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Modeling of Wetting: A Study of Nanowetting at Rough and
Heterogeneous Surfaces
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Molecular dynamics simulations were performed to study the behavior of nanoscale water droplets at solid surfaces.
Simulations of droplets on heterogeneous patterned surfaces show that the relative sizes of the domains and the droplets
play an important role as do the interactions between the solid and the liquid, particularly when the domain width
is comparable to the droplet radius. For pillar surfaces, a transition is observed between the Wenzel and the Cassie
and Baxter regimes with increasing pillar height. The effects of pillar width and the gap between the pillars were also
examined. The simulations show clearly the importance of the detailed topography and composition of the solid
surface.

1. Introduction but only a few simulations including Coulombic foré&¥’have

been reported. Such long-range interactions can play important
roles in determining the orientations of molecules at the interfaces.

In previous work, we have presented results of MD simulations

of wetting of a graphite surface by water/ethanol droplésen
though the droplet contained only approximately 1000 molecules,
the calculated contact angles were in good agreement with those
obtained experimentally for much larger macroscopic droplets.

YT me.
showers, and the rolling droplets remove particles of dirt. The Time-averaged structural analyses showed that the ethanol

surface contact of a water droplet on a lotus leaf is orByto molecules formed a monolayer on top of the surface; there is
3% P competitive adsorption between the seflijuid and the liquid-

vapor interfaces.

Inthis article, we extend our simulation studies to more complex
surfaces and structuré$We start with heterogeneous surfaces.
For such an interface, the Cassie equation relates the observed
actual contact angle to the fractional areas of the different
combination of the nanostructure and the photosensitivity of the tcv(\:g]r%(;rt]:rri] ;Ts(,):htgﬁ ;Lgfcaoclftégttgﬁ gslg Iils ;:;L?:‘:Zd'stocg;ng ?usr? cdtig;
surface. . ) . of the two separate contact angles on the pure substrates such

The molecular processes and the relationships between wettingy,  po
and surface structure that underlie the different phenomena
observed are thus of particular interéstlolecular dynamics
(MD) simulations have been used by several authéfso study
the spreading of small-scale droplets. Many of these have been

restricted to the use of short-range Lennard-Jones potehtfals, fa andfg are the fractional areas of the two compounds, and
0, anddp are the contact angles on smooth heterogeneous surfaces

of pure A and pure B, respectively. Theoretical wdrkas

The wetting of solid surfaces by liquids is of fundamental
importance in areas of everyday life ranging from biology to
industrial applications. A striking example is the remarkable
nonwetting properties of the lotus plant lé&\wWhen a raindrop
hits the leaf, it is completely repelled from the surface and rolls
off the leaf rather than sliding. The rolling is due to the microscopic
structure of the leaf; the process keeps the plant dry during heav

Exciting results have recently been reported by Feng &t al.
for a droplet spreading on a ZnO nanorod surface. The surface
showedothsuperhydrophobic and superhydrophilic properties.
The wettability is changed dramatically by exposing the surface
to ultraviolet radiation, and the results appear to be due to a

cos =f, cosf, + fgcosby 1)
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Figure 2. Schematic picture of a droplet in the Cassie regime (left
frame) and Wenzel regime (right frame) surface. For pillar surfaces
throughout this article, the contact angbejs defined as that at the
top of the pillars.

Figure 1. Schematic picture of the equilibrium position of the droplet  phase contact line, which will vary with surface geometry. Rough
on a solid surface composed of compounds A and B. For the small surfaces with the same valuefdfut different topographies may
droplet &, compound A is partially wetted, and droplet b wets the n4ye different locations of the contact line and contact angles.
A surface completely. In contrast, the large drop wets both surface However, the Cassie and Baxter equation predicts the same

types. e
yp equilibrium contact angle for all of these surfaces.

