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ABSTRACT: Accurate simulation models for water interactions
with graphene and graphite are important for nanofluidic
applications, but existing force fields produce widely varying
contact angles. Our extensive review of the experimental literature
reveals extreme variation among reported values of graphene—
water contact angles and a clustering of graphite—water contact
angles into groups of freshly exfoliated (60° + 13°) and not-freshly
exfoliated graphite surfaces. The carbon—oxygen dispersion energy
for a classical force field is optimized with respect to this 60°
graphite—water contact angle in the infinite-force-cutoff limit, which in turn yields a contact angle for unsupported graphene of 80°,
in agreement with the mean of the experimental results. Interaction force fields for finite cutoffs are also derived. A method for
calculating contact angles from pressure tensors of planar equilibrium simulations that is ideally suited to graphite and graphene
surfaces is introduced. Our methodology is widely applicable to any liquid-surface combination.

graphi - graphene

Graphene has been the subject of intense interest and propose that it exhibits only partial transparency.”>”>> The
research for decades now due to its remarkable resolution of this issue remains experimentally elusive, partly
combination of characteristics, including optical transparency, due to the difficulty of measuring contact angles on clean and
electrical conductivity, and mechanical strength.'~> It shows pure graphene. The effects of both airborne””® and solvent-
immense promise for various nanoscience applications, induced””** contamination can be significant, and have proven
including DNA sequencing,® energy storage,” and filtration.® to be difficult to eliminate, an effect also seen in other two-
Its exceptional mechanical, thermal, and chemical stability, and dimensional materials.”” Another complication is the thinness
impermeability to gases make it promising for advanced of graphene, which necessitates support from a substrate.
coating applications, which is of particular relevance here.” ™12 Although inventive methods have been employed recently,
In order to fully harness the potential of graphene, a deep such as floating graphene on water and trapping air bubbles
understanding of its interactions with liquids, in particular underneath,* utilizing hydrogel as a floating substrate,”’ or
water, is imperative. Wetting is a fundamental characteristic partially suspending graphene on nanotextured substrates,>!
that describes the interaction between a liquid and a surface. experimental difficulties persist. This is especially relevant as
Its importance extends across various scientific, technological, graphene has kindled interest in a profusion of other two-
and industrial fields, particularly in areas like nano- and dimensional materials and material combinations where the

3 9

microfluidics.'>~'* For graphene in particular, the strength of
its interaction with water is of key importance for numerous
applications as it directly influences properties such as charge
doping,'® carrier mobility,'” and adhesion.'® Tt can influence
the energy storage capacity of graphene supercapacitors'” and
the heat exchange between graphene-coated copper substrates
and water vapor.” It is therefore of great practical value to gain
a comprehensive understanding and develop the tools
necessary to model these effects correctly.

Some works suggest that graphene should exhibit complete
transparency to electrostatic and dispersive interactions
between adsorbed water above and the underlying substrate
below,**! except when it is contaminated or corrugated,21 or
when the adsorption occurs through short-range polar bonds.”’
Contrasting evidence, however, suggests the absence of any
interaction transparency in graphene,”” while yet other studies

same issues will arise.”

Our objective is to accurately model water interactions with
graphene and graphite by developing force fields for molecular
dynamics simulation that are optimized with respect to the
best experimental data available. Our methods are general and
can be applied to any liquid and substrate material. Because
interactions between carbon and water oxygen in the infinite-
force-cutoff limit are pairwise and additive, we propose that a
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single nonpolarizable force field that accurately reproduces the
experimental wetting behavior of both graphene and graphite
simultaneously is feasible, under the assumption of the
interaction transparency of graphene sheets.

Contact angles can be measured directly from simulations of
liquid droplets on surfaces, where, to eliminate finite-size
effects by extrapolation, droplet size is varied.”> >* Alter-
natively, the work of adhesion can be obtained by
thermodynamic integration®® or phantom wall methods.’**’
A recent approach consists of indirect umbrella sampling in
capillary channels with applied biasing potentials.”® One key
commonality among these methods is that they require many
specialized simulations. We propose an alternative approach,
ideally suited for use on graphenic systems, based on work by
Sedlmeier et al.*’ and Sendner et al.*’ where interfacial
tensions are calculated using just the pressure tensors of planar
simulations. This method has the advantage of requiring at
most three simple planar equilibrium simulations, making
simulation setup facile.

We begin by conducting an extensive literature review to
compile experimentally measured contact angles of graphene
(see Supporting Information Section S1). Figure 1 (a) shows
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Figure 1. Histograms of experimentally measured contact angles for
water on graphene and graphite. Also plotted are Gaussian functions
with the mean and standard deviation of the sample distributions. (a)
Graphene: the average value for captive bubbles is 41.5° + 9.8° and
for sessile droplets 74° + 35°. (b) Graphite: the average value for
freshly exfoliated graphite is 60° + 13°, and for not-freshly exfoliated
graphite, 89° + 10°. The black vertical line at 90° separates the
hydrophobic and hydrophilic regimes.

the distribution of these contact angle results. Note that the
measurements conducted by Prydatko et al.” (red) stand out
from the rest. They employ an “inverted” system where
graphene is floated on an air—water interface, and measure the
contact angle of an air bubble trapped underneath. All other
experiments use sessile water droplets,'>07>325303141746 Qe
notable measurement by Ondarcuhu et al’' attempts to
minimize the substrate influence by partially suspending the
graphene sheet, resulting in a contact angle of 85° + 5°. The
contact angle values of sessile droplets as a whole span a wide
range, from 10° to 140° with an average of 74° + 35°, which
might arise from, among other things, contamination, the use
of different substrates in the measurements and/or wetting
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transparency. This wide variation is, in any case, crucial
information, as it makes clear that optimizing a force field with
respect to any particular experimental graphene contact angle
is inadvisible, absent further information.

The unreliability of experimental graphene—water contact
angles leads us to instead optimize carbon—water interaction
potentials with respect to experimental graphite—water contact
angles, so we also conduct a literature review of these (see
Supporting Information Section S1). We categorize the
graphite—water experimental results into two. groups: measure-
ments on freshly exfoliated”">*>%*%*!#3%7=5% 4nd not-freshly
exfoliated surfaces,'#>>>292631424950754 Here - not-freshly
exfoliated graphite includes all experimental values where the
surface preparation is not specified, as well as exfoliated
surfaces that are left to sit for an allotted period before
measurement. Figure 1 (b) shows the distributions of the
measured contact angles. The two distributions, for freshly
exfoliated and not-freshly exfoliated surfaces, cluster visibly
around two distinct mean values. The not-freshly exfoliated
surfaces exhibit contact angles near the hydrophobic/hydro-
philic threshold, with an average contact angle of 89° + 10°,
while the freshly exfoliated graphite surfaces are significantly
more hydrophilic, with an average contact angle of 60° + 13°.
It is worth noting that contact angles significantly below 90°
were observed for graphite as early as 1975, and specific force
fields were developed for such systems, but these have not
been extensively utilized. There is clear evidence that the
increase in contact angle over time for exfoliated graphite is
due to surface contamination by airborne hydrocarbons, both
from recent experimental”® and simulation™® studies. In this
light, we adopt the contact angle of freshly exfoliated graphite
as the target value for our graphene-/graphite—water force
field.

We have compiled a comprehensive list of currently used
force fields that model the interaction between graphene or
graphite and water solely through a Lennard-Jones (LJ)
potential between carbon and oxygen atoms. The force fields,
organized by their hydrophobicity, are presented in Table 1,
which gives the contact angle values they were developed to
target, where applicable. Importantly, except for the force field
developed by Werder et al.,”” all force fields targeting specific
contact angles, target ones significantly greater than the
experimental average of 60° + 13° we find for freshly
exfoliated graphite.

