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of Nanometer Size Particulates at a Liquid-Vapor Interface
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We study the behavior of nanometer size particulates at a liquid-vapor interface by means of molecu-
lar dynamics simulations. We propose a methodology for computing the line tension using computer
simulations, and present new data for the wetting of particulates at a planar liquid-vapor interface, as
a function of particulate size. For the sizes considered in this work the line tension is negative and
influences the wetting behavior of particulates at the liquid-vapor interface. [S0031-9007(98)05956-0]

PACS numbers: 68.10.Cr

Young's equation [1] provides a simple description ofto zero (at least for particles where the variation of surface
wetting and drying transitions in terms of the surface ten-and line tensions with curvature can be neglected). This
sions of the different interfaces. However, the line ten-point, characterized by the equality of the free energies of
sion, a property characteristic of three phase equilibriumthe particulate both at the liquid phase and at the interface,
is known to have a considerable influence on the wettingletermines the wetting transition. The free energy of the
transition of some systems, and therefore it has to be cormparticulate in the planar surface with respect to the planar
sidered as a correction in a more general treatment [2,3liquid-vapor interface can be expressed as [5]

Indeed, it has been shown theoretically [4,5] that a large

line tension may induce a wetting transition (in this Letter s — 2

we take the terr}r/1 “wetting transit?on" to refer(to pothcon-  © 27K [7” (14 cost) + 7, v_(l cosf)

tinuous and discqntinuous changes in Wetting_ state). ‘We — 05y, S 6 + 7Sind } @

note that the available experimental data for line tensions

[6—11] show a wide range of possible values and that, al- . .

though theoretical studies have considered various aspe vlvgere Yap rEpresents the surfz_ace tension of '.[he mterface

of the line tension problem [12-17], as far as the author etween phases and 3, andr is the line tension and is .
defined as the excess free energy per unit length associ-

are aware, th_ere hav_e been no molecular simulation eStgted with the three phase line. In Fig./drepresents the
mates of the line tension.

In this Letter we consider the wetting transition un-depth. of immersion_of the par'ticu!ate in the liquid, and, as
dergone by a spherical particulate of nanometer size at ae will see below, its detgrmmanon allows the computa-
planar liquid-vapor interface. We introduce a nethon of the contact angle directly from a computer simula-

methodology for computing the line tension within at|on. It is apparent from expression (1) that knowledge of

; . the free energy, surface tensions, and contact angle makes
molecular simulation, and present new data for the wet- . : . .
ssible the computation of the line tension. In what fol-

ting of particulates at interfaces. These studies are aim d s we will use this equation to compute the line tension
at improving our understanding of the underlying physics 9 P

of wetting as well as a variety of complex phenomena inof our system as a function of the particulate size.
which colloidal particles are present at interfaces. For
instance, the effect of particulates on the breaking of
emulsions and foams depends on their ability to enter
the interface [11], i.e., on the feasibility of the wetting
transition which in turn may depend on the line tension.
Nanometer size particulates (e.g., calcium carbonate
stabilized by surfactant) are used as fuel additives in the
petrochemical industry [18].

The location of a spherical particulatg) in a liquid
(I)-vapor (v) interface can be described in terms of the
contact anglé that it makes with the surface (cf. Fig. 1).
From thermodynamic analysis [4,5] it is known that this
angle changes with the line tension, and eventually for|G. 1. Illustration of a particulate at the liquid-vapor inter-
some value of the line tension, it can drop discontinuouslyace. For definitions see text.

0031-900798/80(17)/3791(4)$15.00 © 1998 The American Physical Society 3791



VOLUME 80, NUMBER 17 PHYSICAL REVIEW LETTERS 27 ARIL 1998

In order to model the system represented in Fig. 1 we have chosen a potential model based on the Lennard-Jones/spline
(LI/s) [19]

12 6
46,’j|:<%> - <%> ], fo<r—s< Ts,ij
Uij(r,s) = aij(r —s = rei)? + bij(r —s — rei)?, Wre <r—s <rej, (2)
0, if re;j <r—-s.

