory of ion mobility in a dipolar
solvent in which the cross-terms are not neglected.

We test the validity of replacing the random force of a moving
ion by the total force on a fixed ion in the expression for the
autocorrelation function by comparing the friction coefficient
obtained from this approximation with the friction coefficient
calculated from the Stoke<Einstein relation. We also report
on a comprehensive study of the cross-terms associated with
this separation and with other possible separations of the ion
solvent force in SPC/E water for several ions of different sizes.
We critically examine some of the important predictions of
different theories by comparing them with the results of our
computer simulation.

3. Molecular Dynamics Simulations

Molecular dynamics computer simulations provide a unique

and repeated repulsive collisions of the solvent molecules with Way to investigate ion mobility at a molecular level. In earlier

(15) Nguyen, H. L.; Adelman, S. Al. Chem. Phys1984 81, 4564.

(16) Frank, H. S. InChemical Physics of lonic Solutionslamer, W.,
Eds.; John Wiley & Sons: New York, 1956; p 60.

(17) Rahman, A. Number and Kinetic Energy Density in Classical
Liquids. In Statistical Mechanics, New Concepts, New Problems and New
Applications Rice, S. A., Freed, K. F., Light, J. C., Eds.; The University
of Chicago Press: Chicago, 1972; Chapter 10.

(18) Kubo, R.; Toda, M.; Hashitsume, Mtatistical Physics Il Non-
equilibrium Statistical Mechani¢2nd ed.; Springer-Verlag: New York,
1991; p 104.

studies, it was shown that the SPC/E model water (charged
Lennard-Jones spheres plus simple point charges on the atoms
in rigid water) shows distinct maximums in the mobility of
cations and anions as a function of ion siZe Thus, despite

(19) Berkowitz, M.; Wan, W.J. Chem. Phys1987, 86, 376.

(20) (a) Sirdhar, G.; Vijaykumar, P.; Tembe, B.1..Chem. Physl993
99, 3147. (b) Sivaprasad, K. R.; Prasad, V.; Manjula Devi, K.; Tembe, B.
L. Proc. Ind. Acad. Sci. (Chem. Scilp94 106, 467.

(21) Chong, C.; Hirata, FJ. Chem. Phys1998 108 7339.
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Table 1. Potential Parameters for letWater and WaterWater
Interactions (SPC/E Modél)
ion—water oo (A) €0 (kJ mot?) charge (e)
Li* 2.337 0.6700 +1
Na* 2.876 0.5216 +1
1~ 4.168 0.5216 -1
O(H.0) 3.169 0.6502 —0.8476
H(H20) 0.0 +0.4238

a|n the SPC/E model for water, the charges on H are at 1.000 A

from the Lennard-Jones center at O. The negative charge is at the O

site and the HOH angle is 10947

any shortcomings due to simplicity and neglect of polarizability,
we believe that the model contains the essential physics of this
phenomenon. Here we report attempts to test the various
assumptions made in theoretical descriptions and also the
accuracy of the friction coefficient calculated directly from the
time integral of the force autocorrelation function of a stationary
ion in a computer simulation.

While the total force can be measured during an ion’s
trajectory, it is less easy to obtain the random force associated
with the generalized Langevin equation. We note that the
memory functionk(z) is independent of the mass of the ion
and the total force autocorrelation functict~(0)-F(t)> can
be written as

[F(0)-F(t)C= BO)fO [ «(z) F(O)v(x)Tdr (3.1)

If the mass of the solute is increased, the amplitude of the cross-

correlation[F(0)-v(t)(decreases (a%| decreases as T and
although the integral of this cross-correlation is invariant to mass
changes, the values over the time in whi¢h — 7) is significant
tend to zero. ThudF(0)-F(t)Owill become closer and closer
to the random force autocorrelation function for longer and
longer times asn — o. This means that we can get a good
approximation of the random force autocorrelation function by
fixing the particle with zero velocity relative to the solvent and
measuring the actual force autocorrelation function. This allows
us to split the force in various ways in order to probe the
assumptions made in theoretical approaches.

