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Condensation of a vapor to a liquid on a cold surface that is not wet completely by this liquid
leads to the formation of an array of droplets. If the surface is heterogeneous in its physical
properties (especially its interfacial free energy), the patterns of these arrays reflect this
heterogeneity. The distribution of droplets of water (condensation figures or CFs) observed
by optical microscopy on a surface can be correlated with the molecular structure of that
surface. The substrates used to investigate the formation and morphology of the CFs were
patterned, self-assembled monolayers of different alkanethiolates on gold and of alkyl
siloxanes on glass. Analysis of CFs is a valuable nondestructive technique for charac-

terizing heterogeneities in surfaces.

Condensation figures (CFs)—historically
called “breath figures” because they appear
on cool surfaces exposed to warm, humid
air (from exhaled breath) (I)—form images
of regions with different wettabilities in
self-assembled monolayers (SAMs). The
formation of breath figures and their use as
a method for detecting contamination on
homogeneous surfaces was described by
Lord Rayleigh and later by Mérigoux (I). In
general, CFs are an example of phenomena
that have a basis in heterogeneous nucle-
ation: Technologically important examples
include (i) the growth of thin films of
metals and semiconductors during evapora-
tive plating and chemical vapor deposition
and (ii) the condensation of liquids in heat
transfer operations. As an example of het-
erogeneous nucleation and condensation,
CFs of water are conveniently studied at
near room temperature and hence have
been investigated experimentally (2, 3) and
theoretically (3, 4).

At a particular stage in the development
of a CF, differences in the size and distribu-
tion of the droplets reflect properties of the
surface on which they form. We used opti-
cal microscopy of CFs to image patterns in
two types of patterned SAMs: SAMs
formed from two or more different, w-sub-
stituted alkanethiolates on gold (5) and
SAMs formed by the silanization of glass
with two or more functionalized alkyl-
trichlorosilanes (6, 7). These studies indi-
cate that CFs on SAMs will be valuable as
a method of surface analysis and as a tool in
understanding nucleation and growth of
condensed phases at interfaces. The ease
with which SAMs can be used to control
surface wettability and the ability to use
them to generate patterns of areas that
differ in their wettability make SAMs par-
ticularly convenient substrates with which
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to develop these analytical methods and
with which to test hypotheses regarding the
formation and growth of CFs.

Figure 1 shows an optical micrograph of
a CF on a sample (8) in which patterns
have been formed with SAMs derived from
HS(CH,),;CH,, HS(CH,),s;CH,0OH, and
[S(CH,) ,CNI], (9). These patterns were
not detectable by optical microscopy before
the CF formed (see Fig. 2C, for example).
It is clear from Fig. 1 that CFs form useful
images of surfaces that differ primarily in
their interfacial free energies and that they
can produce images with good contrast.
Contrast between regions of different al-
kanethiolates is a consequence of differ-
ences in the distributions of water across
these regions. This distribution at a partic-
ular time is characterized by differences in
droplet size, density, polydispersity, and
structure factor (2).

Earlier studies of the mechanisms of drop
growth and coalescence on homogeneous
surfaces bear directly on the use of CFs as a
quantitative technique for imaging hetero-
geneous surfaces (2—4). Knobler, Meakin,
and other investigators have identified sev-
eral distinct phases that occur in the forma-
tion of a CF on a homogeneous surface
(2—4). The earliest stage involves the uni-
form coverage of the surface by the nucle-
ation of small droplets that grow with few
coalescences. Subsequent stages include a
regime in which the droplet distribution
remains, with growth and coalescence, sim-
ilar in time and exhibits a well-defined struc-
ture factor. This stage is followed by a regime
in which nucleation of new droplets occurs
between older and larger drops. Typically,
the stage of CF evolution in which droplet
coalescence is negligible gives images with
the highest sensitivity and resolution.

To correlate the appearance of the CF to
chemical functionality on the surface, we
imaged a single line of a SAM derived from
hexadecanethiol-d;; [HS(CD,),sCD;] em-
bedded in a SAM derived from mercapto-

SCIENCE ¢ VOL. 260 < 30 APRIL 1993

hexadecanoic acid [HS(CH,),;CO,H] (10).
We compared images (Fig. 2) of CFs ob-
tained by optical microscopy to images of the
same surface feature obtained by secondary
ion mass spectrometry (SIMS) (I1) and
scanning electron microscopy (SEM) (12).
All three techniques yielded images with
similar lateral resolution. For CFs, sensitiv-
ity to surface features and image resolution
depends on several factors, including the
stage of growth of the CF, the rate of
condensation, and the type of surface.

