cross points in a very straightforward, low-
cost, fast, and scalable process. Although the
separations between individual NWs are not
completely uniform, a periodic array can be
easily envisioned with a patterned surface as
described above. These crossbar structures
can yield functional devices (see below).

We believe that our approach for directed
assembly of multiple crossed NW arrays offers
substantial advantages over current efforts,
which have used random deposition (/4, 16),
direct manipulation of individual NWs and NTs
(15), and electric fields (12, 16, 27) to make
single crossed structures. With random deposi-
tion and manipulation, it is difficult to obtain
multiple crossbars required for integrated nano-
devices. Although electric fields enable more
control over assembly, this method is also lim-
ited by (i) electrostatic interference between
nearby electrodes as separations are scaled be-
low the micrometer level and (ii) the require-
ment of extensive lithography to fabricate the
electrodes for assembly of multiple NW device
structures. Our fluidic approach is intrinsically
very parallel and scalable and, moreover, it
allows for the directed assembly of geometri-
cally complex structures by simply controlling
the angles between flow directions in sequential
assembly steps. For example, an equilateral tri-
angle (Fig. 4C) was assembled in a three-layer
deposition sequence with 60° angles between
the three flow directions. The method of flow
alignment thus provides a flexible way to meet
the requirements of many device configura-
tions, including those requiring assembly of
multiple “layers” of NWs.

An important feature of this layer-by-layer
assembly scheme is that each layer is indepen-
dent of the others, and thus a variety of homo-
and heterojunction configurations can be ob-
tained at each crossed point by simply changing
the composition of the NW suspension used for
each step. For example, it should be possible to
directly assemble and subsequently address in-
dividual nanoscale devices using our approach
with n-type and p-type NWs (16, 19) and NTs,
in which the NWs and NTs act as both the
wiring and active device elements (15). A typ-
ical 2 by 2 crossbar array made of n-type InP
NWs, in which all eight ends of the NWs are
connected by metal electrodes, demonstrates
this point (Fig. 4D). Transport measurements
(Fig. 4E) show that current can flow through
any two of the eight ends and enable the elec-
trical characteristics of individual NWs and the
NW-NW junctions to be assessed. The current-
voltage (I-V) data recorded for each of the four
cross points exhibit linear or nearly linear be-
havior (red curves) and are consistent with ex-
pectations for n-n type junctions. Because sin-
gle NW-NW p-n junctions formed by random
deposition exhibit behavior characteristic of
light-emitting diodes (LEDs) (16), we believe
that our approach could be used to assemble
high-density and individually addressable nano-
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LEDs and electronically more complex nano-
devices.

These studies provide a general and ratio-
nal approach for hierarchical assembly of 1D
nanomaterials into well-defined functional
networks that can bridge the nanometer
through millimeter size regimes. We have
shown that NWs can be assembled into par-
allel arrays with control of the average sepa-
ration and, by combining fluidic alignment
with surface-patterning techniques, that it is
also possible to control periodicity. In addi-
tion, we have demonstrated the possibility of
layer-by-layer assembly of crossed and more
complex structures by varying the flow direc-
tion in sequential steps and have obtained
preliminary results suggesting that this ap-
proach can be extended to 1D nanostructures,
such as carbon NTs (28). We believe that
flow assembly represents a general strategy
for organization of NW and NT building
blocks into structures needed for wiring, in-
terconnects, and functional devices and thus
could enable a bottom-up manufacturing par-
adigm for future nanotechnologies.
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Fast Drop Movements Resulting
from the Phase Change on a
Gradient Surface

Susan Daniel, Manoj K. Chaudhury,* John C. Chen

The movement of liquid drops on a surface with a radial surface tension gradient
is described here. When saturated steam passes over a colder hydrophobic
substrate, numerous water droplets nucleate and grow by coalescence with the
surrounding drops. The merging droplets exhibit two-dimensional random mo-
tion somewhat like the Brownian movements of colloidal particles. When a
surface tension gradient is designed into the substrate surface, the random
movements of droplets are biased toward the more wettable side of the surface.
Powered by the energies of coalescence and collimated by the forces of the
chemical gradient, small drops (0.1 to 0.3 millimeter) display speeds that are
hundreds to thousands of times faster than those of typical Marangoni flows.
This effect has implications for passively enhancing heat transfer in heat ex-

changers and heat pipes.

The movements of liquids resulting from unbal-
anced surface tension forces constitute an im-
portant surface phenomenon, known as the Ma-
rangoni effect (/). When regulated properly,
these types of flows are of value in several
industrial applications, such as the design and
operation of microfluidic and integrated DNA

analysis devices (2—4). Although the usual Ma-
rangoni motions are triggered by variations in
temperature or composition on a liquid surface,
a surface tension heterogeneity (5-7) on a solid
substrate can also induce such motion. The typ-
ical speeds of these flows (speeds ranging from
micrometers to millimeters per second) on a
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solid surface are too slow to have practical
utility.

