
Sodium Halide Adsorption and Water Structure at the
α‑Alumina(0001)/Water Interface
Published as part of The Journal of Physical Chemistry virtual special issue “Hai-Lung Dai Festschrift”.

Ruiyu Wang,†,‡ Mark DelloStritto,†,‡,§ Richard C. Remsing,†,‡,§ Vincenzo Carnevale,*,§,∥

Michael L. Klein,†,‡,§ and Eric Borguet*,†,‡

†Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19122, United States
‡Center for Complex Materials from First-Principles (CCM), Temple University, 1925 North 12th Street, Philadelphia,
Pennsylvania 19122, United States
§Institute for Computational Molecular Science, Temple University, Philadelphia, Pennsylvania 19122, United States
∥Department of Biology, Temple University, Philadelphia, Pennsylvania 19122, United States

*S Supporting Information

ABSTRACT: Alumina is one of the most abundant minerals and has a
wide range of industrial applications, with catalysis as one of the most
important. Of particular relevance for catalysis is the structure of the
mineral/water interface. In this work, water structure and sodium halide
adsorption at the neutral α-alumina(0001)/water interface are investigated
using molecular dynamics simulations. This work demonstrates the
accuracy of the chosen model of the alumina/water interface and shows
that high charge density monovalent ions, such as Na+ and F−, have a strong
affinity for the interface due to the specific pattern of alumina surface OH
groups, such that the adsorbed ions displace waters that are hydrogen-
bonded to the surface in their absence. A significant portion of the driving
force for anion adsorption arises from surface bound Na+, which reverse the
intrinsic surface dipole field and drive the accumulation of halides at the interface. The resulting electrolytic interfacial structure
reorients water molecules as far as 1 nm from the surface. Although ion adsorption does not alter the global orientation of
surface OH groups, it significantly affects their local geometry. This in turn may affect the reactivity of surface groups and thus
play a role in chemical processes occurring at the interface.

■ INTRODUCTION

Water−mineral interfaces are ubiquitous and have been shown
to drive diverse chemical processes, including the erosion of
rocks,1 harvesting of energy from sun light,2 and prebiotic
chemistry.3 In particular, alumina (Al2O3), an earth-abundant
aluminum oxide, is used in industry due to its chemical and
physical stability.4 For example, activated alumina plays an
important role in catalytic applications, including the polymer-
ization of methyl methacrylate5 and peptide bond formation.6

Porous activated alumina is widely used to purify water by
removing fluoride and arsenic ions from aqueous solution.7

Alumina is also used as a desiccant because of its strong affinity
for water.8 In each of these applications, the interface between
aqueous solution and the alumina surface dictates perform-
ance. Despite their importance, many fundamental questions
regarding mineral−water interfaces remain unanswered. For
instance, the precise interplay among surface chemistry,
interfacial water structure and ion adsorption remains poorly
characterized.9

The interaction between pure water and the alumina surface
has been previously examined.10−13 Though informative,

experimental approaches such as high-resolution specular X-
ray reflectivity (XRR),14 atomic force microscopy,15 and
vibrational sum frequency generation (vSFG) spectra16−19

provide only indirect information about the surface properties.
A model of the surface structure is needed to fit and interpret
the experimental results. On the other hand, molecular
dynamics (MD) simulations provide detailed structural
information but are limited in scope due to inherent
approximations and time- and length-scale limitations.
Hence, a coupling between computation and experiments
whereby molecular simulations are first validated and then
used to provide a microscopic interpretation of the
experimental results is one of the most effective strategies to
study complex molecular phenomena occurring at water−
mineral interfaces.
A particularly relevant question concerns the distribution of

ions at the water−alumina interface.20,21 This property is
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difficult to characterize using experiments alone. In this work,
classical MD simulations are employed to investigate the α-
alumina(0001)/aqueous electrolyte interface. The focus is on
α-alumina (corundum) because it is the thermodynamically
stable phase of alumina at ambient conditions.22 To quantify
the adsorption of sodium halides and how ion adsorption
affects interfacial water structure, several models of alumina
based on the CLAYFF force field are investigated and
simulations based on a flexible solid surface combined with
appropriate Al−O−H angle bending potentials lead to a
surface model that is consistent with ab initio MD (AIMD)
simulations and experimental results. After establishing the
accuracy of this model, simulations show that ions with high
charge density, such as Na+ and F−, have a strong affinity for
the alumina(0001) surface, with cooperative effects playing an
important role. Ion adsorption also affects water structure at
the surface, decreasing the relative population of water
molecules donating a hydrogen bond to the surface and
increasing the relative population of water molecules associated
with the hydration shell of Na+. As a result, the average
orientation of water molecules near the interface changes
direction and increases in magnitude upon addition of salts.
This effect is more pronounced for NaI than NaF solutions,
indicating NaI orders water more than NaF. Such behavior
originates from the ability of F− to screen the electric field
generated by the adsorbed excess Na+ more effectively than I−,
arising from an interplay between solvation and interfacial
electrostatics. In the Conclusion, the impact of this work on
the understanding of chemistry at water−mineral interfaces is
also discussed.

