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Abstract

It has long been anticipated that dielectric constants of polar liquids are reduced
in the interfacial layer. Recent experiments and computer simulations support these
expectations. A strong reduction of the dielectric constant is found in the direction
perpendicular to a planar substrate, while the parallel response is bulk-like. This
perspective highlights recent theoretical calculations and simulations with an eye on
relating them to properties observable in the laboratory. The average interface di-
electric constant computed from simulations connects to thin films experiments, but
cannot be extended to screening of charges. In contrast to dielectric theories where a
single dielectric constant gauges both the polarization energy and screening, these two
signatures of dielectric polarization diverge on the molecular scale. The reduction of
the dielectric constant of water in thin films is currently viewed as a combined effect
of geometric confinement imposed by the substrate and the reconstruction of water

hydrogen bonds in the surface layer.

Introduction

Understanding and characterization of interfaces remains a grand challenge for condensed
matter science. Much of chemistry and all molecular biology belong to the realm of in-
terfacial phenomena. In some cases heterogeneous systems can be analyzed as mixtures of
well-characterized components. This is not the case with electrostatic interactions and elec-
trically polarized interfaces. Because of the long-range character of Coulomb interactions,
polarization of a mixture arises from a self-consistent solution inseparable into polarized com-
ponents. This is known as Maxwell-Wagner polarization in theories of dielectrics. Extending
this view to microscopic and nanometer-scale interfaces of polar liquids and accounting for
the specifics of the interfacial liquid structure turned out to be a challenging problem not
only from the technical viewpoint, but equally so from the perspective of developing physi-
cally sound formulations producing observables accessible to laboratory measurements. The
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latter aspect turned out to be particularly difficult to address with the recent proliferation
of numerical simulations reporting highly detailed interfacial structures, which, neverthe-
less, are difficult to translate to observable properties. This perspective article highlights
these difficulties and subtle nuances while keeping an eye on the need to develop physical
theories and computational formalisms relating computations to the laboratory experiment.
Following an account of recent theoretical and computational advances, a short overview of
experimental results addressing electrically polarized interfaces is presented.

The dielectric susceptibility and the dielectric constant quantify the amount of energy
stored in a polarized dielectric (a nonconducting material) and are expressed through capac-
itance in dielectric experiments. It is postulated that the dielectric constant is a material
property, that is, it is specific to a given material and is independent of the sample shape.??
This postulate, which is supported by empirical evidence, is central to all theories of di-
electrics.! This is a nontrivial result since, due to the long-range character of Coulomb forces,
the polarization of a dielectric sample depends on its shape. However, when all boundary
conditions are correctly taken into account, the resulting dielectric constant is a material
property.

Theories of dielectrics! use the postulate of the dielectric constant being a material prop-
erty to calculate dielectric polarization for samples of simple geometry. A spherical region
is typically separated from the macroscopic sample and characterized by the dipole moment
M when the dielectric is polarized (see ref 3 for a formulation where this simplification is
avoided). There is no macroscopic dipole in the absence of the field for paraelectric (in
contrast to ferroelectric) materials. The dielectric constant is defined either through the
macroscopic dipole induced in the material by the external field or by the variance of the
macroscopic dipole, driven by thermal agitation, when the field is turned off (Kirkwood-
Onsager equation, see below). Fluctuation relations can also be applied to specify polar
response at the microscopic scale as discussed below.

Defining the dielectric constant in terms of the linear polarization of the sample (the
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polarization route) requires yet another postulate of electrostatics of dielectrics. This is the
postulate of locality of the Maxwell field E(r). The Maxwell field is the global (macroscopic)
field characterizing the entire dielectric. It is defined as the statistical average of the sum
of the electric field of external charges Ey(r) and the electric field of all molecular (bound)
charges E;(r). The assumption of locality means that the polarization density P(r) at some

point r in the dielectric is proportional to the Maxwell field at the same point
P(r) = eoxE(r) = eo(e — 1)E(r) (1)

In this equation, x is the dielectric susceptibility and e is the dielectric constant; ¢y is the
vacuum permittivity.
The polarization density P in eq 1 is formally defined by connecting its divergence to the

density p, of the bound (molecular) charges
pp=—V-P (2)

For water in the interface, py is calculated by adding atomic charges of protons and oxygens in
a small volume and dividing the resulting charge by the volume. This is not a very practical
recipe in many cases and one alternatively applies the multipolar expansion to represent P
in terms of molecular multipoles.* The multipolar expansion leads to P given by a sum of
the density of dipoles P, and divergences of higher multipolar densities starting from the

second-rank tensor field of the density of molecular quadrupoles Q
1
P:Pd—gv-Q—i-... (3)

The terms not shown here include the density of octupoles and of higher multipolar mo-
ments.’

The polarization density entering the macroscopic eq 1 is assumed to be averaged (in-
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tegrated) over a small volume Q(r) in the polarized dielectric. The divergence of Q(r)
and of higher multipolar moments turns by integration into a surface integral over the sur-
face of the volume element Q(r). If this surface integral makes a vanishing contribution,
one can associate P(r) with the density of the dipole moment in the chosen small volume
P(r) = P4(r) = M(r)/Q(r). The ability to follow these steps requires that the volume Q(r)
has a macroscopic dimension such that the dielectric constant € remains a material property.
This requirement is not fulfilled for polarization of microscopic interfaces, when the distances
of interest are of the molecular length scale, and for polarization of liquids and solids around
molecules.

