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Abstract

The Born charging equation predicts that the permeability of a cell membrane to ions by the solubility-diffusion mechanism depends on

the ionic radius and on the dielectric constant of the membrane. However, experiments, for example, on red blood cells and on lysosome

membranes, show that the permeability depends strongly on the choice of salt anion in a way that cannot be accommodated by differences in

ionic size. We demonstrate that one step towards understanding this ion specificity is to take account of the previously ignored dispersion

self-free energy of the ion. This is the quantum electrodynamic analogue of the (electrostatic) Born self-energy of an ion. We show that the

dispersion self-free energy contribution can be and often is of the same order of magnitude as the Born contribution. To understand the

observed specificity, it is essential to take into account of both ionic size and ionic polarizability. In parallel and to reinforce these

observations, we also give simple estimates for how self-free energy changes that occur when an ion moves into the air–water interface region

(which has a density profile for water molecules) can influence the surface tension of salt solutions. Consistency can be found between the

Hofmeister sequences observed in ion permeation and in surface tension of electrolytes when these previously ignored self-free energies are

included properly.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

From a physicochemical point of view, the cell membrane

constitutes a region of low polarizability that acts as a

barrier to the passage of ions between two aqueous

solutions. Two different mechanisms are often used to

describe ion permeation of cell membranes. In the first, ions

traverse the membrane through pores. In the second, ions

partition into the membrane phase and diffuse across the

membrane. We will here only consider the second

mechanism. Anions are frequently supposed to move across

membranes via this solubility-diffusion mechanism. The

permeation of an ion across a membrane depends directly
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on the Gibbs free energy change in transferring the ion from

aqueous phase to membrane phase. The leading term in the

free energy of an ion in a given medium is the electrostatic

Born self-energy (or the benergy of chargingQ) [1,2]. For

thin membranes, Parsegian demonstrated that there is

an important correction to the Born self-energy from the

image energy when the ion sits in the interior of the

membrane [1]. This purely electrostatic model [1] predicts

that the only ionic properties that influence the permeability

are the ionic charge and the ionic radius. According to this

model, all monovalent anions with similar radii should

permeate equally well. However, experiments reveal a

much more complicated and interesting picture. The

permeability of rat liver lysosome to anions follows a

Hofmeister series for different anions, decreasing in the

order thiocyanate, nitrate, iodideNbromideNchlorideNsulfate

[3]. The permeation through phospholipid bilayers follows
114 (2005) 95–101
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exactly the same series [2,4,5]. The influence on cell water

in human red blood cells from different anions of the

background salt also follows the same trend [6]. The

observed Hofmeister series is not only observed in ion

permeation but is in fact much more general [7]. It has been

seen, for example, in membrane biology [8,9], surfactant

self-assembly [10], activity coefficients of electrolytes [11],

and cutting efficiency of DNA [12].

It is then clear that an electrostatic mechanism cannot

provide the complete story. We demonstrate here that an

extension of theory that seems important to an under-

standing of this ion specificity is via inclusion of the

previously ignored dispersion self-free energy of the ion.

This is the quantum electrodynamic analogue of the

electrostatic Born self-energy of an ion. The source of

this energetic contribution lies in the fact that ions have

polarizabilities different from the surrounding medium in

which they are immersed.

We first give the basic theory of self-free energies of

polarizable particles (Section 2) and then proceed to discuss

different effects (including self-free energies) that influence

anion permeation through thin membranes. We also

compare with general trends observed in experiments

(Section 3). In Section 4, we deviate slightly from the

main topic of this article to reinforce our claims. We

examine how the same conceptual framework also

provides a mechanism that can explain the Hofmeister

sequence observed in experiments that measure the

surface tensions of salt solutions. Having established the

very important role for both electrostatic and dispersion

self-free energy changes when an ion moves from one

media to another, we end finally with some conclusions

(Section 5).
2. Basic theory

By the abbreviation bdispersionQ energy, we mean the

totality of many body electrodynamic fluctuation energies of

interaction between an ion and the surrounding medium. If

the medium was a dilute gas, this would comprise just

contributions from Keesom (dipole–dipole), Debye (dipole–

induced dipole), and London dispersion (induced dipole–

induced dipole) interactions [13].