The main obstacle to drop motion on a solid
surface arises from the hysteresis of contact
angles that pin the drop edge. In order to sur-
mount hysteresis, additional energy must be
supplied to the drop while using the force aris-
ing from the gradient of surface tension to bias
the drop motion. Here we report a new type of
surface tension—guided flow, in which the
drops move hundreds to thousand of times fast-
er than the speeds of typical Marangoni flows.
Furthermore, the experimental configurations
used here provide a direct indication of how this
effect can be harnessed to design improved heat
exchangers. The central theme of these studies
is that of rapid phase change, coupled with the
fast removal of heat from steam condensing on
a gradient surface.

The test surface for this study had a radi-
ally outward gradient of chemical composi-
tion that was prepared by diffusion-controlled
silanization (8). A small drop (~2 pl) of
alkyltrichlorosilane [Cl,Si(CH,),CH;, n = 8
to 14] was held about 2 mm above the center
of a clean silicon surface. The silane evapo-
rated from the drop and diffused radially
while reacting with the silicon (Si/Si0,) sur-
face. The central part of the silicon surface,
closest to the drop, became maximally hydro-
phobic, with the contact angle of water about

Department of Chemical Engineering, Lehigh Univer-
sity, Bethlehem, PA 18015, USA.

*To whom correspondence should be addressed.

Fig. 1. Video prints showing
fast movements of water drops
(indicated by the plume- and
streaklike appearances) result-
ing from the condensation of
steam on a silicon wafer pos-
sessing a radial gradient (1 cm
diameter) of surface energy.
(A) and (B) show that drops 1
and 3 leave their original posi-
tions to cross the edge of the
gradient in about 0.033 s.
These movements leave behind
streaklike appearances, which
are due to the flashes of light
reflecting from the drops dur-
ing fast movements. The cen-
tral drop (2) does not initially
move, as it is on the weakest
part of the gradient. However,
after 0.47s, as the drop be-
comes off-centered, it rapidly
crosses the gradient (C to D)
zone.
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100°, whereas its peripheral zone remained
wettable by water with a near-zero contact
angle. In air, small drops (1 to 2 mm) of water
move on such a surface radially outward with
typical speeds of 0.2 to 0.3 cm/s. However,
when saturated steam (100°C) condenses on
such a surface, even smaller drops (0.1 to 0.3
mm) attain speeds (9) that are two orders of
magnitude higher than those observed under
ambient conditions (Fig. 1) (/0).

How do the drops acquire such high
speeds? A loss of interfacial resistance by a
hydrodynamically lubricating water film on
the surface could speed up drop motion, but
on a nonwettable surface, where the contact
angle is nonzero, a liquid film breaks up to
produce numerous disconnected droplets.
Previous studies (/7) detected only a molec-
ular or submolecular film of adsorbed water
between condensed droplets, which are un-
likely to provide substantial hydrodynamic
lubrication to the moving drops.

Other plausible scenarios are that the wet-
ting hysteresis is bypassed under rapid conden-
sation and/or that additional energy is supplied
to the drop to surmount hysteresis. We examine
these scenarios in some detail. When a liquid
drop is placed on a surface with an energy
gradient, the Laplace pressure within the drop
attempts to equilibrate quickly (12, 13). Thus,
the drop assumes the shape of a semispherical
cap (/4) to create nearly equal contact angles
(6,) at edges A and B (Fig. 2). However, be-
cause 0, is greater than the advancing contact
angle at B (8,5), but less than the receding

contact angle at A (6,,), the uncompensated
wetting forces act at both A and B, which
propel the whole drop toward the region of
higher wettability. Typical speeds of such mo-
tion depend on the drop size and hysteresis but
are in the range of a few millimeters per second.
In the presence of fast condensation, however,
the drop movement can be aided by the direct
condensation of steam and by coalescence with
other drops.

Let us consider the case of small drops,
which do not move on the surface because of
hysteresis but grow by the condensation of
steam. Condensation causes the contact angles
at A and B to surpass 6, , and 6, However, as
the Laplace pressure attempts to equilibrate
within the drop, the dynamic contact angles at
A and B now assume an average value of 6,
and 0, which is greater than 6, but smaller
than 6,,. Thus, the contact line at A neither
advances nor recedes. However, as the dynamic
contact angle at B is greater than 0, it moves
toward the region of higher wettability. The
characteristic velocity of B by condensation
(1) is V; ~ 2k, AT/(pHR), where £k, is the
thermal conductivity, p is the density, H is the
heat of vaporization of water, R is the base
radius of the drop, and AT is the degree of
subcooling of the substrate surface from that of
steam. For drops from 0.1 to 0.3 mm, the drop
edge moves with a velocity of about 20 to 40
pm/s and catches up and coalesces with other
droplets condensing ahead of it. At a high rate
of nucleation, the rate of coalescence can be so
fast that edge B advances far more rapidly than
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V. 8, at edge A thus continues to decrease until
it becomes smaller than 8_,, when the whole
drop is dragged toward the more wettable part
of the gradient.