Among the force fields that were not developed to reproduce
a specific contact angle, the one utilized by Hummer et al.*® is
closest to reproducing the 60° graphite contact angle.
However, this force field is excessively hydrophilic, giving a
graphene—water contact angle of 57° when used with a L]
cutoff of 1 nm (the graphite—water contact angle will be lower
due to the additional sheets of graphene that interact with the
water). There are also force fields in use where no specific
contact an%le data has been reported, such as the AMBER96
force field”” employed in a study by Pascal et al.”'

Several force fields also incorporate additional interaction
potentials between water hydrogen and carbon atoms.®”’”!
However, our goal is to develop the simplest force field that
can accurately reproduce the experimental wetting behavior of
both graphene and graphite without significantly increasing
computational cost, so we follow the convention of setting
water—hydrogen L] parameters to zero. In the same vein, we
employ fixed-charge models, as the addition of polarizability in
graphene—water models has been found not to significantly
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Table 1. Force Fields from Literature Sorted by Increasing Hydrophobicity

Ref €co [kJ/mol]
Werder et al.>® 0.5643
Hummer et al.*® 0.477
this work 0.3807
this work 0.4391
this work 0.5164
Won et al.* ¢ 0.4339
GROMOS53a6"" 0.4247
Werder et al.>® 0.392
Liao et al.** 0.3998
Jaffe et al.® 0.357
Bejagam et al”’ 0.32505
Tummala et al.®® 0.3892
Scocchi et al.*’ 0.200
Taherian et al.%® 0.205

“Taken from ref 60.

6co [nm] Contact angle
0.319 target (graphite): 42°
0.328 graphene: 57° (TIP3P%7)*
0.3367 target (graphite): 60°
graphene: 80° (SPC/E, co nm)
graphite: 60° (SPC/E, co nm)
0.3367 target (graphene): 80° (SPC/E, 0.9 nm)
0.3367 target (graphite): 60° (SPC/E, 0.9 nm)
0.3278 graphite: 69.1°%
0.3367 graphene: 82.74° (SPC/E,*> 0.9 nm)®*
graphite: 78.42° (SPC/E, 0.9 nm)®
0.319 target (graphite): 86°
graphene: 95° (SPC/E)**
graphite: ~90° (SPC/E, 2 nm)*>
0.319 target (graphene): 92.5°
graphene: 91.83° (SPC/E)**
0.319 target (graphite): 95°
graphene: 100.7° (SPC/E, 2 nm)®°
graphite: 90.2° (SPC/E, 2 nm)®
0.3282746 target (graphene): 97.5°
0.3283 graphene: 104°>
0.319 target (graphene): 127°
graphite: 129.9° %
0.319 target (graphene): 127°

graphite: 127.0° (SPC/E, 2 nm)*

influence wetting behavior when no electric field is applied.””
This finding is supported by the results of Loche et al,,”* who
observe that the metallic properties of a single graphene sheet
have minimal influence on the water density profile and
orientation at the surface.

In this work, classical molecular dynamics (MD) simulations
are performed using GROMACS 202277 to investigate the
contact angle of SPC/E water on spatially frozen, non-
polarizable graphene and graphite. Previous studies have
shown agreement between contact angles on flexible and
spatially frozen graphene.””** Here, we focus on the influence
of the LJ cutoff, interaction strength €co, and number of
graphene sheets. The simulations are of two types: planar
systems and droplet simulations. Planar systems are transla-
tionally invariant in the xy-plane and consist of either a pure
water film in vacuum (for determining water surface tension),
which forms a water vapor phase, or graphene sheets uniformly
covered by a water film under a vacuum/water vapor phase.
Droplet simulations consist of graphene sheets and water in
the form of a cylindrical droplet continuous over the periodic
boundary in one direction, also under a vacuum/water vapor
phase. Figure 2 (a) and (b) show simulation snapshots of
water droplets on a single graphene sheet and on graphite,
respectively. Although the macroscopic contact angles of
cylindrical and spherical droplets are identical, cylindrical
droplets are less sensitive to finite-size effects.’”** Detailed
simulation parameters are provided in the Supporting
Information Section S2. Traditionally, the determination of
contact angles from cylindrical droplets has relied on two-
dimensional density distributions.””™**>>">~"” For this work, a
faster method for contact angle extraction has been developed:
the one-dimensional liquid mass distribution along the surface
normal is extracted and fitted with a function based on an
integrated radial sigmoid function and the density profile from
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Figure 2. (3, b) Simulation snapshots of cylindrical water droplets on
graphene and graphite with €co = 0.4247 kJ/mol and r, = 3 nm. (c)
Cosines of contact angles @ for finite droplet radii Rgyy, extracted
from droplet simulations with r, = 3 nm (data points). Linear fits of
cos 6 over 1/Rgy, (lines) are extrapolated to 1/Rgipps = 0, giving O
Also plotted at 1/Rgyps = 0, for comparison to the linear
extrapolations, are cosf, values determined from the pressure
tensors of planar simulations. Estimated errors are smaller than the
data points and are not shown. (d) Snapshots of the differently sized
droplets for the 1-graphene-sheet (1 GS) system with €co = 0.4247
kJ/mol and . = 3 nm (gold +’s in (c)).
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Figure 3. (a—d) Macroscopic contact angles 6, plotted over €co (6co = 0.3367 nm) for different L] cutoff lengths . and number of graphene
sheets (GS). The right-hand y-axis on each panel shows the corresponding areal work of adhesion w (see eq 3). In (a) a potential-shift at the cutoff
is used, while in (b—d), a force-switching scheme between r, — 0.1 nm and r, is used. Errors are all smaller than the size of the plotted data points.
(e) Surface tension of the water liquid—vapor interface as a function of the inverse square of the cutoff length, for the systems using the force-
switching scheme, alongside a linear fit. (f) Analytical extrapolation (eq 4, solid lines) of .,(r.), fitted to the values from (d) (r, = 3 nm, indicated
by the dashed line) and compared to values from (b) and (c), for o = 0.4247 kJ/mol. The asymptotic limits of these fits toward the right give the
r. = oo values of 0. (g) Contact angle as a function of €, for infinite cutoff for graphene and graphite (blue and gray X ’s), based on data from
(d), extrapolated using the method shown in (f), along with fits of eq 1 (solid lines). The vertical dashed line at ;o = 0.3807 kJ/mol (denoted
€Co) shows where the infinite-cutoff graphite fit matches the targeted experimental value of 60° (lower dotted black line), which in turn gives a
contact angle of 80° for graphene (upper dotted black line). In addition, 0, for the r, = 0.9 nm cutoff for a single sheet of graphene is shown

(orange, same as blue data in (a)), with a fit of eq 1. The intersections with the black dotted lines give the values eérg)g'i;e = 0.5164 kJ/mol for

graphite and 6%%}733‘& = 0.4391 kJ/mol for graphene, when r, = 0.9 nm is used.

a planar liquid—solid simulation, which vastly reduces (see Supporting Information Section S$4). For each cutoff, only

computational complexity and reduces postprocessing time the nearest |r./(0.34 nm)| sheets of graphene are simulated,

by orders of magnitude (see Supporting Information Section since only they are close enough to interact with the water.

