IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Yukawa multipole electrostatics and nontrivial coupling between electrostatic and dispersion

interactions in electrolytes

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2008 J. Phys.: Condens. Matter 20 494209
(http://iopscience.iop.org/0953-8984/20/49/494209)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 129.252.86.83
The article was downloaded on 29/05/2010 at 16:44

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/20/49
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

IOP PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 20 (2008) 494209 (16pp) doi:10.1088/0953-8984/20/49/494209

Yukawa multipole electrostatics and
nontrivial coupling between electrostatic
and dispersion interactions in electrolytes

Roland Kjellander' and Rosa Ramirez’

! Department of Chemistry, University of Gothenburg, Gothenburg, Sweden
2 Laboratoire Analyse et Modélisation pour la Biologie et I'Environnement, Université d’Evry
Val d’Essonne, Evry, France

Received 17 August 2008, in final form 7 October 2008
Published 12 November 2008
Online at stacks.iop.org/JPhysCM/20/494209

Abstract
An exact treatment of screened electrostatics in electrolyte solutions is presented. In
electrolytes the anisotropy of the exponentially decaying electrostatic potential from a molecule
extends to the far field region. The full directional dependence of the electrostatic potential
from a charged or uncharged molecule remains in the longest range tail (i.e. from all multipole
moments). In particular, the range of the potential from an ion and that from an electroneutral
polar particle is exactly the same in general. This is in contrast to the case in vacuum or pure
polar liquids, where the potential from a single charge is longer ranged than that from a dipole,
which is, itself, longer ranged than the one from a quadrupole etc. The orientational dependence
of the exponentially screened electrostatic interaction between two molecules in electrolytes is
therefore rather complex even at long distances. These facts are formalized in Yukawa
multipole expansions of the electrostatic potential and the pair interaction free energy based on
the Yukawa function family exp(—«r)/r™, where r is the distance, « is a decay parameter and
m is a positive integer. The expansion is formally exact for electrolytes with molecular solvent
and in the primitive model, provided the non-Coulombic interactions between the particles are
sufficiently short ranged. The results can also be applied in the Poisson—Boltzmann
approximation. Differences and similarities to the ordinary multipole expansion of
electrostatics are pointed out.

On the other hand, when the non-Coulombic interactions between the constituent particles
of the electrolyte solution contain a dispersion 1/r° potential, the electrostatic potential from a
molecule decays like a power law for long distances rather than as a Yukawa function. This is
due to nontrivial coupling between the electrostatic and dispersion interactions. There remains
an exponentially decaying component in the electrostatic potential, but it becomes oscillatory in
the presence of the dispersion interactions. For weak dispersion forces and low electrolyte
concentrations, the wavelength is, however, long compared to the decay length of the
exponential decay. In other cases the qualitative behaviour may be substantially different from
the conventional picture. The Green function for the electrostatic potential (the ‘screened
Coulomb potential’) in simple electrolytes ultimately decays like const/r® for large r, where
the constant prefactor depends on the ratio between the strength of the dispersion forces and the
square of the average ionic charge, (¢4 + |g—|)/2.

1. Introduction dispersions, polyelectrolytes and macromolecular solutions.

Such systems are of importance in, for example, biosciences,
Screening of electrostatic interactions is a prominent and soft matter physics, soil science and surface and colloid
important property of electrolytes and is a central concept in  chemistry. Often, the term ‘screened Coulomb potential’ is
our understanding of systems like bulk salt solutions, colloidal equated with the potential from a charge in an electrolyte
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as predicted by the Debye—Hiickel theory [1] for electrolyte
solutions. This potential has the form of a Yukawa function
exp(—«pr)/r for all distances r, where the decay length
1/kp equals the Debye length. In the application of this
potential to calculate interactions between charged particles or
functional groups, it is common to use the actual charges of the
various entities to obtain the electrostatic interaction energy.
The results of the Debye—Hiickel theory are, however, only
valid for sufficiently dilute solutions, where one can neglect
ion—ion correlations (including the effects of finite ion sizes)
among the ions in the ion atmosphere surrounding each ion.
The Debye—Hiickel theory is based on the Poisson—-Boltzmann
(PB) mean field approximation, where such correlations are
ignored. The PB approximation is also the basis for the Gouy—
Chapman [2, 3] theory for electric double layers and the related
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory [4, 5]
of colloidal particle interactions. In the latter theory, the
forces between the particles consist of the sum of van der
Waals (vdW) and electric double layer interactions, which are
assumed to be independent of each other and additive.

The PB theory is an approximation within the primitive
model of electrolyte solutions where the ions are modelled
as charged hard spheres and solvent is treated as a dielectric
continuum solely characterized by its dielectric constant
(relative permittivity) €;. When many-body ionic correlations
are important the screened Coulomb potential is no longer
a simple Yukawa function, but provided the electrolyte
concentration is not too high the potential decays like such
a function for large r within the primitive model [6]. This
also holds in electrolyte solution models with discrete solvent
molecules [7]. The Yukawa function decay of the electrostatic
potential in electrolytes has consequences that until recently
have been largely ignored, namely the anisotropy of the
potential from a molecule in the far field region. This feature
has been found in linearized PB approaches [8—11] and in exact
statistical mechanics treatment of electrolytes with molecular
solvent [12].

The exponential decay of the electrostatic interactions
for large r holds provided the nonelectrostatic interactions
between all particles in the solution are sufficiently short
ranged. This excludes systems with vdW interactions between
the particles. The screened electrostatic interactions and
vdW interactions are not independent of each other and
additive as assumed in the DLVO theory. Instead, they
are coupled so that the electrostatics changes the effects
of the vdW interactions and vice versa. The static (zero
frequency) part of the vdW interaction is screened by the
electrolyte [13] and becomes exponentially short ranged. This
is not the case for the high frequency part, which gives
an r~ interaction between the particles for large » (or r~’
when retardation effects are included). Such power law
interactions affect the electrostatic interactions and make the
electrostatic potential decay like a power law rather than
exponentially for large r; this holds both in mean field
PB-like treatment [14] and in exact statistical mechanics
analysis [15, 16]. Furthermore, it has been suggested that
London-type dispersion interactions between ions and between
ions and other particles may play a role in determining the ion

specificity of a range of phenomena related to charged particles
in electrolytes [17]. These matters have been explored in a
number of recent publications; see for example [14, 18-21].
Thus qualitative as well as quantitative effects of ion—ion and
ion—macroparticle dispersion interactions are of great interest
for both fundamental and applied research.

In the present work we shall primarily explore conse-
quences of Yukawa-type screening for electrolyte systems, but
also investigate effects of nonelectrostatic power law interac-
tions in simple electrolytes. For the first topic we will build
on and expand the findings of our previous work [7, 12], to
which we refer for mathematical details and background ma-
terial. Thereby, our aim is to present the results of the analy-
sis in a manner that suits nonspecialists in liquid state theory
(for completeness, we have also inserted some more technical
comments which can be skipped over in a first reading). Im-
portant issues include the concepts of effective charge, effec-
tive dipole and higher order multipoles and investigations of
the long distance features of the screened electrostatic poten-
tial from a molecule and of the interaction free energy between
molecules in electrolytes with molecular solvent. Finally, we
shall investigate the behaviour of the screened Coulomb po-
tential in simple electrolytes with dispersion ¢ interactions
between the ions. This is based on the findings in [15, 16],
which we formulate in the perspective of the general theme of
the present work.

Unless otherwise explicitly stated, the statistical mechani-
cal analysis presented in this paper is exact (no approximations
made) for given pair interaction potentials between the parti-
cles (i.e. for a given Hamiltonian). We shall consider electro-
static potential from and interactions between particles present
in (or immersed in) homogeneous, isotropic bulk systems at
equilibrium. The results are valid provided the electrolyte con-
centration is not too high (what is too high depends on the sys-
tem), and we will assume that the system is not close to criti-
cality.

We will treat both rigid and flexible molecules. For rigid
molecules their relative positions and orientations are relevant.
If the molecules are flexible we consider the orientations
for all possible conformations. For simplicity, whenever we
in the following only say ‘orientation’ of a molecule, we
will implicitly mean ‘conformation and orientation’ when the
molecule is flexible. The molecules and other particles in the
system can have any size, shape and internal charge density
distribution (unless otherwise explicitly stated). We will
assume that the solvent consists of electroneutral molecules
that (usually) are polar. The solutes can have a net charge
or be electroneutral. The charged solutes can be simple ions
(i.e. small, spherical particles with a charge at their centre),
more complex ions with various polar and nonpolar groups,
macroions and/or colloidal particles. In the primitive model
the solvent is replaced by a dielectric continuum and the ions
are charged hard spheres.

In the general, exact case we treat all particles of the
system on the same fundamental level for an infinite system
at equilibrium. Therefore, the average density around a fixed
particle is the same as when the particle is free to move in the
system, provided that the density in the latter case is recorded
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in the molecule-fixed frame of reference, i.e. we ‘sit’ on the
particle, follow its motion and investigate the surrounding
density. This is a property of classical equilibrium statistical
mechanics, where the momentum degrees of freedom are
decoupled from the positional ones. Everything we say here
about an immersed, fixed particle in the exact case is true also
for the same kind of particle present in the system and free to
move.

