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Dynamics of nanoscale droplets
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Several aspects of the dynamical behavior of nanometer-sized liquid drops have been investigated using
molecular dynamics computer simulations. The liquids consist of chains of lengths 2—100 with Lennard-Jones
and nonlinear elastic interactions, comprising drops mad2(@0b0 000) atoms with radiu®(10 nm), placed
on an atomistic substrate. We simulate the solidification of a liquid drop on a substrate as the latter is cooled,
and observe a smooth contraction and smoothing process but no dimple formation. If instead we simulate
heating of the substrate, the drop evaporates, and we find a decrease on contact angle in the partially wetting
case, in accord with recent predictions. Last, we consider the coalescence of two such droplets, either sponta-
neously or when pushed together, to study shape evolution scaling laws and to document a rapid internal
structural reequilibration. Aside from the intrinsic novelty associated with the small scale of these systems, the
results illustrate the relation between atomic scale interactions and macroscopic continuum properties of
materials.
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I. INTRODUCTION own melt, it is argued4], and observed in one experiment,
that when a sessile liquid drop solidifies by cooling of its
This paper considers several aspects of the dynamics gubstrate, a subdroplet or dimple will form on its top. In
nanometer-sized drops of liquid, based on molecular dynanf2vaporation, the motivation is to consider contact line dy-
ics (MD) simulations[1]. Several considerations motivate Namics in the presence of heat tran$tef], and, in particu-
these calculations. First, nanoscale devices for practical fl ar, to study the change in contact angle induced by substrate

. L - eating. In coalescence, we wish to extend earlier MD stud-

e e oD e e, Je 16 or monalomic i, et  salng lav or e
PC aly. at PreStime dependent coalesced neck radius, and more generally to

ence affects their behavior. Second, extensive recent experi

: X understand the subcontinuum stages of this process. The
ence[3] shows that the physics of many macroscopic proommon feature of the three problems is that they begin

cesses can be correctly captured by nanoscale MBom the same initial equilibrated configuration of a drop
calculations, so the results are likely to have a more genergbsting on a solid, and make use of essentially the same
relevance. Th|rd, we will focus on a trio of SpeCIfIC calcula- molecular models and Computer code. The process opposite
tions where the molecular information is either directly of to coalescence, drop rupture’ is both relevant and accessible
interest, or else there is an issue of whether certain materigb MD simulation, but these calculations will be the subject
assumptions at the continuum level are realizable in practicedf a separate papgt0] that studies the extensional deforma-
Finally, the simulations presented here are illustrative otion of a liquid cylinder.
what can be achieved by MD methods in this context, and In Sec. Il, we review the MD methods used here, and
the technigues may be of more general applicability. describe the protocol used to generate a drop in thermal equi-
We study liquids made of chain molecules in contact withlibrium on a substrate. In essence, the liquid is heated into a
an atomic solid, in configurations corresponding to dropletglisordered dilute state, which is then cooled and compressed
placed on a substrate, and then study either their solidificd0 form a drop of disordered chain liquid. The liquid is
tion as the substrate temperature is reduced, their evaporati®fpced on a substrate and allowed to reequilibrate before
as the substrate is heated, or else the coalescence of two stRtHAYiNg its response to changes in its environment. Section

droplets placed in near proximity. We had originally antici- Il discusses drop solidification, which is simulated in obvi-
ous imitation of laboratory experiment by just cooling the

pated some significant variation in behavior with the molecu- b Wi dv th i f the d h I
lar size, and so we have considered molecular lengths of 2, gupstrate. We study the evolution of the drop shape, as we

10, and 100, usuallyaside from one cagén the form of as that of the internal density, temperature, and pressure

o . ... fields. When the substrate is heated rather than cooled, we
freely J_omted chains. In fact, we observe th_e_gamg qualltatlV(I%onsider droplet evaporation in Sec. IV, based on the same
behavior for all of these systems. In solidification we are

. . . ) . initial configuration. Here, the focus is on the evolution of
motivated by suggestions in the literature concerning the SGhe liquid-vapor-solid contact angle. We then consider coa-

lidified droplet shape: if a solid is only partially wet by its |agcence in Sec. V, simulated here by simply duplicating a
drop plus substrate configuration, and moving one drop in
space to be adjacent to the second. The drops are either al-

*Present address: Lawrence Berkeley National Laboratory, 1 Cytowed to coalesce freely, or else are forced together by sub-
clotron Road, Berkeley, CA 94720. strate motion. Here, we are interested in the evolution of the
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coalesced shape, and the microstructural healing process asin order that these molecular results have some connec-
the combined system returns to equilibrium. Conclusions antion with larger-scale continuum processes, we adopt the rule

avenues for further work are presented in Sec. VI. of thumb that the drop should have a linear size at least 10
times the typical size of an individual molecule, leading to
Il INITIALIZATION initial drops that are somewhat large by MD standards,

