Modern Research and Educational Topics in Microscopy.
A. Méndez-Vilas and J. Díaz (Eds.)
©FORMATEX 2007
_______________________________________________________________________________________________

Exper imental contr ibution to the under standing of wetting of
solid sur faces at the meso and nanoscale using dynamic AFM
A.B. J ódar Reyes1, A. MéndezVilas2,*, and M.L. GonzálezMar tín 2
1

Department of Applied Physics, University of Extremadura, Facultad de Veterinaria, Avda. Universidad
s/n, 10071, Cáceres, Spain.
2
Department of Applied Physics, University of Extremadura, Campus Universitario, Avda. de Elvas s/n,
06071, Badajoz, Spain.
Despite the extensive modelling effort pursuing an understanding of the wetting behaviour of microscopic
and submicroscopic liquid droplets on solid surfaces, experimental results on this issue are still rather
scarce. Atomic force microscopy (AFM), operated in dynamic modes (noncontact or intermittent contact)
is expected to become a formidable tool to investigate wetting at those scales. It ensures extremely high
spatial nanometerlateral and subÅngströmvertical resolution, while the most recent advances are
rapidly improving its temporal resolution, which will benefit the study on dynamical processes. However,
the study on how liquid micro and nanodroplets behave on a particular surface is still far from being
routine, and many authors recognize that setting the optical parameters for getting stable images of liquid
interfaces has a still significant trialanderror component. This is mainly due to the strong mechanical
instabilities that may arise in a narrow space over the surface during the normal operation of the AFM,
and that may depend on a variety of factors such as the cantilever spring constant, amplitude of
oscillation, noises introduced in the optical detection system which may influence the probe movement,
surface tension and evaporative behaviour of the probed liquid or wetting of the AFM tip by the probed
liquid. In spite of these current drawbacks, an intensive effort is being currently made for controlling and
understanding the effect of such parameters on the acquisition of AFM images of liquid interfaces. The
main experimental results are reviewed in this work, with a focus on the comparison with traditional
macroscopic wetting studies and the potential practical applications of having reliable AFM images of
liquid micro and nanodroplets deposited onto solid substrates.
Keywor ds: AFM; Atomic Force Microscopy; wetting; nanoscale; nanowetting; noncontact;
intermittentcontact; tapping; nanodroplet; surface tension.

1. Introduction: wetting and contact angle.
To illustrate the wetting phenomenon, let us consider a small amount of liquid in contact with a solid. In
one extreme case the liquid can wet the solid so well that it spreads completely. In the other extreme it
avoids any contact with the solid and the droplet retains its individuality upon contact. Whether or not
wetting occurs depends on the affinity of the liquid for the surface. If the liquid is water and the surface
is hydrophobic, no wetting is expected. Conversely, wetting by water will take place on hydrophilic
surfaces. Between these extremes there is a range of intermediate situations in which the liquid meets the
solid at a certain angle called the contact angle, q (Figure 1). The better the wetting, the sharper the
angle. In fact, the contact angle can be taken as a measure of the relative hydrophilicity or
hydrophobicity of the solid [1]. Even further, contact angle studies are used to gain insight into the
fundamentals of wetting in many systems (e.g. adhesives, lubricants, and cell adhesion to biological
membranes) [2,3].
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Fig. 1. Solid partly wetted by liquid (left); solid poorly wetted by liquid (right).

2. Why are liquid micro and nano droplets important for cur rent wetting
research?
2.1. They are necessar y for evaluating wetting pr operties of miniatur ized systems.
Using micro and nano water droplets can be envisaged as a relatively simple method to test the
surface contamination of small parts of a device. For example, asreceived AFM tips and cantilevers
(which have microscale length and width and nanoscale thickness) are known to be coated by a thin
hydrocarbon layer, which if not removed, may affect force measurements, both in air or in a liquid
environment. While classical surfacesensitive methods can be applied to evaluate the surface
contamination of an AFM cantilever, they are usually quite expensive, timeconsuming and require a
vacuum. This contamination of the AFM cantilever in the vicinities of the tip apex has been proposed to
be responsible for the increase in the adhesion force detected in force spectroscopy studies in water [4].
Bonnacurso et al. undertook an elegant experiment [5] in which microscopic water droplets were placed
directly onto AFM cantilevers to test the effectiveness of cleaning procedures. Results are presented in
Figure 2. Before plasma cleaning, the drop forms a contact angle of q = (60 ± 4)º ; after plasma cleaning,
the drop forms a contact angle of q = (14 ± 6) º. This allowed an insitu local characterization of the
cantilever contamination near the apex through a simple parameter such as the contact angle.