higher as a result of the volume increase. Further increase in There have been several studies of wetting of such systems
volume forces the contact line to move across the boundary toUsing macroscopic interfacial thermodynantits'* Such meth-
the hydrophobic area. The different possible outcomes are showrPds have, for example, examined the relative stability of droplets
schematically in Figure 1. Hence, although eq 1 predicts a single in the Cassie and Wenzel regimes, possible multiple free-energy
value of the contact angle, multiple contact angles may be minima for droplets and hysteresis associated with the contact
observed experimentafiyas a result of the existence of multiple ~ angle. On the mesoscopic scale, lattice Boltzmann techniques
metastable states corresponding to local minima. The Cassiehave been used to investigate the dynamics of the transition
approximation should become more accurate as the size of thebetween the Wenzel and Cassie regimes, including gravitational
drop exceeds that of the heterogeneities on the sutfaéehe effects?®
validity thus depends on the volume of the droplet relative tothe  In this article, we consider behavior on a much smaller
sizes of the heterogeneous domains. Similar trends are seen whefolecular length scale. We have previously reported a preliminary
the domain areas are changed and the drop volume is kept constantnolecular-scale simulation of water droplets at pillar surfaces
Turning to rough surfaces, itis crucial to the wetting properties composed of sheets of carbon atoms and examined the variation
as to whether the liquid molecules penetrate the hollows of the of the contact angle with the height of the pilldP#\n objective
rough surface. If the liquid does penetrate and the surface is dryof the current article is to extend these studies to a much wider
ahead of the contact line, then the equation of Wehpeedicts range of solid surfaces, including the effects of surface topography,

that the contact angle for the perfectly smooth surféigejs roughness, and heterogeneity, and compare the results with those
multiplied by a roughness factor and predicted by the widely used empirical models (egs 1 and 3). Our
work complements very recent application to this type of problem
cosf =r cosf, 2 of lattice gas models solved using a mean-field approximation

on short length scale:4”

r is the ratio of the areas of the rough and the corresponding Thus, inthis article, results of MD simulations of water droplets
smooth surface. The hydrophobicity of the rough surface is at a variety of well-defined surface structures are presented. In
assumedto be the same as that of the smooth. The Wenzel equatiogection 2, we discuss the simulation methods and the compu-
predicts enhanced wetting with increasing roughness wlgen  tational details. Results for wetting at planar heterogeneous
< 90° and decreased wetting whégp > 90°. surfaces are presented in section 3, considering square and stripe

If the liquid is excluded from the hollows of the surface, then domains of different sizes (section 3.1) and the effects of altering
the droplet may be in contact with only the “upper” part of the the surface composition (section 3.2). Section 4 turns to pillar
surface and the contact angle tends to 180 Wenzel's surfaces, varying the pillar height (section 4.1), pillar width
approximation is then no longer valid, and an alternative is to
treat the roughness as a heterogeneity and use the Cassie (27) Otten, A; Herminghaus, $angmuir2004 20, 2405.
equatior?If the second material B is air, then the corresponding ~ (28) Patankar, N. ALangmuir2003 19, 1249.
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(section4.2), and then the pillar separation and droplet size (sectionTable 1. Solid-Liquid Lennard-Jones Parameters Used for the

4.3). Final remarks and overall conclusions are given in section Heterogeneous Surface Studied
5. ealkcal mol™ Oaldeg  eglkcal mol? Os/deg
2. Si lati type | 0.126 10H1 0.040 1445
- Slmulations type Il 0.200 75+ 3 0.040 147+ 5

We use dull atomistic representation of the water molecules  ay, andg; are the contact angles of the water droplet on smooth
and the surface including long-range electrostatic interactions. syrfaces of pure A and pure B, respectively.
The potentials and charges used to describe the water molecules
were taken, as previously, from the TIP-3P potential model of
Jorgensen et &B For the long-range interactions, a 25 A cutoff 20 —e— Typel
was used, which is larger than one droplet radius. The short- }\ R el
range intermolecular interactions are all of the Lennard-Jones 120 {—ﬁ-, {
form with a cutoff of 8 A. For the solitwater interaction (i.e.,
a solid surface atom interacting with a water oxygen atom), the 110 M@\\%\'/
Lennard-Jones collision diametemwas kept fixed throughout S~ \ \“
at 3.0 A, which is approximately the collision diameter between = '
carbon and water oxygen atoms. The well-depth parameters 00 - \
are discussed below. \

