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Fig. 4. Change in resonant frequency upon the
addition of humid air; RH, relative humidity. The
change in frequency represents immediate
crack growth.

The actual mechanism governing the
rate-dependent crack growth in silicon has
not been well characterized. The crack
growth rate does not accelerate with in-
creasing crack length, which indicates that
this rate is independent of the magnitude of
the stress intensity. One possible explana-
tion for this independence is some rate-
limiting mechanism associated with either
reaction rates at the crack tip or delivery of
species from or to the crack tip region.

Several difficulties with the current de-
vice remain to be resolved. First, although
we have good correlation between the mod-
el and device behavior, we believe that it is
important to model the structure in its
actual nonlinear form. Second, the stress
intensity estimates assume a deep cracked
beam with rectangular cross section. The
actual cross section of the beam deviates
from a true rectangle. Third, because we
deduce crack growth from frequency shifts,
we need to perform measurements of crack
length based on interrupted experiments in
which we measure crack length by breaking
and examining fracture surfaces, using a
method to mark the exposed crack, or by
static compliance using a nanoindenter as a
force-displacement test machine.

We have concentrated on doped, single-
crystal silicon in this initial effort because in
this way we eliminated the complexity as-
sociated with deposited microstructures had
we used polysilicon or some other polycrys-
talline material. The susceptibility to rate-
dependent failure should increase with
polycrystalline microstructures (17). More-
over, dynamic fatigue will definitely be
possible in materials that have greater dis-
location mobilities than silicon.
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How to Make Water Run Uphill

Manoj K. Chaudhury and George M. Whitesides

A surface having a spatial gradient in its surface free energy was capable of causing drops
of water placed on it to move uphill. This motion was the result of an imbalance in the forces
due to surface tension acting on the liquid-solid contact line on the two opposite sides
(“uphill” or “downhill”) of the drop. The required gradient in surface free energy was
generated on the surface of a polished silicon wafer by exposing it to the diffusing front of
avapor of decyltrichlorosilane, Cl,Si(CH,)CH,. The resulting surface displayed a gradient
of hydrophobicity (with the contact angle of water changing from 97° to 25°) over a distance
of 1 centimeter. When the wafer was tilted from the horizontal plane by 15°, with the
hydrophobic end lower than the hydrophilic, and a drop of water (1 to 2 microliters) was
placed at the hydrophobic end, the drop moved toward the hydrophilic end with an average
velocity of ~1 to 2 millimeters per second. In order for the drop to move, the hysteresis
in contact angle on the surface had to be low (<10°).

T'he motion of liquid drops on surfaces that
is induced by thermal gradients has been
observed experimentally and discussed the-
oretically (I-4). This type of drop motion
is a consequence of the Marangoni flow
within the drop that is set up by thermal
gradients. Motion of liquid driven by Ma-
rangoni flow is also evident in the classical
“tear of wine” effect (5). Evaporation of
alcohol from the liquid-solid meniscus cre-
ates a local rise of the surface tension in the
liquid, which induces a surface flow (and in
turn a bulk flow) of wine on the wall of the
wine glass; the accumulating liquids return
in the form of drops. Cottington et al.
reported that drops of several oils moved
freely on a stainless steel surface when the
oils contained certain types of surfactant
additives (6). The authors postulated that
the nonuniform evaporation of the surfac-
tant resulted in a surface tension gradient in
the liquid drop; this gradient caused the
drops to move. This motion appears to be
another example of the Marangoni effect.

M. K. Chaudhury, Dow Corning Corporation, Midland,
MI 48686.
G. M. Whitesides, Department of Chemistry, Harvard
University, Cambridge, MA 02138.
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We report a new type of drop motion
that is induced entirely by a surface chem-
ical gradient of a solid substrate. What
distinguishes the motion described here
from the motions reported earlier (I, 2,
4-6) is the fact that no Marangoni forces
act on the liquid—instead, the motion
results from the imbalance of the surface
tension forces acting on the opposite sides
of the drop edge. Figure 1 represents a cross
section of a water drop placed on a surface
that has a spatial gradient in the surface free
energy. The unbalanced Young’s force
(dFy) experienced by this section of the
drop is given by Eq. 1

dFy = [(ysv — vs)a — (Ysv — ‘YSL)B]da )

Here, ysy and yg are the surface free
energies of the solid-vapor and solid-liquid
interfaces and dx is the thickness of the
section of the drop. If 8, and 0y represent
the local contact angles at points A and B,
then Eq. 1 can be represented as

dFy = y1\v(cos04 — cosBp)dx )

The surface free energy of the liquid-vapor
interface is y.y- The net force (Fy) experi-