The paper is organized as follows. In the next section
we discuss polarization of bulk electrolyte solutions in various
cases and give a general definition of the unit screened
Coulomb potential from several equivalent perspectives. Then
we present the results of a general treatment of electrostatic
potential and intermolecular screened electrostatic interactions
in electrolytes with molecular solvent as well as in the primitive
model. A simple illustrative example of screened electrostatic
potential from a dipole is given, which illuminates some
prominent features of the general theory. A key concept in the
theory is charge density renormalization of molecules, which
is motivated and defined in a physical manner. We give exact
expressions for the long-distance asymptotic behaviour of
screened electrostatic potential and intermolecular interactions
and discuss their implications. In the final part of the paper
we treat simple electrolytes with intermolecular dispersion
and other power law interactions. We examine the long-
range behaviour of various correlation functions and the
screened Coulomb potential. The changes imposed on the
exponential part of the screening by the dispersion interactions
are also discussed. Finally, the main results of the paper
are summarized (an overview of the decay behaviour of the
electrostatic potential is shown in table 1, which can be useful
to examine while reading the paper).

2. Polarization charge density and screened Coulomb
potential

A bulk electrolyte solution exposed to an external electrostatic
potential WE(r)) from some source charges immersed in
the solution acquires a polarization charge density pP(r,),
which originates from changes in the spatial distributions and
orientations of solvent molecules and dissolved ions (we use
the notationry, = (x4, Ya, Zo))- The resulting total electrostatic
potential W (r) from the source charges and the polarization
charge density is

U(r) =¥ ) + / drs P (1) pcou (r21) (D

where

Pcou(r) = ()

dmwegr

is the Coulomb potential in vacuum, ¢, is the vacuum
permittivity, r,; = |ry| and r;; = r; — r;. For weak
electrostatic fields the polarization charge density can be
expressed in linear response theory as

P (ry) = / dry W5 (r3) x (r32) = / dr; W(r3) x°(r3)

(linear response) 3)

where x () and x°(r) are the polarization response functions
for the external and total potentials, respectively. These
functions can be written in terms of the pair correlation
functions of the unperturbed bulk electrolyte solution (or
more specifically, in terms of the charge—charge correlation
function). In Fourier space the relationship between ¥ and
WEX can be written as

\i,Exl (k)

U(k) = 20

(linear response) 4)

where

Ek) = [1+ () pcon(]™ =1 = 3°()pcou®)  (5)

is the (static longitudinal) dielectric function and qSCOu] (k) =
1/(eok?) is the Fourier transform of the Coulomb potential.
For pure solvent (zero electrolyte concentration) the dielectric
function €(k) approaches the dielectric constant €, of the
solvent when £k — 0 (i.e. infinite wavelength, corresponding
to the response to a uniform applied electrostatic field). In the
presence of electrolyte (k) diverges like k=2 when k — 0,
which is a consequence of the electrolyte solution being a
conductor.

For a bulk solution the Green’s function for spatial
propagation of total electrostatic potential between r; and r;
in the weak field limit, q)goul(rz, r) = ¢80ul (r12), satisfies the
Poisson equation

—e V2P (ri2) = / dr; ¢20u(r13) x (r32) + 8% (r12),  (6)

where the first term in the right hand side (rhs) is the
polarization charge density from ¢80ul, cf equation (3),
and 8% (r) is the three-dimensional Dirac function (which
constitutes the unit source charge of qbgou]). Equivalently, ¢80ul
is in Fourier space given by

Feouk)
ék)

which according to equation (4) gives the total potential
¢8oul (r) in the electrolyte solution that corresponds to an
external Coulomb potential given by ¢cou(r) = 1/(4mwepr).
The physical interpretation of ¢2 () is that it constitutes the
(normalized) screened Coulomb potential from a point charge
¢q in the weak field limit, i.e.

oo (k) = : )

Vg1 (r)
"

Loy (r) = lim (8)
q—0

where ,)(r) is the total electrostatic potential at distance r
from a point charge ¢ (a hypothetical test charge). Thus, the
potential from a point charge g immersed in an electrolyte
solution approaches qq)goul (r) in the limit ¢ — 0. Note that
the three definitions of the screened Coulomb potential ¢80u1
in equations (6)—(8) are mathematically equivalent and define
q)goul (r) for all r. We shall denote q)goul as the unit screened
Coulomb potential.

The electrostatic potential from a finite point charge ¢
immersed in the electrolyte solution is not equal to qq)goul (r)
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Table 1. The behaviour of the electrostatic potential from a particle in the various cases covered in this paper for low to moderate electrolyte
concentrations. In the table ‘=" means that the expression holds for all r, while ‘~’ means that the expression shows the asymptotic decay for

large r. The ordinary (unscreened) Coulomb potential is shown in the second column (the case of vacuum), while the screened Coulomb
potential is shown for the other cases. The relative permittivity (dielectric constant) of the pure solvent is €,. The quantity E; is the effective
permittivity of the electrolyte solution (defined in equation (20)). The bare net charge of a particle of species i is denoted ¢;, the dipole
moment g; and the quadrupole moment ®;. The corresponding effective quantities, defined in equations (36)—(38), are denoted ¢?, w? and
©?. The Debye screening parameter is denoted «p (the Debye length is «py 1), while « is the actual screening parameter of the electrolyte
solution (k # kp). Except for the last two rows, the results are strictly valid only in the absence of dispersion interactions (and other power
law nonelectrostatic interactions) between the particles. In the last two rows, the coefficients Ly and A gy (defined in equations (64)

and (60), respectively) depend on the strengths of both the dispersion and electrostatic interactions.

Electrostatic potential

In vacuum In pure solvent In electrolyte solution
Poisson—Boltzmann approximation
. . a —KpTr
Unit (screened) Coulomb potential == =1 ==
TEYr 4meregr 4meregr
. . . qi g b qu*"D"
. — i — i ~ L
Potential v;(r) from a simple ion = Ineor = dmeeor dreregr
Primitive model, exact results
. . _ 1 _ 1 a ~ e*KV
Unit (screened) Coulomb potential = Trer = Trereor TnEeor
0,—kr
. _ . . g 4 b o die
Potential v; (r) from a simple ion = Ineor = Imereor 4w Ereor
With molecular solvent, exact results
. . g o e
Unit (screened) Coulomb potential = Ineor e InEeor
0n—kr
: ) : : — i ~ _4i_ b ~ it
Potential v; (r) from a simple ion = Ineor Traar InEeor
0. 105 k2 90.an —kr
i ) c ~ _Gi ~ _ i o Lo trpi ity O e
Potential v; (r) from a molecule e Treor T Ereor
~ 0. 0.z 0.7 —KT
it o it . [p; T4k O FT4-]e
+ 4megr? + + 4meregr? + + 47 Ereqr?
With dispersion interactions between ions, exact results
Loo

Unit screened Coulomb potential

Potential v; (r) from a simple ion

~

76

Also oscillatory exponential terms
~ "gAoN
eregr®

Also oscillatory exponential terms

# Basic assumption in the primitive model where the solvent is treated as a dielectric continuum.

® Potential from a single ion immersed in pure solvent.

¢ The analogous result holds for an electrolyte solution treated in the primitive model (both as an exact result and in the
Poisson—Boltzmann approximation), but then for the potential from a single molecule immersed in the solution.

since the polarization response near the charge is nonlinear.
Thus the unit screened Coulomb potential is not the potential
from a unit point charge since such a charge is not small.
For long distances from the charge where the weak field
limit applies, the potential from a point charge g is usually
proportional to qbgou] (r) and asymptotically we have v, (r) ~
q°¢2,,,(r) when r — oo, where the prefactor ¢° in general
is different from g. (In cases where ¢ ,(r) is oscillatory,
e.g. for high electrostatic coupling in the electrolyte, the phase
of Yrq)(r) is generally different from that of q)goul (r) but the
decay is otherwise the same for large r.)

Likewise, a simple spherical ion of species j with charge
g; in the electrolyte solution gives rise in general to a total
electrostatic potential ¥;(r) which is proportional to qbgou] (r)
for large r, i.e.

Vi (r) ~ )P (r) 9)

when r — oo (the same comment about the phase applies
as for 4 (r)). The prefactor q;) can be interpreted as the
effective charge of the j ion in solution. The value of
the effective charge depends on the spatial distributions and
orientations of the particles in the solution around the ion. The

polarization of the solution around the ion originates not only
from electrostatic interactions, but all kinds of interactions that
affect the relative distribution of positive and negative charges.
Exceptions from equation (9) occur when the leading term
in q)goul (r) for large r for some reason is cancelled in v;(r)
and a higher order term gives the leading decay of ¥;(r). An
example is a state of the system where the effective charge of
the i ion is zero.

