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Forces Measured between Hydrophobic Surfaces due to a Submicroscopic Bridging Bubb
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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
ble
s-
m
r
i-

ns
all
ost
r-
se
gle
ur-
ny
u-

ct,
nts

-
x-
ed
se
eri-
en
ob-
le

rce
),

the
ti-
ed

a
s
.
ri-
l)-
)

In the early 1970s Blake and Kitchener [1] measure
the rupture of the water film between a hydrophob
surface and an approaching bubble, and concluded t
a long-ranged attraction existed. The force between tw
macroscopic hydrophobic surfaces has since been direc
measured, and, although the quantitative details vary,
measurements confirm a strong attraction that is mu
larger than the van der Waals force (see Ref. [2]). Th
extreme range of the force (measurable at 300 nm [3
challenges conventional theories of surfaces forces a
the liquid state. Comparisons with polywater are no
entirely uncalled for, following the early suggestion [4
that the force was due to extended, surface-induced, wa
structure.

Most consensus for the underlying physical mechanis
has focused on long-range electrostatic forces, followin
the proposal by Attard [5] that the two surfaces couple
via correlated fluctuations. This idea and its various mod
fications [6–9] all predict a strong dependence on the ele
trolyte concentration, which experiments variously confirm
[10–12] and refute [3,13–15].

Alternatively, it has been suggested [3,16] that the for
is due to the presence of submicroscopic bubbles adher
to the surfaces (Harvey nuclei), with the attraction due
the attachment to the other surface and subsequent lat
spreading. The proposal was based on the observation
steps or discontinuities in the force data at large separatio
[3], which were taken to be due to the bridging of multipl
bubbles. The idea is supported by the fact that the for
tends to be more short ranged when measured in de-aer
water [15,17], and when measured between surfaces t
had never been exposed to the atmosphere [17], presu
ably due to the attachment of bubbles to defects in the s
faces when they were taken through the air-water interfa

What is attractive about bridging bubbles as a mech
nism for these long-ranged forces is that the range
the force is set by the physical size of the bubble, an
one avoids a putative surface-induced structure in the l
uid that extends over thousands of molecular diamete
The main difficulty with the proposal is that, according
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to macroscopic thermodynamics, bubbles are metasta
[16]; the Laplace equation predicts a high internal gas pre
sure for submicroscopic bubbles that should make the
dissolve [18]. In addition, the experimental evidence fo
bridging bubbles is somewhat indirect, since their subm
croscopic size precludes direct visual observation.

Here we report measurements of long-ranged attractio
between hydrophobic surfaces in water, which, when
of the features are considered in detail, provide the m
direct evidence to date for bridging bubbles. The inte
pretation of our data is relatively straightforward becau
the microscopic particle that we use traps at most a sin
bubble in the contact region, whereas the macroscopic s
faces used in Ref. [3] showed the forces due to ma
bubbles. In addition we are able to establish unambig
ously the zero of separation from the hard-wall conta
which could not be done in previous force measureme
that involved macroscopic bubbles [19,20]. We use com
plementary optical microscopy to establish visually the e
istence of micron and submicron sized bubbles attach
to the surfaces, which shows that the lifetimes of the
metastable bubbles are at least comparable to the exp
mental time scales. This is a significant observation giv
the thermodynamic arguments discussed above, and is
viously a necessary precondition for the bridging bubb
mechanism to be viable.

Force measurements were made with an atomic fo
microscope (Autoprobe LS, Park Scientific Instruments
and simultaneous visual observations were made with
attached high resolution optical microscope. The can
lever spring constant and the piezodriver were calibrat
gravitationally and interferometrically, respectively. An
oxidized silicon wafer was used as the substrate, and
glass microsphere (Duke Scientific Corp., CA) of radiu
R ­ 10.3 6 0.7 mm was attached to the cantilever spring
Both surfaces were hydrophobed by exposure to a fluo
nated silane vapor (Tridecafluoro-1,1,2,2-tetrahydroocty
methyldichlorosilane (United Chem. Tech., Bristol, PA
for ten minutes, and then heated to120 150 ±C for an hour
in the absence of the silane, following Parkeret al. [3,21].
© 1998 The American Physical Society 5357
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This gives a smooth chemically robust hydrophobic su
face with contact angle greater than100± [3]. Electrolyte
solutions, 0.1–100 mM, were prepared on the day of u
from reagent grade sodium chloride and sodium perch
rate, using purified water (Milli-Q plus).