■ SIMULATION METHODOLOGY AND SURFACE
MODEL

Simulation Details and Data Analysis. In this work, the
solid α-alumina(0001) surface coordinates are described by
Scardi,23 and a fully hydroxylated and neutral surface is applied
to investigate the α-alumina (0001)/water interface at pH 7.
The thickness of the alumina solid is about 1 nm, so that water
molecules on either side do not interfere with each other.
Classical MD simulations were carried out using GROMACS
2016.3.24−30 The solid alumina was modeled using the
CLAYFF force field.31 The force field parameters for the
ions were developed by Netz and co-workers to reproduce the
ion solvation free energy, solvation entropy, and the position of
the first peak of the radial distribution function.32 The water
model is the SPC/E model, which was used in the
parametrization of the CLAYFF force field and reproduces
the bulk and interfacial properties of water at ambient
conditions with good accuracy.33 Water bonds and angles are
held fixed using the LINCS algorithm.34 Simulations of a fully
flexible surface were performed in the NPXYLZT ensemble,
where constant pressure is maintained in the X and Y

directions while the length of the Z-direction, LZ, is held fixed.
The pressure is maintained at 1 bar using the Parrinello−
Rahman barostat for the production simulations.35,36 The
temperature is maintained at 300 K using a Nose−́Hoover
thermostat with a relaxation time of 0.1 ps.37,38 A water/
vacuum interface in the Z direction of the simulation box is
created to maintain the simulation at the pressure of water−
vapor coexistence (Figure 1). Short-ranged interactions are cut
off at 1 nm. Long-ranged electrostatics are evaluated with the
particle−mesh Ewald method.39 The resulting simulation box
is approximately LX = 3.8 nm and LY = 3.3 nm, and LZ is fixed
at 40 nm and contains 8788 water molecules.
To study ion behavior, sodium halide ion pairs are randomly

inserted to make the salt concentration in the bulk equal to
0.75 M on each side of the solid in the simulation box. The
leapfrog algorithm was used to integrate the equations of
motion with a time step of 1 fs. Equilibration was considered
to be achieved when the ion number density near the solid
interface no longer changes with time. Following equilibration,
production simulations for data collection were run for an
additional 50 ns.
The number density profile and the water polar orientation

were obtained by the GROMACS built-in tools gmx density
and gmx h2order, respectively, along the Z direction. The water
density profile is represented by the water oxygen atom density
distribution. The electric field was calculated by the tool gmx
potential, which integrates Poisson’s equation using the charge
density profile. The bin size of such profiles is 0.05 Å. The
surface OH orientation distribution, the water dipolar angle
(orientation) distribution, the ion coordination interaction
near the surface, and the average position of the surface oxygen
atoms were analyzed with the MDAnalysis library.40,41 For the
density profile of ions and the water orientation, the data
reported is averaged over both sides of the simulation cell. The
potentials of mean force (PMFs) are obtained using umbrella
sampling.42 All umbrella sampling simulations were performed
using PLUMED43 and free energies were reconstructed using
UWHAM.44 All snapshots were generated by the VMD
software.45

Car−Parrinello AIMD simulations were performed using
Quantum Espresso (QE) v.6.2.1.46,47 The PBE-based HSCV
pseudopotentials are used and the valence electrons are treated
explicitly.48 Density functional theory based electronic
structure calculations were performed using the strongly
constrained and appropriately normed (SCAN) functional,49

which has been shown to accurately reproduce a variety of
covalent and noncovalent interactions,50 including those in
bulk water51 and alumina/water interfaces.52 The simulations
cells were initialized using CLAYFF with the z-lattice reduced
from 12 to 3.5 nm at 423 K to 3.5 nm over 1 ns, followed by a
temperature reduction to 300 K for 1 ns and equilibration at
300 K for 1 ns. The electron mass is set to 100 au and the time

Figure 1. Snapshot of the classical MD simulation box. The simulation box is symmetric with the alumina in the middle. Two water−air interfaces
are created to maintain the pressure at that of water−vapor coexistence. The color scheme is as follows: pink, Al; red, O; white, H; blue, Na; green,
halide ion.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b03054
J. Phys. Chem. C 2019, 123, 15618−15628

15619

http://dx.doi.org/10.1021/acs.jpcc.9b03054


step is set to 2.0 au, and a plane-wave cutoff of 90 Ry was
used.12,13 Each of five independent simulations were
equilibrated using QE in the NVT ensemble until the total
energy and temperature were converged and then run in the
NVE ensemble for 27.5 ps. Each unit cell has dimensions of
(0.824 × 0.952 × 3.5) nm and includes 6 alumina layers, 12
aluminol groups per surface, and 52 H2O molecules, resulting
in a water density of 0.998 g/cm3 and the thickness of water
layer is roughly 2 nm. The AIMD electron density is calculated
by averaging over 15 frames, taken from each of the five
independent AIMD trajectories (three each). Further averag-
ing over the x−y plane was then performed to yield the
electron density profile along the Z direction.
Alumina Surface Model. The classical MD simulation box

