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ABSTRACT: The wettability of mineral surfaces is an important property influencing multiphase flow in soils and sedimentary
rocks. In particular, for CO2 abatement technologies that rely on trapping supercritical CO2 in sedimentary formations, the
wettability of relevant mineral surfaces by water is a poorly constrained fundamental property influencing stratigraphic and residual
trapping. Theoretical studies have noted that adsorbed water films may hold a key to resolving many of the discrepancies in reported
wettability data, but the transition from the droplet to the film is difficult to observe experimentally. The link between continuum
and nanoscale observations can be elucidated using molecular dynamics (MD) and thermodynamic equations. We simulate water
and CO2 at various pressures between quartz surfaces to probe the thickness of the adsorbed water film observed between the CO2
and quartz, and the radius of curvature of the fluid−fluid interface as a function of CO2 pressure. These results are discussed in the
context of the relevant interfacial energies and Young’s equation and the Gibbs CO2 surface excesses at various interfaces. We show
that the augmented Young−Laplace equation accurately captures the relationship between the observed radius of curvature, the
capillary pressure between the bulk fluid phases, and the disjoining pressure in the adsorbed water film. We examine the
thermodynamics of thin water films in novel depth and present a new methodology for characterizing circularity approaching a
mineral interface and for comparing continuum and nanoscale manifestations of wettability. We find that discrepancies in both the
experimental and MD database may be influenced by proximity to solid surfaces and adsorbed wetting films.

1. INTRODUCTION

Humanity’s transition to a low-carbon economy over the next
few decades is a defining challenge of our time with vast
implications for Earth’s geography, biodiversity, and climate1

as well as for human exposure to water scarcity, extreme
weather events, socio-economic inequities, and geopolitical
conflicts.2 An emerging scientific consensus is that this
transition requires a combination of technologies including
energy conservation, renewable energy, low-carbon energy, and
negative emission technologies.3 Among these technologies,
several that rely on the ability to securely trap large plumes of
supercritical CO2 (scCO2) in geologic formationscarbon
capture and storage (CCS), bioenergy with CCS, and CO2-
enhanced oil recoveryhave the potential to contribute
substantially to CO2 abatement efforts.4−7 A crucial require-

ment of these technologies is the ability to predict the flow of
scCO2 in porous sedimentary rocks.8,9

The wettability of mineral surfaces by water versus scCO2 is
a key phenomenon that influences the flow of scCO2 in porous
rocks.10−12 In particular, this wettability underlies two of the
most important trapping mechanisms utilized in subsurface
CO2 storage: stratigraphic trapping, whereby scCO2 migration
into fine-grained seals and caprocks (e.g., shales) is blocked by
high capillary entry pressure in water-filled nanopores,13−15
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and residual trapping, whereby multiphase flow in the storage
formation (typically a sandstone) results in the fragmentation
of the scCO2 plume into immobile disconnected ganglia.16,17 A
fundamental parameter that determines the efficiency of both
trapping mechanisms is the contact angle (θ) formed by water
and scCO2 with mineral surfaces.18−20

To date, this contact angle remains poorly understood in
conditions relevant to geologic carbon storage (GCS), in large
part because θ values reported in different studies vary
widely.12,13,20,21 For example, θ values measured on stringently
cleaned quartz surfaces range from around 0° (strongly water-
wet) to nearly 55° (intermediate-wet), and trends with
increasing pressure have been reported as both increasing
and constant.12,22−25 This wide range of observations,
unfortunately, makes it difficult to confidently predict multi-
phase flow patterns in sedimentary rocks.17,19

The underlying cause of the variability of measured θ values
outlined above has been attributed to a variety of experimental
challenges. The first challenge is that direct methods of
bringing small droplets of CO2 in contact with a mineral
surface immersed in water within a high-pressure cell are
arduous and susceptible to systematic error associated, for
example, with the choice of fluid−fluid pre-equilibration time26

and with the limits in length-scale of measurement or
resolution, particularly at θ values close to zero.27,28

The second challenge is that surface roughness can
significantly impact the measured θ values but is difficult to
control and ubiquitous in experimental samples.21,29,30 Young’s
contact angle, which can be related to interfacial tensions and
will be discussed in detail in later sections, assumes an ideal
smooth and homogeneous surface, and as such, it can only be
measured with significant uncertainty.
The third challenge is the difficulty of avoiding contami-

nation by impurities that can confer surface roughness or
modify interfacial energies in the mineral−water−CO2 system.
Efforts to minimize impurities are often inconsistent and a
source of discrepancy, particularly at the high temperature and
pressure conditions of GCS.12,31 Among studies that used
more stringent methods of cleaning, questions arise as to
whether the cleaning method altered the surface and whether
contamination still occurred.22,27,32−34

Finally, the fourth challenge is the existence of confounding
factors that arise when measuring θ values using advancing or
receding droplets. Typically, the θ values measured when the
fluid−fluid interface is advancing can vary substantially, up to
40°, from those measured when receding.20,25,29 Different
trends with pressure and temperature for advancing and
receding θ values have also been observed.27 This hysteresis
complicates measurements and exhibits poor reproducibility.29

Surface contamination and roughness may play a role in this
hysteresis, as may the existence of the adsorbed or residual
water films at mineral−CO2 interfaces,

31,35,36 although some of
it appears to originate from the atomistic nature of the solid
surface.37

A recurrent question that underlies several of the challenges
outlined above is the relationship between macro- and
nanoscale manifestations of wetting and capillarity. At the
macroscale (Figure 1a), the contact angle is determined by the
interfacial energies of the three isolated interfaces (γsg, γsw, and
γgw for the CO2−solid, water−solid, and CO2−water
interfaces) as described by Young’s equation

cossg sw gwγ γ γ θ= + (1)

Similarly, the radius of curvature R of the CO2−water
interface is determined by the interfacial energy and by the
bulk fluid pressures on both sides of the interface (Pg, Pw) as
described by the Young−Laplace equation

R P P/( )gw g wγ= − (2)

At the nanoscale (Figure 1b), θ and R necessarily diverge
from the predictions of eqs 1, 2 because of the interactions
between the fluid−fluid interface and the solid surface.38,39

