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Resum

LLa manera com es mulla una superficie quan se I'exposa a I'ai-
gua determina fenomens crucials en biologia, en quimica i en ci-
encia de materials. Les microscopies locals de rastreig han obert
recentment nous camins per a estudiar capes i gotes d’aigua
sobre superficies que han permés I'estudi de les propietats
d’allo mullat a nivell molecular. S’han desenvolupat diverses vies
d’aproximacio utilitzant aquestes tecniques que proporcionen
diferents informacions sobre el fenomen del que és mullat. Per
exemple, la microscopia de rastreig d’efecte tunel s'utilitza per
estudiar I'estructura de petits cllsters i monocapes de molécu-
les d’aigua absorbides en superficies. Malauradament, aquests
estudis estan limitats a temperatures criogeniques i per subs-
trats conductors. Per investigar fendmens relacionats amb allo
mullat en condicions ambientals, el microscopi de forces atomi-
ques en modes electrostatics de no-contacte ha esdevingut una
eina molt poderosa. Mitjangant aquesta tecnica s’estudia I'es-
tructura de les capes d’aigua més enlla de la primera monoca-
pa, es poden obtenir imatges de gotes a escala nanometrica per
investigar la hidrofobicitat i la hidrofilicitat a escala molecular,
s’investiguen processos quimics dins de capes d’aigua o s'in-
tenta millorar la impermeabilitat de recobriments moleculars uti-
litzats en nanotecnologia. En aquest article es presenta una se-
leccio d’estudis il-lustratius, realitzats mitjiangant microscopies
locals de rastreig, sobre diferents aspectes rellevants en ciencia i
tecnologia relacionats amb I'aigua i les superficies.

Paraules clau: microscopia de sonda de rastreig
(SPM) - microscopia de forga atomica (AFM) -
microscopia d’efecte tunel (STM) - aigua en
superficies - interaccions hidrofobiques i
hidrofiliques a nivell molecular

Abstract

The wetting properties of a surface exposed to water deter-
mine crucial phenomena in biology, chemistry and material sci-
ences. Scanning Probe Microscopies have recently opened
new ways to study water films and droplets on surfaces allow-
ing the study of the wetting properties of surfaces at molecular
level. Several approaches providing different information on the
phenomena have been developed. Scanning Tunneling Micro-
scopy is being used to study the structure of water clusters
and water monolayers, but unfortunately these studies are lim-
ited to low temperatures and conductive substrates. Atomic
Force Microscopy working in non-contact electrostatic modes
has become a powerful tool to investigate wetting in ambient
conditions. This technique is being used to study the structure
of water films beyond the first monolayer, imaging droplets at
the nanometer range to study hydrophobicity and hydrophillic-
ity at molecular level, studying chemical processes within ad-
sorbed water films or probing the impermeability of molecular
coatings used in nanotechnology. A selection of illustrative
Scanning Probe Microscopy studies covering different scien-
tific and technologically relevant aspects related to water and
surfaces on water is presented in this review.

Keywords: scanning probe microscopy (SPM) -
atomic force microscopy (AFM) - scanning
tunneling microscopy (STM) - water on surfaces -
hydrophobic and hydrophilic interactions at
molecular level.
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Introduction

Any surface under ambient conditions is covered by a thin film
of water. This film can be a fraction of a monolayer, many mo-
lecular layers or even a macroscopic film that can be seen with
the naked eye. Unless in very high humidity conditions, where
macroscopic films and droplets can form on surfaces, the
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thicknesses scale of water films are generally nanometers. Yet
such a thin fim can have strong effects on the chemical and
physical properties of the substrate surface.

The thickness of the film will depend not only on the ambient
conditions but also on the wetting properties of the surface.
The structure of the water molecules at the water-substrate in-
terface determines their wetting properties and underlies the
vast array of phenomena known under the names of hydro-
phobicity (nonwetting) and hydrophillicity (wetting), which de-
scribe the interaction between objects in agueous media.
These phenomena are crucial in biology and in material sci-
ences.

There are many fundamental questions on the nature of thin
films of water that still need in-depth investigation. The thick-
ness of water films and the structure of water molecules in the
film, amorphous or ordered, are still unknown for many impor-
tant surfaces. Both parameters will affect the thermodynamic
properties of the surface and how the whole system interacts
with the environment. Important chemical reactions involving
molecules from the surface or molecules present in the envi-
ronment can happen within a water fim on a surface. This
chemistry can be very different from chemistry in bulk water
and it is still not well understood. Interactions between surfaces
change when water films are present; water fims play a key
role in friction and adhesion forces between surfaces. It is
therefore not surprising that the study of interfacial water struc-
ture continues to be a subject of great interest and that many
studies are devoted to it. Several excellent reviews exist that
extensively cover the large body of literature published in re-
cent years [1, 2].

To study liquid films of nanometer dimensions, instruments
with nanometer resolution are needed. Several techniques that
have nanometer resolution in the direction perpendicular to the
surface can be used to study water films on surfaces. The Sur-
face Force Apparatus can measure the interaction forces be-
tween two surfaces through a liquid [3], infrared spectroscopy
and ellipsometry are used to measure the thickness of thin
films [4] and X-ray diffraction has been used to study the struc-
ture of films, interfaces and surfaces [5]. Recently the develop-
ment of X-ray photoemission at ambient pressures has opened
new ways to study thicknesses and structures of water films on
surfaces [6].

However, all these techniques have a commmon problem;
they provide poor lateral resolution, in the order of microns at
best. Understanding wetting at smaller lateral scales is impor-
tant in many applications, since most wetting related phenom-
ena depend on local properties of the surfaces such as de-
fects. In nanotechnology, when dealing with nanofabricated
devices and nanoparticles and their wetting properties, having
nanometer lateral resolution becomes a must.

This need has been fulfilled thanks to the development of
scanning probe microscopy (SPM) techniques, in particular,
the atomic force microscope (AFM) and the scanning tunneling
microscope (STM) [7]. In this article we shall review the SPM
techniques used in the study of different aspects of the interac-
tion of water films and surfaces. We will devote particular atten-
tion to studies at ambient conditions using a non contact AFM

method called Scanning Polarization Force Microscopy as a
powerful tool to image liquids at the nanoscale. We will also
discuss STM studies of water structures on surfaces at low
temperature.

