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ABSTRACT: Quartz is ubiquitous in subsurface formations. The
crystal faces have different atomic arrangements. Knowledge of the
molecular structures on the surface of quartz is key in many
processes. Molecular dynamics simulations are conducted to
investigate the atomic arrangement effect on the water film structure,
ion adsorption, and wettability at three different α-quartz surfaces.
The interfacial structures depend on the quartz surface. Intrasurface
hydrogen bonding between surface silanols differs in the α-quartz
surface. At the (0001) surface, the OH density is 9.58 nm−2,
consisting of Q2 units with two hydroxyl groups per silicone atom. At
the (101̅0)-β surface, the OH density is 7.54 nm−2, consisting of Q3

units with one hydroxyl group per silicone atom; there is significant
intrasurface hydrogen bonding. At the (101̅0)-α surface, the OH
density is 7.54 nm−2, consisting of Q2 units; however, there is little
intrasurface hydrogen bonding. The intrasurface hydrogen bonding results in the exposure of hydrogen-bond acceptors to the
aqueous phase, causing water molecules to have an H-up (hydrogen toward surface) orientation. This orientation can be found at the
(0001) and (101̅0)-β surfaces; it is related to the degree of ordering at the surface. The ordering at the (0001) and (101̅0)-β surfaces
is higher than that at the (101̅0)-α surface. In aqueous systems with ions, cation adsorption is the most dominant at the (0001)
surface due to the largest surface density of the intrasurface hydrogen bonding, providing interaction sites for cations to be adsorbed.
We observe a pronounced decrease in water film thickness from the ions at the (0001) surface only, likely due to significant cation
adsorption. In this work, we demonstrate that the hydrogen-bond network, which varies from the plane cut, affects the water film
structure and ion adsorption. The contact is nearly zero despite the changes in the film thickness and molecular structure at the
temperature of 318 K.

■ INTRODUCTION
Understanding of the wettability of aqueous surfaces and
interfacial structures is critical in various scientific and industrial
fields.1−4 Many physical and chemical processes are influenced
by the aqueous interface including colloidal stability, coating,
heat transfer, tribology, and flows in porous media. Wettability
plays an important role in the efficiency of geological carbon
dioxide (CO2) storage and oil production.5−7 CO2 and oil in
porous media in subsurface formations are trapped and
stabilized by wetting phenomena, known as residual trapping.
The capillary entry pressure of caprocks stabilizes the CO2
plume against the buoyancy force (structural trapping).

Quartz, a crystal form of silica, is a ubiquitous mineral in
subsurface formations and may influence various interfacial
processes.8 Wettability and interfacial structures have been
extensively investigated for quartz/silica surfaces. The contact
angle at the quartz/silica surface, a quantitative measure of
wettability, has been reported by numerous authors.9−16

Contact angles vary from strongly water-wet to intermediate-
wet under certain conditions.16 Contact angle measurements
pose various challenges: errors are associated with experimental

procedures (pre-equilibration time and length-scale of measure-
ments), surface roughness, and contamination. In quartz/water
systems, contact angles vary from zero with pretreatment by
piranha solution or plasma to a range of 13.5°−63.5° with
pretreatment in petroleum ether, acetone, ethanol, and water.16

The contact angle (θ) is described by Young’s equation:

=cos
sg sw

gw (1)

where γ represents interfacial tensions, and subscripts sg, sw, and
gw represent the interfaces between solid and gas, solid and
water, and gas and water, respectively. At the nanoscale, θ may
diverge from the prediction of eq 1 due to the water film adjacent
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to the droplet17 and the line tension18 when the curvature is
high. The water film may significantly influence wetting
dynamics3 at the nanoscale and fluid trapping in porous media.

The structure of the aqueous interface on quartz/silica has
been investigated using atomic force microscopy,19,20 X-ray
reflectivity,20 and sum-frequency vibrational spectroscopy.21−27

A charge may develop from the deprotonation/protonation of
surface hydroxyl groups.28 The charge results in specific
hydrogen-bond networks at the surface. Despite extensive
work in the literature, the interfacial structure has not yet been
fully resolved. The H-up (hydrogen toward surface) orientation
of water is found at high pH (pH of 12) facilitated by hydrogen
bonding between water and deprotonated hydroxyl groups at
the surface.22 Even at a low pH (pH of 2), the presence of
deprotonated hydroxyl sites is also suggested, as indicated by the
observed H-up orientation.22 Myalitsin et al. argue that the
deprotonated hydroxyl group is not necessary for water to
exhibit the H-up orientation.24 Instead, they propose that
hydrogen bonding between the surface silanol groups serves as a
hydrogen-bond acceptor for the H-up orientation.24 The
discrepancy in their microscopic interpretation is partly
attributed to experiments conducted on crystal or amorphous
silica.21−27

