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ABSTRACT: The properties of water molecules located close
to an interface deviate signiﬁcantly from those observed in the
homogeneous bulk liquid. The length scale over which this
structural perturbation persists (the so-called interfacial depth) is
the object of extensive investigations. The situation is particularly
complicated in the presence of surface charges that can induce
long-range orientational ordering of water molecules, which in
turn dictate diverse processes, such as mineral dissolution,
heterogeneous catalysis, and membrane chemistry. To characterize the fundamental properties of interfacial water, we performed
molecular dynamics (MD) simulations on alkali chloride
solutions in the presence of two types of idealized charged
surfaces: one with the charge density localized at discrete sites
and the other with a homogeneously distributed charge density. We ﬁnd that, in addition to a diﬀuse region where water
orientation shows no layering, the interface region consists of a “compact layer” of solvent next to the surface that is not
described in classical electric double layer theories. The depth of the diﬀuse solvent layer is sensitive to the type of charge
distributions on the surface and the ionic strength. Simulations of the aqueous interface of a realistic model of negatively charged
amorphous silica show that the water orientation and the distribution of ions strongly depend on the identity of the cations (Na+
vs Cs+) and are not well represented by a simplistic homogeneous charge distribution model. While the compact layer shows
diﬀerent solvent net orientation and depth for Na+ vs Cs+, the depth (∼1 nm) of the diﬀuse layer of oriented waters is
independent of the identity of the cation screening the charge. The details of interfacial water orientation revealed here go
beyond the traditionally used double and triple layer models and provide a microscopic picture of the aqueous/mineral interface
that complements recent surface speciﬁc experimental studies.

■

INTRODUCTION
The unique properties of interfacial water impact diverse ﬁelds
such as biology1−3 (e.g., protein folding and lipid membrane
properties), geology4,5 (e.g., mineral dissolution, the stability of
colloids, and wastewater treatment), atmospheric chemistry6
(e.g., eﬀect of water aerosols on pollution), electrochemistry7
(e.g., wetting and corrosion), materials science8 (e.g.,
heterogeneous catalysis), and technological applications9 (e.g.,
hydrogen fuel cells and biosensors). Despite the profound
diﬀerences in the physicochemical processes involved in the
above examples, they all depend on the interaction of water
molecules with surfaces and the inﬂuence of the surface on the
structure of the extended hydrogen bond network.10 Water
molecules at interfaces have diﬀerent properties than their bulk
counterparts11,12 due to the abrupt break in the bulk hydrogenbonding network caused by the presence of a phase boundary.
It is this peculiar orientation and ordering of the ﬁrst layer of
water molecules at the interface that inﬂuence many macroscopic interfacial processes.11,13
At the well-studied air/water interface, experimental and
theoretical results show that the interfacial depth, i.e., the region
© 2014 American Chemical Society

where the water structure is not bulklike, is rather shallow
(∼3−7 Å), corresponding to one or two monolayers.14,15 A
diﬀerent picture is expected at mineral/water or electrode/
electrolyte interfaces, where surface charge may be the main
factor inﬂuencing the local hydrogen-bonding environment of
water. In particular, the region that is inherently oriented due to
the presence of the surface may extend well beyond the ﬁrst
layer.16−18 The surface charge induces an electrostatic ﬁeld that
can align water molecules, inducing an orientational order that
persists over a certain depth into the bulk, as described by
simple electrostatic models10 and conﬁrmed experimentally.19−21
In the presence of electrolytes, the surface charge is balanced
by the distribution of counterions and oriented water dipoles
near the interface, forming an electric double layer (EDL)
region, our understanding of which has been ever-evolving
since the early introduction of classical theoretical models.22,23
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Ab initio MD simulations of water ﬂow dynamics at silica
surface reiterate the limitation of the Stern model in
satisfactorily describing a region of gradually reduced water
mobility adjacent to the surface.36 In the case of salt solutions
inside positively-charged silica nanopores, ion-speciﬁc behavior
of NaCl and CsCl, unaccounted for in GSC model, has been
reported where Na+ ions showed diﬀerent adsorption behavior
than Cs+.37,38 Further, at a negatively charged clay surface, the
structure and dynamics of water were reported to be perturbed
up to a depth of three layers of water without any eﬀect of the
nature of the counterion.39 While these reports have
contributed tremendously in developing a better picture of
interfacial water, fundamental questions such as “how deep is
the interfacial layer of water oriented at a mineral surface?”,
“how does the nature of the interfacial charge distribution aﬀect
solvent structure?”, and “how does the identity of ions change
water orientation?” still remain to be answered.
We have attempted to answer these questions with a
molecular level investigation of the structure of an aqueous
electrolyte near a charged surface using classical MD
simulations for two types of surfaces with varying charge
distributions. An idealized hard wall surface with no crystalline
structure was chosen to eliminate any lattice-dependent solvent
structuring along the XY direction and enable a simpliﬁed
analysis of water orientation. Two strikingly diﬀerent pictures
emerge for the interfacial solvent region depending on whether
the surface charge is localized or homogeneously spread. These
results help rationalize the subsequent simulations carried out
on the more realistic models of charged silica in the presence of
NaCl and CsCl. Anticipating our results, we ﬁnd that the
NaCl/silica interface is well represented by a surface that has
localized charge centers whereas the CsCl/silica interface
behaves close to an interface with homogeneous charge
distribution, suggesting a strong dependence of water
orientation on the identity of the cation.

