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T
he hydrophobic effect is of crucial

importance for many life processes

such as protein folding and self-

assembly of lipids and surfactants. The driv-

ing force for hydrophobic assembly is

mainly of entropic origin and is related to

the unique properties of water. On the mo-

lecular level the widely accepted explana-

tion is that hydrophobic molecules lower

the entropy of the surrounding water mol-

ecules by restricting the number of configu-

rational microstates of the hydrogen bond-

ing network. However, this mechanism has

been questioned and may not provide the

full picture as discussed recently by Ball.1

Similar to the assembly of hydrophobic

molecules, hydrophobic colloids or macro-

scopic hydrophobic surfaces have been ob-

served to attract each other in aqueous me-

dia. However, this interaction occurs on

length scales which are much larger than

the molecular scale. Although the underly-

ing reason might be the same as for molec-

ular entities, namely, that the hydrophobic

interface perturbs the hydrogen bonding

network in water, the direct mechanism for

the interaction must be different. The expla-

nation for the observed attraction between

extended hydrophobic surfaces has been a

great puzzle for many years, and a large

number of different models have been

proposed.2�5 In many cases, compelling

evidence indicates that the interaction is a

consequence of the formation of nano-

scopic or even microscopic gas bubbles

that are bridging the surfaces. Today it is

widely believed that this is the main mech-

anism for the observed attraction between

macroscopic hydrophobic surfaces.

Hydrophobic interactions due to the for-
mation of bridging gas bubbles are also the
topics of the study presented in this paper.
By using an atomic force microscope (AFM)
and the colloidal probe technique6 where a
well-defined micrometer-sized spherical
particle is attached to the end of an AFM
cantilever, it has been possible to perform
direct studies of the interaction between
such a hydrophobic particle and a planar
hydrophobic surface in water. This geom-
etry is well-defined and also has the advan-
tage that it is mathematically equivalent to
the geometry employed in the surface force
apparatus (SFA) which measures forces be-
tween two crossed cylinders. Even though
interactions due to bridging bubbles be-
tween hydrophobic surfaces previously
have been reported,7�11 many details re-
garding this phenomenon still call for an ex-
planation. In the following we have fo-
cused on three issues: First, to characterize
the distinct features in the approach and
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ABSTRACT An atomic force microscope and the colloidal probe technique are used to probe the interaction

between a hydrophobic particle and a hydrophobic surface in water. The characteristics of the observed force

curves strongly suggest that a gas bubble is formed when the particle is moved toward the surface and that the

bubble ruptures when the particle subsequently is retracted from the surface. We demonstrate that this type of

interaction is not unique for hydrophobic surfaces in water since the interaction between hydrophilic surfaces in

air provides very similar force curves. However, the interaction between hydrophobic surfaces vanish if water is

replaced by an organic solvent with low polarity. The bridging bubble model is employed to explain the hysteresis

observed between approach and retraction force traces and experimental conditions where the hysteresis can be

almost eliminated are identified. Finally, it is demonstrated that the hydrophobic interaction is strongly

temperature dependent and this dependence can be attributed mainly to the decreasing solubility of air in water

with increasing temperature.

KEYWORDS: AFM · colloidal probe · hydrophobic interaction ·
bubbles · hysteresis · temperature dependence · fluorocarbon
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retraction force curves and their dependence on local
surface properties. Second, to investigate the mecha-
nism behind the observed hysteresis between ap-
proach and retraction curves. Third, to investigate the
impact of a variation in the temperature on the force
curve characteristics.

RESULTS AND DISCUSSION
We have measured the interaction in aqueous solu-

tion between a hydrophobized silica surface and a hy-
drophobized colloidal silica particle mounted on an
AFM cantilever. In Figure 1A is shown typical approach
and retraction force curves for this set of hydrophobic
surfaces immersed in 10 mM NaCl. In some previous
studies performed with AFM and with the SFA, a con-
tinuous long-range attraction was observed during
approach.12�15 However, such a continuous long-
ranged attraction is not seen in the approach force
curve for this system. Instead, at a surface separation
of approximately 15 nm a discontinuous jump to an at-

tractive force is observed. The first jump is followed by
another jump where after the attractive force gradually
increases until the probe and the surface repel each
other in contact. Both the specific jump-in separation
as well as the actual number of discrete jump events is
observed to vary between individual force curves.
When the probe subsequently is retracted from the sur-
face, we initially observe a strong adhesion followed
by a jump-out. After the jump-out a long-range attrac-
tion persists that decreases gradually out to a separa-
tion of 60�75 nm, where after the force suddenly drops
to zero. If the aqueous solution is substituted by pen-
tanol, none of these effects were observed (see Figure
1B). The effect of changing the solvent is thus an impor-
tant control observation since it clearly demonstrates
that the jump-in is a consequence of the hydrophobic-
ity of the two surfaces and that the long-range attrac-
tion is mediated specifically by water rather than being
a result of an interaction between molecules protrud-
ing from the two surfaces.

