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We present results of computer simulations of the mobilities of the alkali metal iohsNhi, K*, Rbt, and

Cs") and the halides (F, ClI-, Br—, and I') at 25°C using the SPC/E model for water and amater parameters

fitted to the binding energies of small clusters of ions. A simple truncation of theviater and water

water potentials was used, and the mobilities calculated from the mean square displacement and the velocity
autocorrelation functions, respectively, were found to be in good agreement with each other. The calculations
demonstrate, for the first time, cation and anion mobilities that fall on separate curves, as functions of ion
size, with distinct maxima. This is in complete accord with experimental trends observed in wat€Cat 25

The cation mobilities are also in better agreement with the measured values than the calculations done earlier
(J. Chem Phys 1994 101, 6964) using the TIP4P model. The mobilities of the halides calculated here for
the SPC/E model are however slightly lower than the experimental results. The residence times of water in
the hydration shells around an ion are found to decrease dramatically with its size. Stereoscopic pictures
show that the structure of the solvent cage around an ion is qualitatively different for the larger ions, implicating
both solvent dynamics and structure as important factors in explaining ion mobility in aqueous systems.

|. Introduction for computer simulations to be useful, one must have reliable
and consistent potential energy functions for the wateaiter

and ion-water interactions. The other problems that remain
with classical simulations are insufficient statistics for a single

ion and, more seriously, an accurate but economical representa-

The mobilities of ions in watérhave been studied experi-
mentally for over a centuryand they play an important role
in solution chemistry, biochemistry, and some aspects of cell
and membrane biology. They have also been investigated

theoretically=13 using continuum and discrete models for the
solvent, but even the ion mobilities at infinite dilution are as
yet incompletely understood. A fundamental problem that
requires a detailed molecular explanatios the observed
maximum in the mobilities of the ions as a function of size and
its weaker dependence on the sign of the ion charge. The latte

observation immediately rules out simple dipolar or dielectric .

continuum solvent models that do not distinguish between the
dynamical behavior of identical positive and negative ions of
the same charge magnitude.

The use of molecular dynamics (MD) simulation methods to
study ionic mobility has a relatively recent history that began
with the work of Ciccotti and Jacudéi and has continued
through the efforts of many othets:2” These studies have
provided an important source of microscopic information about
the subject, and there is now increasing interest in the
dependence of ion mobility on the dynamical properties of the
solvent apart from the expected dependence on the solven
dielectric constant and viscosity and the size and charge of the
ions.

The explanation of the mobility of light ions likeHn water
is a quantum mechanical problem that can be investigated by
path integral methods together with ab initio calculations of the
intermolecular interaction®:2° Classical mechanics however
is an adequate first approximation for the dynamics of the
heavier alkali metal and halide ions in agqueous solution, but
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tion of the slowly decaying Coulombic interactions in an infinite
system and the type of boundary conditions to be used.

In our previous work* a series of MD simulations were
performed on model catierwater systems at 25, represent-
ing the behavior of LT, Na, K*, Rb*, and C$ in an electric

rfield of 1.0 V/nm and in its absence. The TIP4P mdtfakas

used for water, and TIPS potenti#f39cwere adapted for the
ion—water interactions together with the Steinhauser switching
function3! which smoothly reduces the interaction energy from
its value ar = R_to zero ar = Ry (R was usually chosen as
0.959Ry with Ry ~ 9 A). The mobilities of the cations calculated
directly from the drift velocity and the distance traveled by the
ion were in good agreement with each other, and they were
also in satisfactory agreement with those determined from the
mean square displacement and the velocity autocorrelation
function in the absence of the field. Remarkably, they all
showed the same trends with ionic radii that are observed
experimentally for the alkali metal cations, although the
magnitudes were smaller than the experimental values in real
water at 25°C by almost a factor of 2. We also observed, in
our simulations, that the water molecules in the first solvation
shell around the small Ifiion are stuck to the ion and move
with it as an entity for about 190 ps, while the waters in this
shell around the Niaion remain for 35 ps and those around the
large cations remain for-811 ps before significant exchange
with the surroundings occurs.