We first demonstrate that this previously ignored

dispersion self-free energy contribution for large polar-

izable anions is often of the same order of magnitude as

the electrostatic Born contribution. To do so, consider a

model membrane made up of an isotropic film of hydro-

carbon with a dielectric susceptibility function e1(ixn) and

the aqueous phases (water) to be homogeneous media with

dielectric functions e2(ixn). Here, ixn is a discrete

frequency (on the imaginary axis for technical reasons)

that is used later in the calculation of the dispersion self-

free energy. The electrostatic contribution to the change in

free energy when an ion (with charge e and radius a) is
transferred from aqueous phase to the center of the

membrane is given by [1]

Gel ¼ e2

8pe0a

�
1

e1 0ð Þ � 1

e2 0ð Þ

�

� e2

4pe0e1 0ð Þd ln

�
2e2 0ð Þ

e1 0ð Þ þ e2 0ð Þ

�
; ð1Þ

where e0 is the permittivity of vacuum, and d is the

thickness of the membrane.

The concept of dispersion self-energy in atomic systems

was developed by Mahanty and Ninham [13]. It is a

quantum electrodynamic dipolar polarization analogue of

the Born electrostatic energy of a charged particle. This

dispersion self-energy has been neglected in the theory of

ion permeation. This is clearly inconsistent as both the

electrostatic (classical and zero frequency) and finite

frequency (electromagnetic fluctuation) interactions are part

and parcel of the same physical framework and must be

considered on an equal footing. We will here give the finite

temperature result for isotropic ions in aqueous phase and in

the membrane. It is straightforward to extend the result of

Mahanty and Ninham to take into account the effect of

surrounding media and finite temperature T. The contribu-

tion from dispersion self-free energy to the free energy of

transfer between the two phases is

Gdisp ¼ 4kBTffiffiffi
p

p
Xl
n¼0

V

�
a1T ixnð Þ
a31e1 ixnð Þ � a2T ixnð Þ

a32e2 ixnð Þ

�
; ð2Þ

where kB is Boltzmann’s constant, ai and ai* (ixn) are the

ion radius and excess ionic polarizability in media i. We

stress that both radius and excess ionic polarizability in

principle will be different in different phases. Here, we

approximate them with the result for water. This should lead

to a small underestimate of the dispersion self-free energy

change. However, we are, here, mainly interested in the

general result and principles. It is the bare ionic radius that

should be used in these calculations rather than the hydrated

radius (the radius for the dispersion self-free energy

involves a reasonable assumption of a Gaussion spread in

the wave functions and polarization). This is so since the

dispersion self-free energy obtains its main contributions

from visible and ultraviolet frequencies. This depends on

electronic densities, which are not affected much by

orientation of dipoles or hydrogen bonding of water around

the ion. The self-free energy change is obtained as a

summation over discrete frequencies (xn=2pkBTn/ t), and
the prime indicates that the n=0 term carries a weight of 1/2.

We use the approximate excess polarizabilities for Cl�,

Br�, and I� given by Kunz et al. [11]. We model the ionic

excess polarizability with a single adsorption frequency (xI)

for each species using the London approximation,

aT ixnð Þ ¼ aT 0ð Þ
1þ x2=x2

I

: ð3Þ



Table 1

Different contributions to the transfer energy of three anions (Cl�, Br�, and

I�) are shown

Cl� Br� I�

Fdisp(expected) [kJ/mol] 21.75 23.32 20.64

Fdisp(adjusted) [kJ/mol] 48.67 44.88 27.37

Felectrostatic [kJ/mol] 187.10 172.78 153.93

F total(expected) [kJ/mol] 208.85 196.11 174.57

F total(adjusted) [kJ/mol] 235.77 217.66 181.31

These contributions are the dispersion self-free-energy (using expected and

adjusted polarizabilities), electrostatic transfer energy (Born+image), and

the sum of electrostatic and dispersion self-free energies.
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The excess polarizability is the difference between the