Fig. 2. Sequence of two images showing a water drop deposited on a Vshaped Si4N3 cantilever before (a)
and after (b) plasma cleaning. Reproduced with permission from [5]. © 2005 American Chemical Society.
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This case clearly illustrates how the ability of depositing ultrasmall liquid droplets on parts of
miniaturized systems (Micro and Nano Electro Mechanical Systems (MEMS/NEMS), for example)
could serve as a very useful, relatively simple and rapid way to test the state of a surface.
2.2. They per mit assessing the heter ogeneity of the sur face at micr o or nano scale in ter ms
of topogr aphy or physicochemical pr oper ties
While macroscopic contact angle measurements provide an averaged information on the wettability of
the material substrate by the probing liquid over a large area, the use of micron or submicron sized
droplets allows one to quantify wetting properties at a much more local level, provided that the number
of molecules included in the droplets is high enough to for the correct application of thermodynamic
concepts. This spatially resolved wetting measurement permits the evaluation of the homogeneity of the
physicochemical parameters of an extended surface, at a quite high resolution. For instance, Connell et
al. [6] used intermittentcontact AFM and obtained small contact angle values of oil nanodroplets on
polystyrene (PS), but constant over a large number of droplets (13 ±2)º, which indicated the homogeneity
of the PS surface at the nanoscale. In general, it is expected that the characterization of wetting properties
of surfaces at the nanometer scale will be important in getting a more local view of different important
phenomena in chemistry, electrochemistry, biology, and technology, such as the adsorption behavior of
proteins and surfactants [7,8], or the atmospheric corrosion mechanism [9,10]. In particular, they will
allow one to asses how homogenous a surface is, at a quite local level, and in a relatively direct and easy
way. This is indeed important as chemical heterogeneity is known to be one of the factors which
influences contact angle measurements, jointly with surface roughness, which in contrast can be
accurately described in a wide range of scales using atomic force microscopy [11,12].
2.3. They constitute the ideal systems for dir ect exper imental deter mination of the contact
line tension (CLT).
The contact line tension (CLT), defined as the excess free energy of a solidliquidvapor system per
unit length of the contact line, or equivalently the linear tension due to the imbalance of intermolecular
forces experienced by molecules located in and around the three phase confluence zone, can affect the
observed contact angle [13], especially when reducing the size of the system and surface forces play a
major role [14]. It is analyzed through the “modified Young equation”:

cos(q ) = cos(q Young ) 

1

g LV

tk
eq. 1

where k is the local curvature of the contact line where the local contact angle gives q, gLV is the surface
tension of the liquid, and t is the line tension. The contact angle qYoung is the one that obeys the Young
equation:

cos (qYoung ) =

g SV - g SL
g LV

eq. 2

Where gSL, and gSV are the interfacial tensions between solid/liquid, and solid/vapor, respectively.
Both the local curvature and contact angle can be obtained directly from an AFM image of the liquid
droplet resting on the solid substrate. The former, by fitting a specific portion of the contact line to a
circle, and the latter, from a height profile taken across a line perpendicular to the portion of the contact
line where the local curvature has been computed. The magnitude of this tension is very small
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(theoretical estimations are around 10-11 N), and it becomes dominant only at the nanoscale. In fact, a
characteristic length scale for the influence of this tension can be estimated by dividing a typical CLT
value to a typical surface tension value, i.e., 10-11 J/m / 102 J/m2 = 1 nm. [15]. If the line tension is
extremely small (10-12 N or less) it would be operative in systems with molecular dimensions only, and
its practical importance would be limited. On the other hand, if line tension values are orders of
magnitude larger than 10-12 N, then it may become a factor in analyzing or designing systems of
technological application. For instance, in microfluidic circuits, patterned surfaces are used to control
wettability; in such cases, limits arise from small lateral scales involving high local curvature for three
phase line. Consequently, the line tension will contribute to the fidelity of such patterned surfaces to
control wettability. In froth flotation, the modification of the contact angle by the line tension may
promote or hinder particle wetting and displacement into the aqueous phase. It has been found that
particles of irregular shape, especially with sharp edges, will resist the immersion into the liquid phase
because of line tension effects [16]. The small magnitude of the line tension requires considerable
ingenuity in experimental design. In the existing techniques, line tension is indirectly found by
measuring parameters such as contact angle or particle size and using theoretical expressions. The
majority of experimental studies for solidliquidvapor systems reviewed elsewhere [14] reported a
positive sign for the line tension, ranging from 10-9 to 10-6 N, but they used drops of macroscopic size. A
general consensus has not been reached yet, even on the physical origin of the line tension, and the issue
of the contribution of a line tension to the variation of the contact angle with drop size is still a
controversial issue in wetting research. In any case, the demonstrated capability of atomic force
microscopy to give detailed topographic profiles at a spatial resolution well below the traditional optical
techniques, and its ability to get such profiles on liquid structures of dimensions where the line tension is
expected to have a notable influence, might definitively contribute to clarify such a fundamental issue,
and provides an accurate imaging tool for more applied wetting measurements.

2.4. They make possible the quantification of the liquid sur face tension at the nanoscale.
In gener al, they per mit the evaluation of the sur face tension dependency on the dr oplet
size in the micr on and submicr on r ange.
Once stable micron or submicron sized droplet images have been taken, force spectroscopy allows
one to quantify the interaction forces between the AFM tip and the fluid surface directly. Here, the
critical point is to know the mechanical properties of the AFM cantilever, and specifically its spring
constant, which is known to largely differ from the manufacturers’ specifications [17]. Several
techniques exist for measuring the cantilever spring constant, which permit to know its value with an
uncertainty of at least 20% [18].
By assuming that the airliquid interface and the AFM tip act as two linear springs in series, over a
small deflection, the system spring constant or the interfacial tension can be expressed as

K interf =

K cant
d hard
1
d interf

eq. 3

where Kinterf is the effective spring constant of the interface, Kcant the measured spring constant of the
cantilever, dhard the cantilever deflection per unit piezo translation when pushed against a hard surface
and dinterf the cantilever deflection per unit piezo translation when pushed against the airliquid interface.
The situation is drawn schematically in Figure 3.
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Fig. 3. Schematic drawing showing the AFM cantilever deflection as it approaches, touches and pushes a
hard and a liquid surface. The extension of the contact part has been exaggerated; in a real experiment it
should be kept as small as possible so that the interaction between the liquid surface and the AFM tip can
be modeled as two linear springs in series, and also to avoid capillary wetting of the tip.

Connell et al. [6] applied this approach for the determination of the interfacial tension of hydrocarbon
nanodroplets of 20400 nm in diameter resting on a PS substrate (Figure 4). A reasonable good
approximation to the known interfacial tension was obtained. A similar approach based on the interaction
force between a sharp AFM tip and a fluid interface was used by Fraxedas et al. [19] for determining the
surface tension of water using confined nanodroplets of about 150 nm in diameter. In this case, quite a
large surface tension was obtained with respect to the well known macroscopic value (0.073 N/m),
although it is to be noted that confined nanodroplets were used in this case. Clearly, this capability of an
AFM of deforming fluid interfaces with controlled loads while recording the mechanical response of the
cantilever has full potential for elucidating the structure and interfacial properties of liquid
nanostructures or liquids in confined geometries. This is the situation in microfluidics [20], especially in
dropletbased microfluidics applications [21,22], and in a large amount of biological structures such as
pores and channels.

