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ABSTRACT: We use molecular simulation to study the
impact of substrate hydrophilicity on the wetting properties of
water at a hydroxylated β-cristobalite (111) surface in a
mother n-octane liquid. We employ the silica model
introduced by Lee and Rossky [Lee, S. H.; Rossky, P. J. J.
Chem. Phys. 1994, 100, 3334−3345]. The hydrophilicity of
the substrate is tuned by scaling the magnitude of partial
charges placed on atoms within the first layer of the silica
substrate (modification of the substrate polarity). An interface
potential approach is used to compute the contact angle of a
water droplet at the substrate over a wide range of
hydrophilicities at temperatures of 300 and 400 K. Our
results illustrate an anomalous trend in the contact angle of
water. For relatively hydrophobic surfaces, the system behaves as is expected, with increases in substrate polarity resulting in a
decrease in the contact angle. However, at a sufficiently high substrate polarity, the value of the contact angle reaches a
minimum, with further increases in polarity leading to an increase in the contact angle. The amount of water adsorbed at the
interface changes abruptly in the vicinity of the extremum point. From a macroscopic perspective, a monolayer-thick precursor
film surrounds the droplet at sufficiently high substrate polarity. We link the evolution of these macroscopic properties to the
manner in which water organizes at the β-cristobalite (111) surface. The structure is characterized via analysis of configurational
snapshots, density profiles, in-plane radial distribution functions, and molecular orientation probability distributions. The
analysis reveals that water molecules reside within the hollows of the β-cristobalite (111) surface at sufficiently high substrate
polarity. As the polarity increases, the interfacial water molecules progressively adopt a more planar structure and limit the
number of hydrogen bonds that they form with water in subsequent interfacial layers. This evolution of the interfacial water
structure leads to an effective weakening of the water−substrate interaction and corresponding increase in the water contact
angle.

■ INTRODUCTION
The wetting behavior of fluids containing hydrocarbon and
water on solid surfaces has been the subject of many
investigations because of its relevance in numerous chemical
processes and technologies. In the oil industry, the wetting
behavior of hydrocarbon−water−rock systems plays an
important role in the design of enhanced oil recovery (EOR)
processes. The wettability of the rock surface and the
interfacial tension of the water−hydrocarbon interface
influence how water and oil distribute within rock pores.1,2

In a water-wet reservoir, water preferentially adsorbs at the
rock surface, and oil is easily displaced by water in water-
flooding processes. In contrast, oil preferentially adsorbs at the
rock surface in oil-wet reservoirs, thus inhibiting the mobility
of the oil phase. Therefore, many EOR methods rely on
altering the wettability of the mineral from oil wetting to
preferentially water wetting.3 The wettability of a reservoir is
strongly influenced by the surface chemistry/structure of the
minerals (rock) as well as fluid composition, temperature, and
pressure. In previous work, we examined the wetting properties
of a model water−hydrocarbon−mineral system over a wide
range of thermodynamic variables (temperature, pressure, and

fluid composition). In this work, we study the effect of surface
chemistry (hydrophilicity) on the wetting behavior.
The effect of substrate strength on interfacial properties has

been examined by our group4−8 and several others.9−14 These
molecular simulation studies have shown that the contact angle
of the solid−fluid system generally decreases with increasing
substrate strength. At sufficiently high substrate strength, the
system reaches a wetting point, and the fluid spreads evenly at
the surface. For example, we considered the Lennard-Jones
fluid at both structureless and atomistically detailed surfaces
and found that the contact angle monotonically decreases with
increasing substrate strength over a wide range of temper-
ature.5,6 For relatively weak surfaces, the rate of change of the
cosine of the contact angle increases with increasing substrate
strength. As the system approaches the wetting point, the
cosine of the contact angle is generally near linear in substrate
strength.6 In a later study, our group considered water at three
model nonpolar surfaces (graphite, fcc solid, and structure-
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less).8 These systems showed the same qualitative trends as the
Lennard-Jones systems. We also found that the contact angle
data nearly collapsed onto a common curve when plotting with
a scaled surface strength, suggesting that the structure of the
surface had a relatively little impact on the evolution of the
contact angle with substrate strength. Finally, we note that all
of the systems exhibited similar temperature dependence of the
contact angle.6−8 For sufficiently weak surfaces, the contact
angle increases with increasing temperature. In contrast, for
surfaces of moderate to strong strength, the contact angle
decreases with increasing temperature.
Giovambattista et al. considered the wetting behavior of

water at a model hydroxylated silica substrate with variable
hydrophilicity.9 More specifically, they considered how the
contact angle of a water nanodroplet and the structure of water
in the vicinity of the surface change with hydrophilicity. The
hydrophilicity of the surface was tuned by scaling the partial
atomic charges within the first silica layer, thus modifying the
polarity of the substrate. The group found that the contact
angle monotonically decreased with increasing hydrophilicity.
The system remained within the partial wetting regime over
the range of polarities studied. This trend is qualitatively
consistent with those exhibited by the systems with nonpolar
substrates noted above, that is, the contact angle decreases as
the strength of the surface−fluid interaction increases. The
contact angle also coupled closely to the water orientation
probability distribution. The preferred direction of the
oxygen−hydrogen water bonds relative to the surface normally
evolved continuously with substrate hydrophilicity.9

