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a  b  s  t  r  a  c  t

The  interface  electrolyte-charged  surface  has been  captured  within  the  generalized  Langevin
Poisson–Boltzmann  and  Langevin–Bikerman  models.  Here  we  have  modified  the latter  models  to illus-
trate  the  importance  of the  non-zero  quadrupole  moment  of  the  water  molecule  within  a  triangular
atomic  model.  It  is shown  that  the local  decrease  of relative  permittivity  of  electrolyte  solution  near  the
charged  surface  is further  pronounced  due to quadrupole  moment  of  the  water  molecule.  The  effect  is
stronger  for  larger  magnitudes  of surface  charge  density.
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. Introduction

The contact between a charged surface and an electrolyte solu-
ion implies a characteristic spatial and orientational distribution
f ions and water molecules which is reflected in the formation
f electric double layer (EDL) [1–9]. The properties of EDL may  be
trongly influenced by the ordering of water molecules [10–16] and
he depletion of water molecules in this region [17]. It has been
hown that close to the charged surface water dipole ordering in
aturation regime and depletion of water molecules may  result in

 strong local decrease of permittivity [18,12,13,19,15,17,20–23].
Considering the orientational ordering of water and finite size

f molecules, Outhwaite developed a modified Poisson–Boltzmann
PB) theory of the EDL composed of a mixture of hard spheres with
oint dipoles and finite-sized ions [18,24]. Later, Szalai et al. [25]
ublished a mean spherical approximation [26] based theory that
an reproduce simulation results for the electric field dependence

f the dielectric permittivity of a dipolar fluid in saturation regime.
he problem was  recently considered also within lattice statistics
odel [16,17].

∗ Corresponding author. Tel.: +386 1 4768 825; fax +386 1 4768 850.
E-mail address: ales.iglic@fe.uni-lj.si (A. Iglič).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.07.126
The dipole moment of an isolated water monomer is 1.855 D
(Debye is 3.336 × 10−30 C/m). On the other hand, the dipole
moment of a water molecule in bulk liquid water differs from that
of an isolated water molecule, because each water molecule is also
polarized by the electric field of the neighbouring water molecules
[27], therefore the corresponding value in the condensed water
phase is around 2.4 - 2.6 D [28,29]. The effect of the polarizing envi-
ronment can be captured in a most simple way  by introducing the
cavity field [30–32]. In the past, treatments of the cavity field in
the Onsager [30], Kirkwood [31] and Fröhlich [32] models were
limited to the case of small electric field strengths, i.e. they were
far away from the saturation limit [25]. Later generalization of the
Kirkwood–Onsager-Fröhlich theory in the saturation regime was
performed [17,25,33] which is also the case of the model presented
in this paper.

By considering the cavity field at the centre of a water molecule
[32,33] and also the electronic polarizability of a water molecule
[17,32,33] (taken into account by picturing the single water
molecules as a dielectric sphere and a point-like rigid dipole at
the centre of the sphere [32]) the magnitude of external water

dipole moment around 3 D was suggested within the mean-field
lattice statistics approach [16,17] in accordance with predictions
of previous theoretical ice lattice treatments [27,28]. On the other
hand, neglecting the cavity field and the electronic polarizability
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http://www.sciencedirect.com/science/journal/00134686
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Fig. 1. A schematic figure of charge distribution of single water molecule within tri-
angular atomic model (+ ≡ + q and − ≡ − q). In the model a single water molecule
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s  considered as a sphere with permittivity n2 and point-like rigid (permanent)
ipole/quadrupole at the center of the sphere. Here n is the optical refractive index
f  water.

ithin the similar lattice statistics, the theoretical models lead to
uch higher predicted value of the water external dipole moments

round 5 D [15,34].
In this work, generalization of EDL mean-field theory of elec-

rolyte solution in contact with a charged surface based on lattice
tatistics is performed. The non-zero value of water quadrupole
oment is taken into account while considering orientational

rdering of water molecules near the charged surface. The finite
olumes of molecules, cavity field and the electronic polarizability
re also taken into account.

