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We report simulation evidence that the structure of the first water layer next to the surface can strongly

affect the contact angle of water droplets. Molecular dynamics simulations show that a small uniform

strain (�3%) applied to the lattice constant of a multilayer hydrophilic surface can introduce a marked

change in the wetting tendency. In particular, when the lattice constant of a hydrophilic surface matches

the projected oxygen-oxygen distance of bulk water to the surface, a contact-angle minimum is resulted.

In stark contrast, such a lattice strain has little effect on the wetting properties of hydrophobic surfaces.

The structure of the first water layer next to the hydrophilic surface gradually loses characteristics of

liquid water when moving away from the contact-angle minimum. Our results demonstrate a close

correlation among the length of lattice constant, contact angle of the water droplet, and the structure and

dynamics of vicinal water.
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The wetting property of water has been a topic of wide
interest due to its central role in numerous processes in
physical, biological, chemical, and technological systems
[1–12]. Since almost all wetting processes occur on the
surfaces of solids, understanding the relevance between the
wetting properties and the structure of interface is a key to
study surface wetting. Over the past half century, the
physics of wettability as well as general behaviors of water
adsorption on surfaces have been intensively investigated
[13,14]. As an example, both molecular dynamics (MD)
simulations [15,16] and experiments [17,18] have shown
evidence of ‘‘water monolayer on surface does not wet
water,’’ proving the necessity to understand surface wetting
from the perspective of interfacial structure and adsorbate-
surface interaction.

However, influence of the realistic structure of the first
water layer on wettability of a solid surface remains elu-
sive. It has been long debated whether the lattice match of
crystal surface to the structure of normal ice Ih has a
positive effect on water wetting and nucleation. In 1947,
Vonnegut proposed to use small particles of silver iodide to
promote water nucleation in clouds in forming precursors
for artificial rainfall [19]. The idea is based on the fact that
the lattice parameters of ice Ih and �-AgI nearly match
each other with only 1.6% difference, as well as the
assumption that an excellent substrate-ice lattice match
promotes wetting. Later, Langmuir tested whether AgI
could facilitate monsoon clouds in New Mexico drop
rain. However, subsequent experimental studies of ice for-
mation on the hexagonal BaF2ð111Þ surface [whose lattice
constant (4.38 Å) is within 3% difference to the basal plane
of hexagonal ice Ih] demonstrated that both the ice

nucleation rate and the onset temperature did not increase
(or could even decrease), compared to materials without
lattice match [20,21]. According to these early studies, the
precise causal relation between surface lattice and water
wetting remains ambiguous. Therefore, the notion that
lattice match at interface plays an essential role in ice
nucleation is largely laid aside.
In this study, we attempt to use atomistic MD simula-

tions to explore the effect of lattice parameters on the
wetting property of surface (e.g., degrees of hydrophilicity)
by measuring the contact angle (CA) of water droplets on
the surface (see Fig. S1 in the Supplemental Material [22]).
We find that when continuously expanding the lattice
constant of surface from 2.72 Å to 2.90 Å, the CA of a
water droplet on a hydrophobic surface increases mono-
tonically with the lattice constant of substrate. In contrast,
the CA on the hydrophilic surface first decreases and then
increases, yielding a contact angle minimum at 2.80 Å.
This interesting behavior is attributed to the fact that atom-
istic surface structure can notably affect the structure of the
first water layer at the water-substrate interface, which in
turn dictates the CA of the water droplets. Consequently,
hydrophilicity is enhanced when the surface lattice con-
stant matches the ice Ih structure with an in-plane
periodicity of 2.80 Å. In this case, the two-dimensional
hydrogen bonding network induced by the perpendicular
surface potential is seriously distorted by atomistic inter-
actions between the substrate lattice and vicinal water,
yielding a bulklike interface instead of surface-bound
dense water layers.
A series of MD simulations of water droplets on model

fcc (111) crystal surface have been carried out to study the

PRL 110, 126101 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 MARCH 2013

0031-9007=13=110(12)=126101(5) 126101-1 � 2013 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.110.126101


effect of surface lattice on contact angles. The surface
lattice constant [denoted a, see Fig. 1(a)] ranges from
2.72 Å to 2.90 Å. Periodic boundary conditions are applied
in all three spatial directions. A surface slab with horizon-

tal dimensions of 200 �A� 200 �A, consisting of nine
atomic sheets is employed. The thickness of the slab
exceeds 20 Å, larger than the employed cutoff radius
(10 Å) for the dispersion interaction. Initially a cuboid

box of 2000 water molecules with the size of 48:6 �A�
48:6 �A� 26:1 �A is placed at a distance of 2.5 Å above the
substrate so that the interaction between the water droplet
and its periodic images is negligible.