Low temperature water structures studied by STM
(Water on metals)

A) Adsorption structure of water on metals: from monomers to
a monolayer structure.

A bottom-up approach to study the growth of water structures
on a surface can be followed up by observing the interaction
between single water molecules when the first intermolecular
bonds start to form. The interplay between water-substrate in-
teraction and the possible energy gain by forming H-bonds
with neighboring molecules will determine the final structure.
Since the strengths of these two interactions are comparable,
variations in substrate chemical nature, surface geometry, or
thermal conditions may lead to very different structures. Low
temperature STM is an ideal tool for investigating surface struc-
tures with molecular resolution. In addition to determining the
surface structure by imaging, it provides an opportunity to ma-
nipulate individual adsorbates with the tip and to perform
chemistry in a controlled fashion [8]. A necessary condition for
STMis the need for a conducting substrate, and for this reason
most STM studies have been limited to metal surfaces.

The first step is to study the adsorption of isolated single
water molecules. This requires low temperature and low cover-
age in order to limit the aggregation of the molecules into clus-
ters as a result of the high diffusivity of single molecules. Ac-
cording to density functional theory (DFT) calculations, it was
found that, in general, the favored adsorption site of a water
monomer (single water molecule) is on top of the metal atoms
and the optimal geometry is the one where the plane of the
water molecule lies almost parallel to the surface [9]. On-top
adsorption geometry has been experimentally observed on
several metals [10, 11]. The calculated adsorption energies are
fairly low, varying from 0.13 eV in Au(111) to 0.42 eVin Rh(111).
This bonding strength is in the weak chemisorption/physisorp-
tion limit and, as mentioned above, the characteristic bonding
energy of 0.25 eV of an H-bonded water molecule lies within
the same energy range.

The aggregation of water molecules into clusters was initially
studied using vibrational spectroscopic techniques [1]. Based
on these results, monomers and small clusters, from dimers to
hexamers, have been proposed to exist on metal surfaces.
However, the first solid experimental evidence was provided by
the real space visualization by STM. The diffusion and aggrega-
tion of water molecules studied on Pd(111) at temperatures
below 60 K represents a good example [10]. Here it was found
that dimers, trimers, tetramers and larger clusters could be
formed by successive addition of colliding molecules (Figure 1).
An unexpected result of these studies was that the mobility of
the dimers, trimers and tetramers was higher than that of the
monomers by several orders of magnitude. The cluster mobility
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Figure 1. Sequence of images showing water molecules adsorbed on
Pd(111) at 40K. Two monomers in (a) join to form a dimer in (b). The
dimer diffuses faster than the scanning speed so that the tip scans over
the molecule for one line before moving to a neighboring site and pro-
duces the streak in (c). The dimer encounters a third monomer and
forms a trimer in (d), which diffuses approaching a pair of nearby mon-
omers in (g). A pentamer is formed by the collision in (f). (Adapted from
Ref. [10]).

decreased again to a value similar or smaller than that of the
monomer when the clusters reached a size of five or more mol-
ecules. The authors proposed that the large mobility of the
small clusters is due to the strong H-bonding between mole-
cules, and to the mismatch between the O-O distance in the
clusters and the lattice constant of Pd(111). In this model the
mismatch would prevent both molecules from forming bonds
to the substrate in optimal geometries, thus reducing the diffu-
sion barrier of the cluster.

Mismatch between the O-O distances in H-bonded water
molecules and the lattice constant of the metal is not only im-
portant for diffusion but can also play a key role in the stabiliza-
tion of certain structures in the first water monolayer [12]. A
particularly stable cluster of water on metal surfaces is the cy-
clic hexamer, which is the basic structure that can be found in
hexagonal ice |,. Hexamers were indeed found to constitute
the building block for the formation of the first water layer on
metals. The structure of isolated hexamers, however, might dif-
fer appreciably from that in ice |,,, depending on the strength of
the water-substrate interaction and on the mismatch between

the substrate lattice constant and water molecule oxygen dis-
tances. The internal molecular structure of water hexamers on
Ag(111) and Cu (111) are a good example of the competition
between these two interactions [13],[14]. The mismatch be-
tween Ag(111) lattice constant and O-O distance in crystalline
ice I, is of ~5%, the metal lattice constant being larger. In spite
of this, hexamers showed a perfect accommodation to the sil-
ver lattice constant, indicating considerable stretching of the
H-bonds compared to hydrogen bonds in ice |,,. On the other
hand, the mismatch in Cu(111) points in the opposite direction:
the distance between Cu atoms is ~8% lower compared to the
O-0O distances in |,. The hexamers observed on this surface
deviate considerably from a high symmetry hexagon and show
different H-bond lengths within the hexamer. In addition, the
apparent height of the molecules within the hexamer is not al-
ternating as in the ice bilayer. This leads to the formation of
hexagons where not all molecules are adsorbed in identical po-
sitions, explaining the variety of apparent heights that are ob-
served with STM. Therefore, in the competition between ideal
hydrogen bond lengths and favorable on-top positions, it ap-
pears that none of them clearly dominates on the Cu(111) sur-
face. Moreover, by comparing the results on the two surfaces
one can conclude that it is easier to expand a hexamer than to
compress it.

