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The wetting phenomenon of water droplets coexisting with the ordered water monolayer termed an unexpected phe-
nomenon of “water that does not wet a water monolayer” at room temperature has been found on several solid surfaces.
Although the hydrogen bond saturation inside the monolayer can qualitatively describe this phenomenon, whether the
Young—Dupré equation still holds under this unconventional wetting framework is still not answered. In this work, we have
calculated the contact angle values of the droplets as well as the work of adhesion between the droplets and the mono-
layer based on an extended phantom-wall method. The results show that similar to the conventional solid-liquid interface,
classical Young—Dupré equation is also applicable for the interface of liquid water and ordered water monolayer.

Keywords: wetting, work of adhesion, contact angle, water

PACS: 68.08.Bc, 68.35.Np, 68.08.—p, 68.05.Cf

1. Introduction

The wettability of materials by liquid water is fundamen-
tal to physics, chemistry, biology, and nanotechnologies.!!~13]
Over the recent decades, with the development of the com-

nl'417 and experimental technologies,!%1°]

puter simulatio
it is possible to obtain the atomic level pictures of the wa-
ter structure and hydrogen bond network near the interfaces.
Utilizing these technologies, it has been revealed that water
structures may show appealing ordered structures depending
on the surface morphology.**-23! Based on molecular dynam-
ics (MD) simulations, we have predicted that water droplets
coexist with the ordered water monolayer at room temperature
on model surfaces, which can be termed an “ordered water
monolayer that does not completely wet water”.[>*23] Simi-
lar phenomena has also been observed on surfaces of metals
(such as Pd, Pt, and Al),/228! oxides (such as Al,Oz and
Si0,),1 and talc.[*%1 Although the hydrogen bond number
saturation of the water molecules within the water monolayer
can explain this phenomenon, whether the Young equation still
holds under this unconventional wetting framework is still not
answered.

From the macroscopic standpoint, the contact angle
formed by a water droplet on surfaces is the manifestation of
the interaction between water and surfaces. The force balance

discussed by Young to describe the shape of a droplet in equi-

DOI: 10.1088/1674-1056/ac192d

librium on a given surface takes the following form:3!!

Tv €os 0 = Ysv — %L, (D

where 0 is the contact angle, 1y is the liquid-vapor surface
tension, Y. is the solid—liquid interfacial tension, and Y5y is
the solid—vapor surface tension. The wetting behavior of a
given solid-liquid system may also be quantified through the
work of adhesion W,qy, which is defined by the work of re-
versibly removing a given liquid in equilibrium with its vapor
from a given solid through

Wadh = ¥sv + v — %L- )

The combination of Egs. (2) and (1) yields the Young—Dupré
equation that connects the contact angle and the work of adhe-
sion:

Wadh:nv(1+COSQ). 3)

Equation (3) shows a linear relationship between W,q, and the
cosine value of 6 under conditions where .y remains con-
stant, indicating that the wetability of surfaces can be quan-
titatively predicted by the value of W,q,. By definition, Wygp
equals the change in free energy per unit area during the re-
versible removal process, which can be accessed by calcula-
tion of the free energy through the phantom-wall*?>-3* and
dry-surface methods. 3338

In this study, using an extended phantom-wall approach,
we have calculated the W,g;, between liquid water and ordered
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water monolayer on different solid surfaces. For each inter-
face, there is a linear relationship between W,q, and the cosine
values of the contact angle of droplets formed on the ordered
water monolayer, which can be well fitted by Eq. (3). The re-
sults show that the Young—-Dupré equation is also applicable
for the interface of liquid water and ordered water monolayer,
which gives a quantitative description of the unexpected phe-
nomenon of “water that does not wet a water monolayer” at
room temperature.

2. Methods

Three types of model surfaces were employed in this
study. The first two types of model surfaces have a planar
hexagonal structure of neighboring bond lengths of 0.142 nm
consistent with that in Ref. [25].
types of surfaces as Hexa surfaces. For the type-1 Hexa sur-