The widely used program DL_POLY was used for the 80 - E _______
molecular dynamics simulations, which were performed at | ~—  TTT—— -
constant volume and temperature (NVT). (See refs3®for 701
reviews of this code.) The temperature was set to 298 K, which
was kept constant by the Berendsen thermastatl atoms in % o ) ) 3 4
the solid surface were kept fixed. The simulation time step was
setto 1fs, and the Verlet leapfrog algorittfmsed for propagation
ofthe position and Ve|0city vectors. Typ|ca| |engths of production Figure 3. Calculated contact angles for differen.t WIdthS of domains
runs were 500 ps. A and B, expressed as the ratio of the domain width to the drop

; . radius R = 20 A). The area fractiond, andfg, are kept fixed at
The droplet, which comprises1100 water molecules unless g 5 circles @) and squaredi) represent simulated contact angles

otherwise specified (section 4), has a radius~a@0 A. The  for type | and type Il heterogeneous surfaces, respectively (Table
droplet was initially spherical with all molecular orientations set 1). The calculated predictions from the Cassie and Baxter equation
randomly. Initially, the droplet was plades A above the top are shown for type | and type Il surfaces as the solid and dotted
atomic layer of the solid surface. After the simulation started, Straight lines, respectively.
the droplet spontaneously spread over the surface, resulting in
a well-defined contact angle. The contact angles are defined ag'egions. The surface is made up of square domains or rectangular
those at the top atomic layer of the pillars and are extracted from stripes of A and B. All surface atoratom distances are 2 A.
the simulations as in earlier publicatiotfsi®53(i.e., by fitting 3.1. Nanodroplets and the Domain SizeSimulations of
the time-averaged liquid/vapor interface to a circle and obtaining droplets on top of heterogeneous surfaces have been carried out.
the angle by a simple geometrical calculation). The coordinates The fractional areas of the regions of A and B were such that
for the liquid/vapor interface were calculated over 100 ps and fa andfg in eq 1 were both 0.5. The nature of the two regions
averaged for five runs. is altered by changing the sotidvater Lennard-Jones potential

In all simulations, the droplets were placed initially on top of Welldepthe. These parameters are listed in Table 1. Two different
the surface in a random position. Tests showed that the initial types (I and 1) of heterogeneous surfaces were examined, with
position of the droplet didhot influence the final equilibrium different values of the interaction parameter for the hydrophilic
contact angle or the position of the advancing contact line. component A (Table 1). Type Il is more hydrophilic than type
Formally, the spreading over the heterogeneous surface is al, for which the surfacewater interaction is the same as the
calculation of the advancing contact line. If a different starting carbon-oxygen interaction in the OPLS force fiettif andfs
configuration were to be selected, such as a monolayer on topare the calculated contact angles of the water droplet on smooth
of the surface, then possibly a different position of the contact surfaces of pure A and pure B, respectively. According to the
line might be seen, in effect generating the receding contact Cassie equation (eq 3), the equilibrium contact angles for the
angle. We have not investigated this issue or any resulting two types of heterogeneous surfaces itk fg = 0.5 are 107
hysteresis. and 120, respectively. To investigate the effect of possible

variation of the contact angle on the relative sizes of the droplet,
3. Heterogeneous Surfaces the domain widthsxa andxg, were varied from 2 to 80 A. The

fength of the side of the simulation box was 50 A, thus
maintaining a fixed integral number of domains of the desired
width in all runs.

The contact angle would be expect& approach the Cassie
(48) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein, Value when the heterogeneous domains on the surface are

140

6/deg

(x4 R)

The heterogeneous solid that we have examined consists 0
two types of atoms, A and B, with different aterwater potentials
in order to simulate a layer with both hydrophobic and hydrophilic

M. ('ng-s%hﬁlmépwﬂsggg%g&f- Rodlger, P. MWol. Simul.2002 26, 385 sufficiently small relative to the droplet, and this is verified
ith, B. W.; ,C.W.; . P. . Simul. ) . . . R
(50) Todorov, C. I. T.; Smith, WPhilos. Trans. R. Soc. 2004 362, 1835. strikingly by the simulated contact angles in Figure 3. When the
(51) Berendsen, H. J. C.; Postma, J. P. M.; Vangunsteren, W. F.; Dinola, A.; domains are much larger than the drop radius, the energetically
Haak, J. RJ. Chem. Phys1984 81, 3684. most preferable site for the droplet is the hydrophilic. Now the

(52) Hockney, D. R. W.; Eastwood, J. Womputer Simulations Using Particles
McGraw-Hill: New York, 1981.