Figure 1. Approach and retraction curves for three different situations. (A) Interaction in 10 mM NaCl between a hydropho-
bized silica colloidal probe and a hydrophobized silica surface. (B) Interaction in pentanol between a hydrophobized silica
colloidal probe and a hydrophobized silica surface. (C) Interaction obtained in air between an uncoated (hydrophilic) silicon
AFM tip and an uncoated (hydrophilic) silica surface.

A
RT

IC
LE

VOL. 2 ▪ NO. 9 ▪ THORMANN ET AL. www.acsnano.org1818



The behavior seen in the approach and retraction
force curves in Figure 1A is attributed to the formation
of a submicroscopic bubble bridging the two surfaces.
To gain more insight into this phenomenon, it is useful
to compare the force curve features with a force curve
measured in an inverse setup where two hydrophilic
surfaces in a humid atmosphere are pulled together by
a capillary bridge of water. In this case the interfacial
pull is known to be responsible for the attraction be-
tween the surfaces. With this purpose, we have mea-
sured the interaction in air between a hydrophilic AFM
tip on a cantilever (standard tapping mode cantilever)
and a clean glass surface (see Figure 1C). Upon retrac-
tion the interaction follows a characteristic trend, with a
decreasing attractive force, out to a separation of 50
nm where the capillary bridge ruptures. The attraction
observed when extending a capillary bridge is sup-
posed to follow the force law

F ) 4πRγL cos θ ⁄ (1 + D ⁄ d) (1)

where R is the radius of the probe, �L is the surface ten-
sion, � is the contact angle, D is the separation, and d
is the thickness of the condensed water film.16 In this
particular case, several of these parameters are un-
known. However, the retraction force curve in Figure
1C at least qualitatively follows this force law, which
clearly shows that the attraction indeed is controlled
by the interfacial pull. Although there are clear differ-
ence between the two systems, e.g., that a thin film of
water exist on the hydrophilic surface while a film of gas
with the same thickness is unlikely to exist at the hydro-
phobic surface, the similarity between panels A and C
of Figure 1 provides further support for the hypothesis
that a bubble of gas is formed between the hydropho-
bic colloidal particle and the hydrophobic surface and
that interfacial tension governs the attractive interac-
tion. Alternatively, such a behavior could be attributed
to hydrophobic contaminants accumulated at the sur-
face as previously suggested by McKee and Ducker.17

However, great care was taking in rinsing the surfaces
after they were hydrophobized, and further a similar be-
havior has been seen for a number of very different
systems.9�11 Thus, we do not find contaminants to be
a likely explanation in this case.

Formation and Rupture of a Bridging Bubble. The following
experiments were conducted using two different meth-
ods. First, a number of force curves were obtained
where each approach�retraction cycle was performed
at a new lateral position on the surface by using the
(x,y)-offset function on the AFM. This generates the first
encounter statistics. Second, a number of force curves
were obtained at the same surface position by setting
the AFM to perform continuously repeated
approach�retraction cycles. This generates a steady
state statistics. In both cases the jump-in separations
from the approach force curves and rupture separations

from the retraction force curves were recorded. In Fig-

ure 2 histograms of jump-in separations from two such

series of experiments are shown. As seen, the average

jump-in separation in the first encounter is around 10

nm while in the steady-state cycles it is increased to

over 20 nm. If we assume that the jump-in is due to the

formation of a bubble, it means that the bridging

bubble is created at larger interface separations in the

steady-state force curves compared to the first encoun-

ter. A similar behavior has previously been interpreted

as indications that a bubble is formed on the first en-

counter, and when the bubble subsequently ruptures

during retraction, it is leaving a bubble on the

surface.8,9,18,19 On the subsequent approach this

bubble persists and is leading to a new bridging bubble

between the two surfaces at a larger separation. When

the bubble is extended during retraction, it ruptures at

a characteristic separation where the bridge becomes

unstable. The histograms of rupture lengths for the two

experiments are shown in Figure 2. Similar to the

jump-in separations, it is observed that the average rup-

ture separation is shorter at the first encounter than at

steady state which is consistent with previous

studies.20,21 Further, it is seen that the distribution is

broader when a new position is probed at each ap-

Figure 2. Histograms of jump-in and rupture separations
obtained at 25 °C. The upper figures contain values mea-
sured during the first encounter while the lower figures con-
tain values obtain in repeated steady-state measurements.
Neither the first encounter statistics nor the steady-state sta-
tistics display any systematic change with time during the
measurements.