The flexible simple point charge [23] model is used
for water, whereas water-surface interaction is modeled

by a 12-6 Lennard-Jones potential with parameters �SW ¼
3:190 �A, �SW ¼ 0:4 kcal=mol representing hydrophobic

surfaces and �SW ¼ 3:190 �A, �SW ¼ 0:711 kcal=mol for
hydrophilic surfaces. The electrostatic interaction is calcu-
lated by using the Ewald summation method. A leapfrog
Verlet integration algorithm with a time step of 0.1 fs is
chosen. All systems are pre-equilibrated for the first 20 ps
at 300 K in a constant volume and constant temperature
(NVT) ensemble, while the production trajectories are
obtained from succeeding 2 ns simulations in a constant
volume and constant total energy (NVE) ensemble without
thermostat controlling [24,25]. All simulations were per-
formed with the GROMACS 4.4.5 package [26].

The CA of a water droplet (denoted �c) on either a
hydrophobic or hydrophilic surface as a function of the
surface lattice constant a is shown in Fig. 1(b). For a
ranging from 2.72 Å to 2.90 Å, the CA on hydrophobic
surfaces increases monotonically from 103� to 110�, due

to the decreasing surface energy per area as the lattice
expands. The statistical error in contact angle estimates is
less than�2�. We follow a macroscopic relation of surface
wetting, namely, Young’s equation,

cos�c ¼ ð�SV � �SLÞ=�LV; (1)

where �SV , �SL, �LV are interfacial tensions between solid
and vapor, solid and liquid, and liquid and vapor phases,
respectively. It is understood that the expansion of the
substrate lattice leads to a significant decrease of �SV ,
which is mainly contributed by interactions within the
solid substrate itself. However, the solid-liquid interaction,
the major part in �SL, is maintained by the dynamic
structure of liquid during lattice expansion. According to
Young’s equation, an increase in �c is expected given the
decreased �SV and unchanged �SL.
Surprisingly, the dependence of �c on the lattice con-

stant of a hydrophilic surface shows a more complicated

relation, where a CA minimum is induced at a ¼ 2:80 �A.

In the range of a ¼ 2:72 �A to 2.80 Å, �c slightly decreases

from 60� to 51�. Then, �c bounces back to 66� at a ¼
2:83 �A, and increases with further expanding lattice con-
stant from 2.86 Å to 2.90 Å. It is noted that despite the

minimum around a ¼ 2:80 �A, the overall trend in the �c
versus a curve is similar to that for hydrophobic surfaces,

that is, �c increases with a over the whole range a ¼
2:72 �A to 2.90 Å—Young’s equation still holds by in large.

However, the precise value of the contact angles for a �
2:77 �A, 2:77 �A � a � 2:83 �A, and a � 2:83 �A, deviates
significantly from the monotonic behavior, strongly imply-
ing that the macroscopic picture based on Young’s equa-
tion is inadequate and a microscopic description of surface
wetting must be invoked. Note that Young’s equation is
derived based on an ideal model of solid surfaces such that
the surface is rigid, flat, perfectly smooth, and chemically
uniform. These assumptions do not hold when surfaces
entail physical features at the microscopic scale. As an
example, recent experiments have shown that water
actually forms droplets on a continuous water thin film
supported by self assembled monolayers [18]. This fact
cannot be explained by Young’s equation, but is supported
by theoretical simulations [15], further confirming that
Young’s equation is inadequate in describing wetting phe-
nomena at microscopic scale.
The simulation result that �c changes more than 15�

within such a small range of surface lattice constant
(2.77–2.83 Å) demonstrates that the surface lattice can
impose drastic influence on the wetting properties of a
hydrophilic surface. Importantly, this main conclusion
from our simulation is supported by previous experimental
measurements of contact angles of water droplets on elec-
troplated metal thin films [27]. In the experiment, contact
angles of water droplets on perfect surfaces of Au, Ag, Pd,
and Rh (see Table S1 in the Supplemental Material [22])

FIG. 1 (color online). (a) Upper panel: The geometry of a
model fcc crystal (111) surface. The unit cell with the lattice
constant a is marked. Lower panel: The side view of a water
droplet on a model substrate. (b) The contact angle �c as a
function of surface lattice constant for both hydrophilic and
hydrophobic surfaces. Black solid squares and red circles
represent cases where �SW ¼ 0:711 kcal=mol and �SW ¼
0:400 kcal=mol, corresponding to hydrophilic and hydrophobic
surfaces, respectively. Stars denote experimental data of water
contact angles on a variety of metal substrates (from Ref. [27],
see text).
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are measured and compared with those on the correspond-
ing electroplated metal thin films. Because the metal sub-
strates typically impose a strain of 1–3% on the ultrathin
electroplated metal films, the contact angles exhibit
marked changes (see Table S1 in the Supplemental
Material [22]). In addition, we have performed a simple
experiment to measure the bending-induced change of a
contact angle on Cu foil. We observe that the water CA
decreases by about 4� on an inward bent Cu foil but
increases by about 10� on outward bent foils (see Fig. S2
in the Supplemental Material [22]). We also note that the
minimum in �c is pronounced since �c abruptly increases
to greater values at the lattice constant, immediately devi-