Until recent years most experimental results for water layers
on metals were interpreted according to a model where the
water monolayer adopts the structure of the puckered honey-
combs found in the basal plane of ice I,. The monolayer was
found in many cases to be in registry with the surface lattice of
fce(111) and hep(0001) metals, based in part on low energy
electron diffraction (LEED) observations [1]. It had been com-
monly accepted that the hydrogen atoms that are not part of
an H bond pointed up and perpendicularly to the surface, in
what is called the H-up configuration. The first STM studies of
monolayers on Pt(111), Ag(111) and Cu(111) were also inter-
preted following this model. However, the interaction of the
water molecules with the surface atoms can result in deviations
from this optimum structure, leading to novel structures not
found in bulk ice. This was indeed observed on the growth of
the first monolayer of water on Pd(111), where flat hexamer
units ordered in quasi 2D interconnected chains [15], as can be
seen in Figure 2. Interestingly the growth of these clusters is
limited to a few unit cells. Addition of more water to the surface
either leads to the nucleation of more clusters of similar size, or
produces second layer structures. The STM images indicate a
constant tunneling probability on each corner of the hexagonal
cell where water is located, except at the periphery of the is-
lands. This observation was interpreted as indicating that the
water molecules are in the same chemical and geometrical
state inside the cluster, unlike in the case of the molecules in
the puckered hexagons of the |, structure. Based on these re-
sults a model was proposed where the molecules are nearly
coplanar and use all their H atoms to form bonds with neigh-
boring molecules, while bonding to the substrate through the
lone pair orbitals. This model necessarily implies that the clus-
ter size must be limited to a few cells, since in two dimensions
only a finite number of molecules can be fully H-bonded (dou-
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Figure 2. Top: (175 A x 175 A) STM image of D,O clusters on Pd(111)
at 100 K. The growth of the hexagonal honeycomb clusters is limited to
a few unit cells in one direction. Bottom: D,O clusters on Pd(111) at
100 K. Bottom: (a) Experimental STM images of a “rosette” structure
made up of 7 hexagons. (b), (c) STM topographic image simulations for
two different DFT-optimized models of the rosette structure. In (b) the
edge water molecules have an H-down configuration. In (c) alternating
molecules are dissociated to OH (a similar simulated image was ob-
tained from an H-up configuration). Clearly (b) matches much better
with experimental image (a). (Adapted from Ref. [15])

ble donors, single acceptor, and a 4th bond to the substrate). It
is the peripheral molecules that contain the unsaturated bonds,
either dangling H atoms sticking out towards the vacuum, or
directed to the Pd underneath, or perhaps with the H-bond
broken to form OH. DFT calculations were carried out to deter-
mine which of these three possibilities is more stable. Although
the optimized geometries did all produce flat, undissociated,
and fully H-bonded molecules inside the clusters, the energies
for the three peripheral geometries (H-up, H-down, OH) were
too close in value to decide which model was most likely. The
answer was found through a comparison of the calculated
STM images for each configuration with the experimental one.
As shown in Figure 2, only the model with peripheral molecules
in an H-down configuration produced STM images that closely
matched the experiments.

As the water coverage on the surface increases over the
monolayer, different structures will be formed depending on
the relative strength of water-water interaction in a layer and
across layers: if the former dominates flat multilayers will grow
(wetting case), whereas in the opposite case three-dimensional
islands will grow (non-wetting case).

B) Stability of water upon dissociation and the effect of coad-
sorbates

The ice bilayer model was first challenged by experimental and
theoretical work on the growth of water on Ru(0001). Ina LEED
study of D,O on Ru(0001) a honeycomb structure in registry
with the surface atoms was indeed observed, but a careful
analysis of the spot intensities indicated that on this surface the
O atoms in D,O are nearly coplanar [16]. The result, at odds
with the puckered ice bilayer model, motivated theoretical
analysis of the energetics of water adsorption [17]. It was found
that the binding energy of the undissociated monolayer was
less than the energy formation of bulk ice, which means that
the monolayer should not be stable and should therefore de-
wet the surface to form three-dimensional ice crystals. A differ-
ent model was proposed where alternating water molecules
(those not attached to the substrate in the original ice-like bi-
layer) dissociate into OH and H, with the O in the OH groups
bonding covalently to the metal and forming a quasi-planar
layer. Nevertheless, most experiments on Ru(0001) suggested
intact, undissociated adsorption of water at low temperature.
The explanation for this controversy is the high energy barrier
needed to dissociate the metastable intact water, which is
comparable to the desorption energy [18]. This implies a com-
petition between the thermally activated dissociation and des-
orption, which in turn explains the double peak observed in
thermal desorption spectroscopy (TDS) experiments [19].

But the real structures related to both the intact and the par-
tially dissociated phases have only been revealed very recently
by STM. The low temperature phase of intact water appears to
be a 2D, flat honeycomb structure [20], as can be observed in
Figure 3 (a). Similar to Pd(111), a second layer starts to form
before completely wetting the surface, probably due to the
same lateral limitations related to the tendency of water to grow
coplanar using all their H atoms. Surprisingly, after annealing
above the desorption temperature of 160 K observed for intact
water, the structures suffer a dramatic change, becoming 1D
chain structures of limited size and with a brighter contrast at
the perimeter (see Figure 3 (b)). The structural change was re-
lated to the partial dissociation of water. Additional experiments
on an Ru(0001) surface covered with 0.03 ML of C impurities
showed the same chain structures with a higher resolution, as
can be seen in Figure 3 (c). In this case the internal structure
could be revealed, indicating that the chains consist of flat, lin-
early connected hexamers, surrounded by molecules of bright-
er contrast at the perimeter. STM simulation images on this
system helped identify all observed species formed upon dis-
sociation of water on this surface [11]. One important finding
was that outside the clusters, H and CH coexisted with the ini-
tial C impurities, as can be observed in Figure 3 (c). This can be
explained by H being spilled out from the partially dissociated
water clusters and CH being formed by reaction of the former
with the pre-existing C, which provides the first real spatial evi-
dence for water dissociation on Ru(0001). The best fit between
STM images and simulations of the different linear chains ob-
served are obtained with mixed H,O and OH with ratios varying
from 4:0 to 5:3 [20].
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Figure 3. STM images of water adsorption at (a) low temperature and
(b) after annealing above 165 K. At low temperature, intact water grows
forming hexagonal honeycomb clusters. A second layer grows on top
before completely wetting the surface. Above 165 K, 1D chains of lim-
ited size with a bright perimeter can be observed, which correspond to
a partially dissociated phase consisting of mixed H,O and OH mole-
cules. (c) A high resolution image of a structure similar to the ones ob-
served in (b), obtained after dosing water on a Ru(0001) surface con-
taining 0.03 ML of C impurities and annealing above 140 K. The internal
structure reveals a 1D hexagonal honeycomb structure surrounded by
a perimeter of brighter contrast. Outside the cluster H atoms (circular
depression) released from the clusters are observed, and most of the
pre-existing C (triangular depression) react with the H to form CH (trian-
gular depression with a bright protrusion in the center).