These interactions have been studied particularly in the
context of water vapor adsorption40 and are often represented
using the concept of disjoining pressure Pdisj, a repulsive
pressure between the fluid−fluid and fluid−solid interfaces that
varies with film thickness h.41 Theoretical studies have noted
that adsorbed films may hold the key to resolving many of the
issues outlined above.35,42−48 Unfortunately, the relationship
between macro- and nanoscale manifestations of wettability
remains incompletely understood, largely because of the
difficulty of experimentally observing the transition from the
droplet to film.35

Molecular dynamics (MD) simulations have shown promise
as a complementary technique to elucidate wetting and
capillary phenomena at the nanoscale.37,49−51 These simu-
lations probe length scales of ∼10−10 to 10−7 m as required to
examine the transition from bulk fluids to thin films illustrated
in the lower panel of Figure 1. Furthermore, they enable
studying idealized systems with perfectly controlled roughness,
chemistry, and fluid flow and can provide direct information
on the importance of different types of atomistic−level
interactions. To date, applications of MD simulations to
wettability and multiphase flow in GCS conditions remain
relatively sparse.52−56 Existing studies have focused mostly on
the θ values of quartz or silica by water versus scCO2 and have
shown that these values can vary from 0 to 85° depending on
the system set-up and geometry, surface silanol site density,
equilibration time, and the choices of interatomic potential
parameters.55,57−63

As noted above, previous MD simulation studies of quartz−
water−scCO2 systems focused primarily on predicting θ in
order to help resolve the spread of the experimental database.
In the present study, instead, we focus more broadly on gaining
insights into wetting and capillary phenomena. In particular,

Figure 1. Conceptual representation of a system containing water and
CO2 on a solid surface. Experimental measurements of the contact
angle are typically made (A) at the macroscale (upper panel) using
droplets with radii as small as a few mm. (B) At the nanoscale (lower
panel), the evaluation of the contact angle is complicated by the
existence of adsorbed water films with thickness on the order of a few
nm.
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we aim to shed light on the transition from bulk fluids to thin
films and on deviations of θ and R from the predictions of eqs
1, 2. Our methodology is similar to that used in previous
studies of quartz−water−CO2 systems but includes three
significant advances. First, we carry out relatively long
simulations (up to 100 ns), allowing our systems to reach a
fully equilibrated state before predicting any properties and
enabling a precise determination of the average curvature of
the fluid−fluid interface. Second, we calculate the local stress
distribution in our simulated systems in a manner that provides
nanoscale information on the mechanics of wetting and
capillarity. Third, we examine the adsorbed water film at the
quartz−scCO2 interface and its relationship to our predicted θ-
values.
Finally, we note that the wettability of mineral surfaces by

water versus nonpolar fluids underlies many important
phenomena in soil science,64 atmospheric chemistry,65

biology,66 water purification technology,67 and a variety of
other fields.68,69 Although the present study examines
conditions relevant to GCS, our results on the fundamental
controls on mineral wettability should be broadly relevant to
the other areas of study noted above.

2. METHODS
We used the open-source program LAMMPS70 to carry out
MD simulations in the canonical (NVT) ensemble. All
simulations were carried out at a constant temperature of
318 K using a velocity-Verlet algorithm with a time-step of 1 fs.
The simulation cell size was 176.893 × 100.000 × 27.023 Å
with periodic boundary conditions in all directions.
In the simulation cells for this study, we defined atomic

positions and interactions for a slab of α-quartz, 5280 water
molecules, and 0−1716 CO2 molecules. The quartz slab has
dimensions of 176.893 × 4.044 × 27.023 Å (36 × 8 × 5 unit
cells) and forms parallel surfaces in the x−z plane spaced 66 Å
apart across a slit-shaped nanopore. The width of the pore was
selected to enable the existence of a region with bulk fluid-like
properties within each fluid phase. The relatively shorter depth
of the simulation cell along the z axis was selected to create a
system with a fluid−fluid curvature only within the x−y plane
to avoid impacts of the three-phase line tension on the contact
angle.56,71 Water and CO2 molecules were inserted in the pore
space as two distinct phases with flat CO2−water interfaces
initially oriented in the y−z plane, normal to the quartz
surfaces. Water molecules occupy roughly half of the pore
space in all the simulations, and the number of CO2 molecules
is used to control the system pressure. The simulations were
carried out with 0, 214, 429, 858, 1075, 1288, 1502, and 1716
CO2 molecules to achieve bulk CO2 pressures ranging from
about 0 to 12 MPa, above which CO2 density and CO2−water
interfacial tension approach a plateau.72 In the system with 0
CO2, the bulk CO2 pressure of 0 MPa refers to the rounded
absolute pressure (∼0.003 ± 0.002 MPa) in the bulk gas
region of the bubble defined in the same way as for systems
with CO2 but can also be thought of as 0 partial pressure of
CO2. While the gas phase pressure is never exactly 0 MPa, it is
on the order of 0.01 MPa and small enough to be
approximated as 0 MPa for our purposes. Figure 2 illustrates
the geometry of the simulated systems.
The quartz unit cell was based on X-ray diffraction analyses

by Kihara.73 The surface was prepared by cutting the bulk
quartz lattice along the most stable natural “termination β”
(101̅0) plane,74 then attaching protons and hydroxyls to the

resulting undercoordinated oxygens and silicons, respectively,
to approximate low pH conditions75 and allowing them to
relax over a short NVE simulation. Quartz atoms were held
rigid during subsequent production runs with the exception of
the surface hydroxyl groups. This method resulted in a surface
with 720 silanol hydroxyl groups, or a surface silanol site
density of 7.53 OH per nm2, and a neutral surface charge.
Atomistic studies of silica are often based upon the Zhuravlev
model, which predicts a lower surface silanol site density.76

Though silica surface silanol site densities are not applicable
for the quartz model used in this study, it is important to note
that quartz surface silanol site densities are likely higher than
those used in silica simulations and experiments, and those
present in many practical applications.77−79

Our MD simulations numerically solve Newton’s equations
of motion for a many-particle system using semiempirical
interatomic potential parameters. For the main simulations in
this study, we employed the CLAYFF model for quartz,80 the
extended simple point charge (SPC/E) model for water,81 and
the EPM2 model for CO2.

