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ABSTRACT: Wettability (hydrophobicity and hydrophilicity) is of fundamental importance
in physical, chemical, and biological behaviors, resulting in widespread interest. Herein, by
modulating surface curvature, we observed a reversible hydrophobic−hydrophilic transition
on a model referred to a platinum surface. The underlying mechanism is revealed to be the
competition between strong water−solid attraction and interfacial water orderliness. On the
basis of the competition, we further propose an equation of wetting transition in the presence
of an ordered interfacial liquid. It quantitatively reveals the relation of solid wettability with
interfacial water orderliness and solid surface curvature, which can be used for predicting the
critical point of the wetting transition. Our findings thus provide an innovative perspective on
the design of a functional device demonstrating a reversible wettability transition and even a
molecular-level understanding of biological functions.

The wetting behavior of surfaces, as characterized by
hydrophobicity (the material surface is seemingly repelled

from a mass of water) and hydrophilicity (the material surface
is attracted to water), has a fundamental bearing on various
phenomena in physics,1−5 chemistry,6−9 and biology,10,11 such
as corrosion inhibition,12−14 antifogging, surface drag reduc-
tion,15−18 water permeation in membrane channels,19,20

superhydrophobic surface coating,6,21 and protein folding.22−24

The interaction between a solid surface and water is the key
for understanding the wettability of a surface.25,26 At room
temperature, a hydrophobic characteristic has been observed on
two different types of surfaces that are distinguished by the
solid−water interaction. The first shows natural hydrophobicity
due to weak interaction of the surface with water,27 such as
carbon-based,28,29 −CF3 terminated,30 and −CH3 terminated
surfaces.31 Especially, the surface of graphene, which has
attracted intense interest for its wide potential applications,32,33

has been proven both experimentally and theoretically to be
hydrophobic with a contact angle of ∼87° between the water
droplet and the surface.28,34,35 The second type of surface
shows interface-structure-induced hydrophobicity based on a
strong attraction between the surface and water.36,37 This
hydrophobicity benefits from an ordered water layer at the
solid−liquid interface and has been observed on many artificial
and natural solid surfaces.36−44 In 2009, Wang et al. constructed
an artificial surface composed of a regular arrangement of
positive and negative charges, which showed a hydrophobic
characteristic induced by an ordered water layer.36 In 2013,
Limmer et al. observed that both the (100) and (111) surfaces

of natural platinum (Pt) displayed interface-structure-induced
hydrophobicity because the ordered interfacial water acted as a
hydrophobic coating.37,45 Moreover, it was reported both
experimentally46−50 and theoretically37,38,49 that the hydro-
phobic Pt surface can support a droplet−surface contact angle
of approximately 30°−50°. Similar hydrophobic phenomena
have also been successively observed on the surfaces of several
noble metals38,40,41 (such as Pd, Cu, and Al), oxides42 (such as
Al2O3 and SiO2), sapphire,

43 and talc.44 Because the origin of
the interface-structure-induced hydrophobicity is the ordered
interfacial water, the hydrophobic characteristic of the surface
should sensitively depend on the orderliness (i.e., geometric-
structure regularity) of the interfacial water at the interface.
Additionally, the orderliness is potentially associated with the
defects,5 temperature,51 pressure, and even surface curvature.
However, the roles of the last two terms on the wettability of a
surface are little reported.
Surface curvature of nanostructures has been reported as able

to be modulated by a mechanical stimulus (see the schematic
representation shown in Figure 1),52−56 especially the
mechanosensitive porous media including endogenous protein
channels19,57,58 and synthetic analogues.59,60 Perozo et al.
showed that the channels in the cell membrane were sensitive
to mechanical stimuli originating from membrane tension as

Received: March 11, 2018
Accepted: April 19, 2018
Published: April 19, 2018

Letter

pubs.acs.org/JPCLCite This: J. Phys. Chem. Lett. 2018, 9, 2346−2352

© XXXX American Chemical Society 2346 DOI: 10.1021/acs.jpclett.8b00749
J. Phys. Chem. Lett. 2018, 9, 2346−2352

pubs.acs.org/JPCL
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.8b00749
http://dx.doi.org/10.1021/acs.jpclett.8b00749


well as ions and other solutes.56 Stevenson et al. observed the
significant change of transmembrane-channel conformation
driven by the stimuli.61 Additionally, in biological systems, there
is increasing observational evidence for the existence of ordered
interfacial water.62−65 Interestingly, it has been observed that
the nanostructures exhibited a large variation in wettability
linked to their geometry.66

