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a b s t r a c t
The dipole moment of a water molecule in liquid water differs from that of an isolated one because each molecule is further polarized by the electric ﬁeld of its neighbours. In this work a formula for the spatial dependence of the relative permittivity of an electrolyte near a highly charged surface is obtained in which the
mutual inﬂuence of the water molecules is taken into account by means of the cavity ﬁeld. The orientational
ordering of water dipoles is considered in the saturation regime. It is predicted that the relative permittivity
of an electrolyte solution near the highly charged surface (i.e. in saturation regime) may be substantially decreased due to orientational ordering of water (saturation effect) and depletion of water molecules (excluded
volume effect) due to accumulation of counterions.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

is the Langevin function and

The contact between a charged metallic or membrane surface and
an electrolyte implies a particular spatial and orientational distributions of ion and water molecules near the charged surface [1–9]
which is reﬂected in a decrease of permittivity for high enough surface charge densities of the charged surface [10–13].
In the absence of an explicit consideration of the orientational ordering of water molecules, the assumption of constant permittivity is
largely a consequence of the constant number of water molecules in
the Poisson–Boltzmann theory. Considering the orientational ordering of water, Outhwaite developed a modiﬁed PB theory of the electrical double layer composed of a mixture of hard spheres with
point dipoles and ﬁnite sized ions [14,15]. The problem was also considered within lattice statistics [12,13,16] where the spatial dependence of the relative (effective) permittivity in the form

Hðϕ; EÞ ¼ 2n0 coshðe0 ϕβ Þ þ

εr ¼ 1 þ n0w ns

p0 F ðp0 EβÞ
:
ε0 E Hðϕ; EÞ

ð1Þ

n0w
sinhðp0 EβÞ;
p0 Eβ

ð4Þ

n0 and n0w are the bulk number densities of ions and water dipoles,
respectively, ns = 1/a 3 is the number density of lattice sites, a is the
width of a single lattice site, p0 the magnitude of a single water dipole
moment in the electrolyte solution, E the magnitude of the electric
ﬁeld strength, ε0 the permittivity of free space, β = 1/kT, kT the thermal energy and ϕ the electric potential.
In the approximation of a small electrostatic energy and small energy of dipoles compared to the thermal energy, i.e. small e0ϕβ and
small p0Eβ, the relative permittivity within the Langevin–Bikerman
model for ﬁnite sized ions (Eq. (1)) can be expanded into a Taylor series to get (assuming ns ≈ n0w) [12]:
2

εr ≅1 þ

2

2

n0w p0 β n0w p0 β
n p β
2
2
−
ðp0 EβÞ − 0 0 ðe0 ϕβ Þ :
3ε0
45ε 0
3ε0

ð5Þ

was derived, where
F ðuÞ ¼ LðuÞ

sinh u
;
u

LðuÞ ¼ ðcothðuÞ−1=uÞ;
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ð2Þ
ð3Þ

Recently, Szalai et al. [17] published a mean spherical approximation (MSA) [18] based theory that is able to reproduce simulation results for the ﬁeld dependence of the dielectric permittivity of a
dipolar ﬂuid in saturation regime [19]. The Langevin–Bikerman expression for εr (Eq. (1)) also takes into account the orientational ordering of water in the saturation regime (i.e. the saturation effect
[19]) and the excluded volume effect. However the cavity and reaction ﬁelds were not taken into account [19–22]. As a consequence
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the relative (effective) permittivity deﬁned by Eq. (1) for zero electric
ﬁeld strength and zero potential, i.e. the bulk value of εr, [12]:
n p 2β
εr ≅1 þ 0w 0 :
3ε0