VLJ(I’)=4€

O(10°) atoms. The calculations are, therefore, done in par-
Our MD calculations are of a relatively standard fdrhij,  allel on either a T3E, an Origin-2000, or an IBM SP, using a
and consider a fluid made of atoms interacting with two-spatial domain decomposition algorithm and message-
body forces of two types, a Lennard-Jor(ed) potential to  passing interfacéMPI) routines[14]. Given the initial posi-
provide an impenetrable atomic core and chemical attractiofions and velocities, the latter sampled from a Boltzmann
at larger distances, along with a finitely extensible nonlineagistribution at the temperature of interest, the atomic posi-
elastic(FENE) force to link the atoms into chain molecules. tions evolve in time according to Newton's equations, inte-
The explicit forms of the interaction potentials are grated using the velocity Verlet algorithm with time step
0.005r, where 7= \e/ma? andm is the atomic mass(The
r\~12 [y\-6 Verlet algorithm for differential equations is advantageous
(;) —<;) ) for parallel computations because it involves only positions
and velocities, so that it minimizes the amount of data stor-
1 r2 age an_d interp_rocessor Frans)‘é’me substra_te temperature is_
Veene(r) = —kr(z) In( 1— _)_ (1) maintained at its prescribed valu_e at all times, and t_he fluid
2 r(z, temperature during the preparation stages only, using con-
stant kinetic energy rescaling. More physical methods are
The Lennard-Jones interaction acts between any two atomsgvailable, but since the thermostatting is applied to the liquid
separated by a distance less thgr-2.50, and the FENE only during the initialization stage, the simplest procedure
potential[9] acts only between adjoining atoms in any onesuffices. Further discussion of MD calculations along these
molecule. The parameters in the FENE potential are taken tines may be found in Ref3].
bero=1.50 andk=30e/ 2. The solid substrate upon which  In the remainder of this paper, and, in particular, in all
fluid droplets rest is an fcc lattice of atoms, which also havefigures, when dimensions are not given we are implicitly
a Lennard-Jones interaction of the form above, except that ailsing “MD units” where o is the unit of lengthz is the unit
adjustable coefficient is used to modulate the strength of thef time, ande the unit of energy. Typical numerical values
r ~® attractive term between solid and liquid atoms to controlmight bea~3 A, 7~1 ps, ande~100Kg .
the wettability(see below The solid density is 0.60 3, and The liquid atoms are placed initially in a spatial arrange-
the lattice spacing is incommensurate with the minimum inment convenient for book keeping, with 125500 atoms
the fluid potential. The integrity of the solid is maintained by grouped into chains of length 100, and 108 000 atoms in
tethering its atoms to fixed fcc lattice sitgsl], using the chains of length 10, or 32000 atoms in dimer molecules,
harmonic spring potentiaVsyiq=3 fr?, with f=100e/0?>.  occupying adjoining sites on a fcc lattice of density 0.8 fill-
The solid atom mass is set to 100 times the fluid atomidng half the volume of a cube. The walls are impermeable,
mass, so that the the oscillation period about the potentiddased on the repulsive potential described above. In the first
minimum is roughly the same for solid and fluid, and a com-stage of the calculation the positions are randomized by
mon time step may be used in integrating the equations ofcooking”: the system is run at a relatively high temperature
motion. The solid and fluid atoms are confined to a rectan¢3.0) and low density(0.4) until the time-averaged spatial
gular region of space either by periodic boundary conditionsdensity of atoms is uniform, the probability distribution of
in which case the minimum-image conventidr is used for  molecular sizes reaches a steady state, and the probability
force evaluations, or else by soft walls, implemented with adistribution of molecular orientations is rotationally invari-
repulsiver 12 potential. ant. The measure of molecular size used here is the radius of
A molecular liquid based on the FENE and LJ potentialsgyration, and the orientational measures are the angles be-
(1) has been widely studied as an MD a model of polymenween a molecule’s end-to-end vector and two of the coordi-
melts[12]. In most previous work, the 6—12 potential is cut nate axes(More refined measures of orientation may be de-
off at a smaller value than used herg=2Y%x, which has fined using the eigenvectors of a molecule’s inertia tensor,
the computational advantage of reducing the number of atbut for our purposes there is little qualitative differefitg].)
oms that are in interaction range, and speeding the calcula- Once the high temperature fluid reaches a statistically
tion. The properties of this system are given in detail in Refstable disordered state, the temperature is gradually lowered
[13]. This value ofr. corresponds to a purely repulsive po- to a value in the liquid-gas coexistence region for the density
tential which, while adequate for a confined material, has that hand(1.0 or 1.5, for lengths up to 10 and 100, respec-
disadvantage here that a fluid will expand to fill space unitively). At the same time, a weak central force is applied to
formly, with no interface. Here, however, the interface iseach atomfF;=—k.(r;—r.), wherek,=0.1 andr. the box
crucial, and we retain the larger. The properties of our center, to force the fluid to condense into a single spherical
fluid have been measured in separate MD simulations, androp in the middle of the box. Once the squeezed drop
are recorded in full in Ref[10], but roughly speaking for reaches a stable radius, the central force is gradually re-
chain lengths through 100 these are Newtonian liquids at thieased, and the liquid relaxes to an equilibrated spherical
low strain rates relevant to this paper. drop. In general, there can be vapor present as well, which is

