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Contents exist that cover extensively the large body of literature
published prior to 20022 Updates and extensions of these

1. Introduction _ . 1478 reviews are found in this issue of Chemical Reviews, which
2. Structure of Water Films at Cryogenic 1479 contains papers covering various aspects of water interfaces
Temperatures with vacuum, air, or other materials. In this chapter, we
2.1. Water Layers on Metals 1479 review recent studies on the structure and growth of water
2.1.1. From Single Molecules to Clusters 1479 films at interfaces, covering approximately a period of 5

2.1.2. Structure of the Water Monolayer 1484 years. When necessary, we also report on older studies that
2.1.3. Thin Water Films 1489 have particular relevance to the topics being discussed, at
2.1.4. Coadsorption with Other Adsorbates 1491 the price of an unavoidable overlap with previous reviews.
2.2. Nonmetallic Surfaces 1493 With a few exceptions, we limit this review to studies on
221 Metal Oxides 1493 well-defined surfaces, mostly single crystalline interfaces
2.2.2. MgO(100) 1494 were the microscopic mechanism of water adsorption could
223, NaCl(100) 1494 be more easily modeled. We concentrate in particular on
224 Self-Assembled Monolayers (SAM) 1495 studies dealing with the structure of the first few layers of

water because it is these layers that probably determine most

3. Structure of Water Films at Ambient Conditions 1495 of the interfacial properties. We use the word “probably”

3.1. Monolayers on Mica 1496 deliberately, to indicate that it is not yet well-understood what
3.2. Thin Films on Mica 1497 is the role of the second, third, and subsequent layers in
3.3. Alkali Halides 1498 determining and modifying the structure of the first one. Such
3.4. Other Substrates 1500 a strong influence of the layers beyond the first is perhaps
4, Water/Vapor Interface 1501 not surprising when one considers that the wateater
5. Confined Water 1501 interaction through H-bonds is quite strong, comparable, or
5.1. Water Confined between Flat Mica Surfaces 1501 greater than that of the watesubstrate interaction. Unfor-
5.2. Studies of the Layering Structure of Water 1502 tunately, molecular scale studies encompassing more than
Using AFM just one or two layers are not abundant. Studies using
6. Capillarity Phenomena: Water Bridges and 1504 scanning probe methods have the promise of changing this,
Necks and for this reason, we devote particular attention to them.
6.1. Effect of Electric Fields in the Formation of 1504 We will also mention studies using other surface sensitive
Water Necks techniques, including core level spectroscopies such as X-ray
7. Conclusions 1506 photoelectron spectroscopy (XPS), X-ray absorption spec-
8. Acknowledgments 1507 troscopy (XAS), and X.—ray emissiqn spectroscopy (XES).
9. References 1507 Vibrational spectroscopies such as infrared reflection absorp-

tion spectroscopy (IRAS), Raman, and sum frequency
generation (SFG) have also provided a very substantial

1. Introduction amount of information. Among the crystallographic tech-
) ) ~nigques, we mention low energy electron diffraction (LEED),

The structure of water at the interface with other materials X-ray grazing diffraction, and a few others. We defer,

is thought to determine their wetting properties and underlies however, the more detailed accounts using these techniques
the vast array of phenomena known under the names oftg other articles published in this special issue.
hydrophobicity and hydrophillicity, which describe the  \ye start by reviewing studies of isolated water molecules
interaction between objects in aqueous media. These pheyn metals at low temperature, in particular, their diffusion
nomena are crucial in biology and in materials sciences. It 53ng aggregation to form clusters, monolayers, and multi-
is therefore not surprising that the study of interfacial water |ayers. In contrast to the situation of monolayer films, there
structure continues to be a subject of great interest and thats'mych less structural and spectroscopic information avail-
numerous studies are devoted to it. Several excellent reviews,p|e for multilayer films. We will then focus on studies under
ambient conditions, on materials such as mica, alkali halides,
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e-mail. saimeron@stmIbl.gov. occurring when water condenses in narrow gaps between
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* Chemical Sciences Division. surfaces, where capillary effects are very important.
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Studies of the adsorption of single water molecules require taught at the University of Barcelona in Spain, at the Universidad Autonoma
low temperature and low coverage. This is necessary to limit de Madrid in Spain, and at the University of California at Berkeley.
the aggregation of the molecules into clusters as a result of
the high diffusivity of single molecules. Once water mol- Monomers and small clusters, from dimers to hexamers,
ecules collide with each other, they can form strong H-bonds, have been proposed to exist on metal surfaces, based on
which are comparable in strength to the watsubstrate results of experiments using vibrational spectroscopies.
bonds. Although these techniques are in general capable of identify-
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Figure 1. Most favorable adsorption configuration of a water
molecule on an on-top position. The molecular plane lays nearly
parallel to the surface for Rd11}, P{111}, Ru{000%, Rh{111},
Ni{113, Cu{111}, Ag{111}, Au{111}, and Ak111}. (Reprinted
with permission from ref 3 (http:/link.aps.org/abstract/PRL/v90/
p216102). Copyright 2003 by the American Physical Society.)