Using the high resolution optical microscope, we exam
ined the hydrophobized surfacesin situ for the presence of
bubbles. In a number of experiments we observed mac
scopic, free floating bubbles, 1–4 mm in diameter, and
occasion we saw a large bubble bridging the surfaces
lowing solution exchange. We also observed many m
croscopic bubbles attached to the surfaces, which we si
by comparison with the20 mm particle simultaneously in
view. We definitely observed bubbles#1 mm in diame-
ter, attached to either the lower substrate or to the c
loid particle. Force measurements were not made whe
bubble was visible in the contact region, which obvious
leaves open the possibility of smaller submicron bubble
The bubbles likely originate during the initial passage fro
air to water of the surfaces following silanation, and als
when the electrolyte was changed (by exchange using
ringes). There was no marked decrease in the size or n
ber of bubbles over the several hours of an experiment

Figure 1 shows two examples of the measured for
when there is no long-range attraction, as occurred
about a dozen of the few hundred measurements. T
force in 0.11 mM NaCl is well fitted by a weak elec
tric double layer repulsion (nonlinear Poisson-Boltzman
constant area per surface charge of326 nm2), van der
Waals attraction, and hydrodynamic drainage repulsio
The surfaces showed a strong adhesion with the pull-
force being1 1.5 mN. The data at long range show th
importance of the hydrodynamic drainage repulsion [22
Fd ­ 26phR2 Ùhyh (h ­ 1023 kg m21 s21 is the viscos-
. The
d
amaker
a

FIG. 1. The forceF between the hydrophobized sphere and the planar substrate in 0.11 mM NaCl (Derjaguin scaling)
experimental data are taken at driving velocities of1.8 mmys (squares) and8.7 mmys (triangles). The lines are the combine
double layer, van der Waals, and hydrodynamic drainage force, with an isolated surface potential of 20 mV and a H
constant of8 3 10221 J. The force resolution of the device corresponds to about1026 Jym2. The inset shows the data on
logarithmic scale.
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ity, h is the surface separation, andÙh is their mutual
velocity), which is measurable beyond 200 nm at hi
driving velocities. The qualitative difference between th
force measured in this case and those shown next sh
that the long-range attraction between hydrophobic s
faces is very different from classic surface forces, whi
are always reproducible: Therefore it cannot be an intr
sic or molecular property of the surfaces or water. W
interpret the particular data of Fig. 1 as representative
the case when no bubble is trapped in the contact regio

The long-range attractions evident in Fig. 2 typify th
bulk of our measurements, and could be interpreted asthe
long-ranged hydrophobic attraction. One of the exhibit
attractive regimes extends out to 140 nm, although 50
of the other case would be more typical. There are a nu
ber of features evident in these measurements that sup
our interpretation of a submicroscopic bubble in the co
tact region. First, of course, is the attraction itself, sin
it has been shown that a bubble bridging hydrophobic s
faces gives such an attraction [3,16]. The attraction ari
from the lateral spreading of the bubble, which displac
unfavorable water-solid contact. Second is the suddenn
of the onset of the attraction, which indicates that the
traction is not some exponentially decaying function fro
zero separation but rather occurs instantaneously, as
would expect of a bubble attaching to the other surfa
Third, there is the variability in the range of the attractio
which is uncharacteristic of an equilibrium surface forc
but which would be expected for bridging bubbles sin
different experiments and different contact positions w
trap differently sized bubbles (or none at all, as in Fig. 1
We interpret the onset of the attraction as a measure of
radius of the bubble, typically 50–100 nm, since prior
the interaction it sits as a hemisphere on one of the surfa
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FIG. 2. Forces measured at4.5 mmys in NaCl at 0.19 mM (triangles) and 9.5 mM (crosses). The gaps in the data signify
jumps toward contact due to a strong attraction. The logarithmic inset shows the rather flat drainage repulsion and stee
exponential fits with decay lengths 15 and 6 nm.
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[23]. Fourth, there is the steep increase in the repuls
just prior to the attraction, which has the character of
interaction between surfaces at much smaller separatio
The particle-substrate drainage repulsion dominates
total force at large separations, (due to the relative size
the particle and the bubble), and it is only exceeded by
putative bubble-surface repulsion when the bubble-surfa
separation becomes quite small. Fifth, there is the soft
pulsion prior to contact, which does not correlate with th
Debye length. We attribute this regime to an enhanc
hydrodynamic repulsion that arises from the increas
drainage due to the displacement of water by the spre
ing bubble. It seems likely that the rate of spreadin
reaches a steady state due to the opposing hydrodyna
drag and drainage, which may account for the rather fl
FIG. 3. Forces measured in NaClO4 at 0.95 mmys and 8.7 mM (triangles) and4.5 mmys 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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constant attraction regime, and the increasing repulsion
small separations.