1539




enced by the drop can be obtained by
integrating Eq. 2 over the entire width of
the drop. If the contact angle at point A is
smaller than that at point B, the drop will
move in the direction of higher vyg,,. This
motion has two effects: it decreases the area
of the vapor-solid interface having the larg-
er interfacial free energy while increasing
that having lower free energy, and it in-
creases the total area of solid-liquid inter-
face. Both changes in free energy, effected
over a distance, constitute a force driving
the drop uphill against the force of gravity.
For a surface that exhibits high hysteresis in
contact angles, however, the receding con-
tact angle at point B may become smaller
than the advancing contact angle at point
A. Under this condition the drop will not
move (3, 7). The presence of a gradient in
surface tension is thus not, by itself, suffi-
cient to ensure motion of liquid drops—the
surface must also have low hysteresis in
contact angles and be free of defects that
pin the edge of the drop (8).

The method we used to produce gradi-
ents in chemical compositions and surface
tension on solid surfaces is a modification of
the method developed by Elwing et al. (9).
It is based on allowing the surface of a
silicon wafer to react with vapors of a
volatile alkylchlorosilane by using a diffu-
sion-controlled process. The silanization re-
actions reported by Elwing et al. were carried
out in solvents, and the resulting wafers
exhibited large hystereses in contact angles
(20° to 40°) (10). We used a method that
generates gradient surfaces of lower hystere-

Fig. 1. Idealized diagram of a thin cross section
of a liquid drop on a gradient surface. Although
this diagram is useful for understanding the
origin of Young's driving force on a gradient
surface, it does not state the problem com-
pletely. Such a distorted drop shape would
imply the presence of a Laplace pressure gra-

sis (6° to 8°). This combination of gradient
and hysteresis caused 1- to 2-ul drops of
water to move up a 15° slope along the
direction of increasing surface free energy,
with average velocities of 1 to 2 mm/s (11).

The gradient surface was prepared by
allowing the vapor of decyltrichlorosilane
[C1,Si(CH,)sCH,, or RSiCly] to diffuse
over a silicon wafer (Fig. 2). A clean (12)
silicon wafer was placed 2 mm from a
solution of RSiCl, in paraffin oil. As the
silane evaporated and diffused in the vapor
phase, it generated a gradient of concentra-
tion that decreased along the length of the
wafer. The profile of this gradient was
imprinted onto the silicon wafer by reaction
with its surface. The edge of the wafer
closest to the silane became hydrophobic;
the farthest edge remained hydrophilic.
The steepness of the gradient was a func-
tion of the time of exposure of the wafer to
the vapor of the silane. After the formation
of the chemical gradient, the wafer was
placed in warm distilled water (65°C) for 1
min, rinsed thoroughly in running distilled
water, and stored in distilled water at room
temperature (13).

The gradient surfaces were characterized
with contact-angle measurements and ellip-
sometry. The typical wettability gradient
produced by exposing the wafer to vapors of
RSiCl, for 5 min is shown in Fig. 2. The
contact angles decreased smoothly (14); the
hysteresis of contact angles was ~10° on
the hydrophobic edge of the wafer and 6° to
8° for most of the gradient but increased
abruptly at the hydrophilic end. The thick-
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dient within the drop. The pressure inside the drop would equalize, and the drop would assume the
shape of a spherical cap. The value of the dynamic contact angle would be between 0, and 0.

Fig. 2. Gradient in water wettability produced on
a silicon wafer by 5-min exposure to diffusing
vapor of RSiCl,. The circles represent the ad-
vancing (O) and receding (®) contact angles of
water. In the inset, the method used to form
gradients in surface tension is illustrated sche-
matically. The glass slide was initially silanized
with Cl;Si(CH,),(CF,),CF5, which rendered it
lipophobic. A small strip (3 mm wide) of this slide
was oxidized in plasma; this strip was used to
contain the solution of RSiCl;. The solution of
RSiCl; (30 ul of the silane solution, which con-
tained 75 pl of silane per gram of paraffin oil) was
placed within this strip. A clean silicon wafer (12
mm by 40 mm) was placed 2 mm from the edge
of the silane solution. The gradient surface result-
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ed from the diffusion of the silane in the vapor phase and subsequent reaction with the surface SiOH
groups and adsorbed water on the silicon wafer. The whole assembly was placed in a polystyrene petri
dish and covered. The relative humidity of the room was 40% during these experiments.
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ness of the alkylsiloxane layer, obtained by
ellipsometry, was ~6 A (15) at the hydro-
phobic end of the gradient. This value
indicates that the layer is significantly less
than a monolayer and is disordered (16).
The thickness decreased steadily at a rate of
~1 A/mm up to a distance of 5 mm from
the hydrophobic edge, beyond which the
estimation of thickness by ellipsometry be-
came unreliable. Measurements of contact
angles indicated that a gradient was present
up to a distance of 1 cm from the hydro-
phobic edge.