The commonly adopted, and so far experimentally consistent,
model is the Gouy−Chapman−Stern (GCS) or modiﬁed
Gouy−Chapman model.23 According to this model, the surface
charge balance is established by speciﬁc adsorption of ions to
and orientation of solvent molecules at the so-called inner
Helmholtz plane. This is followed by nonspeciﬁc adsorption of
hydrated counterions at the outer Helmholtz plane. These
planes together form the compact Stern layer. Additional
nonspeciﬁcally adsorbed ions are distributed in the “diﬀuse
layer”, a region where the concentration of ions gradual decays
toward the bulk. These three components are the major
constituents of the GCS model.10,23,24 While this model
accurately predicts the long-range behavior of the charge
distribution, it fails to provide a reliable description in the
region close to the surface as it neglects ion−ion
correlations.22,24
Surface-speciﬁc experimental techniques, such as second
harmonic generation (SHG) and vibrational sum-frequency
generation (vSFG),25 that are sensitive to inhomogeneous
structures have shown that surface charge (determined by pH
at mineral surfaces) strongly orients water close to the surface
and that addition of salt signiﬁcantly perturbs this orientational
ordering.26−28 Heterodyne vSFG measurements have further
conﬁrmed that water molecules at a surfactant boundary orient
themselves with their hydrogens pointing up when the
surfactant is negatively charged and exhibit “ﬂip-ﬂop
orientation”, as the surface charge is switched from negative
to positive.19,21 However, in addition to probing surface
structure, many of these surface-speciﬁc experimental techniques are also sensitive to the eﬀective electric ﬁeld induced at a
surface. In fact, based on recent vibrational SFG dynamics and
SHG experiments of water at silica surfaces,26,29 it was
hypothesized that cations accumulate at negatively charged
surfaces and screen the electric ﬁeld such that the depth of
surface-ﬁeld ordered water is much smaller than that predicted
by Gouy−Chapman theory.26 As a result, it is diﬃcult to
separate structural changes in the interfacial solvent layer from
changes in the eﬀective interfacial electric ﬁeld, and the detailed
structure of water layers very close to the surface remains
ambiguous. Simulation studies can provide such details and
have been useful in testing the validity of classical electrochemical models and experimental interpretation.24,30,31
Molecular dynamics (MD) simulations are particularly
suitable for addressing the detailed interfacial aqueous structure
at charged surfaces, as they can explicitly provide a microscopic
description of the system.16,22,32 The numerous MD simulations of solid/aqueous interfaces have clariﬁed some
important behavioral properties of interfacial water. For
example, water at ﬂat hydrophobic surfaces shows orientational
ordering which is inverted with respect to that observed for
small hydrophobic solutes.33 Further, by increasing the
hydrophilicity of the surface, the preferential orientation of
interfacial water within 3 Å from the surface was shown to
completely switch direction.34 Likewise, in going from a
hydrophobic graphite surface to a SiO2 surface with a high
density of hydroxyl groups, the extent of orientational ordering
induced in the ﬁrst two layers increased signiﬁcantly.35
MD simulations of water at a metallic electrode surface with
constant potential presented by Willard et al. show that water
ordering close to the surface is quite diﬀerent from what is
predicted by continuum models.16 At this surface, the
adsorption of ions is strongly inhibited by the presence of an
adsorbed water layer, independent of the electrode potential.16