We have calculated the diffusion coefficients independently

J. Am. Chem. Soc., Vol. 120, No. 46, 12085

Table 22
friction coeff (1072kg/s)

ion T MSD vac fac fac/MSD
Li* 51 3.4 35 4.°H 0.2 1.4+ 0.2
Na* 22 3.2 3.2 5.2:0.1 1.6£0.2
Rb*" 12 2.1 2.1 3.2£0.1 1.5+ 0.2
I+ 21 3.2 3.4 3.40.2 1.1+ 0.1
Li 8 0.29 0.26

Na 13 0.76 0.72

| 28 4.2 4.1 4.5+ 0.5 1.1+ 0.2
F 25 4.0 4.1 6.1 0.4 1.5+ 0.2
Cl- 17 2.3 25 4.10.2 1.8+ 0.1
- 14 2.6 2.6 3.6 0.2 1.4+ 0.

aMSD, mean square displacement; vac, velocity autocorrelation
function; fac, force autocorrelation function.

Table 3. Electrostatic Lennard-Jones Separation
friction coeff (1071?kg/s)
ion Cee Cu Ccross sunt &
Lit 20.3 15.4 —15.6 4.6 4.7
Na* 23.3 18.1 —-17.9 55 5.2
I+ 4.0 6.5 —-3.5 3.6 3.7
F 25.9 22.1 —20.9 6.2 6.1
Cl- 16.9 14.7 —13.8 4.0 4.1
I~ 11.1 12.1 -9.9 34 3.6
aSum= Cee + Cu + 2cross
Table 4. Hard—Soft Separation
friction coeff (101?kg/s)
ion sep(A)  Znw Css Ccross  sunf &
Li* 1.95 4.4 10.4 —-5.0 4.9 4.7
Na* 2.45 4.6 10.8 —-5.1 5.3 5.2
It 3.83 6.0 5.9 —4.4 3.1 3.7
Na 2.97 1.7 0.02 0.02 1.7 1.8
| 4.25 4.0 0.04 0.02 4.1 4.5
F- 2.60 54 9.8 —5.2 4.8 6.1
Cl- 3.2 5.9 5.0 —3.6 3.7 4.1
1~ 3.60 35 4.8 —-2.3 3.6 3.6

“SUM= Cun + Css+ 2Ccross

from the mean square disp|acements and the Ve|ocity autocor.the ion/UnCharged SpeCieS and the center of mass of the water

relation functions, respectively, in the usual way for several
solutes (Li, Na*, I, F, CI7, I, and the corresponding
uncharged species) in 215 SPC/E water molecules at 298 K.
Each simulation was carried out in the NVT ensemble in a cube
box of length 18.64 A at a density of 0.997 gf&niThe total
interaction potential of the system is given by

Uiota = Z z 4e

ol

12

T

G
4ﬂeorij

a

r

(3.2)

wherer; is the distance between atom sitendj, o ande are

the Lennard-Jones parameters, grislithe atomic charge. The
ion water parameters are given in Table 1 and their origin is
described elsewhefe?® Standard periodic boundary conditions
were used along with minimum image criterion. A spherical
cutoff of 9.0 A was employed with a long-range correction for
water—water and ior-water interactions using a reaction field.
The equations of motion were integrated over time with a step
of 1 fs. A Gaussian isokinetic thermostat was used. Following
equilibration, the motion of the mobile ion/uncharged species
was followed over 500 ps and its mean square displacement
and velocity autocorrelation functions were calculated. Then

molecules were fixed and the system was equilibrated again
followed by a further 500-ps run, during which the desired
guantities such as the force on the ion were saved for further
analysis. As there is only one solute particle in the system,
long runs (0.5 ns or more) are necessary to gain good statistics.
The force autocorrelation functions and its different contributions
discussed in the next section were calculated as averages from
the saved data. A fair idea of the accuracy is obtained by
comparingx, y, andz autocorrelation functions for either the
velocities or the forces and by comparing the results from
different runs. The integrals of the random force autocorrelation
functions reached constant values aft&t.5 ps with errors of
~5%. More difficulty was found in determining the integrals
for some of the divisions of the random force which decayed
more slowly. The results are summarized in Table$1 We
previously determined the residence times of water in the first
hydration shells of the species studfed’hey are included in
Table 2 for easy reference in connection with the discussion
that follows.