Fig. 4: Crosssectional profile of oil droplets on a PS surface in water, taken in intermittentcontact AFM.
Height of the droplets was about 5 nm and contact angle 45º. Reproduced with permission from [6].
©2002 American Chemical Society.
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3. Experimental quantitative wetting studies using dynamic AFM.
AFM is the best suited instrument for imaging nanometerscale liquid droplets on flat surfaces because
of its nanometerscale resolution and its capability of operating in air or under controlled atmospheres on
any macroscopically flat substrate [19]. Although mainly used for surface characterization of solid
surfaces, AFM has also demonstrated its suitability for imaging the surface of liquid structures in
different operation modes. The formation of stable mesoscopic and nanoscopic droplets on solid surfaces
in order to determine contact angles is not trivial. Different methods can be found in the literature and
results are reviewed in this section.
3.1. Noncontact AFM (NCAFM).
Different authors have observed liquid micro and nanodroplets and other liquid structures on
different materials by NCAFM. In this imaging mode, the AFM tip is brought close to the surface while
vibrating at a frequency slightly higher that the intrinsic resonance frequency of the cantilever, and at
certain amplitude (very small, ideally below 10 nm). It is approached to the surface until the amplitude
has decreased to a preset value (setpoint amplitude) due to the longrange attractive forces. This set
point amplitude is kept constant through the whole scanning by the feedback system. The sensing is
based on longrange weak forces, so the probe doest not make physical contact with the surface. The
disadvantage is that as it is based on long range forces, it suffers from a reduced spatial resolution. Also
the fluid adsorbed layer which is present at every surface exposed to air may interfere, and capillaries
might form between it and the probe, producing instabilities due to jumptocontact. This makes true
NCAFM rather difficult to achieve in air.
Gil et al. [23] imaged molecularly thin water films on hydrophilic mica, gold, and highly oriented
pyrolitic graphite (HOPG). On mica, they found islands of water layers of 0.7 and 1.4 nm in height
working at relative humidities (RH) of (295)%. On graphite, they found rounded and flat water islands
of about 5 nm in height (at RH 90%). These islands tend to move around, coalesce, and form larger
islands. The tip is thought to be responsible for the condensation of water on the surface. With time,
these islands evolve and show in addition to the 5nm high layer a second lower one. When the surface is
left overnight at 90 % RH, the higher terrace completely disappears and only islands of about 2 nm
remain. Their perimeter is oriented preferentially along the high symmetry direction of the graphite
crystal which is thought to be related to a solidlike character of the layer. Under this assumption the 2
nm thick layer could be formed by 6 bilayers of crystalline water. Both 5 and 2 nm islands completely
disappeared from the surface after some hours when the RH decreased to very low values (2 %). On gold
surfaces, they found water layers of 2 Å in height. This corresponds to the diameter of a single water
molecule.
Wang and coworkers [9,10] imaged micro water droplets on mica and different metal surfaces. On
mica, they observed water droplets with average height of 7.1 nm and average radius of 78 nm. The
corresponding contact angle was 10.8º. They also used this imaging mode to observe water droplets on
polished, air oxidized and pure water immersed pure chromium, nickel, iron and SUS304 steel surfaces.
The main characteristics of the micro droplets on each surface and the corresponding average contact
angle obtained by assuming a spherical cap overall form of the droplet profile are included in table 1,
which will be discussed later. The corresponding macrocontact angle is also presented. The
morphologies of oxidized and water immersed pure iron could not be observed because its surface was
not flat.
Checco et al. [24] measured the contact angle of microsized and nanosized alkane droplets partially
wetting a model substrate (silanized silicon wafers) using NCAFM. Minimal heterogeneity and pure van
der Waals interactions were ensured. Because of the volatility of alkanes, stable droplets could not be
formed under ambient conditions. Then, they designed an evaporationcondensation chamber connected
to the AFM scanning head. The large range of droplet sizes accessible using this technique allowed them
to determine the contact line curvature dependence of the contact angle with unprecedented accuracy.
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The droplet profiles were fitted to a spherical cap providing an accurate determination of the contact
angle and contact line tension. The contact angle decreased with decreasing drop radius from the
macroscopic values. An important result is that the modified Young equation does not correctly describe
the experimental data when a large enough range of droplet sizes is considered. Whereas previous studies
explain such a dependence by a line tension effect, their results and calculations on a model system point
to an extreme sensitivity to weak substrate heterogeneities confirmed by numerical simulations. In a
more recent paper, these authors [25] measured the contact angle of ethanol stripes formed in an
evaporationcondensation chamber on a patterned surface consisting of hydrophobic COOH terminated
lines and methyl groups terminated hydrophilic lines. Ethanol totally wetted the hydrophobic lines, while
it did not wet the hydrophilic ones. The apparent contact angle at the stripe’s boundary was 12 ± 1º, a
value significantly lower than the contact angle measured with a micrometersized ethanol droplet on a
uniform octadecyltrichlorosilane (OTS) surface (30 ± 1 º). NCAFM has been also applied to the study of
the local wetting of human hair, another attractive microsystem for current beauty care science [26].
Two different techniques are used depending on the nature of the liquid. For nonvolatile liquids, small
drops of liquid were directly deposited on the solid by using a microsyringe. For volatile liquids, a
condensation technique was used.
3.2. Inter mittentcontact AFM (ICAFM)
ICAFM (or Tapping modeTM) has been also used to study micro and nano wettability of solid
surfaces. This mode avoids that strong contact forces can affect imaged water droplets (contact mode),