polarizability of the ion and the surrounding media (it can

be either positive or negative, and it will be different for

different ions, for example, larger for iodide than for

chloride). Kunz et al. gave two sets of values for the static

excess polarizabilities and adsorption frequencies. One set

comprised the bexpectedQ values taken from the literature,

and the other was the badjustedQ values that they found

could accommodate the experimental osmotic coefficients

of a large number of different salt solutions. Since data for

the properties of ions in water (polarizabilities, adsorption

frequencies, and radii) are not yet well known and the two

sets give quite different results, we will present results

using both bexpectedQ and badjustedQ values. The main

point is that we observe in both extreme cases large effects

from inclusion of ionic dispersion self-free energy. Further

experimental results and molecular simulations are

required to obtain more accurate knowledge of the ionic

polarizabilities.

The expected values for Cl�, Br�, and I� are 2.1

(1.97�1016 rad/s), 3.17 (1.80�1016 rad/s), and 4.6 23

(1.59�1016 rad/s) for the static excess polarizability (adsorp-

tion frequency) [11]. The adjusted values for Cl�, Br�, and

I� are 4.7, 6.1, and 6.1 23 for the static excess

polarizability [11]. The same adsorption frequencies were

used in both cases, but they are by no means better known

than the static polarizabilities. The ionic radii are also the

same in both sets for these ions and are approximately

1.81, 1.96, and 2.2 2 for Cl�, Br�, and I� [11]. Since all

these ions have different radii, it may be argued that the

effects obtained by inclusion of dispersion self-free

energies can be obtained by adjusting the radii for the

electrostatic contribution. However, also ions with very

similar radii, such as iodide and chlorate, give different

results. This is because they have very different polar-

izabilities. The main reason that one has to include

dispersion self-free energies is of course that it is of the

same order of magnitude as the main electrostatic term

(and as the experimentally observed ion specificity). It is

as fundamentally incorrect to omit this term as it would be

to omit the Born energy.

The dielectric function of the aqueous phase (water) was

obtained from tabulated optical data and the use of a

Kramers–Kronig relationship (complemented with a high-

frequency asymptote) [14]. The dielectric constant of water

is 80. The dielectric function of the membrane is modeled

with a single oscillator frequency [13]

e1 ixnð Þ ¼ 1þ e1 0ð Þ � 1

1þ x2=x2
uv

; ð4Þ

where we take the dielectric constant to be 2, and the

resonance frequency xuv=10
16 rad/s. In numerical exam-

ples, we will also consider model dielectric functions for

octane and pentane obtained from Mahanty and Ninham

[13]. This will demonstrate that the frequency-dependent
membrane dielectric function has a strong influence on the

dispersion self-free energy.

There will in general also be contributions from the

dispersion interaction free energy. It is straightforward to

extend the expression for the complete dispersion energy

(that includes both self-energy and interaction energy) of

an atom in a thin film given by Mahanty and Ninham (Eq.

(4.105) of [13]) to include the effect of finite temperature.