In all problems related to polarization at the molecular scale, P(r) is not well defined
since one cannot measure polarization density at a point. This problem might seem purely
technical, but eq 1 carries a more fundamental problem related to the fact that the inhomo-
geneous Maxwell field E(r) cannot be measured either® (a fundamental difficulty realized
already by Thompson?). The only parameter that has a physical meaning is the line integral

of the Maxwell field, which represents the potential difference A¢ between two points

A¢:/dﬂ~E (@)

This restriction implies that the Maxwell field can be defined only when it can be viewed as
constant between two reference points. To define the Maxwell field with microscopic preci-
sion, one has to measure the potential difference with the same precision. In most practical
cases, it means that the Maxwell field has to be uniform to be well defined. This is the con-
dition assumed in the dielectric experiment where the potential drop A¢ is applied between
two plates of the plane capacitor separated by the distance d. The average Maxwell field is
defined as (E) = A¢/d. One has to stress that this definition does not preclude variations

of the Maxwell field in the interfacial regions and, even in this simplified configuration, one
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experimentally deals with the spatial average (Figure 1)

d
<E>:%:é/o 02E (5)

These arguments make clear that both vector fields, P(r) and E(r), are ill-defined on
the microscopic length scale and in fact cannot be measured. One wonders if the scalar
parameter € connecting these ill-defined vector fields can still be associated with the material
dielectric constant reported by the macroscopic dielectric experiment. This question applied
to interfaces is the main topic of this article. Before turning to interfacial polarization, we

want to quickly dwell on the limitations of eq 1 when applied to bulk dielectrics.

it 3.0
) O Cw
€int 1 5

T SSS S S

Figure 1: Diagram of the dielectric film viewed as a layered structure with interface dielectric
constant €;,; in the interface of water with the capacitor plates and the bulk dielectric constant
€, =~ 80 in the rest of the sample.

The assumption of locality of the polarization density and Maxwell fields is an approx-
imation, as established by microscopic theories and computer simulations operating on the
microscopic scale. When microscopic granularity of the material is involved, one has to re-
place the dielectric susceptibility x in eq 1 with a second-rank tensorial function x(r — r’)
depending on the distance between two points in space r and r’. Correspondingly, the local
constitutive relation (eq 1) is replaced with the real-space convolution integral accounting for

non-locality of the Maxwell field on the microscopic length scale of a few molecular diameters

P(r) = eo/dr’x(r —r') - E(r) (6)

Physically, this equation implies that polarization at some point in space is not entirely

defined by the Maxwell field at the same point, but instead by the Maxwell field in some
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microscopic region in which dipoles of the material remain correlated. This result is usually
cast in terms of the spatial Fourier transform allowing one to eliminate the real-space con-
volution and convert eq 6 into an algebraic equation, P = eox - E, for the reciprocal-space
fields indicated with tildes. This linear relation defines the k-dependent dielectric function
€(k) =1+ x(k), Ing = 0ap. It is a second-rank tensor because the wavevector k introduces
axial symmetry to the isotropic liquid. The axial second-rank tensor is defined by two scalar
functions representing the response parallel to k (longitudinal, L) and perpendicular to k
(transverse, T).® The two scalar components tend to the bulk dielectric constant € at & — 0.7
The reciprocal-space dielectric function has a well-defined physical meaning and has been
calculated from liquid-state theories'? and molecular dynamics simulations. ! Nevertheless,
its direct measurement by experiment has not been achieved so far. From the qualitative
standpoint, €(k) describes the polar response at the length scale ¢ = 27/k specified by
the wavevector k. This physical meaning often invites analogies with the response of polar
liquids in confinement. The connection is far from direct since €(k) does not incorporate two
important effects significant to understanding the interfacial polar response: (i) the effect
of geometric confinement, i.e., the reduction of the space available to the polar molecules
to develop orientational correlations and (ii) physical orientational structure of interfaces.
To illustrate the distinction between €(k) of bulk liquids from the dielectric response of
interfaces, Figure 2 shows the transverse dielectric constant of SPC/E water calculated '
from the dipolar transverse structure factor Sr(k) replacing each molecular dipole with a

point dipole
er(k) = 1+ 3ySr(k) (7)

where y = Spm?/(9¢o) ~ 6.2 for SPC/E water. One finds that this function starts with the
bulk dielectric constant ér(0) = €, ~ 71 at k = 0 and approaches the result for the ideal
gas of dipoles €q = 1+ 3y ~ 20 when all dipolar correlations disappear at k — oo (€(k)
further decays at k — oo when distributed intramolecular charge is taken into account!?).

The value €4 is the lowest dielectric constant of bulk water considered as an ensemble of
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dipoles. As discussed below, the dielectric constants in confinement and in interface are much
lower, which requires specific antiparallel orientations of the neighboring dipoles (short-range
correlations) reducing the Kirkwood factor below unity. This result comes in contrast to no

dipolar correlations (either long-ranged or short-ranged) leading to €q.

75
60!
45|
30/
150 -
0o 2 4 6 8 10

er(k)

Figure 2: Transverse dielectric function éz(k) (eq 7) of bulk SPC/E water at 300 K'2 reaching
the bulk value ¢, ~ 71 at £k = 0 and the dielectric constant of an ideal gas of dipoles
€iqa = 1+ 3y at k — oo.

The transverse dielectric constant €p arises from the transverse susceptibility in recip-
rocal space Xr(k) = €(ér(k) — 1) = 3yepSr(k). This susceptibility and the longitudinal
susceptibility vz (k) = eo(1 — ér(k)™') = 3yeoSr(k) specify the free energy of spontaneous

harmonic fluctuations of polarization density of a bulk polar liquid

FIPL =5 3 %alb) PP 0

k,a=L,T

The requirement of thermodynamic stability imposes the condition of positivity on both sus-
ceptibility functions: X,(k) > 0, @ = L, T. This conditions allows €7,(k) < 0 at intermediate
wavevectors.? In contrast to singularities shown by €7 (k), the longitudinal susceptibility is
a positive and analytic function of the wavevector.

Quadratic, at small k, deviations of X,(k) from the macroscopic limit & = 0 determine
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the exponential decay of polarization fluctuations dP,(r) in direct space!!4

(6P4(r) - 6P4(0)) oc r~te /A (9)

where A, is the correlation length. The longitudinal correlation length maintains its micro-
scopic character: Ay tends to half of the molecular diameter o,/2 at € — oo. In contrast,
Ar — 00 at € — 00.'3!% The long-range character of dipolar correlations in polar liquids
thus resides in the statistics of transverse polarization. However, solvation of spherical ions
is given! in terms of the longitudinal susceptibility yz (k) and Ay enters the corresponding
solvation energies.!* This observation connects the problem of ion solvation to the problem
of interfacial polarity. As we discuss below, it is the local longitudinal susceptibility that
is mostly modified by the presence of the interface, while the transverse response is less
affected.