The motion of water drops was exam-
ined by placing them on the hydrophobic
edge of the gradient surface. The uphill
motion of a water drop on a gradient surface

Fig. 3. Uphill motion of a drop of water on a
gradient surface. The gradient surface was
inclined by ~15° from the horizontal plane. The
volume of the drop was ~1 pl. The moving drop
was photographed with an automatic camera
that exposed one frame every 0.4 s. The drop
moved more rapidly on the initial part of the
gradient than on the final part.



that was inclined by 15° from the horizontal
plane is shown in Fig. 3. The speeds of the
drops varied across the gradient and with the
size of the drop; average speeds of 1 to 2
mm/s were observed for 1- to 2-pl drops on
the steeper part of the gradient (17). The
shape of the drop shown in Fig. 3 is that of
a spherical cap. The difference of the con-
tact angles in the advancing and receding
edges of the drop was only ~2° to 3°. The
effect of gravity on the drop shape was not
significant here because the radius of the
drop (1 to 1.5 mm) was smaller than the
Laplace length (2.7 mm) (18). The near-
spherical shape of the drop appears to be a
consequence of the equilibration of the La-
place pressure inside the drop, which is
consistent with the model proposed by Bro-
chard (3).

Water was not the only liquid that
moved across such gradient surfaces; other
liquids such as glycerol and chloroform also
moved. The motion of these liquids was,
however, examined with a horizontal gra-
dient surface.

Although we have not studied these fac-
tors in any detail, the speeds of the liquid
drops depended on the hysteresis in contact
angles, the surface tension and viscosity of
the drops, the drop volume, the steepness of
the gradient, and the inclination of the
gradient surface. Detailed understanding of
the kinetics of drop motion on gradient
surfaces should take these factors into ac-
count. The gradient surfaces reported here
are easily prepared. They should be useful in
the study of the motion of liquid drops
induced by chemical gradients and of the
interplay of chemical and thermal gradients.
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Observation of Transition-State Vibrational
Thresholds in the Rate of Dissociation of Ketene

Edward R. Lovejoy, Sang Kyu Kim, C. Bradley Moore

Rate constants for the dissociation of highly vibrationally excited ketene (CH,CO) have
been measured at the threshold for the production of CH,(®B,) and CO('=+). The rate
constant increases in a stepwise manner with increasing energy, consistent with the
long-standing premise that the rate of a unimolecular reaction is controlled by flux through
quantized transition-state thresholds. The data give the energies of the torsional and
C—C-0 bending vibrations of the transition state.

The elementary chemical reaction is one
of the most fundamental processes in na-
ture, and the theoretical and experimental
study of the transformation of reactants into
products has been an important area of
research for many decades. Experimental
studies of unimolecular reactions of highly
energized molecules provide strong tests of
the theories developed to describe chemical
reactivity (1). The unimolecular rate theo-
1y of Rice, Ramsperger, Kassel, and Marcus
(RRKM) (2) is based on the assumptions
that (i) the vibrational energy in the excit-
ed molecule is distributed statistically
among all the vibrational degrees of free-
dom, (ii) the energy flows freely among the
different degrees of freedom at a rate much
faster than the reaction rate, and (iii) the
rate of reaction is controlled by the passage
through a transition state located at the
dynamical bottleneck separating the reac-
tant from products on the potential energy
surface for the reaction. In the region of the
transition state, the bound vibrational mo-
tions of the molecule are not coupled to the
reaction coordinate, and passage through
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the transition state is vibrationally adiabat-
ic. In this sense, the vibrational levels of
the transition state represent reaction
thresholds, that is, quantized channels con-
necting the reactant to products.

The energy dependence of the RRKM
rate constant for a molecule with a fixed
energy (E) and total angular momentum (J)
is given by

K(E,J) = W*E,])/[hp(E,])] (€)

where W#*(E,]) is the number of vibrational
levels of the transition state with energy less
than E, p(E,J) is the density of vibrational
states of the reactant (number of states per
unit energy), and h is Planck’s constant.
Definitive tests of RRKM theory are
hampered by the difficulty in evaluating the
individual terms in Eq. 1. Historically, the
density of reactant states [p(E,J)] has been
estimated by extrapolating a normal mode
treatment of the molecular vibrations to
higher energies (3). However, recent spec-
troscopic studies show that the actual den-
sity of states for a number of molecules is
significantly higher (five to ten times for
10,000 cm~! < E < 30,000 cm™!) (4) than
predicted by the normal mode picture. The
number of accessible reaction channels at
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