Consider now any particle of species i (an ‘i particle’) in
an electrolyte solution. It can have any size, shape and internal
charge distribution. If the particle is a flexible molecule we
consider the molecule in a certain, but arbitrary conformation.
Let us place the origin of the coordinate system at the centre of
mass of the particle. We shall henceforth refer to this particle
as the ‘central’ one. The internal charge density distribution of
the central i particle is denoted o; (r; w), where the symbol @
denotes the orientation of the particle relative to the coordinate
system and, when the particle is a flexible molecule, @ also
contains information about conformation of the molecule. The
bare (net) charge ¢; and dipole moment u; of the particle are
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given by

qi = /dsoi(s; )
(10)

ri(w) = /dsoi(S; w)s

and analogously for the quadrupole and higher moments.

The average charge density distribution at position r in the
solution around the central i particle is denoted p;*(r; w) (the
superscript ex = excess stands for ‘in excess of the internal
density’). This charge density can be calculated from the pair
distribution functions between species i and all species present
in the electrolyte solution. It constitutes the charge density of
the ‘ion and solvent cloud’ that surrounds the particle. The total
charge density distribution of the particle and its surrounding
cloud is

an

The condition of local electroneutrality dictates that [ du p;
(u; w) = 0. Note that p/* contains both the linear and
nonlinear electrostatic polarization response of the electrolyte
due to the internal charges of the particle as well as the
polarization response to all other interactions with the particle.
The charge density pf* (r; @) is in general nonzero even when
0, (r; w) = 0 and, for example, even when the nonelectrostatic
interaction with the particle is just a hard core exclusion
potential. In fact, any asymmetry between positive and
negative charges for the ions and solvent molecules in the
electrolyte solution gives rise to a nonzero p;* even when the
particle is an uncharged hard sphere.

The total electrostatic potential ; from an i particle is
given by Coulomb’s law as

pi(r; ) = 0i(r; w) + p* (r; w).

W) = [ de e o). (12)
It depends on the direction of r}, for a fixed orientation w of the
particle. A major task in this paper is to describe properties of
this potential in various cases. (Note that the potential v, (r)
above is a special case where o corresponds to a point charge
at the origin.)

In pure solvent the unit screened Coulomb potential
decays for large r like [22, 23]

¢Cou1 (l’ ) _ 1

€ dmeeor

Bl () ~ (pure solvent)

(13)
where ¢, is the dielectric constant of the solvent, €, = €(0).
For small r the functional dependence is more complicated and
depends on the values of €(k) for nonzero k, cf equation (7).
The total electrostatic potential from a single i particle
immersed in pure solvent decays like
0 gi

i(r; w) ~ q; r) = ——

i ( ) ~ qiPcon () dmeeor

(single particle in pure solvent) (14)

when r — oo. The effective charge of the particle is hence
equal to the bare charge in this case. The oriented solvent
molecules that surround the particle do not contribute to the
effective charge (i.e. the effective ner charge) since they are
electroneutral. They only contribute to dielectric screening of

charges at long distances via the dielectric constant, i.e. the
linear part of the polarization response contained in q)gou].
Note that equation (14) holds irrespective of how strongly
the solvent molecules are oriented near the particle, i.e. even
if nonlinear polarization effects like dielectric saturation are
important there. The nonlinear response does, however,
contribute to an effective dipole moment of the particle, which
in general is not equal to the bare ;. The dipolar potential
decays like r~2 and does not contribute to the leading term
shown in equation (14). The latter therefore does not depend
on the direction of r. The potentials from the corresponding
higher multipoles of the particle and the induced distribution
do not contribute either to the leading term. These potentials
decay even faster, exactly like in the multipole expansion of the
potential from a charge distribution in vacuum.

In electrolyte solutions the corresponding results are, as
we shall see in the remainder of this paper, entirely different.
Furthermore, the nature of the short-ranged nonelectrostatic
part of the interactions can make a difference in the qualitative
behaviour of the electrostatic potential. If the nonelectrostatic
interactions decay like a power law, e.g. a dispersion r~°
potential, we have one behaviour, and if they decay faster than
a power law, e.g. an exponentially decaying or a finite-range
potential (like a hard core or square well potential), we have a
different behaviour.

3. Electrolytes with very short-ranged
nonelectrostatic part of the intermolecular
interactions

We start by considering model electrolytes where all molecules
in the solution interact with electrostatic and short-ranged pair
interactions, where the latter decay with r faster than any
power law. The simplest example is the primitive model
of electrolytes. More elaborate examples are ‘civilized’
model electrolytes where the solvent molecules are explicitly
included, e.g. as hard bodies with electric dipoles and/or
multipoles.  The treatment also includes any model of
charged and uncharged molecules with arbitrary internal
charge distributions and of any size and shape, provided
there are no nonelectrostatic interactions that decay for large
separations like a power law. This includes finite range
potentials and exponentially decaying potentials, provided
the decay length is shorter than that of the pair distribution
functions.  All models with, for example, Lennard-Jones
potentials are however excluded here. Their treatment is
postponed to section 4.

Our analysis of electrostatic interactions in [7, 12], on
which the present study is built, was restricted to rigid
molecules with any size, shape and internal charge distribution.
We here extend the analysis to flexible molecules. All results
derived in [7, 12] for rigid molecules are also valid for flexible
ones provided the following changes are made: a flexible
molecule in a particular conformation is formally regarded as
a separate rigid species with a certain concentration. The same
molecule in different conformations (different conformers) is
thereby regarded as a mixture of different rigid species with
different concentrations. The condition that makes all these
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species correspond to the same actual molecule is that the
concentration of each conformer is such that the chemical
potential of all conformers is the same. The intramolecular
interaction energy is included in the chemical potential. Since
the results in our previous work are valid for mixtures of rigid
particles with any shape and internal charge distribution, the
only change necessary is to increase the number of species
and have appropriate concentrations. (We use here the symbol
w to denote the orientation of a rigid molecule relative to
the laboratory frame and to denote the conformer and its
orientation for a flexible molecule. By using the analogous
notation in [7] for the foundations of the theory, where w only
denotes orientation, one can make the theory applicable to both
the rigid and flexible cases.)

Note that the general formulae in this section are for
systems with molecular solvent. In the primitive model the
Coulomb potential is @cou/€r rather than ¢cou. When we
apply the general formulae in this model we will therefore have
to insert factors of ¢, in appropriate places.

3.1. Yukawa function decay of the screened Coulomb potential

For the systems considered here the unit screened Coulomb
potential, as defined in section 2, decays for large r like [7]

e " pcou(r) e’

E. " 4w E.eor’

Beou(r) ~ (15)
where E; is an effective relative permittivity of the electrolyte
solution (E€( is an effective permittivity). This asymptotic
result holds provided the electrolyte concentration is not too
high (the range of validity depends on the system). In the limit
of infinite dilution of the electrolyte we have

e P Peou (1) e "

0
Peou () ~ =
Coul € 4 eceqr

(infinite dilution)

(16)
when r — oo, where «kp, is the Debye screening parameter and
Kp !is the Debye length defined from

B 2
Z njq;
€r€Q 7

where €, is the dielectric constant of the pure solvent, 8 =
(kgT)~', kg is Boltzmann’s constant, 7 is the absolute
temperature and 7n; is the number density of species j in the
electrolyte solution. In equation (15) we have k # kp and
E, # €, but from the infinite dilution result it follows that
k/kp — 1 and E;/e; — 1 when the electrolyte concentration
goes to zero. In pure solvent (where k = kp = 0)
equations (15) and (16) become equal to equation (13).

Let us first consider a solution of simple electrolytes,
i.e. where the ions are small and spherical. In the PB
approximation, which is a based on the primitive model but
where the ion—ion correlations in the ion cloud around each
ion are ignored (a mean field approximation), we have

a7

2 _
Kp =

e7KDF¢C0U1 (l’) e~ or

€ dmeeor

Peou(r) = (PB)

(18)

for all r and for any electrolyte concentration (both in the
nonlinear and the linearized PB approximations). This is to
be compared with the exact result (16) at infinite dilution,
which is valid in the presence of molecular solvent but only
asymptotically for large . One should also compare with
equation (15). While equation (18) is valid only in the PB
approximation, equation (15) is an exact result both for the
primitive model and for an electrolyte with molecular solvent.

In the PB approximation the dielectric function, equa-
tion (5), is given by

(PB). (19)

. J € k2

g(k) -1 +,3 anqquCoul(k) _ k2 +K]%
J

Here €(k) /e, is the dielectric function relative to a dielectric
continuum with dielectric constant €, (as used in the primitive
model) and € (k) is the usual one (in vacuum).