S3). Contact angles decrease monotonically with increasing values
By determining the microscopic contact angle @ for droplets of €co, cutoff length r, and number of graphene sheets. This

of different sizes (in our case, parametrized by the radius of the behavior is expected as these parameters enhance attractive

curved liquid—vapor interface of the cylindrical droplet Rgypps),
as shown in Figure 2 (d), the macroscopic contact angle 6,
can be found. This is necessary because of the significant
influence of Tolman corrections to the liquid surface tension,
particularly in small systems. The deviations can be well
described by a linear dependence of cos 8 on 1/Rgy,, which
enables a linear extrapolation to the macroscopic contact
angle.ss’%55 Figure 2 (c) shows extrapolations for a cutoff of r.
= 3 nm, a range of €cp, and either one or eight graphene

sheets. The size-dependence due to the Tolman correction can . ) o
3 ] it is necessary to obtain the contact angle for graphite in the
be seen most clearly in the negative slope of cos & versus

1/Reop, for more hydrophilic systems (e.g, €co = 04580 k/ infinite cutoff limit. This is because, in contrast to bulk
molGlebs GS), in agreement with previ(;u; ch)s erva.tions 32,33 properties, the interfacial properties of a liquid depend strongly
el ’ . 34 .
Linear fits of cos @ over 1/Ryy, are extrapolated to 1/Regp, = on the cutoff length.” Indeed, longer cutoffs provide bettgi
0, giving the macroscopic contact angle 6. In addition agreement with experimental results for interfacial properties.
) c0* ) . .
macroscopic contact angles determined independently from This suggests the use of Lennard-Jones Particle Mesh Ewald
the pressure tensors of planar simulations are plotted for (LJPME) for long-range 1 forces. However, we found that for

interactions between water oxygen and carbon atoms,
increasing hydrophilicity. In the Supporting Information
Section S5, we provide the parameters for fits of the form

cos O, = aeéo + begg + ¢ (1)
to describe the curves in Figure 3 (a—d), which can be used to

obtain contact angles over the entire investigated range of €¢o.
To determine the contact angle for free-standing graphene,

comparison at 1/Rgyps = O and agree well with the LJPME to be accurate, extreme computational expense is
extrapolated droplet simulation results. needed (see Supporting Information Section S6), and chose
Figure 3 (a—d) plots macroscopic contact angles 6, over instead to extrapolate the finite-cutoff data to the infinite-cutoff
interaction strength €, for different cutoffs. For the results in limit.
Figure 3 (a), the potential defined in the SPC/E water model As a preliminary step, we fit the interfacial tension of the
was used, which features a LJ cutoff of 0.9 nm with a potential water liquid—vapor interface y; (see the Supporting
shift. For the results shown in Figure 3 (b—d) meanwhile, a Information Section S7) as a function of the cutoff length,
force-switching scheme between r, — 0.1 nm and r, was used which is shown in Figure 3 (e), and gives
6328 https://doi.org/10.1021/acs jpclett.4c01143
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1
%,(r.) = —6.4323— + 61.8820 mN/m
i )

The 1/r? dependence here is based on a previous derivation
that shows that the interaction energy of a surface governed by

LJ interactions scales with 1/r> to leading order.**

To extrapolate the contact angle from a finite cutoff to an
infinite cutoff, we employ the Young-Dupré equation,”* which
relates the areal work of adhesion w of a liquid phase adsorbed
on a surface to its contact angle,

w =1y (14 cos f,) (3)

Formally, changing the cutoff length from r, to a different 7/
represents a change of the potential, and the related change in
free energy can be determined via thermodynamic integration,
which is shown in the Supporting Information Section S8 to
also work remarkably well for other changes to the free energy,
i.e, via €co and number of graphene sheets. This results in a
convenient formula for extrapolating between contact angles
for different values of r, ,

7,(rD (1 + cos G(r))) = 5, (r)(1 + cos .(r.))

o0

- [ WG ) - U D)

0 4)
where n(z) denotes the number density of liquid molecules
and U(z, r.) the per-molecule interaction potential between the
liquid and solid, which is a function of the height z from the
solid surface and the cutoff r, (see Supporting Information
Section S8). In the case of graphene, U(z, r,.) takes the form
Ui(z), which is the interaction energy of a single water
molecule with graphene treated as a continuous sheet with
uniform density (see the Supporting Information Section S4).
In the case of graphite, U(z, r.) takes the form
Yo Uiz — z;), where z is the position of the graphene
sheet indexed by I

Starting from r, = 3 nm (a single data point in Figure 3 (d)),
we use eq 4 to obtain the full 0,(r.) dependence for that
system. For example, Figure 3 (f) shows 6,(r.) for eco =
0.4247 kJ/mol (solid lines) extrapolated from O, (r. = 3 nm),
compared to O, (r, = 1 nm) and 6,(r. = 2 nm) (from Figure 3
(b, ¢)), for graphene and graphite. These extrapolations of eq 4
from r, = 3 nm exhibit excellent agreement with the simulation
data for shorter cutoffs for all systems.

For graphene (blue line, Figure 3 (f)), the potential
converges in the infinite cutoff limit to

12 6
() = %o _ %o

Ug~ %(z) 87mAeco[ 10,10 424] .
where n, is the areal number density of carbon atoms. For
graphite (gray line, Figure 3 (f)), the potential in the infinite
cutoff limit consists of a sum over terms identical to the RHS
of eq 5, one for each sheet, which leads to a greater correction
for graphite compared to graphene, as is apparent in Figure 3
(0.

By applying the correction in eq 4 to all points in Figure 3
(d), we obtain the results shown in Figure 3 (g). Fits of eq 1 to
the data are plotted as solid lines. The experimental value of
60° for graphite (indicated by the lower dotted black line)
serves as a reference to determine the corresponding €3 =
0.3807 kJ/mol for an infinite force cutoff (vertical dashed black

6329

line). Assuming the pairwise additivity of carbon—water
interactions, the value of the graphene fit at €, determines
the contact angle for a free-standing graphene sheet, giving 80°
(upper dotted black line). This value is within the error of the
only experimental measurement available for a sessile droplet
on (almost) free-standing graphene31 of 85° + 5° as well as
the mean of the (albeit highly varied) distribution of
experimental values 74° + 35°. This slight hydrophilicity also
agrees with the experimental fact that water spontaneously
enters carbon nanotubes and planar graphene confine-
ment.”*”” Thus, the MD simulation data in the r, = oo
limit form a bridge from the more reliable experimental contact
angle of freshly exfoliated graphite to that of free-standing
graphene.

To highlight the importance of the r, — oo extrapolation, we
circle back to Figure 3 (f), noting the significant 6.(r,)
dependence for graphite out to several nanometers. To map
from the experimental graphite contact angle (where there is
no LJ cutoff) to a €co applicable to any graphenic surface/
water system, 0,,(r.) must be obtained for large enough r, that
the dependence is insignificant. Otherwise, the resulting €co
will be too large and the calculated graphene contact angle too
small.

We now have reference contact angles for both graphene
and graphite and a single force field modeling both materials in
the infinite cutoff limit. However, using very long cutoffs in
MD simulations is computationally expensive. Therefore, we
derive values of €co for shorter cutoffs as well. Contact angles
are plotted over €co for a single sheet of graphene using a
potential-shift scheme with r. = 0.9 nm (in accordance with
SPC/E) in Figure 3 (g) (orange X ’s), along with a fit of eq 1
(solid orange line). The €co values where the fit gives the
correct contact angles of graphene and graphite, respectively,

are denoted by the orange dash-dotted lines at eé‘gl’he“e =

0.4391 kJ/mol and €%%Phite = 0.5164 kJ/mol. Taking these as
force field parameters, surfaces with the wetting properties of
graphene or graphite can be simulated using a single graphene

sheet and SPC/E water. Although a r, = 0.9 nm cutoff allows

. . . hit
for interactions of water with two graphene sheets, €£3

given for a single graphene sheet to improve computational
efficiency and simplicity. Quadratic fits that determine the lines
in Figure 3 (a—d) are provided in the Supporting Information
Section SS for readers who wish to use different target contact
angles or systems.

