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ABSTRACT: The eﬀect of electrostatic interactions on the
stability of thin liquid ﬁlms on nanostructured surfaces is
important in lubrication, wetting, and phase change but is
poorly understood. In this study, a general, closed-form model
is developed to account for both the eﬀects of electrostatic and
van der Waals interactions on meniscus shape and disjoining
pressure for thin liquid ﬁlms on nanostructured surfaces based
on the minimization of free energy, the Derjaguin approximation, and the disjoining pressure theory for ﬂat surfaces.
The model is veriﬁed using the molecular dynamics (MD)
simulations for a water−alumina system with both triangular
and square nanostructures of varying depth and ﬁlm thickness.
Good agreement is obtained between MD results and model predictions, demonstrating the robustness of the analytical model.
The results show that the electrostatic interactions enhance the disjoining pressure, thereby making the meniscus more
conformal to the nanostructured surfaces. In addition, the electrostatic disjoining pressure is shown to increase with the
nanostructure depth but decrease with the thin ﬁlm thickness.

1. INTRODUCTION
The stability of thin liquid ﬁlms is important in lubrication,1,2
wetting and spreading,3,4 condensation,5 evaporation,6−9 and
boiling,10,11 as well as solidiﬁcation and melting,12 since the
rupture of the thin ﬁlms can lead to dramatic changes in their
desired properties. For instance, the rupture of thin ﬁlms can
cause several orders of magnitude decrease in heat ﬂux in thin
ﬁlm evaporation.6,9,13 In recent years, nanostructures have been
introduced as a means to control the stability of these thin
ﬁlms.14−16 For example, superhydrophilic nanostructured
surfaces have been shown to enhance the continuous delivery
of liquid to the thin ﬁlm region and thus achieving high
evaporative heat ﬂuxes in cooling high power electronics and
lasers.16−18
The disjoining pressure is the excess pressure required to
evaporate liquid molecules due to the presence of solid−liquid
intermolecular forces, and it ultimately governs the stability of
the thin ﬁlm. Classical theory predicts that the van der Waals
contribution to the disjoining pressure, ΠvdW, as a function of
the ﬁlm thickness, is19
Π vdW

A
=
6πδ03

to predict the eﬀect of nanostructures on the disjoining
pressure.20 Through comparisons with molecular dynamics
simulations of a water-gold system with triangular and square
nanostructures of varying depth and ﬁlm thickness, our
analytical model is shown to be accurate and robust. However,
our previous model assumes van der Waals forces as the
dominant solid−liquid interactions and is thus inadequate in
describing the eﬀect of electrostatic interactions between a
polar liquid (e.g., water) and an ionic compound surface.
Recently, nanoporous alumina,6,7 CuO nanostructures,21 and
Si/SiO2 biporous wicks22 have been used to create superhydrophilic surfaces in order to enhance the liquid delivery to
the thin ﬁlm regions where high heat ﬂuxes occur. In such
cases, the electrostatic interactions between the nanostructured
surfaces and the polar liquid (e.g., water) play an important role
in determining the disjoining pressure. For an atomically ﬂat
surface, the electrostatic contribution to the disjoining pressure
of a thin liquid ﬁlm is given by23
⎛ k T ⎞2
Πe = 2ε0ε⎜ B ⎟ K 2
⎝ ze ⎠

where kB is the Boltzmann constant, ε is the relative
permittivity, ε0 is the vacuum permittivity, e is the electron
charge, z is the valence, T is the temperature, and K is related to
the surface charge density σ with electroneutrality following
2kBTK tan (Kδ0)/(ze) = −σ/(ε0ε).23 Narayanan et al.24

(1)

where A is the Hamaker constant and δ0 is the liquid ﬁlm
thickness. However, the classic disjoining pressure theory
assumes atomically smooth surfaces and is not capable of
capturing the eﬀect of small-scale surface topologies on
disjoining pressure. In order to better predict the ability of
nanostructured surfaces to increase the stability of thin liquid
ﬁlms, we have recently developed a general, closed-form model
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demonstrated that the electrostatic interactions are able to
extend the meniscus of an evaporating thin ﬁlm in nanopores
by conducting a force analysis taking into account the
electrostatic disjoining pressure of a thin ﬁlm on a ﬂat surface
using a simpliﬁed form of eq 2 at the limit of δ0 → ∞.
However, the eﬀect of electrostatic interactions between the
thin ﬁlm and nanostructured surfaces on the disjoining pressure
and meniscus shape, especially for cases where the thin ﬁlm
thickness is comparable to the pore size so that the
nanostructure can no longer be assumed ﬂat, is poorly
understood.
Molecular dynamics (MD) simulations are a powerful tool
for investigating the role of nanoscale eﬀects on the disjoining
pressure25,26 and electrostatic interactions between solids and
liquids.27,28 In previous MD studies, we have shown that
electrostatic interactions between water and induced charges on
gold surfaces enhance the disjoining pressure.27 However,
atomistic simulations are limited by the speciﬁc material
systems used and geometries studied, which results in a need
for a general model that can describe the meniscus shape and
disjoining pressure of a thin liquid ﬁlm on a nanostructured
surface in the presence of electrostatic interactions.
In the present work, a general, closed-form model of the
meniscus shape and disjoining pressure for a thin ﬁlm on
nanostructured surface accounting for both van der Waals and
electrostatic interactions between liquid and solid is developed
based on the minimization of system free energy, Derjaguin
approximation, and the disjoining pressure theory for ﬂat
surfaces. Molecular dynamics simulations are performed for a
water−alumina system to validate the proposed model. The
model is demonstrated for 2D periodic nanostructured surfaces
of triangular and square shapes, and the results are compared
quantitatively with molecular dynamics simulations of a water
ﬁlm on an alumina surface based on well-calibrated potentials.
The eﬀects of ﬁlm thickness, nanostructure depth, and
electrostatic forces on the meniscus shape and disjoining
pressure are examined. Finally, the eﬀect of nanostructures on
the strength of electrostatic interactions is also explored with
MD simulations.