ing the presence of monomeric water and small water
clusters, it is difficult from such data alone to conclusively
deduce the aggregation state of the molecules because the
techniques average over large areas of the surface, whic
are likely to contain a variety of cluster sizes as well as
surface steps and defects that strongly determine the adsor
tion properties. It was not until the advent of scanning
tunneling microscopy (STM) that water monomers and their Figure 2. Trajectory of the STM tip as it tracks a water molecule
diffusion and aggregation could be reliably studied on metal in its random walk on Pd(111) at 52 K. A model of the Pd lattice
surfaces. is shown for reference. (Reprinted with permission fr6eience
The energetics of adsorption of water monomers on (NP:/www.aaas.org), ref 8. Copyright 2002 AAAS.)
different (111) metal surfaces has been studied theoreticallyformed structures were dimers, cyclic trimers, and cyclic
by Michaelides et al.using density functional theory (DFT). hexamers. The diffusion and clustering of monomers was
The authors found that, in general, the favored adsorptioninduced by the excitation of vibrational modes of the
site of the monomer is on top of the metal atoms, where the molecule by the tunneling electrohSingle water molecules
O lone pair orbital hybridizes with metal orbitals to form a on Pd(111) were studied by Mitsui et®between 40 and
covalent bond. The optimal geometry is one where the plane52 K. The molecules showed up as protrusions in the STM
of the water molecule lays nearly parallel to the surface, asimages with heights varying from 0.5 to 1.0 A, depending
shown in Figure 1. The adsorption energies were found to on tunneling conditions and tip structure. Because of the very
vary from 0.1 to 0.4 eV, which is on the order of the energy low energy barrier for rotation around the O-atom0(02
of a hydrogen bond~0.25 eV). The adsorption energy eV), even at 40 K the protrusion due to the water molecule
depends on the metal and was found to be ranked in thein the STM image appears symmetric. The determination of
order Au< Ag < Cu < Pd < Pt < Ru < Rh, which reflects the binding site is not trivial due to the strong interaction
the strength of the oxygermetal bond. The intramolecular between the tip and the molecule under the tunneling
bond angles and bond lengths of the water molecule wereconditions needed to resolve the Pd atoms. Despite this, by
found to be only slightly perturbed as compared to the gas- alternating low gap and high gap tunneling conditions, the
phase values by the interaction with the surface. Similar authors could image the Pd lattice around a molecule in one
results have been obtained by Meng et al. their DFT single image. They concluded that the adsorption site is over
studies of monomers and clusters on metal surfaces.a Pd atom, as predicted theoretic&lly.
Michaelides et al. also found that, when the water molecule  The diffusion of single water molecules on Pd(111) was
is laterally displaced from the top site by upt®.3 A on studied by Mitsui et af. by analyzing movies made of
Ru, Pt, and Ag, the binding energy changes only~02 consecutive STM images. The authors also used a tracking
eV. This can explain the stability of small clusters observed method where the position of the tip was recorded as it
by STM on Pd, Ag, and Cu despite apparent mismatchesfollowed a diffusing molecule. In this manner, the random
between substrate lattice constants anel(Dseparation in ~ walk path of the molecules was captured and shown to
the H-bonded molecules. Changes in azimuthal orientation proceed via single jumps to nearest neighbor sites of the Pd-
of the molecule gave similar small adsorption energy (111) substrate, as illustrated in Figure 2. The movie method
differences of~0.02 eV, suggesting that adsorbed water will was used in the lower range of temperatures studied, where
be randomly oriented on the surface at temperatures abovehe diffusion was slow, while the tracking method was used
a few degrees Kelvin. The weak dependence of the bindingin the higher temperature range, when the molecular hopping
energy on these two parameters implies that monomers inrate was too high for imaging. By performing experiments
adjacent top sites can easily reorient to form dimers. In this at different temperatures and by plotting the molecular
manner, even if an orientation may not be energetically the hopping frequency versusTlthe diffusion parameters were
most favorable for each monomer separately, it might still determined. The activation energy was found to be 126 meV
lead to a stable cluster because of the gain from H-bond and the frequency factor 28-°¢Hz. In addition to thermally
formation. excited diffusion, it is possible to excite translational motions
K. Morgenstern and Riedegt were first to image water  of the molecules by excitation of specific internal modes,
monomers adsorbed on Cu(111) using STM. Their experi- similar to the observations mentioned previously for Cu-
ments were performed at a temperature of 16 K. They found (111). Fomin et af.showed that when the tunneling electrons
that the monomers were easily perturbed by the tip, causinghave an energy equal to or above that of the quantum of
them to move and form clusters. The smallest of the newly bending mode (200 meV forJ@), the diffusion rate of water
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Figure 3. STM images of water molecules and clusters on Cu(111). A line scan is shown on the right for the monomer in (a). A hexamer
cluster is shown in (b). Line scans through the marked points are shown on the right. The inset shows the Cu lattice with a symmetric cyclic
hexamer in on-top adsorption sites. Hydrogen atoms are black, and oxygen atoms are white; mote@udes Hydrogen bonded to
molecules +3. (Reprinted with permission from ref 5. Copyright 2002 American Institute of Physics.)

on Pd(111) increases substantially. FaODthe threshold  were observed that could be assigned to modes of the dimers
energy of the tunneling electron to promote molecular hops and hexamers. On Ru(0001), monomers were also found to
shifted to 150 meV, as expected from the isotope effect. The be present. In contrast, Ogasawara éf &und that on Pt-
authors proposed a model where the near horizontal geometry(111) at 25 K, the spectra showed features that were
of the molecular plane favors coupling of the bending and associated to vibrational modes of monomeric water and
horizontal motions of the molecule, effectively lowering the dimers. When the surface was annealed to 40 K, the spectra
barrier for thermal excitation of the frustrated translation showed an increase in the amount of monomers and a
mode. decrease in that of dimers, indicating that a certain number
A widely used spectroscopic technique to study water of dimers dissociate to monomers. Yamamoto €t alked
adsorption on metals is IRAS. In these studies, several IRAS to study water adsorption on Rh(111). At 20 K, they
features of the spectra of water on metals at low temperaturefound that at 0.03 ML coverage, water molecules existed as
and low coverage are associated to vibrational modes inmonomers, as dimers around 0.13 ML, and as small clusters
different cluster configurations. Ito and co-workers have used of unspecified numbers of molecules at 0.3 ML. Upon
IRAS to study BO on Pt(111)}° Ru(0001)}%12 Ni(111) 13 heating the surface with 0.13 ML, the monomers and dimers
and Cu(111}* The spectrum on Pt(111) at 20 K was migrated and aggregated to form larger clusters and 2-D
associated to water dimers at a coverage of 0.01 ML. Whenislands. From the temperature dependence of the OD
the coverage was increased to 0.2 ML, the spectral featuresstretching peaks, the authors could distinguish between water
changed and were associated to water tetramers. Annealingnolecules inside 2-D islands and those at the edge of the
converted the dimers and tetramers formed at 20 K into islands. They concluded that at 20 K, the number of water
hexamers, until finally, at 130 K, an ice monolayer was molecules at the edge of the 2-D islands is comparable to
formed. These results are in line with recent studies of the that of those inside the 2-D islands. By comparing their
initial stages of water adsorption on Pt(111) by Daschbach results with those of Nakamura et al., they found that the
et al. using He scatterin§.By monitoring the evolution of  relative number of water molecules at the edge as compared
the specular peak intensity, they observed changes at 60 Kto those in the interior of the islands was larger on Ru(0001)
that were interpreted as a transition from isolated moleculesand Rh(111) than on Ni(111) and Pt(111), which indicates
to islands. that the average cluster size on Ni(111) and Pt(111) is larger
On Ru(0001), the features of the spectra at 20 K and atthan on Ru(0001) and Rh(111). The authors concluded from
low coverage €0.4 ML) were interpreted as due to mono- this finding that on Ru(0001) and Rh(111), water migration
mers, dimers, and tetramers, with a dominance of monomers.s hindered as compared to that on Pt(111) and Ni(111).
The dominance of the monomeric species was attributed toThese spectroscopic results illustrate the general finding that
a large barrier for diffusion. The authors found that the some cluster sizes occur in higher proportions than others,
molecules began to dissociate into OH and O at temperaturesan indication that their structures are particularly stable.
above 170 K, a subject that we review in more detail below. Using STM some cluster structures have been observed.
In more recent work, Nakamura et al. reexamined the spectraFor example, K. Morgenstern and Rietleave studied water
measured on Pt(111), Ni(111), and Ru(0001), comparing clustering on Cu(111). Figure 3 shows several water ag-
them to the spectra on Cu(111) and to DFT calculatiéns. gregates: monomers in (a) and other clusters in (a) and (b).
They found that for similar conditions, 25 K and).3 ML The aggregation of water molecules into clusters on
coverage, four adsorption bands in the OD stretching region Pd(111) was studied by Mitsui et&llhe authors found that
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dimers, they compared the results with that of a hypothetical
system where the Ru lattice constant was shortened by 7%
without changing the interaction strength between water
molecules and Ru atoms. This hypothetical system has a
larger mismatch between-@D distances in the dimer and
the lattice of the metal surface. They found a reduction of
the activation energy and an increase of the hopping rate of
dimers when the lattice was shortened. Although in line with
the interpretation of Mitsui et al., this interpretation is at odds
with the theoretical findings of Michaelides et al., described
previously, where only small changes in the binding energy
were found from small geometrical deviations in adsorption
site or bond angles. This grot¥pproposed a different
mechanism for dimer diffusion on Pd(111). They used
density functional theory to determine the geometry of the
dimer, which was found to be asymmetric, with a surface
bound donor molecule (via the O lone pair orbital) and an
acceptor molecule adsorbed 0.5 A farther away from the
surface, so that it forms no direct bonds with the surface.
This geometry allows the dimer to rotate nearly freely around
the axis centered at the donor molecule as shown in Figure
5. The calculations show that if the pair moves as a rigid
entity, with the donor molecule hopping from site to site,
the activation energy is similar to that of the monomer, which
is contrary to the observations. That led to the proposal of a
mechanism where the dimer changes its structure by thermal
activation to one where both molecules bind to neighboring
Pd atoms for a short time. In this intermediate position, the
water molecules can exchange the roles of donor and
acceptor by a rotation involving quantum tunneling of the
H-atoms, as illustrated schematically in Figure 5. After this
exchange, the dimer resumes its stable structure, with the
donor molecule bound to the Pd atom and the acceptor farther