For completeness we mention that the results (15), (16)
and (18) can be inferred mathematically from the fact that a
Yukawa function exp(—«r)/r decay of a function f(r) when
r — 00 corresponds to a simple pole of f (k) in complex k
space at k = ix, where i is the imaginary unit. (See [24]
for a lucid description of the relationship between the long-
range asymptotic behaviour and singularities in k space.) From
equation (7) we see that ngoul (k) has a pole when € (k) = 0 and
hence the exp(—«r)/r decay corresponds to €(ix) = 0. (The
zero of the rhs of equation (19) at k = ikp is obvious.) In
general, the singularity of qggou] (k) in complex k space that lies
closest to the real axis (the ‘leading singularity’) determines
the leading asymptotic term of ¢80u1 (r) when r — o0. Thus,
when the pole at k = ik is the leading singularity, q)goul (r)
decays like exp(—«r)/r. From these facts one can show that
the factor E. in the denominator of equation (15) is given by

E = k dé (k)
2 dk Jiic

which follows from residue calculus.
For a solution of a simple electrolyte with molecular
solvent, the decay parameter « is given by the expression [7]

(20)

pEN [ > njqq) + ns(&sﬁ_g)wj| 1)
k=ik

€0 Jj€ions

where the sum is over the ionic species (cf equation (17))
and q? is the effective charge of a j ion (cf equation (9)).
In the second term, which contains the solvent contributions
(index s = solvent), ng is the number density of solvent
molecules, o5 is the Fourier transform of the internal charge
density of a solvent molecule, ,52 is the Fourier transform of the
renormalized charge density (to be defined later, equations (27)
and (28)) of the same solvent molecule, the underline means
the complex conjugate and (), denotes the average over
all orientations of the molecule (and, when appropriate,
all conformations weighted according to their probability).
Note that the rhs of equation (21) depends on k, so the
expression is an equation for « that, in fact, is equivalent
to €(ik) = 0. The contribution from the solvent molecules
in this equation transcends the solvent dielectric properties;
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pY contains contributions from the ions around each solvent
molecule and q;) contains contributions from the solvent.

One can write equation (21) in a different, but equivalent,
manner that is more similar to its limiting form at infinite
dilution, equation (17). By separating out a part of the
dielectric function that only involves solvent molecules,
EPOlr (k) one can show that [7]

2 p

_ 0.0 ~ ~0,ions
érlar(ix e D_ ni4jd} +ns <GS—’OS >w ’

jeions k—ik
(22)
where p1°™ is the part of the renormalized charge density of a
solvent molecule that originates from the ions (for definitions
of éPolar and pf*i‘”‘s and other details see [7]). In the limit of
infinite dilution, éP°'® (k) — €&(k) for the pure solvent, and
since k — 0 it follows that éP??(ix) — ¢, the dielectric
constant for the solvent. Furthermore, g} — ¢, and p0"*™ —
0 in this limit, so equation (22) yields‘ equation (17). Note
that at finite electrolyte concentrations éP® is evaluated at
k = ik and not at k = 0. Physically this means that
one considers the dielectric response due to an exponentially
decaying electrostatic field rather than a uniform one.
In the primitive model the expression corresponding to
equations (21) and (22) is [6]

B
K= n;iq;q- (23)

The similarity to the definition of «p in equation (17) is
obvious, and since the effective ionic charge q;) is different
from the bare charge g; it is readily seen that k # «p, as
inferred above.

As we have seen in equation (9), the total potential from
a simple ion in an electrolyte solution is proportional to the
unit screened Coulomb potential ¢80u1(r) with the effective
charge q;) as the prefactor with q;) # q;. This holds in the
PB approximation as well as in the exact analysis. The reason
that the decay parameter in the PB approximation is given by
equation (17) rather than equation (23) is that the ions that
surround the central ion are treated like point ions that do not
correlate with each other. Only the central ion (of species i) has
an effective charge that is different from its bare charge, while
for all other ions q(].) = ¢, in the PB approximation. The latter
ions determine the screening. Thus it is the different treatment
of the other ions compared to the central ion that makes k = xp
in the PB approximation.

The deviation of q;) from g; for the central ion is a
consequence of the facts that it attracts counterions and repels
coions and that all ions are excluded from its interior. In the
linearized PB approximation (the Debye—Hiickel theory) it is
only the exclusion effect that gives rise to this deviation and we
have q;) = g; exp(kpa) /(1 + kpa), where a is the radius of the
excluded volume around the central ion. In the nonlinear PB
approximation all of these effects contribute and ¢ depends in
a quite complex nonlinear fashion on g;. In the exact case the
dependence of q;) on g; and other system parameters are even
more complex since the value of q? is influenced by the many-
body correlations that are neglected in the PB approximation.

-q

Figure 1. A dipole consisting of two charges +¢ and —¢q separated
by the vector a. Its dipole moment is 4 = ga. The electrostatic
potential is calculated at a point that lies at distances r" and r,
respectively, from the charges.

Since all ions are then treated in the same manner, all ions of
the same species have the same effective charge and k # kp.

As we are now going to see, in the presence of molecular
solvent it is not only the ions that give contributions to the
effective charge, but also the solvent molecules. This may
seem strange, since the solvent molecules are electroneutral
and cannot give any contribution to a net charge. However,
it is not the Coulombic charge of the molecules that matters in
electrolytes, but rather a different entity that we will call the
“Yukawa charge’ of the molecule.

3.2. How can an electroneutral molecule contribute to a net
effective charge?

What does it mean that an electroneutral molecule gives
a contribution to the effective charge of a particle in an
electrolyte solution? We shall see that electrostatic potential
from an ion and from a polar molecule in the cloud around
the particle decays with distance in exactly the same way.
Therefore, both contribute to the leading term in the potential
far from the particle and thereby affect the value of the effective
charge.

To see this, consider the potential from a dipole with the
dipole moment 4 = ga as depicted in figure 1. In pure
solvent (k = 0) the Coulomb potential at a point located at
the distance r’ from the positive charge (+¢) and distance r
from the negative (—q) is proportional to

qa q _

r’ r r

ga-tr u-t
2 T T2

" when » — o0,
which is the normal dipolar term (f = r/r is the unit vector in
the direction of r). The potential decays faster than that from
a charge since the inverse distance contributions from the two
charges cancel exactly for large r.

In electrolytes (k #% 0), where the potential from a point
charge decays like a Yukawa function, the potential from the
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dipole is proportional to

—Kr’

qe _ qe_Kr ~ qe_Kr I:eka-f‘ _ 1]
r’ r r

when r — o0.

The two Yukawa function contributions do not cancel and they
give a contribution that decays equally fast as the potential
from a charge, i.e. proportionally to exp(—«r)/r. The
rhs depends on the direction of T, but there is a direction
independent part which can be found by taking the average
over all directions of . The average of exp(ka - T') is equal
to sinh(ka)/(ka), so the dipole gives the same contribution to
the potential as a point charge ¢g[sinh(ka)/(ka) — 1].

Thus it is not the Coulombic charge of a molecule that
matters but a different entity, which we shall call the Yukawa
charge of the molecule. The dipole in figure 1 has the ‘bare

Yukawa charge’
N sinh(ka)
g =q|—— - 1].

Ka

(24)

This dipole also gives contributions to the potential with the
same direction dependence as an ordinary dipole potential.
One can show that

Kr’ —Kr —Kr

e e R e
q ; _q—N[q*+K’L*.r+...]
r r r
e*l{l’
+[;L*-f'+~~] —+-- whenr — oo,  (25)
r
where the bare “Yukawa dipole moment’ is
. 3cosh(ka)  3sinh(ka) 26)
="k (ka)’

and where the expansion continues with quadrupolar and
higher multipolar terms. These higher moments have similar
hyperbolic factors as in equations (24) and (26). When « — 0
an ordinary multipole expansion of the potential is obtained,
q* — 0and u* — p (note the factor « in front of the first u*
in equation (25)).

A very important difference between equation (25) and
the ordinary multipole expansion is that the leading term that
decays like exp(—«kr)/r contains contributions from all orders
of multipole moments. The second leading term exp(—«r)/r>
starts with a dipolar term and continues with all higher
order multipole moments. The next term exp(—«r)/r> (not
shown) starts with a quadrupolar term etc. Thus the direction
dependence of the potential continues out to the far field region,
which is very different from the case in pure solvent and in
vacuum, where in the general case the spherically symmetric
1/r term from the net charge is the only contribution that
survives far away. For a dipole it is only the dipolar term that
survives far away in these cases.

Another difference between equation (25) and the ordinary
multipole expansion is the following. In the ordinary
expansion the lowest order nonzero multipole is independent
of where we put the origin, while all higher order multipoles
depend on this choice. For the Yukawa potential multipoles, all
moments depend on the choice of origin including the lowest
order one. If we selected to put the origin in figure 1 at the

charge +¢ instead of —¢ the sign of ¢* would be reversed,
and if we put the origin at the midpoint between the charges
we would have ¢* = 0. Since the oriented solvent molecules
in the cloud surrounding a particle are normally located at off-
centre positions relative to the particle, they will contribute to
the net effective charge of the particle counted from its centre.
Of course, these matters are equally relevant for contributions
from solute molecules that surround the particle.

3.3. Renormalized charge density of molecules

The total electrostatic potential from a particle in solution
consists of the potential from the particle itself and from
particles in its surroundings. We have seen that the potential
from a charge propagates in space according to the unit
screened Coulomb potential q)goul (r), at least in the weak field
limit. Furthermore, we saw in the previous subsection that the
application of the screened Coulomb potential has important
implication for the qualitative behaviour of the potential from
a particle in electrolytes. If we want to apply ¢>80u1(r) for
calculation of the rotal electrostatic potential due to a particle,
how do we proceed? Since ¢80ul (r), which we have defined for
all r, expresses the linear part of response due to charges (more
specifically, the self-consistent response to the total potential),
there must be some means to treat the nonlinear part of the
response to the interactions with the particle. This is where
charge renormalization of particles comes in. As we shall see,
the renormalization tells us how to include particles from the
‘ion and solvent cloud’ around each particle without double-
counting the contributions already taken care of by q)gou].