We will refer to these

faces, the Lennard—Jones parameters of atoms were set as
0 = 0.3343 nm and € = 0.4393 kJ/mol. Positive and neg-
ative charges of the same magnitude g were assigned to the
atoms located diagonally in neighboring hexagons as shown
in Fig. 1(a). Hexa surfaces with different charges, ¢ = 1.0 e
for Hexa-1, ¢ = 0.8 e for Hexa-2 and ¢ = 0.6 e for Hexa-3,
were used, as shown in Table 1. As for the type-2 Hexa sur-
faces, the atoms were set as uncharged as shown in Fig. 1(b),
and the Lennard—Jones parameters of the atoms were set as
o = 0.3549 nm and € = 0.1595 kJ/mol for Hexa-4, € =
0.2363 kJ/mol for Hexa-5 and € = 0.3426 kJ/mol for Hexa-
6, as shown in Table 1. The type-3 model surfaces have a Fcc
lattice with the (100) plane exposed to the liquid as shown
in Fig. 1(c). We will refer to this type of surfaces as Fcc
surfaces. The atoms of the Fcc-surface were modeled as un-
charged Lennard—Jones particles, and the lattice constants and
Lennard—Jones parameters are shown in Table 2.
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Fig. 1. (a) Geometry of the type-1 surfaces. Blue and red spheres represent the atoms of the solid with positive and negative charges,
respectively, while the cyan spheres represent neutral solid atoms. (b) Geometry of the type-2 surfaces. The atoms of the solid were set as

uncharged. (c) Geometry of the type-3 surfaces.

Table 1. List of the lattice constants and Lennard—Jones parameters of Hexa
surfaces.

Surface Lattice constant (nm) o (nm) € (kJ/mol) q (e)
Hexa-1 0.142 0.3343 0.4393 1.0
Hexa-2 0.142 0.3343 0.4393 0.8
Hexa-3 0.142 0.3343 0.4393 0.6
Hexa-4 0.142 0.3549 0.1595 0
Hexa-5 0.142 0.3549 0.2363

Hexa-6 0.142 0.3549 0.3426

Table 2. List of the lattice constants and Lennard—Jones parameters of
Fcc surfaces.

Surface Lattice constant (nm) o (nm) € (kJ/mol)
Fcc-1 0.389 0.251 25.707
Fcc-2 0.392 0.253 32.606

For each surface, we performed two series of simulations.
To calculate the contact angles of water droplets, we employed
cylindrical droplet equilibrium systems to avoid the line ten-
sion problem.3*+31 Tnitially, the size of surfaces were set as
3.44 nm x 10.22 nm for Hexa surfaces, 3.89 nmx 11.67 nm for
Fcce-1, and 3.92 nmx 11.76 nm for Fcc-2 with a rectangle wa-
ter droplet containing 2000 water molecules on the surfaces.
The periodic boundary conditions were set in the x and y di-

rections and the mirror boundary condition was employed in
the z direction. The height of the simulation box was set to
20 nm. To calculate the W,qp, the sizes of surfaces were set
as 3.44 nmx3.41 nm for Hexa surfaces, 3.89 nmx3.89 nm
for Fce-1, and 3.92 nmx3.92 nm for Fcc-2, with a water film
thickness of about 10 nm next to the surfaces. Periodic bound-
ary conditions were applied in all directions and the height of
the simulation box was set to 50 nm.

The MD simulations were performed at constant vol-
ume and constant temperature (NVT) using the Gromacs 5.0.7
package.!**l The temperature was maintained at 300 K by V-
rescale method with a coupling coefficient of 0.1 ps. All of
the surface structures were kept fixed during the simulation.
The rigid extended simple point charge (SPC/E) model!*!]
was used to describe the water molecules. The particle-mesh
Ewald method!*?! with a real space cutoff of 1 nm was used to
treat long-range electrostatic interactions and 1 nm cutoff was
applied to the van der Waals interactions. Specifically, our
model specified a hydrogen bond between water molecules if
the O—O distance was less than 3.5 A and simultaneously the
angle H-O ... O was less than 30°.
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3. Results and discussion

We have performed MD simulations to study the wetting
behaviors of liquid water on different surfaces. Initially, a rect-
angle water droplet was placed on each surface. After 20-ns
simulation, all of the systems for Hexa-1-3 and Fcc surfaces
exhibit a cylindrical water droplet coexisting with the spread
water monolayer on the surface, as shown in Figs. 2(a) and
2(b). This has been termed as room temperature “ordered wa-
ter monolayer that does not completely wet water”. In con-
trast, there are cylindrical water droplets directly contacting
with the surfaces in the systems of Hexa-4, Hexa-5, and Hexa-
6 surfaces as shown in Fig. 2(c).