ð6Þ

is equal to 78.5 for a magnitude of the effective dipole moment of water
p0 = 4.79D [12] which is larger than the dipole moment of an isolated
water molecule (p0 = 1.85D) and also larger than the dipole moment
of a water molecules in clusters (p0 = 2.7D), and the dipole moment
of an average water molecule in the bulk solution (p0 = 2.4 − 2.6D)
[23], since the cavity and reaction ﬁelds as well as correlations between
water dipoles [22,24] are not explicitly taken into account.
In the past treatments of the cavity and reaction ﬁelds and the
structural correlations between water dipoles in the Onsager [20],
Kirkwood [21] and Fröhlich [22] models were limited to the case of
small electric ﬁeld strengths, i.e. they were far away from the saturation limit [17]. Later generalization of the Kirkwood–Onsager–
Fröhlich theory in the saturation regime was performed by Booth
[19]. However Booth's model does not consider the excluded volume
effect in an electrolyte solution near the charged surface, as is taken
into account in Eq.(1) within the Langevin–Bikerman model for the
ﬁnite sized ions [12]. Booth's expression for the relative permittivity
is therefore appropriate only for the Langevin Poisson–Boltzmann
model for point-like ions [12].
Therefore in this work Eq.(1) is generalized by also taking into account the cavity ﬁeld (but not also correlations between water dipoles) in the saturation regime at high electric ﬁeld strengths
important when considering an electrolyte solution in contact with
highly charged implant and membrane surfaces [10,13].
2. Theory
In our model electronic polarization is taken into account considering a point-like and rigid (permanent) dipole located in the centre
of a sphere with a volume equal to the average volume of a water
molecule in the electrolyte solution. The permittivity of the sphere
is n 2, where n = 1.33 is the optical refractive index of water. The relative (effective) permittivity of the electrolyte solution (εr) can then
be expressed as:
2

εr ¼ n þ

jP j
;
ε0 E

ð7Þ

where P is the polarization vector due to orientation of permanent
point-like water dipoles having dipole moment p.
The external dipole moment (pe) of a point-like dipole at the centre of the sphere with permittivity n 2 can then be expressed in the
form [22]: pe = 3p/(2 + n 2), whence it follows p = (2 + n 2)pe/3. In
our analysis short range interactions between the point-like rigid dipoles are neglected. The local electric ﬁeld strength at the centre of
the sphere with a permanent (rigid) point-like dipole is [22]:
Ec ¼

3εr
E þ g p;
2ε r þ n2

3
E þ g p:
2



3
2
W i ¼ −p⋅Ec ¼ −p⋅ E þ g p ¼ γpo E cosðωÞ−g p0 ;
2

ð8Þ

ð9Þ

ð10Þ

where p0 is the magnitude of the single water dipole moment pe, ω
is the angle between the dipole moment vector p and the vector − E,
g (2 + n 2) 2/3 2→g and
γ¼

!
3 2 þ n2
:
2
3

ð11Þ

In the case of an electrolyte solution in contact with a charged planar surface, the polarization P(x) is then given by:
P ðxÞ ¼ nw ðxÞ

!
!
2 þ n2
2 þ n2
p0 hcosðωÞiB ¼ −nw ðxÞ
p0 Lðγp0 EβÞ;
3
3
ð12Þ

where
π


2
∫ cosω exp −γpo Eβ cosðωÞ þ βg p0 dΩ

hcos ωiB ¼

0

¼ −Lðγp0 EβÞ;

π



∫ exp −γpo Eβ cosðωÞ þ β g p20 dΩ
0

ð13Þ
and dΩ = 2πsinω dω is an element of solid angle and x is the distance
from the charged surface in the perpendicular direction. Since σ b 0,
the projection of the polarization vector P on the x-axis points in
the direction from the bulk to the charged surface and P(x) is considered negative. Ion and water distribution functions can be written in
the form:
n0 e−e0 ϕβ
D
E ;
2
n0 ee0 ϕβ þ n0 e−e0 ϕβ þ n0w e−γpo EβcosðωÞþβ g p0

nþ ðxÞ ¼ ns

ð14Þ

ω

n0 e

e0 ϕβ

D
E ;
2
n0 ee0 ϕβ þ n0 e−e0 ϕβ þ n0w e−γpo EβcosðωÞþβ g p0

n− ðxÞ ¼ ns

ð15Þ

ω

D
E
2
n0w e−γpo EβcosðωÞþβ g p0
ω
D
E :
2
n0 ee0 ϕβ þ n0 e−e0 ϕβ þ n0w e−γpo EβcosðωÞþβ g p0

nw ðxÞ ¼ ns

ð16Þ

ω

For simplicity we neglect β g p 02:
0

−γpo EβcosðωÞ

2π ∫ dðcos ωÞe


−γpo EβcosðωÞþβgp20
e
ω

where the ﬁrst term represents the ﬁeld inside a spherical cavity with
dielectric permittivity n 2 embedded in a medium with permittivity εr,
and the second term g p is the reaction-ﬁeld acting on p (due to the
dipole moment p of the point-like dipole itself). In the following,
Eq.(8) is simpliﬁed (assuming εr ≫ n 2 ):

Ec ¼

The energy of the point like-dipole p in the local ﬁeld Ec may be
then written as:

¼

π

4π

¼

sinhðγp0 EβÞ
: ð17Þ
γp0 Eβ

is the dipole Boltzmann factor after rotational averaging over all
possible angles ω. Eqs. (14)–(17) can be rewritten as:
−e0 ϕβ

nþ ðxÞ ¼ n0 e

e0 ϕβ

n− ðxÞ ¼ n0 e

nw ðxÞ ¼

ns
;
Dðϕ; EÞ
ns
;
Dðϕ; EÞ

n0w ns
1
sinhðγp0 EβÞ:
Dðϕ; EÞ γp0 Eβ

ð18Þ
ð19Þ

ð20Þ
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3. Results and discussion

where:
Dðϕ; EÞ ¼ 2n0 coshðe0 ϕβÞ þ

n0w
sinhðγp0 EβÞ:
γp0 Eβ

ð21Þ

Combining Eqs. (12) and (20) gives the polarization in the form:
2 þ n2
P ðxÞ ¼ −
3

!

p0 n0w ns
1
sinhðγp0 EβÞLðγp0 EβÞ:
Dðϕ; EÞ γp0 Eβ

ð22Þ

Using the deﬁnition of F ðuÞ (Eq.(2)), Eq.(22) reads:
P ¼ −p0 n0w ns

2 þ n2
3

!

F ðγp0 EβÞ
:
Dðϕ; EÞ

ð23Þ

Combining Eqs. (7) and (23) ﬁnally yields the relative (effective) permittivity of the electrolyte solution in contact with a charged surface:
p
ε r ¼ n þ n0w ns 0
ε0
2

2 þ n2
3

!

F ðγp0 EβÞ
:
Dðϕ; EÞE

ð24Þ

Eq. (29) was solved numerically for planar geometry using the
Finite Element Method (FEM) within the Comsol Multiphysics 3.5a
Software program package (COMSOL AB, Stockholm). The space
dependence of εr (Eq. (24)) in Eq. (29) was taken into account in an
iterative procedure, where the initial value of εr was a constant
equal to the permittivity of the bulk solution. The boundary conditions (31) and (32) were taken into account.
Figs. 1 and 2 show the spatial dependence of n+/ns , nw/ns and εr in
planar geometry for three values of the surface charge density σ calculated within the presented model. The decrease of εr towards the
charged surface is a consequence of the increased depletion of
water molecules near the charged surface (excluded volume effect)
and increased orientational ordering of water dipoles (saturation effect). The depletion of water molecules near the charged surface is
due to excluded volume effect as a consequence of accumulation of
counterions near the charged surface. Comparison between the predictions of our model for different values of σ shows that the decrease
of relative permittivity of the electrolyte solution near the highly
charged surface is pronounced with increasing σ.

The average microscopic volume charge density ρ(x) is the sum of the
contributions of the local net ion charges and the dipole moments,
represented by the polarization P (see for example [30,31]):


 dP
ρðxÞ ¼ e0 nþ ðxÞ−n− ðxÞ − :
dx

2

ρðxÞ ¼ −2e0 n0 ns

0.35
0.3

ð25Þ

sinhðe0 ϕβ Þ
2þn
þ n0w p0 ns
Dðϕ; EÞ
3

!

0.25

n+/ns

Using Eq. (22) and distribution functions (18)–(19), the expression
for the average microscopic volume charge density of the electrolyte
solution (Eq. (25)) reads:
d F ðγp0 EβÞ
: ð26Þ
dx Dðϕ; EÞ

ρðxÞ
;
ε0 n2

0.1
0.05
0

ð27Þ
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where ϕ″ is the second derivative of the electric potential ϕ with respect to x, we get:
ϕ″ ¼

0.2
0.15

Inserting the volume charge density (26) into the Poisson Eq. (31)
ϕ″ ¼ −
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2e0 n0 ns sinhðe0 ϕβ Þ n0w ns p0
−
Dðϕ; EÞ
ε 0 n2
ε 0 n2

2 þ n2
3

!

d F ðγp0 EβÞ
:
dx Dðϕ; EÞ

1

0.95

ð28Þ

∇⋅½ε 0 εr ðrÞ∇ϕðrÞ ¼ −ρfree ðrÞ;

ð29Þ

where ρfree(r) is the macroscopic (net) volume charge density of
coions and counterions (see also Eqs. (18) and (19)):
ρfree ðrÞ ¼ e0 nþ ðrÞ−e0 n− ðrÞ ¼ −2e0 ns n0

sinhðe0 ϕβ Þ
;
Dðϕ; EÞ

ð30Þ

ϕðr→∞Þ ¼ 0:

σn
;
ε0 ε r ðr ¼ rσ Þ

0.85

0.8

0.75

0.7

while εr(r) is deﬁned by Eq. (24). The boundary conditions are:
∇ϕðr ¼ rσ Þ ¼ −

nw/ns

0.9

Eq.(28)) can be rewritten in a more general form as (Appendix A):

0

0.2

0.4

1

x / nm
ð31Þ
ð32Þ

For γ → 1 and n → 1 the equations of the above described model
transform into equations of Langevin–Bikerman model [12,13].

Fig. 1. The relative number density of counter ions (n+/ns) and water dipoles (nw/ns)
(calculated using Eq. (18) and Eq. (20) as a function of distance from a planar charged
surface x calculated for three values of surface charge density: σ = − 0.1 As/m2
(dashed-dotted line), σ = − 0.2 As/m2 (full line) and σ = − 0.3 As/m2 (dashed line).
Values of parameters assumed: bulk concentration of salt n0/NA = 0.15 mol/l, dipole
moment of water p0 = 3.1D, optical refractive index n = 1.33, bulk concentration of
water now/NA = 55 mol/l, where NA is Avogadro number.
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4. Conclusions
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The orientation of water near a charged membrane surface and a
charged implant surface is important in many biological processes
such as binding of ligands to the active sites of enzymes, transport
of ions through channel proteins or interactions of cells with implant
surfaces [3,4,8,10,13,25–27]. As shown in the past, the properties of
the electric double layer may be inﬂuenced by the ordering of water
molecules [4,10,12,13,25,26,28] and the depletion of water molecules
[12,13] in the region of the electric double layer. Close to the charged
surface the saturation and excluded volume effects may result in a decrease of permittivity [10–14].
The effective dipole moment of the water molecule must be
known before a satisfactory statistical mechanical description of
water and aqueous solutions is possible [29]. The dipole moment of
a water molecule in liquid water differs from that of an isolated
water molecule because each water molecule is further polarized by
the electric ﬁeld of the neighbouring water molecules [29]. In order
to capture this effect in the theoretical description of permittivity of
water, the concept of cavity and reaction ﬁelds and the correlations
between water dipoles [20–22] were introduced for small magnitudes of the electric ﬁeld, i.e. far away from the saturation limit [17]
of the water orientational ordering. Later generalization of the
Kirkwood–Onsager–Fröhlich theory in the saturation regime was performed for constant electric ﬁeld strength as well [17,19]. However, it
was shown recently within the Langevin–Bikerman model that in
an electrolyte solution in contact with a highly charged implant
(electrode) or membrane surface the inﬂuence of the excluded volume effect (not taken into account in Booth's model of permittivity)
should also be allowed for while considering the spatial variation of
relative permittivity of an electrolyte solution near the highly charged
surface [12,13].
The Langevin–Bikerman model [12,13] on the other hand does not
take into account the cavity ﬁeld, therefore it was generalized in this
work by simultaneously considering the inﬂuence of water ordering
(saturation effect), the cavity ﬁeld as well as the excluded volume effect. The corresponding analytical expression for the spatial dependence of the relative (effective) permittivity (Eq.(24)) was derived.
Based on this formula it can be seen that the relative permittivity of
the electrolyte solution near the highly charged surface (i.e. in the
saturation regime) may be substantially decreased due to orientational ordering of water (saturation effect) and depletion of water
molecules due to accumulation of counterions (volume excluded effect) (see also [12]). Comparison between the predictions of the Langevin–Bikerman model [12,13] and the model presented in this work
shows that consideration of the cavity ﬁeld makes the reduction of
permittivity of an electrolyte solution near the highly charged surface
even stronger.
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Fig. 2. The relative permittivity εr (Eq. (24)) as a function of distance from a planar
charged surface x calculated for three values of surface charge density: σ = − 0.1 As/
m2 (dashed-dotted line), σ = − 0.2 As/m2 (full line) and σ = − 0.3 As/m2 (dashed
line). Values of parameters are the same as in Fig. 1.