(53) Lundgren, M. Molecular Dynamics Simulations of Wetting. Ph.D. Thesis, (54) Jorgensen, W. L.; Maxwell, D. S.; TiradoRivesJJAm. Chem. Soc.
University of Bristol, Bristol, U.K., 2003. 1996 118 11225.
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xIA
Figure 4. Top views of simulated droplets on heterogeneous surfaces (type I). The dark patches represent the shape of the droplet, averaged
over 20 ps. Black dots and light-colored areas represent hydrophobic and hydrophilic domains, respectively. The widths of the domains are
2, 20, 30, and 40 A for ad, corresponding tax/R values of 0.1, 1, 1.5, and 2, respectively.

xI A

droplet wets only the hydrophilic domain, and the contact angle heterogeneous surfaces by Brandon et alVhen the drop

deviates significantly from the Cassie prediction, as can be seendiameter is commensurate with the domain sig¢R ~ 1), the

in Figure 3, approaching the value for the pure hydrophilic surface cross sections of the drops are particularly distorted from circular

as the domain width, Axa, increases. (Figure 4b,c). This leads to larger variations in the average contact
Figure 4 shows a top view of the hydrophilic heterogeneous angle with domain size, with troughs and peaks (e.g /M =

(type 1) surface. The dark patches represent both the shape ofL.5), as the drop distorts to increase contact with the more

the droplet averaged over 20 ps and the typical position adopted.hydrophilic regions. Compare, for example, the different shapes

Figure 3 shows that the contact angle deviates significantly from of the drops in Figures 4c¢{/R = 1.5) and 4dXa/R = 2) and

the prediction from eq 1 for larger heterogeneities, and it is the respective trough and peak in the corresponding plot (type

evident in Figure 4 that the droplets are less spherical and morel) in Figure 3. In the largest domain for which values are given

ellipsoidal for larger domains. With the larger domains (especially in Figure 3 &./R = 4), the drop can distort to fit only the

those in Figure 4b,c), the local contact angle changes from onehydrophilic part, and the drop maximizes its contact with this

part of the drop to another as the curvature of the base of the dropfavorable region, with an average contact angle close to that for

varies. Our calculated contact angle plotted in Figure 3 is an the pure hydrophilic surface.

average over the entire drop. Such changes in shape are consistent Simulations have also been carried out to investigate wetting

with the numerical energy minimizations of droplets on on heterogeneous surfaces composed of stripes of atoms of A
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Figure 5. Representative top view of a droplet (dark patch) on top of the striped surface (type I). Black dots and light-colored areas represent
the hydrophobic and hydrophilic domains, respectively. The widths of the domains are 10, 20, and 30-&,feespectively.

Table 2. Lennard-Jones Parameterse, for the Solid—Liquid consideredXy < R). The contact angle deviates rapidly from
Interactions Used in the Study of the Pillar Surface the predicted value with increasing stripe width, rising to a
LJ parameterg maximum for both types | and Il whery, ~ R. For this
/kcal molt 0/deg combination of stripe width and droplet size, the droplet
0.300 964 2.3 maximizes its contact with the hydrophilic stripe (Figure 3),
0.126 125.5+ 3.4 distorting from its spherical shape to do so. The edges of the

