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The framework for deriving tensorial interfacial dielectric profiles from bound charge distributions is
established and applied to molecular dynamics simulations of water at hydrophobic and hydrophilic
surfaces. In conjunction with a modified Poisson-Boltzmann equation, the trend of experimental double-
layer capacitances is well reproduced. We show that the apparent Stern layer can be understood in terms of

the dielectric profile of pure water.
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One of the most salient properties of water is its high
molecular polarity. As a result, electrostatic interactions in
aqueous environments are drastically modified with pro-
found implications for the behavior of ions, proteins, and
membranes in solution [1]. Experiments and simulations
have shown that the dielectric function of homogeneous
water exhibits two singularities for wave vectors at mo-
lecular length scales, indicating anomalous screening ef-
fects in bulk [2]. To what extent interfacial water exhibits
similar anomalies is less clear [3]. Experimental capaci-
tance studies have led Stern to propose a model for an
aqueous interface where the dielectric constant is reduced
over a nanoscopic width [4]. Whether this layer reflects
ionic or rather intrinsic water properties is not specified in
the original Stern model. However, recent terahertz spec-
troscopy experiments have shown that the dielectric prop-
erties of water itself are modified at interfaces within a
layer of molecular size [5]. Without considering an explicit
interfacial dielectric profile, the relation between the non-
local dielectric function and the Stern layer contribution to
the capacitance has been established [6] including non-
linear effects [7]. Using approximate statistical mechanical
methods, the decrease of the interfacial capacitance for a
dipolar fluid has been related to molecular ordering and
orientation [8]. However, a method for extracting dielectric
profiles from interfacial water orientational and spatial
distributions, as well as detailed knowledge of the profiles
themselves, have been lacking so far.

A thorough understanding of the interfacial dielectric
behavior of water is a prerequisite for correct modeling of
ion distributions [9] and double-layer interactions [10], as
well as electrokinetic effects. Similarly, the interfacial
dielectric function is a key ingredient to solvent-implicit
approaches toward protein and macromolecular modeling
[11]. Control over the interfacial dielectric constant is also
crucial for a number of industrial applications, including
high power and long duration energy storage devices [12].
Finally, dielectric effects are one contribution to the hydra-
tion repulsion between polar surfaces [1,13]. The dielectric
properties of interfacial water have been studied using both
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simulations and analytic approaches. One shortcoming of
previous analytic approaches is that the water bulk behav-
ior, including the above-mentioned anomaly, is typically
not accounted for [14,15]. At the same time, previous
simulations with explicit water and ions could not be
analyzed within the existing theoretical framework. One
reason for the complexity is the appearance of higher order
multipole moments, which are particularly essential at
interfaces [16].

The purpose of this Letter is threefold: First, we develop
the theoretical framework to extract both parallel and
perpendicular interfacial dielectric response functions
from the bound charge distribution. Quadrupole and higher
order moments, which were neglected previously [17], turn
out to be crucial. Second, we extract the dielectric response
functions using large-scale molecular dynamics (MD)
simulations of water and demonstrate that the perpendicu-
lar dielectric function exhibits singularities like the non-
local bulk dielectric function, whereas the parallel function
is smooth. The remarkable differences between hydropho-
bic and hydrophilic surfaces can be quantified in terms
of a dielectric dividing surface, defined similarly to the
Gibbs dividing surface. Third, we use a modified Poisson-
Boltzmann equation to show that the experimental
double-layer capacitance can be largely understood by
the dielectric profile of pure water.

Dielectric linear response.—A local change in displace-
ment field D(r) is related to a change in electric field E(r’)
via the nonlocal dielectric tensor e, (r,r'), AD(r) =
gy [en(r, r') - AE(r')dr', with g, the permittivity of vac-
uum. For a homogeneous electric field, AE(r) = AE,
which holds for the averaged tangential field component
at planar interfaces as will be discussed below, the response
function becomes local,

AD(r) = gye(r) - AE, €))
with &(r) = [ ey(r, r')dr'. This makes the usual locality
assumption g, (r, r') = &(r)8(r — r') superfluous. The in-

verse response function &' (r, 7) is defined by AE(r) =
gy [e,'(r,r') - AD(r')dr' [6] and becomes local when
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D(r) is uniform, which holds for the averaged perpendicu-
lar component at a planar interface,

AE(r) = g;le !(r) - AD, (2)

with e () the inverse dielectric function.