Figure 1. (a,b) Schematic of a thin liquid ﬁlm on (a) a triangular
nanostructure and (b) a square nanostructure; (c-e) Molecular
dynamics simulation setups for water ﬁlms on (c) a ﬂat amorphous
alumina surface, (d) a triangular amorphous alumina nanostructure,
and (e) a square amorphous alumina nanostructure.

where PC is the capillary pressure of the liquid ﬁlm, Πrough is the
disjoining pressure on a curved surface, ρ is the liquid density,
and Psat is the saturation pressure at temperature T. The
disjoining pressure Πrough includes both the van der Waals and
electrostatic contributions. For a ﬂat surface, Πflat = ΠvdW + Πe,
where ΠvdW and Πe are determined by eqs 1 and 2, respectively.
In the limit of δ0 → 0, eq 2 reduces to Πe = −(σkBT/zeδ0) and
at δ0 → ∞, it yields Πe = (εε0/2δ20)(πkBT/ze)2.
As shown in Hu et al.,20 the meniscus shape of a thin ﬁlm on
a nanostructured surface, as a result of the competition between
the capillary pressure and disjoining pressure, can be
characterized by a scaled healing length, ξ/D, where ξ2 = γ/
(dΠflat/dδ0)29 and D the nanostructure depth. When only van
der Waals interactions are considered between the solid and
liquid, the scaled healing length takes the form of ξ/D = δ20/(A/
(2πγ))1/2D. When electrostatic interactions are taken into
consideration, Πflat = ΠvdW + Πe, the scaled healing length
becomes

2. METHOD
2.1. Model Development of Meniscus Shape and
Disjoining Pressure. In this section, a theoretical model is
developed to predict the meniscus shape and disjoining
pressure of thin liquid ﬁlms on nanostructured surfaces with
both van der Waals and electrostatic interactions between solid
and liquid. The schematics of a thin liquid ﬁlm of thickness δ0
on 2D periodic nanostructured surfaces of wavelength L, depth
D, and triangular and square shapes are shown in Figure 1a and
1b, respectively. The basic assumptions are
(i) The liquid ﬁlm is in contact with its own vapor, and the
vapor near the thin ﬁlm is assumed to behave as an ideal
gas; and
(ii) The meniscus shape, ζL, is periodic with the same
wavelength L as that of the substrate surface ζS.
For a thin liquid ﬁlm on a curved surface in equilibrium with
its own vapor, the vapor pressure, Pv, near the thin ﬁlm is
aﬀected by both the disjoining pressure and the curvature of the
liquid meniscus following29
⎛P ⎞
PC + Π rough = −ρkBT ln⎜ v ⎟
⎝ Psat ⎠

ξ
=
D

γ
D

A
2πδ04

+

εε0
δ03

πkBT 2
ze

( )

(4)

Here, the electrostatic contribution Πe uses the expression of δ0
→ ∞ for simplicity.
Without loss of generality, we represent the meniscus shape
ζL(x), using the following (Fourier) cosine series:
ζL(x) =

a0
+
2

∞

⎛ 2πn ⎞
x⎟
L ⎠

∑ an cos⎜⎝
n=1

(5)

where a0 = 2δ0. For nanostructured surfaces, it is convenient to
introduce a modiﬁed ﬁlm thickness δ*(x)20 as the shortest
distance between the meniscus proﬁle and structured solid
2 1/2
surface as δ*(x) = δ(x)/r, where r = (1/L)∫ (L/2)
(−L/2)(1 + (ζ′S) )
dx is the Wenzel roughness ratio between the actual and ﬂat
surface areas. The modiﬁed ﬁlm thickness has more utility in
this model than the traditional deﬁnition of ﬁlm thickness δ(x),