A similar procedure is carried out for several other popular
water models. Values of € that reproduce the graphene and
graphite contact angles of 80° and 60° on a single sheet of
graphene, where 6o = 0.3367 nm and L] forces are smoothly
switched off between 1.0 and 1.2 nm, are presented in Table 2
for each water model. See the Supporting Information Section
S9 for further details. These values are calculated using the
planar simulation/pressure tensor method detailed below.

Young’s equation,* given by

is

}/sv B }/sl
Mo

cos @, =

(6)

relates the contact angle to the solid—vapor (7,,), solid—liquid
(74), and liquid—vapor (y;,) interfacial tensions. The interfacial
tension for an entire system can easily be obtained from planar
simulations using the pressure tensor via
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Table 2. ¢y Values for Several Water Models That
Reproduce Experimental Graphene— and Graphite—Water
Contact Angles at a Single Sheet of Graphene with 6¢¢ =
0.3367 nm

water model egFhene [1J/mol] €8 [kJ/mol]

SPC/E®* 0.406423 0.479049
TIP3P* 0.346613 0.415274
opc3®! 0.415578 0.497114
TIP4P-Ew** 0.412005 0.493531
TIP4P/2005% 0.434991 0.518667
opc* 0.462782 0.548159
TIPSP-E* 0.393400 0.467202
P +B,
v = Lz Pzz -
2
(7)

where L, is the system height and P,, , a = x, y, z, are the
diagonal elements of the pressure tensor.** Equation 7 can
be thought of as giving the areal work needed for an
infinitesimal, volume-preserving deformation where the system
contracts along z and expands in the xy-plane.

The principal idea is to simulate three different flat planar
systems as illustrated in Figure 4 (a—c) and use eq 7 to obtain
the total system interfacial tensions, which can be written as

1 kin
L=ttt vt (8)
J/b = zylv (9)
kin
A U (10)

where the liquid—vapor and solid—liquid interfacial tensions,
71, and y, both arise due to deformations of the liquid, }/SSI and
}/SSS denote interfacial tensions due to deformations of the solid
working against liquid—solid interactions and solid—solid
interactions, respectively, and yskjn arises from the kinetic

motion of the atoms of the solid. Here, it is assumed that the
configuration of the solid surface in the system in Figure 4 (a)
is not significantly changed by the presence of the liquid, such

that the contributions y;" and yskm are the same as those for the

system in Figure 4 (c). Substituting these into Young’s
equation gives

1
LVt
%

cos =2 +1

(11)

which leaves only }/gl unknown. See the Supporting

Information Section S10 for a more complete discussion and
derivation.

From a physical perspective, yssl and y, appear in eq 11
because the deformation of the solid from which they arise is
not involved in the spreading of a liquid droplet on a surface,
and so must be subtracted out when calculating cos 6. The
changes in the self-interaction and kinetic energy of the solid
caused by the deformation are taken into account by
subtracting y,, while (perhaps less obviously) the correspond-
ing change in the solid—liquid interaction energy is taken into
account by subtracting yssl. For single-component, monatomic,
planar liquid and solid phases with atomic number densities

n(z) and ny(z) in a periodic box of dimensions L, X L, X L,,
this term can be calculated directly as

— f drnl(z)fdr’ns(z’)
R

L
Y LxLXL,

x [U(lr = ¢'l) + 2'0,U(Ir — r'l)] (12)

where U(r) is the distance-dependent potential between
interacting liquid and solid atoms a distance r apart.”® A
detailed derivation and explanation can be found in the
Supporting Information Section S10.

In Figure 4 (d), the values for cos 0, obtained from eq 11
(y-axis) are compared to the contact angles obtained from
droplet simulations (x-axis) for all systems considered in this
work. Regardless of the cutoff, number of graphene sheets, or
€co, there is good agreement between the values across the
entire range of cos 0.

Failing to include }/SSI leads to incorrect results, e.g, it

consistently yields cos 8, < —1 for all systems investigated in
this work, indicating complete dewetting (see upper left panel
of Figure 4 (d), blue X ’s). This contradicts the findings of

re =09 nm re =1.0 nm
(a) (b) (c) (d) c=09 e =10
2 05F
Ya = Yiv+ Vsl Yo = 2V Ye=Ysv + ’YES 5 oF — x=y ’
8 +9F " | & p1os| o
n OF
+75 E —1F excluding v& 2 265
‘a x
2 1 = )|< 5 X o lad —0.5 1 1
vapor g —05 0.0 0.5 —05 0.0 05
LQ“_ re=2.0nm re =3.0 nm
liquid g ./"5' 0.75F
e
i f"/‘ 0.50
< o 3 GS
solid 8 ¢ 4GS| 025}
v 5GS $ 8GS
00 1 1 1 1 1 1
0.25 0.50 0.75 0.25 0.50 0.75
cosf,, from droplet simulations

Figure 4. (a—c) Schematics of planar simulations to determine the system interfacial tensions, which are given in the figure. Contact angles can be
calculated from these interfacial tensions. (d) Cosine of the macroscopic contact angle determined from planar simulations using eq 11 plotted over
those from droplet simulations. Different panels show data for different L] cutoffs. Solid black lines correspond to exact agreement. For comparison,

results from planar simulations with }/SSI excluded are shown for a single graphene sheet and a cutoff of 0.9 nm (blue X’s in the upper left panel).
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Sedlmeier et al.”” and Sendner et al.”™ who find contact angles
from droplet simulations and the planar pressure tensor

approach to agree without accounting for y;l. Their approach

also differs slightly in that they use the virial tensor instead of
the total pressure tensor, but as shown in the Supporting
Information Section S11, we cannot reproduce the agreement
they report without accounting for ySSl.

In this study, the water wetting behavior of graphene and
graphite is explored in a systematic investigation of
experimental graphene—/graphite—water contact angles in
the literature. Graphene contact angles are found to vary
extremely from study to study, an important message that
serves to highlight the difficulty in their accurate measurement.
Conversely, contact angles for graphite vary much less, with
freshly exfoliated graphite exhibiting greater hydrophilicity,
indicating that the hydrophobicity of not-freshly exfoliated
graphite is due largely to contamination of the surface over
time. Despite this, most force fields in the literature still target
hydrophobic values for the contact angle of graphite.

To determine the contact angle of graphene, as well as
consistent force fields for both graphene and graphite, we
simulate droplets and measure contact angles geometrically
using fits of liquid density profiles. We place significant
emphasis on the dependence of the contact angle on the LJ
cutoff, and extrapolate to the infinite cutoff limit, from which
the optimal carbon—oxygen interaction strength, eco = 0.3807
kJ/mol, needed to accurately reproduce the contact angle for
graphite, is identified. The contact angle for free-standing
graphene using this optimal € value is determined to be 80°,
which is in good agreement with the available experimental
data. We also determine the L] interaction energies needed to
reproduce these contact angles for shorter L] cutoffs on a
single sheet of graphene.

Additionally, we introduce a method that is ideally suited to
graphenic surfaces for determining the contact angle from
planar simulations using pressure tensors and the surface—
liquid interaction potential. By accounting for the change to
the surface—liquid interaction energy due to the surface’s
deformation, which does not contribute to wetting phenom-
ena, we are able to calculate contact angles correctly from only
three planar simulations over the entire range of investigated
values of €-o and cutoffs. While our method is ideal for
graphite and graphene contact angles, which interact only via
L] potentials and are well described as continuum layers, these
are not necessary conditions and the method is generalizeable
to other surface types.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01143.

