
SHI ET AL. VOL. 9 ’ NO. 1 ’ 95–104 ’ 2015

www.acsnano.org

95

December 16, 2014

C 2014 American Chemical Society

Measuring Forces and Spatiotemporal
Evolution of ThinWater Films between
an Air Bubble and Solid Surfaces of
Different Hydrophobicity
Chen Shi,† Xin Cui,† Lei Xie,† Qingxia Liu,† Derek Y. C. Chan,‡,§ Jacob N. Israelachvili,^ and Hongbo Zeng*,†

†Department of Chemical and Materials Engineering, University of Alberta, Edmonton, Alberta T6G 2 V4, Canada, ‡Department of Mathematics and Statistics,
University of Melbourne, Parkville 3010, Australia, §Department of Chemistry and Biotechnology, Swinburne University of Technology, Hawthorn 3122, Australia,
and ^Department of Chemical Engineering, Materials Department, University of California, Santa Barbara, California 93106, United States

B
ubbles are an important component
in awide range of traditional industrial
and engineering applications such as

foam formation,1 froth flotation2 andmicro-
fluidic devices.3 More recently bubbles are
found to have important roles as an ultra-
sound imaging contrast agent,4�6 in enhan-
cingmembrane permeability andmolecular
uptake,7�9 as a stimuli-responsive carrier for
drug and gene delivery,4,10�13 as a water-
driven micromotor,14 as template for syn-
thesis of micro- and nanoparticles15,16 used
in catalysis,17 in heterogeneous cavitation18

and in surface cleaning.19 In many of these
applications, the interactions between bub-
bles and solids of different hydrophobicity
in aqueous environments such as elec-
trostatic, hydrophobic, specific ligand�
receptor interactions and hydrodynamic
interaction are the critical determining

factors for achieving desired characteristics
and functionality of bubbles.13,20�25 Be-
cause of the intrinsic hydrophobicity of
bubbles, hydrophobic interaction is one of
themost important nonspecific interactions
that guides assembly and adsorption of
hydrophobic or amphiphilic molecules and
particles at the air/water interface.21�23,26�28

The hydrophobic interaction has been
recognized for decades, yet its precise
physical origin remains to be quantified,
although different models have been
proposed.27,29�33 To date, quantitative
force measurements of hydrophobic inter-
actions were mainly conducted on solid
surfaces using the surface force appara-
tus (SFA) and atomic force microscope
(AFM).31,32,34�40 An exponential depen-
dence on separation with decay lengths of
0.3 nm to >1.0 nm has been reported for
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ABSTRACT A combination of atomic force microscopy (AFM) and reflection interference contrast

microscopy (RICM) was used to measure simultaneously the interaction force and the spatiotemporal

evolution of the thin water film between a bubble in water and mica surfaces with varying degrees of

hydrophobicity. Stable films, supported by the repulsive van der Waals�Casimir�Lifshitz force were

always observed between air bubble and hydrophilic mica surfaces (water contact angle, θw < 5�)
whereas bubble attachment occurred on hydrophobized mica surfaces. A theoretical model, based on

the Reynolds lubrication theory and the augmented Young�Laplace equation including the effects of

disjoining pressure, provided excellent agreement with experiment results, indicating the essential

physics involved in the interaction between air bubble and solid surfaces can be elucidated. A

hydrophobic interaction free energy per unit area of the form:WH(h) =�γ(1� cos θw)exp(�h/DH) can be used to quantify the attraction between bubble

and hydrophobized solid substrate at separation, h, with γ being the surface tension of water. For surfaces with water contact angle in the range 45� < θw <

90�, the decay length DH varied between 0.8 and 1.0 nm. This study quantified the hydrophobic interaction in asymmetric system between air bubble and

hydrophobic surfaces, and provided a feasible method for synchronous measurements of the interaction forces with sub-nN resolution and the drainage

dynamics of thin films down to nm thickness.
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the hydrophobic interaction in different material
systems27,35,38 and the presence of nanobubbles on
hydrophobic surfaces and dissolved gases have also
been found to cause long-range attraction.37,41�44 On
the other hand, reports on hydrophobic interaction
involving deformable bubbles or droplets were rather
limited, most likely due to the complex coupling of
forces and surfacedeformationduring interaction.30,45,46