The question of what is the length scale required to view the dielectric constant as a
material property has fascinated the researchers for a long time. It has been anticipated that
a slab of the dielectric should demonstrate a lower dielectric constant if the distance between
the plates of the plane capacitor is reduced to a few molecular diameters.'®*® For instance,
the Stern and inner Helmholtz layers at the surface of a polarized metal electrode immersed
in a polar liquid are often viewed as carrying a lower value of the dielectric constant.® As we
discuss below, recent experiments'® do not support this conjecture in regard to the diffuse
layer. Nevertheless, to incorporate this suggestion, a position-dependent dielectric constant
¢(r) is often introduced

P(r) = eo(e(r) — 1)E(r) (10)

where the position r is used to label the distance from a substrate or a solute into the liquid
solvent. One therefore anticipates €(r) — € at r — oc.
The previous discussion makes it clear that eq 10 combines three functions of the position

in the interface neither of which can be measured in the laboratory experiment. One has to
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look for an alternative to this unfortunate situation to be still able to characterize interfacial
polarization. This alternative can be sought from measuring the electrostatic polarization
free energy of a thin film sandwiched between two electrodes in a geometry similar to the
plane capacitor of the conventional dielectric experiment. These types of measurements
became possible with the development of atomic force microscopy (AFM) and, more specif-
ically, through electrical force microscopy (EFM),!® which combines the force measurement
with the voltage applied between the cantilever tip and the substrate. Following earlier re-
ports, 72021 direct measurements have been recently reported for the dielectric constant of
water in contact with a graphite substrate as a function of the water film thickness.?? The
dielectric constant in the direction perpendicular to the graphite plane was found to be as

low as ~ 2 within the layer of water ~ 7 A in thickness.

1 3 (@5@" ------- &:::::H"
6 O - o a
4 om 0.~
= o e
\‘?_ 2 ) !DD
S obe
W 0.1+t ..{D.,’ e Exp E
65 M D) ' u Slm ]
4: "-'. D’. ---- Fitto eq 12:
2 hATET L Il L Il L L
0 1 2 3
10 10 10 10
d, nm

Figure 3: Dielectric constant e.g of the water layer vs thickness d. Experimental points
(Exp) from ref?? (red, filled circles) and from ref!” (red, open circles) are shown without
error bars. The dashed red line represents the fit of filled circles to eq 12 with ¢,; = 2.1
and § = 0.74 nm. Filled blue points (Sim) show the simulation results for SPC/E water??
and the blue dashed line is the fit to eq 12 with €, = 2.3 and § = 0.29 nm (¢, = 71.2
for SPC/E water). The open blue points refer to simulations of TIP3P water.?* Adapted
with permission from refs.!”?2724 Copyright 2000 Elsevier, 2018 American Association for
the Advancement of Science, and 2020 American Chemical Society.

The measurements of film capacitance are well described by the layered capacitor model
(Figure 1) in which one assumes that the closest to the substrate layer with the thickness
0 is described by the interface dielectric constant €, and the rest of the layer between two

interfacial regions is assigned the bulk dielectric constant of water €,,. The line integral in
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eq 4 becomes

+

€int €w

(11)

d
A¢:/ dzEZ(z):D(% d_%)
0

where the z-axis of the laboratory frame is directed perpendicular to the capacitor plates
and D is the electric displacement specifying the density of free charges at the capacitor
plates. Casting this equation in terms of the capacitance C' = eyAeqg/d (A is the electrode

area), one obtains the effective dielectric constant depending on the film thickness d

1

eei(d) = e + (20/d) (ed — )] 7' ~ [ex' + 20/ ()]~ (12)

where in the last step €,y < €, has been used. The measurements thus effectively report
the parameter 0/€y,;. The value of the interface dielectric constant €, ~ 2.1 was fixed
by observing that the dielectric constant stops changing at d < 1 nm; the fit of the curve
gives the thickness of the interfacial layer 6 = 0.74 nm (filled circles in Figure 3). Previous
measurements'’ showed somewhat larger values €, ~ 4 at d ~ 1 nm (open circles in
Figure 3). These data were extracted from fitting force-distance curves for the AFM tip
placed at different separations from the mica substrate. Similar measurements employing
the hydrophobic silicon substrate produced €, ~ 11.%°

To conclude this overview of the basic results of dielectric theories when applied to inter-
faces, it is important to note that many broadly accepted results of the theory of dielectrics
have to change once the notion of the interface dielectric constant is adopted. As an illustra-
tive example, one can turn to the textbook problem! of the dielectric sphere polarized by the
external field (Figure 4). The standard formulation requires one to find the field inside the
sphere polarized by the external field Fy = Ej , directed along the z-axis of the laboratory
frame. The depolarizing field is caused by the surface charge density o(0) = oy cos 6, where
o1 refers to the expansion term in the first-order Legendre polynomial P;(cosf) = cos 6. The

field inside the sphere is a sum of the external field and the field of the surface charge density
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for which one can adopt o7 = €y(€ — 1) E. The result of integration over the surface is

€int — 1

3

E=Ey— E (13)

)

a0

€int
Figure 4: Polarization of the dielectric sphere by the field of external charges E,. The
spherical sample is characterized by the bulk dielectric constant € and the interface dielectric
constant €,
The dipole moment induced in the spherical sample with the volume V' is found from the

first-order perturbation theory in terms of the external field Ey. This leads to the following

expression for the induced dipole

(M)g
Vv

(M?)
v

= 5 Eo = 60(6 - 1)E (14)

where (...)g refers to the statistical average in the presence of the external field and
B = (kgT)~'. In the case of a nonpolar liquid with molecular polarizability «, one adopts
(M) = NaF for N molecules in the volume V. For a more general case of a polar material,
the account for eq 13 leads to the modified Clausius-Mossotti equation which turns to the
standard form at €, = €

e—1 (M?)

€int + 2 B B 9€0V

(15)

This modification is relevant for the dielectric response of confined water affected by a con-
fining potential.?® The surface-water interaction alters the structure of the surface layer, and
the resulting dielectric constant of the sample depends on the surface-water potential.?” 29

We now turn to specifics of the analysis of numerical simulations aiming to calculate polar
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response of interfacial water.