and the unstable feedback due to the small signal (noncontact mode). It is based on relatively strong
shortrange repulsive forces between the probe and the surface, which are in a physical contact only
during a very short fraction of the oscillation period. Oscillation amplitudes are higher than in the case of
NCAFM.
Pompe et al. [27] determined the contact line tension of a threephase solidliquidvapor system from
the liquid surface topography data obtained with scanning force microscopy using ICAFM. The data
were analyzed in two complementary ways, one based on the modified Young equation (eq. 1), and the
other on the effective interface potential derived from the profile of the liquidvapor interface in the
threephase region. The two methods agree quite well for the systems investigated. In order to create
liquid surface topographies with high contact line curvatures, substrates with an artificial striped
wettability pattern were prepared. Hydrophilic and hydrophobic domains with a periodicity between 200
and 1000 nm were obtained. When a micron sized liquid droplet is deposited from the aerosol phase onto
the patterned surface, the liquid arranges into its equilibrium shape. Effects of contact angle hysteresis
were not observed. From sections through the topographic images taken perpendicular to the contact line
at the point of interest, it is possible to determine the local contact angle as well as the local contact line
curvature along the contact line. These authors found contact line tensions in the range of 10-11 to 10-10
J/m. They are lower than the ones reported by other authors [14]. Whereas Pompe et al. attributed it to
the limited resolution of the microscopy techniques used (optical microscopy), other authors have
attributed it to the fact that the characteristics of the surface are far from the ones required for the model
used [14].
Mugele et al. [28] used ICAFM to image hexaethylene glycol (HEG) droplets on silanized silicon
substrates. Radii between 380 and 8000 nm (which evaporated in several hours) were achieved using an
aerosol in a closed container using a standard vaporizer. The droplets were allowed to settle down on a
substrate by gravity and AFM imaging was performed under ambient conditions. They averaged the
contact angles obtained at each point of the contact line. This is achieved by extracting profiles locally
perpendicular to the contact line at each point of the latter. The local contact angles are obtained from the
slopes of parabolic fits to these profiles at their intersection with the substrate. For the fits, they excluded
the region within 10 nm above the substrate to avoid any possible influence of interfacial force or other
possible disturbances. The same contact angle was obtained for all the droplets imaged in the mentioned
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range of dimensions, which was also very similar to the macroscopoic one measured optically using
milimetersized droplets (24º).
Fraxedas et al. [19] predicted the surface tension of water nanodroplets in molecular nanobeakers by
using this imaging mode.
In a more applied report, Karis and Yayak [29] used ICAFM to reveal a new type of contamination of
magnetic recording slider disks. As the size and flying height of these systems evolve to smaller
dimensions, previously insignificant levels of contamination begin to play a role in slider media
tribology. This mode was used to characterize nanodroplets formed when hygroscopic ultrafine airborne
particles (cloud condensation nuclei) deposit on electrostatically charged thin film magnetic recording
disks from ambient conditions. These liquidlike and viscous nanodroplets were found to be responsible
for the anomalous results in earlier lowflying height sensitive friction and acoustic emission
experiences. [30].
Spagnoli et al. [31] imaged and characterized the height and contact angle of ordered water layers
formed by wetting/dewetting processes on mica at different states of hydration by tapping mode. The
structured layer of 3.3 Å in height closest to the mica surface was based on an icelike layer of
hexagonally arranged water molecules.
The authors have recently analyzed the hydrophobicity of silicon wafers at a mesoscopic level [32].
For doing this, contact angles of water droplets with diameters in the range (430±100) nm formed on a
silicon wafer sheet were determined from ICAFM images. Nanodroplets with regular profile were
formed by using a sprayer and by working at a high humidity environment (>80%). In order to explore
the surface of the naturally oxidized silicon wafer at the nanoscale, before using it for the measurement
of nanodroplet contact angles, the dewetting process was monitorized under ambient conditions using
an atomic force microscope. Once the retreat of the macroscopic water was evident from the coupled
optical microscope, AFM showed the persistence of dropletsfilms of micrometric lateral dimensions and
nanometric vertical dimensions [33], in a first stage of dewetting. In Figure 5a an example of these
structures are presented. Both a topography (left) and an amplitude (right) image, which is useful for a
better visualization of the edges of the present structures, are shown. These rests naturally evaporated in
about an hour. Only a few examples can be found in the literature monitoring the dewetting behavior of a
volatile liquid on a solid surface, mainly due to the difficulties in getting stable images rapidly after the
droplets deposition. It is remarkable the high similarity of this water dewetting pattern with those
published by Haferl et al. [34] (Figure 5b) while monitoring the dewetting of 1,5pentadeniol under
ambient conditions, even at such different dimensional scales. This extraordinary similarity of the
dewetting pattern suggests that the same physical mechanism is governing the dewetting at both scales.
In particular, this suggests that the submicroscopic water structure seen in Fig. 5a fully behaves as a
liquid.
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Fig. 5. (a) AFM images showing water micrometersized dropletsfilms, during the first stages of
dewetting. (Left: topography; right: amplitude) [33]. (b) Dewetting sequence of a 1,5pentanediol droplet
right after deposition. The right image is taken 28 minutes after the left one. Note the similarity of both
patterns (a and bright), even at such different dimensional scales. Reproduced with permission from [34]
© 2004 John Wiley & Sons.