Figure 1 shows the mean square displacement (MSD) of a
Li* ion, the MSD of the center of mass of the first solvation
shell of the Lif ion, and the MSD of the center of mass of the
Li* ion and its first solvation shell. The corresponding curves
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Table 5. First Shell-Outside Separation
friction coeff (107*2kg/s)

ion sep (A) i oo Ccross sunt ¢

Li* 2.65 46 51 —46 5 4.7
Na* 3.25 69 83 -73 6 5.2
I+ 5.85 25 20 -21 3 3.7
F 3.20 38 42 —38 4 6.1
Cl- 3.80 33 31 -30 4 4.1
- 4.30 19 18 -17 3 3.6
Na 4.76 2 0 -0 2 1.8
| 6.03 4 0 —0.03 4 45

“Sum= &, + &oo + 2&cross
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Figure 1. Mean square displacements of land I* ions (), the center

of mass of the first solvation shell of each ion (- - -), and the center of
mass of each ion and its first solvation sheitYas a function of time

in SPC/E water at 28C. The I ion is a hypothetical ion of the same
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Figure 2. Force autocorrelation function of fixed Na(—) and
hypothetical t (--) as a function of time in SPC/E water at 298 K
together with their integrals Ng(e « o)and I (— - —). This shows that

the integrals reach a plateau and for small ions there are oscillations in
the fixed force autocorrelation function at short times.

accord with the large residence times of water in the primary
hydration shells around these ichghich are 51 ps for Li

and 21 ps fort. The differences in the MSDs arise from short

time effects due to the different amplitudes of relative motion
of the ion and its first solvation cage.

We next consider our calculations of the random force
autocorrelation functions on the fixed ions. Figure 2 depicts
the total force autocorrelation functions calculated for the fixed
Na" and I, respectively. The area under the total force
autocorrelation function reaches a plateau in each case-&ftér
ps. Using these values, it is possible to check the consistency
of the friction coefficients calculated from the MSD or VAC
via the Einstein relation and the friction coefficient determined
from the force autocorrelation functions of the fixed ion using
eq 2.9 or 1.5. This tests the approximation. The values are
given in Table 2. For most ions, the friction coefficient
calculated from the fixed ion simulationsig50% larger than
that calculated from the diffusion constants measured in the
moving ion simulations, but in the case ofdnd I, the methods
agree. This is consistent with the earlier simulations of Wilson
et al.22who found that the friction coefficient of Nain water
calculated from the fixed ion simulationsi860% larger than
that calculated from the diffusion constants determined from
the VAC. A correction of the same magnitude was found by
Alder and Alley for hard-sphere solutes of the same size and
mass as the solveft. This seems to suggest that the friction
coefficients of large solutes™(J calculated from the Einstein
relation are consistent with those determined from the force
autocorrelation function of a fixed ion, but this is not so for
small ionic solutes. To check whether this is a system size
effect, we carried out simulations of Nan a larger system of

size as 1. After a short time, the mean square displacements for each 911 water m°|e(_3U|eS which is twice the number O_f water
species become parallel, showing that each ion moves with its solventmolecules used in the other cases. The discrepancies in the

shell over at a time period of at least 15 ps.

for It are in the same figure. Examining these one finds that,
for Li*t and I, the slopes of the mean square displacements
are nearly coincident and essentially identical at long times,

showing that the first solvation shell travels with the ion for at

friction coefficients of small ions still remain even for the larger
system. This shows that the approximation of using a fixed

(22) Wilson. M. A.; Pohoarille, A.; Pratt, L. RJ. Chem. Phys1985 83,
5832.