Fluctuation-dissipation relation.—The electric field is
separated into the displacement field D(r), associated
with the monopole density, and the polarization m(r)
generated by all higher multipole moments, gyE(r) =
D(r) — m(r). Defining the total polarization in a volume
V by M = [+, m(r)dr, the change in polarization upon
application of an external homogeneous electric field F,
defined as Am(r) = (m(r))p — (m(r)),, is given by
[17,18]

_ JGn = (m)o) exp[—B(U — M - F)]dX

Am [exp[-BU - M- F)ldX

3

where (- - *)r and (- - ), denote ensemble averages in the
presence and absence of F, respectively, B is the inverse
thermal energy and dX denotes phase space integration.
For small F, Eq. (3) can be linearized to yield

Am(r) = Bl(m(r)M)y — (m(r))o(M)]- F.  (4)

Slab geometry.—We consider a planar interfacial system
with translational invariance in the x and y directions, so all
averaged fields and observables only depend on z. The
dielectric tensor is diagonal with only two unique compo-
nents, parallel and perpendicular to the surface. Maxwell’s
equation V X E(z) =0 implies AE(z) = E;, which
shows that the tangential electric field is constant on aver-
age, i.e., neglecting field fluctuations due to, e.g., local
water orientations. Equation (1) applies to this situation,
yielding the parallel dielectric response

Amy(z)

g(z) =1+
[l SOE”

&)
The homogeneous field F in Eq. (4) corresponds to E in
the parallel case. Combining Egs. (4) and (5) gives

g(z) = 1+ &5 Blmy ()Mo — (my(2))o{M)o].  (6)

For vanishing monopole density we have V - D(z) = 0 and
thus the averaged perpendicular displacement field is con-
stant, AD | (z) = D . To this case, Eq. (2) applies and the
perpendicular dielectric response follows as

_Am,(2)

-1 =1
€ (Z) D,

(7)
The field F,; is associated with D, /gy. Combining
Egs. (4) and (7) yields

e1' (@) =1—g;'Blm ()M 1) — (m(2)(M )] (8)

Whereas g|(z) is irrelevant for planar systems with lateral
translational invariance, it becomes crucial for the dielec-
tric response of, e.g., a point charge at an interface.

Simulations and results.—We perform MD simulations
(GROMACS) of pure SPC/E water in contact with two
diamond surface types, one terminated with hydroxyl
groups (surface coverage xoy = 1/4 in the notation of
[19]), giving a hydrophilic surface, and one terminated
with hydrogen atoms, giving a hydrophobic surface (see
[19] for simulation details). Snapshots of the simulations
are shown in Fig. 1, together with the number density
profiles. Notably, the water density peak at the hydrophilic
surface is significantly higher than at the hydrophobic
surface. We calculate the dielectric response in two distinct
ways: First, from polarization fluctuations without an ex-
ternal electric field using Egs. (6) and (8), and second,
directly from Egs. (5) and (7) at a finite field F (for which
the response is a posteriori verified to be linear). To get the
excess polarization Am(r), the polarization at F = 0 is
subtracted.

The parallel dielectric profile &(z) is shown in Fig. 2 for
a hydrophilic (a) and a hydrophobic surface (b). Solid lines
depict results at vanishing external field using Eq. (6),
while dashed lines follow from Eq. (5) for an external
electric field of F|j = Ej = 0.05 V/nm. The parallel po-
larization profile my(z) is calculated directly from the
boundary charge created by introducing virtual cuts in
the simulation box, which is shown to be equivalent to a
summation over all multipole moments [18]. The bulk
dielectric response is close to the literature value for
SPC/E water of gp,, = 71 [20], and the profiles from
fluctuations and the applied field coincide excellently.
Clearly, the dielectric profiles are roughly proportional to
the density profiles. This is typically assumed in coarse-
grained solvation models [11], but strictly valid only
for noninteracting systems. Interestingly, however, the
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FIG. 1 (color online). Snapshots from the simulations of the
(a) hydrophilic and (b) hydrophobic surfaces and (c)-
(d) corresponding water density profiles n(z) without an external
electric field. All graphs have the same z scale, with z = 0 fixed
at the outermost carbon atoms for the hydrophobic and at the
oxygen atoms of the hydroxyl groups for the hydrophilic surface.
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FIG. 2 (color online). The parallel dielectric function & next
to a (a) hydrophilic and a (b) hydrophobic diamond calculated
from polarization fluctuations [Eq. (6), solid lines] and for an
external electric field E; = 0.05 V/nm [Eq. (5), dashed lines].
The inverse perpendicular dielectric function &' next to a
(c) hydrophilic and a (d) hydrophobic diamond from fluctuations
[Eq. (8), solid lines] and for an external electric field D, /g, =
+0.5 V/nm [Eq. (7), dashed lines]. The dotted lines denote the
dipole contribution for an applied external field.

