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a b s t r a c t

Wetting transition of water on graphite and boron-nitride (BN) surfaces is investigated by molecular
dynamics simulation. In particular, we report the effect of temperature and system size on the contact
angle of water droplet on the two surfaces. Wetting temperature of water on graphite is found to be
470 ± 5 K, which is in good agreement with the estimate of Zhao (Phys. Rev. B 76 (2007) 041402) using

i An update to this article is included at the end
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grand-canonical Monte Carlo simulations. On the other hand, wetting temperature of water on BN surface
is estimated to be lower, 438 ± 5 K. Temperature dependence of line tension of water droplet on both
the surfaces is also studied, and found to vary between 10−10 and 10−9 N for temperature in the range
of 300–420 K. In this work, line tension for water on graphite and BN surfaces is observed to have a
logarithmic proportional behavior with the contact angle.
raphite
oron-nitride

. Introduction

Wetting behavior of fluid–solid interfaces is of practical interest
o technological important areas such as sensors [1] and coatings
2]. Wetting of patterned surfaces by liquids plays a key role in the
elds of nanofluidics [3,4] and biophysics [5]. Increase in demand of
ano-based technologies requires having a clear picture of wetting
ehavior on functional surfaces. Despite the potential of controlling
he wettability to transform the nano-based device radically, we are
et to devise a practical way to make smart surfaces.

Wettability of solid surface is a characteristic property of mate-
ials. It strongly depends on both surface energy and surface
oughness and is characterized invariably by the contact angle, �,
hich is given by the following Young’s relation [6]:

LV cos � = �SV − �SL, (1)

here �SL, �LV and �SV are interfacial free energies per unit area of
he solid–liquid, liquid–vapor and solid–vapor, respectively.

Wetting transition is characterized usually by the wetting tem-
erature at which drop vanishes and wets the surfaces completely.
arious works have been done in order to understand the wet-
ing transition by experiments [7,8]. Previous theoretical studies
eveal that variety of simple and associating fluids undergoes the
rst-order wetting transition [9–11]. Surprisingly, the experimen-
al evidence is very limited [12–14], due to sensitivity of contact
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angle to impurities/defects on the surface. Experimental observa-
tion of the contact angle of water on a graphite surface [15] at
the room temperature ranges from 60◦ to 80◦, which illustrates
experimental difficulties to study such phenomena. In addition,
impurities and defects of surface are unavoidable in experiment
[16], which essentially changes the interfacial water behavior.

On the other hand, molecular simulation, based on molecular
interaction model, can explore the behavior of fluid near the sur-
face systematically. Various workers have done some work in this
direction. For example, Pertsin and Grunze [17] studied the behav-
ior of water confined between two graphite sheets, while Muller
et al. [18] performed a Monte Carlo study on adsorption of water
on activated carbons. Zhao [19] recently studied the prewetting
transition of water on a graphite surface. A number of MD studies
are also performed to understand the droplet dynamics on solid
surfaces. For instance, Hautman and Klein [20] investigated the
microscopic wetting of hydrophilic and hydrophobic surfaces with
terminal function groups. Lundgren et al. [21] studied the wetting
behavior of water and water/ethanol mixture on graphite surface,
without considering system size effects and obtained a microscopic
contact angle of 83◦ for water on graphite surface; while Werder
et al. [22] studied contact angle of water on a graphite surface by
varying interaction parameters. On the other hand, Zangi and Berne
[23] investigated the dependency of temperature on contact angle

of water droplet on a graphite surface. Subsequently, number of
molecular dynamics studies are performed on the contact angle
of water droplet on different surfaces such as TiO2 surface [24]
and amorphous silica surface [25]. Similar wetting studies have
been done for silver on nickel surface [26] and aqueous trisilox-
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http://www.elsevier.com/locate/fluid
mailto:jayantks@iitk.ac.in
dx.doi.org/10.1016/j.fluid.2010.07.006


R.C. Dutta et al. / Fluid Phase Equi

Table 1
Lennard–Jones parameters.

Pair � (Å) ε (kJ/mol) q (e)

OW–OW [41] 3.1666 0.6502 −0.8476
HW–HW [41] 0 0 +0.4238
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C–OW [22] 3.190 0.392 0
B–B [61] 3.453 0.3971 0
N–N [61] 3.365 0.6060 0

ne and alkyl polyethoxylate surfactant solutions on a graphite
ubstrate [27]. In all the above studies, investigation related to wet-
ing temperature and line tension is missing. This is, in fact, the

ain objective of the current study. In this work, we present a
ystematic study of wetting transition and line tension of water
roplet on graphite and boron-nitride surfaces. Such materials in
ifferent shapes such as nanotubes and fullerenes, have shown sub-
tantial evidence of extraordinary hydrodynamic behavior of water
28–37]. We expect that the current work will find use in future
tudies pertinent to the field of biosensors and nanofluidics.