Let us consider a particle of species i immersed in an
electrolyte solution and placed fixed at the origin and with a
fixed orientation (and conformation) symbolized by w. It is
surrounded by a charge density of its cloud equal to pf* (r; @)
and the total charge density p; (r; w) is given by equation (11).
The electrostatic potential ¥; (r; w) due to the particle is given
by a simple application of Coulomb’s law, equation (12). (If we
consider a particle immersed in a primitive model electrolyte
¢cou should be replaced by ¢coul/€;-)

Our task is to express the potential ¥; (r; w) in terms of
the unit screened Coulomb potential, qbgou] (r), rather than the
unscreened one, ¢cou(r). We want to keep the same simple
form of the expression for v; as Coulomb’s law. To achieve
this, we cannot, of course, simply insert ¢>80u1 instead of @cou
in equation (12). The charge density must also be changed in
order to give the same potential v/;. We therefore set

Yi(r; o) = / drs o (r13; @)eou(r2)  (27)
where p?, the renormalized charge density, is unambiguously
defined from this equation. Note that equation (27) yields
Yi(ri2; w) for all rj, values and that ¥, (rj2; w) is exactly the
same in equations (12) and (27). Remember that ¢80u1(r32)
is defined for all r3; by equation (8) (or equivalently by
equation (6) or (7)).

The relationship between p; and p? can be written in
Fourier space as

A (k; ) = pi(k; ) (k), (28)
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which follows from v; = pipcou = Hi€ Peoul/€ = P PLouts
where we have used that the integrals in equations (12) and (27)
are convolutions. For the primitive model the relationship is
,5? = p;€ /€ instead of equation (28). (We should mention here
that ,0? can be expressed entirely in terms of p; and o; for all
J because the dielectric function can be written in terms of p;
and &;. This follows from equation (5) and the linear response
theory relation (k) = —B)_;n;(5;pj)v- Incidentally, x°
can be expressed in terms of /3? and ¢; in exactly the same
manner, which lies behind the expression (21).)

The charge density p?(r; w) consists of the bare charge
density o;(r; w) of the particle and an additional charge
distribution, ,ofress(r; ), which is built up by the various
species in the surrounding electrolyte solution, and we have

(29)

dress
; ress (r; 0)).

P! (r; ®) = 0;(r; ) + P}
It is a nontrivial fact [6, 7] that ,0? (r; w) is a more short-ranged
function than p;(r; w) (provided, as before, that we avoid
systems that are close to critical states and systems with very
strong screening. i.e. very short screening lengths). We denote
pfress(r; ) as the ‘dress’ of the particle and it constitutes an
unambiguously defined, short-range part of p*(r; w). The
particle and its dress will be denoted as a ‘dressed particle’,
which accordingly has the charge distribution ,o? (r; w).

One can show that [6, 7]

P (r1; @) = S (r1; ) + / drs i (013 ) x°(r32) (30)

where x is the same response function as in equation (3). The
integral is the linear part of the polarization response to the total
potential v; from the central i particle. This term constitutes
the part of p/* that is not contained in pfr“s. It follows that
o contains the charge density due to the nonlinear part
of the polarization response. By adding o; to both sides of
equation (30) we obtain the same relationship between p; and
pf, thatis p; = p + [ i x°.

In the PB approximation this relationship between p; and
oy becomes particularly simple and can be written p? (r; @) =
pi (r; w) + eoer/cl%iﬁi (r; w), where ¥; and p; in this case can
be determined by solving the nonlinear PB equation. Since
q)gou](r) is equal to a Yukawa function for all r in the PB
approximation, equation (18), we have from equation (27)

—KpTI'32

Yi(ri; o) =

/ drs p? (ri3; w) (PB) (31)

1

4 ey
i.e. i, written as a superposition of Yukawa function
contributions for all rj, values. As mentioned earlier, in the
PB approximation the ions in the cloud around the central i
particle are treated like point ions that do not correlate with
each other, which is the reason for the simplicity of this case.

In the exact treatment all particles are treated on the same
fundamental level. Then, v; is equal to a superposition of
Yukawa potential contributions for large ri, values only, i.e.

—KT
e 32

Yi(ri; o) ~

f drs p(r13; ) 32)

4 Eré()

when rj; — oo, cf equation (15). Here it is equation (27) that
gives v; for all ry, values, but then one must use qbgou] (r3p) for
all 3, which is not a simple Yukawa function for small 73,.

3

3.4. The asymptotic expansion of the electrostatic potential

From equation (32) one can show [12] that the leading
contribution to ¥; (r; w) for large r is

—KTr

(1) a €
S (s ~a (o) ——- 33
Yi(r; w) ~a; (r w)47'rEr60r (33)
where
ai(‘)(f-; ) = /ds p?(s; ) exp(—ksS - T), 34)

(a Laplace transform), which gives the coupling between the
renormalized charge density and an exponentially varying
potential field in the direction r. Furthermore,

1) o, _ 0 0 PN K_z 0 LA
a; (r;w) =¢q; +«kp;(w) -+ 3 O;(w):rr+--- (35)
where ‘:” denotes double contraction and the effective Yukawa

charge and dipole and quadrupole moments of the dressed
particle are given by

inh
i = [ aspisi ™ (36)
KS
h inh
1) =3 / ds p0s; w)s[cosz('f) - 3('?)} 37)
K2s K3s
0 15 0 2
O/ (w) = 5 ds p; (s; w)(3ss — s°1)
sinh(ks) cosh(ks) sinh(ks)
[ Bsd T kst 3 i3s3 :| 38)

The next term in ¥; (r; w) decays like exp(—«r)/ r? and we

have
e xr |:ai(])(f'; ) n ai(z)(f'; w) 4. :|

Yi(r; w) ~

47 E € r r2

when r — 00, 39)

where

a® @ w) = pd(@) t+cO%w)  FE+ oo, (40)
The analogy to the case of a single dipole, equation (25), is
obvious, and we see that the definitions (24) and (26) are
special cases of equations (36) and (37). In equation (39)
the subsequent term, which decays like exp(—«r)/r3, starts
with the quadrupolar term in the expansion of al@(f'; ). The
coefficients ai(l) (T; w) for all / can also be expressed as integrals
of p [12].

When k — 0 (vanishing electrolyte concentration) only
the charge term in ai(l) (f; ) and the dipolar term in ai(z)(f'; w)
survive and give the corresponding terms in the Coulombic
multipole expansion (the same applies for the higher order
terms not shown). In this limit qlp — f ds p?(s; w) =
f dso;(s; w) = g; since electroneutral molecules in the dress
do not give any contribution to the integral of p?. On the
other hand, we have p?(w) — [ dssp(s; ®), which is not
equal to u;(w) = f dsso;(s; w), since we in general obtain a
contribution from the dipolar moment of the dress. The higher
order moments behave analogously.
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In electrolyte solutions, k # 0, the leading term (33) of the
electrostatic potential at long distances contains contributions
from all multipole moments, equation (35). Hence the effects
of anisotropy of the central particle and its surrounding charge
distribution survive far away from the molecule. This is
radically different from the situation in pure solvent and in
vacuum, where only the contribution from the highest nonzero
multipole survives, e.g. the leading term for large r from an
anisotropic charged particle is the isotropic »~! contribution,
while the dipolar contributions decay faster and the multipolar
still faster.

Furthermore, the effective Yukawa charge and multipole
moments of a particle in an electrolyte contain contributions
from all kinds of charged and/or polar molecules in its dress.
This includes contributions from electroneutral polar particles
to the effective Yukawa charge as a special case. When the
screening length ! is large compared to the molecular size
the contributions from electroneutral particles are small, but
since there are many solvent molecules around a particle the
contributions add up to a non-negligible number when « !
approaches the molecular size. Furthermore, polar solute
molecules, when present, also contribute in the same manner.

3.5. The interaction free energy between two molecules in
electrolytes

The renormalized charge density p,o also has a fundamental
role in the interaction between two particles of species i and
Jj in an electrolyte solution. The appropriate entity here is the
pair potential of mean force w;; between the molecules or, in
other words, the interaction free energy. The pair distribution
function is given by g;; = exp(—pBw;;). As shown in [7],
the screened electrostatic part of the potential of mean force,
wf]' , can be written as the interaction between the renormalized
charge distributions plp and p? of the molecules as mediated by
the unit screened Coulomb potential

wii (13 w1, @) = f drs dry o7 (1133 @1) P (134) 0] (0245 @2),

4D
where the centres of the two molecules are separated by
ri; and they have orientations (and conformations) specified
by w; and w,;. This expression has the same formal
appearance as an electrostatic interaction energy between two

charge distributions expressed with Coulomb’s law. It can
alternatively be written
wf}(l’n; ), ) = /dl‘4 Vi (rig; wl)ﬂ?(l’m; @)

= / dr p] (ri3; @) ¥ (1233 @2), “2)

which has the form of an interaction energy expressed in
terms of the electrostatic potential from one molecule and the
renormalized charge density of the other. The interaction free
energy wf]l is a distinct contribution to the complete w;;, which
can be written for all ry, as [7]

short

0
w;j(Fi2; w1, @2) = ;" (X123 @1, w2) + w;; (ri2; w1, 2)

+ Wi (rp; 01, @), 43)

10

short
ij
potential between the i and j molecules and w?j contains the
pair bridge function and a term that only involves the short-
range correlation functions for the dresses of the molecules.