. Theory

.1. Point-like molecules

In the presented model, the charge distribution within a sin-
le water molecule is taken into account considering a point-like
nd rigid (permanent) dipole/quadrupole in the centre of a sphere
ith a volume equal to the average volume of a water molecule in

he electrolyte solution (as shown in schematic Fig. 1). The permit-
ivity of the sphere is n2, where n = 1.33 is the optical refractive
ndex of water. The energy of the point-like dipole/quadrupole
n the local field Ec = E(3εr/(2εr + n2)) ≈ 3E/2 (assuming εr � n2)
16,17,30,32,33], i.e. in the field inside a spherical cavity with
ielectric permittivity n2 (at the location of the the point-like
ipole/quadrupole) embedded in a medium with permittivity εr),
ay  be written as (see online Supplementary Information):

(ω) = �p0|E| cos ω − �q
r2

2

∣∣∣dE

dx

∣∣∣ sin2ω, (1)

here we assume a triangular atomic model of the water molecule
Fig. 1) (see also [35]). Here p0 is the magnitude of the external
ater dipole moment pe = (3/(2 + n2))p [32,17], p = 2qd (see Fig. 1),

 is the angle between the dipole moment vector p and the vector

E, 2r is the distance between the positive charges in the trian-
ular atomic model of water (see Fig. 1) and the factor � is [17]:

 = (3/2)((2 + n2)/3). The external water dipole moment pe is the
effective) dipole moment of the water sphere with permittivity n2
 Acta 109 (2013) 656– 662 657

and the point-like dipole p located at its centre [32,30,33,17] (see
also Fig. 1).

In the limit of r → 0 the above expression for the energy of a
single water molecule W (ω) in the external electric field trans-
forms into W (ω) → �p0|E| cos ω [17]. It can be seen from Eq. (1)
that for zero quadrupole term (  ̨ = 0), the minimum of W (ω) coin-
cides with ω = �, i.e. orientation of the water dipole in the direction
of the electric field vector, while for increasing quadrupole con-
tribution (i.e. increasing �q(r2/2)|dE/dx|),  the minimum is moving
towards ω = �/2 as expected (see also Fig. 2 in Ref. [36]).

The relative (effective) permittivity of the electrolyte solution
(εr) is expressed as:

εr = n2 + |P|
ε0|E| , (2)

where P is the polarization vector due to orientation of water
dipoles. In Eq. (2) we  have neglected the water quadrupole moment
in averaged microscopic charge distribution within the single
water molecule, i.e. we  assumed the validity of relation [37,38]
�(x) = �free(x) − ∇ · P, where �(x) is the average microscopic vol-
ume  charge density and �free(x) macroscopic volume charge density
equal to the sum of the contributions of the local net ion charges
(see also [16,17,32]). The water quadrupole moment is there-
fore taken into account directly only in the energy of the single
water molecules, i.e. in the average orientation of the single water
molecule.

The polarization P(x) is then given by [17]:

P(x) = nw(x)

(
2 + n2

3

)
p0〈 cos(ω)〉B (3)

where

〈 cos (ω) 〉B =
∫ �

0
cos ω exp

(
−ˇW (ω)

)
d�∫ �

0
exp

(
−ˇW (ω)

)
d�

, (4)

nw(x) is the number density of water molecules, d� = 2� sin ωdω is
an element of solid angle and x is the distance from the charged sur-
face in the perpendicular direction. Since the surface charge density
� < 0, the projection of the polarization vector on the x-axis points
in the direction from the bulk to the charged surface and P(x) is
considered negative.

