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We study the behavior of nanometer size particulates at a liquid-vapor interface by means of mo
lar dynamics simulations. We propose a methodology for computing the line tension using comp
simulations, and present new data for the wetting of particulates at a planar liquid-vapor interfac
a function of particulate size. For the sizes considered in this work the line tension is negative
influences the wetting behavior of particulates at the liquid-vapor interface. [S0031-9007(98)0595
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Young’s equation [1] provides a simple description o
wetting and drying transitions in terms of the surface te
sions of the different interfaces. However, the line te
sion, a property characteristic of three phase equilibriu
is known to have a considerable influence on the wetti
transition of some systems, and therefore it has to be c
sidered as a correction in a more general treatment [2
Indeed, it has been shown theoretically [4,5] that a lar
line tension may induce a wetting transition (in this Lette
we take the term “wetting transition” to refer to both con
tinuous and discontinuous changes in wetting state). W
note that the available experimental data for line tensio
[6–11] show a wide range of possible values and that,
though theoretical studies have considered various asp
of the line tension problem [12–17], as far as the autho
are aware, there have been no molecular simulation e
mates of the line tension.

In this Letter we consider the wetting transition un
dergone by a spherical particulate of nanometer size a
planar liquid-vapor interface. We introduce a ne
methodology for computing the line tension within
molecular simulation, and present new data for the w
ting of particulates at interfaces. These studies are aim
at improving our understanding of the underlying physic
of wetting as well as a variety of complex phenomena
which colloidal particles are present at interfaces. F
instance, the effect of particulates on the breaking
emulsions and foams depends on their ability to en
the interface [11], i.e., on the feasibility of the wetting
transition which in turn may depend on the line tensio
Nanometer size particulates (e.g., calcium carbon
stabilized by surfactant) are used as fuel additives in t
petrochemical industry [18].

The location of a spherical particulatespd in a liquid
sld-vapor syd interface can be described in terms of th
contact angleu that it makes with the surface (cf. Fig. 1)
From thermodynamic analysis [4,5] it is known that th
angle changes with the line tension, and eventually f
some value of the line tension, it can drop discontinuous
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to zero (at least for particles where the variation of surfac
and line tensions with curvature can be neglected). Th
point, characterized by the equality of the free energies
the particulate both at the liquid phase and at the interfac
determines the wetting transition. The free energy of th
particulate in the planar surface with respect to the plan
liquid-vapor interface can be expressed as [5]

Fs  2pR2

∑
gpls1 1 cosud 1 gpys1 2 cosud

2 0.5gly sin2 u 1
t sinu

R

∏
, (1)

wheregab represents the surface tension of the interfac
between phasesa andb, andt is the line tension and is
defined as the excess free energy per unit length asso
ated with the three phase line. In Fig. 1,h represents the
depth of immersion of the particulate in the liquid, and, a
we will see below, its determination allows the computa
tion of the contact angle directly from a computer simula
tion. It is apparent from expression (1) that knowledge o
the free energy, surface tensions, and contact angle mak
possible the computation of the line tension. In what fol
lows we will use this equation to compute the line tensio
of our system as a function of the particulate size.

FIG. 1. Illustration of a particulate at the liquid-vapor inter-
face. For definitions see text.
© 1998 The American Physical Society 3791
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es/spline
In order to model the system represented in Fig. 1 we have chosen a potential model based on the Lennard-Jon
(LJ/s) [19]
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Herer is the distance between particles,sf the diameter
of the species (hereafter referred to as the fluid) whic
forms the liquid-vapor interface,eij represents the po-
tential depth for interactions between speciesi and j,
and s  ssp 2 sfdy2, where sp  2R is the size of
the particulate. The remaining variables are given
follows: rs,ij  s26y7d1y6sf , rc,ij  s67y48drs,ij , aij 
2s24 192y3211d seijyr2

s,ijd, and bij  2s387 072y
61 009d seijyr3

s,ijd. The potential defined by Eq. (2)
has a finite range, thus removing truncation effects o
the surface tension [20]. In addition, the range of th
interactions between the particulate and the fluid particl
is independent of the size of the particulate, even for
infinite radius (i.e., where the particulate represents
planar wall).