If the electrolyte concentration is not too high and the

screening length therefore not too short, wfjl decays more

where ;" is the short-range nonelectrostatic part of the pair

slowly with distance than w?j and uf.;“’“ [6, 7]. The former
contribution then dominates for large separations and we have
w;j(rn; o, wp) ~ wfj' (ri2; w1, wp) when ri; — o00. The
leading term of wy;; for large ry, then is

. 0 .
w;j(r2; w1, @) ~ /dl’a dry p; (r13; @1)

4 E €

—KT34

x P (X2 ), (44)

34
where we have inserted the leading Yukawa function term of
q)goul (r34) in wfjl While this equation is valid for large r, only,
equation (43) with wfj' from equation (41) is valid for all ry;.

Note that equations (41)—(43) bring an illustrative
perspective on the assumptions in the PB approximation. In
this approximation one sets wfj' = VY;q; and w;; u??"" +

el

w;;.  Thereby, one has made two approximations: (i) that
wfj' constitute the entire w;; apart from uf.;“’“ and (ii) that
,0? is replaced by a point charge ¢; in the first equality of

equation (42) or, equivalently, in equation (41). Thus, only
the i particle has a dress (the central particle), while all
other particles are assumed to be undressed point ions. As a
consequence w;; 7 w;; in general, while in the correct theory
we have w;; = wj; as required. We have already seen several
other consequences of this approximation.

The potential of mean force can in the general case also
be expressed in terms of the Yukawa charge and multipole
moments. When the screening length is not too short the
leading contribution decays for large separation like [7]

—Kr

P P
w;;(r; g, wz) ~a; (X w)a; ' (=r; w) ————
Y ! J 4egEr

2
~ K ~n
= [q?+/cu?-r+ ?9?:rr+---j|
2
X I:q?—/cu(}-f‘+?®?-:f'f‘+---

—Kr

e
X 7’

4m Eeor

where r points from the i molecule to the j molecule (for

clarity w; and w, are suppressed in the moments). For two
spherically symmetric particles this becomes

(45)

0,0,—«kr
q;49;¢

—_— 46
dwegEr (46)

wjj(r) ~
for large . We have w;; (r) ~ g ¥;(r) ~ ¢ ;(r) in this case,
i.e. the interaction free energy between the particles decays
like the mean potential from one particle times the Yukawa
charge of the other. The asymptotic relationships (45) and (46)
constitute the exact results that correspond to the weak overlap
approximation for the double layers of two interacting particles
in electrolytes.
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Note that if species i and j are at infinite dilution,
e.g. single particles immersed in an electrolyte solution with
a finite salt concentration, ai(l)(f'; w) for species i can be
evaluated in the absence of species j and vice versa. Their
interaction when both are present (at infinite dilution) satisfies
equation (45) with a Yukawa function decay where « and E;
have the values of the pure bulk electrolyte solution.

3.6. Higher order terms

We have so far considered the leading term of ¢80ul (r), which
decays like exp(—«kr)/r for the systems studied here. We shall
briefly consider higher order terms that decay faster. They give
contributions to v; and w;; that are included in equations (27)
and (41), but of course not in equations (32) and (44).

Such a contribution can be another Yukawa function term
that decays like exp(—«'r)/r with ¥’ > «. This is of
special interest for instance for 1:2 electrolytes where the decay
lengths « ! and (k") ~! have similar magnitudes in a fairly wide
concentration interval [25, 26], and we have for large r

'
—Kr —K'r
€

¢8oul (r) ~

47

dw Eeor  4mwEleor’

where E is a constant analogous to E|, see below. The second
term gives contributions to ¥; and w;; analogous to the rhs
of equations (32) and (44). These contributions can also be
expanded asymptotically for large r as the rhs of equations (39)
and (45), but ail) (t; w) and the Yukawa charge and multipole
moments should be evaluated with « replaced by «’ in the
respective formulae above.

Both Yukawa function contributions in equation (47)
correspond to zeros of €(k) in the denominator of qggoul(k)
in equation (7), i.e. €(ik) = 0 and €(i’) = 0. The factor
E! in the second denominator of equation (47) is accordingly
obtained from equation (20) by inserting k = ik’ instead of
ik. An interesting fact is that E; > 0 while E/ < 0. When
the electrolyte concentration is increased, x and ' approach
each other and finally merge. For even higher concentrations
q)goul (r) becomes an exponentially damped oscillatory function
for large r, which correspond to a complex valued «, see the
appendix.

For completeness it should be mentioned that there exist
terms in ¢2,(r) with other r dependences. They correspond
to singular points of ¢2_ (k) in complex k space that are not
poles [6, 25]. Such a point is a singularity of € (k) too and gives
rise to a term in ¢80u1(r) that does not decay like a Yukawa
function. If the singularity occurs at a point i with real ¢, the
decay in r space goes like f(r) exp(—¢r) with some different
f(r). (An example is a contribution that decays like the square
of a Yukawa function, exp(—2«r)/r?. This corresponds for
spherically symmetric functions to a logarithmic branch point
in complex k space at k = i2k.) At least when the electrolyte
concentration is sufficiently low, such singularities only give
rise to higher order terms in ¢80u1(r).

3.7. An alternative charge density renormalization

As an alternative to equation (27) one can in the general case
envisage a renormalized charge distribution p? (r; ) defined

11

such that

—KTI3

Yi(rig; o) =

1
drs p®(r1s: 48
m@a/r”“m“”mz 48)

holds for all r, values with the correct v; (ry2; w), k and E,.
The screened Coulomb potential used would then be

® e—l(r
= 49
Pcou(r) 47 Eeor “9)
for all r and we have

Yi(rin; ) = /dl‘3 P (r13; WS, 1 (r3). (50

One can easily show that
P2 (r; w) = [p; (r; @) + o’ i (r; ) E; (51)
(for the primitive model we have instead p® = [p; +

€0k > Wi 1E /€). Clearly, p® is much simpler to evaluate in
practice than ,0?. This is in particular the case for a single
particle (e.g. a macromolecule of species i) immersed in an
electrolyte solution of known x and E..

Let us analogously define

wi(r; wr, @) = /dr3 dry o (r13; @1)¢% (r34) 05 (r245 @2)

1

—KT34

= /dr drs p2(r 'a))e
_4]'[60Er 3dry p; (135 W .

cf equations (41) and (44). While ; in equation (50)
is the same as in equation (27), wf? is not the same
One can, however, show that

Py (i) (52)

el
as wij

wfj‘.(rlzg Wy, wy) ~ wf?(rlz; i, wy) for large r (this follows

in equation (41).

from zi)f? (k; w1, ) = ﬁ)fjl (k; w1, w)s(k), where 5(k) =
(1+«2/k*)E,/é(k), and the fact that §(k) — 1 whenk — ix).
Thus we obtain the leading term of w;; correctly. This holds
provided, as stated above, that the screening length is not too
short.

An advantage with this charge distribution renormaliza-
tion is that it yields the correct electrostatic potential every-
where by applying a simple Yukawa function, but a disadvan-
tage is that it gives correctly only the leading terms with decay
length k! of the screened electrostatic part of the interaction
free energy (the higher order terms with shorter decay lengths
are severely distorted from an appearance of [€(k)]? in the de-
nominator of @S’ rather than a single factor €(k)). It is only
the fundamental renormalization defined by equation (27) that
gives all terms correctly.

If one is interested only in the leading term in w;; with
decay length « ~! one can calculate af])(f'; ) in equation (34)
by using the alternative renormalization given by equation (51).
If one inserts ,0;8 instead of ,0? in equation (34) one obtains
exactly the same value of ai(])(f'; w) (this follows from
,6i® k; w) = ,6? (k; w)s (k) and the convolution theorem for the
Fourier and Laplace transforms). This route is easier to apply
and is particularly useful for the leading term of the interaction
between two single particles (e.g. macromolecules of species i
and j) immersed in an electrolyte solution of known « and E;.
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4. Electrolytes with intermolecular dispersion
interactions

4.1. Power law interactions

We shall now consider electrolytes that have contributions that
decay like power laws, r~", in the nonelectrostatic part of
their pair potential. The most important case is the ubiquitous
dispersion interaction between molecules that decay for large r
like 7 9. In liquid models it is usually included in the molecular
interactions as a Lennard-Jones potential.

For systems of uncharged particles with pair interactions
that decay like r =" with v > 3 it is known [27, 28] that their
pair correlations h(r) also decay like »=". More precisely,
if the pair potential u(r) ~ —yr~", where y is a constant,
then i (r) ~ B K?yr~". The constant K is dimensionless and
proportional to the isothermal compressibility xr

>N,T

where P is the pressure and N is the number of particles (we
assume here as in the rest of the paper that we are not at
criticality of the fluid).