021504-2



DYNAMICS OF NANOSCALE DROPLETS PHYSICAL REVIEW B5 021504

evident for smaller chain lengths, but the longer chain syswould be a small liquid drop sitting atop a solidified base,
tems tend to have so little volatility that it is rare to see awhich could be small enough to solidify situ before it can
vapor molecule in simulations at this temperature and drogdjust its shape any further.
size. In this scenario, the principal uncertainty is whether any
The final stage of “sample preparation” is to generate areal liquid has the property that it does not wet its own solid.
suitable liquid drop sitting on a solid surface. We takea related and well-known material property is that of auto-
slightly more than the upper half of the spherical drop genpnopicity [17], the inability of certain fluids to spread on
erated as described above, and rigidly translate all of thgejr own absorbed films on certain substrates. The origin of
atoms therein to new positions such that a near hemisphefgis pehavior is the loss of configurational entropy due to the
of liquid sits just above a solid substrate. The remainingegyrictions on the molecular configurations resulting from
I|q_uu_j atoms that constltuted_the lower part _of the drop arésinning of molecules by the solid, and is observed, for ex-
eliminated from the calculat!on; more preC|_ser, we Ccom-ample, for polar liquids on high energy surfaces and for end-
pletely delete any molecule in the drop, which contains anyrafted polymers. In the case of solidification there is no
atom below a reference plane just below the sphere centéhy,ious counterpart to this pinning mechanism, however.
The resulting semidrops contain 70 000, 58 520, and 16 2326 original papef4] gives experimental verification using a
atoms, respectively, for chain lengths 100, 10, and 2. Thgater drop on an aluminum substrate. Now large-scale MD
solid substrate consists of a layer of fcc cells containingsimylations of water are difficult because a long-ranged Cou-
16 384 solid atoms in a square of side &Which has been  |omp potential is involved, which leads to computation times
equilibrated separately from the liquid, which is then €X-varying as the square of the number of atoms present. Fea-
posed to the 111 face. This system is allowed to reequilibratgjnje MD calculations with Coulombic forces typically in-
at the same temperature befpre beginning one of the numekj e only O(10%) atoms, and in such small drops it is dif-
cal experiments below. During this stage, the drop comefict 1o distinguish atomic scale fluctuations from “bulk”
closer to the solid as the' molecules near the bottom are aE‘nape changes. The short-ranged potentials used here apply
tract_ed to those of the_ solid, and the shape of the drop adjusig uncharged but polarizable molecules, which are some-
to give the appropriate contact angle and spherical-cagmes used to mimic water by varying the coefficients. In the
shape. The reequilibration continues until the drop shape anghsence of any outside guidance, we have resorted to trial
local density field stabilize, a duration of 1000 and 230r 41 error, and performed solidification simulations with a
chain lengths 10, 100, and 2, respectively. In the solid-liquid,ayiety of different liquids. One of the advantages of MD
Lennard-Jones interaction, the coefficient of thé term s gimylations, and a reason for addressing the question in this
reduced from 1 to 0.8, which in previous drop simulations,yay, is that we are able to vary the microscopic structure in
[16] gave partially wetting liquids, and, indeed, we seej controlled way to see if and how the solidification dynam-
stable, static drops with this choice of interaction. ics differ. In contrast in a continuum calculation the required
wetting properties would bémathematically assumed. A
second motivation is that the argument for dimples, at least
as presented above, suggest that they could be small and
Our first application concerns the fingthapeof a droplet  difficult to observe in an experiment, whereas these simula-
of liquid that solidifies when placed on a cold substrate. Spetions resolve individual atoms.
cifically, we wish to test the suggestion of Anderson, Wor- Aside from examining the droplet shape, we can also
ster, and Davi$4] concerning the solidification dynamics of study other relevant quantities such as the internal tempera-
sessile liquid drops that solidify upwards from their base agure and density fields, and the individual or averaged atomic
heat escapes downward through the substrate. These authdisplacements under cooling. There is some relevance in do-
argue that when the material has the property that its solithg so for nanometer-sized droplets, since there are questions
phase is only partially wetted by its own melt, such a dropletabout how well such systems are described by bulk thermo-
will solidify with a dimple on top. These authors presentdynamics. It is known, for example, that for droplets in the
guantitative arguments for the suggestion, based on exami:00-atoms size range there is a finite range of temperatures
nation of the contact angle statics and dynamics of the syswhere liquid and solid coexist, rather than the single tem-
tem, but the idea can be understood by considering the inteperature found in the thermodynamic linjit8]. A further
mediate stages where the drop has solidified only up to guestion is whether differerisimple molecular models give
certain height with a spherical cap of liquid remaining ondifferent behavior; we have considered homogeneous sys-
top. If, in fact, the liquid only partially wets its own solid, tems made of freely jointed chain molecules of lengths 2, 10,
one expects a change in slope at the transition height becauaad 100, and a 50-50 mixture of chains of lengths 2 and 4.
the solid-melt contact angle required by capillaribalanc- We also considered a nematiclike liquid made of semirigid
ing of the various surface tension forg@®ed not agree with chains of length 4, with an additional bond-bending interac-
the slope that the solidified region has developed at that poiriton Vgg= (1/2)kgg cos@— 6p)>, where 6 is the angle be-
(the result of heat and mass transfer and compressibility coriween adjacent “bonds” in a moleculghe vectors joining
siderationg In fact, if the drop were to remain a spherical the centers of adjacent atoand 6, the preferred value.
cap, the latter slope would decrease smoothly to zero ap- Our results are that for all systems tested, a liquid drop
proaching the top, so the mismatch in slope can grow as theolidifies into a spherical cap, with no dimple. It is possible
solidification front moves upwards, and eventually therethat we simply failed to examine the right material, but at

Ill. SOLIDIFICATION
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FIG. 2. Snapshot of a solidified drop of dimer molecules at time
3500r and temperature 0.281.

cisely, a superposition of exponentials is expertdtie av-
erage pressure and density within the drop rise as tempera-
ture falls, and these quantities are plotted in Fig®) &nd

3(c), respectively. The pressure is obtained from the standard
virial expressior{ 1], with the boundary regions excluded as
described in the next paragraph. Again, the other molecular
systems show the same qualitative behavior.

To obtain the local fields, the system box is first divided
into slabs of equal thickness ¢), and at each time step and
within each slab, the drop’s center of mass is located and
used as an origin of polar coordinates. Concentric disks of
equal radial spacing are used as sampling bins to accumulate

FIG. 1. Snapshots of a solidifying drop of length-100 chainsdensity, temperature, and stress, etc. An average of the
molecules at timega) 0, (b) 1500, and(c) 6000r. binned quantities is taken at 5ntervals, and stored. Fully