■

METHODS

Simulations were performed using the CHARMM27 force ﬁeld.40,41
The water molecules were described using the TIP3P model.42,43
Periodic boundary conditions were employed in each spatial direction,
and the electrostatic potential was evaluated using the particle-mesh
Ewald method with a mesh size of 0.5 Å.44 A cutoﬀ of 12 Å was used
for nonbonded interactions. The system was maintained at a
temperature of 300 K and pressure of 1 atm using the Langevin
thermostat and barostat methods as implemented in the MD code
NAMD2.8 (the area of the surface is kept constant, while the size of
the box is allowed to ﬂuctuate in the orthogonal direction).45 The
idealized surface was modeled as a single layer of particles arranged in
a two-dimensional lattice, with a lattice spacing of 0.5 Å, interacting
with waters and ions through Lennard-Jones and electrostatic
interactions. Speciﬁcally, each particle was treated as a carbon atom
using, for the C12 and C6 coeﬃcients, the CHARMM-36 force-ﬁeld
parameters. Standard mixing rules were used to treat Lennard-Jones
cross-interactions. In the case of the localized charge, particles were
randomly selected and assigned a unitary amount of negative charge.
The initial conﬁguration and parameters for the amorphous silica
system were taken from Cruz-Chu et al.46 The idealized surface/water
systems (both localized and homogeneously distributed charge) were
built by adding 19515 water molecules, and the amorphous silica/
water system had 25204 water molecules, making a water slab of
approximately 250 Å. Ionic strengths of 0.1, 0.35, and 0.5 M were
considered by adding the appropriate ion pairs. All the systems studied
have an overall charge neutral state. The negative surface charge is
compensated by adding extra counterions (Na+ or Cs+). Equations of
motion were integrated using a time step of 2.0 fs. Each trajectory was
collected for a total simulated time of 100 ns. Analysis was performed
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Figure 1. Density proﬁles of oxygen as a function of distance from an idealized surface with (a) zero-charge and ion-free water, (b) homogeneously
spread charge with 0.5 M NaCl, and (c) localized charge with 0.5 M NaCl. Bottom panel: snapshots of the simulation box with 0.5 M NaCl, (d)
surface with homogeneously distributed charge indicated by blue shading, and (e) localized charge at random points represented by shaded points
on the surface; yellow spheres: Na ions; blue spheres: Cl ions. Mass densities (kg/m3) were rescaled to get an asymptotic (bulk) value of 1, except
where otherwise speciﬁed.
using the computational tools g_density and g_order from the
GROMACS package. To quantify orientational ordering, we plot
⟨cos(θ)⟩, the average cosine of the angle between the opposite of the
permanent dipole moment (Figure 3 a inset) of each water molecule
and the surface normal, as a function of distance from surface.

(Figure 1b,c), we observe a diﬀerent response to the increasing
surface charge for the two cases. In both cases, and similar to a
neutral surface (Figure 1a), the deviation from the average
density extends up to three layers of water molecules from the
surface and is independent of the magnitude of the charge
density (1 or 2 e/nm2) (Figure 1b,c). The short-range ordering
at the homogeneous-charge surface, however, is increased at
higher charge magnitude, as reﬂected by the increased height
and slight shift of the ﬁrst peak toward the surface of the
density distribution function (Figure 1b). The subsequent
layers of water (second peak and minima) are also shifted with
increasing surface charge, albeit to a smaller extent.
In contrast, when the surface charged is localized, the shortrange ordering appears largely insensitive to the magnitude of
surface charge (Figure 1c). An interesting observation,
however, is the shoulder-like feature or high oxygen density
before the ﬁrst maxima, which could corresponds to a thin layer
of adsorbed water molecules or waters of the hydration shell of
Na+ ions. The density of this adsorbed layer, absent at the