In this work, we are interested in understanding the impact
of substrate polarity on the water contact angle for a water−
hydrocarbon mixture at a silica interface. We adopt the water
model and silica substrate and mean to tune the surface
hydrophilicity considered by Giovambattista and co-workers.9

In contrast, we take the mother background phase to be a
hydrocarbon liquid (n-octane). We also employ a different
collection of methods to compute interfacial properties of
interest. Giovambattista et al. utilized a nanodroplet
technique15−17 to evaluate the contact angle. Here, we use
the interface potential approach4,6,7,18−22 to calculate the
contact angle of water over a wide range of substrate
conditions.
We recently introduced an interface potential-based

approach for computing the wetting properties of water−
hydrocarbon−mineral systems.22,23 We used a combination of
direct simulations, which capture the complete interface
potential at a specified state and substrate condition, and
expanded ensemble simulations, which provide the variation in
interfacial properties over a range of state and substrate
conditions, to evaluate properties of interest. Two interface
potentials are considered. The first focuses on the surface
excess free energy associated with the growth of a water film
from a mineral substrate in a mother hydrocarbon fluid. The
second focuses on the surface excess free energy associated
with the growth of a hydrocarbon film from a mineral substrate
in a mother aqueous liquid. Together, these potentials enable
one to deduce the water contact angle and water−hydrocarbon
interfacial tension. The local structure of water in the vicinity
of the silica surface also features prominently in our study. A
number of structural metrics are used to analyze the fluid
structure. Specifically, we characterize the structure of water
near the silica surface via density profiles, in-plane radial

distribution functions, and molecular orientation probability
distribution functions.
Our results reveal an interesting wetting behavior. At

sufficiently high substrate hydrophilicity, the water contact
angle reaches a minimum. At relatively low hydrophilicity, the
system shows the expected behavior, with an increase in
substrate polarity resulting in a decrease in the contact angle.
However, as the system approaches the wetting point, the
contact angle reaches an extremum, with further increases in
substrate polarity resulting in an increase in the contact angle.
We link this extremum to the manner in which water organizes
at the silica surface. When the silica−water interaction
becomes sufficiently strong, water molecules preferentially sit
at regular positions defined by the topography of the silica
surface. The surface density of water increases rapidly around
this point. From a macroscopic perspective, a monolayer-thick
precursor film forms in the vicinity of the droplet. We use
molecular simulation to explore connections between macro-
scopic interfacial properties and the microscopic fluid structure
at the interface.
We note that observations of water organizing into regular

patterns at mineral surfaces have been reported in previous
studies.24,25 Various structures have been observed, including
isolated monomers, clusters, one-dimensional chains, and two-
dimensional films. Yang et al. used density functional theory to
study how water organizes in the vicinity of the (100) and
(111) surfaces of hydroxylated cristobalite.26 They found that
water forms distinct patterns at these two substrates. For the β-
cristobalite (110) surface, water sits above the substrate and
forms a hydrogen bond network wherein water forms bonds
between both the silica substrate and adjacent water molecules.
For the β-cristobalite (111) surface, isolated water molecules
sit on the hollow sites of the underlying substrate. Water
molecules are separated by nearly 5 Å and the hydrogen bond
with the silica substrate only. We study the β-cristobalite (111)
surface here and observe water patterns that are consistent
with the Yang et al. study.26 In this work, the formation of
these patterns is related to changes in the macroscopic wetting
behavior.
This article is organized as follows. In the following section,

we describe the molecular models and simulation methods
used in this work. Next, we present our simulation results for
macroscopic wetting properties and show how these are related
to structural metrics that related to how water organizes at the
interface. Finally, we provide concluding remarks.

■ MOLECULAR MODEL AND METHODS
Methods. We employ an interface potential-based

approach27−29 to study the wetting properties of the octane−
water mixture at a silica surface. Detailed information related
to this approach is available in earlier reports from our
group.4,6−8,20−22,30 We work with two variants of the interface
potential. The water spreading interface potential Ww,os(lw)
provides the surface excess free energy associated with the
growth of a water-rich film of thickness lw from the silica
surface in a mother octane-rich liquid. Examples of Ww,os(lw)
are provided in Figure 2 of ref 22 (see also Figure 1 below).
The octane spreading interface potential Wo,ws(lo) provides the
surface excess free energy associated with the growth of an
octane-rich film of thickness lo from the silica surface in a
mother water-rich liquid. Examples of Wo,ws(lo) are provided in
Figure 3 of ref 22. For partial wetting conditions, the water and
octane spreading coefficients, sw,os and so,ws are obtained from
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an analysis of the water and octane interface potentials,
respectively. More specifically, sw,os and so,ws are given by the
difference in the minimum and plateau regions of the relevant
interface potential. These spreading coefficients are used to
determine the water−octane interfacial tension, 2γow = − (sw,os

+ so,ws) and the contact angle θ of a water-rich droplet at a
silica substrate in a mother octane-rich fluid, 2γow cos θ = sw,os