The quartz crystal has no perfect crystallographic cleavage
plane.20,29,30 Different planes lead to variations in the surface
density of terminations, specifically hydroxyl groups, which
differ on the selected plane. Figure 1 shows the atomistic images
of different cutting surfaces of α-quartz. An ideal (0001) surface
has an OH density of 9.58 nm−2, while the ideal (101̅0)-α and
(101̅0)-β surfaces have an OH density of 7.54 nm−2. The
distinction between (101̅0)-α and (101̅0)-β surfaces arises from
the termination of silicon atoms (Q number). Qn units represent
nSi−O bonds, resulting in (4 − n) hydroxyl groups per unit. The
(0001), (101̅0)-α, and (101̅0)-β surfaces have Q2, Q2, and Q3

units, respectively.
The cutting plane and different terminations affect the

interfacial properties. Schlegel et al.20 have investigated the
(101̅0) surface of α-quartz equilibrated with distilled water.
They demonstrate that the (101̅0) surface consists of 67% β-
surface and 33% α-surface, suggesting that the β-surface is more
stable than the α-surface.20 Skelton et al.31 pointed out that the
intrasurface hydrogen bonding (hydrogen bonding between OH
of silanol groups at the surface) influences surface hydration.
Intrasurface hydrogen bonding is higher at the (101̅0)-β surface
than at the (101̅0)-α surface.31 The authors have found that the
number of hydrogen bonds to bridging Si−O−Si oxygens is
higher at the α-surface than in the β-surface.31 This process may
result in resistance to the dissolution of the β-surface.

Sum frequency vibrational spectroscopy has been conducted
on the (0001) α-quartz surface19−21 and amorphous silica.24,27

The (101̅0) surface is investigated by atomic force micros-
copy.19 X-ray reflectivity measurements are performed on the
(101̅0) and the (101̅1) surfaces.20 Wettability measurements for
quartz are often conducted without reporting surface
information. Variations in wettability measurements under the
same conditions are likely related to the choice of surfaces. Only
a few studies have been conducted to compare the properties of
different surfaces.15,16

Molecular simulations are performed to understand the
interfacial structures of α-quartz on different surfaces. The water
structure may differ at the bonded interfacial layer, diffuse layer,
and bulk region. The relationship between the signal of sum
frequency vibrational spectroscopy and the interfacial structure
has been investigated through ab initio and classical molecular
dynamics simulations.32−34 Ab initio calculations reveal a
network of hydrogen bonding at the surfaces of quartz and
silica.34−42 Cimas et al. demonstrate that a neutral silanol can
induce H-up and H-down orientations by serving as a hydrogen-
bond acceptor and donor, respectively.42 Molecular simulations
are also employed to investigate the wettability and water film
structure at the nanoscale.7,15,16,43−47 Tsuji et al.43 investigate
the wettability of the quartz, water, and CO2 system at different
pressures by molecular dynamics simulations. The pressure
dependency of wettability on quartz surfaces aligns with the
experimental data.43 Recently, the wettability of different α-
quartz surfaces is investigated by molecular simulations and
contact angle measurements, revealing that the surfaces are
completely water-wet.15,16 However, the influence of ions on the
wettability of different surfaces has not yet been investigated.
Musso et al. demonstrate that different quartz surfaces have
different surface−adsorbate (NH3) energy,39 and this difference
in adsorption can result in distinct wettability states and water
film structures. The in-depth study of the effect of ions on the
molecular structure and wetting on different quartz surfaces
remains very limited.