■

RESULTS AND DISCUSSION
Structure of Water at Idealized Surface. Even at zero
charge, the density proﬁle of the water oxygen (Figure 1a)
shows that, at the interface, water deviates from its bulk average
density value. At least three distinct peaks appear, suggesting a
“layering” that extends up to ∼1.2 nm from the surface,
consistent with several previous MD studies.47,48 To explore
the eﬀect of surface charge magnitude and ionic concentration
on water orientation and salt distribution, we modeled the
surface in two alternative simpliﬁed scenarios: with either a
diﬀuse or localized charge density (Figure 1b−e).
Translational Order at Spread versus Localized
Charge. While the number of layers is not signiﬁcantly
diﬀerent for these two types of surface charge distributions
8058
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homogeneous charge surface, increases with surface charge or
when more cations are driven to the surface. In general, the
type of charge distribution and the magnitude of surface charge
does not alter the depth of ∼1.2 nm, into which water exhibits
layering structure.
Distribution of Ions at Two Surfaces. The limitation of
the Gouy−Chapman−Stern model in providing a detailed
structure of the ions in proximity of the surface is demonstrated
by our results on the distribution of cations near the surface
with homogeneously spread charge (Figure 2). Within 1 nm
from the surface, there is a signiﬁcantly greater accumulation of
cations at the surface than that predicted by the GCS model
(Figure 2a−c).23,24 Interestingly, the homogeneously charged
surface shows the ﬁrst water density peak closer to the surface
than the ﬁrst peak of the cation density, indicating that cations
do not bind the surface directly (Figure 2a). Additionally, there
are at least two well-deﬁned layers of solvated Na+. The
depletion of Cl− anions close to the surface and the long-range
exponential decay of Na ions before eventually matching the
bulk density (Figure 2a) are both consistent with the Gouy−
Chapman prediction. When the surface charge is localized
(Figure 2b,c), the distribution of cations and anions is
signiﬁcantly diﬀerent and strongly depends on the ionic
strength. First, irrespective of the ionic strength, there is an
increased density of cations very close to the surface before the
ﬁrst maxima of density of water, indicating speciﬁc adsorption
of cations without their complete hydration shells (Figure
2b,c). Second, increasing the ionic strength from 0.1 to 0.5 M
NaCl causes a depletion of cations from the two solvated layers
and an increase in the relative abundance of anions (Figure 2c).
This result is especially remarkable as it suggests that, beyond a
critical concentration, anions start to play a role in determining
the water structure close to a negatively charged surface, an
observation that is beyond the scope of the Gouy−Chapman−
Stern model.23,24 The following results on the two types of
surfaces will show that it is the extent of cation adsorption,
more than the magnitude of the charge density on the surface,
that inﬂuences the interfacial water structure and orientation.
Orientational Order: Eﬀect of Charge. In addition to
causing translational ordering, as reﬂected by the oxygen
density proﬁles (Figure 1a−c), the electric ﬁelds induce some
“orientational ordering”, as represented by the nonzero value of
the ⟨cos(θ)⟩, as a function of distance from the surface (note
that in a perfectly isotropic environment, e.g., bulk water,
⟨cos(θ)⟩ is zero) (Figure 3). A ⟨cos(θ)⟩ value of −1 represents
a situation where all of the waters are oriented with their
hydrogen pointing toward the surface. As expected, at zero
charge (neutral) surface (Figure 3a,b), there is no orientational
preference for water molecules, even very close to the surface,
as indicated by the almost-zero value of ⟨cos(θ)⟩.
Interestingly, when a charge magnitude of 1 or 2 e/nm2 is
applied on the surface, the sign of ⟨cos(θ)⟩ of the ﬁrst few
layers of water molecules is opposite that for the homogeneous
and localized charge surfaces (Figure 3a,b). Moreover, the
dependence of orientational ordering on the magnitude of
surface charge at a given ionic strength is very diﬀerent for the
two types of charge distributions (Figure 3a,b). At the
homogeneously charged surface (Figure 3a), the water
orientation shows oscillations suggesting layering, i.e., the
formation of a compact layer, up to ∼1 nm with at least 3
distinct peaks, possibly 4, followed by a “diﬀuse layer”
exponentially decaying ⟨cos(θ)⟩. The penetration depth of
this diﬀuse layer is found to be 0.7 nm, by ﬁtting the ⟨cos(θ)⟩

Figure 2. Density proﬁles of Na+ (red), Cl− (blue), and O of water
(black) as a function of depth at the idealized charged (1 e/nm2)
surface for (a) homogeneously spread charge at 0.5 M NaCl, (b)
localized charge with 0.1 M NaCl, and (c) localized charge with 0.5 M
NaCl. Mass densities (kg/m3) were rescaled to get an asymptotic
(bulk) value of 1 for all the densities except where otherwise speciﬁed.