Herein, through exploring the impact of solid-surface
curvature on the wettability of solid, we propose a reversible
hydrophobic−hydrophilic transition by modulating the curva-
ture and subsequently an equation of this transition. Our
molecular dynamics (MD) simulations showed that when the
curvature was larger than 0.3 nm−1, the hydrophobic character-
istic of a model referred to the Pt surface disappeared and a
hydrophilic behavior appeared. The underlying mechanism was
revealed to be the competition of interfacial water orderliness
and water−solid attraction. For revealing the quantitative
relation of solid wettability with the interfacial water orderliness
and solid surface curvature, we further proposed an equation of
the wetting transition based on the competition above. This
equation can be used to predict the critical curvature as well as
critical orderliness of the wetting transition. These findings
potentially provide a new perspective for understanding the
functions of biological molecules and for designing functional
materials and structures with a reversible wettability transition
controlled by surface curvature and even by mechanical stimuli.
Pt(100) and graphene surfaces have been revealed to present

interface-structure-induced37,38 and natural32−35 hydrophobic-
ity, respectively. To explore the influence of surface curvature
on wettability, two kinds of surface models referred to Pt(100)
and graphene with different curvature were thus employed,
denoted as Pt-surface and C-surface, respectively (see Figure
2a,b; details are provided in section 1 of the Supporting

Information). Among the Pt-surface model, the Pt atom was
characterized by the Lennard-Jones parameters with the
potential well depth (ε) of 32.606 kJ/mol and the van der
Waals radius (σ) of 2.53 Å.38,67 The ε of 0.2325 kJ/mol and the
σ of 3.4 Å were applied for a carbon (C) atom on the C-
surface.68,69 The water molecule was modeled by SPC/E.70 The
combining rules of the Lennard-Jones parameters for unlike
atoms were geometric averages. The details of the simulation
methods and corresponding discussion are provided in sections
2 and 3 of the Supporting Information. The critical contact
angle of 90° was usually used to differentiate the hydro-
phobicity and hydrophilicity, but it contains more mathematical
convenience than real physical and chemical meaning.71

Notably, the surface of Pt metal was reported to be
hydrophobic with a measured contact angle of 30°−50° of
the droplet.37,47 Moreover, the cosine value of the microscopic
contact angle linearly relates to the droplet base curvature when
it is calibrated to the macroscopic contact angle.72 We thus
applied the disappearance of the water droplet (i.e., the contact
angle of the droplet was vanishing) as the transition point of
wettability in our nanoscale simulations (the detailed discussion
of transition point is in section 4 of the Supporting
Information). After the MD simulations, further quantitative
studies of the wetting transition were performed at a later stage
that can apply to the transitions with a finite contact angle.
Our simulations showed that altering the surface curvature

caused a wetting transition on the Pt-surface model. The typical
conformations of dynamical equilibrium are presented in Figure
2a,b. For the Pt-surface, a stable water droplet coexists with a
water monolayer on top of the surface for small curvature (κ =
0 nm−1) but not for large curvature (κ = 1.2 nm−1). In contrast,
an obvious and stable water droplet resides upon the C-surface
for both small (κ = 0 nm−1) and large (κ = 1.2 nm−1)
curvatures. To characterize the surface wettability, we applied a
contact angle (φ) for the water droplet residing on the surface,
which is an intuitive and experimentally measurable physical
quantity.73,74 The φ was calculated from the angle between the
tangent at the contact point for the three-phase equilibrium
profile of the water droplet and the corresponding tangent of
the surface (the inset of Figure 2c; the details are provided in
sections 5 and 6 of the Supporting Information). For the Pt-
surface, φ was approximately 51°, 30°, 10°, 0°, and 0° for κ at 0,
0.2, 0.3, 0.6, and 1.2 nm−1, respectively (Figure 2c). These
results obviously indicate that as κ increases, the wetting
property of the Pt-surface changes from hydrophobic (when κ
≤ 0.3 nm−1) to hydrophilic (when κ > 0.3 nm−1),
corresponding to the gradual vanishing of the water droplet
residing on the Pt-surface. In contrast, for the same changes in
the C-surface curvature, the corresponding values of φ were
88°, 76°, 67°, 62°, and 51°. Thus, the C-surface remains
hydrophobic as κ increases. We thus conclude that altering the
surface curvature induces an essential change (i.e., hydro-
phobicity−hydrophilicity transition) on the wettability of the
Pt-surface but not of the C-surface.
To understand the mechanism underlying the hydro-

phobicity−hydrophilicity transition of Pt-surface, we first
investigated the curvature effect on the orderliness of water
molecules in the first water layer (H2O-first). The relative
density distribution function of water molecules away from the
surface was used to determine H2O-first

69 (the details are in
section 7 of the Supporting Information). The dipole
distribution of water molecules was measured to describe the
H2O-first orderliness.