Thin membranes are typically around 20–100 2 thick. In

the numerical examples, we will consider a 20 2 thick

membrane. The reason for our choice of such a thin

membrane is to demonstrate that, for all practical purposes,

the effects of ionic dispersion interaction free energies are

small. This modification within the membrane can be

neglected as compared to the changes in bulk ionic

dispersion self-free energy (dispersion interaction energies

are simply the change in dispersion self-energy due to the

presence of an interface, the precise analogy of image

terms for the electrostatic component [13]). We have found

that the contribution from dispersion interaction free

energy of an ion in the film only influences the free

energy in the close proximity of the interface. In the

middle, it is quite negligible for any film with realistic

thickness. However, as we will discuss later, ionic

dispersion interaction energies acting on ions that are in

the salt solution do play an important role. The image term

given by Parsegian [1] gives a measurable effect in

reducing the electrostatic energy in the center of the film

by roughly 20%. For comparison, the dispersion self-free

energy and electrostatic contributions to the transfer energy

of the three anions considered are shown in Table 1. The

large differences between the results found using the

different sets of polarizabilities demonstrate that more

accurate data for the polarizabilities and radii of ions in

water and in different membranes are essential. However,

the main point is that effects of ionic dispersion potentials

cannot be ignored. They contribute almost as much as the

main electrostatic contribution and clearly are as large as

the experimentally observed ion-specific effects. In the

following section, we will discuss some further complica-

tions that should be included in a more refined theoretical

analysis.
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3. Different effects that influence anion permeation and

comparison with experiments

In this section, we discuss how self-free energies

influence ion permeation occurring via the solubility-

diffusion mechanism. We will also consider some additional

effects that complicate the theoretical analysis of ion

permeation across membranes and make a qualitative

comparison with trends in some experiments.

The permeability of a (hydrocarbon) membrane to ions is

directly related to the Gibbs free energy of transfer (it is

proportional to exp[�G/kBT]). At a fixed bulk concen-

tration, the experimental flux of anions across rat liver

lysosome membranes decreases in the order thiocyanate,

nitrate, iodideNbromideNchlorideNsulfate [3]. The same

order has been found in permeation of anions across

different lipid bilayer membranes [5,15]. The experimental

results support diffusion as a mechanism for anion transfer

in these cases, and the transfer self-free-energy should

increase in the order iodidebbromidebchloride. This is

exactly the same trend that we find theoretically. However,

it is important to stress that the results given in the previous

section are not yet good enough to compare with experi-

ments in quantitative detail.

One complication is the fact that the radii used for the

electrostatic and electrodynamic dispersion self-free energy

contributions are not treated in a consistent way. Different

groups have taken opposite points of view on which radii

should be used for the electrostatic contribution. Some have

argued that one should use hydrated radii [5], and others the

bare ion radii [16,17]. This conceptually important problem

is not with dispersion forces or dispersion self-energies but

with the electrostatic contribution. Pauling radii usually

used in electrolytes are deduced from crystal radii, assuming

a hard core model for ions, or else they are arbitrarily

bhydratedQ fitting radii (fitted, say, to activity coefficients at

low concentrations). In fact, the radius is always of quantum

mechanical origin, and one needs to take into account of the

Gaussian spread of the polarizability derived rigorously

from quantum mechanics. Mahanty and Ninham [13]

accounted for this in their work on the dispersion self-

energy, and we will, in the near future, come back to how

this also needs to be taken into account for the electrostatic

contributions. Here, we will mainly focus on the electro-

dynamic dispersion contributions.

3.1. Membrane-induced surface potential effects

Before we compare with general trends from experi-

ments, we first discuss a few other effects that influence ion

permeation. It is essential to note that self-free energies are

clearly not the entire story. Chloride, cation, and water

molecule permeabilization across human red blood cell

membranes depends strongly on the choice of anions of the

background salt solution [6,18–24]. The permeability of

radiolabeled albumin across bovine pulmonary arterial
endothelial monolayers also depends on the choice of

anions in background salt solution [25]. These effects

cannot be explained as self-energy effects since they depend

on other species. As discussed recently by Bostrfm et al.

[26], ionic dispersion potentials acting between ions in salt

solution and a membrane surface can give rise to a

substantial and highly ion-specific membrane potentials at

physiological concentrations (say, around 0.1 M and above).

This leads to an ion-specific electric field inside the

membrane and an ion-specific membrane potential (D/).

The contribution from the membrane potential to the total

(Gibbs) free energy is

DG ¼ � qD/;

where q is the ion charge. This should be accounted for in a

detailed investigation of ion permeation.