Figure 4. Sequence of images showing water molecules adsorbed 2V&Y from the syrface. Th's leads to a net translat_lon Of. the
on Pd(111) at 40 K. Two monomers in panel (a) join to form a dimer by one lattice spacing. Depending on the barrier height,
dimer (b). The dimer diffuses faster than the scanning speed sothe tunneling mechanism can be much faster than mere
that the tip scans over the molecule for one line before moving to thermal diffusion when the temperature is sufficiently low.

a neighboring site and produces the streak in panel (c). The dimerClearly, more experiments are required to test this interesting
encounters a third monomer and forms a trimer (d), which diffuses e

approaching a pair of nearby monomers (e). A pentamer is formed )
by the collision in panel f. (Reprinted with permission fr&uience Adsorption of water monomers on Al(100) has been
(http://www.aaas.org), ref 8. Copyright 2002 AAAS.) theoretically studied by Michaelides et?They found that

the favored adsorption site is the top site with a binding

dimers, trimers, tetramers, and larger clusters were formed€nerdy 0f~350 meV. Water molecules were found to bind
by the successive addition of colliding molecules (Figure V€Y Weakly to bridge sites¥60 meV) and did not adsorb
4). An unexpected result of these studies was that the©n the 4-fold hollow sites. They examined the potential
mobility of the dimers, trimers, and tetramers was higher €N€rgy surface of a water molecule diffusing between top
than that of the monomers by several orders of magnitude. Sit€S through a bridge site. The energy barrier was in the
The cluster mobility decreased again to a value similar or f@nge of 307327 meV, depending on the orientation of the
smaller than that of the monomer when the clusters reachedM0lécule. It had been widely assumed that the diffusion
a size of five or more molecules. During these experiments, bamer of an adsorb_ate.can be predicted from the difference
carried out at temperatures below 60 K, no dissociation of IN @dsorption energies in the most stable and the next more
the molecules was observed. The authors proposed that thétaPle high symmetry adsorption sites. The calculated value,
large mobility of the small clusters is due to the strong NOWever, was larger than expected from this assumption and
H-bonding between molecules and to the mismatch between@PProached the binding energy value for the on-top site. A
the O-O distance in dimers and the lattice constant of barne_r CI(_)se to the binding energy will effectively suppress
Pd(111). In this model, the mismatch would prevent both the diffusion of water molecules on the surface.

molecules from forming bonds to the substrate in optimal On the (111) and (100) metal surfaces discussed above,
geometries, thus reducing the diffusion barrier of the pair. monomers were only observed at low temperature and low
Asscher et al® studied monomer and dimer diffusion on coverage. In contrast, on the (110) surface of some fcc metals
Ru(0001) using molecular dynamics (MD) simulations. Their (Cu, Pd, Ni), monomers are actually favored over clustering
simulations indicated a faster diffusion for dimers than for coverages below a monolay&For these surfaces, a c(2
monomers, similar to the findings of Mitsui et al. for Pd(111). x 2) LEED structure was found and attributed to a water
To study the effect of the mismatch between the substratebilayer!? Spitzer and Lth?* observed a c¢(X 2) pattern on
lattice constant and the @D distance on the diffusion of Cu(110) at 90 K at 0.5 ML. On the basis of ultraviolet
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As mentioned previously, a particularly stable cluster is
the cyclic hexamer, which is the basic structure in hexagonal
ice In. Hexamers were indeed found to be very stable on
metal surfaces and constitute the basic motif of the first water
layer. The structure of isolated hexamers, however, might
differ appreciably from that in icenl depending on the
strength of the watersubstrate interaction and on the
mismatch between the substrate lattice constant and the water
molecule oxygen distances. STM has been used by K. Mor-
genstern and Nieminen to study water hexamers on Ag(111)
at 70 K25-27 At this temperature, the molecules are found
to be sufficiently mobile to form large clusters on terraces.
The smallest structure found was the cyclic hexamer with
the molecules adsorbed on the top positions. The Ag(111)
lattice constant is 2.89 A as compared to the 2.75 A
distance in crystalline ice bt 90 K (i.e., a lattice mismatch
of ~5%). Despite this, the hexamers showed a perfect
accommodation to the silver lattice constant, indicating
considerable stretching of the H-bonds as compared to
hydrogen bonds in ica.l The same group also observed a
cyclic hexamer on Cu(111) at 16 KSince the distance
between Cu atoms is 2.54 A, the water hexamers have a
larger mismatch here, leading to a8% compression (as
compared to the ©0 distances iny) if they would fit
exactly to the copper lattice. The hexamers deviate consider-
ably 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 alternating
as in the ice bilayer (see Figure 3). In the competition
between ideal hydrogen-bond lengths and favorable on-top
positions, it appears that none of them clearly dominates.
This leads to the formation of hexagons where not all
molecules are adsorbed in identical positions, explaining the
variety of apparent heights that are observed with STM.
Another result of the experiments on Ag(111) and Cu(111)
is that stretching H-bonds in the hexamer is apparently easier

Figure 5. Proposed mechanism for the diffusion of water dimers than compressing them.
on Pd(111). Only the donor molecule forms a strong bond with A recent study by Mitsui et &has produced results that

the Pd atoms. The acceptor molecule is bound to the donor throughshed more light on the growth of water structures on Pd-
a H-bond. Panels a and b illustrate the nearly free rotation of the
acceptor molecule; panel ¢ corresponds to the intermediate state(lll)' The authors found that at coverages below one

where a wagging motion brings the acceptor down so that both monolayer and temperatures below 130 K, the aggregation
water molecules are at a similar height above the surface. In this Of water leads to the formation of hexagonal honeycomb

configuration, they undergo a donreacceptor rotation by H-  structures in registry with the Pd(111) substrate. Interestingly,
tunneling (d and e). After this, the roles of donor and acceptor are the lateral growth of these clusters is limited to a few unit
exchanged. From panels e to f, the dimer restores its equilibrium ce|ls, as shown in Figure 6. The addition of more water to

geometry with the acceptor lifted above the substrate, which results ; ;
in a net translation by one latlice spacing. (Reprinted with the surface either leads to the nucleation of more clusters