three-dimensional binning is possible, but previous experi-
least within the spectrum covered there is nothing unusuagnce indicates that in this case the samples are too small and
about shapes in solidification. In fact even the quantitativéhe results todstatistically noisy to be usefu[19]. When
results have essentially the same features, so we focus on otiee binned data is examined directly, we observe a rapid
case—chains of length 100. The cooling protocol is that afterariation near the edge of the drop, and otherwise density is
the equilibration described above, the substrate temperatug®nstant while stress, temperature and mean-square displace-
was set to a fixed low valu@.1 for chain lengths up to 10 ment vary systematically with heighy). A temperature ex-
and 0.15 for length 100, one-tenth of the respective liquicample at time 1500 is given in Fig. 4. Although the constant-
values during equilibrationand the liquid was allowed to T contours meander a bit, the most significant variation is
evolve freely. Figure 1 shows the drop just before coolingwith height, so we average over the other directions, retain-
begins, at an intermediate stage, and in the final state of thag those bins where the density exceeds a lower cutoff of
simulation at an average temperature 0.21: the bounda.1. (The thick lines at the edges of the drop in this figure
smoothens while the entire drop contracts, and no dimpleeflect the fact that the temperature changes rapidly there to a
forms. These figures are three-dimensional views of all of th€ero value outside the drgplhe resulting local temperature
atoms in the simulation, as seen from a long distance. Théeld within the drop is approximately a function only of
substrate atoms are shown -asigns, and the molecules are height off the substrate, and is shown at successive times in
represented as the set of straight line segments joining thieig. 5a@). As an alternative to temperature, we also consid-
successive molecules in each chain. Because of the largged the variation of the average atomic displacements with
number of lines and the finite resolution in the figure, thetime, evaluated by the same method as for temperature. To
bulk of the drop appears as a smoothly filled region, asidée precise, we measure the mean-square atomic displacement
from a few small gaps. Although the interior positions of theover a 5@ time interval for atoms in a slab of thickness
atoms are poorly resolved in this plotting format, the outercentered at a particular value gf (R(y)). This quantity,
boundary of the drop and the shape evolution are quite cleashown in Fig. Bb), behaves similarly to the temperature—a

In this case of chain molecules the solidified structure isveak variation with height at any fixed time, with substantial
amorphous, but in Fig. 2, we show a contrasting exampldéluctuations near the edge of the drop where the molecules
with local crystalline order in a different material—a dimer are unconstrained on one side, and a gradual decay with time
molecule system, at time 3560when the average tempera- and global temperature. Note, in particular, that at late times,
ture has dropped to 0.281. In this case the molecules aitie typical atomic displacements are negligibly small, which
small enough to settle into position in register with the sub-allows us to conclude that the material has solidified.
strate lattice, whereas the longer molecules are unable to do Note that the value oy at which each curve terminates
so0. The latter amorphous solidification behavior is seen in thelecreases systematically for times up to about 3588 the
other examples we have studied, length-10 chains androp contracts under cooling, but that there is no significant
length-4 nematics. Returning to the length-100 chains, théeight variation at later times. Similarly, the mean-square
time decay of the average temperature is given in Fg), 3 displacements are quite small after this time. One might then
roughly an exponential decay after a transiémiore pre- say that the drop has “solidified” at this point, at temperature
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FIG. 3. Time variation of the average values(af temperature,
(b) density, andc) pressure, for the solidifying drop of length-100
chains shown in Fig. 1.

around 0.49. In calculations of solidification in a variant mo-
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FIG. 4. Temperature field in a solidifying drop of length-100
chains at time 1500 The horizontal and vertical axes are radius
and height, respectively, and the curves are contours of constant
temperature, at intervals of 0.025. The heavy lines represent the
drop boundary, where there is a rapid temperature variation. The
outer boundary appears jagged rather than smooth, because in ob-
taining this figure low density regions are arbitrarily seflte 0.

lecular orientation angles, shows no interesting systematic
variation either with height off the substrate or with time.
The one exception to this statement is the tendency of mol-
ecules close to the substrate to orient parallel to it, an obvi-
ous packing effect. Presumably the drop solidifies on a time
scale short compared to that required for molecular rear-
rangements, and the initial uniformity of the molecular ori-
entations is preserved in the bulk. A question we are not able
to explore easily is the effect of cooling rate: the substrate
temperature is already quite low, and still smaller values
would not likely make any significant difference, but it is
possible that the behavior of solidifying drops would differ at
much lower cooling rates(corresponding to extremely
lengthy MD simulations where there is more time for the
internal structure of the liquid to vary. Likewise, in this vein,

it is conceivable that dimple formation is a very slow process
on molecular time scales, whereas our simulations used a
relatively rapid cooling protocol that could conceivably have
frozen the molecules in place before a dimple could evolve.
We regard this explanation as unlikely, since previous MD
simulations of wetting phenomena on time scales similar to
those studied here do not observe such clear shape discrep-

lecular model with the Lennard-Jones interaction is cut off ayncies, but cannot rule it out.

21620], a more liquidlike behavior is observed at this tem-

perature, but the absence of the attractive potential tail per-

mits more freedom in the atomic motion, other thing being
equal, and one would expect a lower freezing temperature i
that case.

IV. EVAPORATION

n Itis just as easy a simulation to heat the solid to study
evaporation as it is to cool it for solidification. Specific mo-

The molecular structure, as measured by geometricdlvation arises from recent studies of contact line dynamics in

guantities such as the distribution of radii of gyration or mo-

the presence of heat flow, in one case focused on a hot drop-
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1 FIG. 6. Snapshots of a partially-wetting evaporating droplet at
0 5 10 15 20 Fsl/o/gs a0 45 50 times(a) O (after equilibration, just before the substrate is hejted
y (b) 2500, (c) 5500, and(d) 8500r.

FIG. 5. Relaxation profiles in a solidifying drop of length-100 drop and substrate dt=1.2, but with the solid-liquid inter-
chains at times 0, 500, 1000..,6000r (top to botton): (8  action strength increased to 0.95. The reason for the latter
temperature, an¢h) mean-square atomic displacement, as a func-modification is that the analysis motivating this calculation
tion of heighty above the substrate. The temperature and displacein Ref. [5] assumes a small contact angle, to justify use of
ment are set to zero where the density falls below 0.1, so the figurghe |ubrication approximation. Here, however, a drop with a
also indicates the contraction of the drop upon cooling. small contact angle in a system of modest size has much of