The effect of C on the growth and stability of water is double:
it prevents the growth of long-range ordered honeycomb net-
works by site-blocking, and it lowers the energy barrier so that
partial dissociation starts already at 140 K. A similar stabiliza-
tion of the partially dissociated phase was also observed for
water coadsorption with O for a coverage of the latter smaller
than 0.25 ML [21, 22]. A strikingly different behavior is ob-
served, however, for a coverage above 0.25 ML, where the O
stabilizes the intact phase up to the desorption temperature of
220 K. At this O coverage a 2x2 superstructure is formed, and
a combined study of STM and DFT calculations showed that
water on this surface adsorbs on top sites with the O-H axis
parallel to the surface, similar to the configuration on the clean
surface, but forming two additional H bonds to the neighboring
O atoms [23]. The adsorption configuration is illustrated in Fig-
ure 4, together with STM images confirming the calculated ad-
sorption site. The H bonds stabilize the intact water monomer
by lowering the adsorption energy by 220 meV and blocks the
formation of the honeycomb structures observed on the clean
surface. Yet the main reason for the quenching of dissociation
in the unfavorable adsorption energy of the dissociation prod-
ucts, H and OH, in this O-covered surface [24]. As the water
coverage increases up to 0.25 ML, an intercalated 2x2 water
and O superstructure is formed, as can be seen in Figure 4 (b).

(a)

2.37A

2.38A .
0.98A

2.38A

Figure 4. (a) Adsorption configuration of a water monomer on the
0O(2x2)/Ru(0001) surface obtained by DFT. (b) STM image showing wa-
ter monomers adsorbing on the top sites that are not blocked by the O
(blue dots represent the 1x1 grid of top sites), as theory predicts. (c)
STM image for a higher coverage of water (0.18 ML), where the inter-
calated 2x2 structure of O and water can be observed.
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Non-contact AFM modes to study liquids on
surfaces

Among the microscopy tools with nanoscale lateral resolution
that can operate under ambient conditions, AFM is one of the
most versatile. A large number of publications report AFM
studies of the effect of water on surface properties such as ad-
hesion, friction, dissolution, oxidation and hydroxylation [1]. In
most cases the AFM tip is directly in contact with the surface,
which strongly perturbs the liquid film.

Different non-contact AFM methods have been used to
study liquid films and droplets. For liquids of low viscosity it is
easy, even when using non-contact methods, to perturb the
film. In many AFM methods, the cantilever is set to oscillate
with an amplitude that causes the tip to either briefly contact,
or to come very close to the surface. While this eliminates the
friction and dragging effects that occur in contact mode, the
brief interaction between tip and liquid surface can still result in
perturbations that need to be considered. Scanning polariza-
tion force microscopy (SPFM) overcomes many of these prob-
lems and provides, in addition to surface topography, informa-
tion on other surface properties, such as local variations in the
surface potential and ionic mobility [24]. SPFM is based on
electrostatic forces between the tip and the surface and can be
applied to both conductive and non-conductive substrates.
The principle of operation is shown in Figure 5. A bias voltage in
the order of a few volts is applied to a conductive tip. Opposite
charges at the tip and the surface arising from the polarizability
of the materials create attractive electrostatic forces that bend
the tip towards the surface. Because electrostatic forces have
a long range, they provide a means of imaging at distances of
several nanometers. The disadvantage is that the large tip-to-
sample-distance results in a lower spatial resolution, to the or-
der of the tip sample distance or the tip radius. On the positive
side, the large separation between tip and sample makes it
possible to reduce the perturbation of the liquid surface to a

negligible value. The vertical resolution of SPFM is not as nega-
tively influenced by the large tip-to-sample-distance and is
typically in the angstrom region, comparable to that of other
AFM modes. The electrostatic force can be written as follows:

F.(V)=aV’+bV +c¢

where a,b,c are factors that depend on the geometry of the
system (tip radius and shape, etc.) and the local dielectric con-
stant at the surface. The first contribution (aV?) is due to the
polarization of the sample and tip (induced charges). The re-
maining terms contain the interaction between the biased tip
and charges or dipoles that are not induced by the bias voltage
on the tip and are located at the surface. If an ac voltage V =
Vo + Vg sin(m 1) is applied to the tip, the frequency o can be
varied to explore time-dependent phenomena. Using lock-in
amplifiers tuned to the second and first harmonic of the modu-
lation signal, respectively, the electrostatic force components
F(2w), F(ow) can be measured separately. F(2w) contains infor-
mation on the polarizability (dielectric constant) and topogra-
phy. The contact potential contribution to the electrostatic
force can be determined from the first harmonic of the lever
oscillation (i.e. F(w)). F(w) is nullified by a feedback bias voltage
that enables us to measure the real contact potential of the
surface as in the Kelvin Probe method. This mode is called Kel-
vin Probe Microscopy (KPM) and gives information about di-
poles and charges on the surfaces [7].