Herer is the distance between particles; the diameter!  The computation of the line tension [see Eq. (1)]
of the species (hereafter referred to as the fluid) whichrequires the particulate-liquid/,;l, and particulate-vapor,
forms the liquid-vapor interfaces;; represents the po- vy,,, surface tensions at the saturation conditions. To
tential depth for interactions between speciesnd j, compute the surface tension we consider the work done
and s = (o, — 0y)/2, where o, = 2R is the size of on the system to reversibly and isothermally inflate/deflate
the particulate. The remaining variables are given ashe spherical particulate by an amowiR. The free
follows: r,;; = (26/7)21/6(rf, reij = (67/48)ry i, aij = energy associated with this process is given by
—(24 192/32131) (eij/rsgij), an.d bij. = —(387 072/ dF = (87TR’)/)dR + (47TR2P0ut)dR , (3)
61009) (¢;;/rs;;). The potential defined by Eq. (2)
has a finite range, thus removing truncation effects owvherepP,, is the fluid pressure against which the particu-
the surface tension [20]. In addition, the range of thelate does work. In expression (3) we have considered that
interactions between the particulate and the fluid particlethe radius of the surface of tension is equal to the radius
is independent of the size of the particulate, even for a®f the particulateR. Provided the change in free energy
infinite radius (i.e., where the particulate represents &eferred to above is smalk kpT), it can be calculated in
planar wall). the canonical ensemble as follows [25]:

The liquid-vapor interface has been simulated at an in- _ _ _ _
termediate temperatur@,” = kzT/e;r = 0.75 (with re- dF = AF kpT In(exp(=BAU) @
spect to the critical temperatuf® of the LJ/s potential, whereB = 1/kzT, andAU = U, — Uy, whereU, and
T./T = 1.21), to ensure that the surface tension of theU, are the potential energies of the “perturbed,” i.e.,
system is large enough. Since the line tension is related tB8 = R = AR and ‘“reference”(AR = 0), states. The
the surface tension [1] this should also ensure a significargubindex “0” in expression (4) denotes the average is
line tension. In addition, at this temperature, the vapotaken over the reference state. Values\&f were in the
density is high enough to allow vapor simulations with arangeAR = 0.00250, — 0.0250, and were chosen as a
reasonable number of particl®s. Molecular dynamics function of the particulate size. The simulations to com-
simulations of the liquid-vapor interface were performedpute the surface tensions were performed using molecu-
in the canonical ensemble [21], with a time st8g" =  lar dynamics in the canonical ensemble of a system
0.005, and typical samples ranged frafh= 4000toN =  composed of the particulate and the fluid at the liquid-
23352 particles filling a volumeV. These simulations vapor coexistence pressufg, = 0.026. The overall den-
were conducted in a prismatic simulation box with lengthsity of the particulate-fluid system was adjusted slightly
in the ratio{x, y,z} = (3,1, 1}, wherex was the coordi- for each particulate such that tflaid densities (obtained
nate normal to the interface. The coexistence densities olirom the particulate-fluid radial distribution function at
tained in this way werg* = Na}/v = (0.675 = 0.003 large separations) were close to the fluid coexistence
and0.046 = 0.001 for the liquid and vapor, respectively, density. This adjustment gave a system pressure equal,
at a pressuré®™ = 0.026 + 0.007. The surface tension within statistical error, to the liquid-vapor coexistence
for this state was obtained from the integral over the interpressure. For the largest particulate studied in this work,
face of the difference between the normal and tangentiak, = 100, we employed around 40 000 particles.
components of the pressure tensor. The result for the sur- Figure 2 shows the final results for,, and Vv TEP-
face tension isy, = ')’]UU'.)%/fff = 0.165 = 0.009. In  resented as the differenceg,, — y;‘,,. We remark that
order to simulate the particulate at the interface a valu¢hese values when extrapolated to a particulate of in-
must be assigned tey,. It is known that changes in the finite size, i.e., a wall, are consistent with the surface
depth of the potential well can drive a wetting-drying tran-tensions of a planar fluid-solid interface, which were
sition [22—24]. Therefore we have computed for a givenobtained from the pressure tensor. The condition of par-
particulate size the value @f;, which turns out in a par- tial wetting, |y,, — vl < v, is fulfilled in the entire
tially wet partially dry regime, i.e., a contact angle nearrange of particulate diameters. From our data, Young's
90° (see below for an explanation of the method to com-equation, co§ = (y,, — ¥,1)/ v, implies that increas-
pute the contact angle). A value ef,/es = 1.25 for  ing size pushes the particulate farther into the vapor phase.
a particulate with sizer, = 5.00; was obtained and was However, we should expect the line tension to play a role
employed in subsequent simulations. in determining the contact angle and the location of any
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-0.02 , ' ' the line tension is acting upon the particulate in the sense
that it is pushed farther into the liquid. In addition, the
-0.04 | ; simulation results allow us to observe directly the wetting
transition (the entry of the particulate into the liquid phase)
~0.06 { that appears around, =~ 2.507.