Experimental contact angles; molecular dynamics
simulation details; one-dimensional droplet contact
angle method; Lennard-Jones potential; fits of contact
angle vs interaction strength; Lennard-Jones PME;
surface tension of pure water; calculating free energy
differences; graphene force fields for several water
models; contact angles from pressure tensors; pressure
tensor vs virial (PDF)

B AUTHOR INFORMATION

Corresponding Author
Roland R. Netz — Fachbereich Physik, Freie Universitit Berlin,
D-1419S Berlin, Germany; ® orcid.org/0000-0003-0147-
0162; Email: rnetz@physik.fu-berlin.de

Authors

Shane R. Carlson — Fachbereich Physik, Freie Universitit
Berlin, D-1419S Berlin, Germany; ® orcid.org/0000-0002-
5859-6244

Otto Schullian — Fachbereich Physik, Freie Universitit Berlin,
D-1419S Berlin, Germany; Department of Biomaterials, Max
Planck Institute of Colloids and Interfaces, D-14424
Potsdam, Germany

Maximilian R. Becker — Fachbereich Physik, Freie Universitit
Berlin, D-14195 Berlin, Germany; ® orcid.org/0000-0002-
6460-1556

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.4c01143

Author Contributions
TShane R. Carlson and Otto Schullian contributed equally to
this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) for funding via
Project-ID 387284271 (SFB 1349), the European Research
Council (ERC) for funding via the Advanced Grant
NoMaMemo Grant No. 835117, and acknowledge support
by the MaxWater initiative of the Max-Planck-Gesellschaft.

B REFERENCES

(1) Soldano, C.; Mahmood, A.; Dujardin, E. Production, properties
and potential of graphene. Carbon 2010, 48, 2127-2150.

(2) Geim, A. K.; Novoselov, K. S. The rise of graphene. Nat. Mater.
2007, 6, 183—191.

(3) Affoune, A. M; Prasad, B. L.; Sato, H.; Enoki, T.; Kaburagi, Y.;
Hishiyama, Y. Experimental evidence of a single nano-graphene.
Chem. Phys. Lett. 2001, 348, 17—20.

(4) Ghosh, A; Subrahmanyam, K. S.; Krishna, K. S.; Datta, S;
Govindaraj, A; Pati, S. K; Rao, C. N. R. Uptake of H, and CO, by
Graphene. J. Phys. Chem. C 2008, 112, 15704—15707.

(5) Gémez-Navarro, C.; Meyer, J. C.; Sundaram, R. S.; Chuvilin, A ;
Kurasch, S.; Burghard, M.; Kern, K.; Kaiser, U. Atomic Structure of
Reduced Graphene Oxide. Nano Lett. 2010, 10, 1144—1148.

(6) Garaj, S.; Hubbard, W.; Reina, A; Kong, J; Branton, D,;
Golovchenko, J. A. Graphene as a subnanometre trans-electrode
membrane. Nature 2010, 467, 190—193.

(7) Zhu, Y.; Murali, S.; Stoller, M. D.; Ganesh, K. J.; Cai, W.;
Ferreira, P. J.; Pirkle, A.; Wallace, R. M,; Cychosz, K. A.; Thommes,
M,; et al. Carbon-Based Supercapacitors Produced by Activation of
Graphene. Science 2011, 332, 1537—1542.

(8) O’Hern, S. C.; Stewart, C. A; Boutilier, M. S.; Idrobo, J. C.;
Bhaviripudi, S.; Das, S. K.; Kong, J.; Laoui, T.; Atieh, M.; Karnik, R.
Selective Molecular Transport through Intrinsic Defects in a Single
Layer of CVD Graphene. ACS Nano 2012, 6, 10130—10138.

(9) Nine, M. J.; Cole, M. A; Tran, D. N.; Losic, D. Graphene: a
multipurpose material for protective coatings. J. Mater. Chem. A 2015,
3, 12580—12602.

(10) Kim, K. S.; Lee, H. J.; Lee, C.; Lee, S. K.; Jang, H.; Ahn, J. H;
Kim, J. H.; Lee, H. J. Chemical Vapor Deposition-Grown Graphene:
The Thinnest Solid Lubricant. ACS Nano 2011, 5, 5107—5114.

https://doi.org/10.1021/acs.jpclett.4c01143
J. Phys. Chem. Lett. 2024, 15, 63256333


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01143/suppl_file/jz4c01143_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01143?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c01143/suppl_file/jz4c01143_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roland+R.+Netz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0147-0162
https://orcid.org/0000-0003-0147-0162
mailto:rnetz@physik.fu-berlin.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shane+R.+Carlson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5859-6244
https://orcid.org/0000-0002-5859-6244
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Otto+Schullian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maximilian+R.+Becker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6460-1556
https://orcid.org/0000-0002-6460-1556
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c01143?ref=pdf
https://doi.org/10.1016/j.carbon.2010.01.058
https://doi.org/10.1016/j.carbon.2010.01.058
https://doi.org/10.1038/nmat1849
https://doi.org/10.1016/S0009-2614(01)01066-1
https://doi.org/10.1021/jp805802w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp805802w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl9031617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl9031617?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature09379
https://doi.org/10.1038/nature09379
https://doi.org/10.1126/science.1200770
https://doi.org/10.1126/science.1200770
https://doi.org/10.1021/nn303869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn303869m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5TA01010A
https://doi.org/10.1039/C5TA01010A
https://doi.org/10.1021/nn2011865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn2011865?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(11) Chen, S; Brown, L. Levendorf, M; Cai, W, Ju, S.y;
Edgeworth, J; Ruoff, R. S; Al, C. E. T; et al. Oxidation Resistance of
Graphene-Coated Cu and Cu/Ni Alloy. ACS Nano 2011, S, 1321—
1327.

(12) Lee, C.; Li, Q;; Kalb, W.; Liu, X. Z.; Berger, H.; Carpick, R. W,;
Hone, J. Frictional Characteristics of Atomically Thin Sheets. Science
2010, 328, 76—80.

(13) Seemann, R.; Brinkmann, M.; Kramer, E. J; Lange, F. F;
Lipowsky, R. Wetting morphologies at microstructured surfaces. Proc.
Natl. Acad. Sci. U.S.A. 20085, 102, 1848—1852.

(14) Bonn, D.; Eggers, J.; Indekeu, J.; Meunier, J.; Rolley, E. Wetting
and spreading. Rev. Mod. Phys. 2009, 81, 739—80S.

(15) Méndez-Vilas, A.; Jédar-Reyes, A. B.; Gonzélez-Martin, M. L.
Ultrasmall Liquid Droplets on Solid Surfaces: Production, Imaging,
and Relevance for Current Wetting Research. Small 2009, S, 1366—
1390.

(16) Shim, J.; Lui, C. H;; Ko, T. Y;; Yu, Y. J.; Kim, P.; Heinz, T. F.;
Ryu, S. Water-Gated Charge Doping of Graphene Induced by Mica
Substrates. Nano Lett. 2012, 12, 648—654.

(17) Ponomarenko, L. A.; Yang, R.; Mohiuddin, T. M.; Katsnelson,
M. L; Novoselov, K. S.; Morozov, S. V.; Zhukov, A. A.; Schedin, F,;
Hill, E. W.; Geim, A. K. Effect of a High-«x Environment on Charge
Carrier Mobility in Graphene. Phys. Rev. Lett. 2009, 102, 100—103.

(18) Koenig, S. P,; Boddeti N. G; Dunn, M. L; Bunch, J. S.
Ultrastrong adhesion of graphene membranes. Nat. Nanotechnol.
2011, 6, 543—546.