To obtain the contact angles, the density distribution pro-
files of the droplets are firstly calculated. The regions with
half bulk water density (0.45 g/cm3-0.55 g/cm?) are defined
as the edges of the droplets. The edges are then fitted with cir-
cular shapes. The contact angles 6 are measured from where
the fitted circular arcs meet the water monolayer or surfaces.
We determine the thickness of the water monolayer based on
the water density profiles near the surfaces. The water density
profiles as a function of the distance normal to the surfaces are
shown in Fig. 2(d), where profiles exhibiting prominent peaks,
indicating the dense water monolayer near the surfaces. We
thus determine the thickness of the water monolayer on dif-
ferent surfaces based on the location of the first valley of the
density profiles, where the thickness 6 = 0.4 nm for Fcc sur-
faces and Hexa-1, and 6 = 0.5 nm for Hexa-2 and Hexa-3.

Density (g/cm?)

Fig. 2. Side view of droplet coexist with the spread ordered water monolayer
on (a) Hexa-1 to Hexa-3 and (b) Fcc surfaces. (c) Side view of droplet on
Hexa-4 to Hexa-6 surfaces without the ordered water monolayer. (d) Water
density distributions on Hexa-1 to Hexa-3 and Fcc surfaces, AZ means the
vertical distance to the surface.

Previous studies!>*?3) attributed this unexpected phe-
nomenon to the ordered structure of the water monolayer,
which greatly enhances the numbers of H-bonds inside the
monolayer and reduces the numbers of H-bonds between the
water molecules inside the monolayer and other molecules.
Thus, the fewer H-bonds number between the water molecules
inside the monolayer and other molecules, the larger contact
angles. Here, we have calculated the hydrogen bonds number
between the water molecules inside the monolayer and other
molecules. Here, the contact angle of the water droplets is
inconsistent with the number of H-bonds between the mono-

layer and the droplet. As shown in Fig. 3, the number of H-
bond per water molecule in the monolayer formed with the
water molecules in the droplet on Fcc-1 and Fcc-2 surfaces
are lower than that on Hexa-1 surface, nevertheless, the con-
tact angle of droplet on Hexa-1 surface is larger than that on
Fcc-1 and Fcc-2 surfaces.

—a— Hexa-1

0.8F —e— Hexa-2 1
—A— Hexa-3 A
—v— Fce-1 /’
0.6+ —-@- Fcc-2 , _
% /
®.
8 I\ N //
0.4F N 4 B
AN 1
N P
N -
0.2F n i

0.4 05 06 07 08 09 1.0
H-bond number

Fig. 3. Cosine values of contact angles 6 of droplets versus H-bond numbers
per water molecule in the monolayer formed with the water molecules in the
droplet on Hexa-1 to Hexa-3 and Fcc-1 to Fcc-2 surfaces.

water L —

Fig. 4. Schematic representation of the phantom-wall method.

We then calculate the work of adhesion W,g, by em-
ploying an extended phantom-wall method. Details of
the phantom-wall method can be found in the previous
In the
phantom-wall method, a phantom-wall, which only has repul-
sive interactions with the water molecules is progressively dis-

works[3234 and are only briefly described here.

placed in the direction normal to the surface, while there is no
interaction between the phantom wall and surface atoms. To
control the position of the phantom-wall, a harmonic spring is
attached in the direction normal to the surface, between each
phantom-wall and the bottom of the simulation box. At the
beginning, the phantom wall is controlled below the surface,
where it cannot interact with water molecules since the dis-
tance between it and the water molecules is beyond the cut-
off distance of the repulsive potential. The phantom wall is
then slowly pushed up, by increasing the equilibrium length
of the harmonic spring, such that it brings water molecules
beyond the range of interaction of the surface, as shown in
Fig. 4. The free-energy difference between the initial and fi-
nal states, which equals to adhesion work W,q, between water
and the surface, can be calculated by numerically integrating
the spring force over the equilibrium spring length along a re-
versible path.
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Fig. 5. Snapshots of steps to separate the liquid water away from the surfaces (a) with and (b) without ordered water monolayer by increasing
the equilibrium spring length in the extended phantom-wall method. The calculated spring force (f) as a function of the increased equilibrium
spring length Zy for surfaces (c) with and (d) without ordered water monolayer.