Water film structure induced by the substrate
(water on mica)

For years there has been a particular interest in the study of
water adsorption on surfaces that can induce ice nucleation,
especially at temperatures above 0°C. This idea lies behind the
attempt to influence weather and to produce substances that,
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Figure 5. lllustration of the principle of oper-
ation of Scanning Polarization Force Micros-
copy (SPFM). A low voltage is applied to a
conductive cantilever and tip of the Atomic
Force Microscope. Induced charges at the
tip and surface create attractive electrostatic
forces that bend the tip towards the surface.
An ac voltage V =V, + V,sin(w 1) is applied
to the metallic tip. Using lock-in amplifiers
10 the second and first harmonics of the modu-
Lock-in lation frequency are measured separately in
the electrostatic force. To separate the con-
tributions of topography and the contact po-
tential distribution at the surface, two feed-
back loops are used. The first maintains the
amplitude of F(2w) constant by adjusting the
tip-sample distance. The second adjusts the
applied Vdc bias so that F(w) is zero, as in
the Kelvin Probe method.
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Figure 6. Scanning Polarization Force Mi-

croscopy (SPFM) images of structures
formed by water on mica. Bright areas cor-
respond to a second water layer and dark
areas to the first water layer. The boundaries
tend to be polygonal in shape, as shown in
the smaller image where a hexagon is drawn
for visual reference. The directions are
strongly correlated with the mica lattice. The
inset in the large image shows a contact
AFM image obtained after the SPFM images,
which provides a reference for angle meas-
urements. The histogram shows the angles

15um | | of the water-film boundaries relative to the

mica lattice. (Adapted from Ref. [25]).

Counts

10 um

180°

when released into the atmosphere, would trigger condensa-
tion of water from clouds and induce rain.

Materials that have crystal structures commensurate with
one of the faces of |, ice, such as the (111) face of BaF, and
some metals, have always been considered good candidates.
However, it has been proven that having a close commensura-
bility to the basal plane of ice is not a sufficient condition to
promote ice nucleation. On other surfaces such as mica and
amorphous silicon oxide, a very thin ice-like layer is thought to
grow at temperatures above 0°C. Here we will review some
SPFM experiments performed on mica to study the structure of
water films as an example of a substrate that forces the water
molecules to form structures different from what is expected
from bulk water in the same conditions.

Mica is a layered alumino-silicate mineral commonly found in
soils. One of the most common forms is Muscovite mica. The
alumino-silicate layers are charged due to excess negative
charge on the tetrahedrally coordinated Al** ions that substi-
tute Si** in the SiO, tetrahedra. Alkali ions are located between
the (Al,Si)O, layers to compensate for this charge. Upon cleav-
age, these ions become exposed to air. The freshly cleaved
surface shows large, atomically flat terraces and it is therefore
an ideal substrate for fundamental studies of water adsorption.
The surface of mica is hydrophilic, and water spreads readily
on a freshly prepared surface.

SPFM experiments at room temperature found that the
presence of a water film on the mica surface changes the elec-
trostatic force between tip and surface and modifies the con-
tact potential [25]. A brief contact between an AFM tip and the
surface is known to induce capillary condensation of water and
the formation of a water neck around the contact point. On
mica, after the tip is retracted, some excess water is left on the
surface forming molecularly thin islands and droplets that can
be imaged by SPFM. These structures were found to be
metastable and disappeared by evaporation after seconds or a
few minutes, depending on the humidity level of the environ-
ment. The islands were interpreted as a second water layer on
the monolayer fim already adsorbed on the mica surface.

When observing the islands it was found that their boundaries
were often polygonal, forming angles of 60° and 120° (see Fi-
gure 6). By comparing SPFM images with contact images of
the mica lattice it was found that the directions of the bounda-
ries were related to the mica crystallographic directions. Based
on this observation it was suggested that the molecularly thin
water film has a solid, ice-like structure, in epitaxial relationship
with the substrate.

Molecular Dynamics (MD) simulations of the water-mica
system found that, at the monolayer coverage, water forms a
two-dimensional H-bonded network in epitaxial relationship
with the mica lattice [26], in line with the SPFM experimental
findings. The simulations also predicted that there are no free
OH bonds pointing out from the surface. Each H atom in the
film is part of an H-bond with another water molecule or with
oxygen atoms of the substrate. The absence of free H-bonds
at the surface of the water monolayer implies that there is a net
dipole moment with the positive end pointing towards the mica
surface.

This prediction was confirmed by KPM experiments, where
the surface potential of mica was measured as a function of
relative humidity [27]. It was found that the contact potential of
the mica substrate decreases by about 400 mV from its value
under dry conditions (<10% RH) when the humidity increases
to 30%. After this decrease the potential remains nearly con-
stant up to 80% RH. Above 80% RH the surface potential in-
creased and became more positive, as shown in Figure 7. This
is in line with the MD model where the first water layer has no
free OH pointing out from the surface and should therefore
have a negative surface potential relative to dry mica. When
multilayers are formed, at 80%RH, free OH groups with the H
pointing out are then present increasing the surface potential.

We have seen that at room temperature the growth of multi-
layers produces an increase in surface potential (more positive)
compared to the surface potential of the monolayer. Interest-
ingly, at temperatures below 0 °C, the surface potential chang-
es in the opposite direction, i.e., it becomes more negative
above 80% RH (see Figure 7). This suggests that below 0 °C
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Figure 7. Changes in the contact potential of
800 a mica surface relative to a hydrophobic tip
versus relative humidity (RH) and for different
600 temperatures. At room temperature the po-
19°C tential first decreases by about 400mV. This
< 400 10°C change can be explained by the orientation
= . of water in the first monolayer, which has an
= 200 -6 02 ‘c average dipole moment pointing towards the
= surface. At ~20-30% RH it reaches a plateau
9 0 and remains approximately constant until
& about 80% RH. At higher humidity the po-
‘g -200 -14°C tential increases again. The observation is
£ explained by a change in orientation of water
8 -400 in the second layer, where H from dangling
_21°C H-bonds point upwards to the vapor phase.
-600 Below O °C the change in potential above
. 80% RH is reversed and becomes negative.
-800 -26°C This suggests that in that case the dipole-
1000 down orientation of water in the first layer
- continues in subsequent layers. (Adapted

0 20 40 60 80 100 from Ref. [27]).

Relative Humidity [%]

the water layers on top of the first layer grow with the positive
end of the net dipole moment on average oriented towards the
mica substrate, implying the growth of a ferroelectric water
layer. The electrostatic energy accumulated in such dipole-ori-
ented films makes them metastable and they revert to a dipole-
disordered structure as the thickness increases beyond a few
layers. KPM experiments on silicon oxide also found an orient-
ed structure of the adsorbed water film up to 5 monolayers. In
that case the orientation was with the net dipole moment ori-
ented out from the silicon oxide surface [6].