The main motivation of our study is to systematically
investigate interfacial structures, ion adsorptions, and wett-
abilities of different α-quartz surfaces. We aim to explore the
differences in the hydrogen-bond network at the surfaces,
wettability, and adjacent water films. Three surfaces of α-quartz
are selected for investigation: (0001), (101̅0)-α, and (101̅0)-β
surfaces. The pair of (0001) and (101̅0)-α surfaces has a
different surface density of hydroxyl groups but it has the same
termination (Q2). The (101̅0)-α and the (101̅0)-β surfaces have
the same hydroxyl group surface density but a different
termination (Q2 and Q3). The effect of ions (NaCl) on various

Figure 1. Structure of three types of α-quartz surfaces (side view): (a) (0001), (b) (101̅0)-α, and (c) (101̅0)-β. The (0001) and (101̅0)-α surfaces
consist of Q2 units, while the (101̅0)-β surface consists of Q3 units. Red, yellow, and white particles represent oxygen, silicon, and hydrogen atoms,
respectively.
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α-quartz surfaces is also investigated; electrolytes may influence
both the interfacial structure and wettability.

■ METHODS
GROMACS 2023.148 is used in our molecular dynamics simulations.
The CLAYFF49 and SPC/E50 force fields are chosen for the mineral and
water, respectively. This combination of models is reported to
reproduce the structure of the aqueous interface from α-quartz and
water.31 The force field for ions is described by the Joung and
Cheatham model,51 which is compatible with the SPC/E model. Cutoff
lengths for Lennard−Jones interactions and Coulombic interactions are
set to 1.2 nm with the analytical tail correction52 and particle mesh
Ewald summation53 applied for treating long-range interactions,
respectively. This choice of cutoff length aligns with a previous study
using the same force fields.7 The bond length of water molecules is kept
fixed by the LINCS54 algorithm. We perform calculations for both a
two-phase system (liquid and mineral) and a three-phase system
(liquid, vapor, and mineral). The thickness of the mineral is greater than
4 nm for all calculations. The sizes of simulation boxes and snapshots of
the systems are provided in Figure 2. Periodic boundary conditions are
applied in our work. In the systems, there are two interfaces, but we
present results for only one interface as consistent results are found for
both. We use α-quartz as the mineral, where the unit cell is based on X-
ray diffraction by Kihara.55 The (0001), (101̅0)-α, and (101̅0)-β
surfaces are investigated in this study. The surfaces are fully
hydroxylated. The two-phase system is employed to investigate
fundamental characteristics among different planes. The three-phase
system is used to examine the water film structure adjacent to the
droplet and wettability. The two-phase system contains 6000 water
molecules. The three-phase system consists of 15,000 water molecules.
The effect of ions is investigated for 0.95 mol/kg NaCl solutions. We
used 108 pairs of NaCl molecules in the two-phase system and 270 pairs
of NaCl molecules in the three-phase system. In the three-phase system,
the droplet has a cylindrical shape (two-dimensional shape) to
eliminate the effect of line tension on the contact angle. Initial
configurations of the systems are prepared by combining the liquid
phase and solid phase, which are independently equilibrated. The cubic
liquid phase and vacuum phase are initially contained in the three-phase
system. The liquid changes its shape to represent the wetting on the
surface as the system equilibrates. The structure of α-quartz is assumed
to be fully flexible. The system is relaxed for 25 ns, followed by a 100 ns

production run. The simulation time for the water film to reach
equilibrium is reported to be about 10 ns.7 The two-phase systems are
run in the NpT ensemble, and the three-phase systems are run in the
NVT ensemble (to allow the formation of two fluid phases). A
temperature of 318 K and a pressure of 0.1 MPa are used in the NpT
ensemble. The same temperature is used in the NVT ensemble. Both
the temperature and pressure are stochastically controlled. Pressure is
fixed by changing the box size normal to the surfaces while keeping the
surface area constant. Standard deviations (σ) are determined by
dividing the 100 ns trajectory into 10 blocks. We include standard
deviations in the corresponding figures and tables unless otherwise
stated.

The detailed analysis of the water structure is investigated based on
the water orientation normal to the surface. We calculate the probability
distribution of water orientation, p(θ), normalized as follows:

=p d( )sin 2
0 (2)

The probability distribution p(θ) equals 1 by this definition when
water molecules are randomly oriented. We utilize two intramolecule
vectors: the OH vector and the dipole vector. The definitions of the
vector and angle are presented in panels a and b in Figure S1. θ is
defined as the angle between the two vectors and the direction normal
to the surfaces (θOH and θD).

Hydrogen bonding among water molecules and surface hydroxyl
groups is analyzed using a geometrical measure. The distance between a
donor and an acceptor (rDA) and the angle among hydrogen atoms, the
donor, and the acceptor (αHDA) are used in this measure. A pair of
donor and acceptor with rDA less than 0.35 nm and αHDA less than 30° is
determined as hydrogen-bonded.