3.2. Effects of ion concentration near a membrane surface

In a series of papers Wieth et al. investigated the effect of

salt on the permeability of human red blood cells. They

found that, under normal conditions, the human red blood

cell bprefersQ Cl� over K+ by a factor of 106. With 0.12 M

chloride anions replaced with salicylate anions, the human

red blood cell bprefersQ K+ over Cl� by a factor of 2! This is

inexplicable via electrostatic theories. We propose that one

reason for this is that salicylate anions are attracted (much

more than chloride anions) towards the cell membrane by

ionic dispersion potentials. This adsorption gives rise to an

electrostatic potential that favors potassium ions near the

interface, while the surface chloride concentration will be

much reduced. In other words, the beffective chargeQ of the
red cell may change sign when the anion of the background

salt is changed. An unknown referee has suggested that the

dielectric constant might increase towards the edges of a

membrane. This would probably not influence much the

self-energy in the membrane, which is the focus of this

paper (at least not in the middle of the membrane), but it

would increase the ionic dispersion potential attracting ions

in solution towards the solution–membrane interface.

3.3. Ion-specific membrane charge effects

To rehearse the arguments so far, we have mentioned

three effects that should be considered if we are to

understand ion-specific permeation. These are ionic self-

energy, membrane potential, and the surface concentration

of ions. Another very important factor is the fact that ions

influence pH and charges of membrane-bound proteins in a

highly specific way. It has been observed experimentally

that nitrate anions have a larger affinity for hemoglobin than

chloride. The membrane-bound protein hemoglobin, not

only buffers the human red blood cell, but also regulates the

charge. To put this in other words, the charge of the human

red blood cell membrane will be different in different salt

solutions. This is because both the pH of the salt solution
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and the ionic distributions (including the hydronium ions

that regulate the charge) at the protein surface depend on the

choice of background salt. In this connection, Baglioni et al.

(to be published) in Florence have recently demonstrated

that, under certain circumstances, one could replace 0.5 M

NaCl with 0.1 M NaSCN and get the same pH in a

cytochrome c solution. The buffer capacity of a protein

solution increased with increasing salt concentration and

with increasing ionic polarizability. Similar effects must

clearly also be present in the human red blood cell. We will

explore this effect elsewhere, but it is important to stress that

the charge of membranes with embedded proteins will be

ion-specific for this reason. This circumstance then gives

rise to further ion specificity for the membrane permeation

of anions. There may also be ion-induced conformational

changes in membranes [27]. Gurau et al. [27] presented

experimental surface potentials with trends that conform

nicely with the theoretical result presented by us recently

[26] and new experimental results that provide experimental

support for the view that the observed Hofmeister series

usually has less to do with bulk water structure than with

ion–surface interactions. There can be different situations

where different effects (self-free energies, surface potential,

surface concentration of ions, membrane charge, and ion-

induced changes in the membrane) can be the more

important one(s).

3.4. Qualitative comparison with experiments

We will now discuss the experimental results of Paula et

al. [5] in some details. They fitted their experimental

permeation with one ion-specific term and used a common

hydrated ionic radius for the Born self-energy of chloride,

bromide, and iodide. Their calculations were based on few

assumptions concerning the prefactors for the ion perme-

ation and left some uncertainty about how accurate their

transfer free energies are. However, in the light of the

limitations that our theoretical results have (in detailed ionic

properties), we should be quite happy if we can compare

with the general trends. Paula et al. found a common

electrostatic contribution of 79.09 kJ/mol for all three

anions. They then further estimated a bhydrophobicQ
contribution to be �29.02 kJ/mol and some kind of effective

dipole potential contribution to be �23.15 kJ/mol (this

dipole potential depends on surface potentials but also on

charges of embedded charge groups). They then added an

additional ion-specific term (of unknown origin) of 10, 5,

and 0.5 kJ/mol for Cl�, Br�, and I�. Clearly, the differences

in our calculated transfer energies between different anions

(from the results presented in Table 1) are all larger than

what Paula et al. used. We find, for instance, that, using the

bexpectedQ polarizabilities for chloride and bromide, the

difference in transfer energy for these two anions are 12.7

kJ/mol if the total contribution is included, while it is 14.3

kJ/mol if only the electrostatic contribution is included.