@ Contact angles listed for each surface are those calculated for theQropIet ov_erlap with the hydrophobic region, conS|stent W'th. an
corresponding atomistic smooth surface. increase in the average contact angle. For larger stripe widths
(e.g., those in Figure 5c¢), the distortion of the droplet decreases
and B. The same force fields were used (types | and Il) as for and the contact angle falls, approaching that of pure water on
the square domains (Table 2). The widths of the stripes were a homogeneous surface of hydrophilic component A.
varied from 2 to 80 A. Figure 5 shows that the water droplets  3.2. Surface CompositionWe have also carried out a short
at equilibrium are centered over one or more of the hydrophilic series of simulations on heterogeneous surfaces (type I) composed
stripes and that the shape of the solid/liquid contact line becomesof square domains in order to investigate the variation of the
more circular when the widths of the stripes are smaller. The contact angle with the fractional ardasandfz. Throughout the
averaged contact angle is a sensitive function of the stripe width, surfaces, the domains are smaller than the droplet radius. The
as shown in the plot in Figure 6. The Cassie equation is only a width,xg, of the domains of B is varied such that the area fraction,
good approximation for the smallest value of the stripe width fg varies from 0 to 1. The side of the simulation box is 100 A.
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7 Figure 8. Schematic description of the surface covered with square

1 pillars. The left and right frames show a side and a top view of the
surface, respectively, denotes the width, angl, the height of the
pillar. by is the width of the gaps between the pillars.

70 A

60 T T T
0 1 2 3 4

160 s

X2l R) g
Figure 6. Calculated contact angles for different stripe widths of s
domains A and B, expressed as the ratio of the stripe width to the
drop radius R = 20 A). Circles ®) and squaresl) represent
simulated contact angles for type | and type Il heterogeneous surfaces,
respectively. Calculated predictions from the Cassie and Baxter
equation are shown for type | and type Il surfaces as the solid and§’ i
dotted straight lines, respectively. =
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120 Figure 9. Variation of the calculated contact angle with increasing
pillar height.
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Figure 7. Comparison of the simulated data and calculated (Cassie & f2e8 S8 08 &4 o ERREaTE B
model, solid line) contact angles for water droplets on heterogeneous ey o] — i 3%+

surfaces with varying surface concentration of component B. Figure 10. Representative snapshots for droplets on top of a surface
composed of pillars with a height of 27 A. The left and right frames

As plotted in Figure 7, there is an increase in contact angle are for the more hydrophobic and hydrophilic surfaces, respectively
with increasing concentration of the hydrophobic substrate. The (Table 2).
solid line is the contact angle predicted using eq 1. The Cassie
model predicts the change in wetting with changes in surface
composition rather well.

two values used are given in Table 2, together with the simulated
values of the contact angle for the corresponding smooth surface.
4.1. Pillar Height. Here the pillar width,a,, and the gap
between the pillardy, are kept fixed at 15 ah9 A respectively.
The heightg,, varied from 3 to 27 A. Figure 9 shows calculated
We turn to consider pillar surfaces. Each surface in our contact angles for water droplets of 20 A radius for the two
simulations is composed of isotropic cuboidic posts as shown potentials listed in Table 2. For the smallest pillar height (one
schematically in Figure 8. The atoms are arranged on a cubicatom high), the gaps between the pillars are wetted, and the
lattice with an ators-atom distance of 3 A. Unlike the graphite  contact angles are larger than for the smooth surface, in qualitative
surface considered previousfthe side and the top of the pillars  agreement with Wenzel's equation (Figure 9), as shown, for
have the same surface atom density and hence the same wettabilitgxample, by the curved dotted line in Figure 9 for the more
here. The cubic simulation box has a side of 00 A. We hydrophobic case.
investigate changes in droplet geometry as a function of pillar ~ Considering first the more hydrophobic surface, the contact
height, width, and separation, the effects of changing the angle continues to increase urgilreaches approximately 9 A.
interaction potentials between the liquid and the surface, and, Whereas this is still in qualitative agreement with the argument
briefly, changes with droplet volume. of Wenzel (eq 2), quantitative agreement is poor. One reason is
The hydrophilicity of the pillars is varied by altering the value  evident from Figure 10. Wheg, is 9 A, the droplet does not
of the solid~water Lennard-Jones potential well depthThe penetrate to the bottom of the gaps, and the edge of the droplet