■ RESULTS AND DISCUSSION
The water densities on different surfaces are presented in Figure
3. The structures exhibit dependency on surface chemistry. The
highest density (∼2400 kg/m3) is observed at the (101̅0)-β
surface (Figure 3, dotted line, z = 0.24 nm), where this surface
has a lower hydroxyl density than the (0001) surface. The
highest surface density is followed by three bumps (Figure 3,
dotted line, z = 0.46 nm, z = 0.64 nm, and z = 0.87 nm). This
strong peak aligns with the molecular simulations by Sun et al.7

Figure 2. Snapshots of various systems for pure water and brine in two- and three-phase systems. Brine systems have the same size as pure water
systems. Two-phase system of: (a) (0001) surface, (b) (101̅0)-α surface, (c) (101̅0)-β surface; three-phase systems of (d) (0001) surface, (e) (101̅0)-
α surface, and (f) (101̅0)-β surface. Red, green, and blue arrows represent the x, y, and z axes, respectively. Lengths in the two- and three-phase systems
have different scales.
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Two distinct peaks are noticeable near the (0001) surface
(Figure 3, solid line, z = 0.20 and z = 0.26 nm), followed by two
bumps (Figure 3, solid line, z = 0.43 and z = 0.63 nm). The
terminations at the (101̅0) planes, namely, α (Figure 3, dashed
dotted line) and β (Figure 3, dotted line), affect water structures.
The (101̅0)-α surface consists of Q2 units, and the (101̅0)-β
surface consists of Q3 units. Water molecules can approach the
(101̅0)-α surface more closely than the (101̅0)- β surface; the
density of water molecules starts to increase at the position of the

outermost hydroxyl groups (the dashed gray line in Figure 3) at
the (101̅0)-α surface. The (101̅0)-α surface does not exhibit
distinct peaks (Figure 3, dashed dotted line). The hydroxyl
density and termination can result in different structures of water
at the surfaces.

Water molecules have specific orientations, depending on the
distance from the surfaces. Figure 4 illustrates the water
orientation at each surface. Red dashed lines represent the
peak position in the density distribution from Figure 3. Panels a
and b in Figure 4 show the orientation of water molecules at the
(0001) surface. θOH of ∼60° and ∼120° (Figure 4a, z = 0.16 nm)
and θD of ∼90° (Figure 4b, z = 0.16 nm) represent orientations
around the first red dashed line. Another orientation near the red
dashed line (Figure 4b, z = 0.21 nm) is characterized by θD of
∼180°. Water molecules close to the second red dashed line in
panels a and b in Figure 4 have θOH of ∼170° and θD of ∼140°.
The orientations result from hydrogen bonding between water
molecules and surface hydroxyl groups. Panels a−c in Figure 5
are snapshots of water molecules at the (0001) surface.
Hydrogen bonds are indicated by green dotted lines in the
snapshots. In Figure 5a, the water molecule has θOH of 55.9° and
130.6° and θD of 94.5°, corresponding to orientations around
the first red dashed line. This orientation is the result of two
hydrogen bonds: HOH to Owater and Hwater to OOH. Figure 5b

Figure 3. Density distribution of water molecules at the three quartz
surfaces. The dashed gray line represents the position of the outermost
oxygen atom (hydroxyl oxygen). Error bars are smaller than the line
widths.

Figure 4. Orientation of water molecules represented by angles between intramolecule vectors (OH vector and dipole vector) and the direction
normal to the surface: (a) OH vector at (0001), (b) dipole vector at (0001), (c) OH vector at (101̅0)-α, (d) dipole vector at (101̅0)-α, (e) OH vector
at (101̅0)-β, and (f) dipole vector at (101̅0)-β surfaces. z represents the coordinate of the oxygen atom of the water molecule, and z = 0 is the position of
the outermost oxygen atoms (hydroxyl oxygen). The red dashed line represents the peak position in the density distributions in Figure 3. The (101̅0)-α
surface does not show a distinct peak in water density.
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shows a water molecule with the other orientation at the first red
dashed line in panels a and b in Figure 4. This water molecule has
θOH of 121.2° and 127.6° and θD of 169.2°, resulting from two
Hwater−OOH hydrogen bonds. In Figure 5c, the water molecule
has θOH of 64.4° and 174.1° and θD of 121.1°, representing the
orientations around the second red dashed line in panels a and b
in Figure 4. The hydrogen bonding between Hwater and OOH
results in the orientation of the water molecule.