In order to compute the line tension through Eq. (1) we
008 | } } { ] need the free energy of the particulate at the surface. The

’Y*pv_y*pl

absolute value for this quantity is not easy to compute,

but the free energy difference between two states can be
obtained by resorting to the methodology employed above
to gety,; andy,,. We consider the expression

dF = {47R[y,/(1 + cosf) + v,,(1 — cosh)
-0.14 b X /0j2 55 o4 — 0.5y, SI 6] + 27 75sind)}dR
;
% + (47R*Poyt) dR , (5)

Swhere the first term in curly brackets is the force due to
the surface tension and line tension against which the par-
ticulate does work. AgairP,,, is the external pressure
wetting transition. We have studied the wetting behaviodue to the fluid, i.e., the saturation pressut = AF

as a function of the particulate sizrectly by measur- Wwas computed using the perturbation method described
ing the contact angle in molecular dynamics simulationgtbove. TheAR values employed in this case were in the
of the particulate at the interface. The simulations showange0.005-0.0250. In Table | we report results for
that the movement of the particulate in the direction northe line tension as a function of the particulate size. The
mal to the interface is constrained, and it diffuses on degative values obtained are in agreement with the smaller
well defined layer parallel to the interface. From the simu-contact angles measured in the simulation as compared
lated configurations can be calculated (see Fig. 1). Note with the Young’s equation results.

thath = R — d, whered is the average distance between The procedure outlined above allows an estimate of the
the particulate and the equimolar dividing surface taken aline tension, but it requires as input the contact angles
the liquid-vapor interface. A contact angle follows from which have large uncertainties as compared with the other
cosd = h/R — 1. These new values are plotted in Fig. 3. variables present in expression (1). However, noting that
The contact angles obtained in this way are smaller thathe equilibrium value for the contact angles that which

the values predicted by Young's equation, indicating thafminimizes the free energy, and assuming tiraéind 7

do not depend on the contact angle, we get the additional

-0.10 ¢

-0.12

FIG. 2. Dependence of the difference of the surface tension
Yy — ¥pi» With the particulate size foef, /eqr = 1.25.

expression
1.25 T v
T COSO
Wet state — - cosd + - =0, 6
Ypv Ypl Yiv R sing (6)
075} ] which represents a correction to Young's equation. Then
from (5) and (6) both the line tension and the contact
angle can be estimated. The results for the line tension
ozt 1 and contact angles obtained in this way agree down
@ T T g y ag
2 i to o, = 50, with those reported above (see Table |
° ol % ] and Fig. 3). The small differences between this new
LI ﬁi
T L
-075 | . TABLE |. Results for the line tension” = 7os/ess, and
contact angle as a function of particulate sizg, /e;; = 1.25.
-1.25 Dry state o/ e cosf® e cosf®
o 2 4 6 8 10 12
S, 4.0 -0.2 —0.01 = 0.16 —0.1 —0.33
5.0 -0.2 —0.10 = 0.33 -0.2 —0.32
FIG. 3. Variation of the contact angle with particulate size for 7.0 —04 —-0.24 = 0.15 -0.3 —0.33
€,/ €;p = 1.25. Open circles represent data obtained directly 10.0 —02 —0.42 + 0.08 —02 —0.45

from molecular dynamics simulations. Squares result from
Young's equation and full circles data obtained from solution®From Eq. (5).

of Egs. (5) and (6) as described in the text. The dot-dashefDirect measurement from molecular dynamics simulations.
line represents the contact angle for the wall-fluid interface.  °From Egs. (5) and (6).
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