82 Interactions between unlike atoms
were calculated using the Lorentz−Berthelot combining rules,
with the exception of the interactions between CO2 and water
or quartz O atoms, for which we tested an array of options
including the PPL model.83 The main results presented in this
paper use the PPL model for these intermolecular interactions.
This combination of models has previously been found to
accurately describe the structure and dynamics of water in its
bulk liquid form (including at high pressures),84−86 on the
quartz 101̅0 surface,87,88 and in silica nanopores88,89 and the
vapor−liquid coexistence curve of pure CO2.

90,91 It also
provides one of the best predictions of water’s liquid−vapor
interfacial tension92 and of the pressure dependence of CO2−
water interfacial tension.52 Water molecules were kept rigid
using the SHAKE algorithm,93 while CO2 molecules were
modeled as flexible using the parameters of EPM2 with a
harmonic constant taken from Yu et al.94 Short-range
Coulomb and van der Waals interactions were truncated at
12 Å. Long-range Coulomb interactions were treated by three-
dimensional PPPM Ewald summation.95 All interatomic
interaction parameters are given in Table S1.
All simulations were initialized using a brief run in the

microcanonical (NVE) ensemble. Equilibrium configurations
were then reached by running the simulation in the canonical
(NVT) ensemble at 318 K for 20 ns, after which bulk fluid

Figure 2. Snapshot of the system containing 1716 CO2 molecules.
Other simulated systems were identical but contained fewer CO2
molecules. The MD simulation cell is outlined in black; periodic
images in the z direction are visualized to highlight the tubular
conformation of the CO2 bubble.
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properties were isotropic and the water film between the
quartz and CO2 reached an equilibrium thickness (Figure 3).

These timescales necessary for equilibration have also been
observed in previous MD simulation studies96 but have not
been employed in most reference MD studies of quartz−
water−scCO2 systems to date. A more detailed analysis of
equilibrium time scales is provided in Figures S2 and S3.
Finally, each system was simulated for an additional 20−80 ns
to sample its equilibrium properties. The temperature was kept
constant using a Nose−́Hoover thermostat with a coupling
constant of 1 ps.
Time-averaged maps of the densities and stresses were

evaluated every 5 ns from the data recorded every time-step as
a function of the x−y coordinates using a 1 × 1 Å resolution.
For each of these time-averaged maps, the CO2 bubble was
approximately centered post-simulation for analysis. Bulk fluid
regions were defined as 20 × 40 Å regions in the xy plane
located at least 15 Å away from any interface and displaying an
isotropic stress tensor. The latter implies minimal interfacial
effects in these regions. The bulk region stress tensors were
averaged spatially and over each 5 ns of production after
equilibration to give a bulk pressure. Normalization of this
region to the middle of the fluid phases and at a minimum
distance from each interface accounts for any fluid movement.
Averaging over several nanoseconds accounts for bubble shape
fluctuations. Confidence intervals on all reported simulation
results correspond to the statistical uncertainty ±2σ/√n,
where σ is the standard deviation calculated from n
independent estimates obtained by dividing each 20−80 ns
simulation into segments of 5 ns.

3. RESULTS & DISCUSSION

3.1. Structural PropertiesWater Density on the
Quartz Surface. Atomic density maps of water atoms in each
simulation were examined to determine the density distribu-
tion of water near the quartz surface, the location of the
quartz−water interface, and the thickness of the adsorbed
water film. In particular, we calculated one-dimensional density
profiles in the direction normal to the quartz surface (y) across
the bulk water region (in a 40 Å-wide region located >20 Å
away from the CO2−water interfaces) and across the CO2
bubble (in a 20 Å-wide region across the center of the bubble).
Representative water density profiles in the y direction are
shown in Figure 4 for the system with Pg = 7.9 MPa.

Water density profiles at the quartz−water interface (solid
blue line in Figure 4) show a peak located 3 ± 0.5 Å above the
average height of the silanol O atoms followed by smaller peaks
at 6 ± 0.5 and 10 ± 0.5 Å above the silanol O atoms. The ∼3
Å spacing between these peaks suggests that they correspond
to the first, second, and third water monolayer on the quartz
surface. Water density layering is observed only within ∼10 Å
from the interface, in agreement with previous studies.97 The
location of the quartz−water interface, calculated using Gibbs’
definition (i.e., as the interface location yielding a zero surface
excess of water), is indicated by the vertical dotted lines at y =
17.1 and 83.0 Å. This interface is located 1.6 Å above the
silanol O atoms in agreement with the 1.5 Å radius of O atoms.
Water density profiles across the quartz−CO2 interface (dot-

dashed blue line in Figure 4) show the existence of an
adsorbed water film. This is expected as evenly distributed
surface silanol groups have been shown to stabilize a surface
water layer.98,99 The density profile of water in this film
displays a peak matching that of the first water layer at the
quartz−bulk water interface and a shoulder located at the same
height as the second water layer. The average thickness of the
film, calculated using Gibbs’ definition, ranges from 3.7 to 5.1
Å depending on the number of CO2 molecules in the system.
These observations reveal that the adsorbed water film at the
quartz−CO2 interface has a thickness of ∼1.5 water

Figure 3. Snapshots of the system containing 1716 CO2 molecules
during the first 10 ns of equilibration in the NVT ensemble. The
figures on the right show the progressive growth of the water film at
the quartz−CO2 interface. Equilibration was determined to be
complete when bulk fluid properties became isotropic and the water
film stopped growing.

Figure 4. Water atomic density profiles in the direction normal to the
quartz surface (y) calculated across the bulk water or bulk CO2
regions (solid and dot-dashed blue lines). The vertical dotted lines
mark the locations of the quartz−water and CO2−water interfaces
defined as Gibbs dividing surfaces using water as a reference phase.
The blue shading shows the density of bulk water. The gray shading
shows the film of water between the quartz and CO2.
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monolayers and that the structure of the first water layer in this
film is similar to that of water at the quartz−bulk water
interface.
3.2. Structural PropertiesCO2 Density on the Water

Surface. Density maps of water atoms were further examined
to determine the location of the CO2−water interfaces. At the
flat CO2−water interface (i.e., the interface between the water
film and the CO2 phase), the interface location was calculated
by adding the water film thickness to the location of the
quartz−water interface obtained as described in the previous
section. Along the pore mid-plane, the CO2−water interface
location was calculated using Gibbs’ definition as described in
the previous section. Finally, the shape of the curved CO2−
water interface was approximately evaluated using the locations
where the average water density equaled half of that of bulk
water. The resulting interface locations are overlain on an xy
map of CO2 density for the system with Pg = 7.9 MPa in Figure
5.

