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Simulating the Spreading of a Drop in the Terraced Wetting Regime
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For atomic fluids, droplet spreading in the terraced wetting regime is investigated using molecular
dynamics. The radii of the terraced layers varyasregardless of system size, lattice geometry, and
thermostating, in agreement with experimental data. Previous simulations are shown to disagree due to
porosity of the lattice. The spreading proceeds initially via downward mass transfer in the outer regions
of the drop. When layers close to the solid surface become impenetrable, mass transfer occurs only at
the drop edges, as suggested by de Gennes and Cazabat. [S0031-9007(96)00120-2]

PACS numbers: 68.45.Gd, 61.20.Ja, 68.10.Gw

In 1989, Heslot, Cazabat, and Levinson [1,2] ob- In order to shed some insight on the spreading of a
served in a spatially resolved ellipsometry experiment thatlroplet consisting of an atomic fluid on a solid surface,
droplets of polydimethylsiloxane (PDMS) spread on a flatand more specifically to explore the reasons behind the
solid surface by forming distinct monomolecular layers.discrepancy between molecular dynamics (MD) results
These layers diffuse outward until only the layer closeseand very careful experimental data, we have performed
to the solid surface remains. This “terraced wetting” is aseveral simulations using the MD technique. We have
subcase of complete wetting. It occurs due to strong fainvestigated the effect of droplet size, solid geometry,
vorable interactions between the solid surface and droplenteraction between solid particles, and thermostating.
fluid. Experimentally, the radii of layers vary with time  To mimic experimental conditions, gas, liquid, and solid
as+/t. Kawasaki dynamics for a lattice gas [3] appearphases have atomic details. Particles interact with each
to recover the dependence of the radii of the layers omwther through a Lennard-Jones (LJ) potential
time, but the large number of parameters involved and 12 6
non-first-principles make difficult direct comparisons with Vap(rij) = 4€aﬁ[(‘7aﬁ> _ Caﬁ<0“ﬁ> } )
experiment. ‘ Fij Fij

In principle the molecular dynamics technique is the - oy . .

d;;lere, rij = |r; — Fj| is the distance between particles

most appropriate technique to investigate the dynamics 0 A " S -
spreading. Previous attempts by Yang, Koplik, and Ba-and] with, respectively, position vectoes andr;. The

navar [4,5] to use molecular dynamics simulations shomparame;[ﬁm‘aﬁ dtﬁterfmtiaes tr][e st_iz:es o1|‘| thT: pagi]cle_s tand
different spreading rates from the ones observed experF—af. IS b (tew ep f qd € tp(l) e(;n a Cwe y (ir € llnter—
mentally [3]. In particular, they found that the radii of action between fiuid particie ), Cyp i S€t equal 1o
the layers vary with time aglog,,(1). Yang, Koplik, and unity ando sy, €77, andmy are chosen as units of length,

Banavar [5] believe that the difference in molecular sizecNer9Y: 'and mass, respectlvely. D|ffereqt S“"q?' rep-
is the main reason for discrepancy between the Simul?esentanons have been used in these simulations. The

tions and experiments. They argue that atoms (used i ase case is a face cen;[/e3red cubic (fcc) lattice with cu-
simulations) diffuse by hopping between lattice sites, an Ic lattice 'constantz =2"ayy SLI'%h that the hearest-
are likely to be pinned to adsorption sites. Long chains"€ighbor distancexn = a/v2 = 2"°0;, which equals

on the other hand, are unlikely to be pinned to the surthe minimum-energy distance between fluid particles. Al-
face unless the nearest-neighbor distance matches exaciffnatively, we used a S'mﬁ’}g cubic (sc) lattice with the
the lattice parameter. Therefore, one would expect a sutp2Mednn (in this caseq = 2P (). In both cases, par-
diffusive behavior of atoms. Recent molecular dynamicdiCles are attached to their lattice positiong through a
simulations do indeed show that for a nonvolatile droplefi9id-SPring potential

of chain moIecuIes. monomolecular layers very with t_ime V(r) = (k/2) |7 — Fiol, )
as./t [6]. De Conincket al.[3] suggested that the dis-