− so,ws.
A two-step approach is used to obtain γow and θ over a wide

range of state conditions and/or substrate characteristics. In
the first step, direct calculations are conducted to compute
Ww,os(lw) and Wo,ws(lo) curves at select conditions from which
we extract absolute values of sw,os and so,ws, respectively.
Independent expanded ensemble calculations22,31,32 are then
used to determine how the free energies of the minimum and
plateau regions of the interface potential vary along a path of
interest. The results of these calculations are combined to
obtain the variation in a spreading coefficient (sw,os or so,ws)
along the path. Finally, the relative spreading coefficient curve
is connected to a known absolute value of the spreading
coefficient at a given point. Once sw,os and so,ws are known along
the path of interest, γow and θ readily follow.
In our previous study,22 we obtained sw,os, so,ws, γow, and θ

over a wide range of temperatures and pressures at two values
of the substrate polarity. In this work, we are interested on how
interfacial properties vary with substrate polarity at two state
conditions. Specifically, we complete calculations at T = 300 K
and p = 10 MPa and T = 400 K and p = 10 MPa. An expanded
ensemble approach is employed to determine the variation in
the wetting properties with substrate polarity as outlined
above. Results from our previous study provide the necessary
reference data.
Model. We work with the united atom TraPPE model for

octane,33 the SPC/E model for water,34 and the Lee and
Rossky model for silica.35 The energy of interaction u(r)
between two interaction sites separated by four or more bonds
and by a distance r is given by the potential

u r
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where σij and εij are the size and energy parameters,
respectively, and qi denotes the value of the partial charge
placed at the interaction site i. The interaction parameters are
provided in Table 1. Cross-interaction parameters are

computed using Lorentz−Berthelot combining rules.36−38

S(r) represents a switching function that brings the Lennard-
Jones potential to zero between rc1 = 9.2 Å and rc2 = 10 Å.
Electrostatic interactions are calculated using the Ewald sum
method.39

Simulation Details. Interfacial simulations are completed
using a rectangular parallelepiped simulation box (Lx = 34.58,
Ly = 29.94, and Lz = 120 Å) with periodic boundary conditions
applied in the x and y directions. The system is closed at two
ends of the nonperiodic z direction with the silica wall (34.58
× 29.94 × 14.95 Å) placed at the bottom of the box and a
structureless “control” wall located at the other end. The
substrate potential at the control wall is described by
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where z is the distance between a fluid interaction site and the
wall. Here, the switching function S(z) brings the potential to
zero between zc1 = 0 and zc2 = 4σc. For the water spreading
method, we take mi to be +1 for water and −1 for octane when
constructing Ww,os(lw). In this case, the control wall is setup to
be repulsive to water (mw = + 1) and attractive to octane (mo =
− 1). For the octane spreading method, we take mi to be −1
for water and +1 for octane when constructing Wo,ws(lo). The
control wall is then repulsive to octane (mo = + 1) and
attractive to water (mw = − 1). We use potential parameters σc
= 4 Å and εc = 4.157 kJ mol−1.
We reproduce the hydroxylated β-cristobalite (111) surface

following the work of Lee and Rossky.35 For this silica model,
partial charges are placed on oxygen, silicon, and hydrogen
atoms closest to the fluid interface (first layer only). The

Figure 1. Water spreading interface potential at select surface
polarities.

Table 1. Potential Parameters for the Model Studied

model atom σ (Å) ε (kJ mol−1) q (e)

SPC/E34 O 3.166 0.650 −0.8476
H 0 0 0.4238

TraPPE-UA33 CH3 3.75 0.8149 0
CH2 3.95 0.3825 0

silica wall35 H 0 0 0.4
O 3.154 0.6487 −0.71
Si 3.795 0.5336 0.31
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substrate is electrostatically neutral. The surface charges are
used to control the polarity of the substrate. Specifically, we
scale the charge of the surface Si, O, and H atoms by a
constant k, with qi = kqi

o(0 ≤ k ≤ 1), i= Si, O, H, and qi
o is the

partial charge value for the standard silica surface. Therefore, k
= 1 corresponds to the fully hydroxylated substrate, and k = 0
maps to a nonpolar surface. Giovambattista et al.9 characterize
surfaces with k < 0.4 as hydrophobic and those with k > 0.4 as
hydrophilic at T = 300 K.
Simulations are conducted within the grand canonical (GC)

ensemble wherein the temperature T, activities ξi, and volume
V are fixed. For convenience, we use the activity sum χ = ∑ ξi
and activity fraction ηi = ξi/χ to characterize the activities. The
state condition [T, ξi] is set to conditions corresponding to a
bulk saturation point. The bulk saturation conditions for the
water−octane mixture considered here were determined in an
earlier study.40 One set of calculations is performed at a
liquid−liquid saturation point defined by T = 400 K, ηo =
0.833, and ln χ = − 8.923. A second set of simulations is
performed at a saturation point defined by T = 300 K, ηo =
0.964, and ln χ = − 11.746. In both cases, the pressure
evaluates to p = 10 MPa. The volume is characterized by the
dimensions of the simulation box noted above.
The methods employed to sample the configurational space

of the interfacial systems considered here are detailed in our
previous papers.22,40 Approximately 576 h of computational
effort on six 2.40 GHz Intel Xeon E5645 processors with 12
cores was used to generate one water spreading potential
Ww,os(lw) (see Figure 1).
Statistical uncertainties are determined by performing four

independent sets of simulations. The standard deviation of the
results from the four simulation sets is taken as an estimate of
the statistical uncertainty.