A rough estimate of drop speeds (V) re-
sulting from coalescence can be made by
considering two drops of equal size of radii D
coalescing with each other, in which the drop
edges move by a net distance of ~0.37D. We
consider a situation of low contact angle (6 ~
45°) so that the drop motion can be described
approximately by lubrication theory (/5).
The energy budget of the process is the dif-
ference between the interfacial energies of
the liquid drop before and after coalescence
[~0.1wD?yf(8)], where v is the surface ten-
sion of the drop and f(0) = (2-3cosf +
cos30)/sin?0. Considering that the time scale
of coalescence T = 0.37D/V is governed by
the viscous drag forces at the contact line, the
total energy dissipation is estimated to be
6MV2Da1/0, where m is the viscosity of the
liquid and « is a logarithmic factor (~12)
required to prevent divergence of shear stress
at the contact line. Balancing of the two
energies leads to the speed of coalescence
approaching 1 m/s (/6).

For saturated steam condensing on a gradi-

REPORTS

ent surface, these fast motions are biased to-
ward the higher energy side of the gradient (/7)
and are facilitated by at least three factors. First,
a drop always grows by condensation toward
the more wettable part of the gradient and thus
catches up with other drops condensing ahead
of it. Second, the rate of nucleation increases
with wettability; hence the probability of co-
alescence at edge B is higher than that at edge
A (Fig. 2). Finally, as the drop starts moving, it
grows in size by sweeping up other drops in its
path and leaves behind a cleaner area for fresh
condensation to begin. The drop gains more
energy by coalescing with the larger drops
ahead of it, not with the freshly nucleating
drops behind it. The process thus autoacceler-
ates in order to produce a net movement of the
drop toward the region of higher wettability.
The coupling between the surface tension
gradient and the condensation of steam is evi-
dent in that the droplet speed slows down as
soon as the steam flow is shut off (/8). In the
quiescent state, condensation continues at a
slow rate and only slow motion of drops is
observed. Occasionally, drops coalesce and the
resultant drop moves toward the region of high-
er wettability (/9). On a homogeneously hydro-
phobic substrate, the droplets grow and coa-

Fig. 2. Schematics of a 1D wetta-
bility gradient of a surface. 6, and
0, represent the advancing and re-
ceding contact angles, respective-
ly. In the absence of hysteresis, the
driving force for the drop motion
is provided by the difference of the
equilibrium contact angles at
points at B and A. Hysteresis re-
duces the driving force (dotted ar-
row). The upper right inset shows
that additional driving force can be
gained from coalescence with oth-
er droplets, which nucleate and
grow ahead of the main drop.

Contact Angle [0]

Fig. 3. Schematics of a heat
exchanger. The heat flux
(/) through the surface is
estimated by knowing the
conductivity (k) of the
copper block and the tem-
perature gradient (dT/dy)
as follows: J = k_dT/dy.
The tempera%ure gradient |
within the block was mea-

sured with four thermocou- l
ples inserted radially in dif- |
ferent positions of the
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lesce randomly. with the surrounding drops
leading to a two-dimensional (2D) random
walk (20). During the coalescence, however,
drop edges retract with speeds comparable to
the biased movements of condensing drops on a
gradient surface.

Such coalescence-induced drop motion can
be hamessed to enhance the performance of
heat exchangers. In common heat exchangers, a
metallic wall separates a cold water stream
from a superheated vapor. Heat released from
the condensation of steam is conducted through
the metallic wall and transferred to the cold
fluid. In practice, the heat flow is compromised
by the thin insulating liquid film that accumu-
lates on the steam side of the heat exchanger.
Although various gravity-driven methods have
been designed to remove the insulating water
(21) from the surface of heat exchangers, there
exists no good mechanism to remove water
from the horizontal surfaces of heat exchangers
and from those operating in microgravity situ-
ations. Here we describe a mechanism of water
removal that takes advantage of the surface
energy gradient.