A
RTIC

LE

www.acsnano.org VOL. 2 ▪ NO. 9 ▪ 1817–1824 ▪ 2008 1819



proach. From Figure 2 it is also clear that there is no sys-

tematic trend with time in the jump-in and bubble rup-

ture separation during both series of measurements.

These results indicate that the size of the bubble does

not change from the second force curve to the end of

the experiment, implying that not much additional gas

is collected over time. Thus, the formation of the bubble

appears to be a local phenomenon where most gas in

the bubble is collected from an area in proximity to the

contact area during the very first encounter. Small lo-

cal variations in the distribution of gas close to the sur-

face result in broader distributions of jump-in and

bubble rupture separations in the first encounter

statistics.

Force Trace Hysteresis. In addition to characterizing the

jump-in and rupture phenomena, one should also pay

attention to the hysteresis between approach and re-

traction force curves. Upon approach, the bubble is

formed at a separation of 10�30 nm, while upon retrac-

tion it is stable out to a separation of 60�75 nm. This

hysteresis is not unique for the situation with the bridg-

ing bubble. As already shown, a qualitatively similar ob-

servation is made for the interaction between a hydro-

philic tip and a hydrophilic surface in air (Figure 1C). The

hydrophilic tip jumps into contact at a separation of

10�15 nm even though during retraction the capillary

bridge is stable out to a separation of approximately 50

nm. In this case the interpretation is straightforward:

The capillary bridge cannot be formed before the tip

gets close to the liquid film on the surface even though

the formation of a capillary bridge can exist at larger

separations as seen during retraction. One possible ex-

planation is that an unformed capillary bridge consti-

tutes a metastable state, separated from the most favor-

able state by an energy barrier of a height given by

the energy needed to raise the water bridge against

the surface tension.

As already discussed, this system has some parallels

and some deviations from the case of a bridging bubble

between hydrophobic surfaces in water. In the latter

system, the bridging bubble is the most stable state out

to a separation of approximately 60�75 nm. However,

during approach the bubble is not formed before the

surfaces are in much closer contact simply because the

energy barrier the system must overcome for the bridg-

ing bubble to form is too high. In the case of hydro-

philic surfaces in air, the barrier vanishes when the tip

reaches the liquid film and it jumps into contact

whereas in the case of hydrophobic surfaces in water

the mechanism which leads to the jump into contact

must be different. Theoretical studies suggest a drying

transition when hydrophobic surfaces come close to

contact.22�24 A minor vacuum or water vapor cavity

formed between the surfaces could fill up with dis-

solved gas and thereby form a larger bubble between

the surfaces. However, such a cavity will not spontane-

ously form at a separation of 10 nm or more, and thus

smaller preformed nanobubbles or a gaseous layer in

proximity to the surface must be involved in the phe-

nomenon. Furthermore, the fact that the jump-in phe-

nomenon occurs in steps is another strong indication

that preformed bubbles are involved. The conceptual

model used to rationalize the approach�retraction

data is summarized in Figure 3.