36 Two angles, α and β, were defined to

Figure 1. Schematic representation for the mechanical stimulus
induced the change of curvature and the subsequent wetting transition.
The brown and sky-blue layers represent the nanostructure and water,
respectively. The red vector indicates the stimulus.

Figure 2. Typical conformations of dynamical equilibrium for the
simulated systems and contact angles of water droplets for those
conformations with different curvatures κ. The labels Pt-surface and C-
surface indicate two surface models referred to Pt(100) and graphene,
respectively. Typical conformations of dynamical equilibrium for water
molecules on Pt-surface (a) and C-surface (b). (c) Contact angle φ of
water droplet residing on top of each conformation of Pt-surface
(orange histogram) and C-surface (blue histogram). The inset is the
schematic diagram of φ, where the red line and vector are the tangents
of the surface and water droplet, respectively.
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characterize the dipole direction of a water molecule. α was the
angle between the x-axis of the simulation box and the
projection of the dipole onto the surface tangent, and β was the
angle between the dipole and the normal vector of the tangent
plane (Figure 3, inset). The tangent plane crossed through the

mass center of the water molecule. The probability distribution
of water dipoles with respect to α and β were calculated. For
the Pt-surface, the probability distribution of water dipoles with
respect to α showed four peaks at 0°, 90°, 180°, and 270° for
different κ values (Figure 3a). The thickness of the Pt substrate
has a weak effect on the results (the details are in section 8 of
the Supporting Information). Notably, the height of these
peaks decreased significantly as κ increased, indicating that
H2O-first on the Pt-surface gradually became disordered as the
curvature enhanced. In contrast, on the C-surface, the water−
dipole probability distribution with respect to α was uniform
(Figure 3b), meaning that H2O-first remained disordered on
the C-surface regardless of κ. Additionally, a single peak of
probability distribution with respect to β for different κ values
was observed at 90° of both the Pt-surface and C-surface
(Figure 3c,d). However, the full width at half-maximum
(fwhm) of the probability distribution of water dipoles on the
Pt-surface with respect to β was 17° for κ at 0 nm−1, 19° for κ at
0.2 nm−1, 28° for κ at 0.3 nm−1, 35° for κ at 0.6 nm−1, and 37°
for κ at 1.2 nm−1. For the C-surface with various κ, the fwhm
was almost unchanged with a value of 32°. These data imply
that the average degree of dipoles aligned parallel to the surface
tangent plane decreases as κ increases for the Pt-surface but
remains unchanged for the C-surface. Hence, we conclude that
the alteration of surface curvature significantly changes the
orderliness of H2O-first on the Pt-surface, but not on the C-
surface.
We then studied the curvature effect on the two-dimensional

(2-D) network of hydrogen bonds (H-bonds, as closely related
to water orderliness) in H2O-first. Figure 4a−c shows the
typical H-bond networks on the Pt-surface and C-surface with
respect to κ (the networks with all applied curvatures are
presented in section 9 of the Supporting Information). For the
Pt-surface with κ = 0 nm−1, the molecules of H2O-first
assembled into a 2-D structure and formed a H-bond network
with rhombic patterns. This network led to each water
molecule forming four H-bonds with neighboring water

molecules within the H2O-first. The molecules of H2O-first
were thus less able to form H-bonds with water molecules
outside of this layer, resulting in the water droplet forming on
the Pt-surface. As κ increased, the regular 2-D H-bond network
was gradually broken, which induced the molecules of H2O-first
to merge with the bulk water and caused the water droplet to
disappear. In contrast, the curvature effects above did not occur
on the C-surface, where the H-bond network of H2O-first was
always irregular.
We further explored the curvature effect on the H-bond