ating from 2.80 Å (e.g., a ¼ 2:79 �A and 2.83 Å).
The drastic change in the water contact angle on a

hydrophilic surface with the lattice changing from a ¼
2:77 �A to 2.83 Å, about 6.5 times greater than that for
the hydrophobic surface upon the lattice expansion, is
correlated with the physics that the interaction between
water molecules and the hydrophilic surface is much
stronger than that for hydrophobic surface. The water layer
next to the hydrophobic surface forms a disordered struc-
ture which appears to have negligible influence on the
wettability of the surface (�c changes � 2�). However,
on a hydrophilic surface, our simulation suggests that the
structure of the first water layer in contact with the surface
can strongly affect its wetting properties.

To find out why hydrophobic and hydrophilic surfaces
behave so differently with respect to the expansion of
surface lattice and what happens to the first water layer
on hydrophilic surface upon the lattice expansion, we have
calculated the density of oxygen (black line) and hydrogen
atoms (red line) along the surface normal direction, shown
in Fig. 2. The first peak centered at the height of 3.0 Å for
both O and H profiles exhibits nonmonotonous dependence
on the lattice constant a, where the peak becomes lower
and more broadened when a approaches 2.80 Å and then
becomes sharper again. Changes in O and H density pro-
files are much more pronounced on hydrophilic surfaces
than on hydrophobic ones (see Fig. S3 in the Supplemental
Material [22]). The sharper primary (or first) peak indicates
that a more ordered first water layer is formed, which could
lead to surface dewetting due to the distinct structural
difference between interfacial water and regular bulk liq-
uid. The same feature also shows up in an oxygen-oxygen
radial distribution function (see Fig. S4 in the
Supplemental Material [22]). This effect is further demon-
strated by the observation that the density of H between the
first and second O peaks increases, which implies the
number of OH bonds pointing to bulk water increases
with increasing �c when a deviates from 2.80 Å (see
Fig. 2). Similar hydrophobic properties of an ordered water
monolayer have been reported with an ionic model sub-
strate [15]. It has been recently established that on ionic
substrates there is a critical length for the surface dipoles

below which the wetting properties are not affected by the
presence of surface dipole moments [28].
The unusual structure of interface water on hydrophilic

surface is further confirmed by the distribution of orienta-
tions of water OH groups in the first water layer. Interface
water in contact with the substrate has three types of OH
groups [29]: OH bonds tangent to surface (denoted T type),
OH pointing to the bulk water (denoted B), and dangling
OH bonds pointing to the substrate (denoted D). As dem-
onstrated in Fig. 3 and Fig. S5 in the Supplemental
Material [22], there are two major peaks at 25� and 95�
in the distribution of angle� between the OH bond and the
surface normal axis z for the first water layer, correspond-
ing to OH groups adopting B and T configuration, respec-
tively. The peaks for both B and T types of OH follow the
trend of hydrophilicity of the surface, which first become

FIG. 2 (color online). Number density of oxygen (black lines)
and hydrogen atoms (red lines) in water droplets near the hydro-
philic surface. Panels (a) to (h) correspond to a ¼ 2:72 �A,
2.74 Å, 2.79 Å, 2.80 Å, 2.83 Å, 2.86 Å, 2.89 Å, and 2.90 Å,
respectively.

FIG. 3 (color online). Contour distribution of OH orientation
for interfacial water molecules as a function of height h above
the substrate and angle �, the angle between the OH group and
the surface normal. Panels (a) to (h) correspond to a ¼ 2:72 �A,
2.74 Å, 2.79 Å, 2.80 Å, 2.83 Å, 2.86 Å, 2.89 Å, and 2.90 Å,
respectively.
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lowered (stronger hydrophilicity) in the range of a ¼
2:72–2:80 �A [Figs. 3(a)–3(d)], and then become more

intense (weaker hydrophilicity) in the range of a ¼
2:83–2:90 �A [Figs. 3(e)–3(h)]. Consistent with density
distribution, more intense peaks indicate that more ordered
structure is formed. From Fig. 3, the first water layer at

lattice constant a ¼ 2:80 �A exhibits the most disordered
structure among all MD simulations. The dynamical insta-
bility of such disordered interfacial structure can be also
reflected by the reorientation rate of interfacial water
molecules, which can be measured by the second order
Legendre polynomial time-correlation function (see
Fig. S6 in the Supplemental Material [22]). As expected,
the highest reorientation rate for interfacial water corre-