We used a patterned SAM consisting of
a rectilinear grid (line width ~10 wm and
line spacing ~10 wm) of hydrophobic lines
(contact angle of water ~120°) bounding
hydrophilic squares (contact angle of water
~30°) to control the pattern of coalescence
explicitly (13). We expected the grid to
impose a pattern on the position of the
drops. Figure 3 shows the evolution of a CF
of water on this patterned surface.

In the top micrograph in Fig. 3, the
condensation of water has progressed only
to the point of forming one drop on each
hydrophilic region; there has been no drop
coalescence. At this stage, the volume of
each drop is approximately 1077 ul (10?

pm?, roughly the volume of an erythro-
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Fig. 1. (Top) Scanning electron micrograph of
a micropen tip. Lines of SAMs derived from
HS(CH,),sCH; were written with the use of this
pen. A micropipette was used to write a SAM
derived from HS(CH,),sCH,OH. The back-
ground, derived from [S(CH,),,CN],, was
formed in a subsequent step. (Bottom) Optical
micrograph of a CF of the pattern of SAMs
composed of the alkanethiolates R(CH,),sS™
(R = CH;, CO,H, CN).
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cyte); we believe that this type of array will
be useful in analytical methods in which
these small, isolated volumes of liquids
serve as microreactors. Moreover, CFs can
be sensitive analytical tools for the detec-
tion of defects on surfaces that are either
patterned (as in the present example) or
meant to be uniform. Because a small defect
in the area of the hydrophobic grid can
result in the nucleation of a stable droplet
of water, the presence of drops (arrow in
Fig. 3) outside the ordered array of conden-
sate suggests a defect in the desired pattern.
Although the detection limit of CFs as a
tool for inspection remains to be deter-
mined, Fig. 3 suggests that nucleation of a
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Fig. 2. Images of a patterned SAM obtained by
different techniques. The surface consists of a
line of a SAM obtained by the adsorption of
HS(CD,),sCD, within a SAM obtained from
HS(CH,),sCO,H. (A) Optical micrograph of a
CF formed from water on the patterned SAM;

(B) optical micrograph of the CF shown in (A)

after further condensation; (C) optical micro-
graph of the sample without formation of a CF;
(D) SIMS ion map (m/z = 50); (E) SIMS ion map
(m/z = 55); (F) scanning electron micrograph
of the patterned SAM.
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drop on a defect, followed by its growth
through controlled condensation, will
make possible the detection of submicrome-
ter-sized defects.

Figure 3 illustrates the potential of an
array patterned in its hydrophilicity as a
model system with which to study evolution
of CFs with time. Typically, the round
(~10 wm in diameter) drops first combine
with other round drops to form elongated
drops, which are constraified in their shape
by the underlying wettability of the hydro-
philic interstitial spaces. Because capillary
effects tend to drive the drops toward their
equilibrium shape (a spherical cap that has
an equilibrium contact angle with the hy-
drophobic surface), the growth of the
drops, by condensation to them, tends to
make them rounder (that is, the minor axis
of the ellipsoid grows faster than the major
axis). With further condensation, the re-
maining round and elongated drops may
coalesce to form triangles, or two parallel
elongated drops may coalesce to form a
square. Hence, in this rectangular array,
elongated drops do not coalesce end to end
and form lines; instead, triangles and
squares form with increased condensation.

_100 um

Fig. 3. Evolution of a CF of water with time on a
patterned surface (top to bottom). The surface
consists of a grid of perpendicular lines of a
hydrophobic SAM derived from CI,Si(CH,),-
(CF,)sCF4 with square interstices of SAMs de-
rived from Cl;Si(CH,)4CH=CH, that have been
rendered hydrophilic by oxidation.
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Examination of CFs formed on regular grids
should provide a wealth of information
about the rules regulating their evolution
with further condensation.