beyond 1.2 nm to an exponential decay function (gray and pink
solid ﬁt lines ﬁts for the 2 and 1 e/nm2, respectively). The
amplitudes of the peaks of the compact layer region are greater
for the largest charge density, However, the penetration depth
8059
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Figure 3. Eﬀect of surface charge on the orientational ordering, ⟨cos(θ)⟩, of interfacial water at 0.5 M NaCl for surface with (a) homogeneous charge
and (b) localized charge distributions. Black plot in both graphs is the density proﬁle of oxygen when there is zero charge in surface and no ions in
solution. Green dashed line: trace for compact layer for 1 e/nm2; gray dotted line: trace for compact layer for 2 e/nm2; green solid line: ﬁt to
exponential function for 1 e/nm2; gray solid line: ﬁt to exponential function for 2 e/nm2. Inset in (a): cartoon depicting orientation for water
molecules with negative cos(θ), where θ is the angle between the purple arrow (opposite of the dipole moment) and the surface normal.

Figure 4. Eﬀect of ionic strength on the orientation of water at zero surface charge (black curve) and constant surface charge of 1 e/nm2 (red and
blue) for (a) homogeneously spread surface charge and (b) localized charge surface. Green dashed line: trace for compact layer for 0.1 M NaCl; gray
dotted line: trace for compact layer for 0.5 M salt; green solid line: ﬁt to exponential function for 0.1 M; gray solid line: ﬁt to exponential function for
0.5 M.

changes the penetration depth of the diﬀuse layer of oriented
waters from 1.1 to 0.8 nm, as obtained from exponential ﬁts.
The depth of the compact layer is comparable for the two salt
concentrations (Figure 4a). In other words, at a uniformly
charged surface, only the diﬀuse part of the interfacial region
follows the Gouy−Chapman model and its dependence on
ionic strength. When the charge is localized (Figure 4b), the
ionic-strength dependence of the diﬀuse layer is more apparent.
The ﬁrst thin layer of water oriented with hydrogens pointing
toward surface, indicated by negative ⟨cos(θ)⟩, does not change
with ionic strength. For 0.1 M NaCl, in addition to the ﬁrst
compact layer there is no apparent diﬀuse layer, suggesting that
the presence of an adsorbed layer of cations has completely
screened the surface charge over a short distance from the
surface. There is a second layer of water oriented with the
hydrogen atoms pointing toward the surface, present at ∼0.5
nm from the surface, which is not present in the neutral case.
This small net orientation is possibly due to a residual surface
charge from incomplete screening at this ionic concentration.
On adding more salt (0.5 M), the positive ⟨cos(θ)⟩ associated
with the second and subsequent water layers increases.
Simultaneously, a diﬀuse layer now persists beyond the
compact layer with a penetration depth of 0.65 nm, which is
lower than that at the homogeneously charged surface. A
possible explanation for this observation is that the adsorbed

of the compact layer is similar (∼0.46 nm) for both surface
charge magnitudes (gray and pink dotted lines serve as guide to
the eye for compact layer) (Figure 3a).
When the surface charge is localized (Figure 3b), the
orientation of the ﬁrst compact layer consists of water
molecules oriented with their hydrogens facing the surface
(Figure 3b), similar to what is seen for the case of a
homogeneously distributed charge. However, the following
layers are characterized by a positive ⟨cos(θ)⟩, suggesting an
overall orientation with most hydrogens pointing away from
the surface. This observation, along with the shoulder-like
feature in the density proﬁle of oxygen of water (Figure 1c), is
evidence for the speciﬁc adsorption of Na+ ions when charge is
localized. The diﬀuse layer that follows the compact layer shows
the same penetration depth irrespective of the surface charge
magnitude (Figure 3b).
Orientational Order: Eﬀect of Ionic Strength. The next
question concerns the eﬀect of increasing salt concentration on
the orientation of interfacial water. To address this issue, we
compare the orientational ordering at 0.1 and 0.5 M NaCl for
the two types of surfaces with 1 e/nm2 surface charge (Figure
4). In both cases, the ﬁrst layer of water has a negative ⟨cos(θ)⟩
value, indicating that waters are oriented with their hydrogens
pointing toward the negative surface. When the charge is spread
(Figure 4a), increasing the ionic strength from 0.1 to 0.5 M
8060
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Figure 5. Density proﬁles of all oxygen, hydrogen, cation, chloride, and silica as a function of distance from a model silica surface with a charge
density of 1.3 e/nm2 for (a) 0.35 M NaCl and (b) 0.35 M CsCl solutions. Top left: snapshot of the am. Silica/NaCl simulation box, magenta spheres
Na+ and green spheres Cl−. Number densities are normalized, i.e., the integral over the box length along the z direction returns the total number of
particles (the bin size is 0.011 nm). For clarity, values are rescaled as indicated in the insets.