However, this approach cannot be applied to calculate the
Wadan between liquid water and ordered water monolayer, since
the water monolayer may also be brought away from the sur-
face by the phantom-wall. We have extended the phantom-
wall method to calculate the W,qn, between liquid water and
ordered water monolayer. In the extended method, we directly
control the position of the mass center of the water by attach-
ing a harmonic spring between the mass center and the bottom
of the simulation box using the pull code of Gromacs 5.0.7
package,*% instead of utilizing a phantom-wall. The equilib-
rium length of the harmonic spring is increased step by step, as
a result, the water molecules above the water monolayer was
gradually separated from the surface, while the water mono-
layer remained on the surface due to the strong interaction be-
tween the first adsorbed water monolayer and surfaces. Each
step is equilibrated for 8 ns to get the reversible path. There-
fore, the free-energy difference between the initial and final
states in this process exactly equals to the W4, between liquid
water and the water monolayer. The simulation conditions and
interaction parameters of the Hexa-4 to Hexa-6 surfaces and
water molecules were set consistent with those in Ref. [37].
The W,qy calculated by the extended phantom-wall method
is 50.234 mJ/m? for Hexa-4, 67.345 mJ/m? for Hexa-5, and
82.645 mJ/m? for Hexa-6, respectively, which is very close to
the results, 53 mJ/m?, 63 mJ/m?, 85 mJ/m? using dry-surface
approach provided in Ref. [37], thus proved the correctness of
the extended phantom-wall method.

To give a quantitative description of this unexpected wet-
ting phenomenon of “ordered water monolayer that does not

completely wet water” at room temperature, we have calcu-
lated the W,qg, of interfaces with or without ordered water
monolayer by the extended phantom-wall method. We took 25
steps for each surface to separate the liquid water away from
the monolayer or surfaces, increasing the equilibrium spring
length every 0.05 nm. Each step is equilibrated for 8 ns. Snap-
shots of steps on separating the liquid water away from the
monolayer are shown in Fig. 5(a). As we can see, for interfaces
with ordered water monolayer (Hexa-1 to Hexa-3 and Fcc sur-
faces) the liquid water was firstly partly separated and finally
separated from the surfaces by the harmonic spring, while the
position of the ordered water monolayer keeps unchanged due
to the strong interaction between the surfaces and the mono-
layer. Different from Hexa-1 to Hexa-3 and Fcc surfaces, for
the interfaces without ordered water monolayer (Hexa-4 to
Hexa-6 surfaces), all of the water molecules above the sur-
face, even the first adsorbed water layer was separated from
the surfaces due to the weak interactions between the surfaces
and water molecules above the surfaces as shown in Fig. 5(b).
The W,qn was calculated by numerically integrating the spring
force (f) over the increased equilibrium spring length (Zp)

Waan = [ ()40, @)

where the (---) stands for a statistical average. The calculated
(f) as a function of Zy was shown in Figs. 5(c) and 5(d). All
of the spring forces increase first but then decreased and reach
to zero finally, indicating the completely separating of liquid
water from the monolayer or surfaces without any interaction.
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Figure 6 plots the cosine values of contact angles 0 versus
the W,qgn for both interfaces with or without ordered water
monolayer. There is a linear relation between the W,q, and the
cosine values of contact angles, which can be well fitted by
Young-Dupré equation as Eq. (3). Here, we adopt the value
of %y ~ 60 mJ/m? for SPC/E water model given by Vega et
al."3) This means that the Young—Dupré equation holds for
interfaces with or without ordered water monolayer. The Wgp
between liquid water and ordered water monolayer can quanti-
tatively predict the wettability of the ordered water monolayer
even on different types of surfaces, consistent with the solid—
liquid interfaces. These results give a quantitative description
of the unexpected phenomenon of “ordered water monolayer
that does not completely wet water”.

0.9 T T T T T T
Hexa-1

>boonm

0.6

cosf
o
w
T
om

theoretical line of
Young—Dupré equation

40 50 60 70 80 90
Wadh (mJ/mQ)

100 110

Fig. 6. Cosine values of contact angles 6 of droplets versus the work of
adhesion W4y, for interfaces with or without ordered water monolayer.

4. Conclusions

Based on an extended phantom-wall method, we have cal-
culated the work of adhesion for interfaces with or without
ordered water monolayer. The results show that the Young—
Dupré equation holds on the solid surface with the ordered
water monolayer, and give a quantitative description of the
unexpected phenomenon of “ordered water monolayer that
does not completely wet water” at room temperature. This
study indicates that we should treat the water monolayer as
part of the solid surface when we consider the Young equation
in those novel wetting systems. The present study deepens
the physical mechanism behind the wetting behavior, which
would have implications in the actual fabrication of novel ma-
terial for water treatment, surface catalysis and self-cleaning

of surfaces. [444]
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