(3)
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which is the vertical thickness29 deﬁned as the diﬀerence
between the solid and liquid surface at a point x: δ(x) = ζL(x)
− ζS(x).
The total free energy of the system, Wtotal, consists of the
surface excess energy Wγ, the van der Waals interaction energy
WvdW, and the electrostatic interaction energy We. The surface
excess energy is given as Wγ = γAL−V, where γ is the surface
tension of the liquid, and AL−V is the liquid−vapor interfacial
area. For a 2D meniscus, the liquid−vapor interfacial area is
calculated as AL−V = ∫ (L/2)
′ (x)]2]1/2 dx, where ζL′ (x) is
(−L/2)[1 + [ζL
the local slope of the liquid−vapor interface and is given as
ζ′L(x) = −Σ∞
n=1(2πnan/L) sin[(2πn/L)x)] by using eq 5. The
surface excess energy can be expressed as

Averaging both sides of eq 3 along x and substituting eq 10, it
yields
⎧
⎪
Pv
Ar 3
= exp⎨−
⎪ 6πLρkBT
Psat
⎩
⎡∞
⎤−3
⎛
⎞
⎢∑ an cos⎜ 2πn x⎟ + δ0 − ζS(x)⎥
⎝ L ⎠
−L /2 ⎢
⎥⎦
⎣n=1

∫

dx −

L /2

Wγ = γ

∫−L/2 [1 + [ζL′(x)]2 ]1/2 dx

Minimizing the total free energy of the system by setting δWtotal
= (∂Wtotal/∂ζL)δζL + (∂Wtotal/∂ζL′ )δζL′ = 0, yields
∂Wγ

(7)

L /2

∫−L/2 δ13 dx −

2
2εε0 ⎛ πkBT ⎞
⎜
⎟
r ⎝ ze ⎠

L /2

⎛

⎜

⎟

(9)

where K is related with the surface charge density σ by 2kBTK
tan (Kδ*)/(ze) = −σ/(ε0ε). The closed-form relation given in
eq 9 predicts the wave amplitudes, i.e., an(n =1, 2, ···∞), and
hence the meniscus shape of a thin liquid ﬁlm of thickness δ0
on a nanostructured surface with a prescribed proﬁle ζS(x).
Applying the Derjaguin approximation,31 where the local
disjoining pressure of a curved surface is approximated by the
disjoining pressure of a ﬂat substrate of the same local ﬁlm
thickness, and averaging the total disjoining pressure along x
give the following mean disjoining pressure on a nanostructured surface
Π̅ rough

Ar 3
=
6πL

⎡∞
⎤−3
⎛ 2πn ⎞
⎢∑ an cos⎜
x⎟ + δ0 − ζS(x)⎥
⎝ L ⎠
−L /2 ⎢
⎥⎦
⎣n=1

∫

L /2

⎛ πk T ⎞ 2
dx + 2εε0⎜ B ⎟
⎝ ze ⎠

L /2

∫−L/2 K2 dx

⎪

⎪

⎪

(12)

(13)

⎪

⎪

⎪

⎪

(14)

2.2. Molecular Dynamics Simulations. MD simulations
were performed for water thin ﬁlm on ﬂat and nanostructured
alumina surfaces to validate the proposed model. All
simulations were performed using LAMMPS,32 and the
CLAYFF potential33 was used to describe the intermolecular
interactions in the water-alumina system. The α-alumina
(0001) surface, the most energetically favorable surface of
crystalline alumina in nature, and the amorphous alumina, the
common structure of nanoporous alumina,6,7 were simulated in
the present work. The α-alumina (0001) surface was generated
by cleaving bulk crystalline α-alumina, while the amorphous
alumina surface was generated through a melt-quenching
method.34 In the melt-quenching method, a bulk crystalline
α-alumina substrate was ﬁrst equilibrated at 300 K, heated to
3500 K in 1 ns in an NPT ensemble where the pressure is
controlled isotropically at 1 atm, held at 3500 K for 1 ns, and
then quenched to 300 K in 1 ns. Two free surfaces were then
cleaved from the bulk alumina and a subsequent NVT
equilibration was performed at 300 K for 1 ns. The resulting
amorphous alumina surface reveals an average roughness of 0.4
nm. Triangular and square nanostructured amorphous alumina
surfaces were then generated by cleaving the ﬂat amorphous
alumina surfaces with a subsequent NVT equilibration at 300 K
for 1 ns.
Figures 1c, 1d, and 1e show the simulation setup of a water
ﬁlm of thickness δ0 on ﬂat, triangular, and square nano-

⎞

∫−L/2 K2 cos⎝ 2Lπn x⎠ dx = 0

⎪

2
⎧
εε0 ⎛ πkBT ⎞ ⎫
Pv
A
⎬
⎜
⎟
= exp⎨−
−
3
Psat
2δ02 ⎝ ze ⎠ ⎭
⎩ 6πρkBTδ0

sin

2
2εε0 ⎛ πkBT ⎞
⎜
⎟
r ⎝ ze ⎠

(11)