Chemistry reactions in water films (water on NaCl)

Sea-salt particles are formed by wave action and thrown up
from the oceans to the atmosphere. These particles, mainly
NaCl, are one of the most abundant particles in the atmos-
phere. Water coating the surfaces of sea particles affects their
chemical reactivity with the molecules present in the tropo-
sphere. This reactivity strongly affects the chemistry of the
most important pollutants in the troposphere such as ozone, N
oxides and S oxides [28]. These reactions involve mainly Cl
ions from the salt crystal that adsorbed water exposes to the
reaction with those molecules. This mechanism is not yet well
understood at molecular level. This is crucial to control the air
quality in marine and coastal areas where the concentration of
these particles in the troposphere is especially relevant.
Different AFM studies have examined the role of water on
the cleavage faces of alkali halides (NaCl, KCI, KBr, Ki) [29].
They found that there is a characteristic relative humidity value
(CRH) that separates two water adsorption regimes related to
the morphological modifications of the faces. Below CRH, the
adsorption of water primarily affects the steps, very small
changes in step morphology are observed and solvated ions
remain localized in the vicinity of the steps with low mobility.
Humidity higher than CRH produces large scale modifications
of the step morphology and a high ionic surface mobility (Figure
8). Adsorption isotherms on NaCl (100) calculated from infrared

spectra, indicate that CRH corresponds approximately to the
completion of the first water monolayer [4].

Most of these AFM experiments have been focused on the
study of surface modifications and step movements occurring
above CRH. Bellow CRH the modifications of the surface are
almost unappreciable. However, to understand the role of wa-
ter on NaCl surfaces it is important to understand the initial
stages of water adsorption, i.e. below CRH.

Experiments using SPFM on NaCl (100) have shown that
even below the CRH there is an increase in the electrostatic

KBr. Contact AFM NaCl. SPFM

Figure 8. Left: Contact AFM images of KBr at low (top) and high hu-
midity (bottom) relative to the CHR. Large scale modifications of the
step morphology are observed for humidities higher than CRH. Right:
SPFM images of NaCl acquired at different relative humidity (RH) val-
ues. The image at the top corresponds to RH = 10%. The bottom im-
age at 35% RH shows a large enhancement of the step contrast due to
mobility of solvated ions at the steps. Both images were acquired be-
low CRH for NaCl, i.e. 40% RH. (Adapted from Ref. [29] and Ref.[30])
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polarization force near steps (see Figure 8) [30]. This increase in
polarization is related to the mobility of solvated ions in the vi-
cinity of steps. This mobility can be measured by the frequency
dependence of the electrostatic force between the tip and the
surface, in the range of kHz. Previous SPFM experiments have
studied the changes in the response time of the solvated ions
as a function of relative humidity. They found a substantial
change in the rate of increase of ionic mobility when the humid-
ity was increased above CRH. Changes in the contact potential
of the surface with relative humidity have also found important
differences below and above the CRH. Below the CRH the
contact potential on NaCl(100) was found to be different on the
steps compared to the terraces (Figure 9). This was explained

SPFM KPM

Topographic Profile

pm
Contact Potential Profile

80 30 %

32 %

34 %

36 %
38 %

0 1 2 3
pm

Figure 9. Top: SPFM (left) and contact potential (right) images ac-
quired at RH = 25%. The KPM image shows a difference in contact
potential between steps and terraces. Middle: topographic profile of a
multiple step of 6.5 nm and a monoatomic step at 30% RH. Bottom:
Kelvin Probe profiles of the same area at different humidities. As hu-
midity increases the contact potential shifts to more negative values,
the difference between the terraces and the steps decreases. Contact
potential shift is interpreted as a preferential Cl” solvation for humidity
lower than CRH. (Adapted from Ref. [30]).

by the formation of dipoles at the steps resulting from the pref-
erential solvation of anions. As the RH increases, the contact
potential on both terraces and steps becomes more negative
but the difference between steps and terraces decreases and
disappears completely at CRH, as shown in Figure 9. It has
been also reported that when alkali halide surfaces are ex-
posed to humidities above CRH, irreversible changes in the
jonic distribution take place, so that when the surface is dried
the original distribution is not recovered [31].

An important number of theoretical studies have been per-
formed to try to understand the adsorption of water on
NaCl(100). DFT calculations have shown that, for a coverage of
one monolayer, water adsorption is favored on top of the Na
ions [32]. The most favorable configuration is one with the mo-
lecular plane parallel to the surface. It was also found that be-
low one monolayer, three dimensional water clusters can form.
Recent theoretical analyses of the energetics of a water monol-
ayer on NaCl have found that Cl ions can be lifted from the
crystal surface with a negligible cost in energy and even reach-
ing a minimum energy at ~2.4 A from the surface [33]. The for-
mation of a dipole on the surface due to the lifting of the Cl ions
is in line with the contact potential measurements.

Based on all these results the following model for water ad-
sorption on alkali halide surfaces was proposed. Below CRH
water adsorbs preferentially at the step edges, where it sol-
vates ions. Anions appear to solvate preferentially in the case of
NaCl(001) and probably other salts although the type of ion
that solvates first can depend on the history of water exposure
and impurities in the crystal. The solvated anions give rise to a
negative potential relative to the surface and are mobile along
the steps. The increased ionic mobility gives rise to a stronger
electrostatic force that produces the contrast enhancement
observed in the SPFM topographic images. At CRH and higher
humidity, both cations and anions solvate at similar rates re-
moving the imbalance in the sign of contact potential. This trig-
gers large scale motion of the steps and eliminates the contact
potential difference between steps and terraces that is present
at low humidity. The lift of the Cl ions due to water adsorption
makes them easily accessible by molecules present in the envi-
ronment to react with them.

Avoiding wetting (water and SAMs)

Self-assembled monolayers (SAMs) have received much atten-
tion since they were discovered. From the technological point
of view, the lubricant and antistiction properties of SAMs are
especially important in micro electro mechanical (MEMS) and
nano electro mechanical (NEMS) devices [34]. Despite its sci-
entific importance and technological implications, the interac-
tion of water with surfaces covered by SAMs is poorly under-
stood.