This decay law for the correlation function also holds
for an electrolyte [15]. If the nonelectrostatic interactions
between the ions in a simple electrolyte decay like —y;;r™"
for large r then h;;(r) ~ ,BszNNr"’, where yyy is a linear
combination of y;; (to be defined below). This means that in
the presence of power law interactions the ultimate decay of
the pair correlations in an electrolyte is a power law rather than
an exponential decay. When y;; and/or the compressibility is
large, the r ™" tail of h;;(r) is large. (In the primitive model
of electrolyte solutions the number density we consider here is
the ionic concentration and the pressure and compressibility
refers to the ionic species only. We will for simplicity not
treat solvent as a molecular species in this section and we will
restrict ourselves to binary simple electrolytes. For a plasma
consisting only of charged particles we consider, however, the
total number density n, pressure and compressibility of the
plasma.)

The presence of an r~" term in the pair interactions
generates a multitude of power law contributions r~" with
n > v in the pair correlations; contributions that decay faster
with r. Since the leading contribution 8 K?yyyr~" to the pair
correlation function 4;; (r) is equal for all species of ions it does
not contribute to the charge density around the ions p*(r) =
> qnjhij(r) since 3 gn; = 0 from electroneutrality.
Thus p*(r) decays faster to zero when r — oo. To see
how the charge density behaves it is very useful to introduce
the ionic density—density, charge—charge and charge—density
correlation functions hyn(r), hoo(r) and hoy(r) (for
a primitive model electrolyte solution they express the
ionic concentration—concentration, charge—charge and charge—
concentration correlations). In the density—density correlations
one considers the spatial correlations in total number density of
particles (irrespectively of species). Likewise, in the charge—
charge and charge—density correlations all charges contribute
in the same manner irrespectively of which species they belong

on

aP (53)

K = kBTnXT = kBT <

12

to; only the magnitude and sign of the charges matter. For a
binary electrolyte we have

hyy = 03hoy +20,0_hy +607h__
hoo = jlhyy —2h 4+ h__]
hoy = hng = %[9+h++ +(O-—0)h —0_h__]

(54)

where 6; = n;/n is the fraction of i ionsand n = ny +n_ is
the total ionic number density. (This equation will also be used
for y;; to define yyy, yon and ypp.) Conversely, we have
hij = hyy + (i +t))hon + titihoo (55)
where 11 = ¢qi/qp and qp = (q+ + lg-1)/2. We see
from equation (55) that the species dependent contributions
in h;;(r) come from the hgn(r) and hpo(r) terms while the
contribution from %yy(r) is the same for all species. The
decay of h;;(r) we mentioned above originates from the fact
that hyn(r) ~ BK 2)/1v yr " in the presence of the power law
interaction.
The charge density pf*(r) can written as

P =ng (hQNm - ihggm) (56)
qo0

where ¢ = (nyq+ + n_|g—|)/n. Here we see that the

contribution from the term with s (r) depends on the sign

of the ionic charge while that from /¢y (r) is the same for

anions and cations. Note that the relationships (54)—(56) hold

for binary electrolytes irrespectively of the pair interactions.

In the present case with power law interactions, hyy (1),
hon(r) and hgo(r) decay in general like r ™", r=+2 and
r~* respectively [15] when the nonelectrostatic part of the
pair potential decays like r~” with v > 3. This implies that
p*(r) decays like r~+2 je. it too follows a power law rather
than an exponential decay for large r. The part of the charge
distribution that depends on sign of the ionic charge decays like
hoo(r),ie. like r= ),

The polarization response function yx (r) in equation (3)
can explicitly be written in terms of the charge—charge
correlations as

x(r) = =png a8V () + nghoo],  (57)
which accordingly decays like »~"*# for large r. Consider
the response due to a small point charge placed at the origin.
It follows from equation (3) with WE* proportional to ¢cou ()
that the polarization charge density from a small point charge
decays like r~"*2) in the linear regime. The total potential
from the point charge and the polarization charge density
therefore decays like r~", which follows from an integration
of the Poisson equation. Thus the unit screened Coulomb
potential ¢80u1 (r) from equation (8) decays like =" when
r — oo, i.e. the same power as in the nonelectrostatic part
of the pair potential. All these results show that the presence
of a power law potential in addition to the Coulomb potential
gives very different qualitative behaviour for large » compared
to the previous case without such interactions.
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4.2. Dispersion interactions between ions

Let us now specialize to the case of dispersion interactions
between the ions, y;;r~" with v 6. Then the density—
density correlations /yy () decay like r—°, charge—density
correlations hoy (r) like % and charge—charge correlations
hoo(r) like r~'° This behaviour is, in fact, fundamental
for fluids of charged particles. In quantum statistical
mechanics for Coulomb fluids, where the particles only interact
with Coulombic r~' interactions apart from a hard core
potential, Ayy(r), hoo(r) and hon(r) decay exactly in this
manner [29, 30]. These power law decays are a consequence
of the quantum fluctuations that also give rise to the dispersion
interaction.  Thus, in classical statistical mechanics the
inclusion of a r~% potential term as an effective dispersion
interaction gives rise to the correct asymptotic behaviour of the
pair correlation functions for long distances.

We shall now in more detail treat a model electrolyte with
the pair interaction

iy (r) = G bcon(r) — 23 4wt (r) (58)

short
ij

for example, include the repulsive r "< part of a Lennard-Jones
potential (which generates power law r~" contributions with
n = 12 in the correlation functions) or be of finite range like
a hard core potential. In the primitive model we replace ¢coul
by ¢cour/€:- When the polarizability of an ion is smaller than
that of the solvent we may have a negative y;;. For a plasma in
vacuum all y;; are positive.
We have [15] when r — o0

where u31°" is any sufficiently short-range interaction. It may,

—12

A
hyn (r) ~ =22
hon(r) (59)
hQQ(V) 1680 10 s

where A, are state dependent constants

N = ,BKZZ@Q/J/U = BK ynn
ij

YON
AQN_ Zbeﬂ/z/—ﬂK[ = + Bynn

D

)

[VQQ +28Y2 4 2y, }
KD D
(60)

where by = Bxl%é‘i + % and B is a state dependent constant
that can be written in terms of the second moment of /1y (r)

Aoo =73 Zb bjvij =P

Dl]

n
B= —E/drrthN(r) 61)
(in the notation of [15] B = Krn//cé).
It is most significant that Agy and Ao depend on the
ratio of the strengths of the dispersion interactions (y;;) and the
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electrostatic coupling (i3 or k7). Both Ayy and Aoy depend
on the compressibility (via K). In the general case Ayy, Aoy
and Ao can be positive or negative, but if all y;; > 0 we
always have Ayy > 0. B can have either sign.

If the dispersion interaction satisfies the ‘mixing rule’
Yij = (Viiyjj)l/z we have

AgoAny = (Aon)?, (62)

which motivates why the numerical factors for 1o and iy in
equation (59) are not included in A;;. In this case Ayy > 0
and Agp > 0, while Apy can be positive or negative. The
term yon in Agy and Agg is here proportional to /y44+ —
JV-— so its sign depends on the relative strength of the
dispersion interactions between anions and between cations.

4.3. The screened Coulomb potential

From our results for " interactions at the end of section 4.1
it follows that the screened Coulomb potential decays like r—°
when v = 6. More precisely, we have when r — 00

Q

L
Pou () ~ —=3F (63)

where Lgg = AQQKé/(ﬁng) which we can write

Lop = Zb b th = [)/QQ + 2BKDVQN + B KD)/NN]

(64)
Thus the ratio between the strength of the dispersion pair
interactions and the square of the average ionic charge go
enters the coefficient Lgp. When Bkj is small Loy ~
Y00/4% = Vi1 —2v+—+v--)/(q++|q-])*, which is entirely
determined by the interaction potential parameters. Note that
if the mixing rule for y;; is satisfied ypp = (/V4+ — Jy-)r
The spatial propagation of the electrostatic potential like
an r~% power law is intimately linked with the polarization
of the electrolyte brought about by unequal dispersion
interactions between the various ions. A separation of charge
in one region does not only give rise to an electrostatic
potential that polarizes other regions, but also a change in the
dispersion interaction between the regions that is unequal for
the various ions and therefore leads to a further contribution to
the polarization. The dispersion interactions are not screened
by the ions and therefore remain relatively long ranged. The
net polarization charge density decays, as we have seen above,
like 7 8. The expression (64) for Ly gives the appropriate
weighing of the dispersion and electrostatic effects in this
polarization.
That ¢2,,,(r) ultimately decays like »~® for large r does
not prevent it from having an exponential decay for smaller r.
As we have seen above such a decay is connected to a zero
of the dielectric function, €(k) = 0, in complex k space and
a leading zero k = ik still exists in the current case. The
presence of a power law r~% interaction in the pair potential
prevents, however, a zero k = ik with a real « value from
occuring [16]. Thus « is complex valued here and, as discussed
in the appendix, this leads to a term in q)goul (r) that decays in
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an exponentially damped oscillatory manner, as in the rhs of
equation (A.1). This term is, however, not the leading term
here and is ultimately dominated for large r by the power
law contributions to ¢80u1(r). (A power law term gives rise
to a singularity at k = 0, e.g. r© gives a |k|> term that is
nonanalytic at k 0. This is the basis of the asymptotic
analysis above, see [15, 16].)