■ RESULTS AND DISCUSSION
Wetting Properties. We begin by considering the water

spreading interface potential for several substrate polarities at
400 K. These free energy curves provide insight regarding how
the wetting behavior evolves with substrate hydrophilicity.
Figure 1 containsWw,os at select surface polarities k from 0.4 to
1.0. The water molecule number is used as a measure of the
thickness of the water film adjacent to the silica substrate. As a
point of reference, a water molecule number of Nw = 1200
corresponds to a film thickness of lw ≈ 38 Å. For low k, we
observe a global minimum in Ww,os at Nw ≈ 0, followed by a
transition to a plateau region that develops around Nw ≈ 220
(lw ≈ 7 Å). The difference between the minimum and plateau
(sw,os) is relatively large in magnitude, indicating that the
system is well within the partial wetting regime. As the surface
polarity increases beyond k ≈ 0.6, the global minimum shifts to
higher Nw. The shift in Nw stems from the adsorption of water
at the silica−octane interface. The progressively stronger
interaction between water and silica increases the driving force
for water to adsorb at the interface. At the maximum surface
polarity studied (k = 1.0), the global minimum inWw,os appears
at Nw ≈ 55. As discussed further below, this corresponds to a
physical situation in which a monolayer of water adsorbs at the
interface.
The interface potentials highlight another interesting aspect

of the wetting behavior. For relatively low substrate polarity,
the water spreading coefficient decreases in magnitude with
increasing substrate polarity. In other words, the system tends
toward the water wetting point. However, the magnitude of

sw,os then reaches a minimum around k ≈ 0.8, with further
increases in substrate polarity resulting in an increase in the
magnitude of sw,os. Given that the water−octane interfacial
tension remains constant along this path, this suggests that the
water contact angle reaches a minimum upon variation of
substrate polarity. The system initially approaches the wetting
point, but at k ≈ 0.8, the system then trends away from the
wetting point with increasing substrate polarity.
To better understand how substrate polarity influences

wetting properties, we complete a series of substrate polarity
expanded ensemble simulations at temperatures of 300 and
400 K. These calculations enable us to trace the evolution of
spreading coefficients with substrate polarity. Figure 2 provides

sw,os, so,ws, and γow as a function of k. For reference, we note that
as so,ws → 0, the system approaches the octane wetting point,
and as sw,os → 0, the system approaches the water wetting
point. At relatively low k, the system exhibits the expected
behavior. Over the range of k ∈ [0,0.77] at 300 K and k ∈
[0,0.84] at 400 K, the system evolves from near octane wetting
conditions toward the water wetting point with increasing
substrate polarity. From a physical perspective, the increase in
substrate polarity strengthens the interaction between water
and silica while having no impact on the strength of the
interaction between octane and silica. One then expects the
preference for the water-rich phase at the silica substrate to
increase with increasing polarity and for the system to tend
toward the water wetting point. Indeed, this trend is what we
observe. However, at k ≈ 0.77 at 300 K and at k ≈ 0.84 at 400
K, the behavior qualitatively changes, with the system now
driven away from the water wetting point with increasing
substrate polarity. This change suggests a modification to the
nature of the underlying silica−water interaction. Increasing k
now appears to reduce the strength of this interaction. Finally,
we note that γow remains statistically constant upon variation of
k. This trend is expected, as the substrate has no impact on the

Figure 2. Evolution of the water spreading coefficient (solid red line),
octane spreading coefficient (solid blue line), and octane−water
interfacial tension (solid green line) at (a) 300 and (b) 400 K.
Uncertainty estimates are provided at selected surface polarities.
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water−octane interface, and serves as a consistency check for
our calculations.
We now examine the extent of water adsorption at the silica

interface. Figure 3 provides the average number of water

molecules within the simulation box as a function of substrate
polarity. For direct simulations in which we capture Ww,os(Nw),
the free energy curve is translated to a probability distribution
Π(Nw) ∼ exp [ − Ww,os(Nw)/kT], and we evaluate the
ensemble average in the usual manner ⟨Nw⟩ = ∑ NwΠ(Nw).
For expanded ensemble simulations, one of the two
independent calculations used to trace sw,os follows the
minimum region of the interface potential. Within these
simulations, we capture Π(Nw) within each subensemble using
a visited state approach and evaluate the ensemble average via
⟨Nw⟩ = ∑ NwΠ(Nw). At relatively low k, ⟨Nw⟩ evaluates to a
value consistent with the temperature-specific concentration of
water within the octane-rich fluid phase. In other words, the
surface density of water is negligible. For both temperatures
studied, we observe a rapid increase in ⟨Nw⟩ at k ≈ 0.6. This
rapid increase persists until k ≈ 0.85 at which points the value
of ⟨Nw⟩ remains relatively constant at ⟨Nw⟩ ≈ 50. As is detailed
further below, this value closely aligns with the number of
water molecules needed to form a monolayer of water on the
β-cristobalite (111) surface.
The evolution of the cosine of the contact angle with