Combining Eqs. (1) and (4) and performing the necessary inte-
grations yields:

〈 cos ω〉B = e−((	/2˛)−˛)2 − e−((	/2˛)+˛)2 − √
�ˇ[erf((	/2˛) + ˛) − erf((	/2˛) − ˛)]√

�˛[erf((	/2˛) + ˛) − erf((	/2˛) − ˛)]
,

(5)

where

 ̨ =
√

ˇ�q
r2

2

∣∣∣dE

dx

∣∣∣, 	 = �p0ˇ|E| (6)

and erf(z) = 2√
�

∫ z

0
e−t2

dt is the error function. In the limit of small
˛, i.e. large 	/2˛,  the above expression for 〈 cos ω〉B transforms into:

〈 cos ω〉B = −L (	)
[1 + (2˛2/	)L(	)]

, (7)

where the expansion erf (z) ∼= 1 − (1/
√

�)(1/z)e−z2
[1 −

(1/2)(1/z2)] was used. Here L(u) = (coth(u) − 1/u) is the
Langevin function.

Fig. 2 shows the dependence of 〈 cos ω〉B on the parameter∣ ∣

	 = ˇ�p0 ∣E∣ for different values of  ̨ describing the magnitude
of quadrupole moment of water molecules. The absolute value of
〈 cos ω〉B decreases with increasing  ̨ since increasing  ̨ moves the
minimum of the energy of the single water molecule W (Eq. (1))
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Fig. 2. The average orientation of water molecules characterized by 〈 cos ω〉B as a
function of the magnitude of electric field strength for different values of param-
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Fig. 3. Calculated relative permittivity εr (see Eq. (10)) as a function of the param-
eter �p0ˇ|E| for quadrupole parameter Q = 0 (for definition see Eq. (10)). Values of
ter   ̨ (Eq. (6)) describing the quadrupole charge distribution within single water
olecule.

owards ω = �/2, i.e. away from ω = � which corresponds to zero
uadrupole moment of water molecule (  ̨ = 0). In accordance, in
he limit of vanishing quadrupole term (  ̨ = 0) Eq. (7) recovers the
revious result 〈 cos ω〉B = −L (	) [17]. Fig. 2 indicates that the

ncreasing quadrupole of water molecules reduces the orientation
f water dipole moment in the direction of the electric field vector.
n the limit of a very large quadrupole moment or very large
dE/dx|, the orientation of water dipole moment vector would be
erpendicular to the electric field vector as predicted for divalent
uadrupole particles [39,40].

For the sake of simplicity we first assume that the number den-
ity of water molecules is constant everywhere in the solution,
.e. nw(x) = n0w which coincides with the assumption of point-like
ons [6,15]. Using Eq. (7) the polarization can be then written in
he form:

(x) = −n0wp0

(
2 + n2

3

)
L (	)[

1 + (2˛2/	)L(	)
] , (8)

here x is the distance from the charged surface in the perpendic-
lar direction. Since � < 0, the projection of the polarization vector
n the x-axis points in the direction from the bulk to the charged
urface and P(x) is negative. Using Eq. (8) it follows from Eq. (2):

r(x) = n2 + n0wp0

ε0|E|

(
2 + n2

3

)
L (	)

[1 + (2˛2/	)L(	)]
, (9)

r

r(x) = n2 + 3
2

(
2 + n2

3

)2
n0wp2

0ˇ

ε0

L(�p0ˇ|E|)
�p0ˇ|E|

× 1
[1 + 2Q |dE/dx|(L(�p0ˇ|E|))/(�p0ˇ|E|)] , (10)

here
2

 = ˇ�q
r

2
. (11)

or room temperature, refractive index n = 1.33,
 = a sin 
 � 0.08 nm (see Fig. 1), where 
 � 52.5◦ and a � 0.1 nm
other model parameters are: magnitude of the external water dipole moment of
the water p0 = 3.1 D, optical refractive index n = 1.33, bulk concentration of water
now/NA = 55 mol/l, where NA is Avogadro number.