More recently there have been repétts’ of spurious effects
that the switching function has on ionic mobilities. It turns out
that the Steinhauser switching functiérauses distortions of
the velocity autocorrelation function that lead to ionic mobilities
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that may be too large, in extreme cases, by a factor of up to TABLE 1: Halide —Water, Alkali Metal Cation —Water,

5125 The effects also show up as unphysical beha&&#srin and Water—Water Potential Parameters (SPC/E Model
the radial distribution and orientational correlation functions in  jon/water oo (A) €io (kJ/mol) charge (q) ref
the region of the.swnch off, Whl(_:h is about4a0 A away from == 3.143 0.6998 1 38
the central ion in our calculatior®8. Indeed, signs of such cl- 3.785 0.5216 -1 40
unphysical behavior are just visible in Figures 6 and 7 of our  Br- 3.896 0.4948 -1 44
previous work* and the smaller magnitudes of the calculated I~ 4.168 0.5216 -1 39
mobilities in comparison to the experimental values could be kl'i gg% 8-2;22 ii 32
partly attributed to the use of this switching function. However, Kf 3950 0.5216 1 43
the observed trends in the cation mobilities with ionic radii,  Rjp+ 3.348 0.5216 +1 43
which are qualitatively in accord with experiment, are less likely  Ccs+ 3.526 0.5216 +1 41
to be radically altered by truncation or a switch off function O(H0) 3.169 0.6502 —0.8476 37
that affects the mobilities of ions of the same sign and charge  H(H,0) +0.4238

to the same degree. 5t . . a|n the SPC/E model for water, the charges on H are at 1.000 A
It has also been report€dthat a simple truncation of the  om the Lennard-Jones center at O. The negative charge is at the O
potential at a sufficiently large distance, when applied to site, and the HOH angle is 10947

simulations of just one ion, produced results that are very similar
to the results in which Ewald sums or reaction field metfbds
are used to include long-ranged Coulomb effects. However,

such a scheme is not recommended in simulations with more ~ * a
than one ion, since the cutoff produces artificial correlations 4,
between iong® We accordingly use the simple truncation .

scheme in this paper for our simulations of single ion mobility

and leave the more elaborate and expensive computations using

Ewald sums or reaction fieléfs 3¢ for a subsequent communica- o

tion. °
Our main objective, in this paper, is directed toward obtaining

the first global view of ion mobilities at infinite dilution of alkali °

metal ions and the halides in water at 26 by computer

simulation, using a more accurate and self consistent set of °

potential energy functions for the iemwater and waterwater Ut Na* K*F Rb* Cs* C Bt |

interactions. We report the results of MD simulations using 20

the SPC/E potenti@ for water molecules and analogous en

water potentials that have been fitted to the solvation energiesFigure 1. lon—oxygen o, (A) parameter as a function of the

of small ion-water clusters particularly by Dang and co- cystallographic radiu& (A) of the ion.

workers38-43 Our results for the mobilities of the alkali metal  of the diffusion coefficient and a configurational energy which

ions are in closer accord with experiment, and our calculations includes a self polarization energy correctidnThe oxygen-

for the halides agree qualitatively with the experimental oxygen radial distribution function is also somewhat improved

observation that their mobilities lie on a separate curve as aalthough the first peak is shifted inward and is too high

function of the size with a maximum that is distinct from the compared to both the experimental results and the calculated

maximum for the cations. The calculations presented here are,SPC values.

to our knowledge, the first to show that this characteristic ~ All nine ions were represented by a point charge having a

experimental result can be replicated in computer simulations Lennard-Jones (LJ) center on it. The potential parameters for

.5 1.5 R(A) 2.5

with currently available iorwater and waterwater potentials. ion—water and waterwater interactions in this model, collected
This opens the way to a detailed study of the underlying cause mostly from the work of Dang and collaboratdfs?3 are listed
at a molecular level. in Table 1. There are two exceptions: the parameters for the

The paper is organized as follows. Section Il contains a brief Br™ ion are the ones fitted to the SPC model by Lybrand, Ghosh,
description of molecular models and MD simulation methods and McCammort? and the Li parameters are for the revised
followed by section Ill, which presents the results of our Polarizability model (RPOL) of water developed by Dafig.

simulations, and our conclusions are summarized in section Iv. Thus the parameters for Bmay be slightly anomolous due to
optimization with respect to the SPC rather than the SPC/E