crepancy between simulation and experiment is due twherek is the spring constant. Additionally, we intro-
the huge disproportion between the longitudinal scales induced a LJ interaction between solid particles vdth =
volved; i.e., in the simulations, thickness and longitudinalC,;; = 1 and o, = 1.1 such that the distance of mini-
scales are microscopic where these are macroscopic emal LJ interaction is slightly larger thasiyy in order to
perimentally [3]. Finally, Nieminert al. [7] suggest that facilitate thermostating. Solids constructed by these two
the discrepancy between simulation and experiment is dugpes of forces are called type | solids. In one simulation,
to the high volatility of the simulated droplet in compari- the solid has been modeled by using a deep potential well
son with PDMS droplets on silicon wafers. with e, = 50€;; and o, = 1, which we call a type I
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solid. Again this will lead to an fcc lattice with a nearest- Our simulations show that droplets consisting of 4224
neighbor distancédyy = 21/6aff. For all types of solids, and 8634 have the samgt dependence. Thus the
mg; = 5my and the Lindemann criterion [8] is fulfilled. spreading of a droplet of only 4224 particles is sufficient
A spherical droplet is equilibrated and positioned neato reproduce the experimental dependence of radius on
the surface using a gravitational force field. During thistime, even though there is a huge disproportion between
equilibration step the solid and drop particles are kepthe longitudinal scales, which are microscopic in the
at a constant temperature b1 /e = 0.8 using a Nosé- simulations, and macroscopic in the experiment [3].
Hoover thermostat, while the attraction between solid an&imilarly to our results, Yang, Koplik, and Banavar [5]
drop particles is kept at zero. When the drop touche$ound that simulations on a drop consisting of 9000 fluid
the surface, the gravitational field is turned off, the totalparticles showed the same dependence of the radius as
momentum of the drop is scaled to zero, and the attractiothat of a small drop of 4000 fluid particles. However,
between the solid and droplet is turned on. Only solidthey found thaR depends on time aglog,,(¢) [4] for the
particles remain thermostated from here onwards. Severdrge and small systems.
values of the attraction parameter between the solid and Discrepancy between our results and previous simula-
fluid particlesC,s have been tested. A value of 1.5 wastions [4,5] could be due to thermostating. Yang, Kop-
found to lead to a terraced spreading regime. Severdik, and Banavar thermostat the solid atoms by scaling
systems have been simulated with different numbers athe velocities of the atoms in the third layer of the lat-
particles and lattice geometries (see Table I). Our Noséice. In our simulations, thermostating by scaling the ve-
Hoover thermostat has a constant of 0.01, and a time stdpcities or by applying a Nosé-Hoover formalism leads to
of 0.004. In one case a velocity scaling thermostat washe same spreading rates. Niemiregral. [7,10] apply a
tested in order to compare with Refs. [4,5]. Nosé-Hoover thermostat to atoms in the droplet, possibly
Figure 1 shows a typical case of terraced wettinginappropriate for an inhomogeneous system [6]. An addi-
Initially one layer is formed close to the solid surface,tional reason for the subdiffusive regime seen in simula-
then second and third layers are formed. Subsequently thi®n could be the high volatility of the simulated droplet.
third and second layers disappear, and only a monolayérherefore, Niemineret al. [7] suggested that the spread-
remains. Snapshots from various solid lattices do noing of PDMS droplets on silicon wafers has a stronger de-
show a significant difference in the terracing of thependence on time than the spreading of a volatile droplet
droplet. The layering of fluids near a solid surface is inof atomic fluid. This could be true if the condensate from
itself very usual, and well characterized experimentallythe vapor mixes significantly with the first layer to slow
theoretically, and in molecular simulations [9]. The staticdown its spreading rate. However, our simulations show
side of terraced wetting is better characterized than it¢hat the volatility of drops does not significantly weaken
dynamics. Experiments [1,2] indicate clearly that the radiithe spreading process. In addition, Yang, Koplik, and Ba-
of the layers depend on time &5. navar [5] have shown that the spreading of a nonvolatile
To quantify the rate of spreading of the droplet, wedrop of dimers had the same dependence on time as that
have recorded the density profiles for the first layer abf a volatile drop of atomic fluids.
several time intervals. Subsequently, the radtusf the It should be mentioned here that Yang, Koplik, and Ba-
first layer at the cutoff density of 0.5, indicative of the navar simulate an fcc lattice for whickn = 22/3(rff,
liquid-vapor boundary, is noted at several time steps (nevhich is a factor ofy/2 larger than in our simulations.
significant difference of the behavior & exists among This could be a reason for disagreement between simu-
cutoff densities of 0.4, 0.5, and 0.6). Plots®fvs ¢ in  lations especially if fluid particles can penetrate into the
Fig. 2 clearly indicate that a reasonable fit of the data isolid in their case. To verify this we performed a simu-
R(t) — Ry = A\/t. The behavior ofR is in agreement lation with the same lattice dimension as that of Yang,
with experimental data [1,2]. Koplik, and Banavar [4,5]. The dependence of layer

