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Molecular-dynamics calculations have been used to investigate wetting phenomena c¢n a microscopic
length scale. The model systems consist of 90 water molecules on either hydrophobic or hydrophilic sur-
faces formed by monolayers of long-chain molecules with terminal -CH3 or -OH groups. As in experi-
ment, these two surfaces exhibit qualitatively different wetting behavior which is characterized by a mi-

croscopic analog of the contact angle.

PACS numbers: 68.45.Gd, 68.10.Cr, 82.65.—i

Wetting phenomena have long served as a useful means
of characterizing surfaces [1-4]. Although quantities
such as the contact angle are known to be sensitive to mi-
croscopic structure, much of the theory in the field has
dealt with the role of long-range interactions [4]. Details
of the relationship between microscopic surface structure
and interfacial geometry are, for the most part, not well
understood. The usual description of the wetting of a
solid surface is based on Young’s equation [5] which re-
lates the contact angle 0 of a liquid drop on a planar sub-
strate to the free energies of the three interfaces involved:
cos0=(y,. = vy)/ 71, where y, is the surface free energy
of the a-b interface with a and b representing either the
solid (s), liquid (/), or vapor (v) phase. Direct experi-
mental verification of Young’s equation is still lacking
[6].

Microscopic models provide another means of examin-
ing the relationship between contact angle and surface
free energies. Indeed, studies of a Lennard-Jones liquid
in contact with a solid surface were inconsistent with
Young’s equation [7). This discrepancy was attributed to
the limited size of the simulation system. However, the
accuracy of the method used to estimate the contact an-
gle has been questioned [8]. Recent experiments have re-
vealed systems in which the classical theories of wetting
do not apply [9,10] and theoretical models have begun to
incorporate the discrete nature of the phases on molecular
length scales [11]. Experimental studies of wetting have
benefited from recent advances in the fabrication of func-
tionalized organic surfaces [12,13]. Wetting has been a
useful probe in the development of these layers [14-17],
and the composition of self-assembled layers can be con-
trolled to create ideal substrates for studies of fundamen-
tal wetting phenomena [9,17].

In this Letter we report results from molecular-dy-
namics simulations of patches of water molecules in con-
tact with both polar and nonpolar surfaces. As one might
have anticipated we observe dramatic differences in the
configurations adopted by the water molecules on the two
surfaces. Moreover, we find a surprising quantitative
correspondence between the average shape of the water
cluster, characterized by a microscopic analog of the con-
tact angle, and the geometries observed in macroscopic
contact-angle measurements [14-17].

The surfaces of interest consisted of a layer of long-
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chain alkylthiol molecules [SH(CH;);X] on a gold sub-
strate. These molecules self-assemble into a monolayer of
thiolates with the sulfur headgroup chemisorbed to the
substrate and the tailgroup (X =CH3 or OH) confined to
the exposed surface region. Methyl-terminated chains
have been shown to chemisorb in a v/3x+/3R30° triangu-
lar lattice on the Au(111) surface [18]. The CH, chains
are close packed, predominantly all-trans, and
tilted with respect to the surface normal [14]. Models of
these monolayers have been developed in earlier simula-
tion studies and reproduce many of the observed proper-
ties [19,20). In the present study we use a model in
which the CH; and CH3 groups are represented by spher-
ical pseudoatoms [21]. The C-C bond lengths are held
fixed, but the chains are otherwise flexible [22]. For the
water molecules we have used one of the highly successful
empirical pair potentials [23]. Water molecules interact
with the chains via potentials derived from the geometri-
cal mean of the Lennard-Jones parameters, plus electro-
static interactions. The neutral CHjs-terminated chains
form a nonpolar surface while the -OH terminal group,
with partial charges —0.07e on the oxygen, 0.435¢ on the
hydrogen, and 0.265¢ on the adjacent carbon atom [24],
can form a polar surface. Chain pseudoatoms and water
molecules interact with the underlying substrate through
a 12-3 potential as described in Ref. [19]. The detailed
headgroup-substrate interaction is highly simplified— we
have ignored the ionization of the thiolate headgroup
since we are predominantly interested in the outer surface
of the layer.