process of speciﬁc adsorption, which in turn determines the
degree of screening of the surface charge.
Na versus Cs at Charged Amorphous Silica Surface. As
the distribution of surface charge (spread versus localized)
changes the properties of interfacial water signiﬁcantly, an
interesting question that follows is, what type of charge
distribution dependence is observed at a mineral/water
interface? To address this, we carried out MD simulations
using a model of an amorphous silica surface with a ﬁxed
density of SiO− groups, corresponding to a net surface charge
density of 1.3 e/nm2. This corresponds to the charge density of
silica at pH 10−11, estimated based on the fraction of
deprotonated SiOH groups of the ∼4.6 SiOH groups per
nm2.50 The simulations were performed separately for two salts:
0.35 M NaCl solution and 0.35 M CsCl, for comparison, with
the same number of water molecules and silica surface. The
density proﬁles of all the atoms in the simulation box clearly
show a qualitatively diﬀerent picture for the NaCl and CsCl
solutions (Figure 5a,b), within 1 nm from silica surface. In the
NaCl case, the density peaks for Na+ are closer to the surface
than the oxygen and hydrogen density peaks. Comparing these
density proﬁles to those at the model charge localized surface
(Figure 1b,c), it can be inferred that Na+ ions stick to the silica
surface without their hydration shells. There is also a
considerable density of Cl− ions within the 1 nm interfacial
region, also similar to the picture in Figure 1b,c. In the case of
CsCl, while there is a clear accumulation of Cs+ ions near the

cations form a positive charge capacitance layer driving the
waters to orient themselves with hydrogens facing away from
the surface (Figure 4b). This ﬂipping of water orientation
direction has been reported theoretically and experimentally
when surface charge is reversed.19,49
In summary, cations speciﬁcally adsorb at the negative
surface only when the charge is localized (Figures 2b and 3b).
As a result, the surface charge is eﬀectively screened, reducing
the net orientation of water. Interfacial water can be considered
to consist of two layers: a compact layer where water
orientation shows oscillations corresponding to 3-4 monolayers
and a diﬀuse layer that closely follows Gouy−Chapman with a
penetration depth sensitive to ionic strength but not the surface
charge magnitude. The diﬀuse layer, in the case of localized
negative charge, is oriented by the positive Na adsorbed layer
and has a 1/e depth of 0.64 nm, smaller than depth for
homogeneously charged surfaces where the orientation of water
is driven by negative surface. It should be noted that the Debye
length for these conditions is calculated to be 0.95 and 0.42 nm
for 0.1 and 0.5 M, respectively. This means that at low
concentration the depth of oriented water (1.1 nm) is close to
the Debye length, while at higher concentration, depth of
oriented water (0.8 nm) is greater than the Debye length. A key
determinant of the structure and orientation of water at a
negatively charged surface is the nature of the charge
distribution, i.e., whether the charge is localized or homogeneously distributed. This factor is crucial because it impacts the
8061
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Figure 6. Orientation of water molecules, given as ⟨cos(θ)⟩, where θ is the angle between the opposite to the water dipole and the surface normal, as
a function of distance from the silica surface when the electrolyte is (a) 0.35 M NaCl and (b) 0.35 M CsCl.

Figure 7. Layerwise distribution of water molecules having with cos(θ) values between −1 and 1 to indicate the fraction of oriented water molecules
at the amorphous silica surface for (a) 0.35 M NaCl and (b) 0.35 M CsCl.