Il. Molecular Dynamics Simulations modgl. Likeyvise the parameters forfLare al_so not entirely.
consistent with the rest, since they were obtained for the revised
In the present study, we have selected nine systems involvingpolarizability (RPOL) model for water which, although similar
each of nine ionsfluoride, chloride, bromide, iodide, lithium,  to the SPC/E model, includes explicitly the atomic polarizabili-
sodium, potassium, rubidium, or cesium iesolvated in 215 ties of the hydrogen and oxygen atoms in water. The polariz-
water molecules at 298.15 K. Each simulation was carried out ability of the Li* in this model is relatively small (0.0293)
in the NVT ensemble, and the density was fixed at 0.997 g/cc, and is ignored implicitly in our study by using the RP®i,
which corresponds to a cubic box length of 18.64 A for the ande;, parameters for Li (Table 1) with the SPC/E parameters
simulation. The usual periodic boundary condition in g for water.

y-, andz-directions and the minimum image convention for pair  Apart from these two exceptions Table 1 provides a consistent
potential were applied. set of water oxygen ion parameters fitted to gas phase binding
The SPC/E (extended simple point charge) model was energies of small ionwater clusters for the same SPC/E model
adopted for the water molecule. It is a reparametrization of for water. Figure 1 shows that the iowater distancey, is
the simple point charge (SPC) model for water at°€5that linearly related to the crystallographic radiisbut the well-

improves the effective pair potential, leading to better values depth (Figure 2) follows no such simple behavior.
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A spherical cutoff R. = 9.0 A) was employed for all the ) S )
Figure 3. Radial distribution functiongi,(r) of SPC/E water molecules

pair interactions. This is a simple truncation in which two ) . e
. - I . as a function of the distanag between the anion (i) and the oxygen
molecules are considered as interacting if the distance betweer,; . (0) of a water molecule.

their centers is less than the cutoff radRisand the interaction

is neglected if the distance is larger thBa This procedure 10.0
introduces an artificial discontinuity in the pair potential at a
distancer = R from the central molecule or ion. In our
previous study! we employed the Steinhauser switching
function'® instead, which smoothly reduces the interaction
energy from its value at = R_ to zero atr = Ry to avoid the
discontinuity in the potential. This has been often used in the
previous simulation’s®1in order to avoid the sudden warm 6.0+
up of the system, due to the energy discontinuity when the  _
simple truncation is employed. Recent stuéfiéshave reported £ +
that although the switching function stabilizes the system’s o
temperature, it can cause other problems, as discussed in 4.0
section .

We used Gaussian isokinettes*® to keep the temperature
of the system constant and the quaternion formulatiohthe 2.0+
equations of rotational motion about the center of mass of the
SPC/E water molecules. For the integration over time, we +
adapted Gear's fifth-order predictecorrector algorithrd with l
a time step of 10% s (1 fs). Molecular dynamics (MD) runs 0.0 L —t—
of 100 000 time steps each were needed for the-imater 0.1 0.3 0.5 0.7 0.3
system to reach equilibrium. The equilibrium properties were
then averaged over 10 blocks of 20 000 time steps (20 ps) for _ S }

Figure 4. Radial distribution functiongin(r) of SPC/E water molecules

a total of 200 000 (.200 ps). The configurations of mmecmes as a function of the distaneg between the anion (i) and the hydrogen
were stored every five time steps for further analysis. atom (h) of a water molecule.

F
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+
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TABLE 2: Average lon—Solvent, Solvent-Solvent
Potential Energies and Diffusion Coefficients of Water
Calculated from the MSD at 25°C

Ill. Results and Discussion

In this section we present the results of our MD simulations

at 298.15 K; the principal static and dynamic properties are U (kJ/mol) Dy (x 1075 cni/s)
considered separately. ion—water water-water MSD

A. Static Properties and Energetics. The average potential F —840.4+ 6.0 —39.5+0.1 2.96+0.11
energies of iorwater and waterwater are listed in Table 2, CI”  -5756+84  —-40.0+01 3.09+0.15