substrate polarity is shown in Figure 4. The cos θ curve reaches
a maximum at k = 0.76 (θ = 63°) for 300 K and at k = 0.84 (θ
= 40°) for 400 K. Beyond the maximum, the degree of water
adsorption at the silica−octane interface is enhanced
significantly. This enhanced water adsorption is consistent
with a physical scenario in which the water droplet sits atop a
monolayer-thick precursor film that surrounds the droplet. At
relatively low k, the traditional wetting scenario of an isolated

droplet persists. We note that the contact angle evaluates to θ
= 90° at k = 0.59, a traditional point for delineating between a
hydrophobic and hydrophilic surface.
We also include in Figure 4 the evolution of cosθ with k

captured by Giovambattista et al.9 Recall that this group
examined the wetting properties of a system consisting of water
only at the same silica substrate. The mother background
phase in the work of Giovambattista et al. is water vapor,
whereas liquid octane plays this role in the current study. In
general, changing the mother background phase from water
vapor to a hydrocarbon liquid reduces the water wettability
(cosθ decreases). This result is physically reasonable. The
introduction of an immiscible liquid creates a scenario in which
both liquids compete to locate in the vicinity of the substrate.
Interestingly, the Giovambattista et al. data for cosθ do not
exhibit a maximum upon variation of k. However, the change
in cosθ with k slows as the system approaches the wetting
point.

Structure of Water at Silica Surface. We now study the
manner in which water organizes at the silica substrate. We
consider two conditions. The first corresponds to conditions at
the minimum in the water spreading interface potential, and
the second corresponds to the plateau region of the interface
potential. For the first condition, we observe negligible water
density at low k and a monolayer of water at relatively high k.
Therefore, we often refer to this set of configurations as the
“monolayer” case. The second condition is associated with a
relatively thick water film adjacent to the silica substrate. We
often refer to this set of configurations as the “film” case. We
consider configurations generated at 400 K to complete the
structural analysis.
Figure 5 contains a representative snapshot of the water

monolayer associated with the minimum in Ww,os(lw) for the k
= 1.0 substrate. We observe that water molecules preferentially
sit at regular positions defined by the topography of the β-

Figure 3. Evolution of the average number of water molecules
associated with the minimum region of the water spreading interface
potential with surface polarity. The solid blue and red curves
represent results from expanded ensemble simulations at 300 and 400
K, respectively. Open green circles correspond to results from analysis
of full water spreading interfacial potentials at 400 K.

Figure 4. Evolution of the water contact angle with surface polarity.
Symbols are identical to those in Figure 3. The additional open black
squares represent data from Giovambattista et al.9 for the contact
angle of a water droplet in a vapor background. The black dotted line
simply connects the data points from Giovambattista et al.9
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cristobalite (111) surface. More specifically, water molecules
tend to sit within the hollows of the substrate, near the center
point of triangles formed by three neighboring silanol groups.
The hydrogen atoms of a given water molecule point toward
two of the silanol oxygen atoms, and the hydrogen atom within
a silanol group points toward the lone pair electrons of the
water molecule. The structure observed is consistent with the
pattern identified by Yang et al. via density functional theory.26

Here, the perfect pattern reported by Yang et al. is broken at
nonzero temperature, but the underlying structure is evident.
Figure 6 contains a representative snapshot of water

molecules that reside within a water film at the k = 1.0
substrate. We focus on the first hydration layer, defined as
water that resides within 4 Å of the silicon atoms within the
first layer of the substrate. We observe the same underlying
pattern as for the monolayer. However, the water is less
structured at conditions that correspond to the plateau region
(thick film) of the interface potential relative to the minimum
(monolayer). Within the relatively thick water film, water at
the silica interface forms hydrogen bonds with both the silica
substrate and the adjacent water film. In contrast, water in the
monolayer primarily forms hydrogen bonds with the silica
substrate. It follows that the monolayer structure is more
aligned with the topography of the substrate. We provide
quantitative evidence for this observation below. Finally, we
note that a similar analysis of n-octane at the silica substrate
did not reveal preferential ordering of the fluid with respect to
the substrate topography.
Figure 7 provides the oxygen density profile for the

monolayer (Figure 7a) and film (Figure 7b) for various
substrate polarities. The z = 0.0 point is defined by the location
of the silicon atoms within the first layer of the substrate. The
local density is partitioned into slabs with a width of 0.5 Å. In
general, the fluid is drawn closer to the substrate as the polarity
increases. This observation is consistent with the evolution of
the fluid structure with the strength of the substrate−fluid

interaction reported in earlier studies.9 The density profile for
the monolayer is consistent with a single layer of the adsorbed
fluid; the local water density is negligible beyond z ≈ 3.5 Å.
For water films at substrates with k ≥ 0.6, we observe an initial
peak at z ≈ 2.8 Å and a second peak at z ≈ 4.7 Å. The
distinction between the two peaks increases with increasing
polarity. At relatively high polarity, the demarcation between
the two peaks is rather clear, suggesting that water in the first
two layers of the film organizes in a distinct manner. The fluid
structure at the hydrophobic substrate (k = 0.0) is qualitatively
different. The fluid is relatively depleted from the substrate,
with the emergence of the initial peak in the density profile