In the limit of δ0 → ∞, eq 12 is simpliﬁed to

( 2Lπn x) ∑∞m=1 am 2πLm sin( 2πLm x) dx
∫−L/2
2
2π m
2π m
∞
1 + ⎡⎣∑m = 1 am L sin( L x)⎤⎦
2π n
cos( L x) dx
L /2
Ar 2
−
∫
2π m
6πγ −L /2 ⎡ ∞
⎤3
⎣∑m = 1 am cos( L x) + δ0 − ζS(x)⎦
−

⎭

⎧
Pv
σk T ⎫
A
= exp⎨−
+ B ⎬
3
Psat
zeδ0 ⎭
⎩ 6πρkBTδ0

L /2

∫−L/2 K2 dx

Substituting eqs 1, 2, 5, 6, and 8 into eq 7, it follows
2π n
L

⎫
⎪

where the ﬁrst term and second term in the bracket of the righthand side of eq 12 denote the van der Waals contribution and
electrostatic contribution to disjoining pressure, respectively. In
the limit of δ0 → 0, eq 12 can be further simpliﬁed to

(8)

L /2

L /2

∫−L/2 K2 dx⎬⎪

⎧
⎛ kBT ⎞2 2⎫
Pv
A
⎜
⎟K⎬
2
= exp⎨−
−
ε
ε
0
3
⎝ ze ⎠ ⎭
Psat
⎩ 6πρkBTδ0

where ∂W vdW /∂ζ L = (∂W vdW /∂δ*)(dδ*/dδ)(dδ/dζ L ) =
(∂WvdW/∂δ*)/r and ∂We/∂ζL = (∂We/∂δ*)(dδ*/dδ)(dδ/dζL)
= (∂We/∂δ*)/r. By deﬁnition, the disjoining pressure is the
gradient of the free energy due to solid−liquid interactions with
respect to ﬁlm thickness,30 i.e., ∂(WvdW + We)/∂δ* = ΠvdW(δ*)
+ Πe(δ*). Therefore,
∂WvdW
∂We
Ar 2
+
=
6π
∂ζL
∂ζL

2
2εε0 ⎛ πkBT ⎞
⎜
⎟
ρLkBT ⎝ ze ⎠

where the capillary pressure, PC, is canceled out due to
symmetry. Equation 11 gives a closed-form relation for the
vapor pressure of a thin ﬁlm of thickness δ 0 on a
nanostructured surface with proﬁle ζS(x) using Fourier
coeﬃcients an, calculated from eq 9. In the limit of ζS =
constant (i.e., a ﬂat solid surface), the roughness ratio r = 1, the
Fourier coeﬃcients an = 0 for n = 1,2,3···, and eq 11 reduces to

(6)

⎛ ∂W
∂We ⎞
δζL′ + ⎜ vdW +
⎟δζL = 0
∂ζL′
∂ζL ⎠
⎝ ∂ζL

L /2

(10)
C
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Table 1. Summary of MD Cases Simulated in This Study of Thin Water Films on Solid Surfaces
solid substrate

D (nm)

L (nm)

δ0 (nm)

ﬂat α-alumina (0001)
ﬂat amorphous alumina
triangular nanostructured amorphous alumina
triangular nanostructured amorphous alumina
square nanostructured amorphous alumina
ﬂat gold
triangular nanostructured gold

0
0
3.04, 6.08
6.08
3.04, 6.08
0
2.85, 3.81, 5.71, 11.42

24.32
24.32
24.32
24.32
24.32
22.84
22.84

0.7, 0.95, 1.55, 3.15, 4.67, 6.25
0.7, 0.95 1.55, 3.15
1.25, 2.48 3.72
2.48
1.25, 2.48 3.72
2.48
2.48

+ electrostatic
+ electrostatic
+ electrostatic
+ electrostatic

T (K)
400
400
300, 400
300
300, 400
300
300

results
Pv,
Pv,
ζL,
ζL
ζL,
W
W

W, σ
W, σ
Pv, W
Pv, W

der Waals and electrostatic interactions are dominant. In order
to compare the model predictions with MD simulations for the
water−alumina system described in Section 2.2, the materialdependent Hamaker constant A that characterizes the strength
of van der Waals interactions and the surface charge density σ
that aﬀects the short-range electrostatic interactions are needed.
Following the Lifshitz theory,23,35 the Hamaker constant
between water and alumina can be calculated using