Wettability at the mesoscopic level was evaluated by measuring the contact angle between nano
droplets and the silicon surface using AFM. The mean value of contact angle was (7.3±1.2)º. In this
analysis, contact angles were measured at the very edge of the droplet profile. It is noticeable however,
that many profiles presented a hatlike structure. Such a structure has been observed for a sub
microscopic droplet elsewhere [35,34]. Nanoscopic contact angles water/silicon wafer were compared by
us with the values at macroscopic scale obtained by the sessile drop technique with a Drop Shape
Analysis System. The mean nanoscopic contact angle (7.3º) was much lower than the measured
macroscopic contact angle (27.8º). Results showed that the contact angle did not significantly change
with the drop size in the studied range. The homogeneity of the surface in terms of hydrophilicity was
confirmed within the chosen areas. It should be noted that recent researches have highlighted that nano
contact angles vary depending on the size of the nanodroplets [36,37,38] which depends on the
environmental conditions and method used for creating them. At weak adhesion, the contact angle is
found to grow steadily with the decrease of the drop size. This suggests a strong contribution of a
positive line tension in the shape determination of the drop at equilibrium. At much stronger adhesion,
however, the contact angle does not change with the drop size, and the line tension is approximately
zero. In the studied range of drop sizes, no significant changes of the determined contact angle have been
found due to the strong adhesion of water to silicon wafer surfaces.
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Liu et al. [39] found by ICAFM different structures on freshly cleaved mica treated with pure water.
On the one hand, they observed water dots and islands. They interpreted the water pattern forming
process as follows: the water meniscus forms when an AFM tip contacts the mica surface. It ruptures
from the tip and dots appear. These structures can bear repeated scanning. They consider that a
multilayer is formed and an icelike structure exists inside these water structures. On the other hand they
incubated several microliters of ultrapure water for several minutes on freshly cleaved mica, then rinsed
several times using pure water and dried with air. Some large network structures were imaged. The
adjoined network segments were usually arranged close to 120º, consistent with epitaxy on the mica
surface. The heights of the networks range from 2.1 to 3.3 nm, and the segment width from 40 to 100
nm. The authors concluded that these structures were not artefacts produced by the AFM tip or material
transported from the AFM tip. As the network could be collapsed by the tip, Liu et al. speculated that the
network was water or water bound to some unknown contaminant.