The rest of the paper is organized as follows: in the next sec-
ion, we describe the model and methods employed in this work.
ection 3 presents the results on the effect of system size and tem-
erature on the contact angle of water on graphite and BN surfaces.

n addition, we report the line tension, which for the first time, to
ur best knowledge, is investigated systematically using molecular
ynamics. Section 4 summarizes the work.

. Computational model and method

.1. Model

Molecular dynamic simulations are carried out under constant
umber of particles N, volume V, and the temperature T (NVT
nsemble). In this work, we have used DLPOLY [38]. Graphite and
N surfaces are constructed by periodically replicating the unit
ell in lateral directions. The graphite surface consists of two lay-
rs of carbon atoms separated by 1.53 Å and the distance between
he layers is 3.4 Å. Cutoff radius of 10 Å is used to omit the effect
f additional number of surface layers. The BN surface consists of
lternating boron and nitrogen atoms in a graphite like sheet with
lmost no change in atomic spacing [39]. The surface atoms are kept
rozen during simulations. The dimensions of the box varied from
50 × 150 to 200 × 200 Å2 depending on the size of the droplet. The
ubstrate size is sufficiently large to remove the effect of periodic
mages of the droplet in lateral directions. The height of the sim-
lation box is taken as 270 Å to avoid any interaction of periodic

mage of the droplet [40].
Water–water interaction is described by the SPC/E [41] model

n which the hydrogen’s are located at 1 Å from the oxygen with
n H–O–H angle of 109.47◦. Bond distance and bond angle are
xed throughout the simulation with the SHAKE algorithm [42].
he intermolecular interaction in the SPC/E model is defined as:

LJ(rij) = 4ε

[(
�

rij

)12

−
(

�

rij

)6
]

+
3∑

i=1

3∑
j=1

qiqj

rij
, (2)

here rij is the distance between any pair of atoms i and j, � rep-
esents the atom size, ε is the interaction energy depth between
wo atoms and qi and qj are the charges centered on the individ-
al atoms of different water molecules. Surface–water interaction
s represented by Lennard–Jones potential and the corresponding
nteraction parameters are calculated using the Lorentz–Berthelot

ixing rules as shown in Table 1: �ij = (�i + �j)/2 and εij = √
εiεj .

Initial configuration is generated by placing water molecules,
n the range 2000–7000 particles, on a cubic lattice. Subsequently,
libria 302 (2011) 310–315 311

water cubic structure is kept on the surface at the bottom of the
simulation box. The lateral dimension of box is the same as that of
the surface. Each simulation is carried out for 1.2 ns with an integra-
tion time of 2 fs with 0.6 ns as equilibration run length and equal
amount for the production run. The Nose–Hoover thermostat is
used to maintain the system temperature with relaxation constant
of 1.0 ps. Electrostatic interactions are incorporated using the single
particle mesh Ewald method [43].

2.2. Methodology

Graphical binning approach is considered to calculate various
properties such as vapor–liquid densities and contact angles. In
this approach, we assume azimuthal symmetry in the droplet and
introduce the cylindrical coordinate system (r, z), where r is the dis-
tance from the z-axis. Such approach was earlier used by Werder
et al. [22] and Aluru and co-worker [24]. We have considered the
top most surface layer for the zero reference level and the surface
normal through the center of mass of the droplet as the reference
axis. The bins have a height of 1 Å and are of equal volume, i.e.,
the radial bin boundaries are located at ri =

√
(iıA/�) for i = 1, . . ., N

bins with a base area per bin of ıA = 95 Å2. Contact angle is extracted
from a two-step procedure from the profiles as described by de Rui-
jter et al. [44]. First, the location of the equimolar dividing surface is
determined within every single horizontal layer of the binned drop.
Second, a circular best fit through these points is extrapolated to
the surface where the contact angle � is measured. The boundary
between equilibrated liquid and vapor interface for a given droplet
is determined at the position where the density is half of bulk water
density and is modeled using the relation for liquid–gas interface:

�(r) = 1
2

(
�L + �V

)
− 1

2

(
�L − �V

)
tan h

(
2(r − re)

d

)
, (3)

where �L and �V are liquid and vapor densities, respectively, r is
the distance from origin to the droplet surface, re is the center of
the interface region, and d is the interface thickness. The points of
the equimolar surface below a height of 8 Å from the graphite or BN
surface are not taken into account for the fit, to avoid the influence
of density fluctuations at the liquid–solid interface.