consists of a slab of alumina(0001) surrounded by water
molecules on each side and a vacuum region (Figure 1).
Previous low energy electron diffraction,53,54 X-ray meth-
ods,55,56 dynamic-mode scanning force microscopy57 and MD
simulations22,58 revealed that when the alumina(0001) surface
meets water, dissociative adsorption is more favorable than
associative adsorption. This transforms terminal Al atoms to
Al−O−H species, resulting in a fully hydroxylated α-
alumina(0001) surface.59 As a result, the alumina surface is
fully hydroxylated in all simulations of this work.
The accuracy of classical models depends on the choice of

force field parameters. In this work, the CLAYFF force field,
which reproduces many of the relevant properties of minerals,
is used.31 The original CLAYFF force field contains a surface
metal−O−H angle bending potential, but many studies omit
this term.31 However, the orientational preferences of surface
OH groups have been shown to impact interfacial processes.60

A recent ab initio MD study found two favored surface O−H
orientations: an “out-of-plane” one in which the OH groups
are perpendicular to the alumina surface and an “in-plane” one
in which OH groups are nearly parallel to the alumina surface
plane.61 An accurate force-field should reproduce this
distribution of hydroxyl group orientations. Therefore, we
tested how the inclusion of the Al−O−H bending potential
affected the results and the classical MD simulations with Al−
O−H bending potentials predicted a distribution of OH
orientations in agreement with the results from AIMD by
SCAN, as shown in Figure 2. Although simulations that omit
this bending term still reproduce this feature to some extent,
the distribution of OH orientations is less ordered and the
probability of intermediate orientations, e.g., at θOH = 60°, is
overestimated (Figure 2). Accurately modeling this distribu-
tion of OH orientations is important for describing ion
adsorption, as discussed further in the Supporting Information.
The electron density of interfacial water is also compared

with XRR experiments and AIMD simulations by the SCAN
functional (Figure 3). The classical electron density is
calculated by convoluting the water oxygen density with a
Gaussian function that has a standard deviation of one-third of
oxygen atom van der Waals (VDW) radius (0.0507 nm).62,63

The idea is that all water electrons are assumed to be on the
oxygen atom and most are distributed within the oxygen’s
VDW radius in a Gaussian form. The XRR reference is fitted
from XRR spectra as described in Catalano’s paper.14

The electron densities from experiment, AIMD, and classical
MD are shown in Figure 3. The classical electron density
reproduces the first peak of the experimental distribution, with
the AIMD results having a slightly larger intensity. The
positions of the remaining peaks are in good agreement, with

AIMD and classical MD predictions in quantitative agreement
with each other with respect to the peak intensities. The
experimentally estimated electronic density indicates signifi-
cant layering at the alumina/water interface, evidenced by the
deep first and second minima, as well as a large second peak
height. Such significant structuring in this range is not
observed in either the classical MD or the AIMD simulations.
This difference is attributed to uncertainties within the fitting
of the electron density from the XRR spectra; a range of
densities can be consistently fit to the same spectra.64 The
good agreement of electron densities between AIMD and the
classical MD predictions, combined with the reasonable
agreement with the peak positions estimated from experiments,

Figure 2. Probability distribution of the angle, θOH, made by surface
OH groups and the surface normal (positive direction of Z axis), as
shown in the inset. The green curve is a classical MD simulation using
a flexible surface with the Al−O−H bending term, which overlaps well
with data from AIMD simulation by SCAN functional (blue curve).
The red curve is from a classical MD simulation without the bending
term.

Figure 3.Water density profile (scale on the left) and electron density
profile (scale on the right). The water density profile is calculated by
counting the water oxygen as described in the main text. The
experimental result is from Catalano.14 Methods for calculating
simulated spectra from both classical and AIMD simulations are
described in the simulation detail section. Details of the water density
profile are discussed in the text. Light red shade shows the error bar, 1
standard deviation, of the electron density by AIMD.
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suggests that the classical model used here provides an
accurate representation of the alumina/water interface.

■ RESULTS AND DISCUSSION
Ion Adsorption. Next, simulations in the presence of

sodium halides NaF, NaCl, NaBr, and NaI are carried out and
ion adsorption to the alumina(0001)/water interface is
quantified. The halide number density near the solid surface
is significantly larger than that of the bulk for all anions (Figure
4a), indicating a high propensity for ion adsorption at the

alumina surface. The relative adsorption propensity of each
halide is proportional to their charge density, with the highest
charge density ions adsorbing the most, opposite to what is
observed at the water−vapor and other hydrophobic
interfaces.65−76

To quantify this propensity for the surface, the Z-dependent
adsorption is calculated (Figure 5a)

