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ABSTRACT: Water and other polar liquids exhibit nanoscale
structuring near charged interfaces. When a polar liquid is confined
between two charged surfaces, the interfacial solvent layers begin to
overlap, resulting in solvation forces. Here, we perform molecular
dynamics simulations of polar liquids with different dielectric
constants and molecular shapes and sizes confined between
charged surfaces, demonstrating strong orientational ordering in
the nanoconfined liquids. To rationalize the observed structures,
we apply a coarse-grained continuum theory that captures the
orientational ordering and solvation forces of those liquids. Our
findings reveal the subtle behavior of different nanoconfined polar
liquids and establish a simple law for the decay length of the
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interfacial orientations of the solvents, which depends on their molecular size and polarity. These insights shed light on the nature of
solvation forces, which are important in colloid and membrane science, scanning probe microscopy, and nano-electrochemistry.
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he interfacial structuring of water and other polar liquids

fundamentally determines the physical, biophysical, and
electrochemical interfacial properties in numerous observable
phenomena in science and engineering.'~* These include the
interactions of biopolymers such as DNA or proteins,™
transport through biological or synthetic membrane pores,”
interactions within industrial or engineered colloids such as
cement pastes,” and electrochemical reactions and capacitive
charge storage,” "' among many others. In each of these
processes, liquid molecules exhibit preferential orientation due
to the liquid-substrate interaction and charge on the bounding
solid surfaces, leading to unique liquid properties near the
interface.

Currently, there is a lack of understanding of the interfacial
ordering in polar liquids, especially as compared to our
understanding of charge screening in dilute electrolytes, in
which the charge, due to counterions and co-ions near a
charged surface, generally decays over a well-known Gouy—
Chapman or Debye length.'*~"* Very often, and even now, the
solvent in such systems is described within the primitive
model, characterized by a macroscopic dielectric constant. But
it is commonly understood that such an approach breaks down
near interfaces or in strong confinement. Indeed, numerous
simulations'> ™ have shown that there is charge layering due
to the orientational ordering of water within ~1 nm of an
interface, consistent with the experimentally observed structur-
ing of interfacial water.”*** Although these molecules possess
no net charge, the local regions of positive and negative bound
charge on the molecules cooperatively form layers of
alternating charge at the interface as the molecules are
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oriented by an applied electric field. This has strong
implications for the local dielectric properties and thus the
behavior of the fluid under confinement.’’ Nevertheless, the
orientational structuring of nanoconfined polar liquids beyond
solely water still remains poorly understood.

Recently, de Souza et al. developed a continuum theory”'
that describes the orientational ordering by representing the
liquid molecules as dipolar spherical shells. While the
theoretical predictions are generally consistent with previous
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simulation results, " nonlocal dielectric theories, and

751 the dipolar shell theory

predicts a simple relationship between the orientational

integral equation approaches,

ordering and the physical properties of the liquid. In particular,
the effective polar liquid molecular diameter, d, and the bulk
dielectric constant, ¢, determine the oscillatory decay of
interfacial dipole orientations. In linear response, the model
predicts that the nonlocal dielectric response involves decaying
orientations of polar liquids over a “solvation length”, 4, given
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with oscillations on the order of a single molecular diameter,
where the proportionality factor a is an O(1) constant.

In the present work, we use molecular dynamics (MD)
simulations to study the orientational ordering of three polar
liquids - dichloromethane, acetonitrile, and water. Our aim is
to identify common features in the orientational ordering for
this set of “realistic” liquids and to probe the applicability of
the dipolar shell theory presented above in relating these
features to the physical properties of the liquid. The chosen
liquids possess varying dielectric constants, molecular shapes,
sizes, and densities characterized by the different force-fields
that are used for the different tested molecules. The liquids are
confined between two oppositely charged surfaces, with
varying extents of confinement (Figure la). The case of

(a)

% = +0.1 C/m?
s = -0.1 C/m?

| &
5 H H

Dichloromethane Acetonitrile Water
(DCM) (ACN)

Figure 1. Simulation schematic. (a) The polar liquids are confined
between two surfaces with separation distance, L, under the
application of normal forces, F;. The surfaces are oppositely charged,
and the polar liquid between them orients in response to this
polarization. (b) The three molecules studied here, with dipole
moment oriented upward. The molecules are dichloromethane,
acetonitrile, and water.

oppositely charged surfaces is easier to study in molecular
simulations, as it maintains electroneutrality in the system,
whereas it is not principle for the theory. However, the insights
from this study can easily be extended to more general cases.
Essentially, by squeezing-out the liquid confined between the
surfaces, we determine their structural solvation forces and
orientational ordering at nanometric surface separations.