. s . . Br —539.0+ 2.8 —40.1+0.1 2.90+ 0.05

and the radial distribution functions for the ions and the O or - —460.14 5.4 —402+01 2.84+ 0.09
H atoms of water molecules are shown in Figuress3 The Li+ —912.0+ 6.5 ~39.640.2 3.194 0.23
potential energy for water includes a polarization correétion Na* —745.0+ 3.7 —39.8+0.1 3.03+0.16
of 5.2 kJ per mol. Table 3 contains the positions and magnitudes K* ~ —606.5+1.7  —40.1£01 3.04+0.10
of the maxima and minima af,(r) in the first and second shells Rg :g;}l'gi ég :ig'gi 8'1 g?gi 8'82
together with the corresponding values for the oxygen distribu- 1,0 T —414+01 259+ 0.08
tion functionsgyy(r) in pure water at 25C. The magnitude
and position of the first peak in the chloridexygen (CIrO) LJ parameters are almost the samgd = 3.7835 A andecio
radial distribution functions (4.06 at3.2 A) agree closely with = 0.5216 kJ/mol for SPC/E, and 3.7916 A and 0.5661 kJ/mol,

the previous result8 of the CIFTIP4P water model, since the  respectively, for TIP4P). Calculatiofifor this system using
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TABLE 3: Positions and Magnitudes at Maxima and Minima of lon—Oxygen g, and Oxygen—Oxygen g,, Radial Distribution

Functions at 25°C

first min second max second min
ion Tio (A) Oio ro (A) Jio ro (A) Jio ro (A) Jio
F 2.60 7.92 3.20 0.17 4.45 1.45 5.50 0.79
ClI- 3.20 4.06 3.80 0.49 5.00 1.28 6.05 0.89
Br- 3.30 3.46 3.85 0.52 5.05 1.23 6.15 0.88
1~ 3.60 2.68 4.30 0.72 5.05 1.25 6.65 0.85
Lit 1.95 14.00 2.65 0.02 4.10 1.69 5.25 0.89
Na* 2.45 7.21 3.25 0.16 4.50 1.42 5.40 0.84
K+ 2.80 4.57 3.65 0.47 4.75 1.15 5.80 0.90
Rb* 2.90 3.94 3.75 0.59 5.10 1.14 5.90 0.89
Cs" 3.05 3.20 3.85 0.74 5.40 1.09 6.25 0.90
Foo (A) Goo Foo (A) Goo Fwoo (A) Goo Foo (A) Ooo
H,O 2.75 2.98 3.30 0.83 4.50 1.10 5.65 0.90
14,0 TABLE 4: Average Coordination Number and Residence
Times (ps) of Water Molecules in Hydration Shells of an lon
1 or Water Molecule at 25 °Ca
ion hydration number residence time (ps)
12.0+ F 6.4 (18.2) 28.5 (10.9)
cl- 7.4 (24.7) 9.0 (9.0)
1 Br- 7.2 (24.4) 9.5 (8.9)
I~ 8.1 (30.0) 7.7 (10.6)
10.0 I Lit+ 4.1(16.1) ~400 (11.6)
. Na* 5.9 (17.5) 26.4(9.8)
K+ 7.2(21.2) 9.4 (9.6)
T Rb* 7.8 (21.0) 9.3(8.5)
Cs" 9.6 (21.3) 9.5(9.3)
8.0+ H.0O (SPC/E) 4.3 (16.9) 4.5(8.3)
I aNumbers in parentheses are for the second hydration shell in column
] 2 (hydration number) and for the first and second shells in column 3
(the residence times).
6.0 1
- in the Li—O distance of the first peak may be due to differences
~—2 T between the two water modetSPC/E and TIP4Pespecially
@ | the positions of the point charge on the water molecule or
4.0t excessively long equilibration times. Also, the average coor-
dination number of water molecules around thé& idn shown
T in Table 4 is decreased in the SPC/E model from its value in
2.0+ the TIP4P model.
’ Table 4 displays average coordination numbers of water
1 molecules in the first solvation shell alone and in the first and
second solvation shells of the ions, calculated from our
0.0 1 l ! simulations. These numbers can be compared with previous
) ' ! ! results, which are 4.%7,5.819456.226-28and 6.0 for F~, 8.317
0.1 0.7 0.3

r (nm)

Figure 5. Radial distribution functiongi,(r) of SPC/E water molecules
as a function of the distaneg between the cation (i) and the oxygen

atom (o) of a water molecule. The inset shows the corresponding radial

distribution functionsgin(r) as a function of the distanag, between
the cation (i) and the hydrogen atom (h) of a water molecule.

Ewald sums and the TIP4P model showed thatghe(r) has
its first peak at~3.2 A with a peak height 0£3.8.