(23) (a) Alder. B. J.; Alley, W. E. IMolecular Structure and Dynamics
Balaban, M., Ed.; International Science Services: Philadelphia, 1980. (b)

least 15 ps. This is the classical solventberg picture and is in Alley, W. E. Ph.D. Thesis, University Of california at Davis, 1979.
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Figure 3. Electrostatic (- - -), Lennard-JonesY), and their cross-terms  Figure 4. Hard—soft separation of force autocorrelation function for
(++) for fixed Na“ (dark curves) and™l (light curves). The cross-  fixed Na* (dark curves) and fortl (light curves). Cross-term+), soft

correlation is comparable in magnitude to the pure electrostatic term. correlation ), and hard correlation (- - -). After0.3 ps, the cross-
term is similar in magnitude to the hard term, and all terms decay
ion to determine the random force autocorrelation function for slowly.

a moving ion is not very accurate and that the self-correction = ) )
are not negligible. However, this discrepancy should not distribution function}, and the soft part arises from all other

invalidate any qualitative conclusions that we may make from interactions. Table 4 gives the position of the cut and the values

analyzing different parts of the random force. of the various contributions to the total friction coefficient. Once
again we see that the cross-term is the same order of magnitude
4. Resolution of the Force Autocorrelation Function as the individual correlations and it is still difficult to make

any definite statement about the contribution of dielectric

We next turn to examining a number of separations of the friction. One argument which suggests that the dielectric friction
random force in an attempt to throw light on the question of s small for the small ions is that the contribution of the hard
the importance of dielectric friction. We compare an ionflNa  forces, which is certainly a viscous term, is approximately equal
which is smaller than the ions with maximum mobility, with  to the total friction for the smaller ions. The problem with this
the hypothetical large ion"| which is larger. In the standard  argument is that for some of the larger ions the hard term is
explanation of the mobility maximum, one would say that greater than the total, so that one needs to argue that the
dielectric friction slows the Naion but is not important for  contribution of the dielectric friction and other long-range effects
the I* ion. is negative, reducing the friction. Figure 4 shows time

(A) Electrostatic Lennard-Jones Separation. The tradi- correlation functions for the random force components based
tional separation of the friction coefficient into dielectric and on this division for two ions. For Ng the cross-contribution
hydrodynamic friction terms also suggests a division of the from the hard and soft components is zero at time zero and at
random force into electrostatic and Lennard-Jones componentslonger times tends to cancel the hard and soft self-correlations.
Figure 3 shows the results of this division of the force In the case off, the cross-component is negative even at short
autocorrelation function for Naand I*, respectively. Thereis  times.
no qualitative difference between the time correlation functions  (C) First Shell. Outside Separation. In this case, the
for the electrostatic forces on these two ions. In both cases, separation was made by splitting the force on the ion between
the cross-correlation is negative and similar in magnitude to the first shell and the rest of the solvent, that is at the first
the electrostatic term. In Table 3, we show the contributions minimum of the ior-oxygen radial distribution function which
from the respective terms to the total friction coefficient lies at 3.25 A for Nd and at 5.85 A for .13 The results for
(proportional to the product of the integrals under the curves in these ions are shown in Figure 5. The most remarkable feature
Figure 3 and the mean square forces). Examining this table, of this plot is the very slow decay in the different components
we see (as expected from the figure) the contribution of the of the forces which does not show up in the total shown in
cross-correlation to the friction coefficient is very important, Figure 2. The decay rate~0.2 ps?) is similar for all ions,
so that it may not be valid to consider the pure electrostatic and we attribute it to a structural relaxation of the water which
term. We can, however, point to the fact that the pure does not affect the ion mobility directly. This results in large
electrostatic term is larger for the smaller ions where a values for the components of the friction coefficient, which are
contribution from dielectric friction is possible. We conclude canceled by a large cross-term, as shown in Table 5. This
that this separation is not very informative. demonstrates the unsuitability of this separation for the discus-