∫
∫

ρ ρ

ρ ρ

Γ = [ − ′ − ] × [ ′ − ] ′

+ ′ − × [ ′ − ∞ ] ′

Z H Z Z Z Z

H Z Z Z Z

( ) 1 ( ) ( ) (0) d

( ) ( ) ( ) d

Z

GDS

Z

GDS

0

0
(1)

where ρ(Z) is the number density of the ion of interest at a
distance Z from the surface, ρ(∞) is the bulk concentration
obtained by averaging over the bulk solution region of the
simulation box, and H(x) is the Heaviside step function. ZGDS
is the position of the Gibbs dividing surface, which is defined
as the surface that yields Γwater(∞) = 0. Physically, Γ(∞)
corresponds to the excess number of ions at the surface relative
to the bulk per unit area. The adsorption, Γ(Z), transitions

from zero to a plateau at Γ(∞) where the system reaches the
bulk concentration. For the larger halides, a slight negative
minimum near the GDS is observed, indicating local depletion
of the anion near the GDS, although the total adsorption is
positive. The Γ(∞) and halide effective hard sphere radius are
linear dependent as shown in Figure 5b, where the hard sphere
radius was estimated following previous work.77,78 This
suggests that the adsorption of monovalent halides is
determined by their size or, equivalently, their charge density.
Experimental adsorption measurements of fluoride have

found that Γ(∞) = 4.5 and 2.13 μmol/m2 for F− at pH 7.0 and
pH 9.0, respectively, at 25 °C.79 The experimental work
studied adsorption to alumina powder, whose point of zero
charge (PZC) was determined to be pH 9.0. The PZC of
alumina(0001) has been measured to be at approximately pH
7.19 Since both pH and surface charge are anticipated to
impact F− adsorption to alumina, and 2.9 μmol/m2, which was
predicted from simulations, is within the above experimental
range, this further supports the accuracy of the model for the
aqueous electrolyte−alumina interface. Note that omission of
the Al−O−H angle bending potential results in a smaller
estimate of Γ(∞) ≈ 2.6 μmol/m2, as shown in the Supporting
Information, highlighting the sensitivity of macroscopic
thermodynamic quantities to subtle details of the alumina−
water interface model.
It is not surprising that sodium cations approach closer to

the surface than halides, because Na+ is smaller and can
directly bind to the oxygen atoms of the surface. In each
simulation, the number density of Na+ near the interface is
larger than that of the counterion (Figure 4b). Interestingly,
the interfacial Na+ number density increases as the charge
density of the counterion increases. This dependence of Na+

adsorption on the nature of the counterion suggests that
collective effects play an important role in determining the
adsorption of ions to the surface.
It is difficult to disentangle the direct interaction of an ion

with the surface from indirect effects due to co- and
counterions. In an effort to separate these effects, potentials
of mean forces (PMFs) for ion adsorption at the finite bulk
concentration of 0.75 M, from the number densities in Figure
4, and in the limit of a single ion (in this work, concentration
of one ion is 0.0125 M) by umbrella sampling are calculated.
The single ion PMF differs from that of the finite
concentration solution (Figure 6) due to direct and indirect
ion−ion interactions.
For Na+, the free energy of single ion adsorption relative to

the bulk is about 10kT, corresponding to the depth of the first
minimum in the PMF, where T is the temperature and k is
Boltzmann’s constant. This large free energy difference
suggests that Na+ establishes favorable interactions with the
surface. When the concentration of the solution is increased,
this adsorption free energy is decreased to approximately the
same value for all anions. Thus, collective effects tend to
disrupt the adsorption of Na+ directly to the surface. However,
further structuring of the PMF away from the surface depends
on the identity of the counterion, and this is discussed in the
next section.
The free energy of adsorption for a single F− or Cl− is about

2kT, and that for I− is nearly zero. This is in stark contrast with
the results from simulations of 0.75 M solutions, for which
halides have a free energy of adsorption between approximately
3kT and 4kT. This suggests that collective effects tend to
enhance the adsorption of anions to the alumina surface.

Figure 4. Number density of ions versus distance from the alumina
surface in each simulation with sodium halides. The number density
at the bulk is about 0.45 nm−3, corresponding to 0.75 M solution for
all ions. Z = 0 is defined by the average positions of the surface oxygen
atoms of alumina. Key: (a) number density of halides; (b) number
density of Na+.

Figure 5. (a) Adsorption Γ(Z) of halides in each simulation. The
vertical dash lines are the Gibbs dividing surfaces of each simulation.
(b) Linear fitting of adsorption Γ(∞) as a function of the halide
effective hard sphere radius.
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Halide adsorption is driven by attractive electrostatic
interactions with Na+ ions bound to the alumina surface.
Excess Na+ at the interface creates a positive electric field,
preventing further Na+ adsorption; see the Supporting
Information. Adsorption of high charge density halides into
the interfacial region partially screens the electric field
generated by Na+, thereby enabling adsorption of additional
Na+ ions (Figure 4). Similar cooperative effects have also been
suggested to play a role in biomolecule adsorption to
alumina,80,81 and our findings suggest that these interactions
case be tuned through varying the identity of the anion, in
addition to altering the nature of cation adsorption.
Coordination Structure of Adsorbed Ions. Snapshots of

the interface illustrate the reason for the high surface affinity of
ions (Figure 7). Due to the specific hexagonal pattern of

aluminum atoms and the resulting triangular pattern of surface
OH groups, the α-alumina (0001) surface can substitute part
of the ion hydration shell with up to three surface hydroxyl
groups when an ion adsorbs to the surface. In particular, Na+

can interact with three surface oxygen atoms in a triangular
adsorption site, while halides can accept between 1 and 3
hydrogen bonds on average from surface hydroxyl groups,

