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Energy Dissipation due to Capillary Interactions: Hydrophobicity Maps in Force Microscopy
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The energy dissipation process involved in the formation and rupture of a nanometer-sized capillary-
condensed water bridge is theoretically analyzed. With the help of numerical simulations, the dissipation
contrast in amplitude-modulated atomic force microscopy is shown to be a result of a nontrivial interplay
between the energy dissipated in each rupture process and the bistable motion of the cantilever. In the
repulsive high amplitude regime, the dissipated power is a function of the tip and sample contact angles
being independent of the elastic properties of the system. Working in this regime, energy dissipation
images in air can be regarded as surface hydrophobicity maps.
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Atomic force microscopy (AFM) has become a standard
tool to image and manipulate surfaces with nanometer
resolution. In order to minimize sample deformations due
to the tip interaction, AFM images are usually taken by
using different dynamic operation modes [1]. Phase con-
trast images, obtained by recording the phase lag of the
cantilever oscillation relative to the driving signal [2], often
provide significantly more contrast than the topographic
image. At a fixed feedback amplitude, phase shift varia-
tions are directly linked to energy dissipation processes [3—
5]. However, most of the phase and energy dissipation
images are purely qualitative, mainly due to the absence
of simple relationships relating phase changes and energy
dissipation with specific surface properties.

Under air ambient conditions, the phase contrast is
strongly influenced by capillary forces [6—8]. When the
tip approaches the sample, water condensation can induce
the formation of a nanometer-sized water bridge. The
relevance of liquid bridges for both imaging and nano-
fabrication have driven numerous experimental [6—11]
and theoretical [8,12,13] efforts to understand nanometer-
sized systems involving capillaries. Understanding capil-
lary contrast in AFM maps would be particularly interest-
ing for biological applications [14], where the recognition
of different species is frequently based on their hydrophilic
or hydrophobic nature [6,8,14].

In this Letter, we present a theoretical analysis of the
energy dissipation involved in the formation and rupture of
capillary-condensed water bridges. Based on a simple
model, we predict a quantitative relation between the
energy dissipated Uy;s and tip and sample contact angles
and relative humidity (RH). One could naively argue that
the averaged power dissipated by capillary forces in
amplitude-modulated AFM (AM-AFM) would simply be
given by Py, = Ugiw/(27), i.e., the energy dissipated per
oscillation times the number of oscillations per unit time.
However, as we will show, this is, in general, not true. The
dissipation contrast is a result of a nontrivial interplay
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between the energy dissipated in each rupture process
and the bistable motion of the cantilever [1,15-17]. AM-
AFM presents two regimes of operation: the attractive
(AR) and the repulsive (RR) regimes [16] (also known as
low and high amplitude regimes [17]). As we will see, only
in the RR does the tip hit the surface in each oscillation.
The dissipated power is then a function of the tip and
sample contact angles being independent of the elastic
properties of the system. As a consequence, only when
working in the RR can energy dissipation images of bio-
logical samples in air be regarded as surface hydrophobic-
ity maps.

We shall consider a simplified model (sketched in
Fig. 1), keeping only the main ingredients for capillary
condensation. Our model does not include possible effects

(b)

v )

L

FIG. 1 (color online). (a) Sketch of the water bridge geometry.
(b) Tip-cantilever-driver system. (c) Schematic representation of
the formation or rupture process in tapping mode. (d) Graphic
representation of water neck formation or rupture.
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related to nanostructured water or adsorbed icelike water
on the surface [18] which could be important at low
humidities [19,20]. The homogeneous liquid meniscus is
assumed to have a constant curvature radius. For a given
tip radius Ry and a tip-sample distance D, the pendular
ring geometry of the bridge [see Fig. 1(a)] is characterized
by the tip and sample contact angles #; and 6,, respec-
tively, and the bridge width W. The ‘“‘excess’ grand po-
tential [13,21] AQ,, to condense the water bridge is given
by the sum of surface and volume contributions. The sur-
face energy term is given by AQ g = Sy yyry + Sis(yis —
yvs) + Sur(yr — yvr) = ¥[SLv — Siscos(6;) — Spr X
cos(6;)], where the S’s are the surface areas (the y’s are the
surface energies) of the liquid-vapor (LV), liquid-sample
(LS), liquid-tip (LT), vapor-sample (VS), and vapor-tip
(VT) interphases (y = yrv). At a given temperature 7,
the condensation energy of water molecules from air is
proportional to the bridge volume V:

AQy = ')/V<£ ln(l/H)) = yVl, (D
yﬁm Tk

where ¢, is the molar volume, R = 8.31 Jmol 'K~ H
is the relative humidity, and r; is (the absolute value of) the
Kelvin radius (RT/{y®,} = 1.85nm~' for water at
20 °C). Figure 1(c) shows typical AQ,, vs W curves for
different tip-sample distances. For D smaller than a critical
distance D, the grand potential vs W presents a local
maximum AQ*(D) (which corresponds to the nucleation
free energy barrier [13]) and a minimum at W = W,(D)
[with AQ, = AQ((D)], corresponding to a liquid bridge
in mechanical equilibrium.

The hysteresis associated to the formation and rupture of
a liquid bridge is sketched with arrows in Fig. 1(c). At
distances larger than D, = r(cosf; + cosf,), there is no
water bridge. As the tip approaches the sample, the nu-
cleation free energy barrier decreases, and capillary con-
densation can take place. However, since capillary conden-
sation is a thermal-activated process, the condensation time
7 o« exp(AQ1 /kyT) should be shorter than the typical time
Teontact SPENt by the AFM tip in close proximity to the
sample (of the order of microseconds for typical tapping
frequencies). Although the understanding of the dynamics
of the process is still very incomplete [22], recent friction
force microscopy experiments [23] suggest that the nuclea-
tion time of nanoscale water bridges is of the order of
milliseconds at 40% RH. Since AQT strongly depends
on the RH [13], this result would imply condensation times
below microseconds only for RH larger than 50%.

When the tip retracts, the condensed water bridge elon-
gates and breaks at D = D.. Assuming that the neck
evolves in thermodynamic equilibrium, the capillary force
is simply given by F.,,(D) = —dA),/dD. Since the tip-
sample contact corresponds to D = aq (a being an inter-
molecular distance [9,24]), the total energy dissipated by
the tip-cantilever system in each condensation-rupture

cycle would be [25]
Ugis = AQy(D¢) — AQq(ay). (2)

The energy dissipated can be easily calculated for a large
tip radius (Ry = um) where the bridge width is much
larger than the Kelvin radius. In this limit, the capillary
force can be approximated by [9,10]

Fep =27Rryx(1 = D/D¢) for ag<D<Dc (3)

and zero otherwise. Here y = (cosf; + cos6,) (notice that
indentation into the sample does not change appreciably
the equilibrium energy; this leads to zero capillary force for
D < ag). The corresponding dissipated energy

Ugis = mriRey(x — ao/r)? 4

is directly related to the sample hydrophobicity [through
(x — ao/ry)*]. For nanoscale tip radii, the equilibrium
equations are not linear, and there are no simple closed
expressions for F,, and Uy;,. However, as shown in Fig. 2,
the numerical results for Uy;; obtained directly from Eq. (2)
show that, even for the smallest tip radius, U, can still be
adjusted to an expression of the form Uy(y — xo)>. It is
worth noticing that the adhesion force F,,(ao) fails to
describe the dependence on the RH of nanotip AFM adhe-
sion experiments on some hydrophilic surfaces at low RH
(= 40%) [19,24,26,27], possibly due to the presence of
adsorbed icelike structured water [19].

Let us now discuss the dynamic response of the AFM in
the presence of capillary phenomena. The usual theoretical
approach [1,17,28,29] describes the system as a driven
anharmonic oscillator [Fig. 1(b)] including the cantilever
elastic response, the hydrodynamic damping with the me-
dium, and the tip-sample interaction forces F. In order to
describe Fi, we include both van der Waals and Dejarguin-
Muller-Toporov [9,30] contact forces as discussed in
Refs. [17,31], plus the contribution of capillary forces
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FIG. 2 (color online). Energy dissipated in the rupture of a

liquid bridge vs the average contact angle y = (cosf; + cosf,)

for different tip radius and relative humidities. The tip contact

angle is assumed to be constant (#; = 0). As Ry increases, the
energy approaches the macroscopic result given in Eq. (4).
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F,p obtained from the numerical minimization of A€}
(the effect of other hysteretic contact forces, such as those
arising in very soft samples, has been described in
Ref. [29]). The averaged oscillation amplitude A and the
phase shift ¢ are obtained by means of Fourier transform
of the numerical amplitude vs time curves using a 100 us
time window. While A and ¢ can be acquired directly from
the experiment, Py, must be calculated indirectly. Assum-
ing cantilever sinusoidal motion, Pg4; can be obtained from

(3]

kw w
Pgi, = ~—| AgAsing — A2— |, 5
dis 2Q|: 0 Sln¢ w0i| ()

A, being the free oscillation amplitude, w the free reso-
nance frequency, k the spring constant of the cantilever,
and Q the quality factor. The average dissipated power
obtained directly from the numerical simulations is in
perfect agreement with Eq. (5).