dielectric peak is higher at the hydrophobic surface com-
pared to the hydrophilic surface, in contrast to the density,
which shows the opposite trend. This disparity indicates
that, although there are more polarizable molecules avail-
able in the first density peak at the hydrophilic surface,
their response to an electric field is more restricted than at
the hydrophobic surface. This points to a fundamental
difference in dielectric response between the two surfaces,
which we will get back to later. Shown as dotted lines are
the dipolar dielectric contributions, calculated using only
the excess dipole density AP, (z) instead of the total excess
polarization Am(z), which agree perfectly with the full
g)|(z) profiles, showing that quadrupole and higher order
contributions are negligible for the parallel response.

The inverse perpendicular dielectric profile is shown in
Fig. 2 at a hydrophilic (c) and a hydrophobic surface (d).
We calculate m | (z) directly from the total charge density
p(z) via m, (z) = — [§ p(z')dz’. Solid lines show the re-
sponse calculated from fluctuations using Eq. (8), and
dashed curves represent the response to an applied electric
field of £0.5 V/nm from Eq. (7). Again, both computa-
tional methods agree, thus confirming our formalism.
Strikingly, & !(z) passes through zero several times, mean-
ing that & | (z) exhibits multiple singularities and extensive
negative parts. This overscreening behavior is reminiscent
of the nonlocal bulk dielectric function [2], which evi-
dently dominates the dielectric response perpendicular to
the surface, but not the parallel one. In contrast with the
parallel case, the dipolar dielectric contributions (dotted
lines) deviate from the full &]'(z) profiles, showing

that here quadrupole and higher order terms are crucial.
This vividly illustrates shortcomings of previous formula-
tions [17]. Although &7 '(z) must be related to the molecu-
lar ordering, there is no direct correlation between all(z)
and the electric field stemming from the oriented mole-
cules [18].

Dielectric dividing surface.—To interpret and apply our
simulation results in a transparent fashion, we introduce
the dielectric dividing surface position z°P5, in analogy to
the Gibbs dividing surface defined by

/DS — 2 + a f(ZI) - f(Z) dz, 9)

o f@) — f(z,)

where z, and z; are positions in the vapor and liquid
phases, respectively. For the Gibbs dividing surface z9PS,
f(2) is the fluid number density n(z), and we obtain ZL()}}E)% =

0.22 nm and zgﬂ)ﬂs = 0.07 nm, reflecting the well-known

tendency for water to form a pronounced depletion layer
at hydrophobic surfaces [19]. For the dielectric dividing

surfaces thDS and 05, we take f(z) = g|(z) and f(z) =

e '(z), respectively, giving zPD5 = 0.09 nm, zPD5 =

[Iphil [lphob ~
0.08 nm, zPPS = 0.10 nm, and Z]i];))t?ob = 0.12 nm. Using

Lphil
a previous dielectric layer definition [7] together with our
&7 '(z), we obtain z | ;= 0.08 nm and z | yhop = 0.12 nm,
which is not very different from z?P5. Note that by con-
struction, our definition of the dielectric dividing surface
position combined with a sharp-kink approximation,
e1'(z) =1 for z<zPPS and e7'(z) = e, otherwise,
ensures the correct asymptotic voltage profile far away
from the interface. For the dielectric shifts, defined as
8 =z — 2% and &, = 21" — 9%, we obtain

8" =0.02 £0.01 nm and 87" = 0.03 = 0.015 nm at

the hydrophilic and 8" = —0.14+0.01 nm and 87" =

—0.10 = 0.01 nm at the hydrophobic surface, showing a
remarkable difference between the two surfaces: the di-
electric interface is shifted toward the hydrophobic surface,
&phob < gphil indicating that water at this surface is a
“better dielectric” than at the hydrophilic surface, when
the reference is taken as zCPS. However, this difference is
more than compensated by the depletion layer, which is

larger at the hydrophobic surface, so that Z]J)_]gl?ob > zlilggi].

In the following, we compare different ways of incorporat-
ing these dielectric effects into a coarse-grained model.