In contrast to the strong elasticity-controlled defor-
mation energetics of solid surfaces, weaker surface
energy governs the deformation of the air/water inter-
face of bubbles in response to external forces, such as
velocity-dependent hydrodynamic force and separation-
dependent colloidal forces.21,47 Therefore, the drainage
process of the thin liquid film confined between an air
bubble and a solid surface can be more complex than
that confined between two solid surfaces. To achieve a
complete understanding of the interaction between air
bubbles and solid surfaces, it is of critical importance to
make synchronous measurements of interaction forces
and visualization of the spatiotemporal evolution of the
confined thin water film.
Recently, direct measurement of interaction force

between an air bubble and solid surfaces has been suc-
cessfully achieved using the AFM with the colloidal
probe technique46,47 and bubble probe technique.48�50

Repulsive van der Waals forces were observed between
an air bubble and hydrophilic surfaces (e.g., mica) that
stabilized a confined thin water film,49,51 whereas an
attractive hydrophobic attraction was found to be
responsible for bubble attachment and immobilization
on hydrophobic substrates.48 In such AFM studies,
absolute separation between the interacting surfaces
and associated deformation can only be obtained in-
directly through theoretical modeling. On the other
hand, visualization of the film drainage process and
spatial-temporal evolution of the trapped water film
between an air bubble and hydrophilic glass without
direct force measurements has been accomplished
using optical interferometry and the results could be
modeled quantitatively.51�53 However, simultaneous
measurements of the interaction force and spatial-
temporal evolution of the confined thin liquid film
associated with the dynamic interactions of deformable
bubble and droplet have not been attempted to date.
In this work, we have integrated the capabilities of

atomic force microscope (AFM) with reflection inter-
ference contrast microscopy (RICM) (Figure 1), and, for
the first time, investigated the interaction between an
air bubble and mica surfaces with varying degrees of
surface hydrophobicity through synchronous measure-
ments of the interaction force and spatial-temporal
visualization of the thin film drainage process. The
interaction forces were measured with the AFM by
driving a cantilever-anchored air bubble toward the
solid surface. The fringe patterns that arise from inter-
ference between light reflected from the air/water

interface of the bubble and the mica/water interface
were obtained with RICM and analyzed using an
improved mathematical method reported recently.54

This method enables the reconstruction of bubble�
water surfaceprofileswithnanometer-scale resolution.54

A theoretical model has been applied to interpret
the measured forces and predict the evolution of the
thin water film profiles during the interaction that can
be compared directly with experimental results.48,49

The asymmetric hydrophobic interaction between an
air bubble and a hydrophobized solid surface was also
quantified for the first time based on the AFM-RICM
measurements. More generally, this study demon-
strates the feasibility of simultaneously probing inter-
action force profiles and thin film drainage dynamics
involving deformable surfaces based on the AFM. The
technique can be readily extended to study the inter-
actions in systems involving deformable bubbles and
droplets with the potential to provide guidance for
designing bubble-loaded drug molecules and nano-
particles as well as to predict the assembly process of
particles on bubble surfaces.

RESULTS AND DISCUSSION

A micrometer-size air bubble (radius R0 = 60�100
μm) anchored on a custom-made AFM tipless rectan-
gular cantilever (400 � 70 � 2 μm) was used to
measure the interaction with mica surfaces with vary-
ing degrees of hydrophobicity (Figure 1). The air
bubble was immobilized on a well-defined circular
gold patch (diameter 65 μm, thickness 30 nm) at one
end of the cantilever that was hydrophobized with a
layer of self-assembled 1-dodecanethiol.48,55 The posi-
tion of the cantilever and hence the air bubble was
accurately controlled by a piezo-electric transducer
and variation of the actual displacement, ΔX(t) of the