acidity that is induced by diﬀerent cations stabilizing the
siloxide on surface sites to varying extents.)
Water Orientation at Silica Surface Na+ versus Cs+. If
the number of cations adsorbed on the negative surface
depends on the cation identity, we expect that the adsorbed
cation identity would play a determining role on the orientation
of water at the mineral surface.54 In fact, the sign and
magnitude of ⟨cos(θ)⟩ for water at the charged amorphous
silica surface is completely diﬀerent depending on whether the
salt is NaCl or CsCl (Figure 6a,b). At an ionic concentration of
0.35 M, Na+ completely screens the negative surface charge so
that the ﬁrst layer of water molecules is oriented with
hydrogens pointed away from the surface (positive ⟨cos(θ)⟩).
For both salts, ⟨cos(θ)⟩ can be ﬁt to double-exponential decay
comprising of a shallow compact layer showing oscillations up
to ∼1 nm, followed by a diﬀuse layer. For the NaCl case, the
compact layer shows positive ⟨cos(θ)⟩ with a depth of ∼0.1
nm, and the slow decaying diﬀuse layer has a depth of 1.1 nm.
The direction of orientation of water at NaCl/silica is similar to
the case of the idealized surface with localized charges (Figures
3b and 4b), indicating that Na ions have screened the negative
charge of silica surface.
At the same ionic strength of 0.35 M, Cs ions do not adsorb
suﬃciently to screen the surface charge, since the water
molecules are oriented with hydrogens facing the surface, as
reﬂected by negative ⟨cos(θ)⟩ values. This also explains the
observation of hydrogen peaks before Cs peak in the density

silica surface, the hydrogens of water are closer to the surface
than the Cs ions. This suggests that Cs+ ions retain their
hydration shell and do not directly adsorb to the silica surface
unlike Na+. Also, the depletion of Cl− close to the surface
resembles the situation in the homogeneously spread charge
surface (Figure 1a). The signiﬁcant accumulation of Na+ within
1.2 nm is consistent with other MD simulation results that
report charge inversion in silica nanochannels.51
Number of Adsorbed Cations. To quantify the diﬀerence
in interfacial water caused by two cations at the same surface,
we integrate the number of cations under the density proﬁle
peak and divide by silica surface area to determine the surface
density of adsorbed cations in each case. We ﬁnd that the
number of Na+ adsorbed per area of the silica surface is ∼1.6/
nm2, while for Cs+ it is ∼1.06/nm2. The 1.6 Na/nm2 is in good
agreement with the cation excess charge reported for the water/
silica surface at pH ∼10−11, the pH regime that would have
the surface charge density of 1.3 e/nm2 as in our system.52
According to Porus et al., at pH of 10 and 100 mM, the amount
of adsorbed Na+ is 10% higher than that of Cs+, qualitatively
consistent with our analysis.52 The observation that Na+ ions
adsorb on silica more than Cs+ is also supported by the SHG
study by Azam et al., who report that, at high pH, the silica
surface shows a greater eﬀective pKa value in NaCl that in CsCl,
suggesting that Na+ shows more aﬃnity for the silica surface
than Cs+.53 (Note: here, eﬀective pKa refers to the silanol
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between 0 and +1. Thus, there is an excess, 3.2% of waters that
are “oriented” with hydrogens pointed away from surface. It is
this population that has a net polar order. It is remarkable that,
although the ﬁrst two layers of water show qualitatively and
quantitatively diﬀerent orientations, the depth of interface is the
same for the two cations. We hypothesize that this diﬀerence
results from the fact that, while at 0.35 M speciﬁc adsorption of
Na+ has reached saturation, a signiﬁcant amount of Cs+ is still
in solution.