(19) Ghosh, S; An, X; Shah, R; Rawat, D.; Dave, B; Kar, S.;
Talapatra, S. Effect of 1- Pyrene Carboxylic-Acid Functionalization of
Graphene on Its Capacitive Energy Storage. J. Phys. Chem. C 2012,
116, 20688—20693.

(20) Rafiee, J.; Mi, X.; Gullapalli, H.; Thomas, A. V.; Yavari, F.; Shi,
Y.; Ajayan, P. M.,; Koratkar, N. A. Wetting transparency of graphene.
Nat. Mater. 2012, 11, 217—222.

(21) Belyaeva, L. A; van Deursen, P. M.; Barbetsea, K. L; Schneider,
G. F. Hydrophilicity of Graphene in Water through Transparency to
Polar and Dispersive Interactions. Adv. Mater. 2018, 30, 1703274

(22) Raj, R; Maroo, S. C.; Wang, E. N. Wettability of Graphene.
Nano Lett. 2013, 13, 1509—1515.

(23) Shih, C.J.; Wang, Q. H,; Lin, S.; Park, K. C,; Jin, Z.; Strano, M.
S.; Blankschtein, D. Breakdown in the Wetting Transparency of
Graphene. Phys. Rev. Lett. 2012, 109, 176101.

(24) Shih, C.]J.; Strano, M. S.; Blankschtein, D. Wetting translucency
of graphene. Nat. Mater. 2013, 12, 866—869.

(25) Li, Z.; Wang, Y.; Kozbial, A.; Shenoy, G.; Zhou, F.; McGinley,
R; Ireland, P.; Morganstein, B.; Kunkel, A.; Surwade, S. P; et al.
Effect of airborne contaminants on the wettability of supported
graphene and graphite. Nat. Mater. 2013, 12, 925-931.

(26) Miicksch, C.; Résch, C.; Miiller-Renno, C.; Ziegler, C,;
Urbassek, H. M. Consequences of Hydrocarbon Contamination for
Wettability and Protein Adsorption on Graphite Surfaces. J. Phys.
Chem. C 2018, 119, 12496—12501.

(27) Uematsu, Y.; Bonthuis, D. J.; Netz, R. R. Charged Surface-
Active Impurities at Nanomolar Concentration Induce Jones-Ray
Effect. J. Phys. Chem. Lett. 2018, 9, 189—193.

(28) Uematsu, Y.; Bonthuis, D. J.; Netz, R. R. Impurity effects at
hydrophobic surfaces. Curr. Opin. Electrochem. 2019, 13, 166—173.

(29) Chow, P. K;; Singh, E.; Viana, B. C.; Gao, J.; Luo, J.; Li, J.; Lin,
Z.; Elias, A. L.; Shi, Y.; Wang, Z.; et al. Wetting of mono and few-
layered WS, and MoS, films supported on Si/SiO, substrates. ACS
Nano 2015, 9, 3023—3031.

(30) Prydatko, A. V.; Belyaeva, L. A; Jiang, L; Lima, L. M,;
Schneider, G. F. Contact angle measurement of free-standing square-
millimeter single-layer graphene. Nat. Commun. 2018, 9, 418S.

(31) Ondarguhu, T.; Thomas, V.; Nufiez, M.; Dujardin, E.; Rahman,
A,; Black, C. T.; Checco, A. Wettability of partially suspended
graphene. Sci. Rep. 2016, 6, 24237.

(32) Kandu¢, M. Going beyond the standard line tension: Size-
dependent contact angles of water nanodroplets. J. Chem. Phys. 2017,
147, 174701.

6332

(33) Kandu¢, M.; Eixeres, L.; Liese, S.; Netz, R. R. Generalized line
tension of water nanodroplets. Phys. Rev. E 2018, 98, 032804.

(34) Carlson, S.; Becker, M.; Briinig, F. N.; Ataka, K; Cruz, R;; Yu,
L.; Tang, P.; Kandu¢, M.; Haag, R.; Heberle, J.; et al. Hydrophobicity
of Self-Assembled Monolayers of Alkanes: Fluorination, Density,
Roughness, and Lennard-Jones Cutoffs. Langmuir 2021, 37, 13846—
138S8.

(35) Kandu¢, M.; Netz, R. R. Atomistic simulations of wetting
properties and water films on hydrophilic surfaces. J. Chem. Phys.
2017, 146, 164705.

(36) Leroy, F.; Dos Santos, D. J.; Miiller-Plathe, F. Interfacial Excess
Free Energies of Solid—Liquid Interfaces by Molecular Dynamics
Simulation and Thermodynamic Integration. Marcromol. Rapid
Comm. 2009, 30, 864—870.

(37) Leroy, F.; Miiller-Plathe, F. Solid-liquid surface free energy of
Lennard-Jones liquid on smooth and rough surfaces computed by
molecular dynamics using the phantom-wall method. J. Chem. Phys.
2010, 133, 044110.

(38) Jiang, H.; Fialoke, S.; Vicars, Z; Patel, A. J. Characterizing
surface wetting and interfacial properties using enhanced sampling
(SWIPES). Soft Matter 2019, 15, 860—869.

(39) Sedlmeier, F.; Janecek, J.; Sendner, C.; Bocquet, L.; Netz, R. R;
Horinek, D. Water at polar and nonpolar solid walls (Review).
Biointerphases 2008, 3, FC23—FC39.

(40) Sendner, C.; Horinek, D.; Bocquet, L.; Netz, R. R. Interfacial
Water at Hydrophobic and Hydrophilic Surfaces: Slip, Viscosity, and
Diffusion. Langmuir 2009, 25, 10768—10781.

(41) Wang, X; Zhi, L; Miillen, K. Transparent, Conductive
Graphene Electrodes for Dye-Sensitized Solar Cells. Nano Lett.
2008, 8, 323—-327.

(42) Wang, S.; Zhang, Y.; Abidi, N.; Cabrales, L. Wettability and
surface free energy of graphene films. Langmuir 2009, 25, 11078—
11081.

(43) Shin, Y. J.; Wang, Y.; Huang, H; Kalon, G.; Wee, A. T. S;
Shen, Z.; Bhatia, C. S.; Yang, H. Surface-Energy Engineering of
Graphene. Langmuir 2010, 26, 3798—3802.

(44) Hsieh, C. T.; Yang, B. H;; Tzou, D. Y.; Chen, Y. F.; Chen, W. Y.
Liquid repellency from graphite sheets with different oxidation levels.
Thin Solid Films 2013, 529, 80—84.

(45) Kazakova, O.; Burnett, T. L.; Patten, J.; Yang, L.; Yakimova, R.
Epitaxial graphene on SiC(0001): functional electrical microscopy
studies and effect of atmosphere. Nanotechnology 2013, 24, 215702.

(46) Pu, J.; Wan, S.; Lu, Z.; Zhang, G. A.; Wang, L.; Zhang, X.; Xue,
Q. Controlled water adhesion and electrowetting of conducting
hydrophobic graphene/carbon nanotubes composite films on
engineering materials. J. Mater. Chem. A 2013, 1, 1254—1260.

(47) Morcos, I. On contact angle and dispersion energy of the
cleavage graphite/water system. J. Colloid Interface Sci. 1970, 34, 469—
471.

(48) Schrader, M. E. Ultrahigh vacuum techniques in the
measurement of contact angles. IV. Water on graphite (0001). J.
Phys. Chem. 1975, 79, 2508—2515.