Figure 1. Experiment setup of using an AFM coupled with
RICM for synchronous measurements of interaction forces
and visualization of the spatiotemporal evolution of the
confined thin liquid film between an air bubble of radius R0
and a solid substrate. The air bubble is anchored on a tipless
cantilever. The inset shows a schematic of the thin axisym-
metric liquid film with thickness h(r, t) between the air
bubble and the substrate, where r is the radial coordinate.
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cantilever with time t, was measured and recorded
with a linear variable differential transformer (LVDT)
that is an integral part of the AFM.56,57 The time-
dependent interaction force was measured by moni-
toring the deflection of the cantilever with a known
spring constant through changes in the position of a
laser beam reflected from the cantilever on a photo-
diode detector. For a typical measurement, the air
bubble was first driven toward (“approach”) the mica
surface until bubble attachment occurred or until a
desired cantilever deflection was reached, whereupon
itwas then driven away (“retract”) from themica surface.
The RICM interference patterns generated with mono-
chromatic green light (wavelength 546.1 nm) were
obtained with a Nikon Ti�U inverted microscope and
were recorded with a video camera. The RICM images
were processed with the ImageJ software (National
Institutes of Health, USA) and the film thickness profiles
were obtained by analysis of fringe order and light
intensity of the interference patterns (see Supporting
Information RICM image analysis).54 The measurements
were repeated at least 10 times at different positions on
at least two surfaces with good reproducibility.

Bubble vs Hydrophilic Mica Surface. Before examining
interactions between a bubble and mica surfaces with
varying degrees of hydrophobicity, we first consider
the simpler case of an unmodified hydrophilic mica
surface for which all interaction forces are known.48,49

This will help establish the experimental protocol and
validate the theoretical model used to analyze subse-
quent experimental results. In Figure 2, we show the
time variation of the measured force and the profile of
the confined water film between an air bubble with

radius of 98 μm and a freshly cleaved hydrophilic mica
surface in 500 mM NaCl solution at a nominal velocity
of v = 1 μm/s. At this high salt concentration, the
electrical double layer (EDL) interaction between the
bubble and themica surface was highly screened so its
contribution,ΠEDL(h(r, t)), to the overall disjoining pres-
sure Π(h(r, t)) was negligible. The disjoining pressure
due to van der Waals (VDW) interaction ΠVDW(h(r, t)),
calculated using the full Lifshitz theory is repulsive at all
separations (see van der Waals Interaction in Support-
ing Information).58,59 Therefore, a thin water film is
maintained between the air bubble and the hydrophi-
lic mica surface, supported by the repulsive VDW
interaction that prevents the air bubble from attaching
to hydrophilic mica surface.

As shown in Figure 2, the time-dependent interaction
force measured by AFM and profiles of the confined
thin water film obtained from RICM measurements at
different times (open circular symbols) agreed very
well with theoretically predicted results (red solid
lines). The RICM interference patterns are shown as
insets in Figure 2B�F. The symmetry of the inference
patterns confirms the assumption of axisymmetric
geometry of the confined thin water film during inter-
action. The initial bubble-mica separation at the time
datum t= 0 s, was calculated to be h(r= 0, t= 0) = 3.08(
0.01μmbyfitting the forcecurvewith theoreticalmodel,
the validity of that was verified with AFM coupled with
confocal microscope in a previous report.20 At time t =
1.82 s (Figure 2B), the cantilever displacement ΔX(t)
measured by the LVDT was 3.02 μm, still less than the
initial separation and the profile results, showed that
the air bubble remained nearly spherical and the