Theoretical formalisms

23,30 of slabs of SPC/E water sandwiched between two graphene planes

Computer simulations
can be fitted to eq 12, but require a shorter saturation length ¢ of about one water diameter
(blue filled squares and dashed line in Figure 3) compared to § equal to two water diameters
extracted from experiment.?? Importantly, fitting simulations also requires a very small value
of €4 =~ 2, although water is nonpolarizable in simulations and this result corresponds to
a greater offset window between the interfacial dielectric constant and the limit of frozen
response of molecular dipoles (€, = € for laboratory water and €, = 1 for SPC/E water).
Similar results were obtained for TIP3P water interacting with a single sheet of oxygen atoms
modeling the substrate?! (blue open squares in Figure 3). Overall, the slow saturation of
eeff(d) in Figure 3 does not reflect physical long-ranged correlations in the liquid, but, instead,
represents the linear o< d scaling of the line integral in eq 11. Further, from the perspective
of coarse-grained parameters describing polarization of the interface, there is little sense
in defining a smooth function €(z) interpolating between €, and €, since such a function
must change on a very short length scale and can hardly be measured. At present, a single
interfacial parameter €;,; seems to be a reasonable tradeoff between the need to parameterize
the interfacial response and to avoid introducing concepts and parameters not accessible
experimentally. It is also important to stress that ¢,y and € carry very different meanings:
while the former is an interface property sensitive to interactions with the substrate, the
latter is a bulk material property. We now turn to computational approaches addressing the
magnitude of €.

The derivation in eq 11 shows that, similarly to the standard dielectric experiment, film
measurements report the spatially averaged Maxwell field (eq 5). The measurements also

indicate that the polarization of the film stops changing at d < 2§. One therefore can specify
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the average polarization of the surface layer by taking the dipole moment induced by the

field (M (d))g and dividing it by the layer volume dA

= BB e — 1) By, d < 26 (16)

where Ej, is the average Maxwell field (E) within the interface layer d < 20.

The association of the interface polarization with the interface dipole accumulated within
a sufficiently thin layer offers a practical connection between laboratory measurements and
analytical theories and numerical simulations. The average dipole moment of the micro-
scopic layer can be calculated from configurations produced by computer simulations. Such
statistical averages require strong electric fields to achieve sufficient sampling, which often
drive the system out of the range of linear polarization.®! A more practical approach, which
does not require applying electric fields in the simulation protocol, is to use linear response.
It connects the dipole induced by the field (M (d))g to statistical correlations computed on
configurations in the absence of the external electric field. The recent surge of computational
effort to address the problem of interfacial polarization has mostly followed this route. Still,
an alternative approach, largely avoiding the need for extensive sampling, is to perform sim-
ulations at the conditions of a constant value of electric displacement?%3? consistent with
the dielectric experiment fixing the voltage on the capacitor plates.

The closest connection to eq 16 was realized in studies of the dielectric constant of water
at the surface of a spherical solute polarizing water by a small probe charge ¢ placed at
its center.333® The dipole moment of water is calculated in the radial shell with the radius
r = a + d composed of the solute radius a and water shell with the thickness d. Perturba-
tion theory connects (M (d))g in eq 16 to the statistical correlation between fluctuations of
the dipole moment of the radial water shell 6/ (d) and the fluctuation of the electrostatic

potential d¢g produced by water at the position of the probe charge. This correlation enters
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the interface dielectric constant

Gl = 1+ (00,00 () (17)

(=
n
T

- (59 BM), eV A

o
o

a+d, A

Figure 5: Calculation of the slope with the shell thickness for the cross-correlation of the shell
dipole with the water electrostatic potential in eq 17. Each solid line corresponds to a solute
with different size a in SPC/E water.?* The dashed lines are linear fits used to determine the
slope in eq 17. Reprinted with permission from ref.?* Copyright 2016 American Institute of
Physics.

The application of this algorithm is illustrated in Figure 5, where the radial projection of

the shell dipole is calculated by summing up all radially projected molecular dipoles within

the shel]34:36

M(d)= > #-my, & =r;/r (18)

rj<a+d
One can alternatively use the connection between the density of bound (molecular) charge

Py to the polarization density (eq 2) to determine the polarization of the radial shell

M(d) = —47r/0 drr?(d — ) py(r) (19)

This equation goes beyond the dipolar approximation and incorporate higher multipoles in

the shell polarization.3”

The fluctuating dipole moment of the radial shell from either eq 18 or eq 19 is correlated in
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eq 17 with the electrostatic potential at the position of the probe charge. The latter can be a
physical or a fictitious charge. The calculations are performed for a neutral void in the latter
case. Finally, the slope of the cross correlation is taken to arrive at €. These calculations
produced €,y >~ 3 — 9 at the surface of spherical nonpolar and charged solutes with the
radii in the range 4-20 A.3* These numbers require an upward revision when corrected for
finite-size effects.?® The trend for €, is to drop with increasing solute size (see below for a
discussion), with the potential of reaching low values of €, reported for flat surfaces (Figure
3).

Computer simulations provide parameters not accessible to laboratory measurements
and allow one to calculate the instantaneous and statistically averaged values of the polar-
ization density (P) and of the microscopic electric field (E;.). The latter, including both
the external field and the field of molecular charges, can be associated with the Maxwell
field of electrostatic theories. These two average fields can be combined to establish the
position-dependent €(r) from eq 10. As mentioned above, such calculations require applying

23,31,39,40

significant external fields often driving the liquid out of equilibrium and producing

a reduction of the dielectric constant (nonlinear dielectric effect, Ey > 0.2 V/A for confined

23,39)

water . An alternative, which is more often explored, is to use perturbation theories in

terms of the perturbation caused by the field of external charges

H' = - /drP(r) - Eo(r) (20)

The difficulty of this approach, which casts the averages in terms of Eg, is that the dielectric
constant is expressed as a linear response to the local Maxwell field (eq 1) instead of the
external field. For a plane capacitor, (E) = A¢/d is fixed by the voltage at the plates, while
Ey is specified by the density of free charge carriers at the capacitor plates. The connection
between the field of external charges and the Maxwell field depends on the sample shape

and the resulting fluctuation relations require account of the geometry involved.3¢ Here, we
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1

2

z discuss the microscopic, position-dependent dielectric constant for the most often considered
2 slab geometry, when the equations are simplified by the fact that the electric field Eq is
; perpendicular to the slab. The field magnitude Ey = D /¢ is directly related to the electric
?O displacement D.