Water orientation at the (101̅0)-α surface is shown in panels c
and d in Figure 4, with snapshots of representative water
molecules shown in panels d−f of Figure 5. The nearest water
molecules to the surface have θOH of ∼100° and θD of ∼120°. A
representative snapshot is shown in Figure 5d, where the water
molecule has θOH of 105.7° and 111.1° and θD of 123.1°. The
hydrogen bonding for the water molecules in Figure 5d is like
that of a water molecule at the (0001) surface (Figure 5b),
indicating that the orientation is due to two Hwater−OOH
hydrogen bonds. The other peaks of θOH and θD found near
the surface are around 10° and 60°, respectively. The water
molecules in Figure 5e have an orientation with θOH of 11.1° and
119.3° and θD of 64.9°. Hydrogen bonding in panels a and e of
Figure 5 is similar, with two hydrogen bonds (HOH to Owater and

Hwater to OOH) in the water molecule. A distinct peak can be
found for θD (θD = 0−30) further from the surface (z = 0.15−
0.29 nm) which results from a hydrogen bond between HOH and
Owater (Figure 5f).

The (101̅0)-β surface exhibits a pattern similar to the (0001)
surface, but the peak θD around 90° is weaker than that on the
(0001) surface (Figure 4b, z = 0.16 nm; Figure 4f, z = 0.18 nm).
Instead, we observe a high intensity of θD less than 30° (Figure
4f, z = 0.19 nm). A representative water molecule is shown in
Figure 5g, having θOH of 45.7° and 65.1° and θD of 13.7°.
Hydrogen bonding exists between HOH and Owater, but it is
missing between Hwater and OOH (unlike the water molecule in
Figure 5a found at the (0001) surface). This missing hydrogen
bonding results in a different orientational pattern on the (0001)
and (101̅0)-β surfaces. Another high intensity is found for θD
close to 180° at z = 0.18 nm. The water molecule with hydrogen
bonding between Hwater and the phosphorus molecule of OOH
leads to this high intensity (Figure 5h). The water molecule has
θOH of 122.7° and 127.4° and θD of 171.8° (Figure 5h). Water
orientation next to the red dashed line has peaks at θOH of ∼160°
and θD of ∼130° (panels e and f in Figure 4, z = 0.27 nm). Figure
5i shows a water molecule corresponding to this orientation,

Figure 5. Snapshots of water molecules at the interface in the surfaces of (a−c) (0001), (d−f) (101̅0)-α, and (g−i) (101̅0)-β. z represents the
coordinate of the oxygen atom of water molecules. z = 0 is the position of the outermost oxygen atoms (hydroxyl oxygen). θOH and θD represent the
angle between the intramolecule vector (OH vector and dipole vector) and the direction normal to the surface, respectively. The snapshots can be
compared to Figure 4. Green dotted lines show hydrogen bonds. Red, yellow, and white particles represent oxygen, silicon, and hydrogen atoms,
respectively. Red, green, and blue arrows represent the x, y, and z axes, respectively.
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having θOH of 82.0° and 163.9° and θD of 134.8°, revealing
hydrogen bonding between Hwater and OOH.

The structure of water in the vicinity of the surfaces strongly
depends on the cutting plane and termination through the
hydrogen-bond network. We point out that the distance
between neighboring hydroxyl groups and intrasurface hydro-
gen bonds affects the availability of hydrogen-bond donors and
acceptors. Figure 6 shows probability distributions of angles (φ)

between the OH vector of the hydroxyl groups and the vector
normal to the surface. p(φ) has the same definition as that
represented by eq 2; it will be uniform when hydroxyl groups
have a completely random orientation. φ of 90° indicates that
hydroxyl groups lie parallel to the surfaces, providing an
indication of intrasurface hydrogen bonds. φ of 0° corresponds
to hydrogen atoms in the surface hydroxyl groups pointing
toward the aqueous phase. The (101̅0)-β and the (0001)
surfaces are fully structured; both surfaces have a strong peak
around 90°. The peak around 90° results in exposing the
hydrogen-bond acceptors to the aqueous phase. A high-intensity
area around θOH of 180° can be found near the (0001) surface
and the (101̅0)-β surface but not near the (101̅0)-α surface
(panels a, c, and e in Figure 4). This is strongly related to the
availability of the hydrogen-bond acceptors from the intrasur-
face hydrogen bonding. Panels c and i in Figure 5 show the
snapshots where intrasurface hydrogen bonds can be observed.
Hydroxyl groups lie parallel to the surface to establish hydrogen
bonding with another hydroxyl group (shown by green dotted
lines in panels c and i in Figure 5). The oxygen atom accepts a
hydrogen bond from the water molecule, resulting in θOH close
to 180°. θOH of 180° is not observed near the (101̅0)-α surface
because hydroxyl groups do not lie parallel to the surface.
Notably, the (101̅0)-α and (101̅0)-β surfaces have the same OH
density (7.54 nm−2). The availability of donors is highly
dependent on the formation of intrasurface hydrogen bonds
rather than being solely determined by OH density.