permission from ref 19 (http://link.aps.org/abstract/PRL/92/ With similar sizes or produced second layer structures. The
p136104). Copyright 2004 by the American Physical Society.) ~STM images indicate a constant tunneling probability on each
corner of the hexagonal cell where water is located, except
photoelectron spectroscopy (UPS) data, they concluded tha@t the periphery of the islands. This observation was
there was no H-bonding between water molecules on theinterpreted as indicating that the water molecules are in the
surface. Water clusters on Pd(110) have been recentlysame chemical and geometrical state inside the cluster, in
investigated by Komeda et al. using STM. At 4.7 K and low agreement with the IRAS results on the (111) surfaces of
coverage, clusters of three different sizes were obséded. Pt, Rh, Ni, and RY that showed just two different kinds of
The smallest size was attributed to monomers, althoughwater molecules for clusters on these surfaces, one inside
dimers could not be excluded since the protrusion in the and the other at the edge of the cluster. It excludes, therefore,
images was elongated in the [110] direction. As the amount any model where alternating molecules are at different
of water on the surface was increased, larger clusters wereheights over the Pd atoms or have a different H-bonding
found forming local c(2x 2) structures. These ordered structure, except for those at the cluster periphery. On the
structures were identical to the previously reported structure basis of these results, Mitsui et al. proposed a model where
of water on Pd(110) based on LEEFDand HREELS* the molecules are nearly coplanar and use all their H-atoms
Komeda et al. therefore concluded that the largest clustersto form bonds with neighboring molecules, while bonding
correspond to water tetramers. No diffusion of the clusters to the substrate through the lone pair orbitals. This model
was observed at this temperature. implies necessarily that the cluster size must be limited to a
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clusters, the energies for the three peripheral geometries
(H-up, H-down, and OH) were too close in value to decide
which model was most likely. The answer was found by a
comparison of the calculated STM images for each config-
uration with the experimental one. As shown in Figure 7,
only the model with peripheral molecules with a H-down
configuration (Figure 7b) produced STM images that closely
matched the experiments.

Mitsui et al. also found that the structures discussed
previously are metastable: when the sample was heated to
130 K, the structure of the water layer changed considerably.
Extended hexagonal networks were produced, which neces-
sarily imply a different binding of water inside the clusters,
with alternating molecules having dangling H-atoms pointing
up, or down toward the Pd substrate (similar to the case of
Pt(111), which we will discuss next), or perhaps dissociated
to OH and H. In addition, water molecules were found to
form second layer structures that were not observed for the
clusters at lower temperaturés.

2.1.2. Structure of the Water Monolayer

Figure 6. (175A x 175 A) STM image of BO clusters on Pd(111) As the water coverage on the surface increases, the clusters
at 100 K. The growth of the hexagonal honeycomb clusters is merge into extended structures, eventually forming a mono-
Iimite_d to a few unit cells in one direction. (Reprinted with layer, followed by flat multilayers (wetting case), or by 3-D
permission from ref 28 (http://link.aps.org/abstract/PRLV93/ ig|gnds (nonwetting case). Whether the water will wet the
p116101). Copyright 2004 by the American Physical Society.) ¢, face depends on the relative strength of the waterter

few cells since in two dimensions only a finite number of interaction in a layer and across layers. The structure of the
molecules can be fully H-bonded (double donors, smgle first water layer has received considerable attention recently.
acceptor, and a fourth bond to the substrate). It is the It can be formed readily at low temperatures160 K) in
peripheral molecules that contain the unsaturated bondsultrahigh vacuum and studied with a number of surface
either dangling H-atoms sticking out toward the vacuum, or science technigues. In the case of multilayers, however, the
directed to the Pd underneath, or perhaps with the H- bondmsulatlng nature of water hinders the application of some
broken to form OH. DFT calculations were carried out to surface science techniques (e.g., STM) to their study.
determine which of these three possibilities is more st&ble.  The first structural study of a water layer on a metal using
Although the optimized geometries did all produce flat, STM was performed by M. Morgenstern et 3! who
undissociated, and fully H-bonded molecules inside the investigated the growth of water on Pt(111) between 120
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Figure 7. D,O clusters on Pd(111) at 100 K. (a) Experimental STM images of a rosette structure made of seven hexagons. (b and c) STM
topographic image simulations for two different DFT-optimized models of the rosette structure. In panel b, the edge water molecules have
a H-down configuration. In panel c, alternating molecules are dissociated to OH (a similar simulated image was obtained from an H-up
configuration). Clearly, panel b matches much better with the experimental image in panel a. (d) DFT optimized structure of panel b. White
circles are O-atoms, and dark circles are H-atoms. Dark circles inside white circles are dangling H-atoms below the O-atoms (down
configuration). Panels'ad show the results for a larger structure. Again, the STM images can be reproduced only with edge molecules
with dangling H-atoms pointing toward the surface. (Each part of Figure 7 is reprinted with permission from ref 28 (http://link.aps.org/
abstract/PRL/v93/p116101). Copyright 2004 by the American Physical Society.)
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crystallographic orientation of the step edge:{a0G steps,
continuous 1-D chains were found, while il 1} -oriented
steps, such chains were only found near kink sites, with the

| <110>/{ 111} S ' chain lengths depending on the spacing between kinks along
' .\’ the steps. The authors explained these observations based
= ) ' on the Smoluchowski effeét. According to this effect, the
. ] finite Fermi screening length of conduction electrons rounds

off the sharp geometry of the positive atomic cores in the
steps and produces an electrical dipole with the positive end
at the top edge and the negative pole at the base of the step.
: This leads to an enhancement of the water binding energy
Figure 8. STM images of the Pt(111) surface after adsorption of at the top of the steps relative to the terraces. The authors
water. The orientation of the monatomic steps of the hexagonal commented that the dipole due to the Smoluchowski effect
vacancy islands are labeled in panels a and b. A 2-D water layerwas 20% greater on tHe0G steps than on thgl11} steps,
can be observed growing at the lower terraces inside the hexagonakycept at the kinks, which explains the observed preferential

vacancy islands. Chain-like structures of adsorbed water mOIECUIeSadsorption The 2-D water islands formed on the lower side

can also be observed at the upper side of the monatomic steps. f the st d d th ti f hen th
(Reprinted with permission from ref 30 (http://link.aps.org/abstracty O' (€ SIEPS grew and covered the entre surface when the

PRLA/77/p703). Copyright 1996 by the American Physical Society.) coverage increased.

Depending on the preparation conditions (temperature and
and 145 K. They found that water adsorbs preferentially at water vapor exposure), M. Morgenstern et al. found three
the top and bottom of the step edges (Figure 8). At the lower different structures (which they named I, lla, and llb) for
side of the edges, 2-D ice-like patches were observed, whilethe water monolayer that differed in molecular density. STM
on the upper side, quasi-1-D chains were formed. The images of the three phases are shown in Figure 9. The densest
morphology of these chains was found to depend on the phase (Phase |) showed a hexagonal pattern with a period

