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Anomalous Dielectric Behavior of Water in Ionic Newton Black Films
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The electrostatics of two charged surfactant layers in aqueous media (surfactant/water/surfactant
films) is investigated using molecular dynamics simulations. In the films studied (with a surfactant-
surfactant distance from ~35 A to contact) we observe an anomalous dielectric response of water. The
electrostatic potential ¢(z) inside the aqueous core of the films (containing bulk water with p =
1 g/cm?) is completely different from that expected for a film containing a dielectric medium with the
dielectric constant of water. In addition, our results are not consistent with a local relation between
the water polarization P,.(z) and the electric field E.(z). The polarization P_(z) is maximum at the
interfaces (due to solvent molecules forming part of the structure of the surfactant layers) and decays
from the interfaces inside the aqueous core with a decay length of order of ~10 A.
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Electrostatic interactions in aqueous media between
surfaces or interfaces possessing net electric charge play
an essential role in many biological and industrial pro-
cesses. Examples of such situations are water-air inter-
faces with adsorbed ionic surfactants, colloids, and
biological membranes. The classical description of these
electrostatic interactions is based on the Poisson-
Boltzmann equation (PB) [1-3]. The PB equation is ac-
curate in many situations but has serious limitations at
small distances between the charged surfaces or interfa-
ces. At these distances, some effects not included in the
PB equation may be relevant. Some of these effects are
the finite size of the ions, the discrete nature of the
charges of the interface, or the correlations between
ions (see, for example, Chap. 12 in [1]). Many theoretical
and simulation studies have been focused on these effects,
and the literature on the subject is immense (many refer-
ences can be found in [1-4]).

Another important hypothesis assumed in the PB
equation is that the solvent (water) is characterized by a
dielectric constant ,. Many studies have been devoted to
the analysis of this hypothesis (see [5] for a review and
references), some of them claiming that water in these
systems has a more complex dielectric response. For
example, Marcelja and coworkers [6] have developed a
theory in which water confined between charged interfa-
ces has a nonlocal dielectric response: the relation_be-
tween the electric field £ and the polarization P is
determined by the condition of minimum electrostatic
free energy and a local dielectric constant simply does not
exist. In this theory, the structure acquired by water near
charged surfaces or interfaces completely alters its
dielectric response. However, these visions about the
dielectric response of water are not supported by
the conclusions of the critical review of theoretical, ex-
perimental, and computational work performed by
Israelachvili and Wennerstrom [5]. These authors claim
that the dielectric constant and the diffusivity of water
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near charged soft surfaces are the same as in bulk water,
and only the first layer of water molecules (in contact with
the charged interfaces) has different properties than bulk
water. In their theory of the role of hydration in biological
and colloidal interactions [5], entropic considerations
rather than water structure play a key role.

In order to test these proposals, Marcelja [7] has com-
puted the interaction force between two equally charged
rigid planar walls in aqueous electrolyte solution. At
short separations ( ~ 20 A), significant corrections to
the PB predictions appear due to the hydration of the
ions [7,8]. It is important to remark that these results
apply to the case of interaction between impenetrable
rigid charged walls, but the interactions between soft
surfaces and interfaces with net electric charge are ex-
pected to be very different [5,9]. In this important case,
relevant information has been obtained from experiments
in Newton black films (NBF) [9,10]. NBFs are very
thin films of size ~40 A consisting of an aqueous core
(~ 7.5 A) with water and ions sandwiched between two
layers of adsorbed surfactant [10]. There are important
differences between the surfactant layers of a NBF and
the planar impenetrable charged walls usually considered
in the mentioned theoretical models [5,9]: surfactant
layers are rough; they experience undulations and protru-
sions, which may have an effect over charge distribution;
water molecules can penetrate inside the layers, even
becoming part of the layer as hydration water; etc. It is
also important to recall that the structure of the solvent
confined between two rigid walls is very different than
the structure of water inside a NBE

Our objective in this Letter is precisely to test the basic
theoretical concepts in the theories on the role of water
structure on electrostatic interactions mentioned in the
previous paragraphs by performing computer simulations
of a realistic model of a NBE This analysis is made using
molecular dynamics simulations, which need to be per-
formed by taking advantage of supercomputing facilities.
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In this work, we consider water films of different sizes
sandwiched between two layers of adsorbed sodium do-
decyl sulfate (SDS) surfactant [Na*CH;(CH,);;0SO5 ].
We have chosen this widely used detergent because NBFs
consisting of SDS/water/SDS have been investigated ex-
perimentally in detail [10]. Water is modeled using the
SPC/E model (an extended simple point charge water, a
classical well-known model of water) [11], and the model
and force field employed for the surfactant are described
in detail in [12]. The simulation results obtained using
these models for water and SDS reproduce with good
accuracy the available structural experimental data on
NBF [12]. In our simulations, we consider two layers
containing Ngpg/2 DS~ cations, each one (Ngpg = 128)
with a surface area per surfactant of A/Ngpg = 33 A?
(corresponding to the value found in experiments [10])
separated by water containing Ngpg Na™ ions (which can
be adsorbed at the interface). In order to change the
separation H between both surfactant layers, we consider
simulations with a different number of water molecules
N,,. Extensive technical details about our simulations can
be found in Ref. [12], and some pictures and a movie of
our simulations can be found in the electronic auxiliary
material (EPAPS) [13]. For simplicity, here we will ana-
lyze only the results for some representative film sizes. In
Fig. 1(a) we show the results obtained for the free charge
distribution p /(z) due to the DS~ and Na* ions averaged
over 1.5 ns for a system with N,,/Ngpg = 11.94. In the
same figure, we also show the mass density of water in the
film. The system has a core of water with density p =
1 g/cm? sandwiched between two interfaces with ad-
sorbed DS~ and Na* ions. This aqueous core contains
approximately ~10% of the Na™ ions. In the two inter-
facial regions (of size ~8 A), P f(z) has a complex struc-
ture, reflecting the distributions of the adsorbed DS™
cations and the Na® ions accumulated near the charged
interface. It is clear from Fig. 1(a) that the adsorbed
surfactant layers contain solvation water. We have com-
puted the mean electric field E,, the dielectric displace-
ment D_(z), and the electrostatic potential ¢(z) (averaged
over the XY plane) using the Gauss theorem:

d 1 [z
B0 =-F= [ pena
D.(2) = f p(2)dz, @)

where p(z) is the charge distribution due to all the charges
present in the system. In Fig. 1(b) we show the electro-
static potential ¢(z) for this system. The potential has
strong oscillations at the interfaces, but it is nearly con-
stant in the core (indicating a zero field in this region).
Also, note that ¢(z) is slightly asymmetric with respect
to z — —z due to the asymmetries present in p((z) [see
Fig. 1(a)]; therefore spontaneously formed charge asym-
metries between both layers can survive up to time scales
of the order of the nanosecond.
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FIG. 1. Simulation results for a system with N, /Ngpg =

11.94. (a) Solid line: charge distribution p/(z)/q, due to the
DS~ and Na* (g, is the electronic charge); dots: density of
water in g/cm?. (b) Electrostatic potential ¢(z) computed using
Eq. (1). (c) Solid line: ¢,,, computed assuming that water
behaves as an ordinary dielectric [Eq. (3)]; dotted line: solution
of the PB equation.

In order to determine the role of the solvent in the
observed ¢(z), let us compute a new electrostatic poten-
tial ¢,,, defined by

_déya _ LDZ(Z) —

1 z ,
dz 80€, g0&, f—oo prE)dz ()
where ¢, is the dielectric constant of ordinary bulk water
(for the SPC/E model of water at 298 K, one has &, = 70
[14]). The quantity ¢,,, is simply the electrostatic poten-
tial generated by the distribution of charge p((z) due to
ions and surfactants (obtained in the simulations) im-
mersed in a dielectric medium with dielectric constant
€,. In the calculation of ¢,,;, we replace the actual solvent
distribution obtained in simulations by a dielectric me-
dium with relative dielectric constant g,. In other words,
the quantities ¢(z) and ¢,,4(z) are equal if the solvent
in the simulations has the same dielectric response of
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ordinary SPC/E bulk water. The result for the symme-
trized ¢,,4(z) is shown in Fig. 1(c). A comparison of
Figs. 1(b) and 1(c) by direct inspection shows striking
differences between ¢(z) and ¢,,4(z). It is very important
to recall that these differences are evident even in the
central region that contains a slab of water with density
p = 1 g/cm3, expected to behave as bulk water. In this
region, the actual potential ¢(z) fluctuates slightly around
a constant value (so E, = 0), whereas the potential ¢,,4(z)
is far from being constant, indicating an electric field
pointing towards the nearest surfactant layer [see
Fig. 1(c)] and has a maximum at z = 0. These impressive
differences clearly show that the dielectric response of
water inside the film is very different from that expected
for a dielectric medium characterized by ¢,. In Fig. 1(c)
we also show the prediction ¢pg(z) of the PB equation,
assuming two uniformly charged planar walls separated
a distance H =28 A [1]. It is remarkable that the PB
equation predicts a result not essentially different from
the quantity ¢,,4(z). Therefore, the differences between
the predictions of the PB equation [¢pg(z)] and the simu-
lation results (¢(z)) are mainly due to the fact that water
inside the film has an anomalous dielectric response.
Other effects such as correlations between charges, finite
ion sizes, or discrete nature of charges in the adsorbed
layers seem to have only secondary importance in the
electrostatics of this specific system. Also, note that, in
the simulated system roughness, undulations and protru-
sions of the interface are expected to affect the charge
distribution p;, which has a complex structure [recall
Fig. 1(a)]. However, the potential ¢pg(z) is computed
replacing the interfaces by charged planes. The compari-
son between ¢,,,(z) and ¢pp(z) [see Fig. 1(c)] suggests
that the electrostatic potential is not strongly influenced
by this complex structure of the charged interface.