Figure 5. (a) Top and (b) side views of a water monolayer
configuration. Silicon (brown), oxygen in the first layer of silica
(blue), oxygen otherwise (red), hydrogen in water (white), and
hydrogen in silica (yellow) atoms are displayed.

Figure 6. (a) Top and (b) side views of a water film configuration.
We include water molecules that reside within 4 Å of the silicon
atoms within the first layer of the substrate. Atoms are colored as
described in Figure 5.

Figure 7. Oxygen atom density profile for (a) water monolayer with k
= 0.8, 0.9, and 1.0, (b) water film with k = 0.0 0.6, 0.8, and 1.0, and
(c) monolayer and film with k = 1.0. Line styles are defined within the
legends.
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delayed to z ≈ 4 Å. Finally, at a position of z ≈ 8 Å, the oxygen
density reaches a value that is consistent with the bulk liquid.
Figure 7c provides a comparison of the monolayer and film

density profiles for the k = 1.0 substrate. A first peak emerges at
positions of z = 2.25 Å and z = 2.75 Å for the monolayer and
film, respectively. This result indicates that water molecules
reside deeper within the substrate hollows for the monolayer
than for the film. Water molecules shift away from the
substrate as the water film thickness increases. This difference
is likely due to the competition between water−silica and
water−water interactions within the film. By shifting to slightly
higher positions, water molecules within the hollows are able
to form stronger hydrogen bonds with water molecules in the
adjacent film.
We next examine the radial distribution functions (RDFs)

for interfacial water at substrates of varying polarity. Figure 8a

shows the oxygen−oxygen radial distribution function gOO(r)
of monolayer water at k = 0.8,0.9,1.0. For gOO(r), a first peak is
observed at a separation distance of 2.8 Å, and a second peak
appears at 5.1 Å. The first peak is consistent with that observed
for bulk water and is associated with water−water hydrogen
bonding. The location of the second peak is consistent with the
separation distance (4.94 Å) of neighboring unit cells within
the β-cristobalite (111) surface. The emergence of this peak is
consistent with water molecules residing within the hollows of
the substrate. As the substrate polarity increases, the density of
the first peak decreases, and that of the second peak increases.
As a result of the stronger interaction between the substrate
and water molecules, water molecules preferentially move to
the substrate hollows wherein they form three in-plane
hydrogen bonds with neighboring silanol groups. Water
molecules are then less likely to hydrogen bond with
neighboring water molecules.

Figure 8b,c shows gOO(r) for water within the first and
second hydration layer of the film, respectively, at various
substrate polarities. The first two layers are defined by z from 2
to 4 Å and 4 to 6 Å. The gOO(r) curves for water within the
first hydration layer of the film at substrates with k ≥ 0.6 show
the same qualitative trends as observed for the monolayer. As
the substrate polarity increases, the peak associated with
water−water hydrogen bonding decreases in amplitude, while
the peak associated with water in the substrate hollows
increases in prominence. The gOO(r) curve for the hydro-
phobic substrate (k = 0.0) is similar to that for bulk water. The
hydrophobic substrate appears to have a relatively little impact
on how water organizes in the vicinity of the surface. The pair
correlation functions for the second layer of the film collapse
onto a nearly common curve over the range of substrate
polarities studied. Moreover, the near common gOO(r) is
consistent with that of bulk water. This result suggests that the
length scales over which the substrate influences the manner in
which water organizes do not extend significantly beyond the
first layer. Figure 8d provides a comparison of gOO(r) for water
within the first film layer, second film layer, and monolayer for
the k = 1.0 substrate. The peaks for the first film layer are less
pronounced than those for the monolayer, indicating a lower
level of the in-plane order within the film. This shift is
consistent with visual inspection of configurational snapshots
from the monolayer and film.
It is clear that silica substrates with high polarity strongly

influence the manner in which water organizes at the interface.
To better understand how water molecules orient at the
interface, we calculate probability distributions for the angles
ϕμ, ϕOH, ψμ, and ψOH. Here, ϕμ is defined as the angle between
the water dipole vector μ→ and the unit vector normal to the
surface pointing into the water film. ϕOH is the angle between

the unit normal and the OH
⎯ →⎯⎯⎯

vector pointing from a water
oxygen to a water hydrogen. There are two such angles per
water molecule. ψμ is defined as the angle between the dipole
moment vector and the x axis, and ψOH represents the angle

between an OH
⎯ →⎯⎯⎯

vector and the x axis.
Figures 9 and 10 provide probability distributions related to