structured amorphous alumina surfaces, respectively. In each
setup, two water ﬁlms are separated 20 nm apart. Periodic
boundary conditions are applied in all directions and the
alumina substrate is frozen at each end of the z direction. The
wavelength of the nanostructure, L, is ﬁxed at 24.32 nm for
both triangular and square nanostructured amorphous alumina
surfaces. For both triangular and square nanostructured
amorphous alumina surfaces, the depth of the nanostructure,
D, is varied from 3.04 to 6.08 nm, so that the aspect ratios of
the nanostructures (2D/L) are 1:4 and 1:2, respectively. Thin
water ﬁlms with diﬀerent thicknesses (i.e., 1.25, 2.48, and 3.72
nm at 300 K) are considered. The meniscus shape of water thin
ﬁlms were simulated on triangular and square nanostructured
amorphous alumina surfaces at 300 K. The MD simulations for
water thin ﬁlms on ﬂat crystalline and amorphous alumina
surfaces, and on triangular and square nanostructured
amorphous alumina surfaces were equilibrated in an NVT
ensemble at 400 K for 1 ns, and the vapor pressure was
calculated from averaging the data between 200 ps to 1 ns. It is
noted that the model developed in Section 2.1 can be applied at
any temperature as long as the assumption of ideal gas holds
true. The simulation temperature of 400 K was selected to
reduce ﬂuctuations in vapor pressure calculations from MD
simulations while keeping the ideal gas assumption valid.
In order to investigate how the nanostructures aﬀect the
strength of the intermolecular forces, MD simulations were
performed to determine the interaction energy per unit actual
area for water thin ﬁlms on ﬂat and triangular nanostructured
amorphous alumina surfaces, compared with that of water thin
ﬁlms on ﬂat and triangular nanostructured gold surfaces where
van der Waals interactions are the only dominant force. The
interaction energy per actual area of the solid−liquid interface
can be calculated using
W = (ES + E L − Etotal)/A

S−L interaction
vdW
vdW
vdW
vdW
vdW
vdW
vdW

A=
×

⎛ ε − ε3 ⎞⎛ ε2 − ε3 ⎞
3hνe
3
kBT ⎜ 1
⎟⎜
⎟+
4
8 2
⎝ ε1 + ε3 ⎠⎝ ε2 + ε3 ⎠
(n12 − n32)(n22 − n32)
(n12

+

n32)1/2 (n22

+ n32)1/2 {(n12 + n32)1/2 + (n22 + n32)1/2 }
(16)

where n is the refractive index, h is Planck’s constant, νe is the
adsorption frequency of water, and the subscripts 1, 2, and 3
represent alumina, water liquid, and water vapor, respectively.
The tabulated parameters are given as n1 = 1.75, n2 = 1.333, n3
= 1.0002, ε1 = 11.6, ε2 = 80, ε3 = 1.00, and νe = 3.0 ×
10−15s−1.23 The Hamaker constant for the alumina−water−
vapor system calculated using eq 16 yields A = 3.49 × 10−20 J.
The surface charge density σ was calculated using the charge
density proﬁle of a water thin ﬁlm on an alumina surface from
the MD simulations. The charge density proﬁle of water thin
ﬁlms on α-alumina(0001) surface was ﬁrst calculated and
veriﬁed against Argyris et al.28 with less than 2% relative error.
For a water thin ﬁlm on a crystalline alumina surface, the charge
density proﬁle shows alternative positive and negative charge
layers of water near alumina.28 The surface charge density
calculated based on the total charge of the ﬁrst charge layer of
water per surface area is 0.34C/m2 for a crystalline αalumina(0001) surface. However, amorphous alumina surfaces
have a roughness of ∼0.4 nm. For such cases, the surface charge
density was calculated using the 3D grid method, where the
simulation domain was divided into 0.3 × 0.3 × 0.3 Å3 grids
and the mass and charge densities were calculated for each grid.
Using the mass density proﬁle to identify the 3D solid−liquid
interface, the surface charge density of water on an amorphous
alumina surface was calculated to be 0.31 C/m2 based on the
total charge of the ﬁrst charge layer per surface area of the 3D
solid−liquid interface. It is noted that the calculated diﬀerence
in disjoining pressure, based on surface charge density of
0.34C/m2 and 0.31C/m2, is within 2%.

(15)

where A is the actual area of the solid−liquid interface (i.e., A =
(4D2 + L2)1/2 for triangular nanostructured surface), Etotal is the
equilibrium total energy of the solid and liquid in contact, ES
and EL are total energy of solid and liquid in vacuum,
respectively. In the present simulations, the ES, EL, and Etotal are
evaluated using three separate NVT ensembles at 300 K.
In order to examine the eﬀect of electrostatic interactions on
meniscus shape, the water ﬁlm with a thickness of 2.48 nm on a
triangular nanostructured amorphous alumina surface with
depth of 6.08 nm is simulated with and without electrostatic
interactions between water and alumina. The case without
electrostatic interactions is set up by turning oﬀ the Coulombic
potential between water and alumina. Table 1 summarizes all
MD cases simulated in this study.
2.3. Determination of the Hamaker constant and
surface charge. The model developed in Section 2.1 is a
general model for an arbitrary material system where both van

