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Here we introduce a simple and effective experimental approach to measuring the interaction forces between two
small bubbles{80—140um) in aqueous solution during controlled collisions on the scale of micrometers to nanometers.
The colloidal probe technique using atomic force microscopy (AFM) was extended to measure interaction forces
between a cantilever-attached bubble and surface-attached bubbles of various sizes. By using an ultrasonic source,
we generated numerous small bubbles on a mildly hydrophobic surface of a glass slide. A single bubble picked up
with a strongly hydrophobized V-shaped cantilever was used as the colloidal probe. Sample force measurements were
used to evaluate the pure water bubble cleanliness and the general consistency of the measurements.

Interaction forces between small gas bubbles are important in micrometers) fixed on the substrate surfac&-ere we introduce
anumber of scientific, medical, and technological developments, a simple and effective experimental approach to extend the
yet many aspects of these interactions remain poorly under-colloidal probe technique to cantilever-attached bubbles and
stood! 3 Direct measurements of such forces have been reportedsurface-attached bubbles of various sizes. By using an ultrasonic
using the atomic force microscopy (AFM) colloidal probe source,we generated numerous bubbles onamildly hydrophobic
technique? however, these have been restricted to cantilever- Surface of a glass slide sample (Figure 1a). A single bubble was

attached solid particles and a large bubble (of a few hundred then picked from the surface with a strongly hydrophobized
V-shaped cantilever (Figure 2b), and the interaction between the
cantilever bubble and a surface bubble or another surface sample
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: surface hydrophobicity characterized by water contact angles in
% 1 the 16-30° range. (See Supporting Information for details.) After
" - thorough cleaning, the slides were transferred in a Petri dish and
k : covered with water. The Petri dish was positioned in an ultrasonic
device (ELAC Nautik, GmbH) with the dish bottom a few
| millimeters above the ultrasonic transducer. A 647 kHz frequency
signal d 6 W output power was applied until air bubble formation
= . over the glass sample surface was observed in about 10 to 30
° s. ltwas important to stop the sonication once the bubbles appeared
% 9 because over-exposure resulted in the removal of the bubbles
A S from the surface and no new bubbles would be formed. This
it e behavior was most probably due to the degassing of the water.
) An example of a glass substrate covered with ultrasound-generated
Figure 1. (a) Picture of a glass slide substrate covered with bubbles is shown in Figure 1a. The bubble size ranged from
ultrasound-generated bubbles. (b) Optical microscopy image of aseveral tens to several hundred micrometers, and bubbles in the

V-shaped cantilever with an attached air bubble and a second bubblegg—120 um range were optimum for transferring to the AFM
anchored to the glass surface below. cantilever.

Bubble cantilever attachment and force measurement experi-
F @ ments were carried out on an MFP-3D Asylum AFM. This AFM
configuration allows the Petri dish to be placed on the sample
stage. The integrated bottom view optical system of this AFM
and the independeKt-Y movement of the sample stage facilitated
the bubble attachment manipulation. V-shaped tipless cantilevers
(DI, NP-O) were hydrophobized by dipping them into 3 mM
solutions of OTS in heptane for about 20 min. For the bubble
experiments, we preferred the 18 long cantilevers with a
nominal spring constant of 0.12 N/m. Bubble attachment was
achieved by lowering the cantilever over a surface-attached
bubble, pressing the bubble with the front part of the cantilever,
and pulling back. Because of the higher hydrophobicity of the
4X (nm) cantilever, the bubble was pulled from the surface and stayed
attached on the lower side of the cantilever. An example of the
cantilever-attached bubble is shown in Figure 1b.
(b) In principle, the gas bubbles are thermodynamically unstable
'\ and will dissolve in water, with the smaller bubbles dissolving
faster? Nevertheless, we found that for bubbles in the size range
\ of 90—120um the dissolution was slow enough to allow repeat
measurements, typically from a few to about-2® min under
pure water conditions and longer after surfactant addition.
Thereafter, the bubbles shrink rapidly. Indeed, these dissolution
rates will depend on the gas saturation level of the aqueous
phase® Another critical issue was the cleanliness of the bubble
025 surface because gas bubbles in pure water are known to be easily
0 500 1000 1500 contaminated. Our method has the advantage of generating the
bubbles in the bulk of the solution, thus avoiding contact with
possible contamination sources and at the same time creating
piezo scan velocity in aqueous solutions of 1 mM NaNGpper multiple bubbles thatin _effectdecreasethe_levelofcontamination
data— cantilever-unperturbed bubble radiRs= 57 um, surface- ~ compared to that of single-bubble technigéeindeed, the
unperturbed bubble radil® = 65 um), and 10 mM SDS (lower  Present force measurement method can be used to identify the
data— R. = 57 um andRs = 74um). Solid lines are theoretical fits ~ cleanest bubbles in pure water.
with y = 38.5 mN/m in the SDS case and= 71 mN/m for the In Figure 2a,b, we present sample results of force measurements