Poisson-Boltzmann (PB) modeling.—We consider a
monovalent salt solution adjacent to a charged planar
surface. Inspired by Eq. (2), we assume locality in the
form £yE) (z) = €] '(z)D, (z), which is a good approxi-
mation when D | (z) varies slowly, i.e., at low salt concen-
tration and low surface charge density o [6]. Taking the
divergence of E,(z) and inserting V.D,(z) = Py(z) =
—2ecysinh[ Be i (z)]exp[—u(z)], with (z) the electro-
static potential and ¢, the bulk salt concentration, leads
to the modified PB equation,
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FIG. 3 (color online). Double-layer capacitance from Eq. (10)
in the limit o9 — 0, using £ '(z) = &}, (black lines), &7 '(z)
from MD (solid colored lines), and the sharp-kink-
approximation using z'iDS (broken lines). The blue lines corre-
spond to hydrophilic and the red lines to hydrophobic surfaces.
Circles denote experimental data [18]. (a) Surface charge o
located at z = 0. The dotted lines include a soft ion repulsion
wu(z) = aexp[l — z/A] and use &, ), (black) or the sharp-kink
approximation (red and blue). (b) Surface charge located at z =
—0.1 nm with &' = 1 for z <0, using £ ' (z) = &} forz >0
(solid line) and the sharp-kink approximation (dashed lines).

goV2 = 2ecysinh[Beylexp[—ule ' — D,V e,
(10)

where we used V_.¢(z) = —E(z). The potential u(z)
contains all nonelectrostatic surface-ion contributions
such as steric and solvation effects. The displacement field
follows as D (z) = [§ Py(z')dz’, making Eq. (10) an inte-
grodifferential equation [7,15].

Dielectric interface effects are most crucial for the sur-
face capacitance, defined in differential form as C =
doy/d, for oy— 0, where = y(z =0) is the
surface potential. Figure 3(a) shows C calculated from
Eq. (10) for different scenarios. For constant &]!(z) =
epai With ey = 71 and w(z) = 0 (black solid line), the
calculated C grossly overestimates experimental data
(circles, for various surfaces and systems; see [18] for
references), an observation that led Stern to postulate a
low-dielectric surface layer [4]. Adding a generic soft ion
repulsion, w(z) = aexp[l — z/A], with A of the order of
the ionic radius, A = 0.15 nm, and « = 1, but keeping
g1 '(z) = &y} does not improve the situation much (black
dotted line, denoted &), irrespective of the precise val-
ues of A and «. On the other hand, the capacitance calcu-
lated using the full profiles £'(z) (colored solid lines,
denoted by “phil”” and *“‘phob’’) agrees much better with
experiments. Results of the sharp-kink approximation,
e11(z) = eyl for z>2zPPS and &7!(z) =1 otherwise
(broken lines), are very close to the full profile capacitance,
explaining the success of the Stern layer concept and other,
more refined expressions based on the width of the dielec-
tric variation (for low salt concentration) [6,7]. Adding the
soft ion repulsion u(z) (colored dotted lines, only in con-
junction with the sharp-kink approximation) leads to an
excellent match with experiments even at high salt con-
centration. Note that experimentally, the capacitance

increases only slightly with surface polarity [12,18], which
is in line with our findings at hydrophobic and hydrophilic
surfaces (red and blue lines in Fig. 3(a), respectively) and
rationalized by the above-mentioned weak dominance of
density depletion over interfacial dielectric effects on both
surface types. The capacitance at very low salt concentra-
tion corresponds well to the value of 3.5 uF/cm? obtained
for pure water at a platinum interface [21], despite the
different water model used.

Note that the surface charge position at z = 0 corre-
sponds to the outermost carbon layer on the hydrophobic
surface and to the oxygen layer on the hydrophilic surface,
a crucial detail motivated by surface chemical considera-
tions [18]. Figure 3(b) shows the capacitance when the
charge is displaced to z = —0.1 nm, using & '(z) = 1 for
z < 0. Solid lines are calculated using &]'(z) = &, } for
z>0 and dashed lines using the sharp-kink approxima-
tion. Clearly, the dependence of the capacitance on the
concentration deviates from the experimental trend in both
cases, supporting our initial choice of the plane of charge
position at z = 0.

In conclusion, we establish the framework to extract the
full tensorial dielectric interface profiles from MD data.
The perpendicular profiles SII(Z) exhibit rich structure and
distinct differences between hydrophobic and hydrophilic
surfaces. In the context of coarse-grained PB modeling,
experimental capacitance data are well reproduced. The
dielectric dividing surface position is suggested as a
straightforward definition of the width of a Stern layer
with € = 1. Modifications and nonlinear effects are ex-
pected at higher salt concentration, which shall be ad-
dressed in the future.
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