(B) Hard—Soft Separation. This is the separation sug- sion of the friction coefficient. We note that the slow
gested in Wolynes’ theory and also used by Biswas et al. We component can be removed by writifg= F, + Fo = (F| +
implemented this in our simulations by splitting the total force AFo) + Fo(1 — A), wherel is chosen to minimize the cross-
into the sum of hard and soft parts, where the hard terms arisecorrelation between a renormalized outside fdfg€l — 4) and
from interactions with water molecules whose oxygen atom is a first shell force F, + AFo) from which the part that is
closer than the first maximum of the ieoxygen radial correlated with the outside force has been projected out. When
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Figure 5. First shell-outside separation of force autocorrelation function
for fixed Nat (broad curves) and’l(thin curves). Cross-ternr+¢),
outside term (- - -), and first shell term—j. The cross-term and the
first shell contribution almost cancel at all times. Note that there is a
slow relaxation of each of the parts of the force on the fixed ion when
divided in this way which does not show up in the total force correlation
function shown in Figure 3.

this is done, the random force autocorrelation function is found
to be almost entirely due to the latter, that is the part of the
first shell force which is uncorrelated with the outside. We

deduce that the direct contribution of long-range terms to the
friction is small.

5. Can the Friction Be Entirely Due to Viscous
Resistance?

In the Cher-Adelman theory described earlier, the viscous
resistance is proportional to the effective hydrodynamic radius,
which is equal to that of the solvated ions for small ions and
equal to that of the bare ions for large iersee eq 2.7. If we
make the hypothesis that the friction coefficient is entirely due
to viscous resistance with no contribution from dielectric friction,
we can determine an effective radius of each ion by comparison
with the friction coefficients of uncharged species. If the
resulting radii are unreasonably large, then the hypothesis is
refuted.

The diffusion coefficients for uncharged particles in SPC/E
water was determined in our earlier workConverting these
values to friction coefficients (eq 1.2) one finds the relationship

=-1.86+21&R (5.1)
whereR is the particle radius defined in terms of the Lennard-
Jones diameters for ierwater and waterwater interactions

R = 0io = 00d2

Figure 6 shows the effective radii for the simulated ions
obtained from their diffusion constants and eq 4.1. Also shown
are the positions of the first minimum in the iowater
distribution functions which we identify as the radii of the ions
plus their first shellsRs. The straight line showRes = R.
The effective radii of the positive ions (solid circles) lie between
this line and the graph d®s (open circles), while the effective
radii of the larger negative ions are even slightly less tRan

(5.2)

Koneshan et al.
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Figure 6. lonic radii. Squares and circles refer to positive and negative
ions, respectively. Filled symbols: effective ionic ratiis, calculated

from the ion diffusion coefficients by assuming that the friction is
entirely due to viscous resistance. Open symbols: radii of ions plus
first solvation shells,Rs (first minima in the radial distribution
functions). Straight line: bare ion radi®. Note that the effective ionic
radii approach the bare ionic radii as the ions get larger and are never
greater tharRs, showing that the hypothesis that the friction is mainly
hydrodynamic cannot be refuted.

atom for negative ions (a proton) than for positive ions (an
oxygen). These results are consistent with the hypothesis that
dielectric friction is negligible, but do not prove it. We can,
however, argue that dielectric friction is unlikely to be significant
for the ions whose effective radii are nearly equaRtoas any
dielectric friction would raise the calculated valueRf above
the hydrodynamic radiug}, , and it is unlikely that the value
of R, is significantly lower tharR.. Thus, the only candidates
for significant dielectric friction are L, Na*, and F. We note
that the effective radius of Lliis close to that of the ion plus
its first shell, so that if there is no significant dielectric friction,
this ion is moving with its first shell as a solventberg. Dielectric
friction may be significant for Na and possibly F as well.

It should be noted that the arguments of this section are based
on the diffusion coefficients of the moving ion and are
unaffected by the validity or otherwise of the friction coefficient
calculation.

6. Conclusion

We have presented a detailed study of the friction coefficient
at infinite dilution as a function of size for positive and negative
univalent ions and for the corresponding uncharged solutes. Our
aim has been to examine some of the assumptions currently
used in theories of ion mobility at infinite dilution.