3.3. Scanning polarization for ce micr oscopy (SPFM)
Scanning polarization force microscopy (SPFM) [40], a SPM variant where a biased tip interacts with
the liquid surface through longrange electrostatic forces, has been also successfully used to study water
structures on solid surfaces at the nanoscale. This technique is based on the measurement of the
polarization force between a charged AFM tip and the surface. Hu et al. [40] used this technique to
analyze the structure of molecularly thin films of water on mica at different humid environments,
controlled with a plastic box. They found different water structures on mica depending on the RH. When
RH<20%, a uniform water layer, (510) nm in thickness (Phase I) was imaged. At RH>2025 % they
observed the formation of 2D domains (Phase II) that grew when the RH reached 40%. The apparent
topographic height of these phase II regions is lower by 2 Å than the surrounding initial phase I. The
polygonal shape of many boundary lines between phases I and II seems to indicate a crystalline structure
for water in phase II. Hydrophobic mica was obtained after long exposure to air, possibly due to
accumulation of contaminant material of organic origin. Any surface structure was imaged even at 99 %.
However, water could be forced into the surface by contact with the tip at high humidity. A water droplet
with an apparent height of 5 nm and diameter around 100 nm, by assuming a spherical shape, presented
roughly a contact angle of 5º.

4. Comparing macroscopic and meso/nanoscopic wettability
Wang and coworkers [9,10] evaluated the wettability of water nanodroplets on mica (q=10.8º), and
metal surfaces (table 1) and related it to macro wettability results (31.4º , and table 1). They concluded
that the nanowettability was higher than the macrowettability, but reasons for this were not found.
When different surfaces were compared, lower macro contact angles corresponded to lower nano contact
angles. They pointed out that the influence of organic contaminants on specimen surfaces might be one
of the reasons. In general, organic contaminants give rise to a higher surface hydrophobicity, and their
distribution may be not uniform [33] at the nano and/or mesoscale. In the case where droplets are
obtained by condensation, as there should be places with less or no organic contaminants, water might be
preferentially condensed on these places, resulting in the lower microwetting contact angles. In this line,
results by Checco et al. [24] also point to the influence of small surface heterogeneities as the main
responsible of the observed decrease in contact angle when their droplets decreased in size from 2 µm to
200 nm. The most wettable zones act as nucleation sites for the droplets, and this explains the lower
contact angle of small droplets. If the droplet size becomes larger, then it extends beyond those more
wettable nano or mesodomains and the contact angles then increase. Their results shows that previous
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interpretations of decreasing contact angle with decreasing size based solely on the line tension argument
were irrelevant at microscopic scales [42].
Regarding the measurement of the liquid surface tension by AFM, Fraxedas et al. [19] predicted the
surface tension of water nanodroplets in molecular nanobeakers and found a significantly larger value
than the macroscopic one. They ascribed it to the nanometric length scale involved (collective modes of
confined liquids). They speculated if water molecules might promote a hydrogenbond network at the
nanodroplet/air interface generating an icelike structure, as Miranda et al. showed for water films on
mica [43].
In relation to the derivation of the magnitude of the finite value of the line tension, the contact angle of
a liquid droplet depends on its size [28]. In a large number of conventional contact angle goniometry
experiments, variations of the contact angle with the radius of the droplet of the order of 1º have been
reported for millimetresized droplets. These variations were interpreted in terms of a line tension of
(10-510-6) N [14], which is four to six orders larger than predicted on theoretical grounds. Law and
coworkers [44] obtained a value of 10-10 N using optical interferometry. Herminhaus and coworkers [27]
obtained a CLT of liquid droplets on patterned surfaces of the order of 10-10 N using AFM. With
homogeneous surfaces [28], they concluded that the strong drop size dependence of the contact angle,
which is frequently observed in optical contact angle goniometry, is not caused by the line tension.
Indeed, in the case of HEG droplets on silanized silicon substrates with radii between 1 and 3.5 mm, they
found by optical measurements an average contact angle of 24º, and only an apparent increase in theta of
2º with decreasing radius. With AFM, and for droplets with radii between 380 and 8000 nm, an average
value of 26º was obtained, and only a difference of 2º was found between the smaller and the bigger
droplets. Based on the analysis of the profiles of the microsized droplet obtained by AFM near the
threephase contact line, the authors obtained an upper limit of 10-10 N for the line tension, whereas the
sign could be either positive or negative, to the error associated to the measurement. For this system,
important differences between macroscopic and submicroscopic contact angles are not observed. In
addition, as discussed above, Checco et al. [24] concluded that observed AFM changes in the contact
angle with the (microscopic) droplet size could not be fitted by the classical correction of τ. Trying to fit
the correction on small portions of the experimental curves would not provide a fixed value for τ, but one
that changed depending on the drop size.
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Table 1: Compilation of meso/nano droplets geometrical characteristics. The contact angle of their
macroscopic counterparts are also given.