(49) Schrader, M. E. Ultrahigh-Vacuum Techniques in the
Measurement of Contact Angles. S. LEED Study of the Effect of
Structure on the Wettability of Graphite. J. Phys. Chem. 1980, 84,
2774-2779.

(50) Ashraf, A.; Dastgheib, S. A,; Mensing, G.; Shannon, M. A.
Surface characteristics of selected carbon materials exposed to
supercritical water. J. Supercrit. Fluids 2013, 76, 32—40.

(51) Ashraf, A; Wu, Y.; Wang, M. C.; Aluru, N. R; Dastgheib, S. A;
Nam, S. Spectroscopic Investigation of the Wettability of Multilayer
Graphene Using Highly Ordered Pyrolytic Graphite as a Model
Material. Langmuir 2014, 30, 12827—12836.

(52) Kozbial, A; Li, Z.; Sun, J.; Gong, X;; Zhou, F.; Wang, Y.; Xu,
H,; Liy, H; Li, L. Understanding the intrinsic water wettability of
graphite. Carbon 2014, 74, 218—-225.

(53) Fowkes, F. M.; Harkins, W. D. The State of Monolayers
Adsorbed at the Interface Solid-Aqueous Solution. J. Am. Chem. Soc.
1940, 62, 3377—3386.

https://doi.org/10.1021/acs.jpclett.4c01143
J. Phys. Chem. Lett. 2024, 15, 63256333


https://doi.org/10.1021/nn103028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn103028d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1184167
https://doi.org/10.1073/pnas.0407721102
https://doi.org/10.1103/RevModPhys.81.739
https://doi.org/10.1103/RevModPhys.81.739
https://doi.org/10.1002/smll.200800819
https://doi.org/10.1002/smll.200800819
https://doi.org/10.1021/nl2034317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl2034317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.102.206603
https://doi.org/10.1103/PhysRevLett.102.206603
https://doi.org/10.1038/nnano.2011.123
https://doi.org/10.1021/jp303339f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp303339f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat3228
https://doi.org/10.1002/adma.201703274
https://doi.org/10.1002/adma.201703274
https://doi.org/10.1021/nl304647t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.109.176101
https://doi.org/10.1103/PhysRevLett.109.176101
https://doi.org/10.1038/nmat3760
https://doi.org/10.1038/nmat3760
https://doi.org/10.1038/nmat3709
https://doi.org/10.1038/nmat3709
https://doi.org/10.1021/acs.jpcc.5b02948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b02948?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b02960?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.coelec.2018.09.003
https://doi.org/10.1016/j.coelec.2018.09.003
https://doi.org/10.1021/nn5072073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn5072073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-06608-0
https://doi.org/10.1038/s41467-018-06608-0
https://doi.org/10.1038/srep24237
https://doi.org/10.1038/srep24237
https://doi.org/10.1063/1.4990741
https://doi.org/10.1063/1.4990741
https://doi.org/10.1103/PhysRevE.98.032804
https://doi.org/10.1103/PhysRevE.98.032804
https://doi.org/10.1021/acs.langmuir.1c02187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c02187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c02187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4979847
https://doi.org/10.1063/1.4979847
https://doi.org/10.1002/marc.200800746
https://doi.org/10.1002/marc.200800746
https://doi.org/10.1002/marc.200800746
https://doi.org/10.1063/1.3458796
https://doi.org/10.1063/1.3458796
https://doi.org/10.1063/1.3458796
https://doi.org/10.1039/C8SM02317D
https://doi.org/10.1039/C8SM02317D
https://doi.org/10.1039/C8SM02317D
https://doi.org/10.1116/1.2999559
https://doi.org/10.1021/la901314b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la901314b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la901314b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl072838r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl072838r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la901402f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la901402f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la100231u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la100231u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tsf.2012.05.056
https://doi.org/10.1088/0957-4484/24/21/215702
https://doi.org/10.1088/0957-4484/24/21/215702
https://doi.org/10.1039/C2TA00344A
https://doi.org/10.1039/C2TA00344A
https://doi.org/10.1039/C2TA00344A
https://doi.org/10.1016/0021-9797(70)90207-9
https://doi.org/10.1016/0021-9797(70)90207-9
https://doi.org/10.1021/j100590a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100590a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100458a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100458a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100458a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.supflu.2013.01.017
https://doi.org/10.1016/j.supflu.2013.01.017
https://doi.org/10.1021/la503089k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la503089k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la503089k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carbon.2014.03.025
https://doi.org/10.1016/j.carbon.2014.03.025
https://doi.org/10.1021/ja01869a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01869a029?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(54) Adamson, A. W.; Gast, A. P. Physical Chemistry of Surfaces, 6th
ed.; John Wiley & Sons, 1997.

(55) Werder, T.; Walther, J. H,; Jaffe, R. L.; Halicioglu, T.;
Koumoutsakos, P. On the Water—Carbon Interaction for Use in
Molecular Dynamics Simulations of Graphite and Carbon Nanotubes.
J. Phys. Chem. B 2003, 107, 1345—1352.

(56) Hummer, G.; Rasaiah, J. C.; Noworyta, J. P. Water conduction
through the hydrophobic channel of a carbon nanotube. Nature 2001,
414, 188—190.

(57) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.,; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926—935.

(58) Falk, K; Sedlmeier, F.; Joly, L; Netz, R. R; Bocquet, L.
Molecular Origin of Fast Water Transport in Carbon Nanotube
Membranes: Superlubricity versus Curvature Dependent Friction.
Nano Lett. 2010, 10, 4067—4073.

(59) Won, C. Y.; Joseph, S.; Aluru, N. R. Effect of quantum partial
charges on the structure and dynamics of water in single-walled
carbon nanotubes. J. Chem. Phys. 2006, 125, 114701.

(60) Wu, Y,; Aluru, N. R. Graphitic Carbon—Water Nonbonded
Interaction Parameters. J. Phys. Chem. B 2013, 117, 8802—8813.

(61) Oostenbrink, C.; Villa, A.; Mark, A. E.; Van Gunsteren, W. F. A
biomolecular force field based on the free enthalpy of hydration and
solvation: The GROMOS force-field parameter sets S3AS and S3A6.
J. Comput. Chem. 2004, 25, 1656—1676.

(62) Berendsen, H. J.; Grigera, J. R; Straatsma, T. P. The missing
term in effective pair potentials. J. Phys. Chem. 1987, 91, 6269—6271.

(63) Loche, P.; Scalfi, L.; Ali Amu, M.; Schullian, O.; Bonthuis, D. J.;
Rotenberg, B.; Netz, R. R. Effects of surface rigidity and metallicity on
dielectric properties and ion interactions at aqueous hydrophobic
interfaces. J. Chem. Phys. 2022, 157, 094707.

(64) Liao, S.; Ke, Q.; Wei, Y; Li, L. Water-Graphene non-bonded
interaction parameters: Development and influence on molecular
dynamics simulations. Appl. Surf. Sci. 2022, 603, 154477.

(65) Jaffe, R. L.; Gonnet, P.; Werder, T.; Walther, J. H.;
Koumoutsakos, P. Water—Carbon Interactions 2: Calibration of
Potentials using Contact Angle Data for Different Interaction Models.
Mol. Simul. 2004, 30, 205—216.

(66) Taherian, F.; Marcon, V.; Van Der Vegt, N. F.; Leroy, F. What
Is the Contact Angle of Water on Graphene? Langmuir 2013, 29,
1457—1465.

(67) Bejagam, K. K; Singh, S.; Deshmukh, S. A. Development of
non-bonded interaction parameters between graphene and water
using particle swarm optimization. J. Comput. Chem. 2018, 39, 721—
734.

