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Forces Measured between Hydrophobic Surfaces due to a Submicroscopic Bridging Bubble
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Atomic force microscopy on hydrophobic microspheres in water reveals a strong attraction with a
range of 20—200 nm, following an initial steep repulsion at long range. The data are consistent with
a single submicroscopic bubble between the surfaces, with the attraction due to its attachment and
lateral spread, and the repulsion dependent on film drainage and the electric double layer. The results
provide direct experimental evidence of the existence of long-lived submicron bubbles, and of their
bridging as the cause of the measured long-range attractions between macroscopic hydrophobic surfaces.
[S0031-9007(98)06357-1]

PACS numbers: 61.16.Ch, 68.10.Cr, 68.15.+e, 82.65.Dp

In the early 1970s Blake and Kitchener [1] measuredo macroscopic thermodynamics, bubbles are metastable
the rupture of the water film between a hydrophobic[16]; the Laplace equation predicts a high internal gas pres-
surface and an approaching bubble, and concluded thatire for submicroscopic bubbles that should make them
a long-ranged attraction existed. The force between twadissolve [18]. In addition, the experimental evidence for
macroscopic hydrophobic surfaces has since been directlyridging bubbles is somewhat indirect, since their submi-
measured, and, although the quantitative details vary, theroscopic size precludes direct visual observation.
measurements confirm a strong attraction that is much Here we report measurements of long-ranged attractions
larger than the van der Waals force (see Ref. [2]). Thdetween hydrophobic surfaces in water, which, when all
extreme range of the force (measurable at 300 nm [3]pf the features are considered in detail, provide the most
challenges conventional theories of surfaces forces andirect evidence to date for bridging bubbles. The inter-
the liquid state. Comparisons with polywater are notpretation of our data is relatively straightforward because
entirely uncalled for, following the early suggestion [4] the microscopic particle that we use traps at most a single
that the force was due to extended, surface-induced, watbubble in the contact region, whereas the macroscopic sur-
structure. faces used in Ref. [3] showed the forces due to many

Most consensus for the underlying physical mechanisnbubbles. In addition we are able to establish unambigu-
has focused on long-range electrostatic forces, followingusly the zero of separation from the hard-wall contact,
the proposal by Attard [5] that the two surfaces coupledvhich could not be done in previous force measurements
via correlated fluctuations. This idea and its various modithat involved macroscopic bubbles [19,20]. We use com-
fications [6—9] all predict a strong dependence on the eleglementary optical microscopy to establish visually the ex-
trolyte concentration, which experiments variously confirmistence of micron and submicron sized bubbles attached
[10-12] and refute [3,13-15]. to the surfaces, which shows that the lifetimes of these

Alternatively, it has been suggested [3,16] that the forcanetastable bubbles are at least comparable to the experi-
is due to the presence of submicroscopic bubbles adheringental time scales. This is a significant observation given
to the surfaces (Harvey nuclei), with the attraction due ta¢he thermodynamic arguments discussed above, and is ob-
the attachment to the other surface and subsequent laterabusly a necessary precondition for the bridging bubble
spreading. The proposal was based on the observation nfechanism to be viable.
steps or discontinuities in the force data at large separations Force measurements were made with an atomic force
[3], which were taken to be due to the bridging of multiple microscope (Autoprobe LS, Park Scientific Instruments),
bubbles. The idea is supported by the fact that the forcand simultaneous visual observations were made with the
tends to be more short ranged when measured in de-aeratetfached high resolution optical microscope. The canti-
water [15,17], and when measured between surfaces thiver spring constant and the piezodriver were calibrated
had never been exposed to the atmosphere [17], presumgravitationally and interferometrically, respectively. An
ably due to the attachment of bubbles to defects in the suexidized silicon wafer was used as the substrate, and a
faces when they were taken through the air-water interfacegylass microsphere (Duke Scientific Corp., CA) of radius