An important question is the role of dielectric and viscous
friction in continuum and molecular theories. This division is
not entirely unambiguous since it depends on how the forces
on an ion are divided. We examined the hypothesis that the
friction coefficient could be completely explained by a local
viscous term and a changing effective ionic radius as suggested
by Chen and Adelma# We found no evidence from the
diffusion constants and sizes of ions with their first solvation
shells measured in our simulations to contradict this hypothesis,
but could not prove it.

To investigate this point further, we turned our attention to
measuring the friction coefficient from the correlation functions
of different parts of the random force. We used simulations in
which the ion and the center of mass of the water molecules
are fixed to get an approximation to the random force.
According to the ZwanzigMori theory of relaxation in
thermodynamic systems the time dependence of the random
force should be followed in a system in which the slow degrees

which is consistent with the shorter distance to the nearest waterof freedom (here the ion motion) have been projected out.
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Although one would expect that fixing the ion relative to the Finally, the separation into first shell and longer ranged forces
solvent should achieve this projection, we find a discrepancy was undertaken to examine the importance of long-range forces
of up to 50% between the friction coefficients calculated for to the friction. Here we found a slow relaxation process which,
the same systems by the direct measurement of the diffusionthough it contributed to the individual parts of the friction
constant and the integral of the forces on the fixed ion. We coefficient, did not contribute to the overall random force
have checked these results and their errors carefully and noteautocorrelation function. We found that it could be removed

that Berkowitz and Wal! and Wilson et af? also found the
same difference.
Despite this problem, we believe that it is possible to learn

by projecting out the part of the first shell force, which was
uncorrelated with the outer force. The result was to leave a
negligible contribution of the outer force to the total friction

something about the mechanisms involved in determining ionic coefficient, and we conclude that the friction coefficient does

mobilities from divisions of the random force. It is not entirely

clear what one means by dielectric friction in aqueous solutions.

The structure of water is very different from that of a simple
dipolar fluid mainly as a result of electrostatic interactions,

not have direct contributions from long-range forces of the-ion
dipole type. We conclude that if dielectric relaxation is
important it is basically local in nature for this model.

However, real water is polarizable and relaxes more si&wly

which are more complex than dipolar. One result is differences than nonpolarizable water modeled in our simulations. The
between positive and negative ions. Indeed, the water moleculesslower relaxation in polarizable water increases the dielectric
in the first shell of negative ions tend to align with a bond facing friction of an ion, and our conclusions about the local nature of
the ion rather than with the dipole moment facing the ion. If this friction may need revision for real water. A larger
we were to label the results of all the electrostatic interactions simulation cell may also be required to capture the collective
between the ion and the solvent as “dielectric friction”, then dynamics of the polarizable solvent.

the first separation into electrostatic and Lennard-Jones contri-

Although the friction coefficient of most ions calculated from

butions to the force is the one to consider. Here we found a the giffusion coefficient and the StokeEinstein relation does
large correlation between the electrostatic and Lennard-Jones,g; agree with the friction calculated directly from the force

contributions, which is hardly surprising as there is a strongly

autocorrelation function of the stationary ion, there is no such

attractive electrostatic force at short range in the region that is difficulty for 1~ within the limits of the error in our calculations.

probed by collisions. On the other hand, if we were to assign
that part of the friction which is not Lennard-Jones as
electrostatic we would end up with a negative electrostatic
contribution.

The division into “hard” (short range) and “soft” (longer
range), first introduced by Rice and Alln&ttin their study of

We take the view that the StokeEinstein relation is correct

in the linear response regime of our calculations. It is of course
true that the true random force is only approximately measured
by fixing the ion relative to the solvent. It seems that this
approximation may be better for larger ions. The true friction
differs from the fixed ion approximation and can be calculated

transport properties, is a natural separation that projects out thegrom the projected dynamics of the solute, discussed in a

repulsive part of the random force from the attractive part. It is
similar to the separation used subsequently by Weeks 2t al.
in developing a perturbation theory of equilibrium fluids. If

we use this division of the forces and assume that the viscous

friction is essentially the harehard repulsive contribution of
the random force correlation function, we must necessarily

identify the remainder, which includes the cross-terms, as the

dielectric friction plus possibly some other longer ranged terms.
Since the cross-components are symmetri€al € Cus), this
gives for the dielectric friction in this case