(68) Tummala, N. R;; Striolo, A. Role of Counterion Condensation
in the Self-Assembly of SDS Surfactants at the Water-Graphite
Interface. J. Phys. Chem. B 2008, 112, 1987—2000.

(69) Scocchi, G.; Sergi, D.; D’Angelo, C.; Ortona, A. Wetting and
contact-line effects for spherical and cylindrical droplets on graphene
layers: A comparative molecular-dynamics investigation. Phys. Rev. E
2011, 84, 061602.

(70) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S.;
Cheatham, T. E.; DeBolt, S.; Ferguson, D.; Seibel, G.; Kollman, P.
AMBER, a package of computer programs for applying molecular
mechanics, normal mode analysis, molecular dynamics and free
energy calculations to simulate the structural and energetic properties
of molecules. Comput. Phys. Commun. 1995, 91, 1—41.

(71) Pascal, T. A.; Goddard, W. A,; Jung, Y. Entropy and the driving
force for the filling of carbon nanotubes with water. Proc. Natl. Acad.
Sci. U.S.A. 2011, 108, 11794—11798.

(72) Escalona, Y.; Espinoza, N.; Barria-Urenda, M.; Oostenbrink, C.;
Garate, J. A. On the effects of induced polarizability at the water—
graphene interface via classical charge-on-spring models. Phys. Chem.
Chem. Phys. 2022, 24, 7748—7758.

(73) Berendsen, H.; van der Spoel, D.; van Drunen, R. GROMACS:
A message-passing parallel molecular dynamics implementation.
Comput. Phys. Commun. 1995, 91, 43—56.

6333

(74) Lindahl, E.; Hess, B.; van der Spoel, D. GROMACS 3.0: a
package for molecular simulation and trajectory analysis. J. Mol
Model. 2001, 7, 306—317.

(75) de Ruijter, M. J.; Blake, T. D.; De Coninck, J. Dynamic Wetting
Studied by Molecular Modeling Simulations of Droplet Spreading.
Langmuir 1999, 15, 7836—7847.

(76) Zhang, J; Leroy, F.; Miiller-Plathe, F. Evaporation of
Nanodroplets on Heated Substrates: A Molecular Dynamics
Simulation Study. Langmuir 2013, 29, 9770—9782.

(77) Peng, H.; Nguyen, A. V.; Birkett, G. R. Determination of
contact angle by molecular simulation using number and atomic
density contours. Mol. Simul. 2012, 38, 945—952.

(78) Cambré, S.; Schoeters, B.; Luyckx, S.; Goovaerts, E.;
Wenseleers, W. Experimental Observation of Single-File Water Filling
of Thin Single-Wall Carbon Nanotubes Down to Chiral Index (5,3).
Phys. Rev. Lett. 2010, 104, 207401.

(79) Radha, B.; Esfandiar, A.; Wang, F.; Rooney, A.; Gopinadhan,
K.; Keerthi, A.; Mishchenko, A.; Janardanan, A.; Blake, P.; Fumagalli,
L.; et al. Molecular transport through capillaries made with atomic-
scale precision. Nature 2016, 538, 222—225.

(80) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of simple potential functions for
simulating liquid water. ]. Chem. Phys. 1983, 79, 926—935.

(81) Izadi, S.; Onufriev, A. V. Accuracy limit of rigid 3-point water
models. J. Chem. Phys. 2016, 145, 074501.

(82) Horn, H. W.; Swope, W. C.; Pitera, J. W.; Madura, J. D.; Dick,
T. J; Hura, G. L; Head-Gordon, T. Development of an improved
four-site water model for biomolecular simulations: TIP4P-Ew. .
Chem. Phys. 2004, 120, 9665—9678.

(83) Abascal, J. L. F,; Vega, C. A general purpose model for the
condensed phases of water: TIP4P/200S. J. Chem. Phys. 2008, 123,
234508S.

(84) Izadi, S.; Anandakrishnan, R.; Onufriev, A. V. Building Water
Models: A Different Approach. J. Phys. Chem. Lett. 2014, S, 3863—
3871.

(85) Rick, S. W. A reoptimization of the five-site water potential
(TIPSP) for use with Ewald sums. J. Chem. Phys. 2004, 120, 6085—
6093.

(86) Rowlinson, J. S.; Widom, B. Molecular Theory of Capillarity;
Dover Publications, Inc., 1982.

(87) Sega, M.; Fébidn, B.; Jedlovszky, P. Nonzero Ideal Gas
Contribution to the Surface Tension of Water. J. Phys. Chem. Lett.
2017, 8, 2608—2612.

(88) Nijmeijer, M. J. P; van Leeuwen, ]J. M. J. Microscopic
expressions for the surface and line tension. J. Phys. A 1990, 23,
4211—4238S.

https://doi.org/10.1021/acs.jpclett.4c01143
J. Phys. Chem. Lett. 2024, 15, 63256333


https://doi.org/10.1021/jp0268112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0268112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/35102535
https://doi.org/10.1038/35102535
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1021/nl1021046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl1021046?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2338305
https://doi.org/10.1063/1.2338305
https://doi.org/10.1063/1.2338305
https://doi.org/10.1021/jp402051t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402051t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20090
https://doi.org/10.1002/jcc.20090
https://doi.org/10.1002/jcc.20090
https://doi.org/10.1021/j100308a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100308a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0101509
https://doi.org/10.1063/5.0101509
https://doi.org/10.1063/5.0101509
https://doi.org/10.1016/j.apsusc.2022.154477
https://doi.org/10.1016/j.apsusc.2022.154477
https://doi.org/10.1016/j.apsusc.2022.154477
https://doi.org/10.1080/08927020310001659124
https://doi.org/10.1080/08927020310001659124
https://doi.org/10.1021/la304645w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la304645w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.25141
https://doi.org/10.1002/jcc.25141
https://doi.org/10.1002/jcc.25141
https://doi.org/10.1021/jp077678m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp077678m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp077678m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevE.84.061602
https://doi.org/10.1103/PhysRevE.84.061602
https://doi.org/10.1103/PhysRevE.84.061602
https://doi.org/10.1016/0010-4655(95)00041-D
https://doi.org/10.1016/0010-4655(95)00041-D
https://doi.org/10.1016/0010-4655(95)00041-D
https://doi.org/10.1016/0010-4655(95)00041-D
https://doi.org/10.1073/pnas.1108073108
https://doi.org/10.1073/pnas.1108073108
https://doi.org/10.1039/D1CP05573A
https://doi.org/10.1039/D1CP05573A
https://doi.org/10.1016/0010-4655(95)00042-E
https://doi.org/10.1016/0010-4655(95)00042-E
https://doi.org/10.1007/s008940100045
https://doi.org/10.1007/s008940100045
https://doi.org/10.1021/la990171l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la990171l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la401655h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la401655h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la401655h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/08927022.2012.678846
https://doi.org/10.1080/08927022.2012.678846
https://doi.org/10.1080/08927022.2012.678846
https://doi.org/10.1103/PhysRevLett.104.207401
https://doi.org/10.1103/PhysRevLett.104.207401
https://doi.org/10.1038/nature19363
https://doi.org/10.1038/nature19363
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.4960175
https://doi.org/10.1063/1.4960175
https://doi.org/10.1063/1.1683075
https://doi.org/10.1063/1.1683075
https://doi.org/10.1063/1.2121687
https://doi.org/10.1063/1.2121687
https://doi.org/10.1021/jz501780a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz501780a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1652434
https://doi.org/10.1063/1.1652434
https://doi.org/10.1021/acs.jpclett.7b01024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b01024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0305-4470/23/19/010
https://doi.org/10.1088/0305-4470/23/19/010
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c01143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