depending on the nature of the ion. However, these structures
are not rigid, and structural fluctuations both of the solution
and of the solid surface result in distributions of coordination
structures.
To quantify these fluctuations, the distributions of

coordination numbers of, and hydrogen bonds to, ions
adsorbed at the alumina/water interface are computed (Figure
8). An ion, water, or surface hydroxyl is considered to be

within the first coordination shell of an ion if the distance is
less than that of the first minimum in the respective pair
distribution function. The coordination number distributions
for Na+ are sharply peaked at three, suggesting that nearly all
adsorbed cations at the solid surface are triply coordinated by
hydroxyl oxygens (Figure 8a), in a rigid environment that
allows only minimal fluctuations away from this maximum
coordination number.
In the case of halides, distributions of hydrogen bonds

accepted from water and surface hydroxyl groups are analyzed.
The definition of an H-bond is when the O−X− and H−X−

distances are less than the position of the first minimum in the
radial distribution function, and the corresponding H−O−X−

angle is smaller than 30°, where X− indicates a halide.82−84 The
distributions of hydrogen bonds accepted by surface-adsorbed
halides are shown in Figure 8b. Due to the orientational
freedom of the surface hydroxyl groups, the coordination
structure of adsorbed halides is much less rigid than that
observed for sodium ions. Each halide hydrogen bond
distribution exhibits a single peakat one for F− and three
for other halidesin addition to significant probabilities of
coordination structures other than the peak. This indicates that
the coordination environment of the halides is significantly
more dynamic and flexible than that of the adsorbed sodium
ions.
In addition, fluoride behaves differently than the remaining

halides. The predominant binding mode of F− involves a single
hydrogen bond, while the remaining halides typically accept
three H-bonds. Examples of these structures can be observed
in the snapshots in Figure 7, highlighting F−−Na+ ion pairs,
which can substitute for a hydrogen bonded F−−H “pair”.
Such interfacial ion pairing interactions are rarely observed in
the other halide systems. This is quantitatively illustrated in
Figure 9, which shows the probability distribution for the
number of sodium ions coordinating F− and Cl−; larger anions
are qualitatively similar to Cl−. Indeed, about 90% of Cl− ions
do not have a sodium in their first coordination shell. In
contrast, fluoride has nearly equal probabilities of being paired
or unpaired with sodium and is even found in larger clusters

Figure 6. PMFs for adsorption of (a) Na+, (b) F−, (c) Cl−, and (d) I−.
Curves marked as “Finite” are calculated from simulations with 0.75
M ions. The single ion PMFs were computed from umbrella sampling
simulations with a single ion in water.

Figure 7. Snapshot of (a) NaF and (b) NaCl adsorption near the α-
alumina(0001)/water interface. Water molecules are omitted for
clarity. Pink, red, white, blue, dark green, and light green spheres
represent aluminum, oxygen, hydrogen, sodium, fluorine, and chlorine
atoms, respectively. In both simulations, most Na+ ions are triply
coordinated by the surface, and halides can form H-bonds with
hydroxyl groups of the surface.

Figure 8. (a) Probability distributions of the number of alumina
hydroxyl groups coordinated to sodium cations and (b) probability
distributions of hydrogen bonds formed between alumina hydroxyl
groups and halide ions. All probability distributions are evaluated for
ions within the first peak of their respective density profiles.
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with significant probability. Such clusters are readily observed
in the snapshots shown in Figure 7a.
The surface Al−O−H bending potential is essential to

correctly describe ion adsorption (see Supporting Informa-
tion). This bending term ensures that the surface OH groups
are either “in-plane” or “out-of-plane”; without such restriction,
the surface OH groups may not point in the direction
orthogonal to the surface to donate H-bonds. This suggests
that the angle bending term strongly affects the interfacial
properties and should not be neglected.
Impact of Ion Adsorption on Alumina Surface

Structure. Upon adsorption of ions to the interface, the
global distribution of alumina hydroxyl group orientations does
not change, evidenced by the surface OH orientation
distribution shown in Figure 10a. However, the coordination
of ions to the hydroxyl groups locally impacts the surface OH
orientation (Figure 7). To quantitatively illustrate this point,
the joint probability of P(θOH, “BM”) is calculated, where
“BM” stands for a specific bonding mode.
In the absence of salt, the surface OH orientation

distribution can be decomposed into hydroxyls that accept
or donate H-bonds with water, or free surface OH groups. The
out-of-plane surface OH groups (peaks at 20°, Figure 10b) can
donate H-bonds (D) to water, while the in-plane groups
(peaks at 90°, Figure 10b) accept H-bonds from water
molecules (A). This is consistent with the interpretation of
interface-specific vibrational spectroscopy, which suggests that
the H-bonds donated from water to in-plane surface OH

groups are strong and result in low frequency (3000−3200
cm−1) stretches in the vibrational SFG spectra of this
interface.12,17,19,61,85 On the other hand, the H-bonds donated
from out-of-plane OH groups to water are relatively
weaker.12,13,85−87