3. RESULTS AND DISCUSSION
3.1. Eﬀect of Electrostatic Interactions on Disjoining
Pressure. Figure 2 shows the comparison between the MD
calculated (symbols) and model predicted (lines) scaled vapor
pressure as a function of the ﬁlm thickness for water thin ﬁlms
of varying thickness on ﬂat crystalline and amorphous alumina
surfaces at 400 K. The black line represents the prediction of
D
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Figure 2. Comparison between MD simulations and model
predictions for scaled vapor pressure as a function of the liquid ﬁlm
thickness for water thin ﬁlms on ﬂat alumina surfaces at 400 K. Error
bars are calculated using ﬁve separate NVT simulations with diﬀerent
velocity seeds used to initialize the temperature.

the classical theory, and the red line represents the prediction
with electrostatic interactions accounted for following eq 12.
The circles and triangles represent MD results for water thin
ﬁlms on crystalline α-alumina (0001) surface and on
amorphous alumina, respectively. As shown in Figure 2, the
discrepancy between the scaled vapor pressure of the α-alumina
(0001) surface and the amorphous alumina surface is within the
error bars, indicating that the crystalline structure does not
signiﬁcantly aﬀect the disjoining pressure. Furthermore, the
vapor pressure from MD simulations agrees well with the
prediction of eq 12, which veriﬁes the validity of our MD
results for a ﬂat surface. Classical theory that neglects
electrostatic interactions overestimates the scaled vapor
pressure (or underestimates the disjoining pressure) as
compared with the MD results and eq 12, demonstrating that
the electrostatic interactions enhance the disjoining pressure.
The blue and green dashed lines represent the prediction of eq
13 (i.e., simpliﬁed eq 12 in the limit of δ0 → 0) and eq 14 (i.e.,
simpliﬁed eq 12 in the limit of δ0 → ∞), respectively. As shown
in Figure 2, eq 13 agrees well with eq 12 for δ0 > 0.5 nm, while
eq 14 overestimates the electrostatic contribution to the
disjoining pressure. For δ0 > 3 nm, eq 14 agrees well with eq 12
indicating that it is safe to use δ0 → ∞ when the water ﬁlm
thickness is larger than 3 nm, while eq 13 greatly overestimates
the disjoining pressure. For a water ﬁlm with thickness between
0.5 and 3 nm, both eqs 13 and 14 overestimate the disjoining
pressure.
3.2. Meniscus Shape and Disjoining Pressure of
Triangular Nanostructures. Figure 3a shows the snapshots
of MD calculated meniscus shapes for equilibrated water ﬁlms
of thickness δ0 = 1.25, 2.48, and 3.72 nm on triangular
nanostructured amorphous alumina surfaces of depth D = 3.04
and 6.08 nm at 300 K. As δ0 decreases or Dincreases, the
meniscus becomes more conformal to the solid surface. To
better quantify the meniscus shape, the scaled wave amplitude,
Am/Am|max, as a function of the scaled healing length ξ/D is
plotted in Figure 3b for both model predictions (lines) and MD
results (symbols) at 300 K. Here, the wave amplitude Am, i.e.,
the largest distance between the curved and ﬂat menisci, is
deﬁned as Am = |ζL(0)−δ0| = |Σ∞
n=1an| and Am|max = D/2. As
shown in Figure 3b, the MD results agree well with the closedform solutions of eq 9, demonstrating that our model
accounting for the electrostatic interactions is adequate to
predict the meniscus shape of a thin ﬁlm on a nanostructured

Figure 3. (a) Meniscus shape of water ﬁlms of varying thickness on
triangular nanostructured amorphous alumina surfaces with diﬀerent
depths at 300 K. (b) Comparison of MD simulation and model
prediction for scaled wave amplitude as a function of the scaled healing
length on triangular nanostructures. Error bars are calculated using
three separate NVT simulations with diﬀerent velocity seeds used to
initialize the temperature.

substrate. As the scaled healing length increases, the surface
tension force becomes stronger than the solid−liquid
intermolecular forces, which leads to a smaller wave amplitude
(or a more ﬂat meniscus).
In order to investigate the eﬀect of electrostatic interactions
on the meniscus shape, Figure 4a compares the ﬁrst 20 Fourier
coeﬃcients obtained from the model and MD simulations for a
water ﬁlm of thickness δ0 = 2.48 nm on a triangular
nanostructure of D = 6.08 nm with and without electrostatic
interactions between alumina and water. The Fourier
coeﬃcients are calculated by solving eq 9 numerically in
conjunction with the electroneutrality condition, i.e., 2kBTK
tan(Kδ*)/(ze)= −σ/(ε0ε). It is noted that, for a ﬂat surface,
both the ﬁlm thickness δ* and K are constant along x. For a
nanostructured surface, however, δ* and K vary along x.
Approximating tan (Kδ*) using the third-order Taylor series, it
follows K = [−3 + [9 − (σzeδ*)/εε0kBT]1/2]1/2/δ*, which is
used to determine the model-predicted Fourier coeﬃcients
shown in Figure 4a. Good agreements are obtained between
the closed-form model and MD results for simulations that
both include and neglect electrostatic interactions between
alumina and water. When the electrostatic interactions are
turned oﬀ, the leading order coeﬃcient a1 of the meniscus wave
amplitude decreases by 33%, indicating a more ﬂat meniscus
without electrostatic interactions. Figure 4b shows the
comparison between the model predicted and MD simulated
meniscus shapes of a water ﬁlm on a triangular nanostructure
with and without electrostatic interactions, where the average
relative discrepancy is 4% for the case without electrostatic
interactions and 3% for with electrostatics. Consistent with the
eﬀect of electrostatic interactions on a ﬂat surface, the
electrostatic interactions also enhance the disjoining pressure
E
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Figure 4. (a) Comparison of MD simulation and model predictions for the ﬁrst 20 Fourier coeﬃcients of the meniscus shape for water ﬁlm of
thickness δ0 = 2.48 nm on a triangular nanostructure of depth D = 6.08 nm with and without electrostatic interactions between alumina and water.
The inset shows the equilibrium menisci from MD simulations with and without electrostatic interactions between alumina and water. (b)
Comparison of meniscus shape from MD simulations and model predictions.