(taken from Ref. [35]), it follows that Q � 2.3 × 10−19 m2/V. In the
limit of zero quadrupole moment of water (i.e. Q = 0), the above Eq.
(10) recovers the result of modified Langevin Poisson–Boltzmann
model [41,15], where the quadrupole moment of water was not
taken into account. In the limit of vanishing |E| and |dE/dx|  (or very
small |E| and |dE/dx|  = 0) Eq. (10) yields the Onsager expression for
permittivity:

εr ∼= n2 +
(

2 + n2

3

)2
n0wp0

2ˇ

2ε0
, (12)

where we took into account that for very small or zero |E| the
ratio becomes L(ˇ�p0|E|)/ˇ�p0|E| = 1/3. The Onsager expression
for permittivity [30,32,33] describes the permittivity of electrolyte
solution far away from the charged surface (i.e. in the bulk solution)
where due to the screening of the electrostatic field the values of |E|
and |dE/dx|  are zero. At room temperature and bulk number den-
sity of water n0w/NA = 55 mol/l. Eq. (12) predicts the bulk value of
permittivity (εr = 78.5) for p0 = 3.1 D (see also Figs. 3–5).

Fig. 3 shows the dependence of the relative permittivity εr (see
Eq. (10)) on the parameter �p0ˇ|E|, which is proportional to the
magnitude of electric field strength |E|, for Q = 0. It can be seen in
Fig. 3 that εr increases with decreasing |E| and attains the value 78.5
at |E| = 0. Since the value of |E| decreases with increasing distance
from the charged surface (due to screening), the magnitude of εr

decreases with the increasing distance from the charged surface in
accordance with our previous results [15,17].

Using the method presented in [16,17] Poisson equation
∇ · [ε0εr(x) ∇ �(x)] = − �free(x) in a planar geometry can be written
in the form of a modified Langevin Poisson–Boltzmann equation:

d
dx

[
ε0εr(x)

d�

dx

]
= 2e0n0 sinh(e0�ˇ), (13)

where �(x) is the electric potential, εr(x) is defined by Eq. (10),
�free(x) = e0n+(x) − e0n−(x) = −2e0n0 sinh (e0�ˇ)  is the macroscopic

(net) volume charge density [15,38] of point-like counterions (+)
and coions (−) of electrolyte solution distributed according to Boltz-
mann distribution functions [6,12]: n+(x) = n0 exp(− e0�(x)ˇ) and
n−(x) = n0 exp(e0�(x)ˇ), e0 is the unit charge and n0 bulk number
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Fig. 4. The space dependence of relative permittivity εr(x) for point-like molecules
(Eq. (10)) as a function of distance from a planar charged surface x calculated for
two values of the quadrupole parameter Q (Eq. (11)): 0.0 m2/V (full curve) and
2.3  × 10−19 m2/V (dashed curve). Inset show the difference in εr(x = 0) for the above
two values of Q as a function of surface charge density �. Values of other model
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arameters are: surface charge density � = −0.02 As/m2, p0 = 3.1 D, n = 1.33, bulk
oncentration of salt n0/NA = 0.1 mol/l and now/NA = 55 mol/l.

ensity of coions and counterions. The boundary conditions are (see
lso [16]):

d�

dx
(x = 0) = − �

ε0εr(x = 0)
,

d�

dx
(x → ∞)  = 0, �(x → ∞)  = 0.

(14)

Eq. (13) was solved numerically for a planar geometry using
nite element method (FEM) within Comsol Multiphysics 4.3a
oftware program package (COMSOL AB, Stockholm). The bound-
ry conditions (Eqs. (14)) were taken into account. Eq. (13) was
olved numerically also in Matlab2012b using standard imple-
ented function for solving boundary value problems (bvp4c) with

wo boundary conditions (Eqs. (14)). Again the space dependence
f ε (x) (Eq. (10)) in Eq. (13) was taken into account in on iteration
r

rocess outside of bvp4c function.

ig. 5. The space dependence of relative permittivity εr(x) for finite sized molecules
Eq.  (28)) as a function of distance from a planar charged surface x calculated for
urface charge density � = −0.02 As/m2 and two  values of quadrupole parameter

 = 0 (full curve) and Q = 2.3 × 10−19 m2/V (dashed curve). Inset show the difference
n εr(x = 0) for the above two values of Q as a function of surface charge density.
alues of other model parameters are: bulk concentration of salt n0/NA = 0.1 mol/l
nd  now/NA = 55 mol/l.
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2.2. Finite-sized molecules

