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We investigate the dielectric profile of water confined between two planar polar walls using atomistic
molecular dynamics simulations. For a water slab thickness below 1 nm the dielectric response is highly
asymmetric: while the parallel component slightly increases compared to bulk, the perpendicular one
decreases drastically due to anticorrelated polarization of neighboring water molecules. We demonstrate
the importance of the dielectric contribution due to flexible polar headgroups and derive an effective
dielectric tensorial box model suitable for coarse-grained electrostatic modeling.
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The water structure at surfaces has a profound influence
on wetting properties, adhesion between surfaces, and
adsorption of ions, molecular solutes and macromolecules
[1-4]. The understanding of hydration and hydrophobic
interactions between surfaces has been possible by ground-
breaking experimental techniques [5-7] and more recently
been advanced by computer simulations that include
explicit water [8—12].

Most biologically or technologically relevant surfaces
such as lipid membranes [13], mineral surfaces, and
colloids [14], bear surface charges. Electrostatic inter-
actions in aqueous solution are strongly influenced by
water’s dielectric properties. The large relative dielectric
constant of bulk water of &, = 80 means that Coulomb
interactions in water are reduced down to roughly 1 percent
compared to vacuum. Stern’s groundbreaking analysis of
experimental surface capacitance data demonstrated that at
a solid-water interface a thin interfacial layer exists with a
dielectric constant much reduced compared to the bulk
water value [15]. Although this interfacial layer has a
thickness of only about a tenth of a nanometer, its effects on
the surface capacitance as well as electrokinetic transport
properties such as zeta potentials and surface conductivities
are significant [16].

The interaction between charged particles and surfaces
across aqueous solution is standardly modeled by con-
tinuum theories and solvent-implicit simulations assuming
constant dielectric properties in the water slab [17-20].
Clearly, any modification of the water dielectric constant as
the surfaces approach would strongly modify the electro-
static intersurface interactions.

Whereas the bulk dielectric response of polar fluids is
well understood [21-24], atomistic simulations as well as
analytic theories confirmed that it is strongly modified at
interfaces [25-28]. For a planar interface, the dielectric
response becomes anisotropic and can be described by two
local profiles, (z) and €, (z). The perpendicular compo-
nent is particularly relevant and has been used to predict the
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surface zeta potential and capacitance in quantitative
agreement with experimental data [29]. The effect of
confinement on the dielectric constant, however, is highly
relevant but far from settled [3]. Previous simulation studies
suggested a reduced dielectric constant in confinement
[30-33]; however, some of these studies were debated
because of ill-defined boundary conditions [34,35].

In this Letter we extract the water dielectric properties
between two soft polar model surfaces using extensive
molecular dynamics (MD) simulations. Both parallel and
perpendicular dielectric components reach the bulk value
for a water slab thickness larger than about 1 nm, for a
smaller thickness the parallel dielectric component is
enhanced while the perpendicular component is drastically
reduced. This symmetry breaking is solely due to collective
polarization effects: The parallel polarization correlations
between neighboring water molecules is slightly enhanced,
while the perpendicular dipoles of neighboring water
molecules are predominantly anticorrelated, leading to a
negative collective contribution. We also show that the
orientational freedom of polar headgroups adds signifi-
cantly to the local dielectric constant. We cast our results in
the form of a tensorial dielectric box model which can be
straightforwardly implemented in future coarse-grained
modeling of the interaction between charged surfaces
and electrokinetic effects in confinement [36,37].