Figure 2. Time variations of the force and thin water film profile h(r, t) during interaction between an air bubble and a
hydrophilic mica surface in 500 mM NaCl solution. The bubble radius was 98 μm, and the nominal driving velocity of bubble
was v = 1 μm/s. The open circular symbols are experimental results obtained fromAFM-RICMmeasurements and the red solid
lines are theoretical predictions. The blue solid lines are the spherical profile from outer part of the air bubble that
corresponds to the profile of an undeformed bubble. The insets are interference fringe patterns from which the film profiles
were deduced. The arrows indicate the driving direction of the air bubble, toward or away from the substrate. (A) Interaction
force F as a function of time t; (B�F) confined film profile h(r, t) at selected times indicated on the force curve in (A).
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minimum separation, h(r = 0, 1.82 s) was about 76 nm.
Themeasured actualΔX(t) is larger than v� t=1.82 μm
because the actual instantaneous velocity determined
by LVDT dX(t)/dt was slightly different from the nomi-
nal driving velocity due to the nonlinearity of piezo-
electric transducer.50,55 At a separation of 76 nm, the
magnitude of VDW force was negligible compared to
the hydrodynamic interaction that was repulsive dur-
ing approach because thewater confined between the
air bubble and mica surface had to be displaced. At
time t = 1.94 s (Figure 2C), ΔX(t) = 3.22 μm, so the air
bubble would have made contact with the mica sur-
face if it remained undeformed. However, the film
profile shows there was still a finite separation of about
13 nm at r = 0 between air bubble and mica, as the
bubble is deformedwith a flattened central region that
is evident on comparing the experimental data (open
circles) and theoretical predictions (red solid line) to
the undeformed spherical profile (blue solid line). Such
deformation was mainly caused by hydrodynamic
repulsion as the VDW interaction was negligible at
h g 13 nm. As the bubble was driven even closer to
mica, at time t = 2.18 s, when ΔX(t) has exceeded the
initial separation h(r = 0, t = 0) by 0.52 μm, the
interaction force has reachedmaximum repulsion with
a water film of minimum thickness of 7 nm, confined in
a flatten region of about 3 μm in radial extent, as shown
in Figure 2D. At this stage, no further thinning of the
confined water film could be observed even when the
cantilever was driven even closer. Therefore, the
hydrodynamic interaction in this flattened region was
negligible (since dh/dt∼ 0) and the thin water filmwas
supported by the disjoining pressure due to the
repulsive VDW interaction, calculated to be 1470 Pa
at this separation and equal to the Laplace pressure of
the air bubble. After the retraction was initiated, in
contrast to the solid particle case in which the hydro-
dynamic force would become attractive immediately,
the interaction repulsion force between the air bubble
and the mica surface gradually decreased until a
maximum hydrodynamic attraction was reached be-
cause water needed to be drawn back into the con-
fined film (Figure 2A,E). As shown in Figure 2E, at time
t = 2.54 s, the overall interaction force still remained
repulsive during retraction and although the film
thickness increased at the outer region of the air
bubble due to the retraction, it remained almost un-
changed (∼7 nm) at the central flattened region while
the radial extent of the central flattened region de-
creased form 3 to 2 μm. At time t = 2.90 s (Figure 2F), an
attractive force was measured due to the hydrody-
namic suction effect and the bubble showed a slight
“pimple” shape, where its central region was closer to
the mica surface as compared with the spherical un-
deformed shape (blue solid line).48,50

At higher velocities, significant bubble deformation
and film thinning behavior accompanied by stronger

attractive forces can be observed during the retraction
process owing to the stronger hydrodynamic suction
effect (see Supporting Information Figure S4). It is
evident from the results in Figure 2 for the force and
the confined film profiles that the VDW repulsion
prevented the air bubble from attaching onto hydro-
philic mica surface. The RICM experiment results
clearly validated the theoretical model that is based
on the Reynolds lubrication theory to describe the
hydrodynamics of film drainage and the augmented
Young�Laplace equation, with the inclusion of the
VDW disjoining pressure to describe deformation of
the bubble surface.

Bubble vs Hydrophobized Mica Surfaces. Freshly cleaved
mica surfaces were hydrophobized with octadecyltri-
chlorosilane (OTS) by a vapor deposition process under
vacuum, and different surface hydrophobicity was
achieved by varying deposition duration. The hydro-
phobicity of the surfaces was characterized by the
static water contact angle, θw, of sessile water drops
on the surfaces. We designate mica surface with
different degrees of hydrophobicity by “mica-OTS-45”
(θw = 45�) and by “mica-OTS-90” (θw = 90�) respec-
tively. Figure 3 shows the interaction between an air
bubble of radius R0 = 75 μm and the mica-OTS-45
surface and the interaction between an air bubble of
radius R0 = 81 μm and the mica-OTS-90 surface. As
distinct from the results shown in Figure 2, jump-in
behaviors (indicated by arrows in Figure 3A,D) where
the interaction force drastically turned from positive
(repulsive) to negative (attractive), were observed for
both mica-OTS-45 andmica-OTS-90 surfaces when the
bubble was driven at a low velocity of 1 μm/s toward
the mica. The jump-in behaviors indicated bubble
attachment onto the hydrophobized surfaces, which
led to strong capillary bridging attraction due to for-
mation of an air capillary bridge between the tipless
cantilever and the solid surface. The attachment beha-
viors were also verified by the evolution of the inter-
ference patterns. For both cases, the air bubble could
not be detached from the mica surface by retracting
the cantilever because of the strong capillary adhesion
between the bubble and hydrophobized surface. In
fact, for the mica-OTS-90 case, the air bubble could
even spontaneously detach from the cantilever during
retraction, due to the stronger surface hydrophobicity
than mica-OTS-45.