The dielectric response of the medium (the contribu-
tion to the observed electric field due to water molecules)
is given by the polarization P,(z) defined as

P,=D, — gk, = f, [p(2) — pp()ldz’.  (4)

In Fig. 2 we show the fields E, and P, for three different
systems with N,,/Ngps = 11.9, N,,/Ngpg = 22, and
N, /Nsps = 4.36, respectively. The electric field E,
oscillates at the interfaces with a maximum value around
|E.| = 2 X 10° V/m and vanishes inside the aqueous core
of the films [see Figs. 2(a) and 2(b)], so the electric field is
confined at the interfaces. The polarization of water at the
interfaces is very strong in all the systems, of order
|P.|/eq = 5 X 10° V/m [see Figs. 2(a)-2(c)]. This value
for the polarization implies a very high degree of order-
ing of water molecules at the interface. This can be seen
by noting that the dipolar moment of a SPC/E water
molecule is g = 7.8 X 1073° Cm; so the maximum po-
larization that can be expected at an interface of size h =
8 A containing N,, water molecules is P./gy =
N, u/(Ahey) = 10° V/m. This polarization acquired at
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FIG. 2. Fields E, (solid line) and P./e, (dotted line)
in 108 V/m. (a) Simulation with N, /Ngps = 11.94,
(b) N,,/Ngps = 22, and (c) N,,/Nsps = 4.37.

the interfaces is due to the solvation water forming part of
the structure of the surfactant layers. This can be shown
by noting that all the systems have the same polarization
at the interface as the film with the interfaces at contact
[water content of N,,/Ngpg = 4.36; see Fig. 2(c)], which
does not contain any bulk water but contains only hydra-
tion water. It is worth noting that the structural details of
this film with N,,/Ngpg = 4.36 [12] are in good agree-
ment with the films spontaneously formed in ambient
conditions in the experiments of Ref. [10].

In Figs. 2(a) and 2(b) we can observe how this high
polarization P, acquired at the interfaces is propagated up
to the bulk water molecules, decaying in the central
region of the film in a typical distance of ~10 A. This
observed polarization of water at the aqueous core
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suppresses completely the field created by the charge
density p/(z) due to the DS™ and Na™ ions (see Fig. 1),
so the electric field vanishes in the aqueous core because
of the polarization of water. This result of a decaying
polarization from the interface is completely different
from the polarization expected in an ordinary dielectric,
in which the local relation P, = (g, — 1)goE. holds. In
our simulation results (see Fig. 2), no local relation be-
tween the fields P, and E, seems to exist [for example,
note that in the central region of Fig. 2(a), between z =
~75A and z=75A, E, =0, whereas P, changes
smoothly from P_/gy = —5 X 10° V/m to P,/gy = 5 X
10° V/ml].

After analyzing the obtained electrostatic potential
and fields, the remaining question is why water molecules
arrange themselves in order to give this unexpected di-
electric response instead of behaving according to the
ordinary dielectric response of bulk water. The answer to
this question is probably complex, but a simple insight
can be obtained by computing the electrostatic free en-
ergy difference between both dielectric behaviors of
water. Let us define the following quantity:

A (o Ag, —1 (o
AF == P.E.d; — == D%dz. 5
2‘/700 v z 2 8%80 [700 z . ()

In Eq. (5), the first integral is the work needed to insert
the water distribution observed in the simulation into a
system originally without water but containing the
charge distribution p/(z), maintaining a fixed charge
distribution p /(z) and temperature 7. The second integral
is the work needed to insert a dielectric characterized by
e, [hence with polarization (¢, — 1)D./¢,] in a system
with the charge distribution p((z), maintaining a fixed
charge distribution p(z) and temperature 7. Hence, the
quantity AF quantifies how favorable the observed di-
electric response of water is in the films as compared with
a solvent characterized by a dielectric constant &,. We
obtain AF = —0.28N,kzT for N, /Ngpg =22, AF =
—0.29N,,kgT for N, /Ngps = 1194, and AF =
—0.26N,,kgT for N,,/Ngps = 4.36. The results for AF
are negative but small. Water in this system has a thermo-
dynamic preference for the observed dielectric response
rather than to behave as an usual dielectric medium.

In conclusion, our computer simulations of two
charged interfaces in aqueous media (ionic surfactant/
water/ionic surfactant films with a distance between
interfaces from ~35 A to contact) show an anomalous
dielectric response of water. Our present results show that
the region influenced by the charged surfactant layers
extends up to a distance of order ~10 A. Solvent mole-
cules acquire a high polarization at the charged surfactant
layers, which decays from the interfaces with a decay
length of order of ~10 A. This observed polarization is
not consistent with a local relation between the polariza-
tion of the solvent and the electric field. As a result of this
decaying polarization, the electrostatic potential ¢(z)
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inside a film containing a small amount of bulk water
(~20A) is completely different from that expected if
water behaves as an usual dielectric. We also show that
this effect is a significant source of deviation between the
predictions of the classical Poisson-Boltzmann equation
and the observed electrostatic potential.

We hope that these new findings finally clarify the
question debated in the literature (see, for example, [5]
for a review) about the dielectric behavior of water in
these complex systems containing two charged soft in-
terfaces. We expect that our findings will stimulate new
theoretical research on the important subject of electro-
static forces between charged interfaces in aqueous
media.
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