Thus the electrostatic and dispersion interactions are
coupled in an intricate manner. The dispersion interaction
does not only cause a long-range r % tail of the electrostatic
potential, but it also causes the exponentially screened part
of the potential to turn oscillatory. (Note that the mechanism
for these oscillations is entirely different from those that occur
for strong electrostatic coupling mentioned in section 3.6 and
the appendix.) The oscillations remain at infinite dilution,
but one can show [16] that the screening length £~! and the
wavelength A 27n~! of the exponential decay, where
& = Re(x) and n = Im(k), have the following limiting law
in the infinite dilution limit: £~' o n~'/? (as in the usual
case) and A o« n~> when n — 0. This means that the
wavelength A is proportional to the screening length to the
sixth power in this limit, which implies that the exponential
contribution has decayed to a very small number long before
one single oscillation has occurred. For dilute electrolytes the
oscillatory contribution is accordingly indistinguishable from
a plain exponential one, i.e. the oscillations have no noticeable
effects. When the electrolyte concentration is increased this
relationship between the screening length and the wavelength
no longer holds. Then the oscillations may be important (how
high the electrolyte concentration has to be before this happens
is still an open question). However, for very weak dispersion
forces the wavelength will be large and the oscillations can be
ignored (A goes to infinity when all y;; go to zero).

We accordingly have a situation where the screened
electrostatic potential decays like 7 ~® for long distances and
has an exponentially (albeit oscillatory) decaying part that is
important for smaller distances. Both gy (r) and h g (r) have
exponentially decaying parts with the same decay length and
wavelength as ¢, (r) despite the fact that, as we have seen,
the power law decays of these functions are different. (This
follows from the fact that in Fourier space € (k) occur in the
denominator of all these functions, which therefore have the ix
pole in common.)

The charge distribution around an i ion, p™(r),
accordingly also has an exponentially decaying part with this
decay length and wavelength in addition to the power law
contributions that dominate for large ». From equations (56)
and (59) it follows that when r — o0

A
P (r) ~ _30”(]% (65)
r
irrespectively of the sign of the ionic charge. The

part of the charge distribution that depends on this sign
comes from the hgp term in equation (56) and decays
as 1680q,~q§1nqAQQ r~10 (there are also contributions from
hon(r) that decay like r~19).  Since Aoy contains the
compressibility via K in equation (60), the magnitude of the
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=8 tail of pf* (r) will be large when the compressibility is large
(e.g. near a phase separation).

From equation (65) and Poisson’s equation it follows that
the electrostatic potential from an i ion decays like

nqhon

66
€€0r° (66)

Yi(r) ~

when r — 00, where we have included the factor ¢, in

the denominator as applicable in the primitive model. The
effective charge as defined in equation (9) is accordingly
A
o_ _490 Q1;’ (67)
Aookp

and is the same for both species. When the mixing rule for
¥ij is satisfied, the sign of ¢ is determined by A gy. That ¢°
has the same sign for anions and cations is a consequence of
the fact that the /1y term in (56) is the same for both species.
The part of ; (r) that is species dependent decays like r~# (it
originates from the /1y term).

The occurrence of the fairly long-ranged charge distribu-
tion around the ion complicates charge density renormalization
schemes like that in section 3.3. The screened Coulomb inter-
action does not account for all effects in the long-range part
since the dispersion interactions in themselves give rise to po-
larization charges far away. Therefore it does not make the
same physical sense to do a renormalization solely based on
q)goul as in equation (27), even if it is formally possible to do it
in the same manner here. (If one does, one obtains a renor-
malized charge density that decays like ~°, which is more
long-ranged than the actual charge density.) The exponentially
decaying parts of the charge density and electrostatic potential
are, however, dominated by electrostatic effects, at least when
the dispersion interactions are not too strong. When this is
fulfilled, the qualitative picture obtained in section 3 will hold
for these parts (except the oscillations) even in the presence
of dispersion interactions, but one cannot simply take over the
formulae for the asymptotic relationships in section 3.4 as they
stand since they do not properly consider the power law de-
cays. The magnitude of the power law parts of p* and v; can
be obtained from the results in this section.

5. Summary

An exact statistical mechanical formalism for the screened
electrostatic potential from and interaction between ions and
molecules in electrolyte solutions with molecular solvent is
presented. Key concepts are (i) the unit screened Coulomb
potential ¢80u1(r), which gives the weak field propagation
of the electrostatic potential (the Green’s function of the
electrolyte), and (ii) the renormalized charge density p? of
each molecule. The latter contains the nonlinear polarization
response of the electrolyte solution due to the interactions
with the molecule. The average electrostatic potential ;
from a molecule is written, equation (27), in terms of ¢80ul
and ,0? in complete analogy to Coulomb’s law. The screened
electrostatic interaction free energy of two molecules, wf},
in the solution is similarly expressed as the Coulomb-like
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interaction between the renormalized charge density of one
molecule, pf, and that of the other, p}, as mediated by the
unit screened Coulomb potential ¢>80u1 (equation (41)). These
expressions for v; and wfj' are valid for all distances. The long
distance asymptotic decay behaviours of these functions are
investigated and it is shown how they can be expressed in terms
of multipole expansions based on the Yukawa function family
exp(—«r)/r™. The effective net charge, effective dipole
moment and higher multipole moments of each molecule in
the system are thereby defined. The expressions for these
quantities (the Yukawa charge, Yukawa dipole moment etc)
differ from the ordinary Coulombic ones. In an electrolyte
solution all multipole moments contribute to the leading
asymptotic term for large separations, which implies that the
full directional dependence of the electrostatic potential from
a molecule remains in the longest range tail. These decay
behaviours are strictly valid provided the nonelectrostatic part
of the molecular pair interactions decays faster than any power
law and provided the electrolyte concentration is not too high
(the screening length « ~! not too short) and the system is not
close to criticality.

In the presence of dispersion interactions between the
particles in the electrolyte solution the exponential decay is
no longer dominant in the electrostatics for large separations.
Due to a nontrivial coupling between the electrostatic and
dispersion pair interactions between the ions, the electrostatic
potential from an ion ultimately decays like a power law
for long distances. Furthermore, this coupling makes the
exponentially decaying terms become oscillatory.

The main results for the long distance decay of the
electrostatic potential for various cases are summarized in
table 1.

Acknowledgment

This work has received financial support by the Swedish
Research Council.

Appendix. Oscillatory screened Coulomb potential

The screened Coulomb potential ¢(O:ou1 (r) has in some cases
an exponentially damped oscillatory decay or it can have
a contribution with such behaviour. As we have seen,
a nonoscillatory Yukawa function decay, equation (15),
corresponds to a zero of the dielectric function € (k) in complex
k space (a pole of ngoul(k) = 1/[eok*E(k)]). We then have
E(ik) 0 with a real value «, i.e. the zero ix occurs on
the imaginary axis. Several such zeros can occur, e.g. ik’
mentioned in section 3.6.

The dielectric functions can, however, also have a zero
that does not lie on the imaginary axis. This corresponds to a
solution of €(i¢) = 0 with a complex ¢. Such solutions always
come in pairs, { = £+4in and its complex conjugate { = £ —in,

where & and 1 are real. Together, these singularities of égoul(k)
give rise to a term in ¢80ul (r) that decays in an exponentially
damped oscillatory manner, cos(nr + ) exp(—&r)/r, where
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¥ is a constant (a phase shift), cf [24]. In fact, the leading zero
ik can be a solution of this kind and then we have for large r

_g.:r
$0,(r) ~ cos(yr + 19)4;W (A1)
where £ = Re(k) and n = Im(k). The constants o and
originate from E; in equation (20), that is also complex valued
here. Equation (A.1) holds as an asymptotic law provided
no other, longer-ranged contributions exist. In the presence
of nonelectrostatic power law interactions, section 4, such
contributions do exist and then the rhs of equation (A.1) is a
term in ¢80ul (r) that is dominated by the more long-ranged
parts for large r.

A complex « can, for example, arise when two purely
imaginary zeros ix and ik’ approach each other, then merge
and finally give rise to two complex roots ik and ix. This
happens in electrolyte solutions when the electrostatic coupling
becomes strong enough, cf. section 3.6, a phenomenon that was
first found by Kirkwood [31]. For sufficiently low electrolyte
concentrations the leading singularity of égoul(k) is, however,
always a solution of €(ix) = 0 with a real « for the systems
treated in section 3.

For systems with dispersion interactions, section 4, k is
complex valued even at infinite dilution. This is caused by the
appearance of a term proportional to k* in €(k) from the r—°
interaction. This term together with other terms with higher
odd powers of k prevent the zero at ik from appearing on the
imaginary axis, at least when the electrolyte concentration is
not too high [16].

The formulae in this paper can be generalized to
accommodate complex k and oscillatory Yukawa-like decays.
This is left to future work.
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