sponds to a ¼ 2:80 �A.
An arising question is why is the lattice constant of

2.80 Å so special for the structure of interfacial water? It
is well known that each water molecule tends to form a
transient tetrahedral configuration with four neighbor
water molecules in bulk water [30]. Because of the con-
finement of the substrate, the tetrahedral configuration
prefers to adopt the orientation with a C3 axis perpendicu-
lar to the surface. In the present simulation, the average
distance between two adjacent oxygen atoms in bulk water
is found to be 2.97 Å. Considering the tetrahedral configu-
ration, its lateral projection on the solid surface is precisely
2.80 Å, corresponding to the lattice constant of the most
hydrophilic surface. On hydrophilic substrates, interfacial
water molecules tend to adopt a more ordered network
structure than bulk water [31,32]. However, this kind of
ordered structure can be disrupted by strong atomistic
interactions between the substrate lattice and vicinal water
molecules. When the surface lattice parameter matches the
length scale of projected oxygen-oxygen distance in bulk
water, this network structure is maximally distorted due to
the combined influence of the potential of surface atoms
and bulk water, leading to enhanced disorder in the inter-
facial water layer. As a result, interfacial water is more
bulklike and the hydrophilicity is enhanced. In contrast,
interactions between water and atoms of a hydrophobic
surface are relatively weak, and the structure of interfacial
water is little disturbed, thereby there is little influence of
the surface lattice on the water CA.

There are two ways to reduce the ordering of interfacial
water: one is through disruption of the network between the
first and second water layers, and the other is through the
disruption of the network within the first water layer. To
determine which one is more important, intra- and inter-
layer hydrogen bond (HB) networks of the first water layer
are analyzed by counting the HB number versus surface
lattice constant, as shown in Fig. 4. In general, the number of
HBs formed between the first and second water layers
increases with the lattice constant, due to the decreasing
interfacial interaction. On the contrary, the number of HBs
within the first water layer exhibits a similar trend as the

changes in hydrophilicity. At a ¼ 2:72 �A, eachwatermole-
cule is connected to almost three adjacent water molecules
via a HB within the same water layer, indicating a perfect
tetrahedral configuration is formed with aC3 axis along the
surface normal. However, the number of intralayer HBs per

water molecule goes down to less than two at a ¼ 2:80 �A,
implying the tetrahedral configuration is significantly dis-
rupted. As the lattice constant is larger than 2.80 Å, the
number of intralayer HBs increases again. Therefore the
lattice-constant match has little effect on interlayer network
of water, but it seriously affects the ordering of HB network
within the first water layer. This is in stark contrast with
droplets on a model ionic substrate, where the number of
interlayer (intralayer) HBs keeps increasing (decreasing)
with increasing hydrophilicity [15].
The enhancement of in-plane disorder can be seen via

comparing the snapshots of the first water layers at

FIG. 4 (color online). Average number of hydrogen bonds
formed by a water molecule in the first water layer with other
water molecules in the same monolayer (black circles), and with
water molecules above the first water layer (red triangles).

FIG. 5 (color online). Snapshots of the first water layer on the
hydrophilic surface at the end of 2 ns on the surface with
(a) a ¼ 2:72 �A and (b) a ¼ 2:80 �A. (c) Snapshot of the second
water layer on the surface with a ¼ 2:72 �A, which represents the
structure of bulk liquid water. The red, white and gray spheres
denote oxygen, hydrogen, and surface atoms, respectively.
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a ¼ 2:72 �A and a ¼ 2:80 �A in Fig. 5(a) and 5(b), respec-
tively, as well as the snapshot of the second water layer at

a ¼ 2:72 �A in Fig. 5(c). It is found that water molecules in
Fig. 5(a) exhibit higher density than in Fig. 5(b). In addi-
tion, no dangling OH bond is observed in Fig. 5(a),
whereas water molecules are arranged in perfect rhombic
and hexagonal rings, in agreement with recent studies [33].
However, a large amount of defects with dangling OH
bonds are observed in Fig. 5(b), similar to the structure
of the second layer in Fig. 5(c). Since the water structure in
the second layer next to surface is closer to the structure of

bulk liquid, the first water layer at a ¼ 2:80 �A behaves
similarly to bulk water. Our second main conclusion that
the structure of the first water layer can strongly affect the
contact angle of water droplets is consistent with previous
simulations that water droplets can exist on a strongly
adsorbed water monolayer [15,16]. This conclusion is
also supported by previous experiments [17,18] and other
simulations [28,29].

In closing, the unexpected nonmonotonic relationship
between the water contact angle and surface lattice con-
stant sheds new light on the microscopic picture of surface
wetting through understanding the structure of the first
water layer as a function of the lattice constant. We note
that the length scale from 2.7 to 2.9 Å is close to the lattice
constant of popular metal surfaces such as Ag and Pt. Thus,
we expect that control of surface wetting properties can be
achieved experimentally by applying a small strain to
metal thin films.
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