of a nanostructured surface, which in turn makes the meniscus
shape more conformal as shown in Figure 4b.
The scaled vapor pressure, Pv/Psat, as a function of the water
ﬁlm thickness, δ0, for triangular nanostructures of depth D = 0,
3.04, 6.08 nm at 400 K is plotted in Figure 5. The MD results

Figure 5. Comparison of MD simulations and model predictions for
scaled vapor pressure as a function of the ﬁlm thickness and
nanostructure depth for triangular nanostructures at 400 K. Error bars
are calculated based on using ﬁve separate NVT simulations with
diﬀerent velocity seeds used to initialize the temperature for ﬂat
surfaces, and using three for the nanostructured surfaces.

Figure 6. (a) Meniscus shape of water ﬁlms of varying thickness on
square nanostructured amorphous alumina surfaces with diﬀerent
depths at 300 K. (b) Comparison of MD simulation and model
prediction for scaled wave amplitude as a function of the scaled healing
length on square nanostructures. Error bars are calculated using three
separate NVT simulations with diﬀerent velocity seeds used to
initialize the temperature.

(symbols) are presented against closed-form solution, eq 11
(line). It can be seen from Figure 5 that, for triangular
nanostructured surfaces, the MD results agree well with the
closed-form model. The vapor pressure decreases with the
nanostructure depth, indicating that the disjoining pressure
enhances with D. As the ﬁlm thickness increases, the scaled
vapor pressure Pv/Psat is close to 1.0 for all nanostructures
investigated. The change in vapor pressure due to nanostructures becomes smaller (or disjoining pressure attenuates) as the
thickness of the liquid ﬁlm increases.
3.3. Meniscus Shape and Disjoining Pressure of
Square Nanostructure. Figure 6a shows the snapshots of
MD-calculated meniscus shapes for equilibrated water ﬁlms of
thickness δ0 = 1.25, 2.48, and 3.72 nm on square alumina
nanostructures of depth D = 3.04 and 6.08 nm at 300 K. For
both nanostructure depths, as δ0 decreases, the meniscus shape
changes from ﬂat to conformal to the solid surface. Moreover,
as D increases, the meniscus also becomes more conformal. As

a result, for the case of δ0 = 1.25 nm and D = 6.08 nm, the
strong disjoining pressure ﬁnally causes the meniscus to break
up. Figure 6b shows the scaled wave amplitude as a function of
scaled healing length for a meniscus on square nanostructures,
where lines represent the model prediction and symbols
represent MD results at 300 K. Good agreement is achieved
between the model and MD results. For each nanostructure
depth D, the scaled wave amplitude, 2Am/D (or Am/Am|max),
increases monotonically with decreasing scaled healing length,
ξ/D. This is because a thinner liquid ﬁlm thickness (or a
smaller scaled healing length) results in a stronger disjoining
pressure and therefore a more conformal ﬁlm of a larger wave
amplitude. When ξ/D → 0, the scaled wave amplitude
converges to 2Am/D = 1.0, corresponding to a conformal ﬁlm
whose wave amplitude equals to D/2. In addition, for the same
F
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Figure 7. (a) Comparison of MD simulation and model prediction for the ﬁrst 20 Fourier coeﬃcients of the meniscus shape for water ﬁlm of
thickness δ0 = 1.25 nm on a square nanostructure of depth D = 3.04 nm. (b) Comparison of meniscus shape from MD simulations and model
predictions.