its mass contained in a broad submacroscopic edge of only a
let that spreads on a cooled substrate and so simultaneoudw molecules thickness, which evaporates immediately. We
tries to solidify and expanfb], and secondly a prediction for assume that the key feature is partial as opposed to complete
the change in contact angle as a thin droplet evapof&les wettability, and compromise on a finite initial contact angle
The spreading problem requires a sophisticated analysisf about 45 °, that require an enhanced solid-liquid interac-
since one expects that there will be regions exhibiting cleation strength above the previous value 0.8 that gave a contact
solidlike and fluidlike behaviors, plugt the molecular scale angle close to 90 °. After 5@0of further equilibration after
at least a transition zone of “mushy” material. Furthermore, resetting the temperature and interactions, the previous drop
in the most obvious modeling, one has to deal with contactpreads slightly and then stops, with the overall shape and
line singularities in both the shear stress and the heat flux. Ishown in Fig. 6a) (in the same format as the previous sec-
the second problem, it is argued that under evaporation thgon). The substrate temperature is then abruptly raised to
contact angle wildecreasea somewhat counterintuitive be- 2.0, while a second cold solid boundary at the top of the
havior as one might argue naively that the thinner regions asimulation region collects the evaporated molecules by con-
the edge of the drop will heat up first and evaporate morelensation.
rapidly, producing instead a larger contact angle. Here we The simulation proceeds as shown in the remainder of
focus on this simpler case, since it is straightforward to idenFig. 6. Initially the system has little vapor, but as the drop
tify variations in contact angle, and leave the more difficultheats up, more and more is produced, to the point where the
spreading problems for future work. distinction between liquid and vapor is obscured. The visu-

We consider one of the same initial drops as above, comalization format used in Fig. 6 is awkward in this context
taining 58 520 atoms in length-10 chains, initially with both since the three-dimensional information on atomic positions
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the edge of the drop with the horizontal, and we see that the
value decreases to about 30 °, just the trend predictd& by
Eventually, the drop is reduced to a thin pancake and evapo-
rates completely to form a uniform fluid phase in the simu-
lation region, but there is an interval of about 58@foughly
from times 3500 to 8500where the contact angle stabilizes
at the reduced value. Another notable feature of the density
contours is the thickening of the interfacial region where the
density drops from its central value to the nominal edge
value 0.1. This thickening is present but much reduced on the
base of the drop, which remains in close contact with the
heated substrate in this case.

Further time-dependent characterization of the drop be-
havior is given in Fig. 8. Wearbitrarily) define the liquid
drop as the region where the density exceeds 0.1, and aver-
age over it. The average temperat{Bé&)] rises to the sub-
strate value and fluctuates around it slightly, while the inter-
nal temperature field is similar to that in the solidification
case, approximately constant within the drop, aside from a
weak decrease in the vertical direction. The average density
in the drop[8(b)] decreases systematically with time, while
the average pressufg(c)] drops initially and then fluctuates
about a reduced value. The height of the drop fluctuates
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T about the unheated value rOUghly until time 2000, and then
decreases as the drop forms a pancake and evaporates com-
pletely.

We have also simulated the heating of two other systems:
in a liquid made of length-100 chains, we see similar
results—a decrease of contact angle accompanying the
evaporation, while in the case of dimer molecules, the sys-
tem becomes so volatile on heating that it is difficult to iden-
tify a contact angle at all. Although we are not in the param-

%\ eter range for a detailed quantitative comparison, the trend
ose——— 05 observed here oflecreaseof contact angle on heating sup-
I NN | portsthe analytlc arguments In Réﬁ]-
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V. COALESCENCE

The coalescence of liquid interfaces is a ubiquitous pro-
cess in nature, whose microscopic aspects are infrequently
studied. There is extensive recent work on the continuum
asymptotics of the reverse process, interface rupffig,
which has been extended, in part, to study the dynamics of
two drops that have recently contacted each other, and which
have merged over distances “large” compared to molecular
sizes[22]. Here, the size of the merger region must begin at
lengths large enough for a continuum analysis to apply, and

FIG. 7. Contour plots of fluid density during evaporation, in e€xtend far enough outwards for scaling arguments to be ap-
one-to-one correspondence with the snapshots in Fig. 6. The densiplicable. The only calculations that consider the merger pro-
0.5 contour is so labeled, and the others are at intervals of §;1  cess itself are two MD studies of drops of monatomic
the tick marks on the axes are spaced by 1 Lennard-Jones liquid, a rather volatile material with substan-

tial coexisting vapor in equilibrium, and a very diffuse
is unclear, but liquid and solid may be clearly distinguishedliquid-vapor interface. In one cad¢], the interface was
in the density contours of Fig. 7. To obtain the latter figuressharpened by placing the drops in an immiscible background
the atomic positions are cylindrically binned and averagedluid, and the drops were made to coalesce by subjecting the
over a 25 time interval, and lines of constant density as abackground fluid to a shear floithout flow, coalescence
function of the radial and vertical coordinates are plottedjs prevented by lubrication forces arising from the back-
with regions of density below 0.1 ignored. The contact angleground liquid film between the dropsA second monatomic

021504-7



JOEL KOPLIK, SOMNATH PAL, AND JAYANTH R.

BANAVAR

2l 7771

20F

(@)

t

o vy
0 2000 4000 6000

|I1||I|:
8000 10000

08 77—
07F -+

0.6 |

p(t)

0.5F *

(&)

030
t

0 2000 4000 6000

2.8

p(t)

(e)

t

"0 2000 4000 6000 8000 10000

FIG. 8. Time dependence ¢f) average temperaturé)) aver-

age density, andc) average pressure. The substrate and drop aréj
equilibrated afT=1.2 for 300-, whereupon the substrate tempera- 10(a)

ture is raised to 2.0. The criterion distinguishing tliquid) region
from its vapor is a density cutoff of Qo 3.

PHYSICAL REVIEW E65 021504

little or no vapor and no extraneous background material
present. Both free and forced coalescence are considered,
using molecular liquid in the form of FENE chains of vari-
ous lengths. Aside from investigating the molecular motion
associated with coalescence, we study the “healing” of the
merged liqguid—the return of its internal structure in the junc-
tion region to its original state.