Much work on the effect of humidity on the friction and adhe-
sion properties of SAMs has been performed on surfaces com-
pletely covered by a SAM film. In these studies it was found that
in general alkane SAM fims constitute an excellent barrier to
water adsorption due to their highly hydrophobic nature [35].
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This hydrophobic nature is a consequence of the methyl termi-
nal group at the SAMs. Other possible terminal groups such as
amine or acid groups would produce a hydrophilic layer. The
role of defects in the SAM such as pinholes, partially covered
areas, etc. is difficult to determine. These defects appear espe-
cially for non-perfectly flat surfaces where a SAM is unable to
perfectly follow the roughness of the surface.

SPFM studies of alkylsilane SAMs on mica found that com-
plete alkylsilane monolayers were effective in blocking water
adsorption [36]. On defective or incomplete layers however it
was found that water dramatically influences the dielectric and
contact potential properties of the surface.

In the previous section we have shown that on bare mica,
water forms a layer with the average dipole moment oriented
toward the surface when the humidity is between 30% and
80%, observed by the decrease in surface potential. We can
also test the mobility of ions on the mica surface, as we de-
scribed in the section devoted to ion mobility on NaCl. It was
shown that ions present on the surface of mica become in-
creasingly mobile by water adsorption. None of these effects
was observed when a complete SAM was formed on mica.
There are two possible explanations for this. One is that the
molecular film is impermeable and that water cannot adsorb to
or penetrate the mica interface. Another possibility is that water
does penetrate the alkylsilane film but ionic mobility is sup-
pressed at the interface. The contact potential of a complete
SAM film does not change with humidity, as opposed to what
is found when water adsorbs on mica. This finding seems to
indicate that the molecular film is impermeable.

For partial alkylsilane films a contrast reversal in SPFM im-
ages was found near 40% RH (Figure 10). SPFM, as discussed
above, contains both topographic and polarizability (dielectric
constant) information. The ion mobility on mica can explain this
observation: above 40% RH the ionic mobility is high enough in
the uncovered mica regions for them to behave as good ionic
conductors increasing the electrostatic force there. On the oth-
er hand, the regions protected by alkylsilane islands remain in-
sulating, and the electrostatic force is low.

The contact potential difference between silane islands and
the surrounding mica is negative below 40% RH but decreases
and becomes zero near 50% RH. After that the silane-covered
regions become more positive than mica, with contrast reach-
ing a maximum near 80% RH. This effect is primarily due to
water adsorption on the mica regions, which causes the local
surface potential to become increasingly negative due to the
average orientation of the water molecule dipoles while nothing
changes on the silane islands. On completion of the monolay-
er, near 80% RH, the potential shift saturates. The decrease in
potential beyond this point is due to the growth of water multi-
layers, since the dipole orientation for multilayers generally
points up, as already discussed in above.

An important finding is the observation of edge effects, visi-
ble in both SPFM and KPM images (see Figure 10). This pro-
vides some insight into water penetration under silane islands.
Although water cannot penetrate through dense, well-packed
silane film regions, it does penetrate to a limited extent at the
edges of islands and near defects, where packing may be less

SPFM KPM
RH=11%
RH = 32%
RH =41%
RH = 60%
RH = 85%

Figure 10. Series of SPFM and KPM images of hexadecylsilane islands
on mica as a function of humidity. Note the contrast reversal in the
SPFM images of the large island, from positive to negative, between
30% and 40% RH due to ion mobility on mica. At high humidity an
edge effect can be observed in the Kelvin probe images of the large is-
land. (Adapted from Ref. [36]).
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Figure 11. Schematic model of the water-silane monolayer interaction on a mica substrate. The negative contrast of the island relative to mica in this
model is due to the displacement of the K ions by the molecules. The inserted water molecules around the island edge, with their dipole oriented

downward, further decrease the surface potential. (Adapted from Ref. [36]).

than optimal. Bonding of the alkylsilane molecules to mica is
only electrostatic and it would be easy for water molecules to
penetrate between the molecule and the mica surface. Forma-
tion of H-bonded mica-water-silanol complexes, as shown in
the schematic of Figure 11, may be responsible for the more
negative contact potential of island borders relative to the is-
land interior.

Water nanostructures on surfaces
(Water nanodroplets)

It is well known that when macroscopic liquid droplets form on
a flat surface they adopt spherical cap shapes with a contact
angle 0. The contact angle is determined from the surface en-
ergies and the interaction forces between the liquid-solid inter-
faces. These forces will determine the wetting of the surface. In
macroscopic droplets the dominant interactions are Van der
Waals forces, present in every system but only dominant in non
polar and inert atoms and molecules, and double layer forces
originating from electrostatic and entropic interactions when
surfaces become charged due to dissociation of surface ionic
groups or adsorption of ions or dipoles from solution [37]. The
latter is usually the dominant interaction for surfaces exposed
to polar liquids like water. These phenomena have been stud-
ied for many years and contact angle measurements of drop-
lets on the surface have been performed extensively.

There are other forces that come into play when the dimen-
sions of the liquid film and droplets are in the nanometer range.
In that case the size of the liquid molecules becomes an impor-
tant factor. Short range oscillatory forces arise because the lig-
uid molecules feel the presence of the walls of the substrate
that forces them to form a layered structure near the interface.
These forces are called structural or solvation forces and they
decay exponentially with distance [37]. In water, solvation forc-

es are due not simply to molecular size effect but also, and
most importantly, to the directional nature of the H-bonds be-
tween water molecules. These forces can be attractive or hy-
drophobic and repulsive or hydrophilic. They arise from the dis-
ruption or modification of the hydrogen-bonding water by the
surfaces.

Other forces can also arise as a result of elastic strain of the
growing film, which can be due to a surface ordering in the first
few layers that reverts to the bulk liquid structure at larger dis-
tances. This elastic energy is stored in intermolecular distances
and orientations that are stretched or compressed from the
bulk values by the influence of the substrate at short distances.
Similar phenomena are well known to occur in the growth of
epitaxial layers in metals and semiconductors.