number of H2O-first. To estimate the formation of the H-bond
between two water molecules, we adopted a conventional rule:
oxygen distance ≤ 0.35 nm and H-bond angle < 30°.10 The
average numbers of H-bonds per molecule in H2O-first under
the droplet with the water molecules within (Ninside‑layer) and
outside (Noutside‑layer) of the first layer were calculated. Upon κ
increase, Ninside‑layer decreased significantly from 3.23 to 2.68 on
the Pt-surface, but it was almost unchanged with a value of 2.44
on the C-surface (Figure 4d). Besides these, Noutside‑layer
increased significantly on the Pt-surface (from 0.43 to 0.81)
but slightly on the C-surface (from 0.79 to 0.89). The
increasing κ of the Pt-surface thus causes the H-bond breaking
between water molecules within the H2O-first layer and then
the H-bond forming between these water molecules and those
outside of the layer. Therefore, the curvature of the Pt-surface
but not the C-surface significantly affects the bonding
preference of the molecules of H2O-first between molecules
inside the layer and outside the layer.
We also investigated the curvature effect on the interaction of

H2O-first with a solid surface. The adsorption energy
(Ewater−solid) per water molecule on the surface was calculated
based on the van der Waals interactions between the water
molecule and all atoms of the surface. As the results in Table 1
show, for different curvatures, the adsorption strength
|Ewater−solid| of the Pt-surface is far greater than the thermal
fluctuation at room temperature kBT (∼2.49 kJ/mol), but that
of the C-surface is comparable to the kBT. Therefore, a strong

Figure 3. Effect of curvature (κ) on the dipole distribution of water
molecules in the first layer on the models Pt-surface (a, c) and C-
surface (b, d). The inset is a schematic diagram for directions α and β
of the dipole. The angle α is formed between the projection of the
water dipole (orange vector) onto a surface tangent plane (gray
trapezoid) and the x-axis (also the axial direction of tube for curved
systems) of the simulation box (black vector). The angle β is formed
between the water dipole (red vector) and the normal vector (W) of
the tangent plane (gray vector).

Figure 4. Curvature effect on H-bond networks. (a−c) Typical
networks of H-bonds formed by the molecules of the first water layer
on the models Pt-surface (upper) and C-surface (lower) with different
curvature κ. The blue dashed line denotes the H-bond, and the tan and
cyan spheres indicate platinum and carbon atoms of the surface
models, respectively. (d) Average number of H-bonds per water
molecule in the first water layer on the surface formed with other
water molecules inside (upper) and outside (lower) the first layer. The
orange and blue histograms represent the numbers for Pt-surface and
C-surface, respectively.
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attraction occurs for water molecules with the Pt-surface,
distinguished from the weak attraction of the C-surface.
The wetting transition of Pt-surface thus can be attributed to

the competition between two factors: (1) the H2O-first
orderliness and (2) the water−solid interaction. Specifically,
as the curvature κ is modulated from small to large, the
orderliness of H2O-first is changed from high to low (Figures 3
and 4), while the attraction strength of water and solid surface
remains strong at approximately 20 kJ/mol (Table 1). For a
small curvature, the high orderliness of H2O-first dominates,
resulting in the interface-structure-induced hydrophobicity of
the surface. At the large curvature and the subsequently low
orderliness of H2O-first, the strong water−surface attraction
dominates, resulting in the natural hydrophilicity of the surface.
Hence, the wettability of the naturally hydrophilic surface
sensitively depends on the surface curvature, implying that
curvature can be used to effectively modulate a reversible
hydrophilic−hydrophobic transition. Notably, there widely exist
charges arranged on biological interfaces, which could cause the
formation of ordered interfacial water62−65,75 (the curvature
effect on the wetting of charged surface is shown in section 10
of the Supporting Information). The revealed mechanism
above thus would apply generally, not just to the Pt-surface.
Finally, we studied the quantitative relation of liquid droplet

contact angle with the interfacial water orderliness, solid surface
curvature, and liquid−solid interaction and then revealed an
equation of the curvature-modulated wetting transition based
on the previous orderliness−interaction competition. Conven-
tionally, there is the Young−Dupre ́ equation for wetting
transition, involving adhesion work (WA) per unit area, contact
angle (φ), and surface tension (γ), i.e. γ(1 + cos φ) = WA.