The heights of the first peaks in the bromietexygen (BrO)
and bromide-hydrogen (BrH) radial distribution functions
(3.46 A at~3.3 A and 3.15 A at~2.3 A) in our simulations
are also in general accord with independent std#liet the
bromide ion in SPC water which assumigo = 4.103 A and
egro = 0.4193 kJ/mol.

When the radial distribution functions (Figure 5) for the

7.219277 326 750 gnd 6.9° for Cl—, 7.6 for Br—, 5.3 and
6.07430cfor Lit, 6.017195.838 and 6.64 for Nat, 6.317 7.519
7.924 and 7.8 for RB,2* and 9.6 for C$.24 We discuss the
dynamics of the solvation shells in the next section.

An examination of stereoscopic pictures of equilibrium
configurations of water in the first solvation shell alone and
the first and second solvation shells of,A~, Li*, and C§g,
respectively, shows that all the OH vectors of water molecules
in the first shell around the Fion point toward the ion, while
the directions of some of the OH vectors pointing toward the
I~ ion are disturbed by hydrogen bonding to water molecules
in the second solvation shell. Water molecules around the |
ion are more loosely packed together than those aroundthe F
ion, and this appears to have a greater effect on the diffusive
motion of I" than F. Similar behavior of water dipoles is
observed around the cations, but the water dipoles around the
Cs' ion are more disrupted than the dipole around théh.

cations and O atoms of water molecules in the present studies B. Dynamic Properties. The diffusion coefficients @),
are compared with those of our previous study using the TIP4P calculated from the mean square displacement (MSD) of the

water modeP? the results are qualitatively similar except for

ions and from the velocity autocorrelation functions (VAC), are

the Li—O case. The large increase in the height and the decreasdisted in Table 5. The ionic mobilitiesuf, determined from
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Figure 6. lon mobilities in units of 10* cm?/(V s) as a function of
the crystallographic radiuR (A) calculated from the mean square
displacements of the anion®) and the cationsl), respectively, in
SPC/E water. The corresponding mobilities for cations in TIP4P #ater
are shown as dark boxell), and the experimental values are the points
depicted as dark circle®y.

Time (ps)

Figure 7. Residence time correlation function for the hydrated SPC/E
water molecules in the first hydration shell of each anion.

1.00
TABLE 5: Diffusion Coefficient D and Mobility u of
Halides and Alkali Metal Cations at Infinite Dilution in N
Water at 25 °C Calculated from the Mean Square "R
Displacements and Velocity Autocorrelation Functions S 0.851 \\
D (x 1075 cn?/s) u(x 104 cre/(V s)) 5 \\\\
3} \
ion MSD VAC MSD VAC c NN
0701 O\ "

F 1.30+ 042 1.29+0.38 5.06+1.63 5.02+1.48 L ) N AN
Cl- 173+ 042 171029 6.73+1.63 6.65+1.13 C ‘\\\\\ -
Br- 1.89+0.24 187+£0.22 7.35-0.93 7.27+0.86 o AN

I~ 1.68+£041 178040 654:159 6.93f1.55 8 L AN

Li*  118+009 1274013 4509035 4.79+136 . 0.55 NN

Na® 1.22+0.47 1.22+045 4.75-183 545+1.75 O Lit \\\\ \\

K+  202+045 217+042 7.86:£1.75 8.45+1.63 A AN

Rb* 2.11+0.46 2.20+047 8.21+1.79 8.56+1.83 g N\ \\

Cs" 200+£035 1.99+0.39 7.78:1.36 7.74:152 0.40 1 K* ~

———-Rb* \\: —

these diffusion coefficients using the Einstein relatios Do/ Cs* ™~
KT, are also listed in the same table. They are compared, in 0.25 — ' : : : :
Figure 6, with the experimental results and with our previous ) 0.0 2.5 5.0 7.5 10.0
simulations for the alkali metal cations using the TIP4P model : : ' : '
for water. Table 2 also records the diffusion coefficients of Time (ps)

water Dy in pure SPC/E water and in the ionic systems that rig e g, Residence time correlation function for the hydrated SPC/E
were studied; they were calculated from the MSD of water water molecules in the first hydration shell of each cation.

molecules.
Figure 6 shows that the ionic mobilities of the anions are of water molecules in this regionatt = 0. Figures 7 and 8
underestimated by about 20% in our simulations, while those show the time dependenceR(r t) for water around the anions
of the cations are in better agreement with experiment. The and cations, respectively, calculated in our simulations. The
experimental trends in the mobilities as a function of ionic radii characteristic decay time, is defined by the relation
are also observed in our simulations of univalent cations and
anions with distinct maxima. The ionic mobilities of the cations
obtained from our previous simulations using TIP4P water were
clearly underestimated.
The residence time correlation functii“is defined by

r= [ IR(r.tot (3.2)

but was obtained by fitting the time correlation function to an
exponential decayR(r,t)00~ exp(-t/t), which is useful par-
N ticularly whent is large.