ϕOH and ϕμ, respectively. The distribution P(cos ϕ) is uniform
for a randomly distributed system, and therefore, we work with
this quantity. Figures 9a and 10a provide distributions for the
monolayer. The cosϕOH distributions show a primary peak at
ϕOH ≈ 90° and a secondary peak at ϕOH ≈ 0°. The first peak

corresponds to OH
⎯ →⎯⎯⎯

vectors that orient parallel to the
substrate. Such an orientation is consistent with water residing
in the substrate hollows and forming hydrogen bonds with

silanol groups. The secondary peak is representative of OH
⎯ →⎯⎯⎯

vectors that point into the bulk fluid, potentially forming
hydrogen bonds with water molecules that reside above the
substrate. The cosϕμ distributions show a peak at ϕμ ≈ 80°,
suggesting that the dipole vectors orient slightly out of the
plane parallel to the substrate, pointing toward the bulk fluid.
The distributions become sharper as the polarity of the
substrate increases, indicating that the monolayer molecules
orient in a more planar manner as the polarity increases.
Figures 9b and 10b show cosϕOH and cosϕμ distributions for

the first hydration layer of the film. The k = 0.8 and 1.0 cosϕOH
distributions are relatively structured with peaks at ϕOH → 0°
and ϕOH ≈ 110°. These peak locations are consistent with
water molecules that sit slightly above the substrate with one

Figure 8. Oxygen−oxygen radial distribution functions for (a) water
monolayer with k = 0.8, 0.9, and 1.0, (b) first layer of water film with k
= 0.0 0.6, 0.8, and 1.0, (c) second layer of water film with k = 0.0 0.6,
0.8, and 1.0, and (d) monolayer, first layer of film, and second layer of
film with k = 1.0. Solid, dashed, and dot-dashed lines are used to
represent the water monolayer, first layer of water film, and second
layer of water film, respectively. The k = 0.0, 0.6, 0.8, 0.9, and 1.0
cases are represented by black, red, green, orange, and blue curves.
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hydrogen oriented moderately out-of-plane pointing toward
the substrate and another oriented perpendicular to the
substrate pointing toward the bulk fluid. In contrast, the k =
0.6 distribution is relatively flat after cosϕOH > −0.5, suggesting
a relatively little orientational preference within this region. We
also observe that P(cos ϕOH) → 0 as cosϕOH → −1 for
substrates with k ≥ 0.6, indicating that water is unlikely to

orient with the OH
⎯ →⎯⎯⎯

vector pointing into substrates that are
relatively hydrophilic. The cosϕOH distribution is relatively
uniform for the hydrophobic substrate (k = 0.0), which again
supports the notion that this substrate has relatively little
influence on the manner in which interfacial water organizes.
The cosϕμ distributions for weak surfaces are relatively broad
and centered around ϕμ ≈ 90° (in-plane orientation). As the
polarity increases, the dipole vector preferentially moves to

lower angles ϕμ ≈ 60° and shows an enhanced preference for
pointing into the substrate ϕμ → 180°. The former position of
the dipole vector is consistent with the water orientation noted
just above.
Figures 9c and 10c provide a comparison of these

distributions for the first film layer, second film layer, and
monolayer for the k = 1.0 substrate. Water within the first layer
of the film and within the monolayer again exhibits
qualitatively similar structural patterns. The P(cos ϕOH) peak

associated with OH
⎯ →⎯⎯⎯

vectors oriented in the plane parallel to
the surface shifts from ϕOH ≈ 90° for the monolayer to ϕOH ≈
110° for the first layer of the film. In contrast, the analogous
peak in the P(cos ϕμ) distribution shifts from ϕμ ≈ 80° for the
monolayer to ϕμ ≈ 60° for the first layer of the film. We also

observe that the first-layer film peak associated with OH
⎯ →⎯⎯⎯

vectors oriented perpendicular to the substrate is more
pronounced relative to the monolayer case. In addition, the
likelihood of the dipole moment vector pointing into the
substrate (ϕμ ≈ 180°) is enhanced in the first layer of the film
relative to the monolayer. Collectively, these shifts are
consistent with water in the first layer of the film adopting
slightly higher positions relative to the monolayer and forming
hydrogen bonds between first- and second-layer water
molecules. Water−water hydrogen bonds of this type are
rare in the monolayer case. Finally, we note that the P(cos ϕ)
distributions for water in the second layer of the film are nearly
uniform, indicating that the substrate has relatively little
influence on the water structure in this region of the film.
Figures 11 and 12 provide probability distributions related

to ψOH and ψμ, respectively. The system is symmetric with

respect to the x axis, and therefore, we consider |cos ψOH| and
|cos ψμ| distributions for water molecules in the monolayer.
Figures 11a and 12a contain distributions for the monolayer.
The |cos ψOH| distribution exhibits peaks at |cos ψOH| ≈ 0.0 and
0.9, which corresponds to three preferred ψOH angles of 90°,
26°, and 154°. The |cos ψμ| distribution exhibits a pronounced
peak at |cos ψμ| ≈ 0.86, which corresponds to preferred ψμ

Figure 9. ϕOH probability distributions for (a) water monolayer with
k = 0.8, 0.9, and 1.0, (b) first layer of water film with k = 0.0 0.6, 0.8,
and 1.0, and (c) monolayer, first layer of film, and second layer of film
with k = 1.0. Lines styles are identical to those defined in Figure 8.