The hysteresis described above has the conse-

quence that the long-range attraction only occurs when

the surfaces have already been in close contact. How-

ever, if one imagines a situation where a bubble is

Figure 3. Conceptual model for bubble formation and rupture between a hydrophobic colloidal probe and a hydrophobic
surface. The left panel shows how a bubble forms during approach (A�C) and ruptures during retraction (D�F). The right
panel shows a schematic diagram of the force vs separation relationship during approach (blue line) and retraction (red line).
Starting at panel A, the particle is approached toward the surface with no bubble bridging to the surface. At panel B a bubble
is spontaneously formed and the system jumps to panel C and moves continuously into contact at panel D. Upon retrac-
tion the system goes through panel C to panel E where the bubble becomes unstable and ruptures which leaves a smaller
bubble on the surface. It is suggested that the system follows the most stable route during retraction (given by the black solid
line) while the system is follows a metastable route upon approach.
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bridging the surface both during approach
and retraction, the behavior is expected
to be very different. If the bubble model
is correct and the attractive force observed
during retraction is caused by an interfa-
cial pull, the force curves should display
absence of hysteresis for a certain separa-
tion range: When a bubble bridges the sur-
faces, the long-range attraction should be
independent of the direction the two sur-
faces move relative to each other. This
means that the force traces during ap-
proach and retraction should be com-
pletely reversible if the colloidal probe is
first retracted while a bubble is bridging
the surfaces and then subsequently ap-
proached before the bubble has ruptured.
This prediction is confirmed in an
approach�retraction cycle where we con-
tinuously decreased the maximum separa-
tion the probe was retracted from the sur-
face. By this procedure we could reach a
separation where the probe could be ap-
proached and retracted several times with-
out breaking the bridging bubble. The
typical outcome of this experiment is
shown in Figure 4 where it is seen that
the approach and retraction force curves
superimpose at separation larger than 20
nm (Figure 4C). This means that the force
trace is indeed reversible after the particle
has jumped out of hard contact and
reached a certain separation. In relation to
Figure 3 this means that the system can
follow the stable route between panel D
and panel E during both approach and re-
traction as long as the bubble has not rup-
tured. However, at small surface separa-
tions (below 20 nm) the approach and
retractions curves do not follow the same
force trace. Although the results in Figure 4
are logical if one considers the attraction solely in terms
of an interfacial pull, it should be mentioned that our re-
sults partly contradict results from previous studies.7,10

Yaminsky and Ohnishi10 have conducted an experiment
with the surface force apparatus where two hydropho-
bic surfaces were brought into contact and a cavity was
formed. Subsequently the surfaces were separated by
1200 nm and then brought back to contact without
breaking the bubble. In that case nothing similar to our
results outlined in Figure 4 was observed. Instead a hys-
teresis behavior where a much stronger force observed
during retraction than during approach was explained
in terms of contact angle hysteresis. A very similar ob-
servation from an experiment performed with a differ-
ent kind of surface force apparatus (MASIF) has been re-
ported by Parker et al.7 However in the latter case the

absolute distance between the surfaces was not mea-
sure during the retraction�approach loop. Important
differences between these experiments and the experi-
ments reported here are the size of the bubble and
the relative length the bubble is extended in the
retraction�approach loop. In ref 10 it is mentioned
that a microscopic (visible) bubble was formed during
contact and a retraction force curve which is qualita-
tively similar to Figure 1A shows that the bubble does
not rupture before the surfaces have reached a separa-
tion of 49 �m. This illustrates a difference between re-
sults obtained by a different surface force method
which is not corrected for by the Derjaguin approxima-
tion. The bridging bubble observed in a colloidal probe
AFM experiment is much smaller and thus ruptures at
a smaller separation than a bubble studied with the sur-

Figure 4. (A) Investigation of hysteresis effects in hydrophobic interactions. The colloidal
probe is initially moved toward the surface and jumps into contact when a bubbles forms
(1) and thereafter retracted to a separation where the bridging bubble has ruptured (2). (B)
The probe is again approached (3) and then retracted, but now only to a separation where
the bridging bubble remains intact (4). (C) The probe is approached with the bubble still
bridging the surfaces and a long-range attraction is observed (5). Finally the probe is re-
tracted until the bubble ruptures (6).
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face force apparatus. Thus, in this case not only the
magnitude of the force but also the range of the force
needs to be somehow corrected for by the dimensions
of the surfaces. If the results in refs 7 and 10 are scaled
to our system where the bubble typical ruptures at a
separation of 60�75 nm, it should be compared to
retraction�approach loop of only a few nanometers.
This actually compares well to our results where we ob-
serve a hysteresis behavior at small separations while
no hysteric behavior is observed at larger separations.
On the basis of these observations, we suggest that the
interaction is completely dominated by the interfacial
pull when the bubble is fairly extended. However, at
smaller separation where the bubble has to spread lat-
erally over the surface and thereby change its contact
area with the surface, contact angle hysteresis seems to
play a significant role.

We expect the observation that the approach force
trace depends on the starting separation to be impor-
tant for the aggregation process of a suspension of hy-
drophobic colloids in an aqueous media. If the density
of colloids is high, the long-range attraction will always
be present since the average separation between par-
ticles will be shorter than the bubble rupture separa-
tion. On the other hand, if the density of colloids is low,
no long-range attraction will be present and the aggre-
gation will thus solely be controlled by diffusion.