The size of the droplet influences the wetting behavior when
used as nanoscale droplets such as in microelectronic systems and
microfluidic devices [45]. To determine the effect of droplet size
on the microscopic contact angle we have utilized the following
modified Young’s equation:

�SV = �SL + �LV cos � +
(

�

rB

)
, (4)

where � and rB are line tension and radius of the droplet, respec-
tively.

Macroscopic contact angle can be derived for infinitely large
drop, i.e., 1/rB → 0, which yields a well known Young’s equation
(Eq. (1)):

cos �∞ =
(

�SV − �SL

�LV

)
.

Eq. (4) can be rewritten in terms of macroscopic contact angle
and line tension as shown below:

cos � = cos �∞ −
(

�

�LV

)
1
rB

. (5)

A series of finite size contact angles can be used along with Eq.

(5) to obtain the macroscopic contact angle.

Hydrogen bond (HB) plays a crucial role in the behavior of water
as their spatial patterns and fluctuations characterize the structure
and dynamics of the liquid [46]. In this work, we perform HB anal-
ysis, using the geometrical criteria as described by Swiatla-Wojcik
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Fig. 2. (a) Density profiles of water on graphite surface along the centerline of the

surface.
ig. 1. Effective potential of water–graphite and water–BN systems. Symbols star
nd square represent water–graphite system and water–BN system, respectively.

47] to understand the effect of temperature and surface on the HB
tatic distribution.

. Results and discussion

Fig. 1 displays the effective water-surface potential energy for
he graphite and BN surfaces. To evaluate the effective interac-
ion, we place a water molecule with different orientations at
ifferent distances from the surface. For graphite–water system
graphite–water = 3.2 Å and εgraphite–water of −6.1 kJ/mol obtained in

his work is in good agreement with previous reported values,
.19 Å and −6.31 kJ/mol [48,49], respectively. For BN–water system
e obtained �BN–water and εBN–water = 3.0 Å, −7.43 kJ/mol, respec-

ively. These effective interaction parameters between BN sheet
nd water are dependent on the mixing rule. In this work, we have
onsidered Lorenz–Berthelot rule for obtaining the values of inter-
ction parameters for B–OW and N–OW. Hence, all the results of
N–water system obtained in this work are based on the above
pproximation.

We start our discussion with Fig. 2, which presents water den-
ity profiles at different temperatures for graphite–water system
Fig. 2(a)) and density profiles for BN–water system (Fig. 2(b)). The
iquid density (�L) and vapor density (�V) are calculated from Eq.
3) as per methodology described in the previous section. Fig. 2
learly indicates that the surface effect exists up to some molec-
lar distance due to which the density has an oscillatory nature.
or the graphite–water system, two pronounced density peaks
re observed at 300 K, close to the surface, with peak heights of
.61 and 1.13 g/cm3 at a distance of 2 and 5 Å, respectively from
he surface. On the other hand, for BN–water system, the cor-
esponding two density peaks are observed at a distance of 3
nd 6 Å from the surface, with densities = 1.546 and 1.09 g/cm3,
espectively, at 300 K. Subsequent to the fluid adsorbed layers,
he liquid density approaches that of the bulk value before reach-
ng the vapor–liquid interfacial region. We have performed such
alculations for various temperatures. Saturated liquid densities
btained from the density profile at 300, 325, 350, 375, 400 and
20 K are 0.996 ± 0.02, 0.978 ± 0.02, 0.944 ± 0.02, 0.9224 ± 0.02,
.9084 ± 0.02 and 0.8654 ± 0.02 g/cm3, respectively. These values
re in excellent agreement with that of bulk water densities, for

PC/E model, as reported by Vega and Miguel [50].

In order to understand the hydrogen bond dynamics near the
urface, we examined the variation of hydrogen bonds with tem-
erature. As per the methodology described by Swiatla-Wojcik
droplet at different temperatures. Symbols square, circle, and triangle represent 300,
375, and 420 K, respectively. (b) Density profiles of water on BN surface along the
centerline of the droplet at different temperatures. Symbols circle, star, and triangle
represent 300, 360, and 400 K, respectively.