The simulation cell contained 90 water molecules and
90 chains. The latter were arranged in the experimental-
ly observed triangular lattice (21.4 A? per molecule) with
periodic boundary conditions in the plane of the surface.
The long-ranged Coulomb interactions were handled with
a version of the Ewald method [25]. To improve the
efficiency of the simulation without affecting structural
ensemble averages, the mass of the explicit hydrogen
atoms was increased by a factor of 10.

On the CHs-terminated surface the water molecules
were initially arranged in a hydrogen-bonded patch of
monolayer thickness, a configuration which was metasta-
ble at a temperature of 100 K. The velocities were scaled
to 200 K and a constant-temperature molecular-dynamics
run was carried out for a total of 350 ps using the Nosé
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FIG. 1. Final configuration from a simulation of water mole-
cules on a methyl-terminated monolayer. The molecules mak-
ing up the layer consist of a sulfur headgroup (yellow), CH;
pseudoatoms (blue), and a methyl tailgroup (purple). The O
atom on the water molecule is orange and the H is white.

method [26] with a time step of 4.5%10 3 ps. In the
course of the simulation the water molecules gradually
reorganized to form a more compact cluster. Figure 1
shows a snapshot of the system at the end of the simula-
tion. The cluster adopts an average shape which resem-
bles the idealized droplet geometry of a sphere intersect-
ing a plane. The evolution of the center-of-mass position
of the water molecules in the direction normal to the sur-
face, z¢m, is shown in Fig. 2. Additional runs were car-
ried out with the system held at 300 K. The fluctuations
in the shape of the droplet were larger in this case, as was
the mean value of z.,. At this temperature occasional
“evaporation” of water molecules from the cluster was
observed. This is expected since the desorption tempera-
ture for water on the methyl-terminated surface, under
ultrahigh vacuum, is 150 K [15]. To conserve water mol-
ecules, a reflecting barrier was placed 25 A above the
chain surface, thus imposing a microscopic vapor pressure
on the system. As a test of the sensitivity of these results
to initial water configuration, a second run was started
with the same number of water molecules (one per chain)
spread out uniformly over the surface in a triangular lat-
tice. This system also formed a droplet at 200 K.

Simple interpretations of wetting measurements have
been questioned on the basis that the “solid” surface is
likely to be distorted from the planar shape of the free
surface [6,27]. In the present case, the deviation from
planarity around the droplet is less than 0.2 A.

The polar surface was studied as follows: a patch of
water (as above) was placed on an OH-terminated sur-
face which had previously been equilibrated for 90 ps to
allow for reconstruction of the polar groups at the outer
surface [20]. This system displayed a slower dynamical
evolution, limited by the formation and breaking of
chain-chain, chain-water, and water-water hydrogen
bonds. The final configuration is shown in Fig. 3 after
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FIG. 2. Variation in the height of the center of mass of the
water overlayer, z¢m., with time. O, methyl surface at 300 K; O,
methyl surface at 200 K; A, -OH surface at 300 K from initial

“patch” configuration; %, -OH surface from uniform initial
configuration.
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350 ps at 300 K. The water is more spread out over the
surface in this case than on the hydrophobic methyl sur-
face resulting in much lower values of z.., (Fig. 2). The
height of the center of mass drifts toward lower values
and does not appear to stabilize over this time scale.
Another run with the same OH-terminated system was

FIG. 3. Two views of the final configuration for water mole-
cules on a monolayer with polar (-OH) tailgroups. The colors
are as in Fig. | with the addition of O (red) and H (white) tail-
group atoms.
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started with the 90 water molecules distributed uniformly
in an ordered array over an unreconstructed surface [28].
In this case, z. . increased steadily over the course of the
run (Fig. 2) apparently converging with the previous run.
After 300 ps the water molecules had clustered but
remained more uniformly distributed than the water
started from a patch.