TABLE I. Summary of simulation runs. Solids are constructed with particles in a simple cubic (sc) or face centered cubic (fcc)
lattice. Solid type | refers to lattices in which particles are fixed to their equilibrium positions through a rigid spring and have
Lennard-Jones interactions. Solid type Il refers to lattices in which particles interact only via a (strong) Lennard-Jones potential.
Nosé-Hoover thermostats are indicated by NH, whereas Scaling refers to a velocity scaling scheme. The nearest-neighbor distance
in the latticednn is given in units ofo .

Run 1 2 3 4 5 6
Lattice type sc fcc fcc fcc fcc fcc
No. solid particles 8978 13254 10086 13254 13254 8214

Solid interaction I I I I I I
Thermostat NH NH NH NH Scaling NH
No. fluid particles 8634 8634 4224 8634 8634 8634
dNN/U'ff 21/6 21/6 21/6 21/6 21/6 22/3
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FIG. 1. Three snapshots of a droplet spreading on an fce
lattice in the terraced wetting regime (run 2): ¢aF 447, (b)
t = 1647, and (c)t = 5647, wheret = ap\/m; /€. sfe *°

radius on time is shown for the small and large lattice di- . -
mensions in Fig. 3. Clearly, one sees that for a latge
the first layer radius grows with time slower than. A

snapshot of the spreading process (Fig. 4) shows that flui "¢ 10 20 20 e = 0 7
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FIG. 2. Dependence of the spreading radius of the first layer
of the droplet on various solids (fcc and sc), all with nearest-FIG. 4 (color). Upper layers of the solid (greer) and first
neighbor distancesixy = 21/60ff_ Results are shown for layers of the fluid (red>). In contrast to a solid with nearest-
small and large droplets consisting of, respectively, 8634neighbor distancelxy = 2o [run 2, (a)], the solid with
and 4224 particles. Thermostating of the solid atoms wasiyy = 22/3crff [run 6, (b)] allows fluid particles to penetrate
performed using Nosé-Hoover. and therefore resembles a porous substance.
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- (a) In summary, we have performed extensive molecular
dynamics calculations of the spreading of a droplet of a
volatile atomic fluid on a solid surface in the terraced
wetting regime. Careful investigation of the effect of
system size, lattice geometry, and thermostating technique
shows that the radius of the first layer depends on time as
Jt. This is in agreement with experimental results [1,2].

! . The reason why previous molecular dynamics simulations

- [4,5] calculated a subdiffusive regime for layer spreading

r/o is, in our view, the penetration of fluid atoms in the solid

e ) lattice.

Two forms of mass transfer are noted in the course of

N spreading simulations: In the preterracing stage, mass

L Y

Lol AN transfer occurs only downward in the outer regions of

A A the droplets, whereas in the partially layered stage, mass

"""""" T e transfer occurs downward at the edges of the layers, and

---------------- ) upwards or laterally far from the edges. Mass transfer in

""""""""""""""""" this stage is in agreement with theoretical predictions of

r/o de Gennes and Cazabat [11].

FIG. 5. Mass transfer profile within a large droplet spreading We thank A.M. Cazabat and A. Chesters for their

on an fcc lattice (run 2). Normal to the surface, the bin sizecomments on our manuscript, and R. Miesen for useful

Az = 2!/, Tangential to the surface, the ring side = 2'/°.  discussions on various simulation techniques.

Results are shown at (a)= 447 and (b)s = 847. Every Note added—After submission of this Letter, we

profile has been averaged o learned about a recent preprint of D’Ortoret al.

[Phys. Rev. E53, 562 (1996)] in which the spreading

The specific movement of particles in different regionsof chainlike molecules is studied. Their results for the

of the droplet in the terraced spreading regime is an issumass transfer are similar to the ones found here for a

that has been raised first by de Gennes and Cazabat [1Ejmple atomic fluid. We thank Professor J. De Coninck

who constructed a model that reproduces-$iicoehavior  for sending this result prior to publication.
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