[47], the HB analysis requires cutoff values for O–O and O–H dis-
tances between different molecules. We have obtained these values
from the radial distribution function calculation (figure not shown
for brevity). At 300 K the average number of HB per water molecule,
in the bulk region, is 3.40 ± 0.05, which is in agreement with the
previously reported [24] value of 3.5 hydrogen bonds per water
molecule on titanium dioxide surface at the same temperature. To
analyze the effect of system size on the HB analysis, we carried
out various simulations, with different system sizes, to under-
stand the change in hydrogen bond at different temperatures.
Fig. 3(a) describes a graph between 1/Nwt and P (nHB = 1) for dif-
ferent temperatures. Here Nwt is number of water molecules in
the system and P (nHB = 1) is defined as the probability to find an
atom with one hydrogen bond. System size is found to have very
less effect on HB. Similar behavior is observed for higher order P
(nHB > 1) of hydrogen bond. We used such analysis to obtain the
HB distribution for infinitely large drop, Pinf (nHB). Fig. 3(b) shows
the behavior of Pinf (nHB) at different temperatures for a water
drop on the graphitic surface. As we increase the temperature Pinf
(nHB = 1–3) increases; on the other hand Pinf (nHB = 4, 5) decreases
with increasing temperature. Similar behavior is observed for the
HB distribution as a function of temperature for water on the BN
One of the main objectives in this work is to obtain the con-
tact angle behavior of water on the two surfaces, graphite and
boron-nitride, for different temperatures. Contact angle is primar-
ily sensitive to the characteristic energy of fluid–wall interaction as
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Fig. 3. (a) System size effect on hydrogen bond at various temperatures. Symbols
square, triangle and star represent 300, 340, and 400 K, respectively. (b) Probability
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Fig. 4. Schematic for the computation of contact angle for graphite–water system
at 300 K.

Similar extrapolation technique from series of finite system size
simulations is employed to obtain contact angles at various temper-
atures for water on BN and graphite surfaces. Table 2 summarizes
the contact angle for various temperatures for both surfaces. Wet-
ting temperature, TW, is evaluated from a series of contact angles

Table 2
Variation of contact angle and line tension with temperature for graphite–water and
BN–water systems.

T (K) �GW (◦) �BN (◦) �G–water (10−10 N) �BN–water (10−10 N)

300 83(2) 73(1) 3.0(3) 2.3(2)
320 67(2) 3.0(2)
325 76(2) 5.0(3)
340 61(2) 4.1(2)
350 69(2) 6.5(4)
Pinf) to find a water molecule with hydrogen bonds at different temperatures. Sym-
ols square, circle, triangle up, triangle down, triangle left represent probability to
nd an atom having 1, 2, 3, 4 and 5 hydrogen bonds, respectively.

hown by Werder et al. [22] in detail. We have chosen the param-
ters from the work of Werder et al. [22], which have yielded the
ontact angle value close to that seen in recent experiments. Eq.
5) clearly indicates that the microscopic contact angle depends
n the drop size. Such dependencies have been observed in vari-
us experiments [51–53]. Hence, it is imperative to consider the
ffect of system size on the contact angle. For each temperature,
e have simulated four to five system sizes ranging from 2000 to

000 water molecules. In order to retain the structure of the drop,
ubstrate area is also accordingly modified. Note that the layered
tructure of the liquid close to the wall (0 < z < 8 Å) is neglected in
he contact angle measurement. Fig. 4 represents the pictorial form
f water droplet on the graphitic surface and the fitting represen-
ation of the drop, which is used to obtained the contact angle of
he droplet.

Fitting method, as described in the previous section, is applied
o calculate the contact angle for various system sizes. System size
ffects are found to be significant at relatively higher temperature.
or example, the variation in contact angle at 300 K for a system

ize of Nwt = 4000 to Nwt = 7000 is around 3◦; on the other hand,
he corresponding variation is around 8◦ at 400 K. Fig. 5 presents
he cosine of the microscopic contact angle vs. inverse of the drop
adius, i.e., cos � vs.1/rB. Fig. 5 clearly illustrates the linear relation
Fig. 5. Dependence of the system size on contact angle of water droplet on the
BN surface at different temperatures. Symbols square, star, and triangle represent
contact angles at 300, 340, and 400 K, respectively. Data points, from right to left,
represent droplet with 2000, 3000, 4000, 5000 water molecules.

of the contact angle to the inverse of the drop radius as suggested
by Eq. (5).

A straight line is fitted to the data and extrapolated to the infi-
nite radius for obtaining the true or macroscopic contact angle, �∞.
360 55(3) 4.8(3)
375 61(2) 8.1(4)
380 45(3) 6.8(3)
400 52(3) 37(3) 10.5(5) 9.0(3)
420 41(4) 12.5(5)
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Fig. 7. Line tension vs. temperature for graphite–water and BN–water systems.
ig. 6. Dependency of cosine of macroscopic contact angle � against temperature for
raphite–water and BN–water systems. Dashed line along the data points is guide to
he eye. Dashed vertical lines represent the estimated wetting temperatures. Error
ars are smaller than the symbol size.

s a function of temperature. The data is extrapolated linearly to
btain the temperature at which contact angle becomes zero as
escribed in Fig. 6.