4. Pillar Surfaces
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Figure 12. Simulated contact angle on surfaces with increasing
by B OO 6O O OO pillar width, a,, compared with the predictions of the Cassie and
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Figure 11. Water droplet on top of the hydrophobic pillar surface ~— { —  ____—

(co = 12 A). The dark region indicates the position of the droplet, w4 e

and the open circles represent the position of the solid surface atoms B

for the pillars. The droplet geometry shown has been averaged over

20 ps. 140 -
i

is pinned to the top corners of the pillars. The treatment of Wenzel g 1

does not take into account the effect of sharp corners where the 120 1

density of surface atoms is particular high. The trapped droplet

is clearly influenced by the corners of the cuboidic posts because

limited penetration into the gaps is observed. Further increase

of the pillar height abos 9 A results in a crossover to the Cassie

and Baxter regime. The dropletis located at the top of the pillars, 5

and the penetration into the gaps remains restricted. The contact 0 10 2 30 20

angle is now independent of further increase of the pillar height, b /A

in qualitative agreement with the Cassie and Baxter m&del. ’
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P : Figure 13. Variation of the contact angle with the gap between the
Quantitatively, the use of eq 3 leads to an overestimate of the illars for the more hydrophobic surface and droplet radii of 20 and

contact angle because the Cassie and Baxter approximatiorBy A e pore sizehy, is defined in Figure 8. The dashed line is
neglects the (limited) penetration into the gaps. the contact angle predicted using the Cassie and Baxter equation (eq

Also evident in Figure 9 is the slight decrease in the contact 3).
angle with thg_ height of the posts in the more hydrophilic case. iy superhydrophobicity and a contact angle of L88s shown
The hydrophmc nature of the solid surface res.ults.ln.the droplet ;, Figure 12, the spreading increases when the pillars widen and
penetrating the gaps even when the pillar height is increased t0f jncreases. For wider pillars, the surface area of the top of the
a very high value. This causes a volume loss in the main body pijjars s larger, which enhances wetting, and when the pillar
of the drop located above the pillars. Because the contact angl&iqh is very much greater than the diameter of the droplet and
is measured at the top layer of the pillars, this changes the dropghe gaps between the pillars, the droplet takes up a contact angle
radius/pillar width ratio, and there is a decrease in contact angle gimilar to that for a perfectly smooth surface. In all cases, no
as can also be seen in Figure 10. . _ penetration into the hollows is seen.

The contact line is located in all of these simulations closeto 4.3 Gap Size.Changing the distance between the pillars
the edge of four pillars as seen in Figure 11. Itis worth noting changes the ability of the water droplet to penetrate the surface.
that the contact line will be quite different if the width of the  The model surface was again composed of a flat lattice surface
pillar is changed as discussed in the next section. decorated with cubiodic posts. The pillar height and width were

4.2. Pillar Width. To investigate further the importance of keptfixed at 15 and 12 A, respectively, and the distance between
the position of the contact line, the width of the cuboidic pillars  each pillar varied from 6 to 36 A. In addition, to see the effects

was varied from 3 to 30 A. The height of the pillag, is fixed of increasing droplet size, simulations of a droplet with a radius

at15A, and the gap between the pilldzs 9 A. For thisgeometry,  of 30 A, containing 3818 water molecules, were carried out, as

when the Lennard-Jones well deptlis 0.126 kcal mot?, no well as carrying out simulations, as earlier, for a droplet radius

water molecules penetrate the hollows, and the system is in theof 20 A.

Cassie and Baxter regime. The simulated contact angles for both droplets and gap sizes

For extremely thin pillars of width of 3 A, complete repulsion up to 10 A are in good agreement with the Cassie and Baxter
of the droplet from the surface is observed. This is due to the prediction asf increases (Figure 13). For a 20 A droplet, this
very low fraction of the liquid/solid interface~(1%), and in comes to an abrupt halt when the droplet starts to penetrate into
agreement with the Cassie and Baxter equation (eq 3), this resultshe gaps between the pillars and the contact angle decreases.
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05 composition of the solid surface and clearly indicate situations
where the contact behavior is not well described by the Wenzel,
Cassie, or Cassie and Baxter equations.