72,76

There, the work (WA) is applied for the liquid−solid
interaction, while the tension (γ) is 73.6 mJ/m2 for water by
the SPC/E model.77 However, the above equation does not
take the effect of interfacial liquid orderliness into account. To
quantify the orderliness of H2O-first on the Pt-surface, we
introduced an order parameter χ = (Pmax − Pmin)/(Pmax + Pmin),
where Pmax and Pmin are the maximum and minimum (Figure
3a) of probability in the dipole distribution with respect to α.
The values of χ were 0.89, 0.83, 0.80, 0.64, and 0.44 when κ = 0,
0.2, 0.3, 0.6, and 1.2 nm−1, respectively, indicating a linear
relation of the orderliness and curvature, χ = bκ + c, with b =
−0.39 ± 0.02 nm and c = 0.90 ± 0.01 (Figure 5a). We then
calculated WA of the interfacial water on the Pt-surface for
various χ based on the interaction energy of water molecules
and the Pt-surface76,78−80 (the details are provided in section 11
of the Supporting Information). The values of WA were 64.59,
123.36, 132.90, 224.53, and 239.65 mJ/m2 corresponding to χ
= 0.89, 0.83, 0.80, 0.64, and 0.44, respectively (Figure 5b).
Fitting the data above, we found an exponential relation of the
adhesion work and orderliness, WA = W0 exp(−kχn), with W0 =
253.03 ± 10.16 mJ/m2, k = 2.45 ± 0.24, and n = 6. By
combination of the Young−Dupre ́ formula, an equation of
interfacial liquid orderliness and solid wettability was thus
discovered:

γ φ χ+ = −W k(1 cos ) exp( )n
0 (1)

where W0 indicates the adhesion work of the disordered
interfacial liquid and solid; k denotes the effect rate of
interfacial liquid order, and n means the power index of the
order parameter χ. For the case of water on the Pt-surface
model, eq 1 gave a critical order χC = 0.78 at φ = 0, i.e., the
transition point of hydrophobicity and hydrophilicity. With
help of the κ and χ relation (Figure 5a), we then got critical
curvature κC = 0.31 nm−1, agreeing well with the previous MD
observations of the Pt-surface (Figure 2c). Equation 1 thus can
be used to determine the critical curvature of the wetting
transition when the tension of the liquid surface, the adhesion
work of the disordered interfacial liquid, and the relation of the
solid curvature and interfacial liquid orderliness are given. It is
worth noting that this equation can also apply to the case of
wetting transitions with a finite contact angle.
In summary, by modulating surface curvature, we found a

reversible transition between hydrophobicity and hydrophilicity
on the Pt-surface model but not on the C-surface model. The
difference of surface behaviors was attributed to the fact that
the naturally hydrophilic Pt-surface presented interface-
structure-induced hydrophobicity at small curvature, while the
C-surface always remained naturally hydrophobic. Specifically,
the hydrophobicity of the Pt-surface was caused by the
existence of interfacial ordered water, and the hydrophobicity
of the C-surface was due to the weak attraction between the
water and surface. Therefore, as the surface curvature increased,
the orderliness and 2-D H-bond network in the interfacial water
layer on the Pt-surface were significantly disrupted, causing the
disappearance of the interface-structure-induced hydrophobic-
ity. In contrast, the curvature change cannot affect the weak
attraction between the water and the C-surface, and thus the
surface remained hydrophobic. On the basis of the physics
above of water on the Pt-surface model, we further proposed an
equation of the wetting transition in the presence of an ordered
interfacial liquid by improving Young’s equation. The improved
equation reveals the quantitative relation of solid wettability
with interfacial water orderliness and solid surface curvature
and can be used for predicting the critical orderliness and

Table 1. Curvature Effect on the Interaction Energy per Water Molecule of H2O-first with Solid Surfacea

curvature 0.0 0.2 0.3 0.6 1.2

Pt-surface −21.2 ± 0.9 −21.2 ± 1.4 −21.1 ± 0.2 −20.2 ± 2.4 −17.7 ± 2.7
C-surface −4.6 ± 1.4 −4.4 ± 0.2 −4.8 ± 0.9 −4.2 ± 1.4 −3.9 ± 0.6

aThe units are nm−1 for the curvature and kJ/mol for the interaction.

Figure 5. Relation of the Pt-surface curvature (κ), H2O-first order
parameter (χ), and adhesion work per unit area (WA) of the interfacial
water. (a) Dependence of χ on κ (black dots), fitted by the red line.
(b) Dependence of WA on χ (black squares), fitted by the red curve.
The blue line denotes the critical order χC of 0.78 upon WA = 2γ
(green dashed line).
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curvature of the wetting transition. Remarkably, the surface
curvature of nanostructures involving biological systems could
be modulated by mechanical stimuli. Therefore, our findings
show potential for the development of device and material
designs for the realization of a controllable hydrophobicity−
hydrophilicity transition and even for the understanding of
biomolecular functions.
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