As we discussed earlier, in ambient conditions water films or
droplets on a surface are of dimensions in the order of nanom-
eters. It is therefore important to study the contact angle of
droplets and film edges of submicrometer dimensions in order
to understand wetting in these conditions.

Aqueous KOH solution droplets have been investigated on
mica [38] and highly oriented pyrolytic graphite (HOPG) [39] us-
ing SPFM. These are model surfaces known to be hydrophilic
and hydrophobic, respectively, and easy to prepare with large
atomically flat terraces. The contact angle of the droplets was
measured as a function of droplet height. They found a clear
deviation from the macroscopic contact angle as the dimen-
sion of the droplet reduces due to the different role of solvation
forces for small droplets, see figure 12.

On HOPG, the hydrophobic forces, which are attractive and
exponentially dependent on the distances, clearly dominate.
Therefore contact angle increases with droplet height. On mica
the dependence of the contact angle on droplet height was
much weaker than on graphite as expected from a surface with
a weak hydrophobic interaction. Surprisingly contact angle still
increases with droplet height, indicating the domination of hy-
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Figure 12. Top: SPFM image of droplets of an aqueous KOH solution
deposited on an HOPG surface. Note that droplets preferentially attach
to steps on the graphite surface. Bottom: Effective contact angle of the
aqueous KOH droplets on HOPG and mica as a function of droplet
height. (Adapted from Ref. [38] and Ref. [39].)

drophobic interactions for droplets of nanometer dimensions
on a surface that at macroscopic level is considered hy-
drophilic.

Water nanodroplets (WNDs) can be also imaged with AFM
by fixing them in nanobeakers [40]. Figure 13 shows the topog-
raphy (a) and phase (b) images of a WND confined on a mo-
lecular nanobeaker. Water can be reversibly introduced into or
removed from the nanobeakers by modifying RH, creating or
destroying WND. In the image, the WND height is ca. 35 nm.
Note the well-defined phase contrast defining the location of
water in the line profile in Figure 13(b).

Taking advantage of the confinement of WNDs in nanobeak-
ers, the exploration of their mechanical behavior becomes pos-
sible. WNDs behave like Hookean springs exhibiting force con-

(b)

Figure 13. Tapping mode AFM image [1.0 ym x 1.0 pm] of a WND
confined in a nanobeaker measured at RH ~ 50%: (a) topography and
(b) phase. (Adapted from Ref. [40]).

stants close to 1 Nm™', when forces in the nN range are applied
to them with the tip of a cantilever. This value is significantly
larger than the well-known surface tension value of 0.073 Nm~
', an increase essentially due to the nanometric length scale
involved. The increase in the surface tension of water with the
reduction of the length scale has been experimentally evi-
denced i.e., by grazing-incidence X-ray scattering measure-
ments using synchrotron radiation [41].

From the 1 Nm™" force constant value an associated fre-
quency for the WND of ca. 1 THz is obtained, which is in the
spectral range where the collective modes of confined liquids
are most evident [42]. In the example shown here, the contribu-
tions of both surface shape and internal compressional oscilla-
tions are involved. Hence, AFM force measurements can give
an estimation of the weighted distribution of the collective
modes of vibration of confined liquids. It is still unclear whether
water molecules might promote a hydrogen-bond network at
the nanodroplet-air interface generating an ice-like structure,
as suggested for water films on mica [43].

Summary

Scanning Probe Microscopies have led to a new approach to
the study of water fims and droplets on surfaces. Our under-
standing of the structure of water films in the nanometer range
of thickness has advanced considerably over the last few years
due to the intensive application of these experimental tech-
niques. We have seen how STM at low temperatures has been
used to study water adsorption on metals at low coverages.
Using this technique it is possible to investigate the structure of
the first water monolayer from the smallest clusters, dimers
and trimers, to the basic structure for the formation of a monol-
ayer, the hexamer. Different factors determine the structure of
the water monolayer: the strength of the H-bonds between
water molecules and the bonds between water molecules and
the metal substrate, the mismatch between O-O distances in
H-bonded water molecules and lattice constant of the metal
and the possible dissociation of the water molecules. All inter-
actions being in the same order, the effect of surface defects or
the interaction with adsorbates may result in very different wa-
ter structures. For example, studies of the adsorption of water
on Ru(0001) show how important water clustering is for its dis-
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sociation, and how the interaction with adsorbates such as C
or O can enhance or completely inhibit dissociation.

At ambient temperatures we have seen how SPFM can be a
powerful tool that makes it possible not only to image liquids on
surfaces with a minimum perturbation of the films and droplets
but also to obtain dielectric and contact potential information
on the surface. SPFM has been used to study how the struc-
ture on the adsorbed water film imposed by the substrate ex-
tends beyond the water monolayer. On mica an ice-like film in
epitaxial relationship with the mica surface has been observed
up to the second monolayer of adsorbed water. In multilayer
films the water molecules showed a highly oriented structure
induced by the substrate.

The dielectric and contact potential information that can be
obtained from SPFM experiments have been used to study
chemical processes induced by water on the surface such as
ion mobility or the formation of charges and dipoles, which are
extremely important in chemical reactions that take place with-
in the adsorbed water film. Studies of water adsorption on
NaCl suggested a preferential solvation of the Cl ion at low hu-
midity. These phenomena may be the clue to understanding
atmospheric chemical reactions that take place within the wa-
ter film on sea salt crystals.

From the technological point of view these techniques are
used to study the wetting properties of nanofabricated devices
where one of the main contributions to friction is due to capillarity
phenomena. We have seen how SPFM has been used to inves-
tigate the quality of SAMs as a hydrophobic coating of surfaces
to avoid adsorption of water. Although a complete layer has
been tested as a good hydrophobic coating, water has been
observed to penetrate through defects in a complete monolayer.

Finally we have seen that structural forces within the liquid
become a crucial factor in the wetting of the surface when the
droplets are in the nanometer range, showing different proper-
ties than those found in macroscopic droplets.
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