The density of hydrogen bonds at the surfaces is summarized
in Table 1. Intrasurface hydrogen bonds are significant on the
(0001) and (101̅0)-β surfaces, as shown in Figure 6. The density
of intrasurface hydrogen bonds for the (0001) surface is higher
than that for the (101̅0)-β surface; this results in a higher density
of hydrogen-bond acceptors (hydroxyl oxygens). Water
molecules for which θD is close to 180° have orientations
where two hydrogens are toward two hydroxyl oxygens (e.g.,
panels b and h in Figure 5), namely two hydrogen-bond
acceptors from surfaces. The (0001) surface has a higher
intensity of this orientation than the (101̅0)-β surface (panels b
and f in Figure 4). The higher intensity is probably because of
the higher density of intrasurface hydrogen bonds, that is,
hydrogen-bond acceptors, for the (0001) surface. The (101̅0)-α
surface shows the highest density of intersurface hydrogen
bonds.

The H-up orientations are found at the (0001) and the
(101̅0)-β surfaces (panels a and e in Figure 4, θOH of 180°). The
H-up orientation is the result of intrasurface hydrogen bonding.
The formation of intrasurface hydrogen bonding is rarely found
at the (101̅0)-α surface. The (101̅0)-α surface is less ordered in
this context. Pezzotti et al.34 show that the positive band at 3400
cm−1 in SFG spectra is a signature of the crystal-induced
ordering of water molecules. The positive band corresponds to
water orientation from intrasurface hydrogen bonding. The
water molecules shown in panels c and i in Figure 5 are
consistent with Pezzotti’s rationalizations on the positive band at
3400 cm−1, while the corresponding water orientation cannot be
found at the (101̅0)-α surface (Figure 4c).

The variation of structures among the surfaces presented
above sheds light on the dominance of the β-surface at the
(101̅0) surface rather than at the α-surface. Water molecules can
get closer to the (101̅0)-α surface than to the (101̅0)-β surface
(Figure 3). Intersurface hydrogen bonding at the (101̅0)-α
surface is more significant than that at the (101̅0)-β surface
(Table 1). There is a higher probability of water solvating the
surface silica units, combined with a difference in the activation
energy of silica units for dissolution (Q2 units, namely α, have
lower activation energy than Q3 units). We point out that
intrasurface hydrogen bonds play a critical role in the stability of
α-quartz surfaces. There is competition with intersurface
hydrogen bonds, as the (0001) surface shows a lower density
of intersurface hydrogen bonds (Table 1) and a longer distance
of water molecule from the surface (Figure 3). The formation of
intrasurface hydrogen bonding from the arrangement of silanol
groups is key, rather than the type of silica units at the surfaces.
Our simulations agree with the reactive Monte Carlo
simulations conducted to investigate the dissolution of β-
bristobalite (another type of silica) by Nangia and Garrison.56

Figure 6. Probability distribution of the angle between hydroxyl groups
and the direction normal to various surfaces.

Table 1. Density of Hydrogen Bonding (n) at Different Surfacesa

surface aqueous phase nintra ( nm−2) ninter
DW ( nm−2) ninter

DH ( nm−2)

(0001) pure water 5.634 ± 0.008 4.30 ± 0.02 3.79 ± 0.01
0.95 mol/kg NaCl sol. 5.544 ± 0.008 3.95 ± 0.03 3.62 ± 0.03

(101̅0)-α pure water 1.165 ± 0.003 6.339 ± 0.003 5.081 ± 0.003
0.95 mol/kg NaCl sol. 1.160 ± 0.003 6.17 ± 0.01 4.95 ± 0.01