The liquid-vapor interface has been simulated at an i
termediate temperature,T p  kBTyeff  0.75 (with re-
spect to the critical temperatureTc of the LJ/s potential,
TcyT ø 1.21), to ensure that the surface tension of th
system is large enough. Since the line tension is related
the surface tension [1] this should also ensure a significa
line tension. In addition, at this temperature, the vap
density is high enough to allow vapor simulations with
reasonable number of particlesN . Molecular dynamics
simulations of the liquid-vapor interface were performe
in the canonical ensemble [21], with a time stepdtp 
0.005, and typical samples ranged fromN  4000 to N 
23 352 particles filling a volumeV . These simulations
were conducted in a prismatic simulation box with lengt
in the ratio hx, y, zj  s3, 1, 1j, wherex was the coordi-
nate normal to the interface. The coexistence densities
tained in this way wererp  Ns

3
fyV  0.675 6 0.003

and0.046 6 0.001 for the liquid and vapor, respectively,
at a pressurePp  0.026 6 0.007. The surface tension
for this state was obtained from the integral over the inte
face of the difference between the normal and tangent
components of the pressure tensor. The result for the s
face tension isgp

ly  glys
2
fyeff  0.165 6 0.009. In

order to simulate the particulate at the interface a val
must be assigned toefp. It is known that changes in the
depth of the potential well can drive a wetting-drying tran
sition [22–24]. Therefore we have computed for a give
particulate size the value ofefp which turns out in a par-
tially wet partially dry regime, i.e., a contact angle nea
90± (see below for an explanation of the method to com
pute the contact angle). A value ofefpyeff  1.25 for
a particulate with sizesp  5.0sj was obtained and was
employed in subsequent simulations.
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The computation of the line tension [see Eq. (1
requires the particulate-liquid,gp

pl , and particulate-vapor,
gp

py, surface tensions at the saturation conditions.
compute the surface tension we consider the work do
on the system to reversibly and isothermally inflate/defla
the spherical particulate by an amountdR. The free
energy associated with this process is given by

dF  s8pRgddR 1 s4pR2PoutddR , (3)

wherePout is the fluid pressure against which the partic
late does work. In expression (3) we have considered t
the radius of the surface of tension is equal to the rad
of the particulateR. Provided the change in free energ
referred to above is smalls, kBT d, it can be calculated in
the canonical ensemble as follows [25]:

dF ; DF  2kBT lnkexps2bDUdl0 , (4)

whereb  1ykBT , andDU  U1 2 U0, whereU1 and
U0 are the potential energies of the “perturbed,” i.e
R  R 6 DR and “reference”sDR  0d, states. The
subindex “0” in expression (4) denotes the average
taken over the reference state. Values ofDR were in the
rangeDR  0.0025sf 2 0.025sf , and were chosen as a
function of the particulate size. The simulations to com
pute the surface tensions were performed using mole
lar dynamics in the canonical ensemble of a syste
composed of the particulate and the fluid at the liqui
vapor coexistence pressure,Pp  0.026. The overall den-
sity of the particulate-fluid system was adjusted slight
for each particulate such that thefluid densities (obtained
from the particulate-fluid radial distribution function a
large separations) were close to the fluid coexisten
density. This adjustment gave a system pressure eq
within statistical error, to the liquid-vapor coexistenc
pressure. For the largest particulate studied in this wo
sp  10sf , we employed around 40 000 particles.

Figure 2 shows the final results forg
p
pl and gp

py , rep-
resented as the differencegp

py 2 g
p
pl . We remark that

these values when extrapolated to a particulate of
finite size, i.e., a wall, are consistent with the surfa
tensions of a planar fluid-solid interface, which wer
obtained from the pressure tensor. The condition of p
tial wetting, jgpy 2 gpl j , gly , is fulfilled in the entire
range of particulate diameters. From our data, Young
equation, cosu  sgpy 2 gpldygly , implies that increas-
ing size pushes the particulate farther into the vapor pha
However, we should expect the line tension to play a ro
in determining the contact angle and the location of a
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FIG. 2. Dependence of the difference of the surface tensio
gp

py 2 g
p
pl , with the particulate size forefpyeff  1.25.