Overall, the simulation results demonstrate that for the three
polar liquids, the orientational ordering near a charged surface
displays oscillations which extend over a solvation length, a
quantity that increases in its extent with increasing liquid
polarity and molecular size, consistent with the solvation
length prediction in eq 1. When the surface separation is
comparable to the solvation length, the oscillatory structures
overlap to form coherent patterns between the surfaces that
correspond to strong solvation forces. Furthermore, while we
find that the dipolar shell theory, due to its coarse-graining
assumptions, is limited in capturing all the detailed structures
in density and structural forces, its power lies in its ability to
analtyically predict a set of key features of the orientational
ordering near the interface and in confinement in a single,
consistent theoretical framework.

In Figure 1b, we show the three polar molecules under
investigation. Depending on the liquid, the respective

molecules are simulated using different force-fields. The
dichloromethane molecule is simulated using OPLS-AA force
field parameters,””>® the acetonitrile is simulated using a
coarse-grained model reported in ref 54, and the water
molecules are represented using the TIP3P model.”> The
force-fields chosen to describe each liquid are well-established
force-fields that reproduce experimental bulk properties.
Particularly, the bulk densities of the fluids are computed at
T = 300 K and P = 1 bar to be ¢4 = 157 M for
dichloromethane, ¢4 = 19.1 M for acetonitrile, and ¢; = S5
M for water, and the bulk permittivity of each liquid is
approximately €, ~ 9 for dichloromethane, €, &~ 39 for
acetonitrile, and €, & 100 for TIP3P water. Despite having
specific molecular shapes, for the purposes of comparison to eq
1 and the full nonlinear theory,”" we assign a single structural
parameter to the molecules - an effective spherical diameter, d.
This quantity is derived from the first peak found in the center-
of-mass radial distribution function computed for the
respective bulk liquid. These effective sizes are found to be
as follows: d = 0.38 nm for dichloromethane, d = 0.424 nm for
acetonitrile, and d = 0.285 nm for TIP3P water. Essentially,
due to their different effective sizes and bulk dielectric
constants, the particular choice of these liquids therefore
allow us to sample various values of effective solvation lengths.

We immerse two parallel plates in the x—y plane in a given
bulk liquid consisting of any of the polar molecules mentioned
above. We consider flat surfaces comprising L] spheres, with
the FCC (111) plane in contact with the confined liquid, and a
lattice parameter corresponding to “gold”.”® The solid surfaces,
which are immersed in the liquid, are of finite size in the x and
z directions. The solid surfaces are arranged to create two
regions of the fluid, bulk and confined, to facilitate studies of
the properties of the confined thin liquid films, which are in
equilibrium with a surrounding bulk liquid. Finite size effects
have been considered in our work. However, to circumvent
such effects, alternative methodologies which employ thermo-
dynamic extrapolation techniques can be used*® To study the
orientational ordering of the confined fluid in response to an
applied electric field, while maintaining the overall electro-
neutrality of the system, we assign constant, opposite charges
on the surfaces of the plates. The absolute surface charge
density on each plate was taken to be g = 0.1 C/m?”.

To compute the nanoconfined orientational profiles and
simulate solvation forces, the systems are set up as follows. The
plates are positioned at an initial distance, L, from each other,
in the normal direction, where typically L & 5.5 nm. The plates
are then pushed toward one another, dynamically, varying the
separation distance to generate the solvation forces, F;, or
equivalently, pressure profiles. By using this method, the whole
range of interplate distances can be accessed, reaching both
stable and unstable states, and the full pressure profiles are
produced.*®*” Further, we compute the time-averaged
orientation profiles of the liquid in the confined gap from an
additional set of simulations, in which we apply identical
constant normal loads to both plates, until they reach their
equilibrium positions.’® At a fixed equilibrium separation
distance of the plates, L, which corresponds to a stable state
distance found in the pressure profiles, we compute the
orientation profiles in the confined region. Generally, the
molecular orientation profiles are calculated as the laterally
(x—y) averaged angle between the direction of the dipole
moment of the molecules and the normal axis, z (see insets of
Figure 2), and plotted as a function of this axis. It should be
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Figure 2. Liquid molecular orientation profiles for large surface separations. The simulation is shown with colored symbols. The theory predictions
are shown with black solid lines. The profiles of {cos(#)) display decaying oscillations as a function of z until they reach a constant value in the
center of the gap (z = 0). The two surfaces have equal but opposite surface charge density of g, = + 0.1 C/m? and the separation distances of the

two surfaces are around 5.5 nm for all the liquids.
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Figure 3. Confined liquid molecular orientation profiles with solvation layering overlap. The simulation is shown with colored symbols. The theory
predictions are shown with black solid lines. The profiles of (cos(#)) include oscillatory structures that emanate from each surface and they overlap
under confinement. The center of the gap is at z = 0. The two confining surfaces have equal but opposite surface charge density of g, = + 0.1 C/m?,

and the separation distance of the two surfaces, L, varies based on the title of each subplot.