We will present a detailed discussion and results for one
case, chain molecules of length 10, and then compare the
behavior of other lengths. We begin with a previous configu-
ration of a partially wetting drop on a substrate, with 58 250
fluid atoms at temperature 1.0, and replicate both drop and
substrate to give the configuration shown in Fi¢gg)9The
replication procedure consists of taking a copy of the original
system(i.e., the set of atomic positions and velocijieand
modifying the velocities by adding a uniformly distributed
random number in the intervdl—uv,/2,+v:,/2] t0 each
component of each fluid atom’s velocityHere, u;,
=kgT/m is the thermal velocity in each spatial direction
The replicated system is then evolved in time, with a ther-
mostat applied, until it returns to equilibrium, as evidenced
by a Boltzmann velocity distribution and a stable drop shape.
It is then translated and flipped ovez; 4 z,,ax— z andvy;

— —uv,; for all atomsi), with the new position of the repli-
cate chosen so that its atoms are just within range of the
potential of the first drop, a minimum atomic separation of
20, and for free coalescence the two-drop system is simply
allowed to evolve. For forced coalescence at relative velocity
vo, Motion of the substrates is used to drive the drops to-
gether. In this case all atomicvelocities in the upper/lower
drop are initially shifted byrvy/2, and the drops are allowed
to evolve while the substrate tether positions continue to
move at these velocities.

A sequence of snapshots of the two-drop system is shown
in Fig. 9, indicating a smooth final shape by time 260
the nanosecond range. The figure is a three-dimensional view
of all atoms in the liquid, viewed from a distance, in essen-
tially the same format at Fig. 1. In this case, all molecules
originally in the lower drop are plotted first, then those origi-
nating from the upper drop are drawn at a darker gray level,
and superposed on the previous ones if necessary. The result-
ing figure gives first the outline of the entire drop, and sec-
ond the part of the drop occupied by the upper fluid as the
darker region. We see a significant amount of interpenetra-
tion of the two original drop molecules, and this mixing can
be quantified by giving the separate density profiles of the
atoms of the two drops as a function of vertical positigi. (
The result, Fig. 10, indicates a rather generic quasi-one-
imensional mixing process: reading from left to right in Fig.
at time 250, for example, the curve initially follows the
hemispherical outer boundary of the lower drop, then inter-
sects the upper drop &&= 33, whereupon it steepens in the
central mixing region, and finally decays smoothly to zero.

drop calculation considered a drop placed near a bath of that the later time 1000 in Fig. 1Qb), the outer boundary of
same liquid, with only vapor presef&]. This case addressed the merged two-drop system is closer to conicél, Fig. 9,

a different issue, whether relative motion would suppressvhile the mixing region has broadened. Aside from the outer
coalescence, and the fact that vapor obscured the fine strudrop boundaries, each profile resembles the standard error
ture of the coalescence process was not relevant. Here, vignction solution of the diffusion equation. The more surpris-
wish to consider coalescence of drops of a single liquid withng feature is relaxation of the merger region to the pre-
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FIG. 9. Coalescence of two liquid drops of length-10 molecules at tifaes0, (b) 100, (c) 150, (d) 250, (e) 500, and(f) 2000r.
Molecular positions in the upper drop are overlaid on those in the lower drop, to indicate the degree of mixing.

merger behavior. Figure 11 shows the profiles of total densitgubsequent to drop merger, so this behavior is expected.
and mean-square displacemépver a 5@ interval). The In Ref.[22], continuum arguments are presented that the
density has an initial dip in the center, associated with théminimum) radius of the neck of the coalescing two-drop
gap between the original drops, which fills in after 260  system would vary with time ag,~t Int, and that the width
give a uniform profile roughly at the same value as beforeof the gap would vary as’,. To test these results, we deter-
merger. The displacements are initially unusually large in themine the neck radius by examining density contours, and
central region, because the atoms there are free to move intsing the minimum radius of the contour corresponding to
the gap, and this peak grows to a maximum as molecules atelf the bulk density. The time variation of neck radius is
drawn from one drop to another. Again, by time 30@he  shown in Fig. 12, for homogeneous liquids of chain lengths
peak is gone and the displacements are uniform across tt& 10, and 100. The length-2 chains merge very rapidly com-
merged-drop system. pared to the other cases, partly because the initial drops were
With regard to the shape of the merged-drop system, notemaller by a factor of about 2, and also because this liquid is
that the contact angle the liquid makes with the solid has notuite volatile while the longer chains are not. In all cases the
quite reached the value before merger, indicating that théehavior of the neck radius does not agree with theory. One
liquid has not yet reached hydrostatic equilibrium. Note alsaeason for disagreement is that the neck is perhaps not yet
that the four contact angles visible in the premerger snapshahick enough to be described by the Navier-Stokes equations
are slightly different, a small-system statistical fluctuationat short times. A second source of discrepancy is that the
property often observed in MD simulations. Snapshots at indrops are quite small and at later times the neck size is not
termediate times not displayed here likewise show that théar from the drop size, so that the later behavior is affected
boundary of the merged liquid is still moving at time 2000. by volume conservation constraints, whereas the analysis in
In fact, one would normally expect some sloshing motionRef.[22] assumes that the original drops are large enough to
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FIG. 10. Number of atoms of eadbriginal) drop as a function Y
of height in Fig. 7 at timega) 250 and(b) 1000r. FIG. 11. Profile of(a) atomic density andb) mean-square dis-
placement as a function of height for the coalescence sequence in
become spherical away from the coalescence region. A thirfiig. 7. The different curves refer to times §6-), 100 (- -), 150
difficulty is that, remarkably, the two polymeric liquids (--). 200 (- -), 250 (- -), and 30@ (—-—).
merge at essentially the same rate despite having different
properties, including a viscosity ratio of 2. This observation
suggests that the merger process here is not dominated by
viscosity. The width of the gap is not straightforward to com-
pare with theory, since it is defined as the width where the
high curvature merger region matches onto asymptotically ]
straight sections, and it is difficult to identify such a location or 7
in the results here. If we use the distance between the upper sl =
and lower points of inflection of the same half-bulk-density
contour as above, we find that the gap increases with time,
but do not observe any simple power law behavior. 61
In Fig. 13, we zoom in on the gap region between the i
drops during the initial stages of coalescence, showing the ,
interpenetration of the individual molecules. We see a merger 4r
mechanism similar to that found for monatomic liquids in sl
Ref. [7]: atoms in molecules near the surface occasionally
fluctuate out of the drop and eventually atoms from the two I
respective drops fluctuate to within interaction range and at- 1r
tract each other. As they move together they draw their re- A
spective molecules along with themselves, and these, in turn, 0 500 1000 1500 2000
draw their neighboring molecules outward. The process cas- t
cades as more and more molecules of one drop are drawn FIG. 12. Neck radius of coalescing drops as a function of time
towards the other, and a tendril of liquid forms joining the for chain lengthg+) 2, (X) 10, and(o) 100.
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FIG. 14. Radial distribution functions in coalesced drofs:
length-10 chains an(b) length-100 chains. As discussed in the text,
each plot contains four separate curves taken at different times and
locations, which show no significant variation.