0.4 1

When surfaces are planar, consisting of domains of different
hydrophobicity and size, for small droplets, the relative sizes of
the droplet and the domain play an important role. If the surface
domains are sufficiently small, then the droplet effectively wets
a large number of domains, and the Cassie equation accurately
describes the relation between the contact angles and the surface
composition. If the relative size of the domains is larger, then
this equation fails, and the wetting is largely constrained by the
surface geometry. The water droplet favors the hydrophilic regions
0.0 , , , of the surface, and there may be significant elongation or

0 10 20 30 40 contraction of the droplet in certain directions, particularly when

b, /A the drop and the domain size are commensurate, so as to maximize

Figure 14. Number fraction of water molecules/Ni;, that have this interaction.
E)ein::rgéeda:'gtt?ot:)ebgﬁgs dfgfrir?ggeirﬁrl':tidlz?ggt sifed,he gap width For pillar surfaces, the treatment of Wenzel assumes that the
P P P 9 ' liquid wets all of the surface area. In contrast, that of Cassie and

The degree of penetration varies with the ratio of the gap Baxter suggests that rough wetting is associated with quite

width and the drop radius. The dependence of the equilibrium different atomistic behavior; the liquid does not penetrate the
contact angle on gap size for the 30 A radius drop (Figure 13) hollows of the rough surface, and thus the droplet feels a
is quite different from that of the smaller droplet for pillar heterogeneous surface composed of sections of solid and sections
separations 10 A. The larger drop remains on top of one pillar, of air or vacuum. This results in increased hydrophobicity with
and we remain essentially in the Cassie and Baxter regime evenincreasing roughness and an increase in the contact angle. The
for large gaps between the pillars, even though the contact anglesimulations indicate the Wenzel and the Cassie and Baxter regimes
is effectively constant with gap size. Thisis reflecting the behavior occur for different heights of the cuboidic pillars. Wetting of
at the sharp corners of the pillar, as noted above. small pillars is accompanied by penetration into the gaps between
The amount of water that penetrates into the gap was analyzegpg pillars (the Wenzel regime). When the pillar height is
for each surface by calculating the average number of water i reased, the droplet remains on top of the pillars (the Cassie
molecules located below the. top plane of the pillars, and. the and Baxter regime). The contact angles are largely independent
results are plotted as a function of the gap between the plllarsfor pillar heights>15 A. Quantitatively agreement between the

in Figure 14. For pillar surfaces with small gaps, no penetration . .
of water molecules can be seen. The system is fully in the Cassies'mleated contactangles and those predicted by the Wenzel and

and Baxter regime, and the contact angle is close to that of thethe Cqssie and Baxter_ equations is generally rather poor. These
flat heterogeneous surface. When the gap size becomes suféguations do not take into account the surface geometry and the
ficiently large, the small water droplet partially penetrates the €ffect of sharp corners on the surface where the density of
hollows. The larger drops do not penetrate the gaps between theddsorption sites is particularly high.
pillars at aII,de\'égn whlez tf;‘e dr()tﬁletttrhadlug 1S clomparallcilg tothe 14 conclude, molecular dynamics simulations reveal a rich
gap size, and Figure 14 shows that there Is only a sma !ncreasq/ariety of behavior at the atomic level associated with nanowetting
in the penetration of the water molecules for large gap sizes. As . . . .
phenomena. With simulations of this type, we can now begin to

discussed above, for wide hollows the droplet is pinned to the K lated . h he eff f surf
top of the pillars and did not penetrate the gaps. The droplet maytac e many related questions such as the effects of surfactants

eventually be able to move away from the top of the post and ©F of particular §urface. defects, the.details of the dynamic
down to the hollows, but this was never observed during any Processes associated with the spreading of the droplets, and, as

simulation run. Enhanced stability of the larger droplet is methodology advances and available computer time increases,
consistent with nonpenetration when the drop size increases.the relations between nanoscale and macroscopic behavior.
Less evaporation was also seen from the larger drops, which also

indicates enhanced stability for the larger droplet with smaller
surface curvature in qualitative agreement with the Kelvin
equation.
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