In the previous section the finite size of molecules is not
taken into account. Therefore the equations above are general-
ized the equations above are generalized to take into account also
the finite size of molecules (water and ions). The finite size of
molecules were described within lattice statistic model (i.e. mod-
ified Langevin–Bikerman model) [17] by assuming that ions and
water dipoles are distributed in a lattice, where each lattice site
is occupied by only one of the three molecular species (cations,
co-ions, water molecules):

n+(x) = ns
n0e−e0�ˇ

n0e−e0�ˇ + n0ee0�ˇ + n0w〈e−ˇW(ω)〉ω

, (15)

n−(x) = ns
n0ee0�ˇ

n0e−e0�ˇ + n0e+e0�ˇ + n0w〈e−ˇW(ω)〉ω

, (16)

nw(x) = ns
n0w〈e−ˇW(ω)〉ω

n0e−e0�ˇ + n0e+e0�ˇ + n0w〈e−ˇW(ω)〉ω

, (17)

where ns being the number density of lattice sites and

〈e−ˇW(ω)〉ω = 1
4�

∫ �

0

2� sin ωe−ˇ�|E|p0 cos ω+ˇ�q(r2/2)|dE/dx|sin2ωdω

=
√

�e˛2+(	2/4˛2)

4˛

[
erf

(
	

2˛
+ ˛

)
− erf

(
	

2˛
− ˛

)]
,

(18)

is the dipole Boltzmann factor after rotational averaging over all
possible angles ω. In the limit of small ˛, i.e. large 	/2˛,  the above
expression transforms into:

〈e−ˇW(ω)〉ω = sinh (	)
	

[
1 + 2˛2 L (	)

	

]
. (19)

Eqs. (15)–(17) can be rewritten as:

n+ (x) = n0e−e0�ˇ ns

G ,  (20)

n−(x) = n0ee0�ˇ ns

G ,  (21)

nw (x) = n0wns

G
sinh (	)

	

[
1 + 2˛2 L (	)

	

]
, (22)

where

G = 2n0 cosh(e0�ˇ) + n0w
sinh(	)

	

[
1 + 2˛2 L(	)

	

]
. (23)

or

G = 2n0 cosh(e0�ˇ) + n0w
sinh(�p0ˇ|E|)

�p0ˇ|E|

[
1+2Q

∣∣∣dE

dx

∣∣∣ L(�p0ˇ|E|)
�p0ˇ|E|

]
.

(24)

Hence the corresponding macroscopic (net) volume charge density
of coions and counterions reads:

sinh(e0�ˇ)

�free(x) = e0n+(x) − e0n−(x) = −2e0n0ns G . (25)

Combining Eqs. (3), (5), (22) and (24) gives the polarization in the
form:

P (ω) =  −p0n0wns

(
2 + n2

3

)
F (	)

G (�, 	,  ˛)
, (26)
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here

(	) =  L (	)
sinh (	)

	
.  (27)

ombination of Eq. (26) and Eq. (2) yields the space dependent
elative (effective) permittivity εr(x):

r(x) = n2 + n0wns
p0

ε0

(
2 + n2

3

)
F (	)∣∣E∣∣G (�, 	,  ˛)

. (28)

n the limit of zero quadrupole moment of water (i.e. Q = 0),
he above Eq. (28) gives the same result as the modified
angevin–Bikerman model [17], where the quadrupole moment
f water was not taken into account. In the limit of vanishing

E| and |dE/dx|  Eq. (28) yields the Onsager expression for per-
ittivity (Eq. (12)). Following the previous described method

17] and inserting the above expression for εr(x) (Eq. (28)) and
acroscopic volume charge density �free(x) (Eq. (25)) in Poisson

quation ∇ · [ε0εr(x) ∇ �(x)] = − �free(x) the corresponding general-
zed Gongadze–Iglič  equation can be written in the form:

d
dx

[
ε0εr(x)

d�

dx

]
= 2e0n0ns

sinh(e0�ˇ)
G(�, 	,  ˛)

, (29)

here εr(x) is defined by Eq. (28). Eq. (29) was solved numerically
or a planar geometry using finite element method (FEM) within
omsol Multiphysics 4.3a software program package where the
pace dependence of εr (Eq. (28)) was taken into account in an
terative procedure. The boundary conditions (14) were taken into
ccount, where again εr(x) is defined by Eq. (28).