In the approximation of a small electrostatic energy and small
energy of the dipoles compared to the thermal energy, i.e. small
e0ϕβ and small γp0Eβ, the relative permittivity within our model
for ﬁnite sized ions (Eq. (24)) can be expanded into a Taylor series
(assuming ns ≈ n0w) to get:
ε r ≅ n2 þ

2

3 2þn
2
3

3 2 þ n2
−
2
3

!2

!2

2

2

n0w p0 β 27 2 þ n
−
3ε0
8
3

!4

2

n0w p0 β
2
ðp0 EβÞ −
45ε0
ð33Þ

n0 p20 β
2
ðe0 ϕβ Þ :
3ε0

In the limit of vanishing electric ﬁeld strength (E → 0) and zero potential (ϕ → 0) the above equation gives the Onsager expression for
bulk permittivity:
2

ε r ≅n þ

2 þ n2
3

!2

n0w p0 2 β
:
2ε0

ð34Þ

In the above expression for the relative (effective) permitivitty
(Eq. (24)) the value of the dipole moment p0 = 3.1D corresponds to
the bulk permittivity εr = 78.5 (Eq. (34)). This value is considerably
smaller than the corresponding value in the Langevin–Bikerman
model (where p0 = 4.79D) (see Eq. (6)) [12,13] which does not take
into account the cavity ﬁeld [22], and is also close to the experimental
values of the effective dipole moment of water molecules in clusters
(p0 = 2.7D) and in bulk solution (p0 = 2.4 − 2.6D) [23]. The permittivity derived within the model presented (Eq. (24)) does not negate the
previous predictions of the Langevin–Bikerman model [12,13] where
all the equations (including the expression for the relative permittivity) have a similar structure as in the presented model, only the effective value of the water dipole moment (p0) in the old Langevin–
Bikerman model [12,13] is larger.
On comparison of the relative permittivity εr in the Langevin–
Bikerman model (Eqs. (1) and (5)) [12,13] with εr derived in this
work (Eqs. (24) and (33)) it can be seen that in both models εr decreases with increasing E and |ϕ|. It can be further seen that considering the cavity ﬁeld in the presented model leads to a stronger
decrease of relative permittivity than by considering only the orientational ordering of water molecules and the excluded volume effect in
the Langevin–Bikerman model (compare Eqs.(5) and (33).
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Appendix A
Eq. (28) can be rewritten in more general form as:
!
2
h
i
2þn
F ðγp0 EβÞ
2
∇⋅ ε 0 n ∇ϕðrÞ þ n0w ns p0
¼
∇⋅ n
Dðϕ; EÞ
3
sinhðe0 ϕβÞ
;
¼ 2e0 n0 ns
Dðϕ; EÞ

ðA:1Þ
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where n = ∇ ϕ/| ∇ ϕ| = ∇ ϕ/E. It follows from Eq. (A.1) that
"

n0w ns p0 2 þ n2
ε0
3
sinhðe0 ϕβÞ
:
¼ 2e0 n0 ns
Dðϕ; EÞ

∇⋅ ε0 n2 þ

!

!
#
1 F ðγp0 EβÞ
∇ϕðrÞ ¼
E Dðϕ; EÞ

ðA:2Þ

The above Eq. (A.2) can ﬁnally be rewritten in the form:
∇⋅½ε0 εr ðrÞ∇ϕðrÞ ¼ −ρfree ðrÞ;

ðA:3Þ

where ρfree(r) is the macroscopic (net) volume charge density of
coions and counterions (Eq. (30)), while εr(r) is deﬁned by Eq. (24).
References
[1] M.G. Gouy, Sur la constitution de la charge electrique a la surface d'un electrolyte,
J. Phys. (France) 9 (1910) 457–468.
[2] D.L. Chapman, A contribution to the theory of electrocapillarity, Philos. Mag. 25
(1913) 475–481.
[3] S. McLaughlin, The electrostatic properties of membranes, Annu. Rev. Biophys.
Chem. 18 (1989) 113–136.
[4] G. Cevc, Membrane electrostatics, Biochim. Biophys. Acta 1031 (1990) 311–382.
[5] V. Kralj-Iglič, A. Iglič, A simple statistical mechanical approach to the free energy
of the electric double layer including the excluded volume effect, J. Phys. II France
6 (1996) 477–491.
[6] S. Lamperski, C.W. Outhwaite, Volume term in the inhomogeneous Poisson–
Boltzmann theory for high surface charge, Langmuir 18 (2002) 3423–3424.
[7] I. Bivas, Y.A. Ermakov, Elasticity and electrostatics of amphiphilic layers, in: A.
Leitmannova Liu (Ed.), Advances in Planar Lipid Bilayers and Liposomes, Vol. 5,
Elsevier, Amsterdam, 2007, pp. 313–343.
[8] D. Kabaso, E. Gongadze, Š. Perutková, V. Kralj-Iglič, C. Matschegewski, U. Beck, U.
van Rienen, A. Iglič, Mechanics and electrostatics of the interactions between
osteoblasts and titanium surface, Comput. Meth. Biomech. Biomed. Eng. 14
(2011) 469–482.
[9] I. Bivas, Electrostatic and mechanical properties of a ﬂat lipid bilayer containing
ionic lipids, Colloids Surf., A 282–283 (2006) 423–434.
[10] H.J. Butt, K. Graf, M. Kappl, Physics and Chemistry of Interfaces, Wiley-VCH
Verlag, Weinheim, 2003.
[11] M.Z. Bazant, M.S. Kilic, B. Storey, A. Ajdari, Towards an understanding of
induced-charge electrokinetics at large applied voltages in concentrated solutions, Adv. Colloid Interface Sci. 152 (2009) 48–88.