Linear response theory—We write the change of the
dielectric displacement field AD(7) at position 7 due to the
local change of the electric field AE(7) as an integral over
the nonlocal dielectric response tensor ?nl,

AD(7) = & / (R 7) - AE(P)dTF. (1)

For planar symmetry in the xy directions, all fields and
response functions only depend on the_z coordinate.
Furthermore, the static Maxwell relation V x AE(z) =0
shows that the parallel electric field AE) is constant and
thus Eq. (1) simplifies to
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AD)(z) = &g (2)AE), (2)

where we define the local
€| Z)
the absence of free charges V- AD(Z) = 0 shows that the
perpendicular displacement field AD | is constant which
leads to the perpendicular local response relation

parallel response as

[el(z,2)dz. Slrmlarly, the Maxwell relation in

AE.(z) = &3'¢7' (2)AD . 3)

We define parallel and perpendicular polarization corre-
lation functions as

Ca(2) = (ma(2)Ma) = (mq(2))(My), (4)

with m,(z) being the laterally averaged polarization density
at position z and @ = L, ||. The total polarization follows
by an integral over the entire simulation box height,

=A]/ LL/ 52 dzmg(
areais A =L,L,.
Using the fluctuation-dissipation theorem, &(z)
related to polarization correlations via [25,26]

a@)

80k3

, where the lateral simulation box

ez =1+~ (5)

where k5T is the thermal energy and €, denotes the vacuum
permittivity. In contrast, the inverse perpendicular dielectric
profile for a periodic system follows as [38]

() =1— CJ-—(Z)’ 6
SJ_ (Z) SOkBT‘I’CL/V ( )
where V = AL, is the simulation box volume and the

variance of the total polarization is denoted as

C, —AfL/2 dzc,(z). Note that for a homogeneous

system we have ¢, (z)=C,/V and thus
1 + ¢, /(eokgT), in full analogy to the parallel component
in Eq. (5) and Ref. [39]. However, in the general interfacial
scenario, where ¢ (z) depends on the coordinate z, the
parallel and perpendicular expressions Eqgs. (5) and (6) are
intrinsically different, as we will discuss in detail.

MD simulations.—The slab between two planar surfaces
consisting of 100 polar decanol molecules each is filled
with N, = 170 up to 19752 SPC/E water molecules [40]
(see Fig. 1 for a snapshot). The SPC/E model represents
bulk water dielectric properties quite well [41]. Force-field
parameters are based on GROMOSS53A6 [42], decanol
hydroxyl groups are represented in atomistic detail, CH,
and CHj groups as united atoms. The repulsion between
head-group oxygens is increased to reduce intrasurface
hydrogen bonding [43]. To avoid slow reorientation events,
we restrain all decanols on the second CH, group counting
from the OH headgroup with force constants k, =k, =
500 kJ/(molnm?) and k., = 10 kJ/(molnm?) and the

£ =

FIG. 1. Simulation snapshot for a water layer thickness
L,, = 1.5 nm. Selected molecules are shown using van der Waals
spheres. Each monolayer consists of 100 decanol molecules. The
inset on the right shows the distribution of partial charges on the
flexible polar headgroups.

terminal CH; group with k, = k, =5 kJ/(molnm?*) on
a centered rectangular lattice with a lateral area per head-
group of A/100 = 0.234 nm?. This corresponds to the
tensionless state in vacuum with a decanol tilt angle of 30°.
Simulations are performed using version 5.0 of the
GROMACS simulation package [44] at T =300 K with
periodic boundary conditions and analyzed using the
MDAnalysis package [45].

In analogy to the experimental definition [46], we define
the water layer thickness L,, using the bulk molecular water
volume »,, = 0.0304 nm’ and the number of water mol-
ecules N, as L, = N,v,/A. For small separations
L,, < 3 nm, simulations are done in the N,,AL_T ensemble
at constant volume V = AL, and the number of water
molecules N,, is adjusted via thermodynamic extrapolation
to yield a constant chemical potential [11,47]. For
L,, > 3 nm, the interaction pressure is negligible and we
use the N, ,AP.T ensemble at fixed vertical pressure
P, =1 bar. Lennard Jones interactions are truncated at
r. = 0.9 nm, for the electrostatic interactions the particle
mesh Ewald method [57] is employed with a real-space
cutoff 7. = 0.9 nm. Simulations for L, < 8 nm have a
length of 1 us, trajectories at larger separations are obtained
for at least 100 ns.