R(r,t) = —> [6(r,0) 6(r,1)] (3.1) The decay times, also listed in Table 4, show the average

N, & decay times of water in the first shell alone and also in the first
and second shells. We note that these times decrease rapidly
with increasing ion size and that the decay time for water in
the first shell around Li is even larger than what was found
previously in the TIP4P model.

whered(r.t) is the Heaviside unit step function, which is 1 if a
water moleculd is in a regionr within the first coordination
shell of the ion and O otherwise, aiW is the average number
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be reproduced in molecular. dynamlps .S|mula§|(.)ns. using the - omical Physics of lon Seition Dogonadze, R. R. Kalman, E.
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expect that the same trends will be observed in the mobilities ~ (17) Mezei, M.; Beveridge, D. L1. Chem Phys 1981, 74, 6902.

as a function of ion size although the quantitative agreement ~ (18) Nguyen, H. L.; Adelman, S. Al. Chem Phys 1984 81, 4564,

with experiment for the cations may be slightly worse. Work 19%9237["15%67)3 R. W.; Madden, P. A.; McDonald, I. R. Phys Chem

in progress shows that Ewald sums have a greater effect on the (20 wilson, M. A.; Pohorille, A.: Pratt, L. RI. Chem Phys 1985 83,

negative ions than on the cations for the model considered, 5382.

bringing the simulated mobilities for the anions closer to  (21) Berkowitz, M.; Wan, WJ. Chem Phys 1987 86, 376.

experiment. However, we caution that the use of Ewald sums  (22) Reddy, M. R.; Berkowitz, MJ. Chem Phys 1988 88, 7104.

or reaction fields with potentials fitted to the binding energies ~ (23) Rose, D. A.; Benjamin, L. Chem Phys 1993 98, 2283.
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Newton trajectories of our Gaussian isokinetic simulations  (27) Roberts, J. E.; Schnitker,d.Phys Chem 1995 99, 1322. These

o ; ; _ authors also examined the room temperature properties of aqueous solutions
mimic the time evolution of a real system at constant temper of SPC% TIP4P3$° and MCY3 models for water using either a potential

ature correctly to enable the diffusion coefficient to be calculated cutoff or Ewald summatiof? Both pure water and dilute solutions of Cl
from the mean square displacement and the velocity autocor-and F&" were investigated. They found not only solvesblvent
relation function. This seems plausible but, as far as we know orientational correlations but also iesolvent energies, ion-induced solvent

has not been proved rigorously, although the question was raisec{eorganizaﬁon energies, and ionic diffusion coefficients.
P 9 Y 9 q (28) Carr, R.; Paraniello, MPhys Rev. Lett 1985 55, 2471.

i 3
some time agé’ _ _ o (29) Voth, G. A.J. Phys Chem 1991 95, 10425.
) The .Smgle most important requirement for observ[ng N (30) (a) Jorgensen, W. L.; Madura, J.; Impey, W. R. W.; Klein, M. L.
simulations subtle trends in the ion mobility as a function of J. Chem Phys 1983 79, 926. (b) Chandrasekhar, J.; Spellmeyer, D.;
ion size is the use of a consistent set of parameters for the ion Jorgensen, W. LJ. Am Chem Soc 1984 106 903. Jorgensen, W. LL

X . 3 Chem Phys 1982 77, 4156.
water and water interactions derived from the same model for (31) Steinhauser, Mol. Phys 1982 43, 335.

water and parallel experimental data on-+@olvent energies (32) Berendsen, H. J. C.. Postma, J. P. M.; Van Gunsteren, W. F.;
of hydrated clusters of single ions. Hermans, J. Ifntermolecular ForcesPullman, B., Ed.; Reidel: Dordrecht,
1981.
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