203

[12] E. Gongadze, U. van Rienen, V. Kralj-Iglič, A. Iglič, Langevin Poisson–Boltzmann
equation: point-like ions and water dipoles near charged membrane surface,
Gen. Physiol. Biophys. 30 (2011) 130–137.
[13] E. Gongadze, D. Kabaso, S. Bauer, T. Slivnik, P. Schmuki, U. van Rienen, A. Iglič,
Adhesion of osteoblasts to a nanorough titanium implant surface, Int. J. Nanomedicine 6 (2011) 1801–1816.
[14] C.W. Outhwaite, A treatment of solvent effect in the potential theory of electrolyte solution, Mol. Phys. 31 (1976) 1345–1357.
[15] C.W. Outhwaite, Towards a mean electrostatic potential treatment of an
ion-dipole mixture or a dipolar system next to a plane wall, Mol. Phys. 48
(1983) 599–614.
[16] A. Iglič, E. Gongadze, K. Bohinc, Excluded volume effect and orientational ordering
near charged surface in solution of ions and Langevin dipoles, Bioelectrochemistry 79 (2010) 223–227.
[17] I. Szalai, S. Nagy, S. Dietrich, Nonlinear effect of dipolar ﬂuids, J. Chem. Phys. 131
(2009) 154905.
[18] I. Szalai, S. Dietrich, Magnetization and susceptibility of ferroﬂuids, J. Phys. Condens. Matter 20 (2008) 204122.
[19] F. Booth, The dielectric constant of water and the saturation effect, J. Chem. Phys.
19 (1951) 391–394.
[20] L. Onsager, Electric Moments of Molecules in Liquids, J. Am. Chem. Soc. 58 (1951)
1486–1493.
[21] J.G. Kirkwood, The dielectric polarization of polar liquids, J. Chem. Phys. 7 (1939)
911–919.
[22] H. Fröhlich, Theory of dielectrics, , Clarendon Press, 1964.
[23] K.A. Dill, S. Bromberg, Molecular driving forces, Garland Science, New York and
London, 2003.
[24] F. Franks, Water. A Comprehensive Treatise, Vol. 1, The Physics and Physical
Chemistry of Water, Plenum Press, New York, 1972.
[25] J.N. Israelachvili, Intermolecular and Surface Forces, Academic Press, London,
1997.
[26] Z. Arsov, M. Rappolt, J. Grdodolnik, Weakened hydrogen bonds in water conﬁned
between lipid bilayers: the existence of a long-range attractive hydration force,
Chemphyschem 10 (2009) 1438–1441.
[27] D. Osredkar, T. Papler, B. Pečaver, V. Kralj-Iglič, M. Kržan, Kinetic and pharmacological properties of [(3)H]-histamine transport into cultured type 1 astrocytes
from neonatal rats, Inﬂamm. Res. 58 (2009) 94–102.
[28] D.W.R. Gruen, S. Marčelja, Spatially varying polarization in water, J. Chem. Soc.,
Faraday Trans. II 79 (1983) 225–242.
[29] D.J. Adams, Theory of the dielectric constant of ice, Nature 293 (1981) 447–449.
[30] D.F. Evans, H. Wennerström, The Colloidal Domain, Advances in Artiﬁcial Engineering Series, Wiley-VHC, New York, 1994.
[31] J.D. Jackson, Classical Electrodynamics, Wiley and Sons, New York, 1999.