noted that from these equilibrium simulations, having several
fixed separation distances for different applied normal forces, a
discontinuous force profile can also be produced. We find that
this force profile is comparable to the continuous force profile
obtained from the dynamic simulations that justifies their
ustilization. It should also be noted that at strong confine-
ments, where strongly surface-bound water needs to be

removed, it was previously found that shearing velocities of
0.001 m/s are needed to reach the quasi static limit for
ultraconfined water.*” Further explanations and details on the
simulation setup, methods and theoretical calculations can be
found in the Supporting Information (SI).

As we present the simulation results, it is useful to contrast
them to a more familiar example: the ideal parallel plate
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capacitor with constant dielectric constant of the medium
between the plates. In this system, the electric field would be a
constant between the two charged surfaces, and all embedded
dipoles would have the same orientation. However, as we can
clearly see in Figure 2, the simulation predictions for each
liquid (colored symbols) show oscillations in the orientations
of the liquids near the interfaces. These orientational
oscillations correspond to the charge layering near the
interfaces which are not captured by standard dielectric
theories of the ideal parallel plate capacitor. The orientational
ordering is, however, closely captured by the dipolar shell
theory (solid black curves) in magnitude, wavelength, and
extent.

At the separation distance of L & 5.5 nm presented in Figure
2, the oscillations of the orientation angle in all liquids
consistently decay to a constant in the center of the gap.
Clearly, for all polar liquids studied here, the decay in
oscillations closely mirrors the prediction of the solvation
length given by the dipolar shell theory presented in eq I,
where a = 1/ \/ 6, as derived in the SI. The least polar fluid,
dichloromethane, has a predicted solvation length of 1 = 0.4
nm, while acetonitrile has a solvation length of A ~ 1.1 nm, and
the TIP3P water has a solvation length of 4 & 1.2 nm. In the
simulations, slight asymmetries in the orientation profiles at
oppositly charged surfaces are observed, due to the asymmetric
size and charge distributions in the molecules. In Figure SS in
the SI, we present results of additional simulations which use a
reference system of spherical liquid molecules utilizing the
Stockmayer potential. Each liquid possesses its own dielectric
constant €, and a fixed molecular diameter d. These results
provide further support and validate the scaling of the solvation
layering.

At narrow confinements, the orientational ordering of the
polar liquids emanating from each surface can constructively or
destructively interfere with each other. As shown in Figure 3,
the extent of confinement can strongly influence the
orientational ordering of the polar liquid. Again, the dipolar
shell theory can capture the layered structures even in narrow
confinement, including orientations that activate the nonlinear,
nonlocal dielectric response of the liquid. Clearly, there are
some discrepancies between the simulation and the theory. For
dichloromehtane, the oscillations are stronger in the simulation
than they appear in the theory. On the other hand, for water,
the oscillations appear to be too strong in the theory. Still, the
theory consistently predicts the main features observed in the
simulations for the orientational ordering even for these liquids
under extreme confinement.

Finally, in Figure 4, we present a comparison of the
predicted disjoining pressure profiles between two oppositely
charged surfaces for varying surface separations in the three
liquids. We find that the theory generally under-predicts the
magnitudes of the oscillatory structural forces compared to the
simulations, particularly at small separation distances, and for
the molecules with more asymmetric shapes - dichloromethane
and acetonitrile. In addition, for acetonitrile, there are even
discrepancies in the predicted peak positions of the stable and
unstable states. These discrepancies appear to occur despite
the agreements in the orientation profiles for both of these
liquids. On the other hand, the theoretical predictions of the
structural forces for the TIP3P water are reasonably matched
to the simulations, even for the smallest separation distances.