Dielectric profiles.—We analyze the water and decanol
polarization contributions separately according to

my(z) = my(z) + my<(z). (7)

The perpendicular polarization profile is calculated via
integration of the charge density p(z) according to
my(z) = = %, ,,p(2')dZ, the parallel polarization profile
is calculated from the boundary polarization charge dis-
tribution [47,58]. Figure 2(a) shows the water, decanol, and
the total mass density profiles p,,(z) for L,, = 1.5 nm and
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demonstrates that water density oscillations (blue line) are
absent as expected for our relatively soft surfaces
[43,59,60]. The total mass density (black line) is rather
uniform throughout the system. The vertical gray lines
denote the Gibbs dividing surface positions, zgps, Which
thermodynamically define the surface positions and follow
from our definition of the water slab thickness as
Zgps = £L,,/2. The charge density profile in Fig. 2(b)
reveals that the main contribution comes from the decanols
(red line) which is due to the pronounced orientation of the
headgroups with respect to the surface normal.

The parallel dielectric data in Fig. 2(c) demonstrate that
the headgroups (red line) significantly contribute and
produce a maximum in the total dielectric profile (black
line) of g =75 close to the interface position, slightly
larger than the bulk value &,,; = 70.0 = 0.2 (denoted by a
horizontal broken line, determined independently from
bulk simulations and consistent with literature values for
SPC/E water [41,61]).

In Fig. 2(d) we show 1 —¢7'(z) which according to
Eq. (6) is proportional to the perpendicular polarization
correlations ¢, (z) and thus can be decomposed into the
water and decanol contributions. We see that headgroups
(red line) contribute even more than in the parallel direction
and that 1 — e7'(z) > 1 inside the headgroup region. This
means that the perpendicular dielectric profile ¢, (z),
shown in Fig. 2(e), exhibits poles close to the surface
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FIG. 2. MD results for a water slab thickness L, = 1.5 nm.
Profiles for (a) mass density, (b) charge density, (c) parallel
dielectric response, (d) inverse perpendicular dielectric response,
and (e) perpendicular dielectric response are shown, contributions
of water and decanol are indicated by blue and red lines,
respectively. The horizontal broken lines denote the bulk value
of SPC/E water. The inset in (d) zooms into the slab central region
where bulk water behavior is obtained. The vertical gray lines
indicate the Gibbs dividing surface positions.

and is negative in a finite region. We will see further below
that these divergencies are unproblematic for coarse-
grained modeling applications. The inset in Fig. 2(d)
demonstrates that 1 — e7!(z) in the slab center approaches
the expected bulk value 1—1/70 =0.986 with high
precision. Not surprisingly, the data for ¢,(z) in
Fig. 2(e) show significant numerical noise (error bars larger
than figure height) but are consistent with the expected bulk
value &, = 70 (denoted by a horizontal broken line) in
the slab middle. As this shows, the inverse relation between
¢, (z) and €, (z) in Eq. (6) makes the estimation of the
perpendicular dielectric profile in thin slabs numerically
highly demanding.

Self and collective polarizations.—Using that the total
polarization can be written as M, = >, p; ,, Where p; is the
dipole moment of molecule i, we split the polarization
variance C, = C3If + C<°!" into self and collective contri-
butions defined as

C;%Ielf = Z<p12,(1> - <pi,a>2 and (8)

l

= Z Z (PiaPja) = (Pia)(Pja)- 9)

i J#F

The parallel total variance C/(AL,e0kgT) in Fig. 3
approaches the bulk value &, —1 =69 (solid line)
already for L, > 2 nm; ie., the parallel polarization
fluctuations exhibit bulklike behavior even in thin slabs.
In contrast, the perpendicular variance is far from the bulk
limit, and based on Eq. (6) is expected to approach the limit
C,/(AL,eykgT) =69 only at separations larger than
hundreds of nanometers, reflecting that electrostatic boun-
dary effects have long-range consequences.