pure water case with the thin lines corresponding te 71 + 5 between two bubbles at different scan rates and solution
mN/m. (b) Approach (upper branches) and retraction (lower branches) diti The dat llecti dt ; fi h

forces between two bubbleB(= 63 xm andRs = 95 xm) in an conditions. The data collection and transformation were the same
aqueous solution of 1 mM NaNQnd piezo scan velocities of 1~ @S for the standard AFM force measurement experiments and

um/s (green), 1@m/s (blue), and 3@m/s (red). Forces were scaled ~ particularly for the case of a deformable surface (e.g., two
by R= RRJ(R: + Ry). emulsion droplet®-19), Data are present as forces scaled by the

Jnean unperturbed bubble radius vs relevant piezo displacement
(inset in Figure 2a). In Figure 2a, we compare the interaction
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Figure 2. (a) Forces between two bubbles approaching atnis

transfer the bubble to the cantilever. Only those bubbles attache
to surfaces that were significantly more hydrophilic than a
cantilever could be transferred successfully onto a cantilever. (©) Epstein, P. . Plossel, M. 5.Chem. Phys1950 16, 1505
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force during approach between two bubbles in pure water (1 mM interaction between two bubbles in a surfactant-free aqueous

NaNG; background electrolyte) and in 10 mM solutions of sodium

solution of 1 MM NaNQ. The hydrodynamic effects are similar

dodecylsulfate (SDS). In both cases, the bubble surfaces werelo thelone obseryed With two emylsion droplé’tshowing a
charged? and a stable aqueous film separated the approachingforce increase with an increase in the velocity between the

bubbles. The lower slope in the case of forces in the presenc
of SDS reflects the lower interfacial tension of the bubbles and
the resulting increase in deformability. The solid lines are fits
with a theoretical model originally developed for the case of
emulsion dropletinteractions in an AFM-configured experiniént.
The model is based on the Stokd®eynolds theory of thin film
drainage and the Youngl.aplace equation of drop deformation.
Two simple analytical limits of this model have been derived.

Here, we use the force-displacement relationship derived for the

limiting case of a large repulsive force (in the context of surface
force measurements) butlow capillary numbers or drive velocities
where a stable dynamic film forms between the interacting
interfaces (Supporting Information for model and fitting procedure

eapproaching bubbles and a characteristic minimum upon retrac-
tion. However, the correct theoretical interpretation of these data
might require further extension of the model used for emulsion
dropletd'to account for the bubble compressibility and boundary
conditions of surfactant-free liquid surfaces.

The bubble colloidal probe technique introduced here opens
new investigation opportunities by allowing the direct measure-
ment of the total force acting on a single microscopic bubble in
both static and hydrodynamic regimes. The AFM probe has also
allowed us to examine the interaction between bubbles at speeds
overlapping those of Brownian motion. This provides details on
* how bubbles interact under natural conditions. Furthermore, these

measurements can complement established methods such as
interferometric thin liquid film cell techniqué%and more recent

details). In the reference case of SDS solution, the surface tensior ,pple-surface methods18

y = 38.5 mN/m was well defined, and from the fit we determine

the cantilever spring/detector sensitivity factor that for the case

of large bubbles could significantly differ from that for an end-
loaded cantilevet® That value was then input into the pure water

data fit to estimate the surface tension with the best fit obtained  Supporting Information Available:

for y = 71 mN/m. The closeness of the value to that of pure
water,y = 72.5 mN/m, confirms the cleanliness of the bubble
surface. In Figure 2b, we illustrate the dynamic effects on the
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