These values of course depend strongly on the ionic radii,
ionic polarizabilities, and dielectric properties assigned to

the membrane.

The total transfer energies of individual anions that we

obtained here are much too large as compared to the

results obtained by Paula et al. This provides strong

motivation for us to come back in a later publication to a

consistent treatment for the spread of the polarizability and

evaluation of dispersion and electrostatic contributions

consistently and together (it is not only important to do

the electrostatic contribution properly as was done for the

dispersion contribution, but they have to be treated

together). Here, we focus on the contribution from

dispersion self-free energies that are exactly of the right

order of magnitude when compared to experimental ion

specificity. What we will demonstrate is that this contri-

bution is important but that there is need to improve our

knowledge of ion polarizabilities and ion radii in different

phases. There is reasonably large spread in these param-

eters between results used, calculated, or estimated by

different groups. We will fix the radii at the values given

in Section 2 and consider how the dispersion self-free

energy differs when different polarizabilities and membrane

dielectric properties are used. Using the polarizabilities

suggested by Tavares et al. [9] for ions in water, we find a

dispersion contribution of 13.4 kJ/mol for chloride and 12.3

kJ/mol for bromide in the model membrane. If we instead

use these model polarizabilities together with the model

dielectric functions for octane and pentane [13], we find 6.3

and 10.1 kJ/mol for chloride and 5.7 and 9.5 kJ/mol for

bromide. The model polarizabilities calculated by Netz [28]

for ions in air and water have, in our opinion, too low

resonance frequencies. We still use these values (with

properties in membrane replaced by those in air) to see how

changes in frequency dependence of ions in different

phases may potentially have a strong influence. In the

model membrane, we then find a contribution from

dispersion transfer self-free energy of 7.5 kJ/mol for

chloride, and, for bromide, it is even an energy gain of

�15.1 kJ/mol. Different simulations have suggested that

the static polarizability of chloride in water should be

around 4 23. If we use this value both in water and

membrane, together with a typical resonance frequency of

1016 rad/s, we find a dispersion self-free energy of 17.4 for

the model membrane, 12.6 kJ/mol with a bpentane
membrane,Q and 8.2 kJ/mol with an boctane membrane.Q
The upshot is that however we vary ionic and membrane

parameter within a wide range, dispersion self-free energies

are important and cannot be ignored, but better knowledge

of the properties of ions in different phases and of the

dielectric properties of membranes is essential. At the

present stage, with or without contributions from dispersion

self-free energy, theory is still not accurate enough for

detailed comparison with experiments. The only thing we

can honestly conclude is that dispersion self-free energies

are important and that they do give the right trends when

compared to experiment.
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4. Towards consistency between ion permeation,

solvation energies, and the surface tension of electrolytes

To reinforce the inferences of the previous section, we

here briefly describe how an understanding of the air–water

interface emerges when one realizes that the interfacial

region in some sense can be considered as a very thin

bmembraneQ with different dielectric properties than those of
bulk water. There has been controversy in the literature on

the true origin of the ion-specific surface tension of salt

solutions, which remained unexplained. We have demon-

strated earlier that inclusion of ionic dispersion potentials

acting between ions and the air–water interface gives

surface tension changes with added salt of the right order

of magnitude [8]. However, the calculations gave an

incorrect Hofmeister series [11]. Jungwirth and Tobias

demonstrated that simulations that include static ion polar-

izabilities give the right Hofmeister series, but the values

obtained were a factor of 2 too large (and calculated surface

tension and freezing temperature of pure water were

incorrect) [29]. We have recently demonstrated how it is

possible to better unravel this problem—by inclusion of

dispersion self-energies, exactly as for our membrane

problem (Bostrfm et al., submitted for publication). We

will here summarize the essential features of that work since

it demonstrates that one can find consistency between the

ion-specific surface tension of electrolytes, solvation ener-

gies, and membrane permeation.