The hydrophobized mica-OTS-45 and mica-OTS-90
surfaces have a root-mean-square (rms) roughness of
∼0.3 nm as confirmed by AFM imaging. Since the
coated OTS layer on the mica surface was very thin,
∼1 nm as reported previously, its effect on the VDW
interaction could be neglected for separation larger
than 2 nm.21,60 As discussed above, the VDW interac-
tion betweenmica surface and air bubble in water was
repulsive at all separations and the EDL interaction was
fully suppressed under the concentrated salt solution
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condition. Therefore, an additional attractive interac-
tion must be responsible for triggering the air bubble
attachment�we attribute this to the attractive hydro-
phobic interaction between the air bubble and the
hydrophobized mica. We recognize that interfacial
nanobubbles have been observed by AFM imaging
on various hydrophobic substrates that could lead to
long-ranged attraction between the hydrophobic
surfaces.42�44,61�66 However, in this work, the RICM
image has a normal resolution of ∼1 nm and lateral
resolution of ∼150 nm. Therefore, the presence of
nanobubbles with lateral size >150 nm could be
excluded by RICM analysis. Tapping mode AFM imag-
ing of the hydrophobized mica surfaces in 500 mM
NaCl (Figure S4) further confirms the absence of
nanobubbles on the surfaces. Therefore, interfacial
nanobubbles can be ruled out as the source for the
observed attraction between an air bubble and hydro-
phobized mica surfaces in the present study.

Recently, a general interaction free energy per unit
area:WH(h) =�2γHy exp(�h/DH) has been proposed to
describe the hydrophobic or hydrophilic interaction
between two identical planar surfaces at separation,
h where DH is a characteristic decay length, γ is the
interfacial energy of the surfaces and Hy (the so-called
Hydra number) is the fraction of the hydrophobic
region on the surface that may also depend on solvent
conditions.27,35,38 The decay length DH has been mea-
sured to be about 1 nm for solid hydrophobic surfaces,
and a shorter decay length of ∼0.3 nm was also
measured between hydrophobic oil droplets very
recently.30,45

For the asymmetric interaction between a planar
air�water interface and a hydrophobizedmica surface,
a similar exponential form for the interaction free
energy per unit area: WH(h) = �C exp(�h/DH) can be
posited. The constant C can be derived from thermo-
dynamic considerations of the limit hf 0 that creates a
solid�air interface with surface energy γSA from an
air�water interface with surface energy γ, and a
solid�water interface with surface energy γSW to give:
C = γ þ γSW � γSA. This together with the Young
�Duprè equation at the three phase contact line: γSA =
γSWþγ cos θwgivesC=γ (1� cos θw) and results in the
followingexpression for thehydrophobic disjoiningpres-
sure between a bubble and a hydrophobized surface.