Phase 1

| <110=

Phase Ila Phase IIb

<110=

Figure 9. STM images showing different phases of the water layer on Pt(111). The white lines indicate the close packed directions of each
domain in each phase. Phase | (top left): hexagonal superstructure. Two different orientations can be observed. Inset: Detail & the Moire
pattern. Phase | (top right): hexagonal ice rings. The hexagon drawn indicates one ice ring. The vertexes of the hexagon appear as bright
and dark spots alternatively. This corresponds to the two different configurations of the water molecules in the ice ring. Phase lla: only one
orientation is observed. Phase IIb: two different orientations of the superstructure hexagonal domains. Note that they are different from
those in Phase I. Inset: expanded images show molecular scale details. (Each part of Figure 9 is reprinted with permission from ref 31.
Copyright 1997 Oldenbourg Wissenschuftsverlag.)
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of 18.1+ 0.2 A. It was interpreted as a Moesuperstructure  electron diffraction (LEED) observations of &8 x +/3)-
formed by an ice layer made of hexagonal rings with 4.56 R30° structurel?3%>36|t had been commonly accepted that
+ 0.13 A spacing over the Pt(111) lattice. The ice lattice is the hydrogen atoms that are not part of a H-bond were
rotated by 7 relative to the[112Isubstrate direction (i.e.,  pointing up perpendicular to the surface, in what is called
the /3 direction), and its unit cell is smaller than the 4.81 the H-up configuration. Figure 10a shows a schematic
A Pt(111)+/3 x +/3 unit cell. Two different domains of the  representation of this ice-like bilayer. The first STM studies
hexagonal superstructure rotated by t4th respectto each  of monolayers on Pt(11£§,Ag(111)2°> and Cu(111) were
other were found in the images. The hexagonal ice rings also interpreted following this model.

contain only three protrusions in the STM images (instead  The ice bilayer model was challenged by experimental and
of the expected six for a hexagonal ring), which indicate theoretical work. Held and MenZ&lfound by analysis of
that alternating molecules in the ring have either different | EED intensities that on Ru(0001), the O-atoms Oare
heights over the surface, as in the puckered bilayers of bulk nearly coplanar, a conclusion recently corroborated by the
ice, or a different structure than the other three. The secondsame authors using a more refined analysis of the LEED
ice layer phase observed (llb) was formed by heating phasejntensities®” The result, at odds with the puckered ice bilayer

| to 140 K in vacuum. According to the authors, this led to  model, motivated a theoretical analysis of the energetics of
the desorption of some water from the surface. Phase llbyater adsorption by FeibelmadhHe found that the binding
forms also a hexagonal superstructure, this time with a energy of the undissociated monolayer was less than the
periodicity of 15.7+ 0.5 A. Higher resolution images showed  energy formation of bulk ice, which means that the mono-
that this superstructure consists of two different regions: jayer should not be stable and therefore de-wet the surface
hexagonal rings with side lengths of 4.8 A oriented parallel to form 3-D ice crystals. This led Feibelman to propose a
to the Pt(111)/3 x +/3 unit cell direction and other regions  ifferent model where alternating water molecules (those not
where no molecular ordering was visible. The third, Phase attached to the substrate in the original ice-like bilayer)
lla, was formed by warming the Ilb phase to 147 K while dissociate into OH and H, with the O in the OH groups
adding some water to the surface. Phase lla shows also &onding covalently to the metal and forming a quasi-planar
superstructure with the same periodicity of 13:0.5Aas  |ayer, as shown in Figure 10d. This model maximizes both
Phase lIb, but here, the sides of the hexagons are orientethydrogen bonding and oxygemetal interactions.

parallel to the{11G direction. Only one domain was found A different water monolayer model was proposed by
for this phase. These ordered phases could be transforme gasawara et &) based on experimental and theoretical

intp each other by.changing temperature and water exposureypg NEXAES. and XES studies of a water monolayer on
to induce adsorption, desorption, and rearrangement of the t(1i1) that wés annealed to 140 K. In this model. water

adsorbed water molecules. The presence of a disordered, o, fomg a hexagonal structure with two different molecular
region, interpreted as a 2-D liquid phase, was observed Olurlngarrangements inside the unit cell. One molecule, with its
the phase transitions. plane nearly parallel to the surface, is a double H-donor and

Monolayer ice structures on Pt(111) were also observed binds to the Pt-atoms through the O lone pair orbital. The
by Glebov et aP® using He atom scattering. These authors other molecule is a single donor with its molecular plane
found two different ice structures with different densities at roughly vertical and with a H-atom located between the O-
130 K during growth of the first monolayer. Initially, islands  and the Pt-atoms. As in the previous models, the puckering
with (v/37 x +/37)R25.3 periodicity formed at submono-  of the hexagon is much reduced as compared with that of
layer coverage, followed by a/39 x +/39)R16 structure the intact ice hexagon. This model is shown in Figure 10b.

after completion of the monolayer. The size of this unit cell Recently Mené® used ab initio molecular dynamics
is 17.5 A, close but not equal to the size of the superstructuregjmylations at 130 K to analyze the structure of the

cell in Phase | of M. Morgenstern et al. discussed previously. monolayer on Pt(111), starting with the/89 x +/39)R16
In addition, the STM phases were rotated Byifstead of  5qel of Glebov et al. In contrast to Ogasawara’s results,
16° with respect to thél12substrate direction. The origin  pe found a structure that is roughly similar to that of the
of these differences is not clear: Itis p(_)SS|bIe_ that water forms puckered ice bilayer of the icg basal plane. According to
a .vanet.y of st(uctures that differ slightly in den§|ty and his calculations, the\(39 « \/39)R16’ unit cell contains
orientation relative to the substrate and that small differences¢,r gifferent species: about 20% of the molecules are
in temperature and preparation conditions give rise 10 |ocated in a nearly flat first layer, with the O-atoms 2.23 A
different structures, all with similar energies, as already noted gp,4ve the Pt-atoms. The largest fractions of water molecules
by Glebov et al. As we will discuss in more detail soon, ahqout 66%, are located in a second layer with the oxygen
large activation energies may kinetically lock some meta- 4iomg at a distance of 3.27 A above the surface. A smaller
stable structures. We will see more d_ramatlc manifestationssraction of molecules (13.7%) are found even farther away
of these effects in the following sections. from the surface at a distance of 4.5 A. A small percentage
The growth of water layers on Pt(111) was also studied (9%) was found to dissociate to OH and® No H-atoms
by Haq et aP*at T = 135 K using LEED, RAIR, and TPD.  were found between the O- and Pt-atoms of the first layer,
In agreement with Glebov et al., they found that water formed which is in disagreement with Osagawara’s results. Meng
first an ordered hexagonal layer with @39 x +/39)R16 and Ogasawara et al. agree, however, that water does not
LEED pattern with respect to the Pt(111) surface. dissociate on Pt(111), or does so in very small amounts.

Until 2002, most experimental results of water layers on  Other DFT calculations were performed to examine the
metals were interpreted according to a model where the waterstability of intact layers with alternating molecules in the
monolayer adopts the structure of the puckered honeycombsH-up and -down configurations, as well as of half dissociated
found in the basal plane of ice. The monolayer was found  water layers on the (111) surfaces of Ni, Cu, Rh, Pd, Pt,
to be in many cases in registry with the surface lattice of and Ag and on the (0001) face of RuThe results are shown
fcc(111) and hep(0001) metals, based in part on low energyin Table 1. The stability of the half dissociated layers varies
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Figure 10. Top: top and side views of different configurations proposed for the water monolayer on Ru(0001). (a) H-up layer as in bulk
ice, (b) H-down layer, (c) transition state for dissociation, and (d) partially dissociated ®D + H mixed layer. The {/3 x +/3)R30

unit cell is shown in panel a by lines. Bottom: energy diagram (in eV) f@D lddsorption and dissociation on Ru(0001). States a, c, and

d correspond to the structures shown above. Stage e corresponds to a different dissociated overlayer with the H atom removed from the
center of the hexagon into a separate area of the surface. Panel f is the pure OH fully dissociated layer. All energies, unless indicated
otherwise, are for a(3 x +/3)R3C unit cell. (Each part of Figure 10 is reprinted with permission from ref 50. Copyright 2003 American
Chemical Society.)