proﬁle of Figure 6b. For the CsCl case, the compact region is
deeper with a depth of 0.3 nm, while the diﬀuse region has a
depth of 0.9 nm, comparable to NaCl case. Thus, even though
the magnitude and sign of ⟨cos(θ)⟩ are diﬀerent for NaCl/silica
versus CsCl/silica, the interfacial depth, given by the depth of
the diﬀuse layer, is ∼1 nm, irrespective of the cation. The
observation that Na+ ions speciﬁcally adsorb to the silica surface
signiﬁcant screening the negative the charge that would orient
the water dipoles in the absence of the salt is in good agreement
with the vSFG ultrafast dynamics and SHG results26,28 and also
with the SFG results reported by Flores et al., where the signal
from the water/silica interface is perturbed more by NaCl than
by CsCl.55 A possible explanation for the diﬀerence observed
between adsorption of Na+ and Cs+ relies on the balance
between ion-surface interaction energy and the entropy loss
associated with localization of the ion on the surface. Given the
larger size of the nonhydrated Cs ion, the electrostatic
interaction energy, which decreases with the distance between
the center of the ion and surface, is not suﬃcient to drive
desolvation and binding of Cs+. This competition between
hydration and attraction to the surface determining the location
of counterions at the surface has been reported for charged clay
systems.54 In these respects, a more complex description of
electrostatic interactions including the eﬀects of polarization
could potentially provide a more realistic picture of ion
adsorption.54
Layerwise Ordering of Water at Silica Surface. We can
further analyze the ordering behavior of water at the silica
surface in the presence of NaCl or CsCl to quantify oriented
water layers at the surface. For this, we present a layerwise
distribution of the ⟨cos(θ)⟩ of water (Figure 7), where each
layer corresponds to a slab with a thickness of ∼3 Å; e.g., layer
1 extends from the silica surface to ∼2.8 Å and so on. In both
cases, the bulk water layer, taken ∼13 nm away from surface,
shows a ﬂat distribution, as expected for a centrosymmetric
bulk water environment. Quantitatively, one can envision the
extent of deviation from zero to reﬂect the fraction of water
molecules that are oriented, i.e., the extent to which the
environment is not centrosymmetric. As apparent in Figure 7,
the number of oriented water molecules in the ﬁrst layer at the
NaCl/silica is much less than that in the ﬁrst layer at the CsCl/
silica interface, also supported by SFG measurements.55
However, the direction of orientation is opposite for two
cases. At the CsCl/silica interface, the second layer shows a
drastic drop in the fraction of waters oriented, indicating that
the orientation of the ﬁrst layer of water helps in screening the
negative surface charge by arranging their dipoles away from
the surface. At the NaCl/silica interface (Figure 7a), the water
in the ﬁrst layer shows an orientation with dipoles pointing
toward the surface and then a gradual layerwise decrease in the
fraction of waters oriented. It is our interpretation that because
Na+ adsorbs to the surface in suﬃcient numbers to actually
reverse the interfacial charge, the orientation of water is
determined by the Na+ layer and is opposite to what would be
expected for a negative surface.
Interestingly, for both systems, by the sixth layer, i.e., ∼1.7
nm from the surface, the same percentage of water molecules
shows a ⟨cos(θ)⟩ distribution diﬀerent from bulk water. The
percentage of oriented water is estimated as the fraction of
water molecules that deviate from the bulk orientational
distribution, i.e., the orientational anisotropy. For example, in
the sixth layer, the percentage of water molecules with a
negative cos(θ) value is 48.4%, and 51.6% have a cos(θ) value

■

CONCLUSIONS
MD simulations of water with two diﬀerent simpliﬁed models
of charged surfaces show that the depth of the interfacial
region, as intuitively deﬁned by the distance over which water
shows a net polar ordering, is mainly driven by the extent of
adsorption of cations on the surface. The interface comprises of
two distinct regions: a compact layer closer to the surface
showing oscillations in orientation and a diﬀuse layer similar to
that predicted by the GCS model. The diﬀuse layer depth not
only depends on the ionic strength, as expected from EDL
theories, but also is sensitive to the type of charge distribution
on the surface. In the case of localized surface charge, the
counterions are directly adsorbed on the charged surface and
the diﬀuse layer does not exist. Surprisingly, with this type of
interface, the addition of more ions (0.5 M NaCl) reverses the
orientation of interfacial waters, i.e., increases the fraction of
water with hydrogens pointing away from the surface.
On comparing the MD simulation results on amorphous
silica/water interface with NaCl against CsCl, it is clear that
there is speciﬁc-ion behavior, with Na+ ions directly adsorbing
at the silica surface, while Cs+ does not directly bind to the
surface but follows the GCS model. The direction of the
orientation of water molecules and the length of the compact
layer are diﬀerent in the presence of diﬀerent cations. However,
the interfacial depth, given by the distance over which the
diﬀuse region persists, is ∼1 nm, or ∼3−4 monolayers, from
the negatively charged surface, irrespective of the cation. Our
results thus provide a conceptual framework to describe
interfacial water structure at charged surfaces, more speciﬁcally
mineral, with details that the Gouy−Chapman or Gouy−
Chapman−Stern theories may fail to describe. Note that the
behavior observed in these simulations is peculiar of systems
characterized by exposed charged groups. Several mineral
interfaces, e.g. clays, contain charges localized on atoms
belonging to one of the inner layers.54 Thus, these results
may not be generalizable to all mineral−water interfaces.
Further interesting solvent orientational eﬀects and hydrogen
bonding properties need to be probed along the XY direction,
at a more realistic quartz surface to reveal a complete
understanding of interfacial water structure.
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