ΠH(h) ¼ �dWH=dh
¼ �[γ(1 � cosθw)=DH]exp(�h=DH) (1)

For mica-OTS-45 and mica-OTS-90 surfaces, the
constant C = γ (1 � cos θw) was determined to be
21 and 72 mN/m, respectively and the corresponding
decay length DH was found by fitting the force-time
data at v = 1.0 μm/s shown in (Figure 3A, D) to be 0.8(
0.1 nm for the interactionwith themica-OTS-45 surface
and to be 1.0 ( 0.1 nm for the mica-OTS-90 surface.
This fitted hydrophobic disjoining pressure was then
used to calculate the confined film profiles at different
times. As canbe seen in Figure 3B,E, such predicted film
profiles agree very well with the experimental data
based on the analysis of interference patterns from
RICM (Supporting Information Figure S5). The critical
film thickness before attachment, that is at the point of
rupture of the confinedwater film, was calculated to be

Figure 3. Interaction and disjoining pressure profiles between an air bubble and hydrophobizedmica surfaces: mica-OTS-45
(θW= 45�) (A�C) andmica-OTS-90 (θW= 90�) (D�F), in 500mMNaCl solution. The nominal driving velocity of bubblewas v= 1
μm/s. In (A) and (D), the red solid lines are theoretical calculations that included the hydrophobic attractive disjoining
pressure (see text) and the blue solid lines are predicted theoretical results without the attractive hydrophobic interaction.
The open circular symbols are experimental results obtained fromAFMand RICMmeasurements. (A,C) Interaction force F as a
function of time. (B,E) Evolution of the thin confined water film profile h(r, t). (D,F) Variations of components of the disjoining
pressure with separation.
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∼5.3 and∼9.5 nm formica-OTS-45 case andmica-OTS-
90 case, respectively, consistent with the experimental
values of ∼6 and ∼11 nm measured by RICM. It is also
worth noting that bubble attachment occurs at the
critical separation where the magnitude of the nega-
tive disjoining pressure just exceeded the Laplace
pressure of the bubble.

The same disjoining pressures for the bubble-
hydrophobized mica interaction mica-OTS-45 and
mica-OTS-90, without further adjustments, were used
to calculate the force and the film profiles at other drive
velocities. In Figure 4, we see that such predictions for
the force for bubbles approaching mica-OTS-45
and mica-OTS-90 at nominal velocities in the range
5�30 μm/s agree very well with experimental data,
and in particular, the model predicted the time of film
rupture accurately. It is interesting to note that at these
higher nominal drive velocities, water films remain
stable on approach to the mica-OTS-45 surface
because they are stabilized by higher repulsive hydro-
dynamic pressure. Film rupture only occurs during the
retraction phase (Figure 4A,B) when the hydrodynamic
pressure turns attractive and brings the bubble surface
close enough to the hydrophobized mica surface to be
within range of the attractive hydrophobic disjoining
pressureΠH(h). On the other hand, for themica-OTS-90
surface that has a stronger hydrophobic attraction film
rupture occurs during approach at 5 μm/s, whereas a
higher repulsive hydrodynamic repulsion at 30 μm/s is
needed to prevent film rupture on approach, see
Figure 4C,D.

In this work, the synchronous measurements of
interaction forces and visualization of the spatiotem-
poral evolution of the confined thin water film be-
tween air bubble, that is inherently hydrophobic, and
hydrohpobized mica surfaces demonstrate the signifi-
cant role of hydrophobic interaction in this asymmetric
system. The excellent agreement between theoretical
predictions and experiment results based on AFM-RICM
measurements indicates thatDH=0.8(0.1 nmandDH=
1.0( 0.1 nm represent the characteristic decay length of
hydrophobic interaction between the hydrophobic air
bubble and hydrophobizedmica-OTS-45 andmica-OTS-
90, respectively.21,29,31 The higher degree of surface
hydrophobicity appears to increase theDH value slightly.
It is evident fromour results that the characteristic decay
length of hydrophobic interaction is influenced by the
surface hydrophobicity that affects the structure and
orientation of water molecules near the surface.38,39 The
asymmetric bubble-mica hydrophobic interaction free
energy per unit area between the air bubble and the
hydrophobic substrate can be described by

WH(h) ¼ �γ(1 � cosθw)exp(�h=DH) (2)

where γ is surface tension of water, θw is the static
water contact angle on hydrophobic surface, h is
the surface separation, DH is the characteristic decay
length that is system-dependent. On the basis of the
analysis in this work, eq 2 is most likely applicable as a
general potential function for hydrophobic interaction
in asymmetric systems where deformable surfaces (e.g.,
gas bubble, liquid droplet) are involved.