:; Another significant advantage of the slab geometry is that the response measured perpen-
12 dicular and parallel to the substrate give direct access to, correspondingly, longitudinal and
12 transverse susceptibilities® defined from corresponding reciprocal-space functions at k — 0
1; (Figure 2 and the discussion preceding eq 8). As mentioned above (eq 9), the longitudinal
;g susceptibility is short-ranged and all long-range pathologies of dipolar interactions are con-
;; tained in the transverse component. Given that experiments conducted so far have applied
;i the external field perpendicular to the substrate, only longitudinal response has been ac-
;2 cessed. Calculations of the interface dielectric constant at the surface of a spherical solute
;27; in eq 17 also provide access to the longitudinal response.

;g Applying the field perpendicular to the substrate, simulations resolve the position-dependent
g; longitudinal response o< 1 — ¢ (2)~! and yield the position-dependent microscopic dielectric
gi constant €, (z). When the field is applied parallel to the substrate plane, the transverse
gg response o €(z) — 1 is measured and leads to the parallel dielectric constant €)(z). Com-
g; puter simulations have shown that the response of interfacial water is highly anisotropic.
ig The dielectric function becomes a second-rank axial tensor with parallel and perpendicular
j; diagonal projections expressed through the fluctuation formulas3%374!

43

4 7(2) = 1= (B/0) (OP-()OM.),

46 (21)
47 €)(2) =1+ (8/€0)(0Pu(2)0My)

48

49

50 where 0P, , and 0M,, . specify deviations from the average values in the geometry shown in
g; Figure 1. For simulations of periodically replicated slabs within a “tin-foil” boundary, the
gi correlation function (§P,(2)dM,) needs to be divided by 1+ (58/eV){(6M)?) to account for
gg polarization induced by images of the primary cell with the volume V.42
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| - hit
00 05 1.0

Z, nm

Figure 6: ell(z) from MD simulations of water in contact with the hydrophilic diamond
surface®” (SPC/E water model, red) and with graphite (TIP4P /2005 water model, blue).*?
The solid lines indicate P,(z) calculated with the full multipolar expansion for water’s bound
charges and the dashed lines indicate the dipolar approximation for the polarization density.
Adapted with permission from refs3” and*® Copyright 2011 American Physical Society and
2014 American Chemical Society.

Each projection defines the polar response of the interfacial water in a layer separated
by the distance z from the substrate. The perpendicular dielectric modulus €'(2) is a

37,43,44 (

highly oscillatory function passing through multiple zeros Figure 6). Each zero of the

dielectric modulus corresponds to a singularity of the perpendicular dielectric function.**
An analog of this phenomenology for the k-dependent dielectric constant €, (k) is known as
overscreening,'® but it does not carry an equally clear meaning for the distant-dependent
dielectric constant. What is common to these problems is that it is not the dielectric constant
itself, but the longitudinal susceptibility oc 1 — 611 that carries the physical meaning of the
longitudinal polar response, and it is the susceptibility that is required to be positive to
maintain thermodynamic stability (eq 8).

As mentioned above, the polarization density P,(z) of the successive layers can be calcu-
lated by assigning the dipole moment to each molecule within the layer or, more correctly, to
include all molecular multipoles (mostly molecular quadrupole, but also the octupole®). The
distinction between these two algorithms is indicated by the solid and dashed lines in Figure

6, where calculations®™*3 done for two different water models (SPC/E and TIP4P/2005) on

two different substrates are reproduced. Molecular quadrupole is particularly important for
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water and is less significant for other common polar liquids.

Despite the detailed microscopic information provided by €,(z), o =L, ||, it is also clear
that neither the dielectric modulus €]'(z) nor the parallel dielectric constant €|(z) are ac-
cessible experimentally as functions of z. A direct connection between these theoretical
calculations and experimental measurements is achieved by noting that the perpendicular
polarization density induced by the field, Pg(z), is related to the longitudinal dielectric
susceptibility®

Pg(z) =€ (1 — ell(z)) Ey (22)

The polarization of the sample with the thickness d in eq 16 is thus given in terms of the

average dielectric modulus in the perpendicular projection?23:27:40:43-45

(P)p =€ (1= (")) Eg (23)

where

@ =3 | d=r'e (24)

One also obtains from eq 16

€t = (€17)- (25)

This relation connects the formalism of the distant-dependent dielectric constant within the

dielectric slab to the calculation of the average dipole within the d-shell in eq 17. However,

it is clear that direct integration of 611(2) is not practical given its irregular mathematical
1

form (Figure 6) and one instead needs to produce e, either from eq 17 or by using the

standard fluctuation relation for the longitudinal susceptibility®

€ = (€1') = 1= (B/Qe0)((0M=)*) = 1 — 9yg. (26)

where €2 is the dielectric volume and g, is the perpendicular projection of the Kirkwood
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factor. Note that eq 26 requires simulation of the liquid slab between two plane walls
separated by the distance d < 2.