In this work, TW for the graphite–water system is 470 ± 5 K. On
he other hand, TW for the BN–water system is found to be relatively
ower, 438 ± 5 K. Our estimate of wetting temperature of water on
he graphite surface is in agreement with that obtained from the
CMC simulation of Zhao [19]. It may be pointed out that these are

he theoretical estimates and the experimental measurements in
his respect are not available.

In this work, we have also investigated the behavior of line
ensions from MD. Line tension affects the stability of emulsion
nd foams and would play an important role in micro/nanofluidic
evices. As summarized by Amirfazli and Neumann [54], line ten-
ion has been found to be negative as well as positive. In order to
alculate the line tension for current systems, at a certain tempera-
ure, we obtain the slope, −�/�LV, from the system size analysis data
s shown in Fig. 5. The numerical values for �LV are taken from the
tudy by Vega and Miguel [50] for SPC/E water at different temper-
tures. The calculated values are in the order of 10−10 N in this work
nd are in good agreement with the order of the line tension value
eported in the literature [55,56]. We obtained 3.06 × 10−10 N as
he line tension value at 300 K, which is in good agreement with the
reviously reported values for graphite–water system at the same
emperature by Werder et al. [22]. In a recent work, Zangi and Berne
23] assumed a constant line tension for different temperatures for
heir study of water on a hydrophobic plate. On the contrary, in
his work, the line tension is found to substantially increase with
ncreasing temperature. The variation of the line tension for water
n graphite and BN surfaces is shown in Fig. 7.

In general, there is a consensus of positive line tension near
rst-order wetting [57]. At wetting, short-ranged interactions are
haracterized by a finite � with finite slope, while the retarded van
er Waals interactions exhibit finite � with diverging slope, and
he longer ranged interactions (e.g., non-retarded van der Waals)
xhibit diverging �. However, which of the two forces (long or short
anged) dominate cannot be ascertained from the calculated line
ension data. Fig. 8 describes the graph of � vs. ln(1/�), which yields
straight line. The behavior of line tension against contact angle
s in agreement with that from the theories proposed by Joanny
nd Gennes [58,59] as well as by Churaev et al. [60]. In particular,
hese theories suggest that � is positive near wetting temperature
nd diverges as T approaches the TW, following a logarithmic rela-
ion with the contact angle, i.e., �(�) ˛ ln(1/�). Interestingly, slope
Fig. 8. Line tension vs. ln(1/�) for graphite–water and BN–water systems where �
is in degree. Dashed and dotted lines are guide to the eye.

of the linear fit as in Fig. 8 for water on BN and graphite sur-
faces are slightly different with relatively larger value observed for
the graphitic surface owing to its relatively hydrophobic nature.
However, the line tension behavior of water on BN and graphite
surfaces is similar at lower temperature (see Fig. 7). Nevertheless,
the behavior substantially changes at higher temperature where
the line tension of water on BN surface appears to diverge earlier
than that for the graphite surface.

4. Conclusions

We investigated the wetting behavior of water droplet on
graphite and boron-nitride surfaces using MD simulations. We sys-
tematically studied the effect of temperature and system size on
the contact angle of water droplet on both surfaces. We reported,
for the first time to the best of our knowledge, the temperature
dependency of line tension. The wetting temperature of water on
graphite is found to be 470 ± 5 K, which is in agreement with the

predicted value from the grand-canonical Monte Carlo simulations.
On the other hand, the wetting temperature of water on boron-
nitride is estimated to be relatively lower, 438 ± 5 K. HB distribution
is studied to understand its variation at different temperatures. The
behavior of HB distribution of water near both surfaces is found to
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The authors regret that all the line tension values in Table 2 are off by one order in our calculations. They should be 10−11 N instead of
0−10 N. The authors would like to apologize for any inconvenience caused due to this mistake. The corrected table is given below:

able 2
ariation of contact angle and line tension with temperature for graphite–water and BN–water systems.

T (K) �GW (◦) �BN (◦) �G-water (10−11 N) �BN-water (10−11 N)

300 83(2) 73(1) 3.0(3) 2.3(2)
320 67(2) 3.0(2)
325  76(2) 5.0(3)
340  61(2) 4.1(2)
350  69(2) 6.5(4)
360  55(3) 4.8(3)

375 61(2) 8.1(4)
380  45(3) 6.8(3)
400 52(3) 37(3) 10.5(5) 9.0(3)
420  41(4) 12.5(5)
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