Figure 3 provides the schematic of a heat
exchanger made up of a cylindrical block (5 cm
in diameter) of copper (22), the curved side of
which is insulated with thick Teflon in order to
ensure unidirectional (axial) heat conduction.
The steam side of the copper block was pre-
pared by polishing it to a mirror finish and then
coating it with a thin film (~100 nm) of silicon
by vacuum deposition. A radially outward gra-
dient of octyltrichlorosilane was then formed on
this surface by means of diffusion-controlled
silanization. Saturated steam (100°C) was
passed over the gradient surface, while the other
end of the block was cooled by cold water. As
the condensing drops are continually removed
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Fig. 4. The heat transfer coefficient of the
copper block is enhanced with a chemical gra-
dient. The heat transfer coefficient (Nu) is ex-
pressed in a dimensionless form as follows:
Nu = qu/(kWAT). Here, /, is the heat flux, D is
the diameter of the copper block, k,, is the
conductivity of water, and AT is the degree of
subcooling of the condensed liquid. The closed
circles (@) correspond to a siliconized copper
surface, where steam condenses as a thin film.
The open circles (O) correspond to the gradient
surface, where steam condenses into drops that
are removed by the surface tension gradient.
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by the surface tension gradient, the surface of
the heat exchanger is renewed (23), thus en-
hancing heat flux through it. Figure 4 compares
the heat transfer coefficients of the steam side
of the heat exchanger under two situations:
filmwise condensation on a horizontal unmod-
ified surface and dropwise condensation on the
gradient surface (24). The surface treatment
enhances the heat transfer by a factor of 3 when
the surface is subcooled (A7) from that of
steam by about 20° and by a factor of 10 when
subcooling is about 2°.

This methodology is also applicable on ver-
tical surfaces, where the surface tension forces
can be used in conjunction with gravity. This
concept was demonstrated by preparing a 1D
periodic gradient on a silicon wafer by diffu-
sion-controlled silanization. Here the condens-
ing drops are propelled from the hydrophobic
zones and accumulate in the narrow hydrophilic
channels to ultimately drain down because of
gravity (25). A comparison has been made be-
tween such a drop removal mechanism and the
usual method of promoting dropwise conden-
sation by adding a surfactant (such as oley-
lamine) in the steam or hydrophobizing the
surface by an organic coating (such as by si-
lanization). Both the above methods yielded
similar heat transfer coefficients [Nusselt num-
ber (Nu) ~ 1300], whereas the gradient surface
under similar operating conditions exhibited a
higher heat transfer coefficient (Nu = 2750).
Clearly, surface tension forces can enhance the
effectiveness not only of horizontal heat ex-
changers but of vertical heat exchangers as
well. A heat exchanger surface possessing a
periodic gradient has the additional advantage
that its size can be scaled up in both horizontal
and vertical directions without compromising
the benefits of the gradient.

The phenomenon described here could also
be useful in other types of heat transfer prob-
lems involving two-phase flow, an example of
which is capillary force—driven thermosyphon-
ing in heat pipes. A capillary force—driven heat
pipe (26) consists of a closed container that has
a heating and a cooling section. A fluid is
thermally evaporated in the heating section, the
vapor of which flows to the cooling section and
condenses. The condensed fluid returns to the
heating section by capillary action. The circu-
lation of fluid and the corresponding heat trans-
fer thus created within the heat pipe have a wide
range of applications, including temperature
stabilization in aerospace situations, thermo-
syphoning in Rankine engines, removal of heat
from integrated microelectronic chips and con-
trolled cooling of human body parts during
cryogenic surgery. The standard way of pump-
ing a fluid from the condensation to the evap-
oration section uses a wicking material, which
is placed against the inner wall of the heat
pipes. It is possible that the capillary pumping
inside a heat pipe can be facilitated by design-
ing a surface tension gradient in its inner wall.
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Capture of a Single Molecule in
a Nanocavity

Li-Qun Gu,'* Stephen Cheley,’* Hagan Bayley’-%f

We describe a heptameric protein pore that has been engineered to accom-
modate two different cyclodextrin adapters simultaneously within the lumen
of a transmembrane 8 barrel. The volume between the adapters is a cavity of
~4400 cubic angstroms. Analysis of single-channel recordings reveals that
individual charged organic molecules can be pulled into the cavity by an
electrical potential. Once trapped, an organic molecule shuttles back and forth
between the adapters for hundreds of milliseconds. Such self-assembling nano-
structures are of interest for the fabrication of multianalyte sensors and could
provide a means to control chemical reactions.

One way to create functional nanostructures
is to modify existing biological structures,
especially multisubunit proteins. For exam-
ple, the F,-adenosine triphosphate synthase
(F,-ATPase) motor has been used to rotate
actin filaments (/) and inorganic “nanopro-
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pellers” (2). In our laboratory, a seven-sub-
unit protein pore, staphylococcal a-hemoly-
sin («HL), has been modified, both nonco-
valently and covalently, to produce structures
with a variety of properties. For example,
when molecular adapters, such as cyclodex-
trins (CDs) (3—6) and cyclic peptides (7), are
lodged within the lumen of the pore, they
alter the magnitude and selectivity of ion
conduction in a transmembrane potential.
The adapters can also act as binding sites for
guest molecules that block conduction by the
pore (3, 5, 7). In addition, flexible polymers
have been covalently tethered within the lu-
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