We also measured the forces in sodium perchlorat
(Fig. 3) but found little evidence for specific ion effects.
The long-range attraction and soft contact are again prom
nent, and in one of the two cases shown the additional re
pulsion at long range is also clear. The steep repulsion wa
missing in 92 mM NaClO4, but it was also less marked in
high concentrations of NaCl. The attraction is measure
in these cases at a range of about 50 Debye lengths, whi
confirms that it is not electrostatic in origin.

The decay length fitting the steep repulsion precedin
the attraction decreased with increasing electrolyte conce
tration, ranging from 21 nm in pure water, to 12–15 nm in
0.2 mM NaCl, to about 6 nm in 10 mM electrolyte. The
5359



VOLUME 80, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 JUNE 1998

m.

m.

ir

.

.

r,

n
n-
n
e

to

re-
-

al
It
n
is

gle

ly
d
.
ld
,

Debye length goes from about 100, to 22, to 3 nm over th
range. Since surface deformation increases the nomin
range of a repulsive interaction [24], we conclude that th
additional repulsion cannot be a pure electric double lay
repulsion between the bubble and the surface. The dec
length was independent of driving velocity but the magn
tude of the maximum repulsion (the peak prior to the jump
increased with increasing speed, which suggests contrib
tions from film drainage. This peak also decreased with in
creasing electrolyte concentration, and in general appea
higher in NaClO4 than in NaCl, which suggests that coun-
terion dehydration may play a role. Finally, the van de
Waals interaction is expected to be repulsive for the asym
metric bubble-water-surface system. We note that the
mechanisms have been discussed in the context of the m
sured monotonic repulsions between a macroscopic bub
and a quartz particle [20].

The variability in the jump separation between exper
ments was taken to be due to different sized trappe
bubbles. Series of consecutive measurements (presuma
the same trapped bubble) showed that the jump-in distan
decreased with increasing driving velocity, changing b
up to a factor of 2 over the range0.15 4.5 mmys. This
may be due either to greater flattening of the bubble b
the increased hydrodynamic repulsion or to the bubble a
taching via a large amplitude capillary wave, which occur
with greater probability during the slower run. The jump
in distance did not appear to change systematically wi
electrolyte concentration.

In summary, we attribute the long-range attraction tha
we measure between a microscopic hydrophobic partic
and a flat hydrophobic surface to a single submicroscop
bubble bridging between them. The evidence in suppo
of this included the attraction itself, its sudden onset, it
variability or even complete absence, the steeply increas
repulsion prior to the attraction, and the soft repulsion prio
to final contact [25]. In addition, we observed long-lived
submicroscopic bubbles attached to the surfacesin situ.
We conclude that a class of the measured long-ran
attractions between macroscopic hydrophobic surfaces c
be attributed to submicroscopic bridging bubbles, and th
it is not necessary to invoke unusual water structure
enhanced electrostatic correlations to account for thes
The results also have practical implications (such as th
efficacy of de-aeration treatments, or the dynamics o
bubble-particle attachment) and question the applicabili
of macroscopic thermodynamics on submicroscopic leng
scales.

*Present address: Ian Wark Research Institute, Universi
of South Australia, The Levels, SA 5095, Australia.
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