Figure 10. ϕμ probability distributions for (a) water monolayer with k
= 0.8, 0.9, and 1.0, (b) first layer of water film with k = 0.0 0.6, 0.8,
and 1.0, and (c) monolayer, first layer of film, and second layer of film
with k = 1.0. Lines styles are identical to those defined in Figure 8.

Figure 11. ψOH probability distributions for (a) water monolayer with
k = 0.8, 0.9, and 1.0, (b) first layer of water film with k = 0.0 0.6, 0.8,
and 1.0, and (c) monolayer, first layer of film, and second layer of film
with k = 1.0. Lines styles are identical to those defined in Figure 8.
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angles of 30° and 150°. The results suggest three preferred
orientations for water molecules in the plane parallel to the
substrate. The distributions are consistent with water
molecules forming three hydrogen bonds with substrate silanol
groups. Again, the distributions become sharper as the polarity
of the substrate increases.
Figures 11b and 12b contain distributions for the first

hydration layer of the water film. The hydrophobic substrate
shows a relatively little preference with respect to the ψOH
angle. However, as the polarity of the system increases, the
system shows increasing preference for ψOH angles of 90°, 26°,
and 154°. In a similar manner, the system shows increasing
preference for ψμ angles of 30° and 150° as the polarity
increases. Figures 11c and 12c provide a comparison of the
ψOH and ψμ distributions for the first film layer, second film
layer, and monolayer for the k = 1.0 substrate. We again
observe that the first film layer and monolayer share
qualitatively similar patterns. The positions of the first film
layer and monolayer peaks are consistent, but the amplitudes
of the peaks for the monolayer are more pronounced. The
distributions suggest three preferred orientations within the
plane parallel to the substrate. These orientations align with
the topography of the underlying lattice.

■ CONCLUSIONS
We used molecular simulation to investigate how substrate
polarity influences the wetting and structural properties of
water at the β-cristobalite (111) surface in a mother
hydrocarbon liquid. Complete water spreading interface
potentials were obtained at select substrate polarities. In
addition, expanded ensemble methods were employed to
carefully track the variation of wetting properties with substrate
polarity at temperatures of 300 and 400 K. Various metrics
were computed to characterize the structure of water at the
interface. These included the water density profile, in-plane
oxygen−oxygen radial distribution function, and four angles
that capture the orientation of the water oxygen−hydrogen
bond vector and dipole moment vector relative to the substrate
normal and within the plane parallel to the substrate.

Our results highlight an anomalous trend in the contact
angle of water. The contact angle exhibits a nonmonotonic
response upon variation of the substrate polarity. Upon
increasing the polarity from hydrophobic conditions, the
system initially tends toward the water wetting point, as is
expected. However, at a sufficiently high value of the polarity,
the contact angle exhibits a minimum, and further increases in
polarity lead to an increase in the contact angle. Around this
extremum point, the surface density of water changes rapidly,
with a monolayer of water assembling on the substrate at
relatively high substrate polarity. Prior to the minimum (low
polarity), the water droplet sits on a silica substrate that is void
of water beyond of the droplet perimeter. After the minimum
(high polarity), the water droplet is surrounded by a
monolayer-thick precursor film.
Reviewing structural information enabled us to link the

onset of the precursor film to the manner in which water
organizes at the substrate. When the silica−water interaction
becomes sufficiently strong, water molecules preferentially
reside within the hollows associated with the topography of the
β-cristobalite (111) surface. More specifically, water molecules
tend to sit near the center point of triangles defined by three
silanol groups. This configuration facilitates the formation of
three hydrogen bonds within the plane parallel to the substrate.
The development of the monolayer leads to the formation of
an effective composite substrate consisting of silica and a
monolayer of water. As the substrate polarity increases, the
monolayer molecules progressively orient in a more planar
manner, thus reducing opportunities for bulk water to
hydrogen bond with water within the monolayer. Water
molecules beyond the first layer are not significantly influenced
by variation of the substrate polarity. As a result, once the
polarity is sufficiently high, further increases effectively weaken
the substrate−water interaction. From a macroscopic perspec-
tive, the weaker interaction results in a larger water contact
angle.
From a broad perspective, the system studied here provides

an example of a case wherein the topography of the substrate,
and the associated manner in which the fluid organizes at the
interface governs the wetting behavior. In other words, simple
metrics related to the scalar strength of the underlying surface-
fluid interaction do not accurately forecast the evolution of the
wetting properties. Minerals often present complex top-
ographies and a mix of nonpolar and electrostatic interactions.
Therefore, mineral systems are primary candidates for
exhibiting anomalous wetting behavior. The results presented
here show how molecular simulation can be used to map
trends in macroscopic interfacial properties to the microscopic
fluid structure at the interface. Further studies of the wetting
behavior of water at mineral substrates would help provide a
more robust understanding of the connection between
substrate characteristics and water wetting behavior.
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