ξ/D, increasing D leads to smaller scaled wave amplitudes for
all ﬁlm thicknesses.
Figure 7a shows the comparison of the ﬁrst 20 Fourier
coeﬃcients for a water ﬁlm of thickness δ0 = 1.25 nm on a
square nanostructure of D = 3.04 nm. Good agreement is
reached between the model and MD results, indicating that the
model is capable of accurately predicting the meniscus shapes
on nanostructures with sudden proﬁle changes. Figure 7b
shows the corresponding meniscus shapes, where the averaged
relative discrepancy is 4% between from MD results and model
predictions.
Figure 8 shows the scaled vapor pressure as a function of the
ﬁlm thickness for water ﬁlms on ﬂat and square nanostructures

for a given nanostructured surface, below which the meniscus
breaks up. Although our present model, which assumes a
continuous meniscus, cannot capture such breakup events, it
provides an upper bound of the critical ﬁlm thickness. In other
words, liquid ﬁlm with thickness above 0.9 nm will be stable on
a square nanostructure of depth D = 3.04 nm.
3.4. The Eﬀect of Nanostructures on the Strength of
Electrostatic Interactions. Figure 9 shows the MD calculated

Figure 9. Interaction energy per actual solid−liquid interfacial area as a
function of the aspect ratio of the nanostructures for water thin ﬁlms
on triangular nanostructured gold and amorphous alumina surfaces.
Error bars are calculated using three diﬀerent random velocity seeds
for temperature initialization.

Figure 8. Comparison of present MD simulations and model
predictions for scaled vapor pressure of water ﬁlms on square
nanostructures as a function of the ﬁlm thickness and nanostructure
depth at 400 K. Error bars are calculated based on using ﬁve diﬀerent
random velocity seeds for temperature initialization for ﬂat surfaces,
and using three diﬀerent random velocity seeds for nanostructured
surfaces.

interaction energy per actual solid−liquid interfacial area
between water ﬁlms and triangular gold and alumina nanostructured surfaces as a function of the aspect ratio, 2D/L, of
the nanostructures. For the water−gold system where van der
Waals interactions dominate, the interaction energy per actual
surface area does not obviously change with the nanostructure
aspect ratio, indicating that the strength of van der Waals
interactions is not aﬀected by nanostructures. On the other
hand, for the water-alumina system, the interaction energy per
actual surface area appears to decrease with the nanostructure
aspect ratio, indicating that the strength of electrostatic
interactions between water and alumina weaken as nanostructure aspect ratio increases. The attenuation of electrostatic
interactions with increasing nanostructure aspect ratio is
perhaps caused by the interactions of side walls of
nanostructures. It has been concluded in our past work that

of depths D = 3.04 and 6.08 nm. The black line represents the
classic theory, the blue and red lines are for the closed-form
model of eq 11, and the symbols are MD results that show
good agreement with the models. Similar to the cases of
triangular nanostructures, the eﬀect of disjoining pressure
enhances with increasing nanostructure depth D for the square
nanostructures, but weakens with increasing liquid ﬁlm
thickness. Note that, due to numerical instability while
calculating the Fourier coeﬃcients, the model predictions
stop at δ0 = 0.9 and 1.9 nm for D = 3.04 and 6.08 nm,
respectively. In reality, there may exist a critical ﬁlm thickness,
G
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the van der Waals interactions between the side walls of the
nanostructures can be negligible because their distance is much
larger than local ﬁlm thickness and van der Waals forces are
weak for such a long distance.20 However, the electrostatic
interactions are longer range forces whose contribution
between side walls may not be negligible. Since both side
walls of the nanostructured alumina surfaces carry the same
charges, their interactions are repulsive. As the nanostructure
aspect ratio increases, the repulsive forces between the side
walls increases, leading to a decrease in electrostatic strength. It
is noted that the interaction energy per actual surface area
decreases by less than 10% when the nanostructure aspect ratio
increases from 0 to 1.0. Due to this week eﬀect of
nanostructures on electrostatic strength, the model developed
in Section 2.1 for constant electrostatic interaction strength still
gives good predictions of meniscus shape and disjoining
pressure as compared to the MD results.

4. CONCLUSION
In this paper, a closed-form model is derived to accurately
predict the meniscus shape and disjoining pressure of a thin
liquid ﬁlm on a nanostructured surface accounting for both van
der Waals and electrostatic interactions between a solid and a
thin liquid ﬁlm. Molecular dynamics simulations of water thin
ﬁlms on triangular and square amorphous alumina nanostructures are performed to verify the model. Good agreements are
obtained between MD results and model predictions for thin
ﬁlms of varying thickness on nanostructured surfaces of varying
depth. The results show that electrostatic interactions enhance
the disjoining pressure and make the meniscus more conformal
to the nanostructured surface. The electrostatic contribution to
the disjoining pressure increases with nanostructure depth and
decreases with ﬁlm thickness. For a given nanostructure, the
wave amplitude of the meniscus increases with decreasing thin
ﬁlm thickness. Furthermore, the strength of electrostatic
interactions for thin liquid ﬁlms on nanostructured surfaces
decreases with increasing nanostructure aspect ratio.
The model developed here will enable more accurate
prediction of heat ﬂuxes in thin ﬁlm evaporation utilizing a
variety of nanostructured surfaces and better nanostructure
designs for enhanced thin ﬁlm stability. Future work will focus
on a better understanding of the evaporating thin ﬁlm region
that is away from equilibrium.
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