. Results

Fig. 4 shows the spatial dependence of εr(x) in a planar geome-
ry for zero and non-zero value of the quadrupole parameter Q (Eq.
11)) calculated within the above presented generalized Langevin
oisson–Boltzmann model for point-like molecules. The predicted
ecrease of εr towards the charged surface is more pronounced
or non-zero value of quadrupole parameter Q, which may  be
xplained by reduced polarization with increasing |dE/dx|  (close to
he charged surface) in the direction towards the charged surface,
.e. weaker orientation of water dipoles in the direction of nega-
ive x-axis due increasing |dE/dx|  in accordance with the results
iven in Fig. 2. The effect increases with increasing magnitude of
he surface charge density �. In conclusion, comparison between
he predictions of our model for different values of the quadrupole
arameter Q shows that the decrease of relative permittivity of the
lectrolyte solution near the charged surface is strengthen due to
uadrupole charge distribution within a water molecule (see also
ig. 1).

Fig. 5 shows the space dependence of relative permittivity εr(x)
or finite-sized molecules as a function of the distance from the pla-
ar charged surface x for zero and non-zero quadrupole moment.
omparison of Figs. 4 and 5 indicates that for considered values of
urface charge density � the effect of water quadrupole moment
n the decrease of εr(x) near the charged surface is the same for
oint-like and finite-sized ions.

. Discussion

Electrostatic interactions play an important role in many bio-
ogically processes – in binding of proteins to the cell membrane
urface, conformational changes of membrane proteins, cell–cell
nteractions, interaction of cells with the implant surface, trans-

ort of ions through the membrane protein channels, binding of
NA molecules and charged peptides and many others [3,5,42–44].

n simulations and theoretical modelling of these processes the
lectrostatic potential is usually calculated by using the standard
 Acta 109 (2013) 656– 662

Poisson–Boltzmann (PB) equation. Moreover, this equation is very
often considered within Debye–Hückel approximation, i.e. lin-
earized, assuming small values of electric potential. Frequently the
PB description is further simplified by assuming constant values
of relative permittivity in the whole system or space dependence
of permittivity εr(r) is approximated by different constant val-
ues in different regions of the Debye–Hückel model [44]. In this
work an analytical formula for the spatial dependence of the rela-
tive permittivity in an electrolyte solution being in contact with a
charged surface is derived which takes into account the dipole and
quadrupole moment of water molecule.

The presented analytical expression for space dependent per-
mittivity can be used in different types of simulations by solving
the appropriate Poisson equation, i.e. the generalized Langevin
Poisson–Boltzmann equation for point-like salt ions (Eq. (13))
or generalized Langevin–Bikerman (Gongadze–Iglič) equation (Eq.
(29)) which takes into account the finite size of salt ions and
water molecules. Note that RHS of the derived generalized Langevin
Poisson–Boltzmann (Eq. (13)) is exactly the same as the RHS of the
standard PB equation. This means that the derived space depend-
ent permittivity for point-like ions (Eq. (10)) can be incorporated
in already existing computations models, like for example in the
recently published model of Do et al., 2013 [44]. Our two analyti-
cal expressions for space dependence of permittivity (Eqs. (10) and
(28)) are therefore very general and easy to apply in different com-
putational methods to study the electrostatics-driven phenomena
in biological systems. The derived expression for space of permit-
tivity takes into account the dipole and quadrupole moment of the
water molecule within a triangular atomic model. To our knowl-
edge, this is the first time that the water quadrupole moment is
considered within the mean-field description of electric double
layer and that the corresponding analytical expressions for spatial
dependence of permittivity is derived for point-like molecules and
finite-sized molecules in an electrolyte solution.