For surfaces having patterns with fea-
tures of dimensions =~10 wm, CFs offer a
method of .imaging that is simple, nonde-
structive, and inexpensive. CFs are sensi-
tive to parameters such as interfacial free
energy, chemical reactivity, and functional
group character that may not be detected by
other techniques (14). Formation of CFs
can be rapid (~1 s) and, in principle,
reversible; CFs can be generated and
“erased” (by evaporation) repeatedly and
used to follow changes in a surface. A wide
variety of vapors with different characteris-
tics can be used in forming CFs.

Because organic surfaces (including
SAMs) are damaged by exposure to particle
beams [ions (11), electrons (15), and atoms
(16)], truly nondestructive imaging is not
possible if one uses spectroscopic methods
such as SIMs, scanning Auger microscopy,
SEM, x-ray photoelectron spectroscopy
(15), or silver decoration (17). CFs provide
a method of surface imaging with minimal
potential for damaging most surfaces. We
have used CFs to image nondestructively
the surfaces of several types of patterned
surfaces (for example, ceramics and polysty-
rene that has been selectively damaged by
an electron beam) (18).

The ultimate spatial resolution possible
in imaging with CFs remains to be defined,
as does the correspondence of the size,
shape, and distribution of droplets to spe-
cific physical, chemical, and morphological
features of the surface, and to the method of
CF formation. In these pursuits, as in the
present study, the synthetic versatility of
patterned SAMs will be invaluable (5).
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Condensed-Matter Energetics from
Diatomic Molecular Spectra

In Ho Kim, Raymond Jeanloz,* Kyu Soo Jhung

Analyses of molecular spectra and compression data from crystals show that a single
function successfully describes the dependence on interatomic separation of both the
potential energy of diatomic molecules and the cohesive binding energy of condensed
matter. The empirical finding that one function describes interatomic energies for such
diverse forms of matter and over a wide range of conditions can be used to extend
condensed-matter equations of state but warrants further theoretical study.

Prediction of the energetics of many-body
systems from a detailed model of two-body
interactions among the constituent parti-
cles has long been a matter of interest.
Thus, considerable effort has gone into the
derivation of reliable expressions for the
potential-energy functions of two-atom sys-
tems (I, 2), and ‘substantial progress has
been made toward the discovery of a uni-
versal description of these diatomic poten-
tials (3-8). Ideally, such a universal de-
scription reduces to a single potential-ener-
gy function that is valid for all diatomic
systems. Similarly, universal correlations
have been uncovered in recent work on the
energetics of many-atom systems. For ex-
ample, one equation of state appears to
describe interparticle forces ranging from
adhesion at large separations to nuclear
compression at short ranges (5, 9). Here we
develop in more detail, and using a different
approach, a surprisingly reliable description
of binding energy that spans the range from
diatomic molecules to condensed matter
(10).

The binding energy of a diatomic mole-
cule can be expressed as a modified Dun-
ham expansion of the reduced energy f =
E(R)/E,, which has the form
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fr) =21+ > B —-1 (1)

n=1

in terms of the linear scaled distance used
by many investigators (5-11)

z=VARR, - 1) Q)

Here R, and E_ are the equilibrium values of
the interparticle distance R and potential
energy E(R) of the molecule. The B are
related to the Dunham coefficients, a_, by
the relation B, = a /A2, where A is the
Sutherland parameter, a material-depen-
dent scale factor corresponding to the equi-
librium force constant of a harmonic oscil-
lator (11, 12). If all B, equal zero, the
reduced potential f is that of a harmonic
oscillator. Alternatively, if we assign an
equal amount of anharmonicity to all di-
atomic molecules, then each B_ is indepen-
dent of the molecule involved (13).
Diatomic molecules exhibit a wide range
of anharmonicity, however, and linear scal-
ing of interatomic distances as given by Eq.
2 is inadequate because it implies B, and B,
are constant for all systems (Fig. 1A).
Instead, a more flexible nonlinear scaling,
including molecule-dependent excess pa-
rameters, seems to be required. This is
facilitated by the observation that the spec-
troscopically determined anharmonicity pa-
rameters 3, and B, are correlated (Fig. 1A).
The strong correlation is not limited to two
dimensions but still holds in multidimen-
sional B-space, at least up to four B-dimen-
sions (14). Therefore, we can regard this
correlation as an expression that can gen-
erate B, , from B, a recursion relation for
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