Figure 4. Interaction force between a bubble and hydrophobized mica surfaces: mica-OTS-45 (θw = 45�) (A and B) and mica-
OTS-90 (θw = 90�) (C and D), in 500 mM NaCl solution with high velocities. The red solid lines are theoretical predictions. The
open circular symbols are experiment force results obtained from AFM measurements. (A,C) Interaction at a nominal drive
velocity of v = 5 μm/s. (B,D) Interaction at a nominal drive velocity of v = 30 μm/s.
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An attempt to represent the hydrophobic interac-
tion free energy per unit areawith a single power lawof
the form: WH(h) = �γ(1 � cos θw)[DH/(h þ DH)]

n failed
to provide agreement with experimental data at all
drive velocities (see the Supporting Information for
details).

A recent study on the interaction between two
hydrophobic drops of fluorocarbon mixture with the
same refractive index as water, in which the effects of
VDW interaction was almost eliminated, demonstrated
a short-ranged hydrophobic interaction with a char-
acteristic decay length of 0.3 nm,30,45 much shorter
than that of hydrophobic interaction in solid/water/
solid symmetric systems reported previously and the
air bubble�water�solid asymmetric system in this
work. It is interesting to note when θw =180�, eq 5
becomes WH(h) = �2γ exp(�h/DH), the same as the
hydrophobic interaction free energy per unit area
reported for the symmetric fluorocarbon/water/fluor-
ocarbon system.

The difference between the observed decay
lengths of ∼0.3 nm in soft oil/water/oil systems30,45

and of 0.8�1.0 nm in air/water/solid in this work and
elsewhere,27 might be explained in terms of the differ-
ence in the ability of the hydrophobic substrate to
respond as interfacial water molecules rearrange their
position and orientation to compensate for the lost of
hydrogen bonding. The mica surface that has been
rendered hydrophobic by the deposition of a thin layer
of OTS molecules is rigid, so the first few layers of
adjacent water molecules have to restructure as a
consequence of the loss of hydrogen bonding com-
pared towatermolecules in bulk. On the other hand, in
the vicinity of the soft, fluid oil/water interface, both
the water and oil molecules in their respective phases
near the interface can adjust their structure to accom-
modate for the loss of hydrogen bonding in the
aqueous phase and the change in the surface ener-
getics in the oil phase. As a consequence, the disrup-
tion of the bulk water structure is expected to extend a
shorter distance into the aqueous phase thereby giv-
ing rise to the observed shorter decay length, DH in the
hydrophobic interaction free energy per unit area in
soft oil/water/oil systems. Indeed as two soft, deform-
able oil/water interfaces are brought together, it is
expected that the interfacial structure in both the
aqueous and the oil phase will change as a function
of separation. However, precise quantification of such

soft oil/water interfaceswill require novel experimental
studies and further theoretical modeling.

CONCLUSION

In this work, synchronous measurements of the
interaction forces and the spatiotemporal evolution
of the confined thin water film between air bubble and
mica surfaces of different hydrophobicity were quanti-
tatively achieved for the first time using an AFM
coupled with RICM. The AFM-RICM experimental
results are in complete accord with the theoretical
model based on the Reynolds lubrication theory and
the augmented Young�Laplace equation by including
the effects of disjoining pressure. The excellent agree-
ment between theory and experiments attests that the
essential physics for the interaction between bubble
and solid substrate has been elucidated. A hydropho-
bic interaction free energy per unit area of the form:
WH(h) = �γ (1 � cos θw) exp(�h/DH), developed from
thermodynamic considerations, is able to quantify the
asymmetric interaction between an air bubble and
hydrophobic mica substrates in predicting the attach-
ment of the bubble at AFM drive speeds between
1�30 μm/s on OTS hydrophobized mica surfaces with
water contact angle θw = 45� and 90�. The variation in
the decay length, DH observed for the hydrophobic
interactions between bubble and rigid hydrophobized
mica surfaces used here and between soft deformable
oil/water interfaces30,45 is attributed to the ability of
interfacial molecules in the oil phase to accommodate
changes in structure (position and orientation) of
water molecules near the interface as a result of the
loss of hydrogen bonding. The methodology for syn-
chronous probing interaction force profiles and thin
film drainage dynamics involving deformable sur-
faces can be extended to study the interaction
mechanisms of a wide range of systems involving
deformable bubbles and liquid droplets. Our results
have the potential to provide insights into the basic
understanding of the dynamic interaction mechan-
ism between solid surfaces of different hydrophobi-
city in aqueous media and deformable bubbles/
drops/emulsions to more general biological mate-
rials that would be useful for designing the loading
of bubbles/drops with molecules and particles as
targeted delivery systems as well as the assem-
bly of designed structures at soft or hydrophobic
interfaces.