Atomic density maps of CO2 reveal the existence of a region
of enhanced CO2 density adjacent to the water surface (bright
green region in the upper panel in Figure 5). Density profiles
calculated across the center of the CO2 bubble in the x and y
directions (Figures 5 and S4) show that this enhanced CO2
density reflects the existence of a significant CO2 surface
excess, Γg, in agreement with previous experimental and

simulation studies.52,57,100−102 The predicted values of Γg at
the curved CO2−water interface, on the adsorbed water film,
and in separate simulations of a flat CO2−water interface (with
no quartz) are shown in Figure 6 as a function of bulk CO2
pressure, Pg. The values of Γg at the curved CO2−water
interface are calculated using radial coordinates to account for
the curvature of this interface.

Overall, our results show that the adsorption of CO2 on the
water surface is highly sensitive to CO2 pressure. It peaks near
the critical pressure of CO2 (7.4 MPa) in agreement with
previous studies of CO2 adsorption in nanoporous materi-
als103,104 and at flat CO2−water interfaces.52 The method used
to calculate surface excess from experimentally measured
interfacial energies was described by Nielsen et al.52 at ranges
much above the critical temperature and is reproduced here
from the same experimental data set105 at a lower temperature.
A comparison with the experimental and MD simulation
results obtained at 383 K shows that the peak surface excess
determined at 318 K is much more obviously related to the
critical pressure and more sensitive to our choice of fitting
method, as expected because of the much greater proximity of
our simulated conditions to the critical temperature of CO2
(304 K). A comparison of the green and blue data sets, as
shown in Figure 6, shows that the adsorption of CO2 on the
water surface is not significantly impacted by the curvature of
the fluid−fluid interface in our simulated system and may be
mildly inhibited on the surface of the adsorbed water film,
perhaps reflecting a lower solubility of CO2 in the water film
than in bulk liquid water.

3.3. Structural PropertiesCurvature of the CO2−
Water Interface. Detailed analyses of the water density maps
were carried out to evaluate the shape of the curved CO2−
water interface. Briefly, for each 5 ns of simulation, we
computed a map of water density averaged over the four
“corners” of the CO2 bubble. From these maps, we calculated,

Figure 5. Upper panel: CO2 density map in the simulation with Pg =
7.9 MPa. The straight dotted lines show the locations of the Gibbs
dividing surfaces of water at the quartz−water film and water film−
CO2 interfaces (horizontal lines) and at the pore mid-plane (vertical
lines). The curved dotted lines show locations where water density
equals half of that of bulk water at the curved CO2−water interface.
Lower panel: water and CO2 atomic density profiles calculated in a 10
Å wide region along the pore mid-plane. The water density (used to
locate the interface) is shown as a blue line with shaded blue areas
indicating bulk water density. The CO2 density (used to calculate the
surface excess of CO2) is shown as a dot-dashed green line. The
shaded green regions show CO2 density in excess of the bulk and
dissolved concentrations.

Figure 6. Surface excess of CO2 on various water surfaces as a
function of bulk CO2 pressure. Green and blue symbols show MD
results obtained at 318 K for the curved CO2−water interface (dark
green filled squares), the water−coated quartz−CO2 interface (light
green filled diamonds), and a flat CO2−water interface simulated
separately with no quartz (light blue squares). Black cross symbols
show results at 323 K reconstructed from experimentally measured
interfacial energies.52,105 The vertical line shows the critical pressure
of CO2. Reconstructed values just above the critical pressure are not
shown as they are highly sensitive to the fitting method.
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at each height y, the location of the CO2−water interface in the
x-direction (estimated as the location where water density
equaled half the value for bulk water) relative to its location at
the pore mid-plane. The results are shown in Figure 7 for the

simulation at Pg = 11.9 MPa; error bars show 95% confidence
intervals on the average location of the interface, while the
shaded pink area shows the range of interface locations. Our
results reveal significant variability in the shape of the interface
determined during any 5 ns interval. These fluctuations in
interfacial shape have been noted in previous studies both as a
challenge in determining wetting properties from short
simulations106 and as a potential source of information on
wetting dynamics.107 Despite these fluctuations, our results
show that a precise evaluation of the average shape of the
interface is possible using relatively long simulation durations
(20−80 ns). Finally, our results show that the transition from
the curved CO2−water interface to the surface of the adsorbed
water film (shaded blue region in Figure 7) exhibits no obvious
deviations from the arc of a fitted circle even in the region
potentially associated with the second and third water layers, as
shown in Figure 4.
To further analyze the shape of the curved interface, we

developed an iterative circle fitting procedure aimed at
identifying the optimal circular fit to the shape of the interface.
Our procedure consisted of starting with the few points closest
to the pore mid-plane (which should exhibit the behavior most
consistent with eq 2) and finding the circle that provided the
best fit to these points (i.e., iteratively minimizing the
approximate mean square distance for the points and for the
center coordinate based on the Taubin method,108 building on
a code by Chernov109). Then, our procedure progressively
increased the number of points used in the circle fitting
algorithm by including points located closer and closer to the
quartz surface. For each circle fitted to a set of points, we then
calculated a coefficient of determination, R2, based on the x-
coordinate fit as a characterization of the circularity of the
included points. For all simulated systems, the results showed a

progressive increase in R2 as the fit was extended to within ∼7
Å of the quartz surface, followed by a rapid decrease in R2 as
the fit was extended even closer to the surface. The best-fitting
circle was identified as the one that yielded the highest R2 value
while using at least five points. The radii of curvature from
these best-fitting circles are henceforth referred to as Rmicro.
The resulting best fit in the case of the simulation at Pg = 11.9
MPa is illustrated in Figure 7. As shown in Figure 7, the
average shape of the fluid−fluid interface is remarkably well-
described by a hemicircular cap. This description holds well for
all portions of the fluid−fluid interface located more than one
water layer away from the surface of the adsorbed water film at
all pressures. Furthermore, the best-fitting circular cap was
found to be tangential to the surface of the film in all simulated
systems, that is, the contact angle obtained based on the
nanoscale curvature of the fluid−fluid interface is essentially
zero at all pressures.