Table 1 Michaelides et at! proposed that the strength of the OH-
Enps_Tor® bond with the substrate is a useful guide to predict if wetting
(eVIH,0) H-up H-down HO—-OH-H H,O—OH+ H/M will take place in the form of intact layers or mixed

Ni 042 -037 012 —062 dissociated layers. The graph in Figure 11c illustrates this
Cu -045 -0.43 —-0.07 -0.4 result. Intact layers were found to be favored on Ag and Pt
Ru —054 -0.50 —0.77 —1.00 (H-down) and on Cu (H-up), in agreement with the experi-

Rh —-0.53  -055 —0.51 —0.78 mental results. On Ru, Rh and Ni partially dissociated layers
E? :8:4512 :828 :8;%&5 :gzgg are preferred over intact ones. On Pd(111), the H-down and
Ag —046 —048 +0.26 —0.05 the partially dissociated layers are equally stable. The results

are sensitive to the final location of the chemisorbed H-atom.
flf one assumes that the H-atoms from the dissociation into
OH and H remain on the top sites inside the unit cell, then
the partially dissociated layer is more stable than the intact

considerably between substrates, whereas the stability o
intact monolayers does not. A careful analysis of the various
contributions to the total binding energy, separated into those - ; )
arising from H-bonding insidegthe I:gyer aFr)1d those arising ON€ Only on Ru(0001). Materzanini et &.using first
from bonding to the metal substrate, was performed to pr|nC|pIes_ stud!es, also found that for water on Ru(0001),
explain this interesting result. The analysis revealed that the 1€ half-dissociated structures are more stable.

largest contribution to the binding of the layer was due to ~ While there is a general agreement about the DFT results
the internal H-bonding, which accounts for780% of the discussed previously, in the experimental area the situation
total energy, while the binding to the substrate (mainly due is less clear, and a strong controversy exist on whether the
to the formation of bonds between the metal orbitals and experiments support one model or another. Denzler €t al.
the O lone pair orbital) contributes a smaller-30% of measured hydrogen desorption following thermal desorption
the total energy. Figure 11a, b shows the variation of these of water to analyze the amount of atomic hydrogen remaining
two contributions for the metals listed in Table 1, plotted as on the ruthenium surface as a function of initial water
a function of their lattice constant. Despite the smaller coverage. In these experiments, water was deposited at 140
oxygen—metal contribution to the total energy, the stability K, and then the sample was annealed to 230 K, while the
of partly dissociated overlayers can be traced back to thewater desorption was measured. Hydrogen desorption was
OH adsorption energy on each surface. Accordingly, measured in the temperature range from 230 to 550 K. For
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Partly dissociated water on Ru(0001) was also found in
XPS studies that were performed at a substrate temperature
of 105 K2 From the relative areas of the O1s peaks due to
OH and HO, the layer of water was found to contain OH

=0 B gonn and HO in a roughly 3:5 proportion. Feibelman has
o () explained this departure from the proposed 1:1 proportion
g = Ejgonn of OH and HO 3 by taking into account relaxations of the
W-0.6 i 1 U] water molecules from their exact on-top positions and by
Ni Cu RuRhPd Pt Ag]—® Exps ror introducing Bjerrum defect®. The energy cost to produce
44 46 48 50 these defects is much easier to accommodate in the adsorbed
(b) Lattice (A) monolayer than in bulk ice because the relaxations possible
0 ' ' in the monolayer produce a gain in energy that more than
Y = e EHBOND‘S’ compensates for the defect formation energy.
< . le—o E The half-dissociated model for water on Ru(0001) was
@ -4 54 TADS-PaD later disputed by Denzler et &1.0n the basis of their SFG
9 - 1 6—o E,qos_rmm results, they proposed that alternating molecules in the
ur B ] hexagonal unit cell are not dissociated but have H-atoms
T pointing toward the metal substrate, thereby formingHd-
-8 [Ni Cu RuRhPd Pt Agj metal bonds, similar to the model proposed by Ogasawara
4.4 46 48 5.0 et al. for water on Pt(11F}.This finding has found additional
< (¢) Lattice (A) support by recent XPS experiments from the same drfoup
o o ————— showing that water adsorbs nondissociatively on the surface
> 1.0 [ A0 AE1.81E, g ,+4.36 | of Ru(0001) below 150 K.
aé 0.5 - ) 1 Bilayers A TDP and RAIR study by Clay et &P of water on
L PtON ooy X <— Ru(0001) revealed that the spectra of ice layers grown below
< 0.0 | o = 145 K show OH stretch and 4@ bending modes that are
2_05 - OH <I>>z," e _z‘ el characteristic of intact molecules, although some dissociation
5 R R .. Ru1 Dissociation could not be excluded in these studies. Above 150 K, these
2-1.0 I H . . "’<I> . modes disappear, and only out of plane bending modes
= 18 22 -26 -30 remain. Both of these findings are consistent with the

formation of an intact monolayer at temperatures below 150

) ) ) N K and a partially dissociated overlayer Bt~ 150 K.
Figure 11. Total H,O adsorption energy and its decomposition ; .
into adsorbate substrate and H-bonding contributions as a function !N the preceding paragraphs, we have described a number
of the calculated substrate lattice constant for (a) H-up monolayer Of experimental and theoretical results that disagree about
and (b) HO — OH + H/M monolayer. (c) Monolayer dissociation ~ whether the water monolayer on Ru(0001) is partially
energy against OH adsorption at on-top site and H adsorption atdissociated or if it consists of intact water molecules. At the
?t-f?c:dt;]? Stes gi”ngeﬁ‘:}i”ﬁgfgﬁig%gﬁf‘éigr:ﬁo'f] j‘s'e?sgsﬂg%rde%eart of this controversy is the contention by some authtts
i , . f : -
with permissiopn from ref 41 (http://Iink.aps.org/abstract/Png/v69/ that many observations of d.ISSOCIated water struc_tures by
p113404). Copyright 2004 by the American Physical Society.) ~ -EED, XPS, and other techniques that use energetic probes
are the result of dissociation induced by the incident electron
both HO and BO, atomic hydrogen was observed to remain or X-ray beam. Andersson et &lshowed that the energy
on the surface after water desorption, indicating that dis- pathway leading to thermal dissociation of the adsorbed water
sociative adsorption is taking place at least to a small extent.on Ru(0001) lies above the energetic barrier for thermal
The equivalent of 14% of a monolayer of Mas found to desorption. This is, we believe also, the key to the current
desorb after water desorption and 0.6% of a monolayer for conundrum. The existence of large energy barriers that
D,. The different amounts of Hand D, were associated to  separate metastable water structures often precludes reaching
two possible effects: an incomplete recombination of an the thermodynamically stable state. This is exacerbated by
originally partially dissociated water structure during de- the fact that most surface science experiments are performed
sorption, with the degree of recombination differing for H at cryogenic temperatures, so that metastable structures can
and D, or a different degree of dissociation of water easily form and remain kinetically stable for long times.
molecules for the two isotopes. While this picture is Glebov et aF® have shown that water ordering on Pt(111)
compatible with the proposed half dissociated layer structure is strongly influenced by temperature and deposition rate.
for water on Ru(0001), one should be cautious in the Michaelides et at® found also very substantial activation
interpretation. For example, the initial layer that is formed barriers of ~0.5 eV for the dissociation of molecularly
at a low temperature could be undissociated, with dissociationadsorbed water to the energetically favored mixe®H-
occurring only at higher temperatures during annealing. This OH layer on Ru(0001), as shown in the schematic of Figure
would correspond to a situation where the undissociated layerl0. These energy barriers between stable and metastable
was not equilibrated to the stable half dissociated layer. A structures turn out to be comparable to the binding energy
spectroscopic analysis of the initial layer could therefore of water molecules to either the substrate or to other
show a different structure as the one deduced from the H molecules. Annealing the water films to attain thermody-
TPD experiments. Another potential pitfall in the TPD namically stable structures easily results in the desorption
experiments is the possibility of adventitious adsorption of of water from the surface. Energetic particles, electrons and
H from the background on the metal surface that would then photons, can provide the necessary energy to overcome
show up in the TPD spectrum. barriers and to dissociate the molecules. We believe that a