Interestingly, both self-contributions, CTlelf and C%If,
approach the value for an isolated water molecule in the
Langevin model & — 1 =19 for L,, > 1 nm [47]. This
shows that the single water response is weakly perturbed by
correlation effects both in parallel and perpendicular
directions. In fact, the slow crossover of C, is entirely
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FIG. 3. Total (solid triangles) as well as self (open circles) and
collective (open diamonds) polarization variances as a function of
water slab thickness L,,. The solid horizontal line represents the
expected bulk limit C,/(AL,,e0kgT) = 70 — 1 = 69, the dashed
horizontal line shows the Langevin model prediction for an
isolated water molecule C3' /(AL,,eqkT) = 19.
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FIG. 4. (a) Parallel and (b) inverse perpendicular dielectric
profiles at various water slab thicknesses. The vertical broken
lines indicate the corresponding water slab thickness L.

due to the collective contribution C°", which turns out to
be negative for all separations considered by us [red open
diamonds in Fig. 3]. This means that the perpendicular
water polarizations of neighboring water molecules are
anticorrelated.

Dielectric box model.—Figure 4 shows the parallel and
inverse perpendicular dielectric profiles for a few different
separations. At the smallest separations, &;(z) is enhanced
in the slab center while ¢7'(z) is negative over an extended
range. To cast these features into a description suitable for
coarse-grained modeling and analytical approaches, we
derive a simple dielectric box model based on effective
medium theory concepts [62].

Since in the parallel direction AE I 1S constant, we
demand that an effective dielectric box model reproduces
the integral over the parallel displacement field,

f_Lﬁz dzAD(z). Assuming an effective dielectric constant
gi" in a box of width L, Eq. (2) leads to

L.)2

LT — 1) + L, = / e(dz. (10)

-L,/2

In the perpendicular direction AD | is constant; thus, we
demand the effective box model to reproduce the integral
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FIG. 5. (a) Shifts of the effective dielectric box widths L& —

L,, assuming effective dielectric constants corresponding to the
bulk value as defined by Eqgs. (10) and (11). The horizontal
dashed lines denote the asymptotic shifts §, = L — L, for large
separation. (b) Effective dielectric constants €57 when assuming

effective box widths given by L = L + 5,

over the electric field, f_LL/fz dzAE | (z), which is nothing

but the electrostatic potential difference at the system
boundaries. Using Eq. (3), we obtain

L/2 1
/ dzef(z):Ljff<——l>+Lz. (11)

ff
L./2 7

Obviously, Egs. (10) and (11) depend on two unknowns
each, the box width LT and the effective dielectric constant
€T In Figure 5(a) we show LS — L, as a function of the
water slab thickness L, when assuming & = ¢, .. For
both components we observe LT — L, > 0, meaning that
water slabs at polar surfaces possess a positive dielectric
interfacial excess that we associate with contributions from
polar orientable headgroups. For the parallel component,
the effective box width increases at small separations,
indicating that confined water becomes a more efficient
parallel dielectric. In contrast, L& decreases for small L,;
thus, the perpendicular dielectric efficiency of confined
water decreases. The shifts LET — L, saturate for large L,,
at L§"—L,, =6, =0.4nm and L"~L,,=5, =0.7nm, indi-
cated by dashed lines in Fig. 5(a). Using now for the
effective box widths the asymptotic results for large surface
separation LT = L, + §,, Fig. 5(b) shows the resulting

effective dielectric constants. sﬁff increases for small

separations and reaches a value of about ¢ = 85 at the

smallest separation. In contrast, ejff drastically decreases

for D <1 nm and saturates at about &7 =10 at the
smallest separation. We thus predict that electrostatic
interactions between surfaces, which are described by
the perpendicular dielectric component, will be strongly
enhanced at small separations.

While we expect details of the dielectric profiles to
depend on the surface stiffness and the specific surface
chemistry, preliminary simulation results for different sur-
face types suggest the decrease of the perpendicular
dielectric component for small separations to be a rather
universal feature. Since subnanometer water layers are
typical for strongly compressed surfaces in technological
and biological applications, our results have consequences
for a number of applications. In particular, we suggest that
part of the deviations of experimentally measured inter-
actions between charged surfaces from standard Poisson-
Boltzmann predictions, that are typically ascribed to
hydration interactions [63], might in fact be due to a
decreasing perpendicular dielectric constant at strong
confinement.
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