3.4. Stress Tensor PropertiesBulk Fluid Pressures
and Capillary Pressure. Our predictions on the pressure of
bulk CO2 and water (Pg and Pw) as a function of CO2 density
are shown in Figure 8. Values reported for bulk CO2 were

corrected from the raw LAMMPS output to account for the
redundancy of one of the rotational degrees of freedom in the
linear CO2 molecule, as described in the Supporting
Information. Comparison of our predicted Pg values with the
National Institute of Standard and Technology (NIST) data
on the density of bulk CO2 at 318 K indicate that our
simulations reasonably capture the equation of state of CO2,
including the transition from gas to supercritical fluid. The
results on Pw show that pressure in the bulk water phase is
negative in the absence of CO2, indicating that a suction is
created with a value close to that expected for a water meniscus
stretched between two perfectly hydrophilic surfaces in a 66 Å
wide nanopore in the absence of adsorbed water films at 318 K
(Pw = −γgw/Rmicro = −20.5 MPa). With increasing CO2
density, Pw progressively increases in a manner that reflects
the evolution of external stresses on the water meniscus (i.e.,
tensile stress imposed by the quartz surface and compressive
stress imposed by the CO2 phase).

Figure 7. Average shape of the CO2−water interface in the x−y plane
at Pg = 11.9 MPa. At every height y, the black and red symbols show
the average x-coordinate of the fluid−fluid interface. Results are
normalized to the x-coordinate of the fluid−fluid interface at the pore
mid-plane (to correct for random fluctuations in the location of the
bubble in the x direction) and averaged over the four corners of the
CO2 bubble. The maximum and minimum x-coordinates of the fluid−
fluid interface are shown as a range in pink. The figure also shows the
circle that yielded the best fit to the shape of the interface as described
in the text. Black points on the curve were retained by the fitting
procedure, while red points were excluded as they decreased the
quality of fit.

Figure 8. Pressure of bulk CO2 and water in our simulated systems as
a function of the density of bulk CO2. The vertical offset between the
two curves equals the capillary pressure. The NIST standard equation
of state for CO2 at 318 K is shown as a solid black and gray line.110
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The vertical offset between the two curves, as shown in
Figure 8, provides a direct measure of the capillary pressure
Pcap = Pg − Pw in our simulations. As shown in the figure, the
CO2 phase is consistently overpressured relative to the water
phase in agreement with observations that water is the wetting
phase in our simulations (Figure 3). Predicted values of Pcap
decrease from 22.4 to 5.9 MPa as CO2 density increases from 0
to 15 mol L−1, indicating that CO2 should invade water-filled
silica nanopores more readily at higher CO2 densities. A part of
this effect can be attributed to the fact that the CO2−water
interfacial tension (γgw in eq 2) decreases significantly with
increasing CO2 density as discussed further below.52

3.5. Stress Tensor PropertiesDisjoining Pressure in
the Thin Film. As noted long ago by Derjaguin,111 for systems
such as that studied here, where a curved fluid−fluid interface
coexists with a thin adsorbed film at equilibrium, the capillary
pressure Pcap measured between the two bulk fluid phases
equals the disjoining pressure Pdisj in the adsorbed fluid film.
This equality can be demonstrated, for example, by using the
relationship between disjoining pressure and water activity in
an adsorbed water film

P
R T

V
aln( )disj

igc

m
w= −

(3)

where Rigc is the ideal gas constant, T is the absolute
temperature, Vm is the molar volume of water, and aw is the
water activity. An analogous expression at the curved fluid−
fluid interface is the Kelvin equation

a
V

RR T
ln( )w

gw m

igc

γ
=

(4)

where R is the macroscale radius of curvature defined in the
introduction. If the system is at equilibrium, the activity of
water in the film equals that in the meniscus and the
combination of eqs 2−4 yields Pdisj = Pcap.
Predicted values of Pdisj in our simulations are shown in

Figure 9 as a function of water film thickness h. Our prediction
that Pdisj > 0 is consistent with the observed existence of a

stable adsorbed water film on the surface of quartz and other
silicate minerals in the presence of humid scCO2.

54,57,112,113

Overall, our results on water film thickness h versus Pdisj are
broadly consistent with previous studies. For example, Clarke
and Gee114 reported Pdisj values of 3.5−7.0 MPa for 5 Å-thick
films of n-alkanes on quartz. For water films on quartz in the
absence of CO2, the measured film thicknesses show significant
scatter,40,41,115 perhaps due to differences in surface roughness
and the degree of deprotonation of surface silanol groups
(both of which would tend to promote thicker films).
However, the smallest values reported in both experimental
and theoretical studies are on the order of ∼5 Å at a Pdisj value
of 10 MPa,116−119 in agreement with our results.
Strongly hydrophilic surfaces (i.e., surfaces with θ = 0) are

expected to develop an infinitely thick adsorbed water film as
water activity approaches 1. According to various theoretical
models, the relationship between Pdisj and h should follow an
inverse power law relation Pdisj ∝ h−b with b = 1−3.41
Conversely, on surfaces with θ > 0, Pdisj should approach zero
at a finite film thickness. The results presented in Figure 9 are
insufficient to evaluate whether Pdisj approaches zero at an
infinite or finite film thickness. A plot of log(Pdisj) versus log(h)
during 5 ns intervals of each simulation suggests that our
results are consistent with inverse power-law relation with b =
6.9 ± 2.2, and disjoining pressure decays more rapidly than
expected with increasing film thickness.

3.6. Stress Tensor PropertiesSurface Tension at the
Curved CO2−Water Interface. The interfacial tensions
between the bulk CO2 and water phases in our simulations
were calculated from the maps of the average local stress
tensors by applying the Irving−Kirkwood formula102,120

p x p x x( ) ( ) dgw N T∫γ = [ − ]
−∞

+∞

(5)

where pN and pT are the local stresses in directions normal and
tangential to the interface and x is distance across a single
fluid−fluid interface. We evaluated (pN − pT) in a 10 Å wide
region along the pore mid-plane and calculated the integral
using the trapezoidal method with unit spacing. A
representative profile of the stress anisotropy in the case of
the simulation at Pg = 7.9 MPa is shown in Figure S5 and the
resulting values of γgw are shown in Figure 10. For comparison,
values of γgw obtained using MD simulations of a flat CO2−
water interface (with no quartz) are also reported in Figure 10
along with the experimental results previously identified as a
high quality data set.52,105