Among both OH group orientations, some do not form any
H-bonds with water molecules and are marked as “Free” in
Figure 10c. This significant population of free OH groups is
consistent with a high frequency (free OH) peak in the
vibrational SFG spectra of the water/alumina interface85,86 and
its assignment to aluminol groups.12,13 The probability for
surface OH groups donating and accepting hydrogen bonds at
the same times, marked as “A+D” in Figure 10b, is very close
to 0, which is consistent with previous AIMD simulations.88

In the presence of ions, OH groups can also interact with
ions and thereby alter the decomposition of the probability
distribution. The in-plane OH groups coordinate Na+ with
high affinity, resulting in nearly no free in-plane OH groups.
Anions, F− in Figure 10c, can coordinate with the out-of-plane
OH groups, but some out-of-plane free OH groups remain,
consistent with the presence of a free OH peak in the
vibrational SFG spectra of aqueous salt solutions at the
alumina surface.85 The probability decomposition for NaCl is
qualitatively similar to that for NaF (Figure S3). These local
structural changes induced by adsorbates on the surface can be
leveraged in heterogeneous nucleation and growth,89 catal-
ysis,6,90 and templated self-assembly.91,92

Impact of Ion Adsorption on Interfacial Water
Structure. The adsorption of ions can influence the structure
of water at the interface. This structural change is quantified
through the nonuniform, Z-dependent water density, as well as
the orientation of interfacial water molecules. The water
density, shown in Figure 11, exhibits a pronounced peak at Z =
0.26 nm corresponding to the first layer of water at the alumina
surface. The density exhibits several increasingly less
pronounced peaks at larger Z, indicating layering at the
interface, before reaching the bulk value. As a reference, the
water density profile from AIMD simulations is calculated and
it is in good agreement with classical simulations, indicating
the accuracy of the modeling of this work.
In the presence of ions, the first peak in the density is lower

in height and broader than that of the pure water system
(Figure 11). Interfacially adsorbed ions can replace water

Figure 9. Probability distributions of coordination number between
halides and their counterion Na+.

Figure 10. Comparison of the surface OH orientation distributions. (a) Total distribution, P(θOH), for simulations of water only and water with
ions, indicating that ion adsorption does not change the surface OH orientation distribution. (b) Decomposition of the P(θOH) in the simulation of
water and the surface only with respect to different bonding modes. “A” stands for the surface OH group that accepts hydrogen bonds from water;
“D” stands for the surface OH group that donates hydrogen bonds to water, “A+D” stands for the surface OH group that donates and accepts
hydrogen bonds with water at the same time and “Free” stands for the surface OH group does not have hydrogen bonds with water. (c)
Decomposition of the P(θOH) in the simulation in the presence of NaF. Bonding modes marks “Na+” and “F−” means that the surface OH group
coordinates with Na+ or donates hydrogen bond to F−, respectively.
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molecules H-bonded to the surface, as described above. Water
molecules in the hydration shells of the resulting adsorbed Na+

lead to a shoulder in the high Z side of the first peak in the
density (details will be discussed in next section).
This is evidenced by the joint probability density, ρ(Z,θμ), in

Figure 12a, for a water molecule to be at a distance Z from the

surface with an orientational angle θμ, where θμ is the angle
between water dipole vector and the surface normal (Z axis,
Figure 12b). Within the first interfacial layer, water molecules
show two major populations, in agreement with ab initio MD
simulations.88 The predominant orientation, the peak near θμ =
130°, corresponds to water molecules that donate H-bonds to
the surface (Figure 12c), while the lesser, but still significant
population, peaked at θμ = 0°, corresponds to water molecules
that accept H-bonds from the out-of-plane surface hydroxyl
groups (Figure 12d). The broadness of this acceptor peak
arises from the “delocalized” picture of lone pairs implicitly
assumed in the SPC/E model of water. A water model with
more localized lone pairs, such as TIP5P, would lead to a
narrower, but qualitatively similar peak at low θμ.

93,94 Some

significant orientational ordering remains in the second water
layer, with populations at θμ = 180° and θμ = 0°. Beyond this
layer, significant orientational ordering is not observed.
Ion adsorption also impacts the orientational structure of

interfacial water, in addition to the translational ordering
discussed above. Upon addition of salt, Figure 13, the peak

near 130° almost disappears, suggesting that the strong water−
surface H-bonds are replaced with strong sodium−surface
electrostatic interactions. The dominant population of
interfacial water orientations is instead centered around θμ =
45°. This peak is also located at a slightly larger distance from
the surface than in the pure water case and arises from water
molecules in the hydration shell of Na+ adsorbed directly to
the surface (Figure 13c). The joint probability densities for
NaF and NaI solutions are qualitatively similar within the first
water layer, although the peak near 130° is larger in the case of
NaI, because there are less sodium ions adsorbed to the
surface. Significant differences arise in the second layer of
water, and the origins of these differences will be discussed
below.
Differences in the Z-dependent orientational order of water

among the various systems are more readily observed through
examination of the orientational density

∫ ρ θ θ θ θ ρ θΘ = = ⟨ ⟩
π

μ μ μ μ μZ Z(Z) (Z, ) sin cos d ( ) cos ( )
0

(2)

as well as the average orientation, ⟨cos θμ(Z)⟩, which is widely
reported to study interfacial water orientation and spectra

∫
θ

ρ θ θ θ ρ
⟨ ⟩ = Θ = Θ

μ π
μ μ μ

Zcos ( )
(z)

(Z, ) sin d

(z)
(Z)

0 (3)

which are shown in parts (a) and (b) of Figure 14, respectively.