(101̅0)-β pure water 3.814 ± 0.002 3.858 ± 0.004 3.551 ± 0.003
0.95 mol/kg NaCl sol. 3.810 ± 0.001 3.68 ± 0.02 3.415 ± 0.009

aSubscript intra represents intrasurface hydrogen bonds (HOH to OOH), subscript inter represents intersurface hydrogen bonds, namely between
water and hydroxyl group at the surfaces. Superscripts of DW and DH differentiate the donor of hydrogen bonds: DW (Hwater to OOH) and DH
(HOH to Owater).
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The authors suggest that Q2 units with intrasurface hydrogen
bonds are less reactive than Q3 units without intrasurface
hydrogen bonds.56 Note that our simulations are not reactive.
Reactive modeling will guide the stability of the surfaces. Next,
we investigate the effect of salt ions in water on the interface
structure and thin film thickness.

Interfacial structures of brines (0.95 mol/kg of NaCl solution)
are presented in Figure 7. Ionic structures significantly depend

on the cutting planes and the termination. Water structures are
not affected by the ions, as indicated by the comparison of
Figures 3 and 7. The intersurface hydrogen bonds decrease in
the presence of ions at the surface (Table 1) due to cation
adsorption. The (0001) surface shows strong adsorption of Na+

cations, followed by a Cl− peak (Figure 7a). The adsorption of
Na+ cations is lower at the (101̅0)-α and (101̅0)-β surfaces than
that at the (0001) surface. The adsorption of water molecules is
most pronounced at the (101̅0)-β surface. Snapshots of
adsorbed Na+ cations are shown in Figure S2. Cation adsorption
occurs from the surface hydroxyl groups lying parallel to the
surface for the cation to interact. The density of intrasurface

hydrogen bonding is the most significant at the (0001) surface
(Table 1). Adsorbed Na+ cations are coordinated by two
hydroxyl oxygens (Figure S2). The distances between the two
hydroxyl oxygens at the (0001), the (101̅0)-α, and the (101̅0)-β
surfaces are approximately 0.32, 0.37, and 0.34 nm, respectively.
The short distance between the neighboring hydroxyl oxygens,
coupled with a high density of intrahydrogen bonds, leads to a
high local density of interaction sites; the (0001) surface shows
the highest density of Na+ adsorption.

We evaluated wettability for the three surfaces with pure water
and NaCl solution, resulting in six different systems. Contact
angles are geometrically determined based on isodensity points,
specifically the point of half bulk density for the liquid−vapor
interface in geometrical determination. We refer to the position
of the outermost oxygen atoms (hydroxyl oxygen) for the
definition of the solid surface. The liquid−vapor interface is
fitted by a circle excluding the 2 nm region from the surface. The
contact angle can be mathematically determined by the
interrelation between the fitted circle and the surface (Figure
S3). All the systems exhibit completely water-wet, that is,
contact angles are zero. This is anticipated because the surfaces
are completely hydroxylated. Our simulations align with the
experimental and theoretical study of Deng et al.16 The authors
show that different α-quartz surfaces are completely water-wet
with pure water.16 We observe water films adjacent to the
droplet. Detailed structural analysis for the adjacent films is
conducted by dividing the systems into two slices (Figure 8).

One slice (Slice 1) is inside the droplet, and the other slice (Slice
2) is outside, representing the adsorbed water film adjacent to
the droplet. The shapes of the droplet and the slices are shown in
Figure S4. Figure 9 presents a density distribution normal to the
surface for the two regions. The water structures (pure water) in
Slices 1 and 2 are shown in panels a−e in Figure 9. The first and
second peaks are consistent in both slices at the (0001) surface
(Figure 9a). The structure of Slice 2 at the (101̅0)-α surface
corresponds to Slice 1 up to z = 0.43 nm (Figure 9c). Figure 9e
indicates that the adsorbed water film has the same structure up
to the first peak at the (101̅0)-β surface.