The results shown in Figs. 1 and 3 correlate sufficiently
well with deductions based on macroscopic contact-angle
measurements [13-17] that it is tempting to seek a mi-
croscopic analog. A microscopic wetting angle is calcu-
lated here by comparing the average height of the center
of mass, {z.m/, of the water cluster to that of an ideal
sessile drop in the shape of a sphere intersecting a surface
plane. The position of the sphere relative to the plane is
determined by the center-of-mass position and the condi-
tion that the volume of the sphere in the half space above
the surface plane contains the correct number of water
molecules (assuming a uniform density in the idealized
drop equal to that of bulk water). Figure 4 shows such a
construction superimposed on a single representative
configuration. The angle of intersection between the sur-
face of the sphere and the plane defines a contact angle
for the droplet, which is related to {z. ) by the formula

(zem) =) ¥R, (1)

2+cos6 2+cosf ’

1/3
1 —cosé ] 3+cosé

where (z.m) is measured relative to the planar surface
and Ro(3N/4rpy) '3, the radius of a free spherical drop
of N water molecules at uniform density pp=0.033 A 3.
The position of the center of mass of the water molecules
was calculated with respect to the surface defined by the
average height of the CHj; group plus its van der Waals
radius. In the case of the OH-terminated chains the posi-
tions and radii of the O atoms were used.

The microscopic contact angles elicited in this way are
0=120° £ 10° for the methyl-terminated system at 200
K, and 135° £15° at 300 K. The corresponding macro-
scopic advancing contact angle, at room temperature, is

FIG. 4. Construction used to calculate a microscopic contact
angle from time-averaged water configurations, superimposed
on a view of the configuration shown in Fig. 1.

about 115° (104° receding) [14,17]. Although a geo-
metric interpretation of Eq. (1) is less clear in the -OH
case, there is no difficulty in applying the formalism to
obtain a characterization of the wettability: The system
started from a patch, averaged over the last 20 ps, gave a
value 8=17° £ 2°, while the system started with uni-
formly dispersed water molecules gave 6=5°. The
seemingly nonergodic behavior on the simulated -OH sur-
face is perhaps not surprising given the large amount of
hysteresis and wide variation in contact angles measured
in laboratory experiments, which are variously quoted as
< 10° [14,17], 25° [16], and 42° [29] for advancing
drops, with smaller values generally obtained for the
receding case. Scanning-tunneling-microscope (STM)
measurements on the OH-terminated surface have re-
cently been reported [29]. These images, made under a
humid environment, show evidence of voids from 10 to 50
A across and extending deep into the layer. Lateral inho-
mogeneity on the scale of 10-20 A is also evident in the
simulated OH-terminated systems; however, this is most-
ly due to the clustering of water molecules. In this rela-
tively small and defect-free model, we do not observe
voids more than few water molecules deep. Recent STM
studies of methyl-terminated layers on Au suggest that
the probe tip penetrates through the chains and images
the sulfur headgroups [30]. A similar difficulty may be
associated with imaging the surface of the OH-ter-
minated layers.

The extrapolation of relationships characterizing mac-
roscopic wetting phenomena down to molecular length
scales is ultimately limited by the thickness of the local
water-vapor interface. Computer simulations [31] and
experiment [32] on free water surfaces yield interfacial
widths (== 3 A) significantly less than the radius of cur-
vature R, for the sphere shown in Fig. 4. Moreover, the
average energy per water molecule in the droplet is only
15% less than the bulk value. This is likely why the
contact-angle estimate for the small droplet is so similar
to that of the macroscopic drop. In the case of the OH-
terminated chains the validity of the macroscopic picture
is limited not by R., which is large, but by the thickness
of the overlayer, one or two molecules in the present
simulation.

In summary, simulations of relatively small numbers of
water molecules on polar and nonpolar organic surfaces
display properties strikingly similar to the corresponding
macroscopic wetting phenomena on hydrophilic and hy-
drophobic surfaces. The present results suggest that
simulations on the order of the 103 particles may be
sufficient to predict macroscopic properties such as the
wetting contact angle.
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FIG. 1. Final configuration from a simulation of water mole-
cules on a methyl-terminated monolayer. The molecules mak-
ing up the layer consist of a sulfur headgroup (yellow), CH:
pseudoatoms (blue), and a methyl tailgroup (purple). The O
atom on the water molecule is orange and the H is white.



FIG. 3. Two views of the final configuration for water mole-
cules on a monolayer with polar (-<OH) tailgroups. The colors
are as in Fig. | with the addition of O (red) and H (white) tail-
group atoms.
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FIG. 4. Construction used to calculate a microscopic contact

angle from time-averaged water configurations, superimposed
on a view of the configuration shown in Fig. I.