Exns_onm (€V)
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satisfactory understanding of the structure of the first water in vacuum of approximately 17200 K (the equilibrium
layers must come from experiments performed under equi- vapor pressure of water at the triple point is 4.58 Torr). This
librium conditions of water vapor pressure and temperature. can be accomplished by differential pumping schemes, first
There is good hope that soon this can be accomplished (e.g.introduced by H. Siegbahn et al. in the 1970RKecently,
by the use of newly developed ambient pressure photoelec-synchrotron-based ambient pressure XPS that can operate
tron spectroscopy instruments that allow one to obtain XPS at pressures above 5 Torr has been developed and used to
spectra at ambient temperatures and in equilibrium with the study the surface of ice, water, and ionic solutions in
vapor (i.e., at Torr pressures)). Ambient pressure XPS hasequilibrium with water vapor at temperatures close to and
already shown its promise in the study of ionic segregation above the melting point, thus showing the potential of this
in water droplet$? technique for the study of multilayer water and ice films
Before concluding this section, it is worth commenting under ambient conditiord:>%>4
on a paradoxical result that is apparent from Table 1. In all  Starke et at>*®used LEED to study nanometer thick water
cases, the binding energy found in DFT simulations for the fiims on Pt(111) at 140 K. To avoid charging, they used
most stable water films on metals, whether H-up, H-down, very low incident beam currents of only a few picoamperes.
or partially dissociated, is less than that of the sublimation The thickness of their films was estimated to be larger than
of bulk ice, which is 0.75 eV per molecule for a proton 1 nm based on the extinction of the Pt substrate diffraction
ordered system. Thus, except for Ru(0001), 3-D ice clustersspots. Their results show the growth of a hexagonal ice film,
should form on any other metal surface in Table 1. This exposing the basal plane of ice The LEED diffraction
remains true even if a more extensive calculation is done spots correspond to a/B x +/3)R3C periodicity with
using larger unit cells (a3 x +/3)R30 cell was used in  respect to the substrate unit cell. The diffraction spots were
the calculations giving the data in the table), where a gain quite broad, indicating that the ice film was comprised of
of about 70 meV is obtained for the binding energy. As small domains. This is an interesting finding because it
Michaelides et at* explain in their paper, the paradox should indicates that the influence of the Pt(111) substrate in
not be overstated because, while the DFT is excellent atnucleating crystallographically oriented films extends well
producing good energy values in different metals that can beyond the monolayer. A similar result was found by Glebov
then be compared to each other, this is due in part to aet al33 The high background of the LEED pattern obtained
cancellation of errors that works in the same way for each py Starke et al. implies disorder as well as high thermally
metal. Bulk ice, however, is an insulator, and the exchange- excited vibration amplitudes at the ice film surface. From
correlation contribution to the energies is very different in the dependence of the diffracted intensities on energy, and
the two systems, so that comparison of energies in metalsfrom MD simulations and total energy calculations, the

and insulators is not as reliable. authors concluded that the last molecular layer vibrates with
. ) very high amplitude, such that the Deby#aller factor
2.1.3. Thin Water Films obliterates their contribution to the diffracted beams. They

In the previous sections, we focused on studies of the interpreted this phenomenon as indicative of a surface

structure of water on metals below one monolayer. These Melting of ice®’

studies made use of powerful techniques such as LEED, In their LEED studies, Haq et &.observed that they(39
STM, XPS, and IR that provided a wealth of fundamental x +/39)R16 structure of the first water layer on Pt(111)
information. The next natural step in the study of wetting is persisted as growth proceeded to up to approximately five
to expand these studies to the growth of multilayer films. In layers at 137 K, indicating that this denser structure was
comparison with the monolayers, however, much less maintained in all the layers up to the fifth. Beyond that,
information exists on the molecular scale structure of thicker further adsorption reorients the film to form an incom-
films. This is due primarily to experimental difficulties since mensurate hexagonal structure with the characteristics of bulk
few of the techniques that so successfully provided spectro-ice, which is aligned at 30to the Pt(111) close packed
scopic or microscopy data on monolayers can operate ondirections, in agreement with the findings of Starke et al.
thick water films except, as we shall see, after special and Glebov et al. Interestingly, they observed that the
modifications of the technique. Electron spectroscopies suffertransition was irreversible so that desorption of the multi-
from the insulating nature of bulk water, which leads to layers did not restore the/39 x v/39)R16 LEED pattern.