NaCl ions in water alter the structure of the adsorbed water
film at the (0001) surface. Panels b, d, and f in Figure 9 show a
comparison of adsorbed water film structures from the NaCl
solution. Interfacial structures for the (0001) surface with NaCl
solution are shown in Figure 9b. The adsorbed water film (Slice
2) from the NaCl solution is thinner than that from pure water
(Figure 9a,b). Table 2 summarizes the thickness of the adsorbed
water film defined by the outer position of half of the bulk
density. The other surfaces, namely the (101̅0)-α and the
(101̅0)-β, show a small decrease in the thickness of the adsorbed
water film by NaCl (panels c and f in Figure 9). The decrease is
proportional to the amount of the adsorbed cation. Na+

adsorption is more pronounced on the (0001) surface than on

Figure 7. Number density distribution of Owater and NaCl ions normal
to the surface: (a) (0001), (b) (101̅0)-α, and (c) (101̅0)-β surfaces.
The dashed gray line represents the position of the outermost oxygen
atoms (hydroxyl oxygen).

Figure 8. Schematic diagram of the two slices in the three-phase
systems. One slice (Slice 1) is inside, and the other slice (Slice 2) is
outside the droplet (adsorbed water film).
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the others (Figures 7 and S5 for Slice 1 in the three-phase
systems). The interfacial tension between the aqueous phase
and the surface decreases due to adsorption, potentially resulting
in a decrease in the water film thickness by the ions.

Interference between the two interfaces, namely, solid−liquid
and liquid−vapor, is observed in the adsorbed water film at the
(0001) surface when the water film becomes thin. Water
orientation of Slice 2 for pure water and NaCl solution is shown
in Figure 10. The corresponding plots for the (101̅0)-α and the
(101̅0)-β surfaces are presented in Figures S6 and S7, where no
significant changes in water orientations are observed. At the
(0001) surface, water orientations with θD of 180° and 0°
decrease by the addition of NaCl (comparing panels b and d in
Figure 10). The water orientation at the liquid−vapor interface
has a θD of 90°. To the best of our knowledge, no measurements
of changes in the water orientation under these conditions have
been reported. When the adsorbed water film becomes thin, we
do not observe two different orientations (θD of 0° and 180°).
The investigation of changes in water film structures as a
function of the water film thickness will be pursued in future
studies.

■ CONCLUSIONS
α-Quartz exhibits a variety of cutting planes with different
surface hydroxyl densities and terminations. Molecular dynam-
ics simulations provide insights into the effect of terminations
and hydroxyl density on the water film structures. The
simulations demonstrate that interfacial structures are signifi-
cantly influenced by the surface chemistry. Varied molecular
structures emerge due to the exposure of the hydrogen-bond
acceptors to the aqueous phase resulting from the formation of
intrasurface hydrogen bonds on α-quartz surfaces. Notably, the
(0001) and the (101̅0)-β surfaces show substantial intrasurface
hydrogen bonding, while the (101̅0)-α surface does not. The
(101̅0)-α surface displays different water orientations near the
surface due to lower intrasurface hydrogen bonding. The H-up
orientation is observed exclusively at the (0001) surface and
(101̅0)-β surface. This orientation indicates a higher degree of
ordering for these surfaces compared to the (101̅0)-α surface,
attributable to the intrasurface hydrogen bonds. The proximity
of hydrogen-bond acceptors to the aqueous phase creates
interaction sites for cations to be adsorbed. The adsorbed
cations coordinate with two hydroxyl oxygens on all surfaces.
Cation adsorption is the most pronounced on the (0001)
surface, which has the highest surface density of intrasurface
hydrogen bonding. We observe a decrease in the thickness of the
adsorbed water film due to pronounced adsorption on the
(0001) surface. This decrease is proportional to the adsorbed
amount of the cation. In this study, we demonstrate that the
hydrogen-bond network varies across different cutting planes,

Figure 9. Water film density in the three-phase systems: (a,b) (0001), (c,d) (101̅0)-α, and (e,f) (101̅0)-β surfaces. The left panels (a,c,e) are for pure
water, and the right panels (b,d,f) are for brine (0.95 mol/kg NaCl solution). The dashed gray line represents the position of the outermost oxygen
atoms (hydroxyl oxygen).

Table 2. Adsorbed Water Film Thickness (nm)

surface pure water NaCl aq. diff.

(0001) 0.5 ± 0.1 0.30 ± 0.07 0.2 ± 0.1
(101̅0)-α 0.66 ± 0.03 0.63 ± 0.04 0.03 ± 0.05
(101̅0)-β 0.55 ± 0.05 0.49 ± 0.02 0.06 ± 0.05
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leading to a significant change in water film structure and ion
adsorption. Despite all differences in molecular structures and
liquid film thickness, the contact angle is close to zero at a
temperature of 318 K. In future studies, one may investigate
wetting at higher temperatures.
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