Our numerical results are summarized in Fig. 3, where
we plot the typical behavior of the phase shift and dissi-
pated power vs the normalized amplitude A/A,. Phase shift
curves [Figs. 3(a) and 3(c)] are particularly useful to
identify the different operating regimes in tapping mode
[1,17] and are similar to those obtained without capillary
interactions. When the averaged tip-sample distance (D)
is large, the cantilever oscillates with the free amplitude
A/Ay; = 1. Working at w = w,, the oscillation has an
initial phase lag of 90° with respect to the driving force.
As Dg decreases, the amplitude decreases, and there is a
continuous growth of the phase ¢. This region, where ¢ >
90°, corresponds to the AR [1]. The corresponding dissi-
pated power Py, [shown in Figs. 3(b) and 3(d)] presents a
maximum with respect to the amplitude ratio in full agree-
ment with recent experimental results [32].

The maximum in the dissipated power has been associ-
ated with the existence of hysteresis in the long range
interaction forces [32] or with viscoelastic interactions
[33]. As shown in Fig. 3(d), capillary interactions (in
general, any contact interaction leading to surface energy
hysteresis) may also lead to a maximum in the AR:
Dissipation takes place once the closest tip-surface dis-
tance goes below a critical distance (D,;, = aq in our
model). Since the energy lost in each contact breaking
process is constant, changes in the dissipated power arise
as a consequence of a beating phenomenon [6]: After the
breaking process, the cantilever, which has less energy than
before, will not reach the same amplitude as before the
impact, and the tip may not hit the sample surface during
the next swings. As D, decreases, the time delay between
two contacts decreases, and, as a consequence, dissipation
increases. The maximum in the dissipated power correlates
with a minimum in the averaged value of D ;, with respect
to the amplitude ratio. In the AR, the maximum dissipated
power depends not only on the capillary interactions but
also on the elastic properties of both the cantilever and the
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FIG. 3 (color online). (a) Phase and (b) power dissipated vs
normalized amplitude. The cantilever parameters are k =
27.5 N/m, Q = 400, v = w,/(27) = 280 kHz. (c),(d) are the
same as (a),(b) but for higher amplitudes (and different cantile-
ver constants: k =2 N/m, Q = 100, » = 100 kHz). In the RR
(¢ <90°), the energy dissipated per oscillation is simply given
by Ugis.

sample. It will then be difficult to interpret power dissipa-
tion contrast in heterogeneous samples.

Abrupt changes in the phase from values above to below
90° correspond to the transition from AR to RR. These
jumps, and the associated hysteresis [16], arise as a con-
sequence of the bistable motion of the cantilever [15,34].
The transition is usually marked by a discontinuous jump
in the dissipated power. Although the oscillation is chaotic
in the high amplitude regime [35], the tip, at the closest
distance, is always in (repulsive) contact with the sample,
and there is a condensation-rupture cycle for each oscil-
lation. This is a very important result since, once the
system is in the RR, P, does not depend on the amplitude
and saturates to the theoretical limit. In this regime, the
energy dissipated per oscillation coincides with Uy, and is
independent of the amplitude and elastic properties of the
system. This is a general result that does not depend on the
details of the liquid bridge model. The dependence of Ug;,
on RH and 6, and 6, (Fig. 2) could be experimentally
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checked by measuring the energy dissipated per oscillation
in the RR.

In summary, we have shown that capillary dissipation
contrast in AM-AFM strongly depends on the operation
regime. Only in the RR is the energy dissipated per oscil-
lation independent on the amplitude and elastic properties
of the system. For a given tip and RH, the dissipated power
is just a function of the sample contact angle. As a con-
sequence, only when working in the repulsive regime can
energy dissipation images of biological samples in air be
regarded as surface hydrophobicity maps.
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