Another difficulty of direct application of eq 24 lies in its high sensitivity*° to the choice of
the effective length d.g required to reproduce the experimental data shown in Figure 3. The
value of d (Figure 1) in the analysis of experiment?? was chosen as d ~ L —0.34 nm to reflect
dewetting of water interfacing a hydrophobic substrate and thus lowering the water thickness
compared to the distance L between two substrate layers. A thin layer of strongly reduced
water density was in fact found in recent simulations?* where a three-layer capacitor model
was used to fit the open squares in Figure 3. Instead of a single layer § with €, two layers
with €; ~ 1.2 and €5 ~ 17.3 were suggested. The decay of the interface dielectric constant
with increasing radius of a spherical solute®! might also be related to partial dewetting. The
dielectric constant ~ 17 of the actual interfacial layer turns out to be close to the value
~ 12 — 15 calculated for SPC/E water at the surface of Cgy>®> and with AFM measurements
leading to €, ~ 11 on the hydrophobic substrate.?>

The parallel dielectric constant ¢ is typically found to be close to the bulk dielectric

46749 or below %Y the bulk value depending on the system

constant,*’ but it can fall above
studied. A very significant increase of ¢ (as high as ~ 700) over the bulk value was re-
ported for water in carbon nanotubes.?0*® A similarly large enhancement is reported for
water confined between phospholipid planes.’ Local density seems to play a major role
in this enhancement. Similarly, the overall dipole moment variance ((6M(d))?) calculated
within spherical shells around a spherical solute scales with the local density and is typically
enhanced compared to the bulk.®! Analogous scaling of the dielectric constant with density
has been reported for carbon nanotubes?® and for slit pores.*?4? The situation with fluids
confined in slabs and nanotubes is, however, more complex compared to local density profiles
around solutes since one has to maintain equal chemical potentials between the bulk and
41

confined components, and that requires altering the local density in confinement

Anisotropy of the dielectric constant must vanish when d approaches the macroscopic
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limit. Either of two fluctuation relations in eq 21 can be used in this limit and one can

define the average parallel projection in terms of the transverse dielectric susceptibility®

éine = (€)) = 1+ (8/Qe0)((0M)*) = 1+ 9yg (27)

where g is the parallel projection of the Kirkwood factor. Equations 26 and 27 can next
be combined to obtain the variance of the total dipole moment of the sample ((6M)?) =
((6M,)*) + 2((0M,)?). The scalar product is invariant to rotations of the laboratory frame
and to the shape of the sample. This invariance is expressed by the Kirkwood-Onsager
equation® for the bulk dielectric constant ey, — €

(e—1)(2¢+1) B

9e T 9602 (OM)?) =y (91 +29)) = Yo (28)

Two equations (eq 21) for the perpendicular and parallel dielectric projections hence can
be combined into a single Kirkwood-Onsager equation for the bulk dielectric constant of a
macroscopically large sample when the thickness of the slab grows to the macroscopic di-
mensions and interfacial anisotropy vanishes. Given that both ((6M)?) oc N and Q o< N
scale linearly with the number of particles N and the variance of the dipole moment does not
depend on the sample shape, the dielectric constant becomes an intensive material property.

Both simulations?23:27,28,30,52

and experiment!™?? show that saturation to the macroscopic
limit occurs on a large scale of ~ 10 nm (Figure 3) reflecting the slow growth of the line
integral in eq 11. The low value of €;,,; requires correspondingly low magnitudes of the Kirk-
wood correlation factor (eq 26). The value g; ~ 0.2 was calculated for dipolar projections
perpendicular to the slab.?®%3 Since eq 26 requires 9yg, < 1, this result should be viewed
as preliminary to characterize thin layers with d < 2§ (Figure 1). Nevertheless, negative
correlations between orientations of the neighboring dipoles** must be present to allow low
values of €;,¢. This result comes is contrast to on average positive orientational correlations
of dipoles in bulk laboratory water leading to the homogeneous Kirkwood factor estimated
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as gx ~ 2.6 — 2.8.°1 Despite small g,, water is not structurally frozen in the surface layer
and its residence time is ~ 12 ps.?® Further, small values of the Kirkwood factor due to
preferential alignment are encountered also in bulk polar liquids: gx ~ 0.62 is found®® due
to preferential antiparallel alignment of acetonitrile molecules positioned equatorially to a
tagged dipole.

In an attempt to connect the interface dielectric constant €;,; to applications of elec-
trostatics to molecular phenomena, one can turn to two classical problems of molecular
electrostatics: (i) electrostatic solvation and (ii) screening of charges in polar dielectrics.
Even for a macroscopic sample, the field created by a polarized dielectric in free space is
specified by the interface dielectric constant®? (Figure 4). One can view the free space as
a void in the dielectric. This is the configuration directly related to electrostatic solvation.
The electrostatic potential within a solute placed in a polar solvent is a sum of the potential
of solute’s free charges ¢y and the potential of the surface charge at the dividing surface®”

B(r) = do(r) + ¢s(r) = do(r) + ]{ gy o(rs)

—_— 29
s A4melr —rg] (29)

The density o(rg) of the surface charge distributed over the dividing surface S is given as the
polarization density (P,)g of the interface projected on the normal to the dividing surface
and directed outward from the liquid.*

The solvent dielectric is obviously overall neutral and one wonders what is the physical
meaning of the surface charge. It represents the effective force or electrostatic energy recorded
in the void as produced by an inhomogeneous distribution of the interfacial dipoles (dipolar
polarization density). Even though the overall charge is zero, the oriented ends of molecular
dipoles located closer to the point of observation will contribute more to the electrostatic
potential and the electrostatic force experienced by a probe charge placed inside the void.
Simulations of cavities in water have shown that orientational preferences of interfacial water

multipoles (both dipoles and quadrupoles) produce an overall positive potential inside the
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cavity.®®5? The effective surface charge density responsible for this cavity potential can be

calculated from the fluctuation formula??
o= —B(0P,6E") (30)

where EC¢ = > @id0¢si is the fluctuation of the Coulomb interaction energy of the solute
charges ¢; with the solvent. The free energy of electrostatic solvation AF is a sum of average
electrostatic potentials (¢g;) of the solvent at the positions of each solute charge ¢; multiplied

by those charges
1
AF; = 5 Z qi{Psi) (31)

In this framework, solvation thermodynamics is defined by the interface dielectric constant
€int, reflecting the distribution of the surface charge, and not by the bulk dielectric constant e.
For solvation of a charge at the center of a spherical repulsive molecular core, this statement
implies deviations from the Born model for ion solvation.

This definitive situation does not extend to screening of charges in polar liquids. The
dielectric constant is defined above as the measure of the electrostatic free energy stored in
the plane capacitor. The interface dielectric constant fits this definition, and it quantifies the
electrostatic free energy stored in a plane capacitor only a few molecular diameters thick (the
2 x o0-layer, Figure 1). The bulk dielectric constant has an alternative meaning in theories of
dielectrics to quantify the reduction of Coulomb interactions between charges in dielectrics
compared to vacuum. One wonders if this definition extends to microscopic dimensions.