Figure 11. Water density profile near the interface for neat water and
in the presence of various sodium halides. The water density is
estimated by the number density of water oxygen atoms. For clarity,
results from simulations with NaCl and NaBr are shown in
Supporting Information.

Figure 12. (a) Joint probability density, ρ(Z,θμ) calculated from
simulations with solid surface and only water. Here, only the region of
0.15−0.8 nm from the solid is shown. (b) Definition of θμ. (c)
Snapshot of an interfacial water molecule donating a H-bond to the
surface OH. (d) Snapshot of interfacial water accepting H-bonds from
the surface OH.

Figure 13. Joint probability density, ρ(Z,θμ) calculated from
simulations with (a) NaF or (b) NaI. (c) Snapshot of the solvation
shell of surface bonded Na+.

Figure 14. Water orientational ordering as characterized by (a) the
density Θ(Z) as defined in eq 2 and (b) ⟨cos θμ(Z)⟩.
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In the absence of salt, the large population of water
molecules at high θμ near the surface leads to the large negative
peak in both functions, and the subsequent ordering of further
layers leads to the damped oscillations in both Θ(Z) and ⟨cos
θμ(Z)⟩, which decay to zero in less than 1 nm. This small
decay length is not surprising because the α-alumina(0001)
surface model in this work is neutral, and the surface dipole
can be completely screened by water over a short distance. In
the presence of salt, both Θ(Z) and ⟨cos θμ(Z)⟩ are positive
for nearly all Z, with the exception of small peaks near 0.5 and
0.6 nm NaF and NaCl systems. Moreover, this ordering
persists to at least 1 nm for the NaCl, NaBr, and NaI systems,
such that these salts increase the width of the water/alumina
interface. The orientational ordering of water in the NaF
system decays over the same length scale as the pure water
system.
To understand the screening behavior that leads to these

different decay lengths, the electric field generated at the
interface and its contributions from the various components of
the system are examined (shown in the Supporting
Information). Ion adsorption creates a positive electric field
(pointing away from the surface) due to the excess Na+ at the
surface. To screen this field, water molecules reorient their
dipoles to point toward the solid surface, creating a negative
electric field that partially screens the one generated by the
positive Na+. Adsorbed anions will also screen this positive
field. This screening is achieved more readily with fluoride,
which adsorbs more readily to the interface than the other
anions studied here, evidenced by the large second peaks in the
fluoride density profiles. This strong adsorption screens the
interfacial electric field within the first few layers, resulting in a
small decay length for the orientational order.
The larger anions display larger values of Θ(Z) and ⟨cos

θμ(Z)⟩, especially after the first layer. The largest anion, I−,
adsorbs the least but has the largest Θ(Z) and ⟨cos θμ(Z)⟩
(Figure 14), indicating that interfacial water is ordered the
most in this system. Because I− has the weakest adsorption, it
also exhibits the weakest screening of the interfacial electric
field. Thus, this electric field can extend out to longer
distances, ordering water on a larger length scale. These
differences in screening and the resulting changes in the size of
the interfacially ordered region contribute to differences
measured in interfacial spectroscopy of these systems.

■ CONCLUSION
In this work, ion adsorption and water behavior at the neutral
α-alumina(0001)/water interface are investigated by classical
MD simulations in the presence and absence of sodium
halides. Several surface models based on CLAYFF are tested,
and simulations with a flexible solid surface model and the
inclusion of the surface Al−O−H bending potential yield an
accurate description of the surface OH angle distribution,
water density profile, and electron density profile, as compared
to AIMD simulations and experimental estimates. Holding the
surface rigid, as is often done in MD simulations, as well as
omitting the Al−O−H bending potential, can significantly
impact interfacial properties, including ion adsorption, and we
suggest that surface flexibility and Al−O−H bending potentials
should be included in MD simulations to yield accurate
predictions.
In the simulations of aqueous sodium halide solutions,

halide ion adsorption follows the ion charge density, F− > Cl−

> Br− > I−, and adsorption of Na+ enhances anion adsorption

to this interface. The large predicted adsorption of F− is also in
good quantitative agreement with experiments, supporting that
the model in this work yields a reasonable description of the
alumina-aqueous electrolyte interface. Both Na+ and F− show
high affinity, with a local density greater than 10 times the bulk
value due to (1) the specific hexagonal surface OH pattern of
the α-alumina (0001), (2) the coordination of Na+ by three
surface oxygen atoms, (3) hydrogen bonds between F− and the
surface, and (4) the Na+−F− ion pairing. However, ion pairing
at the interface between Na+ and other halides is observed with
lower probability. The ion adsorption also affects the local
orientation of surface OH groups; however, the global
distribution of the surface OH orientation is not affected by
ion adsorption.
The excess Na+ near the interface changes the hydrogen