Liquid and solid
sur face

Water on Pure Cr
Water on Mica
Water on wet polished
Cr
Water on wet polished
Ni
Water on wet polished
Fe
Water on wet polished
SUS304 steel
Water on oxidized Cr
Water on oxidized Ni
Water on oxidized
SUS304 steel
Water on water
immersed Cr
Water on water
immersed Ni
Water on water
immersed SUS304
steel
Water on SUS304
steel
Water on naturally
oxidized Si
Water on magnetic
recording disk
Water on mica
Ethanol on COOH
terminated surface
Octane on OTS
surface
Hydrocarbon oil on PS
HEG on silanized
silicon

Height
(nm)

Radius
(nm)

Meso/nano
contact angle
(º)

6.721.1
3.939.78
6.737.8

25.642.9
45.2127
25.674.1

44.2
10.8
40±10

Macr o
contact
angle
(º)
76.8
31.4
80

Ref.

8.126

57.8144.9

18±2

72

[10]

12.635.6

72.5248

17±4

68

[10]

2.73.5

13.519.7

23±4

70

[10]

4.222.9
8.625.4
6.653.9

22.8162.5
41.2172.7
217.2317.5

20±5
25±6
7±2

70
62
70

[10]
[10]
[10]

4.216.7

60.8196.5

22±10

60

[10]

13.940.7

110.5202.8

16±4

68

[10]

310.5

15.844.8

25±8

68

[10]

5.232.4

39.6111.2

22.5

68

[41]

11 ± 5

215 ± 50

7.3

27.8

[32]

73

103

67.3

92

[29]

5


50


5
12 ± 1


30 ± 1

[40]
[25]





9±1

8±1

[25]

512 nm


10200
3808000

13 ± 2
26

14 ± 2
24

[6]
[28]

[9]
[9]
[10]
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