As shown in Figure S5, the local stresses near the center of
the water and of the CO2 bubble are isotropic. This suggests
that these regions are bulk fluid-like despite the small distance
to the nearest interface (≤30 Å). In contrast, the local stresses
in the vicinity of the CO2−water interface are highly
anisotropic, as expected based on the significant CO2−water
interfacial energy.102 The magnitude of the stress anisotropy
correlates roughly with the spatial gradient in water density, in
agreement with the expectation that the CO2−water surface
tension originates largely from the disruption of the water
hydrogen bond network at the interface.
The values of γgw shown in Figure 10 are consistent with

previous observations. In the absence of CO2, the surface of
liquid water has a high interfacial energy (γgw = 67.9 mN m−1

at 323 K)121 that is underestimated by the SPC/E water model
(γgw = 59.8 mN m−1 at 318 K according to our simulation).
The difference between experiments and simulations (≈8 mN

Figure 9. Thickness of the adsorbed water film as a function of
disjoining pressure. The inset shows values of log(h) vs log(Pdisj)
obtained during 5 ns intervals of each simulation along with the best
fitting linear regression (red line). The vertical line shows the
boundary between gaseous and scCO2.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07948
J. Phys. Chem. C 2020, 124, 25382−25395

25388

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07948/suppl_file/jp0c07948_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c07948/suppl_file/jp0c07948_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07948?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07948?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07948?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07948?fig=fig9&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07948?ref=pdf


m−1) is identical to that reported in previous studies.92 With
increasing CO2 pressure, the surface tension of water decreases
to ∼30 mN m−1 with a clear inflection near the critical pressure
of CO2. The combination of the SPC/E water model, the
EPM2 CO2 model, and the PPL model of CO2−water
interactions correctly predicts the pressure dependence of γgw,
as previously observed at 383 K.52

The dependence of γgw on pressure (or rather fugacity) is
determined by the CO2 surface excess through the Gibbs
adsorption equation122

R T fd d ln( )gw igc g gγ = − Γ [ ] (6)

where fg is the fugacity of CO2. Therefore, the agreement
between experimental and simulation results on the pressure
dependence of γgw, as shown in Figure 10, suggests that our
simulations accurately predict the Γg values shown in Figure 6.
3.7. Young−Laplace Behavior Near the Three-Phase

Contact LineMacro- Versus Microscale Curvature. As
noted in the Introduction, the Young−Laplace equation gives
accurate continuum scale predictions of the capillary pressure
difference in systems with smooth surfaces. Previous studies
have proposed that this relationship can be used to
characterize capillary effects in MD simulations, regardless of
the nanoscale interfacial curvature.123 Following this approach,
we used our values of Pc and γgw (Figures 8 and 10) with the
Young−Laplace equation (eq 2) to calculate a “macroscale”
radius of curvature RYL. The resulting radius is entirely
independent of the observed “microscale” radius of curvature
Rmicro presented in Section 3.3 (Figure 7). A comparison of the
two measures of curvature provide insights into the validity of
the continuum-scale relations (eqs 1, 2) in the vicinity of the
solid surface.
As the first comparison of RYL and Rmicro, we carried out a

similar circle-fitting analysis as in Section 3.3 but with the
radius of curvature constrained to RYL. We analyzed both the

regressive statistics and the residuals to determine which points
on the averaged curve fit well to a circle with radius of
curvature RYL (Figure 11). The points that clearly skewed

toward one side of the circle were interpreted as deviating from
the expected curvature predicted by the Young−Laplace
equation. Our results show that RYL is smaller than Rmicro at
low pressures (Figure 11a) and progressively grows with
increasing pressure until it meets and then surpasses Rmicro
(Figure 11b). Our circle fitting with RYL suggests that the
continuum-scale approximation used in the Young−Laplace
equation breaks down closer than approximately 20 Å from the
solid surface. Both RYL and Rmicro values are presented in Table
S2.
As the second comparison of RYL and Rmicro, we used both

values to calculate the contact angle θ using the geometric
relation θ = cos−1(PcapR/γgw) every 5 ns. The results, as
presented in Figure 12, show that both definitions of R are
consistent with a contact angle of 0° below the critical pressure
of CO2. Above the critical pressure, however, Rmicro still
suggests θ = 0°, whereas RYL implies contact angles up to 42 ±
14°. Interestingly, the divergence between the two sets of θ
values, as shown in Figure 12, reflects that observed in the
experimental database on the wettability of stringently cleaned
quartz surfaces, where certain studies report near-zero θ values
regardless of Pg,

18,24,58 whereas other studies report near-zero θ
values at low pressures increasing to ∼20−50° at supercritical
Pg values.

13,23,25,26,30,31,62,124−126

3.8. Young−Laplace Behavior Near the Three-Phase
Contact LineLink between Disjoining Pressure and
Fluid−Fluid Interfacial Curvature. The results discussed in
the previous section and summarized in Figure 11 suggest that
the solid surface may impact the shape of the fluid−fluid
interface up to distances of at least 20 Å, as the radii of
curvature predicted by the Young−Laplace equation fit mainly
to points approximately 20 Å and over from the quartz surface
(Table S2). This relatively long-ranged impact is consistent
with previous experimental observations that show a similarly
long-ranged impact of pore walls on scCO2 density in silica
nanopores.103 It is also consistent with previous MD
simulation studies that show the decay length scale of CO2
density accumulation near the CO2−water interface ap-

Figure 10. Predicted CO2−water interfacial tension as a function of
bulk CO2 pressure in the system with quartz and a curved fluid−fluid
interface (orange filled squares) and in the system with a flat fluid−
fluid interface and no quartz (light blue squares). Experimental data at
∼323 K obtained by Chiquet et al. are shown in gray.105 Points for
each are fitted exponentially (dotted curves). The measured surface
tension of water at 323 K (67.94 mN m−1)121 is shown as a black
cross. A previous simulation prediction obtained by Nielsen et al. at
323 K using the same interatomic potential models is shown as a
black circle.52 The vertical line shows the critical pressure of CO2.

Figure 11. Same as Figure 7 but with a radius of curvature
constrained to match the capillary pressure difference between CO2
and water based on the Young−Laplace equation. The figures shown
are the simulations at (A) 1.2 MPa (where RYL < Rmicro) and at (B)
11.9 MPa (where RYL > Rmicro).
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proaches infinity near the critical pressure, which again
suggests long-ranged impacts of solid surfaces on scCO2.