bonding structure of interfacial water molecules. Adsorbed Na+

displaces interfacial waters, decreasing the population of H-
bond donors to surface hydroxyl groups, in addition to bring
some of the Na+ hydration shell into the interfacial region.
These two effects change the net interfacial water orientation
and produce an ordering that persists over a distance of about
1 nm from the solid surface. In addition, I− has the lowest
adsorption, but the largest effect on orientation, due to the
weak screening ability of I−.
In summary, this work provides a detailed picture of ion

adsorption near the interface and reveals microscopic structural
information that we hope will help researchers understand
water/solid interfacial behavior. In particular, the molecular-
scale characterization of interfacial water and surface hydroxyl
group orientation and hydrogen-bonding structure aids in the
interpretation of interface-specific spectroscopic studies.12

Moreover, understanding the basic physical chemistry under-
lying the adsorption of charged groups to mineral surfaces
should generalize to electrostatically driven biomolecular
adsorption and adhesion processes. For example, recent work
has suggested that cation adsorption to surfaces facilitates the
adsorption of anionic C-termini of peptides,80,81,95 in much the
same way that sodium adsorption is found to enhance anion
adsorption here. Finally, ion adsorption can create local
structural patterning at mineral surfaces and may be
particularly useful in guiding interfacial assembly and catalysis.
One can envision using these interfacial liquid-induced surface
perturbations to control important length scales, hydrogen
bonding, and intermolecular arrangements in surface-driven
assemblies and chemical reactions.
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(25) Pronk, S.; Paĺl, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.;
Apostolov, R.; Shirts, M. R.; Smith, J. C.; Kasson, P. M.; Van Der
Spoel, D.; et al. GROMACS 4.5: a High-throughput and Highly
Parallel Open Source Molecular Simulation Toolkit. Bioinformatics
2013, 29, 845−854.
(26) Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R.
GROMACS: A Message-passing Parallel Molecular Dynamics
Implementation. Comput. Phys. Commun. 1995, 91, 43−56.
(27) Pall, S.; Abraham, M. J.; Kutzner, C.; Hess, B.; Lindahl, E.
Tackling Exascale Software Challenges in Molecular Dynamics
Simulations with GROMACS. Lecture Notes in Computer Science
2015, 8759, 3−27.
(28) Hess, B.; Kutzner, C.; van der Spoel, D.; Lindahl, E.
GROMACS 4: Algorithms for Highly Efficient, Load-Balanced, and
Scalable Molecular Simulation. J. Chem. Theory Comput. 2008, 4,
435−447.
(29) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark,
A. E.; Berendsen, H. J. C. GROMACS: Fast, Flexible, and Free. J.
Comput. Chem. 2005, 26, 1701−1718.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b03054
J. Phys. Chem. C 2019, 123, 15618−15628

15626

http://orcid.org/0000-0002-0678-5860
http://orcid.org/0000-0002-0922-4882
http://orcid.org/0000-0002-1918-8280
http://dx.doi.org/10.1002/14356007.a01_557
http://dx.doi.org/10.1021/acs.jpcc.9b03054


(30) Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: a
Package for Molecular Simulation and Trajectory Analysis. J. Mol.
Model. 2001, 7, 306−317.
(31) Cygan, R. T.; Liang, J.-J.; Kalinichev, A. G. Molecular Models of
Hydroxide, Oxyhydroxide, and Clay Phases and the Development of a
General Force Field. J. Phys. Chem. B 2004, 108, 1255−1266.
(32) Horinek, D.; Mamatkulov, S. I.; Netz, R. R. Rational Design of
Ion Force Fields Based on Thermodynamic Solvation Properties. J.
Chem. Phys. 2009, 130, 124507.
(33) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The Missing
Term in Effective Pair Potentials. J. Phys. Chem. 1987, 91, 6269−
6271.
(34) Hess, B. P-LINCS: A Parallel Linear Constraint Solver for
Molecular Simulation. J. Chem. Theory Comput. 2008, 4, 116−122.
(35) Parrinello, M.; Rahman, A. Polymorphic Transitions in Single
Crystals: A New Molecular Dynamics Method. J. Appl. Phys. 1981, 52,
7182−7190.
(36) Nose,́ S.; Klein, M. L. Constant Pressure Molecular Dynamics
for Molecular Systems. Mol. Phys. 1983, 50, 1055−1076.
(37) Nose,́ S. A Molecular Dynamics Method for Simulations in the
Canonical Ensemble. Mol. Phys. 1984, 52, 255−268.
(38) Hoover, W. G. Canonical Dynamics: Equilibrium Phase-space
Distributions. Phys. Rev. A: At., Mol., Opt. Phys. 1985, 31, 1695−1697.
(39) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577−8593.
(40) Michaud-Agrawal, N.; Denning, E. J.; Woolf, T. B.; Beckstein,
O. MDAnalysis: A Toolkit for the Analysis of Molecular Dynamics
Simulations. J. Comput. Chem. 2011, 32, 2319−2327.
(41) Gowers, R.; Linke, M.; Barnoud, J.; Reddy, T. J. E.; Melo, M.
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