What is attractive about bridging bubbles as a mechaR = 10.3 = 0.7 um was attached to the cantilever spring.
nism for these long-ranged forces is that the range oBoth surfaces were hydrophobed by exposure to a fluori-
the force is set by the physical size of the bubble, andated silane vapor (Tridecafluoro-1,1,2,2-tetrahydrooctyl)-
one avoids a putative surface-induced structure in the ligmethyldichlorosilane (United Chem. Tech., Bristol, PA)
uid that extends over thousands of molecular diameterdor ten minutes, and then heatediz®)—150 °C for an hour
The main difficulty with the proposal is that, according in the absence of the silane, following Parkerl. [3,21].
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This gives a smooth chemically robust hydrophobic surity, % is the surface separation, artdis their mutual
face with contact angle greater tha90° [3]. Electrolyte  velocity), which is measurable beyond 200 nm at high
solutions, 0.1-100 mM, were prepared on the day of usdriving velocities. The qualitative difference between the
from reagent grade sodium chloride and sodium perchloforce measured in this case and those shown next shows
rate, using purified water (Milli-Q plus). that the long-range attraction between hydrophobic sur-
Using the high resolution optical microscope, we exam<{aces is very different from classic surface forces, which
ined the hydrophobized surfaciessitu for the presence of are always reproducible: Therefore it cannot be an intrin-
bubbles. In a number of experiments we observed macraic or molecular property of the surfaces or water. We
scopic, free floating bubbles, 1-4 mm in diameter, and olinterpret the particular data of Fig. 1 as representative of
occasion we saw a large bubble bridging the surfaces fokhe case when no bubble is trapped in the contact region.
lowing solution exchange. We also observed many mi- The long-range attractions evident in Fig. 2 typify the
croscopic bubbles attached to the surfaces, which we sizdalilk of our measurements, and could be interpretetth@s
by comparison with the0 wm particle simultaneously in long-ranged hydrophobic attraction. One of the exhibited
view. We definitely observed bubblesl xm in diame- attractive regimes extends out to 140 nm, although 50 nm
ter, attached to either the lower substrate or to the colef the other case would be more typical. There are a num-
loid particle. Force measurements were not made whenlger of features evident in these measurements that support
bubble was visible in the contact region, which obviouslyour interpretation of a submicroscopic bubble in the con-
leaves open the possibility of smaller submicron bubblestact region. First, of course, is the attraction itself, since
The bubbles likely originate during the initial passage fromit has been shown that a bubble bridging hydrophobic sur-
air to water of the surfaces following silanation, and alsofaces gives such an attraction [3,16]. The attraction arises
when the electrolyte was changed (by exchange using syrom the lateral spreading of the bubble, which displaces
ringes). There was no marked decrease in the size or numanfavorable water-solid contact. Second is the suddenness
ber of bubbles over the several hours of an experiment. of the onset of the attraction, which indicates that the at-
Figure 1 shows two examples of the measured forcéraction is not some exponentially decaying function from
when there is no long-range attraction, as occurred izero separation but rather occurs instantaneously, as one
about a dozen of the few hundred measurements. Thisould expect of a bubble attaching to the other surface.
force in 0.11 mM NacCl is well fitted by a weak elec- Third, there is the variability in the range of the attraction,
tric double layer repulsion (nonlinear Poisson-Boltzmannwhich is uncharacteristic of an equilibrium surface force,
constant area per surface charge3ab nn?), van der but which would be expected for bridging bubbles since
Waals attraction, and hydrodynamic drainage repulsiondifferent experiments and different contact positions will
The surfaces showed a strong adhesion with the pull-offrap differently sized bubbles (or none at all, as in Fig. 1).
force beingl-1.5 uN. The data at long range show the We interpret the onset of the attraction as a measure of the
importance of the hydrodynamic drainage repulsion [22]yadius of the bubble, typically 50—100 nm, since prior to
Fy = —6mqR*h/h (p = 1073 kgm ! s ! is the viscos-  the interaction it sits as a hemisphere on one of the surfaces
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FIG. 1. The forceF between the hydrophobized sphere and the planar substrate in 0.11 mM NaCl (Derjaguin scaling). The
experimental data are taken at driving velocitiesld um/s (squares) an@.7 um/s (triangles). The lines are the combined
double layer, van der Waals, and hydrodynamic drainage force, with an isolated surface potential of 20 mV and a Hamaker
constant of8 X 1072! J. The force resolution of the device corresponds to aliout J/m?. The inset shows the data on a
logarithmic scale.
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FIG. 2. Forces measured 45 um/s in NaCl at 0.19 mM (triangles) and 9.5 mM (crosses). The gaps in the data signify rapid
jumps toward contact due to a strong attraction. The logarithmic inset shows the rather flat drainage repulsion and steeper linear

exponential fits with decay lengths 15 and 6 nm.

[23]. Fourth, there is the steep increase in the repulsiogonstant attraction regime, and the increasing repulsion at
just prior to the attraction, which has the character of arsmall separations.

interaction between surfaces at much smaller separations.We also measured the forces in sodium perchlorate
The particle-substrate drainage repulsion dominates th@ig. 3) but found little evidence for specific ion effects.
total force at large separations, (due to the relative size ofhe long-range attraction and soft contact are again promi-
the particle and the bubble), and it is only exceeded by theent, and in one of the two cases shown the additional re-
putative bubble-surface repulsion when the bubble-surfacpulsion at long range is also clear. The steep repulsion was
separation becomes quite small. Fifth, there is the soft remissing in 92 mM NaCl@, but it was also less marked in
pulsion prior to contact, which does not correlate with thehigh concentrations of NaCl. The attraction is measured
Debye length. We attribute this regime to an enhanceih these cases at a range of about 50 Debye lengths, which
hydrodynamic repulsion that arises from the increasedonfirms that it is not electrostatic in origin.

drainage due to the displacement of water by the spread- The decay length fitting the steep repulsion preceding
ing bubble. It seems likely that the rate of spreadingthe attraction decreased with increasing electrolyte concen-
reaches a steady state due to the opposing hydrodynantiation, ranging from 21 nm in pure water, to 12—15 nmin
drag and drainage, which may account for the rather flab.2 mM NaCl, to about 6 nm in 10 mM electrolyte. The
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FIG. 3. Forces measured in NaGl@t 0.95 um/s and 8.7 mM (triangles) andl5 um/s and 92 mM (crosses). The curves in
the inset are the drainage repulsion, and the straight line is an exponential fit with decay length 9 nm.
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