The discrepancy between the disjoining pressures in the
simulation and the theory can mainly be attributed to the
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Figure 4. Disjoining pressure predictions for polar liquids between
two oppositely charged surfaces as a function of surface separation
distance. The colored symbols correspond to the pressures calculated
from the MD simulations, while the black solid lines correspond to
the theoretical predictions.

discrepancy between the theoretical and simulated density
profiles of the liquids, especially in strong confinement as
shown in Figures S2—S4. Primarily, these density discrepancies
occur due to the fact that the dipolar shell theory represents
the molecules of complicated shape and “soft” interaction
potentials as effective hard spheres. Clearly, this hard sphere
assumption is responsible for the poor performance of the
theory to reproduce the structural forces at close separations,
particularly for acetonitrile and dichloromethane. While direct
surface interactions between the soft surfaces in the simulation
may also play a role near contact, it is the packing of the liquids
that leads to irregular periodicity in the force profiles. The
structural features of the density in the first few molecular
layers are not captured by the solvation length predictions
given by eq 1, and therefore, the decay of forces in the most
extreme confinements are not accurately captured. In the SI,
we demonstrate that the liquids with molecules whose shape is
represented with spherical, but soft Stockmayer liquids exhibit
better qualitative agreement between solvation forces predicted
theoretically and in simulations.

It may appear that, for all liquids studied here, the
orientational ordering at charged surfaces can be primarily
captured by the analytical theory with only two material
parameters, the bulk dielectric constant and the molecular size.
In reality, however, the intermolecular forces are an intrinsic
part of the model, and they determine all the correlations in
these liquids, as well as in the end the values of the
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macroscopic dielectric constants. Still, it is remarkable that the
solvation lengths contain only those two parameters. Thus, the
dipole—dipole correlations only participate in setting the
dielectric response of the liquid, while the orientational
ordering is governed by a mean-field response to the electric
field that determines solvation layering emanating from a
charged interface.

While our simulations and model are focused on pure polar
liquids, most practical systems include some amount of
dissolved salts. The simulations and theory could be naturally
extended to describe electrolyte solutions or mixtures of
liquids, including systems with size asymmetry. In these cases,
oscillatory patterns may be sensitive to the coherency of the
solvent and ionic charge ordering, depending on the size
asymmetry and specific interactions of the ions with the
solvent and surface. Further, the orientational ordering of
solvent may affect electrochemical behavior out of equilibrium,
although one may need to consider the orientational
frustration and altered mobility of the interfacial liquid.

To summarize and conclude, when polar liquids come in
contact with a charged solid surface, they form orientationally
ordered interfacial structures. Due to the charge distributions
in the molecule and its finite size, there are oscillations in the
orientation distributions near the interfaces. When two surfaces
approach each other, the charge distributions in the embedded
liquid merge, leading to coherent oscillations and solvation
interactions based on the orientational ordering of the solvent.

These features have been demonstrated here for three
“realistic” polar liquids using MD simulations. Furthermore,
applying a dipolar shell theory,”’ we have shown that two
physical parameters, the effective polar liquid molecular
diameter, d, and the bulk dielectric constant, €,, determine
the orientational ordering in confined liquids. Although the
theory is able to capture the oscillatory decay of interfacial
molecular orientations, it cannot quantitatively describe the
structural forces for very asymmetrically sized molecules at the
smallest separation distances. While we expect the orienta-
tional structuring over the solvation length to be a universal
feature in dielectric screening by polar liquids, other surface-
specific interactions may also participate in the liquid’s
interfacial structure. In fact, specific, orientation-dependent
solvent-surface interactions can further bias the solvent
polarization on the surface.

It has also recently been shown that the smearing of the
surface (and of the boundary condition) may dramatically
affect the polarization profiles;” a strong and nontrivial effect
is also e:gaected to come from the lateral inhomogeneity of the
surfaces.”’ In the present study we have considered ideally
smooth, laterally homogeneous, and sharp surfaces, whereas in
reality in many systems they are not as such. This simulation
and theoretical study, however, describes the ideal reference
frame, on top of which the influence of those more complex
features could be incorporated. A more involved theoretical
approach would be necessary to describe the orientation-
dependent packing of the molecules when they have
complicated shapes or specific interactions with the confining
surfaces beyond the response to their electric charge.

Nevertheless, the evidence from the molecular simulations
presented here uncovers simple trends in the solvation of
surfaces by liquids. These findings may be integrated beyond
just a nanoconfined liquid capacitor studied here, to systems
with nonzero ionic concentrations and reactive surfaces in
which the local solvent orientations affect surface forces and

electrochemical driving forces for reactions. In practice, the
solvation length predictions could be used to rationalize
measurements of colloidal interactions, develop strategies for
colloidal stabilization, or characterize the nanoscopic electro-
chemical properties of solid—liquid interfaces.
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