probability that a second atom is at a given separation
averaged over a 25time interval. The result for length-10
chains is shown in Fig. 14), where we actually superpose
four different cases—test spheres in the lower bulk liquid
and in the coalescence region, each at times 300 andr2000
The curve shows a split nearest neighbor and clear first, sec-
FIG. 13. Snapshots of the merger region of two coalescingond, and third next-nearest-neighbor peaks, as would be ex-
length-10 droplets, shown in full in Fig. 7, at timés 70, (b) 75,  pected in a condensed liquid. The same result, up to minor
(c) 80, (d) 85, (e) 90, and(f) 957. In each frame, only those atoms statistical fluctuations, is obtained in the original spherical
occupying a slab in the merger region of thicknessd&e shown, free-floating drop as well, and represents the equilibrium pair
those in the upper drop as(), and those in the lower drop &s),  distribution. There is no significant variation in these distri-
and if two adjacent atoms in the same molecule are in this regiorputions, and as far as two-atoms correlations are concerned,
the bond between their centers is shown as well. the system has healed by time 300f we consider length-
100 molecular chains, the result in Fig. (b4 shows less
two drops, and as the tendril thickens the drops merge.  structure in that only two secondary peaks are evident, but
The previous plots show that as far as single-atom motiommgain there is no significant variation with time or spatial
is concerned, the merger region heals after coalescencegion with the two-drop system.
within sub-nanosecond time intervals. A more subtle test of We have also considered further structural measurements
atomic equilibration is the spatial correlation between pairof the internal configurations—the molecular radius of gyra-
of atoms, and to analyze this question we have computed th#&n and orientation, the latter defined as the angle between a
pair distribution functior26] at various points. We consider molecule’s end-to-end vector and the vertical axis normal to
all atoms within a test sphere of radiuscl@nd compute the the substrate joining the drop centers. Sorting the molecules
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FIG. 15. Molecular relaxation after coalescence of length-10  F|G. 16. Molecular relaxation of length-100 chains, in the same
chains as a function of heightia) radius of gyration andb) cosine  format as Fig. 15.
of the orientation angle. The solid and dashed curves refer to times
300 and 2008, respectively. ends are most likely to be attracted back towards their own

drop. The net orientation of such molecules would be some-

according to positiory along the vertical, Figs. 18 and  what more likely to be horizontal. During coalescence, atoms
15(b) give the mean radius of gyration and mean cosine ofn such molecules will be attracted to atoms in the other drop
the orientation angl® for length-10 chains at the same two at random transverse positions, tending to pin such mol-
times as above, again based o 2verages. We see that the ecules with a horizontal bias. The orientation persists until
values are fairly constant within the original bulk regions, somewhat long times, compared for that needed for molecu-
both as a function of time and as a function of position, sdar lengths and atomic densities and displacements to relax to
this system has healed completely within 3G{iter merger.  bulk values. The physical mechanism here is that in order for
(Note that vectors randomly oriented between O and 90 the orientation angles to relax, entire molecules must move
have(cos6)=1/2, as seen here, and that the angles are likelyith respect to each other. For long entangled chf?a,
to be larger at the top and bottom edges of the merged drophe relevant mechanism is reptatip24], and rather slow
because those molecules will tend to align parallel to thecompared to simple atomic diffusion in a liquid.
substrate$.The molecular end-to-end separation, an alterna- The standard assumption in applying thermodynamic re-
tive length measurement, is found to have the same trends aslts to flowing fluid is that the system is in a state of local
the radius of gyration; with a mean value of 3.4. In the casehermodynamic equilibrium, meaning that the configuration
of length-100 chains, Figs. (&b, the results are noisier of the molecules in a subregion has an equilibrium probabil-
because there are about ten times fewer molecules in they distribution about the local mean velocity. In the systems
statistical sample. The radius of gyration has no statisticallyconsidered here, the first test of this assumption is whether
significant variation, but in the merger regiopn{40—45 at  the kinetic energy in a subregion has a Boltzmann distribu-
time 300r there is a significant dip in the orientation plot: the tion about the local mean. We observe this behafyi@ omit
molecules there have smaller cosines and larger orientatica display of the evidence—see RgR5] for a related ex-
angles with respect to the axis. The latter effect results fromample. A more stringent test is whether the spatial distribu-
molecules partially sticking out of the bulk, whose atoms aretion agrees with that of an equilibrium system, and we ob-
relatively free to move parallel to the surface, and whoseserve above that while the pair distribution function and