Effect of Changing Temperature. The results described
above are reproducible when probing different spots
on the same surface and when probing different
samples prepared in the same manner. However, the
hydrophobic interaction forces are sensitive to many
additional physical parameters. For example, a change
in contact angle which will make the surface more or
less hydrophobic has already been shown to have a
large effect on hydrophobic interactions.9,18,25 How-
ever, even for the same set of hydrophobic surfaces,
the interaction will be sensitive to changes in chemical
or physical environment. Here we have studied the ef-
fect of changing the temperature in an interval be-
tween 20 and 40 °C, and the results of these experi-
ments are summarized in Figure 5. The interval
between 20 and 40 °C was partly chosen for practical
reasons. In our experimental setup the temperature is
easiest to control and keep stable in a relatively narrow
interval around room temperature. However, we be-
lieve that the investigated temperature interval is
highly relevant. Most previous AFM experiment have
been performed at room temperature (20�30 °C), and
due to heating from the laser, the temperature in the
liquid cell will typically be 5�7 °C higher. Thus, the cho-
sen temperature interval covers the typical experimen-
tal conditions. Furthermore, in biology most processes
occur in this temperature interval and any changes in
the interaction within this temperature interval will thus
be of relevance for hydrophobic interactions in biologi-
cal systems.

By increasing the temperature, we observe a signifi-
cant and approximately linear decrease in the jump-in
separation during approach and in the bubble rupture
separation during retraction. Over this temperature
range the decreases in jump-in separation and bubble
rupture separation follow each other with a total de-
crease of approximately 33%. The change in the force
level prior to rupture, Frupture, is less pronounced, and
the values are less accurate due to the limitation in the
force resolution. However, we also find an approxi-
mately 15% decrease in bubble rupture force when
changing the temperature from 20 to 40 °C. A de-
creased jump-in separation is an indication of a reduc-
tion in bubble size while a decrease in bubble rupture
separation can be due to either a reduction in bubble
size or a decreased stability of the extended bubble. An
increase in temperature leads to a slight decrease in sur-
face tension which will increase the stability of a bubble
and also lower the energy cost for extending a bubble.
However, an increase in temperature will also lead to a
reduction in the solubility of air in water. This is impor-
tant since we have used a liquid cell with an open de-
sign (see Materials and Methods) and thus expect the
liquid to be in gas equilibrium at all temperatures. The
decrease in solubility of air will therefore decrease the
reservoir of (dissolved) air in proximity to the surface
and thus lead to smaller bubbles between the probe
and the surface. The observed decreases in both
jump-in and bubble rupture separation suggest that
the decrease in solubility of air is the most important ef-
fect while the small decrease in bubble rupture force
could be an effect of a lower surface tension. Oppo-
sitely, one could argue that if the bubble is mainly con-
sisting of water vapor and not trapped air, an increase
in temperature should lead to a more long-range force
since the energy penalty for forming a cavity will de-
crease. Since such an effect is not observed, it suggests
that it is indeed air and not water vapor which domi-
nates the pressure in the bridging bubble. However, it

Figure 5. Temperature dependence of the jump-in separa-
tion determined from approach force curves and bubble
rupture separation and rupture force determined from re-
traction force curves. Each point represents the average of
results from minimum of 94 force curves obtain during
steady-state measurements, and the error bars indicate the
standard deviation in each case.
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should be mentioned that in a previous study by Parker
et al.,7 an increase in the jump-in distance was ob-
served when the temperature was increased from 20
to 40 °C. Although no statistics were provided to con-
firm if the trend was consistent, the fact that they used
a closed system could possibly explain the difference.
Consider a liquid cell where the liquid is saturated with
air at 20 °C and the temperature subsequently is in-
creased to 40 °C. If, the system is not allowed to re-
lease dissolved air to reach a new gas equilibrium with
the atmosphere, either the water will be supersaturated
with air or the surplus of air will be accumulated at the
hydrophobic surface. A decrease in the solubility of air
can thus have the opposite effect in a system which is
not allowed to equilibrate.