wetting transition. We have studied the wetting behavi
as a function of the particulate sizedirectly by measur-
ing the contact angle in molecular dynamics simulatio
of the particulate at the interface. The simulations sho
that the movement of the particulate in the direction no
mal to the interface is constrained, and it diffuses on
well defined layer parallel to the interface. From the sim
lated configurationsh can be calculated (see Fig. 1). Not
thath  R 2 d, whered is the average distance betwee
the particulate and the equimolar dividing surface taken
the liquid-vapor interface. A contact angle follows from
cosu  hyR 2 1. These new values are plotted in Fig. 3
The contact angles obtained in this way are smaller th
the values predicted by Young’s equation, indicating th

FIG. 3. Variation of the contact angle with particulate size fo
efpyeff  1.25. Open circles represent data obtained direc
from molecular dynamics simulations. Squares result fro
Young’s equation and full circles data obtained from solutio
of Eqs. (5) and (6) as described in the text. The dot-dash
line represents the contact angle for the wall-fluid interface.
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the line tension is acting upon the particulate in the sen
that it is pushed farther into the liquid. In addition, the
simulation results allow us to observe directly the wettin
transition (the entry of the particulate into the liquid phase
that appears aroundsp ø 2.5sf .

In order to compute the line tension through Eq. (1) w
need the free energy of the particulate at the surface. T
absolute value for this quantity is not easy to comput
but the free energy difference between two states can
obtained by resorting to the methodology employed abo
to getgpl andgpy. We consider the expression

dF  h4pRfgpls1 1 cosud 1 gpys1 2 cosud

2 0.5gly sin2 ug 1 s2pt sinudjdR

1 s4pR2Poutd dR , (5)

where the first term in curly brackets is the force due t
the surface tension and line tension against which the p
ticulate does work. AgainPout is the external pressure
due to the fluid, i.e., the saturation pressure.dF ; DF
was computed using the perturbation method describ
above. TheDR values employed in this case were in th
range0.005 0.025sf . In Table I we report results for
the line tension as a function of the particulate size. Th
negative values obtained are in agreement with the sma
contact angles measured in the simulation as compa
with the Young’s equation results.

The procedure outlined above allows an estimate of t
line tension, but it requires as input the contact angle
which have large uncertainties as compared with the oth
variables present in expression (1). However, noting th
the equilibrium value for the contact angleu is that which
minimizes the free energy, and assuming thatg and t

do not depend on the contact angle, we get the addition
expression

gpy 2 gpl 2 gly cosu 1
t cosu

R sinu
 0 , (6)

which represents a correction to Young’s equation. The
from (5) and (6) both the line tension and the conta
angle can be estimated. The results for the line tensi
and contact angles obtained in this way agree dow
to sp  5sf with those reported above (see Table
and Fig. 3). The small differences between this ne

TABLE I. Results for the line tension,tp  tsf yeff , and
contact angle as a function of particulate size.efpyeff  1.25.

spysf tp a cosu b tp c cosu c

4.0 20.2 20.01 6 0.16 20.1 20.33
5.0 20.2 20.10 6 0.33 20.2 20.32
7.0 20.4 20.24 6 0.15 20.3 20.33

10.0 20.2 20.42 6 0.08 20.2 20.45

aFrom Eq. (5).
bDirect measurement from molecular dynamics simulations.
cFrom Eqs. (5) and (6).
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computation and the direct observation of contact angl
indicate that Eq. (6) is accurate for the larger system
considered in this work. As a whole we can conclud
from our data that the line tension is not a function o
particulate size.

It remains to compare our results for the magnitude
the line tension with experimental data. Taking the valu
sf  3.4 Å and effykB  166 K [26] as representative
of argon, we obtain a line tension ofø10212 N, as com-
pared with experimental data for particulates of nanom
ter sizeø10211 N [27], or theoretical estimates of the line
tensionjtj ø 10210 N [1]. Nevertheless, an exact com-
parison with experiment is not straightforward, given tha
the line tension is expected to show a dependence on
surface tension of the liquid-vapor interface, which in ou
case is smallg ø 0.003 N/m as compared with the val-
ues observed in air/water interfacesg  0.072 N/m [11].

There are several questions which deserve furth
study, such as the influence of the range and stren
of the potential on the wetting transition and the conta
angle and their relationship to experimental systems.
particular interest is the importance of specific surfac
interactions and of internal structure for the wettin
properties of colloidal particles. These questions will b
addressed in forthcoming publications.

The authors acknowledge EPSRC Research Grant N
GR/L51997.
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