To proceed, in the air–water interfacial region towards

the interface, there is a transition region, around 6 2 thick,

with increasing concentration of dissolved gas and decreas-

ing concentration of water molecules. This means that the

self-energy of the ion will increase as it goes towards the

interface (there will also be some influence of the

anisotropic ordering of water). While the solvation energy

of ion pairs is well known, it is less well described for single

ions. We used, for demonstrational purposes, the results

given by us elsewhere [17]. The solvation energies of Na+,

F�, Cl�, Br�, and I� can then be estimated to be around

407.6, 502.7, 361.8, 334.3, and 209.5 kJ/mol (of these

solvation energies, around 10–30% comes from dispersion

self-free energies). We have demonstrated elsewhere how

the profile of water near the air–water interface gives rise to

a distance-dependent change in the free energy of ions near

the interface. This gives rise to a repulsive force acting on

the anions going in the sequence F�NCl�NBr�NI�. This

correlates perfectly with the observed Hofmeister series

observed in experiments on surface tension of electrolytes.

One can then demonstrate that inclusion of ionic dispersion

potentials further improves the agreement with experiments.

We find exactly the right magnitude for surface tension

changes with added salt (and also for surface potentials)

when both self-free energy changes and ionic dispersion

potentials are accounted for. More importantly, we demon-

strated that it is the inclusion of solvation energies that is the

origin of the observed Hofmeister sequence in interfacial
tensions. This is interesting and demonstrates that a more

accurate investigation of the air–water interface has to take

into account how the dielectric properties of water changes

near the interface and how the ion self-free energy changes

when the ion moves towards the interface. We have recently

submitted the result of such investigation to Langmuir, but

we would like to emphasize again that it is the inclusion of

self-free energy effects (electrostatic and dispersion) that

give consistency between experimental results observed for

ion permeation across membranes and for the surface

tension of electrolytes.

In cases where ions go from one phase to another (as they

do in ion permeation, at air–water interface, and at bubble

surfaces), the change in water and dissolved gas densities

will give important self-free energy contributions. In other

cases, these effects will be much smaller, and specific ion

effects are then dominated by ionic dispersion (interaction)

potentials. However, it is in general important to also

consider possible changes in self-free energies as ion

approaches any interface. Some proteins are, for instance,

known to bbindQ water (i.e., have a slightly larger water

density than the surrounding solution), in other cases, for

example, near some bactive sitesQ on proteins, water seems

to be expelled.
5. Conclusions

The permeability of the membrane to ions is directly

related to the Gibbs free energy of transfer (it is approx-

imately proportional to exp[�G/kBT]). In the expression for

the transfer Gibbs free energy, the dispersion part may well

contribute almost one-third of the total energy. It is clear that

it is fundamentally wrong to ignore this contribution as has

been done. It may be a smaller effect for some anions and

for some membranes, but the point is that it is essential to

include the dispersion self-free energy in any realistic

modeling of ion permeation. It has earlier been proven that

the incorrect separation of electrostatic and electrodynamic

forces in double-layer theory of colloid stability is one of the

reasons why theory for more than 50 years failed to

understand the ion specificity endemic in colloid science

[7]. It is equally incorrect to ignore the electrodynamic

dipolar polarization contributions to the self-free energy. We

have demonstrated that highly ion-specific results follow

when this defect in the theory is corrected. We have also

highlighted the pressing need for more simulations and

experiments that can provide better knowledge of the

polarizabilities and radii of ions in solution, in membranes,

and in air. In a more refined continuum theory, one ought to

evaluate the dispersion and electrostatic self-energies

together for a charged and polarizable particle. We will

address this important point in a subsequent publication.

Simulations that include the polarizability of ions [29–32]

would appear to be a very promising avenue for future

understanding of permeation of ions across membranes,
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especially when dispersion self-free energies in the future

are included correctly. Including dispersion self-energy

effects must clearly also be important in many other cases,

such as for a correct understanding of ion exchange in

micellar solutions [33,34].
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