The interaction between charges in polarizable media is described by the potential of
mean force (the free energy) equal to the reversible work to bring charges ¢; and ¢, from

infinity to the distance d

U(d) _ q192

_m@d+ﬂw) (32)

The second term in this equation, which adds to the interaction energy of two charges in

vacuum, is the reversible work of polarizing the dielectric. It can be calculated either by
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Figure 7: Normalized autocorrelation function of the dipole moment (eq 35) for SPC/E
water?® and Stockmayer dipolar fluid.*! The thickness of the slab is 5 nm (water) and 1.7
nm (dipolar fluid). Adapted with permission from refs*' and® Copyright 2007 and 2021
American Institute of Physics.

integrating the force over distance or from a fluctuation formula correlating the fluctuations

of the solvent electrostatic potential d¢,; at two charges (i = 1,2)1%60

Fs(d) = —59192@(]5315@2532) (3?))

The bulk dielectric constant defines the d — oo asymptote

1
Fy(d — o0) = —4‘5;5026[ (1 - g) (34)

again displaying the longitudinal dielectric susceptibility® oc (1 —e€~!). However, at distances
exceeding the closest approach by a few solvent diameters (2.87 A for water), F,(d) becomes
an oscillating function of d® and no simple relation to €, can be drawn. Oscillations of
F,(d) are caused by overdamped collective excitations in the polar liquid (dipolarons®?)
appearing as singularities of the longitudinal susceptibility 1 —¢z(k*)™! in the complex plane
of wavevectors.? The complex part of the singularity £*, é7(k*,w) = 0 is responsible for an

exponential distance decay of dipolarons (eq 9) making them both spatially localized and

exponentially decaying in time.% However, an oscillatory (underdamped) decay of the time
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correlation functions for the perpendicular projection of the dipole moment

@y (t) = (M.()M.(0))/{M2) (35)

was found in simulations of water 2839

and dipolar Stockmayer fluids*! in slabs (Figure 7).
These observations suggest a transition from an exponential temporal decay of dipolarons
in bulk liquids to oscillatory, underdamped dynamics in confinement. This transition should
display itself as a shift of k* at which €7 (k*,w) = 0 from the complex plane to the real axis
where it should specify the dispersion w(k*) of dipolarons.

The screening part of the potential of mean force between two charges (eq 33) emerges as
an infinite sum over all dipolaron excitations. Given many microscopic wavelengths involved,
it is currently unclear if any connection can be drawn between the electrostatic energy stored
in a thin film of a polar liquid and screening of Coulomb interactions between point charges
at a similar length scale. A complex functional form of the potential of mean force at short
distances suggests that no simple relation can be established between screening and a single
scalar dielectric constant characterizing the interfacial layer. This was clearly demonstrated
in recent simulations® in which the ion pair positioned normally to a graphene sheet in the
water-graphene interface was flipped. The resulting Coulomb attraction between two ions
turned out to be unequal in two configurations, thus precluding the use of a single scalar
screening parameter.

The main result emerging from the comparison of the interface dielectric constant, used
to quantify the free energy stored in a thin capacitor, with the screening of charges is that
the latter problem requires a complex oscillatory potential of mean force at charge sepa-
ration of the order of the molecular diameter and approaches asymptotically the standard
result of dielectric theories at d — oco. As expected, the screening of charges in dielectrics
is specified by the bulk dielectric constant e at distances much exceeding the molecular di-

ameter. This result connects to €. — € for macroscopic dielectric samples (eqs 12 and 28).
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Nevertheless, solvation of charges within cavities created in liquids is determined by €.
Two different dielectric constants need to be used for problems of solvation and dielectric
screening. Screening of charges at short distances in the interface cannot be reduced to a

scalar parameter since it carries breaking of symmetry in respect to the ion exchange.%*

Interpretation and experimental evidence

722,25 for a low value of the perpendicular dielectric constant

The experimental evidence
within the water layer of 6 ~ 1 nm has provoked several physical explanations. They mostly
condense around the idea that the low value of the interface Kirkwood factor g, required
to reach such a low interface dielectric constant can be related to the combined effect of
geometric confinement by a low-dielectric medium, promoting antiparallel orientations, and

a specific reconstruction of the hydrogen-bond network of water in the interface prohibiting

dipolar fluctuations in the direction perpendicular to the substrate.

Figure 8: Cartoon of the preferential alignment of the neighboring dipoles in the bulk (3D),
in a chain (1D), and on the surface of a substrate (2D). An octahedral first-shell coordination
is used for illustration.

The idea that geometric confinement by a low-dielectric medium can shift the dielec-
tric constant to either higher or lower values has merits (Figure 8). As a limiting case, a
one-dimensional chain of dipoles (“1D” in Figure 8) has a significantly lower temperature
of transition to the ferroelectric phase, when the dielectric constant diverges, than a three-
dimensional dipolar liquid.® A single chain of water molecules thus arranges in a ferroelectric
structure carrying a non-zero mean dipole moment.% The reason for a greater tendency of

a dipolar chain to establish ferroelectric order is the elimination of equatorial dipoles, which
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tend to orient antiparallel to a given tagged dipole in the bulk material (“3D” in Figure
8).% In contrast, the relative weight of equatorial antiparallel orientations is enhanced at the
surface of a substrate when at least one dipole parallel to a tagged dipole is geometrically
eliminated (“2D” in Figure 8). This picture was discussed in a recent study,®® which notes
“the dielectric constant reduction..is due to the dipolar field anisotropy and the replace-
ment of water molecules with a nonpolarizable wall in a region where dipoles are positively
correlated”. The qualitative picture sketched in Figure 8 can be applied to the perpendic-
ular projection of a tagged dipole and does not require the surface molecule to be oriented
perpendicular to the substrate. Overall, experimental and theoretical results indicate that
confinement by extended two-dimensional surfaces promotes locally antiparallel perpendic-
ular dipolar projections leading to low values of g,. In contrast to ¢, the Kirkwood factor
gx = (S(0) +257(0))/3 is the trace' including both the longitudinal, S7(0), and trans-
verse, St(0) (eq 7), structure factors in the macroscopic limit £ — 0 (see arguments leading
to eq 28). Even when calculated as a function of the cutoff distance,®® g does not provide
access to the longitudinal response. From this perspective, it is incorrect®” to apply the
Kirkwood-Onsager equation to calculate € (z).%%8