CONCLUSION
The results presented in this paper enhance the gen-

eral understanding of the physical chemistry of hydro-
phobic surfaces interacting in water. In particular, im-
portant details concerning the formation and rupture
of a bridging bubble have been examined and dis-
cussed. We have shown how the force traces between
hydrophilic surfaces in a humid atmosphere carry simi-
larities with the force traces between hydrophobic sur-
faces in water. Hydrophilic surfaces in air connected by
a capillary bridge of water correspond qualitatively to
the inverse geometry of two hydrophobic surfaces in
water connected by a bridging gas bubble, and both
systems are kept together by an interfacial pull. The
similarities between the force traces are thus strong evi-
dence for the bubble model summarized in Figure 3.
The interaction among hydrophobic surfaces is known
to be strongly dependent on measurable surface prop-
erties such as the contact angle. In the present study we
have further shown how the interaction forces be-

tween a specific set of surfaces correlate strongly with
their chemical and physical environments. We have
demonstrated how attractive interactions between hy-
drophobic surfaces vanish when the aqueous medium
is substituted by an organic solvent such as pentanol,
and we have shown that the spatial range of the inter-
action decreases significantly with increasing tempera-
ture. To our knowledge, there are only two other stud-
ies with the surface force apparatus where the effects of
the temperature on hydrophobic interactions have
been investigated.7,26 However, all previous AFM stud-
ies, measuring bridging-bubble forces, have been per-
formed at room temperature and no temperature con-
trol has been applied. We have also shown that the
interaction depends not only on the environment and
the surface properties but also on the detailed way the
surface is probed. The jump-in separation during ap-
proach depends on whether the particle has previously
encountered the same position on the surface or not.
More importantly we have shown that the direction-
dependent force trace can be turned into an almost re-
versible and hysteresis-free force trace if the particle af-
ter one approach is not retracted beyond the bubble
rupture separation. On the basis of this observation we
suggest that the attractive force is almost entirely deter-
mined by the interfacial pull when the bridging bubble
is fairly extended while contact angle hysteresis might
come into play when the two hydrophobic surfaces are
in close contact. Increasing our knowledge of the hys-
teresis behavior between approach and retraction force
curves not only is important for understanding the
force traces measured by AFM or related techniques,
but also can also be of practical importance for the sta-
bility of suspensions of hydrophobic colloids in aque-
ous solutions and in technical processes such as
flocculation.

MATERIALS AND METHODS
Surfaces and AFM Probes. For the experiments a hydrophobic sur-

face and a hydrophobic colloidal probe AFM cantilever were pre-
pared. The substrate used was a microscope cover glass (Menzel-
gläser directly into our AFM liquid cell. The cover glass was
cleaned in hot piranha solution (30% by volume H2O2 and 70%
by volume H2SO4) for 15 min followed by extensive cleaning in
water and by plasma treatment using a Harrick extended plasma
cleaner at full effect for 20 min. After being cleaned, the surface
was from an AFM image determined to have a rms (root mean
square) roughness, SRMS � 0.543 nm. Colloidal probe cantilevers
were rinsed in water and ethanol followed by plasma treat-
ment. Surfaces and colloidal probe cantilevers were made hydro-
phobic by a self-assembled monolayer (SAM) of
trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Aldrich, 97%) pre-
pared by leaving surfaces and cantilevers in a closed container
with a couple of droplets of the SAM agent for a few minutes.
The short incubation time provided flat homogeneous surfaces
(SRMS �0.566 nm) with a high water contact angle of approxi-
mately 110° while longer incubation time gave a more rough sur-
face with clusters of aggregated material. Afterward, surfaces
and cantilevers were washed carefully in heptane ¡ isopropanol
¡ ethanol ¡ 1/1 ethanol�water ¡ water and finally dried in a

desiccator under low pressure where it was also stored until
use. The hydrophobic surface and colloidal probe were used
less than 24 h after preparation.

Force Measurements. Force measurements were carried out
on a JPK NanoWizard (JPK Instruments, Berlin, Germany) in
a temperature-controlled liquid cell (BioCell) from JPK Instru-
ments. Rectangular cantilevers (NSC12 C-lever, MicroMasch)
with attached silica particles of size D � 1 �m were pur-
chased from Novascan Technologies (Ames, IA). The spring
constants of the cantilevers were determined by the Hutter
and Bechhoefer method and by the Sader method as de-
scribed elsewhere.27,28 All force curves presented in this
study were recorded with a constant approach and retrac-
tion velocity of 500 nm/s, except for the force curves shown
in Figure 4 which were recorded at an approach and retrac-
tion velocity of 30 nm. Experiments were performed in 10
mM NaCl solution to screen any electrostatic contributions
to the force curve. Solutions were degassed immediately
prior to the experiments. This was mainly done to avoid
nucleation of microscopic air bubbles on the sample surface
when the aqueous solution was introduced to the AFM liquid
cell. However, our liquid cell has an open design where the
liquid can exchange gas with the atmosphere during the course
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of the experiment. Further, since the system is left for tempera-
ture equilibration between each set of measurements, we expect
the solution to be saturated with air at all temperatures.
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