EXPERIMENTAL METHODS
Experiment. AMPF-3DAFM (AsylumResearch, Santa Barbara,

CA) with a mounted Nikon Ti�U inverted microscope was used
to investigate the interaction between air bubble and mica
surfaces. A circular glass slide of an AFM fluid cell (radius of
35 mm) was mildly hydrophobized in 10 mM OTS in toluene
solution for seconds to obtain a water contact angle of∼50� to

provide optimized hydrophobicity for immobilizing air bubble
on the substrate. The air bubbles were carefully injected with a
custom-made glass pipet with ultrasharp end. The immobilized
air bubble was then picked up by a custom-made rectangular
silicon AFM cantilever (400 � 70� 2 μm), which had a strongly
hydrohpobized circular gold patch at one end (diameter 65 μm,
thickness 30 nm) for secure bubble anchoring.48�50 Calibration
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of the cantileverwas done before bubble loading and the spring
constant was determined to be 0.3�0.4 N/m using the Hutter
and Bechhoefermethod.67 The air bubble was thenmoved over
the mica surface for force measurements.

Mica surfaces were hydrophobized with octadecyltrichlor-
osilane (OTS) through a vapor deposition process. A freshly
cleaved mica surface was placed in a vacuum desiccator with a
small OTS reservoir for different durations to achieve different
degrees of hydrophobicity, indicated by thewater contact angle
of sessile drops. Before use in AFM-RICM experiments, the
hydrophobized mica surfaces were washed with large amounts
of toluene, ethanol and Milli-Q water sequentially to remove
physically adsorbed OTSmolecules. The roughness of the hydro-
phobized mica surfaces was determined by AFM tapping mode
imaging, showing very low rms roughness ∼0.3 nm.

Theoretical Model. Since the velocities investigated in this
work ranged from 1 to 30 μm/s, corresponding to very small
Reynolds numbers∼10�3 to 10�4, which indicates the flow is in
Stokes flow region, the Reynolds lubrication model48,49 can be
used for quantitative analysis of the thickness, h(r, t) of the
axisymmetric film drainage process

Dh
Dt

¼ 1
12μr

D
Dr

rh3
Dp
Dr

� �
(3)

Here μ is the viscosity of water, p(r, t) is the excess hydrodynamic
pressure relative to the bulk solution. Immobile boundary
conditions at both air/water and solid/water interfaces were
applied in contrast to classic fluid mechanics that suggested
that the air/water interface should be fully mobile and could
not sustain any shear stress. Recent work involving air bubble
interaction indicated the applicability of the immobile bound-
ary condition at the air/water interface. This could be due to a
trace amount of surface active agents, including electrolyte,
which can arrest boundary mobility while only lowering the
surface tension by as little as 0.1 mN/m.

The augmented Young�Laplace equation

γ

r

D
Dr

r
Dh
Dr

� �
¼ 2γ

R0
� p �Π (4)

where R0 is the radius of the bubble, (2γ/R0) is the Laplace
pressure inside the air bubble, andΠ is the disjoining pressure,
was used to describe the deformation of air bubble during
interaction. The contribution to the disjoining pressure Π
comprised of the sum of the VDW interaction, calculated based
on the full Lifshitz theory and the hydrophobic interaction was
described in the main text.

The interaction force F(t) is calculated by integrating p(r,t)
and Π(h(r, t)) based on Derjaguin approximation

F(t) ¼ 2π
Z ¥

0
[p(r, t)þΠ(h(r, t))]r dr (5)

More details of theoretical model are contained in the Support-
ing Information.
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