021504-12



DYNAMICS OF NANOSCALE DROPLETS PHYSICAL REVIEW B5 021504

function like profiles similar to those shown on Fig. 10; The
overall density resembles Fig. 11, an initial dip as the two
drops coalesce, which fills in by time 150 to an approxi-
mately uniform value—the squeezing is slow enough for the
liquid to distort without significant density changéThe
mean-square displacements here are not directly comparable,
because there is a bulk motion as the drops are squeezed.
The molecular characteristics are affected by the squeezing
however: while the molecular lengths show no significant
variation with position, and a weak tendency to be elongated
by the extensional flow, the molecules are strongly oriented
horizontally by this same effect. In this case, there is no
distinct behavior in the merger region, since the strong dis-
tortion of the entire merged-drop system is the principal ef-
fect. Finally, on examining the pair distribution functions at
various times in the merger region, the center of the gap,
there is some smoothing @f(r)—the number and strength

of the significant secondary peaks decreases everywhere in
the liquid as the merged drop is distorted, indicating a loss of
equilibrium structure, which, in contrast, is not seen in free
coalescence. We have also considered forced coalescence at
a higher speeds, wall velocities0.50/  as well as the same
process with length-100 chains: the qualitative features are

similar to the case described above.
FIG. 17. Snapshots of forced coalescence of length-10 drops as

the upper and lower solid plates are moved together at velocities
+0.10/7: times(a) 50, (b) 150, and(c) 235r. VI. CONCLUSIONS

various characterizations of molecular shape and orientation We have shown how MD simulations of nanometer-sized
show no deviations in the coalescence region, there is a deldigluid drops may be used to study questions of mass and
in the orientational relaxation. If one were to model the coathermal transport, in the subcontinuum regime where experi-
lescence calculation reported here at the continuum level, theents are difficult and theoretical methods uncertain. The
use of equilibrium values for the transport coefficients ap-procedure used is to generate equilibrated drops of various
pears to be almost justified. For the much longer chairmolecular liquids, which may then be subjected to different
lengths of common polymers, the molecular relaxation timegorms of external forcing, which correspond to suitable labo-
are much longer, and there may be a problem. Unfortunatelyatory experiments. From the calculation, one may determine
we do not have the computational resources to address thike evolution of both external shapes and bulk motion, as
guestion quantitatively. well as the internal structure of the liquid. In addition, one
We have also measured continuum flow fields—the velocmay examine the details of the return to equilibrium after the
ity and stress tensor. The former just indicates the obviouforcing ceases.
behavior corresponding to evolution of boundary shape: The simulations of cooling of a drop on a substrate pro-
aside from fluctuations, the only significant flow is confinedduced physically reasonable results, but unfortunately not the
to the central part of the two-drop system, and simply showslimple formation that was hoped for. We were constrained in
fluid converging towards the merger region. The fluid presthese simulations by computational capacity, and were not
sure is largest near the solid substrate, and slightly enhancedble to consider Coulombic interactions and the hydrogen
in the merger region. The shear stress is small and noisygonding of real water, nor examine a complete range of cool-
with a small signal in the coalescence region resulting froning rates. In evaporation, the simulations gave behavior in
the convergent flow described above. In no case, is theragreement with a theoretical prediction for partially wetting
anything resembling a sharp peak, let alone a vestige of sirdrops, but we did not explore the parameter range needed to
gular behavior. obtain a full understanding of thermal effects in contact line
In these simulations, drops have been allowed to coalesadynamics. Studies of thermal effects on the dynamics of
spontaneously, as a result of attractive molecular interactiondrops of nonpolar liquids are probably possible now, given a
when the drops are nearby. We now consider forced coaledit more patience and computational resources, but the dy-
cence, when the two drops are driven together. In Fig. 17, waamics of water at these length and time scales constitutes
show a sequence of snapshots of the same system wofore of a challenge.
length-10 chains, when the two solid substrates are moved In coalescence, we have extended earlier studies to con-
towards each other at velocities0.1. In physical units, the sider more realistic molecular systems and different environ-
relative velocity is about 30 m/s. Here, the gap width de-ments for the process. One result is that the microscopic
creases steadily, forcing the liquid outward. There is again anechanism first observed for a monatomic liquid holds more
mixing process occurring in the overlap region, with errorgenerally: coalescence begins when a thermal fluctuation al-
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lows molecules of one drop to approach those of the secontibns is understandable based on the fluid’s viscosity, and the
drop closely enough to interact, whereupon these moleculdsehavior of atomic displacements is due to density and geo-
are pulled towards each other and in turn draws out othefnetric considerations. Although it is conceivable that the
molecules from its own respective drop into interaction withslow relaxation times associated with polymeric fluids would
those of the other drop. At early stages this mechanism proyield a slower return to equilibrium for measurements of
duces a tendril of molecules connecting the original drops. Ifinternal correlations and structure, we do not observe such
the absence of other constraints, molecules of each drop aggfects. Pair distribution functions and other probability dis-
steadily pulled into the mutual interaction region, and thetriputions associated with molecular configurations return
joining tendril thickens until the drops merge. approximately to bulk values as rapidly as the density does,
The coalescence process relies on the ordinary attractivéng there is no significant distinction in this regard between
interaction between molecules and does not require any uRhe coalescence and bulk fluid regions. These results support

usually close approach or violent molecular motion, so thergne use of local equilibrium assumptions in applying con-
is no singular behavior in the stress or other fields. Therginyum modeling to nanoscale processes.

may, however, be relatively rapid motion as the drops rear-
range, so some local stress enhancement is possible. In fact,
in these simulations there is little or no internal flow outside
the coalescence region, and so the only appreciable stress
occurs there, but with numerical values that are still only We thank S. H. Davis for interesting us in solidification
O(1) (in MD units). A second aspect of coalescence studiedand evaporation, the NASA Microgravity Science and Appli-
here was the time scale for healing of the interfacial regioncations Program for financial support, and the HPCC/ESS
We first observe a relatively rapid relaxation of “single- project at NASA's NCCS, and NAS Centers, and NPACI at
atom” statistics, such as density or mean-square displacghe San Diego Supercomputer Center, for providing com-
ment, to equilibrium values. The time scale for density varia-puter resources.
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