Cp=1Csst 285, (5.3)

As expected{ss and sy are zero (or close to it within the
simulation error) for uncharged solutes and the total friction in
these cases is the hydrodynamic frictibm Table 3 shows
that {ss and {sy are of opposite sign for the charged species
and the total dielectric frictiorfp calculated in this way is
negligible (due to cancellation @kswith the cross-terms) for
small ions such as It and Na and for the large 1 ion.
However, it is negative for the'land CI, which is difficult to
reconcile with the normal concept of dielectric friction. The
low dielectric friction of small and large ions agrees with the
predictions of the ChenrAdelman theory* We interpret the

different context by Berne et &%0r from the StokesEinstein
relation, but this would not test the prevailing molecular theories
of ionic friction that concern us here.

We have considered three separate divisions of the total force
acting on a fixed ion, (a) the electrostatic and Lennard-Jones,
(b) the hard-soft, and (c) the first shell and outer components,
which may be appropriate in molecular theories of ionic friction.
In none of these separations is the cross-term zero or even small,
so that a simple division in which the pure random force
components (hardsoft, first shell-outside, etc.) are identified
with the hydrodynamic and dielectric friction does not appear
to be feasible. The success of theories employing one or other
of these divisions with the neglect of the cross-terms is partly
due to cancellation of errors in the approximations employed.
Recently, Chong and Hiratacalculated the cross-terms and
found them to be significant in the hardoft separation of the
friction of ions in a simple polar fluid.

We have shown that it is possible, in the spirit of the hybrid
molecular-continuum theory of Chen and Adelméty interpret
the mobility maximum as a minimum effective hydrodynamic
radius. The physical picture is that for small ions the desolvation
function A (eq 2.4) is zero and the first solvation shell moves
rigidly with the ion. As the ion size increases, the molecules
in the solvation shell become more mobile with a steadily

negative values as due to the breaking of water structure ongecreasing local viscosity. When the ion is large enough, the

charging | to 1, which is in accord with calculations of the

hydrodynamic properties in the first shell become indistinguish-

changes in the entropy of solvation as a continuous function of gple from those of the bulk so th@ = 1 (desolvation is

the charge$

(24) (a) Rice, S. A,; Allnatt, AJ. Chem. Physl966 34, 2144. (b) Allnatt,
A.; Rice, S. A.J. Chem. Physl966 34, 2156.

(25) Weeks, J. D.; Chandler, D.; Andersen, HJCChem. Physl971
55, 5422.

(26) Lynden-Bell, R. M.; Rasaiah J. . Chem. Physl997 107, 1981.

complete) and the effective hydrodynamic radius becomes equal
to the bare ion radius. The contribution of dielectric friction to

(27) Roy, S.; Bagchi BJ. Chem. Phys1993 99, 9938.
(28) Berne B. J.; Tuckerman M. E.; Straub J. E.; Bug A. LJRChem.
Phys.199Q 93, 5084.
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the total friction in this model follows from eq 2.3 with the entropy with ion size. Previous wdtkwith the same ion
radius given by eq 2.8. It is largest for ions of intermediate models showed that the entropy of solvation goes through
size and smaller for large poorly solvated and small strongly maximums for positive ions a bit larger than sodium and for
solvated ions-see Table 2 of ref 14. negative ions about the size of chloride. This is close to the
Although the hybrid molecular-continuum theory of Chen and maximum mobilities, suggesting that an additional factor in the
Adelmart is qualitatively correct, it does not fully take into  position of mobility maximum in water as opposed to other
account the molecular nature of the solvent. It is mainly a solvents may be the structure breaking caused by the corre-
phenomenological theory with a local viscosity, local dielectric  sponding ions.
constant, and solvent dynamics described by a single relaxation
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