101

Unfortunately, these long-ranged impacts present a challenge
in accurately quantifying the macroscopic quartz−CO2−water
contact angle θ using typical MD simulation cell dimensions.
As noted in previous wettability studies, a dependence of θ

on the length scale of observation is in fact expected if
disjoining pressure Pdisj has a long-ranged impact on the curved
fluid−fluid interface.35,48,127 This phenomenon is illustrated in
Figure 11b, where the forces at the fluid−fluid interface are
conceptually represented at several locations along the
interface. At the pore mid-plane and at the surface of the
adsorbed film, this balance involves only two contributions,
whereas in the “corner” of the CO2 bubble it involves three
phenomena: the capillary pressure difference between the two
bulk fluids (Pcap = Pg − Pw = γgw/RYL), capillary stresses at the
curved fluid−fluid interface at a distance h from the surface
[γgw/Rmicro(h)], and disjoining pressure at a distance h from
the surface [Pdisj(h)]. According to the well-known augmented
Young−Laplace equation, this balance can be expressed as42

P
R R h

P h
( )

( )cap
gw

YL

gw

micro
disj

γ γ
= = +

(7)

The augmented Young−Laplace equation gives the overall
curvature calculated over a range of distances that are difficult
for this study to pinpoint exactly, as the calculation involves a
large segment of the interface. Thus, the range is reported with
large error bars. Application of eq 7 to our results on RYL and
Rmicro in the range of h values used to determine Rmicro (roughly
h ≈ 20 ± 10 Å) yields Pdisj(h ≈ 20 ± 10 Å) = 1.8, 2.6, 2.0, 1.1,
1.0, −0.3, −1.3, and −2.4 MPa at Pg = 0, 1.2, 2.5, 5.4, 6.8, 7.9,
9.0, and 11.9 MPa. These values of Pdisj are compared in Figure
13 with the values obtained in the thin film (from Figure 9).
The values of Pdisj, as shown in Figure 13, are grouped in three
ranges of Pg: dilute gas (Pg = 0−2.5 MPa), dense gas (Pg =
5.4−6.8 MPa), and supercritical fluid (Pg > 7.9 MPa).
As shown in Figure 13, for dilute or dense CO2 our results

are consistent with Pdisj > 0 at all h values (which implies
perfectly hydrophilic behavior, θ = 0), and the relation

between Pdisj and h is consistent with an inverse power law
(Pdisj ∝ h−b) with b ∼ 1−3, in agreement with theoretical
predictions.41 For scCO2, however, Pdisj goes from positive to
negative values with increasing film thickness, as expected for a
system with partial wetting (θ > 0).36

3.9. Young−Laplace Behavior Near the Three-Phase
Contact LineImpact of the Water Film on the
Macroscopic Contact Angle. Additional insights into the
pressure dependence of the macroscopic contact angle θ can
be gained by applying Young’s equation. Because θ = 0 at Pg =
0, eq 1 yields

P P Psg, 0 sw, 0 gw, 0g g g
γ γ γ− ≥= = = (8)

The absence of CO2 accumulation at the quartz−water
interface implies that γsw is essentially invariant with Pg, such
that eq 8 becomes

P Psg, 0 sw gw, 0g g
γ γ γ− ≥= = (9)

The combination of eqs 1 and 9 yields a relation describing
the macroscopic contact angle θ at Pg > 0 as a function of γsg
and γgw at Pg = 0 and at the pressure of interest

cos
P Psg sg, 0 gw, 0

gw

g gθ
γ γ γ

γ
≥

− += =

(10)

If we use the symbol Δ to represent the change in interfacial
energy between Pg = 0 and the pressure of interest, this
becomes

cos
P

P

sg gw, 0

gw gw, 0

g

g

θ
γ γ

γ γ
≥

Δ +

Δ +
=

= (11)

In short, a transition from θ = 0 to θ > 0 with increasing Pg is
possible (but not guaranteed) if the pressure-dependence of γsg
is greater than that of γgw.

Figure 12. Predicted contact angles as a function of bulk CO2
pressure. The two data sets show values calculated from the best
iterative fit to the averaged CO2−water interface and trigonometric
relationships (grey crosses) and from the capillary pressure difference
between CO2 and water with the Young−Laplace equation (orange
filled squares). The vertical line shows the critical pressure of CO2.

Figure 13. Film thicknesses plotted as a function of disjoining
pressure from the thin film analysis, as shown in Figure 9, and values
of disjoining pressure at the curved interface obtained using the
augmented Young−Laplace equation. The results are grouped into
three categories based on Pg: dilute gas at low Pg (green circles),
dense gas (blue crosses), and supercritical fluid at high Pg (red
diamonds). The green lines show that inverse power law fits to the
three values of Pdisj in the thin film in the dilute gas region obtained
with b = 1, 2, or 3.
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The possibility that CO2 pressure has a greater impact on γsg
than on γgw can be evaluated using the Gibbs adsorption
equation (eq 6). At the CO2−water interface, this relation
yields

d dgw g,gw gγ μ= −Γ (12)

where Γg,gw is the surface excess of CO2 at the curved CO2−
water interface. At the quartz−CO2 interface, the correspond-
ing relation must account for the adsorption of both CO2 and
water

d d dsg g,sg g w,sg wγ μ μ= −Γ − Γ (13)

If we combine eqs 12, 13 and apply dμw = −Vm,w dPdisj (from
eq 3) and Γw,sgVm,w = h (from the definition of the adsorbed
film thickness), we obtain

h Pd ( / )d dsg g,sg g,gw gw disjγ γ= Γ Γ + (14)

Equation 14 shows that Pg can have a greater impact on γsg
than on γgw, if either CO2 adsorbs more strongly on the thin
water film than on the curved CO2−water interface (i.e., Γg,sg/
Γg,gw > 1) or if Pdisj depends inversely on Pg. Our results on Γg,sg
and Γg,gw (Figure 6) show that Γg,sg/Γg,gw ≤ 1 and, hence, does
not meet the first condition. The second condition, however,
exists as shown by our prediction that Pdisj decreases by 16 ± 1
MPa as Pg increases from 0 to 12 MPa (Figure 8). Based on
our predicted film thickness (h = 4.4 ± 0.7 Å), this effect
would cause a decrease in γsg by 7.0 ± 1.2 mN m−1 as Pg
increases from 0 to 12 MPa, in addition to the ∼35 mN m−1

decrease expected from CO2 adsorption.
3.10. Young−Laplace Behavior Near the Three-Phase