In the present work the finite size of ions was  taken into account
within simple lattice statistics mean-field approach. For simplicity
reason the centres of the ions of an electrolyte solution are assumed
to be completely free to approach to the charged surface located at
x = 0. The opposite limiting case would be to postulate an interfacial
region, i.e. the so-called Stern layer [45,46], completely depleted of
ions and having the dielectric permittivity much smaller than that
of the bulk solution due to strong orientation of water in satura-
tion regime and partially also depletion of water molecules due to
excluded volume effect as presented also in this work. The latter
can be described in the model by introducing the distance of the
closest approach with the centres of (counter) ions in the so-called
outer Helmholtz plane [12,16,19,45,47]. The real situation is usu-
ally somewhere in between and depends on the magnitude of the
surface charge density � [19]. As shown in this paper the proper-
ties of electric double layer depend on the water orientation also
at the distances further away from one or two  most strongly ori-
ented layers of water molecules at the charged surface. Taking into
account also the direct interactions (which is beyond the presented
simple mean-field approach) would make the influence of strongly
oriented layers of water close to the charged surface even more
important. Namely, because the local decrease of permittivity at
the charged surface the corresponding image charges repel both
the counterions and the coions as recently shown by Nagy et al.
[19].

The spatial dependence of permittivity of electrolyte solution
in the vicinity of charged surface deserved much attention in sci-
entific literature in the last years [15,17,19–23]. We  have shown in

this work that close to the charged surface the quadrupole moment
of water molecules reduces the orientation of water dipole moment
in the direction of the electric field vector. In the limit of very
large |dE/dx|  the orientation of the water dipole moment vector
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ould be perpendicular to the electric field vector as predicted
or divalent quadrupole particles [39,40]. Since the quadrupole

oment decreases the average orientation of the water molecules
n the direction perpendicular to the charged surface the rela-
ive permittivity of an electrolyte solution near a charged surface
s additionally reduced as shown in Figs. 4 and 5 of this work.
he effect is stronger for larger magnitudes of the surface charge
ensity. In the range of the values of the surface charge den-
ity � considered in this work, there is practically no difference
n the effect of the water quadrupole moment on the permittiv-
ty decrease near the charged surface between the generalized
angevin Poisson–Boltzmann and Langevin–Bikerman models (see
he insets in Figs. 4 and 5). This is the consequence of small
alues of |�| where the depletion of water molecules near the
harged surface predicted within generalized Langevin–Bikerman
odel (see also [16,17]) does not have considerable effect on dE/dx

nd therefore also not on the quadrupole dependent permittiv-
ty. Based on the theory and results presented in this work and
n [16,17] it can be anticipated that the difference between the
redictions of both models would be much larger at higher values
f |�|.

. Conclusions

Based on the results presented in this work, it can be con-
luded that the quadrupole moment of water molecules may
ave an important influence on the physical properties of electric
ouble layer in an electrolyte solution near a charged surface.
he mean-field theoretical method of description of electrolyte
olution near a charged surface used in this work adopts several
implifying assumptions and can not be applied for large surface
harge densities. To this end, it would be important to further
nvestigate the role of the quadrupole moment of water molecules
lso at large surface charge densities where the direct interac-
ions between oriented water molecules might play an important
ole.
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[6] V. Kralj-Iglič, A. Iglič, A simple statistical mechanical approach to the free energy
of  the electric double layer including the excluded volume effect, Journal of
Physics II (1996) 477–491.

[7] S. Lamperski, C.W. Outhwaite, Exclusion volume term in the inhomoge-
neous Poisson–Boltzmann theory for high surface charge, Langmuir 18 (2002)
3423.

[8] I. Bivas, Y.A. Ermakov, Elasticity and electrostatics of amphiphilic layers,
Advances in Planar Lipid Bilayers and Liposomes 5 (2007) 313–343.

[9] A. Silalahi, A. Boschitsch, R. Harris, M. Fenley, Comparing the predictions
of  the nonlinear Poisson–Boltzmann equation and the ion size-modified
Poisson–Boltzmann equation for a low-dielectric charged spherical cavity in
an  aqueous salt solution, Journal of Chemical Theory and Computation 6 (12)
(2010) 3631–3639.
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