Measurements of polarization in response to static fields cannot distinguish between the
generic effect of geometric confinement and a more specific contribution of interfacial hy-
drogen bonds. A computational report of a low €, for a broad list of polar liquids??® offers
support to the former scenario. The two scenarios can be distinguished experimentally by
measuring perpendicular polarization at frequencies exceeding typical frequencies of molecu-
lar rotations. This goal was achieved in recent experiments where localized surface plasmons
probed the perpendicular projection of water’s refractive index in slabs with confinement
gaps ranging from 10 nm to 80 nm.% Given that water molecules are nearly isotropically
polarizable, the outcome of these measurements should not be affected by orientational re-
strictions imposed by interfacial hydrogen bonds. A substantial reduction of the refractive

index suggests that mere confinement is behind the reduction of the dielectric response.®?
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The refractive index is further reduced by switching from a hydrophilic to a hydrophobic
substrate, which must reflect a reduction of the interfacial density at a hydrophobic surface,
which is also in line with the recent computational finding of a small gap between water and
a model hydrophobic substrate.?*

Even though measurements of the refractive index support the picture of geometric con-
finement as the primary origin of the dielectric constant reduction, one cannot completely
disregard the notion that interfacial water is more structured than bulk water. This is
supported by the appearance of the ice peak in the O-H stretch region recorded in the sum-
frequency generation (SFG) spectrum.”™ A more subtle picture also comes from simulations
which show that e;,; changes for water at the surface of fullerenes carrying different charges.?
The change is caused by a structural transition of interfacial water connected to the release
of dangling O-H bonds:™ ¢, passes through a peak at the transition point. These results
suggest that the network of hydrogen bonds in the interface contributes to the low value
of €, although it is likely not the main contributor to the reduction of €, relative to e.
The crossover from in-plane orientations of interfacial waters, typical for hydrophobic sol-
vation, " to a large population of dangling O-H bonds was recorded by X-ray absorption of
water on gold substates under a negative bias.™ The effect of the substrate bias on €y is
therefore testifiable experimentally, for instance by fitting the force-distance curves produced
by AFM. 172 Addition of methanol™ and other surfactants™ to water was shown to quench
dangling O-H bonds and to strongly modify the force between an air bubble and the AFM
tip.2! Given the effect of O-H dangling bonds on €;,,2° this observation offers an additional
experimental parameter to vary in studies of interfacial dielectric constant.

The reduction of the local density at a hydrophobic substrate should allow a stronger
network of hydrogen bonds. Water under varying pressure effectively behaves as a mixture
of high-density and low-density components. Increasing pressure breaks hydrogen bonds
converting water to a predominantly high-density, fragile liquid,” which is anticipated to

carry properties of many closely-packed polar liquids. An opposite effect of density expan-
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sion at a hydrophobic substrate should promote stronger hydrogen bonds and constrain the
perpendicular polar response. Therefore, if the picture of hydrogen bond restructuring to
affect €,,¢ in addition to geometric confinement is correct, one can anticipate an increase of
€ine When pressure is elevated in the bulk. The temperature dependence €, (T') serves as an
additional indicator of an enhanced structure of interfacial water: the logarithmic deriva-
tive Olne/0InT is ~ —1.37 for bulk water (~ —1.14 for SPC/E water®), while the same
derivative for SPC/E water at the surface of a charged Cgg is only —0.37 at T' = 300 K.
As mentioned above, screening of Coulomb interactions between free charge carriers is
not directly related to €, but still reflects the specifics of the interface in which screening

40,64 The electrostatic potential created by the interface at a substrate can be inferred

occurs.
from second harmonic generation (SHG) spectroscopy.’’ The third-order polarization of the
interface is the product of electric fields E,, of two incident photons and the static interfacial
electric field. Integration of this polarization through the interfacial region results in the
contribution equal to x® E,E,,(¢,) to the second-order polarization. Here, x® is the third-
order nonlinear susceptibility and (¢,) is the average surface potential produced by the
medium. It mostly comes from electrolyte ions and, at sufficiently small ionic concentrations
(< 10 mM), the variation of the SHG signal with the electrolyte concentration allows access
to an effective dielectric constant responsible for charge screening.'® It was found that the
dielectric constant representing screening of charges within the Debye screening length is
well represented by the bulk value. This conclusion is in line with theoretical arguments

requiring different dielectric constants for describing screening of charges and polarization of

the interfacial layer.

Conclusions

An overview of theoretical methods presented here is meant to show that one can consistently

define the dielectric constant of a thin interfacial layer and connect this definition to the
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laboratory experiment measuring the capacitance of a thin film. The general outcome of
both theoretical and experimental studies is that all polar liquids (protic and nonprotic)
demonstrate a reduced perpendicular dielectric constant in the interface. This general result
is likely related to the effect of geometric confinement promoting antiparallel orientations of
the interfacial dipoles (Figure 8). Water shows a wider interfacial region of reduced polarity
compared to other polar liquids because of energetic preferences of interfacial hydrogen bonds
extending surface-induced perturbation further into the bulk. It appears that the hydrogen-
bond network in the first surface layer of water amplifies the general trend found for all polar
liquids by stabilizing in-plane orientations of water molecules. The convergence to the bulk
limit with increasing slab thickness is therefore slower for water than for nonprotic liquids. %

One is nevertheless warned not to blindly extend the dielectric response in thin films to
screening of charges in the interface. The interfacial dielectric constant quantifies the ability
of the liquid layer to polarize and store electrostatic free energy, while screening quantifies
the reduction of Coulomb interactions by polarized dipoles. In contrast to dielectric theories
for which a single dielectric constant is used to gauge both the polarization energy and
screening, these two properties of dielectric polarization diverge on the molecular scale and,
potentially, even on the mesoscale. Electrostatic solvation of molecules is described by the
interface dielectric constant, an interfacial property, but screening of charges cannot be

described by a single scalar parameter characterizing the interfacial polar response.
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