Contact LineImpact of Interfacial Curvature on CO2
Solubility in Water. As an alternative approach to character-
izing capillarity in our simulated system, we calculated the
concentration of CO2 dissolved in the aqueous phase and
compared the results with those obtained for a flat CO2−water
interface (with no quartz). The application of the Kelvin
equation (eq 4) to these systems indicates that the curvature of
the CO2 bubble should enhance CO2 dissolution in water, a
phenomenon observed, for example, in studies examining the
Ostwald ripening of residually trapped CO2 bubbles during
geologic carbon sequestration.128

In Figure 14, we present our results on the concentration of
CO2 in the aqueous phase as a function of CO2 pressure. Our
results show that our combination of interatomic potential
parameters significantly overestimates the solubility of CO2 in
water. This finding is consistent with previous studies
indicating that the combination of the SPC/E water and
EPM2 CO2 models (with CO2−water van der Waals
interactions predicted with the Lorentz−Berthelot combining
rules) approximately predicts the solubility of CO2 in water129

but underestimates the tendency of CO2 to adsorb at the
CO2−water interface.52,72,101 The PPL model (used here
instead of the standard combining rules) predicts stronger
CO2−water van der Waals interactions, and hence, an
improved prediction of CO2 adsorption on the water surface52

at the cost of a worse prediction of CO2 solubility in the
aqueous phase. Despite the offset between predicted and
measured solubilities, the simulation results accurately predict
the overall trend in solubility versus pressure, that is, the
significant pressure-dependence of solubility below the critical
pressure of CO2 and the much weaker dependence at higher
pressures.

A comparison of our simulation results obtained with flat
versus curved CO2−water interfaces (light blue and orange
symbols in Figure 14) shows that the curvature of the fluid−
fluid interface enhances CO2 solubility in water by roughly
10−15%. Predictions based on the Kelvin equation (brown
circles and diamonds in Figure 14) show that the magnitude of
this enhancement is consistent with theory and that both
measures of interfacial curvature (RYL and Rmicro) yield equally
accurate predictions of this solubility enhancement.

4. CONCLUSIONS
This study examines fundamental wetting and capillary
properties using relatively long MD simulations of quartz−
water−scCO2 systems at a range of pressures. Building upon
previous studies,12,21,44,46,55,56,58,59,62,123,125,126 this study es-
tablishes novel methodology to connect and compare
continuum and nanoscale phenomena using MD simulations
and gives a new perspective on wettability alterations near
critical pressures. This work demonstrates that the nanoscale
fluid−fluid curvature can be influenced by solid surfaces up to
at least 2 nm away such that the applied continuum-scale
relations must take the disjoining pressure and adsorption of
thin wetting films into account. To the best of our knowledge,
these findings have been demonstrated theoretically35,42,44 but
have rarely been explored using MD simulations. We
characterize the distance from the interface, that a circular
cap can be maintained using new methodology. In doing so, we
demonstrate for the first time that structural observations of
the CO2 bubble show a constant circular curvature at all
pressures up to 1 nm from the quartz surface, with convex
nanobending up to 0.5 nm from the surface of the water film,
and that stress distributions predict an increasing radius of
curvature with increasing CO2 pressure. This results in contact
angle predictions that agree at subcritical pressures but diverge

Figure 14. Mole fraction of CO2 dissolved in the bulk water phase as
a function of pressure in the bulk CO2 phase. The orange and light
blue symbols show MD simulation predictions in our quartz−water−
CO2 system (with a curved CO2−water interface) and in a system
with no quartz (flat CO2−water interface), respectively. The brown
circles and diamonds show values predicted for the quartz−water−
CO2 system based on the Kelvin effect using two different values for
the radius of curvature of the CO2−water interface: either the value
directly observed (Rmicro) or the value inferred from the capillary
pressure using the Young−Laplace equation (RYL). Predictions based
on a compilation of experimental results are shown in gray and are
more comparable to results using the SPC/E and EPM2 models with
Lorentz−Berthelot combining rules.
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at higher pressures. These observations provide a new depth to
these analyses and reflect the experimental database on the
wettabi l i ty of s tr ingent ly c leaned quartz sur fa-
ces.13,18,23−26,30,31,58,62,124−126

The wetting trend with pressure is discussed in the context
of the Young and Gibbs equations. Though other MD
simulation studies have alluded to the possibility of wettability
alteration because of CO2 density changes,61,62,130 the
simulations and related calculations presented here demon-
strate that this alteration can instead be attributed to the
relationship between the capillary and disjoining pressures
when simulations are fully equilibrated. Establishing the
relationship of adsorbed water films to predicted θ values
allows us to contribute to the discussion on the relationship
between macro- and nanoscale manifestations of wettability
using the augmented Young−Laplace equation. We note that
the quartz surface used in this study may be more hydrophilic
than silica surfaces, as silica tends to have a slightly lower
surface silanol site density.76,77 This may lead to different
behavior, and we are likely observing more hydrophilic
behavior in our extreme case of pure quartz compared to
experimental data using silica.
We are able to reproduce theoretical predictions of

disjoining pressure at various distances from the quartz surface,
and our data displays the expected trends for fully and partially
wetting behavior at subcritical and supercritical pressures
respectively.39,42,48 Further, we show that predictions based on
Young’s equation, the augmented Young−Laplace equation,
and the Kelvin equation are all consistent with theory at the
nanoscale.41,42,131 The properties characterized in detail by this
study are essential for accurate predictions of multiphase flow
and residual and structural trapping of scCO2 in the subsurface
at the pore network scale. Although we focus on conditions
relevant to GCS here, our results on mineral wettability and
the relationship between different scales should be broadly
relevant to many other areas of study. The fundamental
behavior of fluid in porous media studied here opens up
possibilities for studying difficult multiphase flow problems.
The macro- and nanoscale properties observable in this system
positions MD simulations as a promising method for resolving
whether the adsorption of nanoscale water films to an interface
and nanoscale capillary properties can be adequately explained
by macroscopic models. Future work will focus on extracting
further molecular insights on wettability alteration and on
dynamic wetting parameters from both the thermal fluctua-
tions at equilibrium and nonequilibrium MD simulations.
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