charging of the surface. STM cannot be performed on films M. Morgenstern et &t studied the nucleation of a second
beyond two or three layers again due to conductivity ice layer on Pt(111) using STM. They found that water
problems that cause the perturbation by the tip to becomeexposure at 140 K up to & 10°° mbar vapor pressure did
too large. Infrared spectroscopy provides information on the not lead to nucleation of the second bilayer. Nucleation was
structure of the entire film, thereby averaging over the only observed for temperatures below 135 K. As mentioned
contributions from bulk and interfaces. A very valuable previously, depending on water exposure and temperature,
technique for interface studies is sum frequency generationthree different phases were found for the first layer. On Phase
because the signal is generated only in the water layers af, further exposure to 5 107 mbar at 135 K induced the
the interface with either the substrate or with the gas phase.nucleation of the second bilayer. The second layer formed a
The extreme surface selectivity of this technique, however, regular pattern of clusters adsorbed on every second corner
is also a limitation because information on the structure of of the superstructure. The authors suggested that the corners
layers beyond the one at the interface is not obtainable. in the first superstructure corresponded to water molecules
Photoelectron spectroscopies can provide information on adsorbed on hollow sites of the Pt(111) surface and that this
a few water layers beyond the first at the interface of water adsorption site in the first layer increased the nucleation
or ice, depending on the kinetic energy of the photoelectrons. probability of the second layer. The growth of the second
It can even be used to probe the water/vapor interface atwater layer was also examined on Phases lla and lIb. In both
elevated pressure, above the water desorption temperatur@hases, a regular array of clusters was formed, but only the
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clusters on Phase Ilb could be molecularly resolved. They structure. By 150 K, the effect disappeared. The issue of
consisted of five protrusions with a structure not compatible ferroelectric ice has been examined by Witek and Btich
with 1y, ice rings. by means of molecular dynamic simulations. The authors
Su et aP® studied the growth of water multilayers on Pt- assumed rigid_first monolayers, either flat or puckered as in
(111) at temperatures between 120 and 137 K using SFG.ice, with dangling bonds pointing to the vacuum. They found
The spectra showed characteristic OH stretch frequencies ofthat ferroelectric order was lost rapidly in successive layers
tetrahedrally coordinated water, in addition to the frequency (UP to four were studied), by flips of the dangling OH toward
of free OH, with the H dangling in the vacuum. The selection the interior and the formation of defects that left some of
rules for SFG require that the modes be noncentrosymmetric,the downward pointing H dangling.
a condition that is found in nonisotropic media lacking A large amount of information for water films with
inversion symmetry, and at interfaces, where the surroundingthicknesses beyond a few layers is derived from techniques
of the molecules is asymmetric. Interestingly, the authors based on desorption measurements. Films deposited on
observed that the intensity of the OH stretch mode in the substrates at low temperatures (less than 130 K) have been
tetrahedral H-bonds continued to grow as the film became shown to form an amorphous phase, named amorphous solid
thicker, which indicates that the H-network is not random water (ASW) by Kay et af® The absence of long-range order
(i.e., isotropic) but exhibits a ferroelectric order (the term is in such films is related to the limited surface mobility of the
used here to describe a net polar ordering of water moleculesmolecules at these temperatures. Although at the monolayer
in the ice filn?%). Because SFG is a second-order process, alevel ordered structures form on most metals, this order
uniform order should produce a spectral intensity that cannot be maintained indefinitely due to the accumulation
increases as the film thickness is squared. Instead, they foundf imperfections as the film grows thicker than a few
the increase to be weaker, which was interpreted as due tonanometers. The ASW film morphology depends on the
the decay of polar order in successive layers. The decaytemperature and dosing conditidiisThe amorphous water
length was found to be 30 monolayers. A similar conclusion is metastable and crystallizes, forming ice | near 160 K, in
regarding the formation of H-oriented growth induced by a transition similar in nature to that between the supercooled
the first layer was proposed by Devlin et®&F! According liquid phase and crystalline i¢.The transition manifests
to these authors, if a water layer was formed on a metal itself in a change in desorption rate from a high to a smaller
surface with H-up termination, it could induce a structure value in crystalline ice, which produces an inflection in the
where each successive bilayer was also in the same orientaT PD spectra at around 160 K, as shown in Figuré®12.
tion. The water molecules in the upper half of the top bilayer ~ Smith et alf® measured the water desorption rate of
would then also have dangling H-bonds pointing out of the nanometer thin ice films~56 water layers) grown on
surface. In other words, the proton order in the first layer Au(111) and Ru(0001). After deposition at 85 K, they
would be transferred up through the film, in contrast to bulk increased the temperature to 160 K and measured the time
ice, which is proton disordered. We will see later another evolution of the desorption rate. It was found that the
example of the growth of dipole-oriented water films in the transition from amorphous to crystalline ice was independent
case of mica. of the substrate. Interestingly, it was also observed that after

We have seen in the section dealing with the structure of crystallization, the desorption rate did depend on the substrate
the water monolayer that experimental evidence indicates(i-e., Au(111) or Ru(0001), see Figure 13). According to the
that the monolayer on Pt(111) has no free OH or dangling authors, this can be understood by considering the hydro-
H pointing into the vacuur® Instead, in alternating mol-  philic nature of Ru(0001) versus the hydrophobic nature of
ecules of the hexagonal rings, the H-atoms that do notAu(111). The desorption rate measured on Ru(0001) would
participate in H-bonds point down towards the Pt substrate. be consistent with a hydrophilic substrate that favors the
The observation by Su et al. of a SFG peak characteristic ofgrowth of smooth and extended ice films, while the rate
a free OH stretch at a coverage of 1.2 monolayers and aboveneasured on Au(111) would be consistent with the formation
raises the interesting possibility that the structure of the first of 3-D, spherical clusters of crystalline ice.
water layer on the Pt(111) substrate could be modified when  |kemira and Gewirtf studied water adsorption on Au(111)
the second layer grows on top. That the presence ofat 100 K using STM. They observed an amorphous, two-
multilayers changes the structure of the first layer is not dimensional first layer. Three-dimensional water clusters
surprising because, as we have seen, the binding energy ofvere observed on the amorphous film but not on the bare
an entire water layer is a small fraction of the total Au(111) surface. The authors speculated that the 3-D growth
stabilization energy, with the largest fraction coming from on Au(111), even if the interaction with the surface is weak,
the H-bonding inside the layer. In addition, the water layer  requires a 2-D wetting layer as a precursor for the formation
metal binding energy per molecule is of the same order asof multilayers.

the water-water binding energy. Léfgren et allt studied the desorption of water from
The Pt(111) system was also studied by ledema & al. Pt(111), graphite, graphite pre-covered with Cs, and Pt(111)
using the Kelvin probe meth&to measure the surface pre-covered with octane and with CO. They concluded that
potential of the growing ice film. They found that at 40 K, the desorption rate after crystallization depends on the
only a slight orientation of the water molecules takes place, wettability of the surface, in line with the previous observa-
about 0.2% of a net dipole per water molecule-8 mV tions. On the basis of these studies, they ranked the
per monolayer, a result that was discussed as contrary towettability of crystalline ice on bare and pre-covered metal
the conclusions of the SFG study of Su et al. They also found surfaces in the order Pt(11%) CO/Pt(111)> Ru(0001)>
that the dipolar orientation decreases exponentially with Cs/graphite> graphite> octane/ Pt(111»> Au(111). On
deposition temperature. In addition, near 130, 140, and 150the basis of these findings, Meng et4alised ab initio density
K, sharp features related to water orientation were observedfunctional calculations of water on Pt(111) and Au(111) to
as the ice changed from an amorphous to a crystalline study the hydrophilic and hydrophobic character of these
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films deposited on a Pt(111) substrate at different temperatures.
(a) 25 layers deposited at 22 K. At this temperature, the amorphous

solid water is formed (ASW); (b) 25 layers deposited at 140 K, a
temperature where crystalline ice forms (Cl); and (c) 15 layers
deposited at 140 K followed by 10 layers deposited at 22 K. The
spectra are offset for clarity. The inset shows a superposition of
spectra a and b to indicate the higher desorption rate of ASW a
compared to Cl. (Reprinted with permission from ref 68. Copyright
1999 American Institute of Physics.)
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Figure 13. Isothermal desorption spectra from amorphoy®D

ice grown at 85 K on Ru(001) and Au(111). The initial spike
corresponds to the conversion from amorphous to crystalline ice.
The late-time difference in the desorption kinetics reflects the
different morphologies of the ice films in the two substrates.
(Reprinted with permission from ref 69. Copyright 1996 Elsevier.)
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Figure 14. Schematlc models of water coadsorbed with Na on
Ru(0001). (a) Flat monomer in the absence of Na. (b) Bent
monomer for a Na coverage of 0.04 ML. (c) Perpendicular monomer
for 0.06 ML of Na. (d) Rotated monomer for 0.1 ML. (e)
Sandwiched monomer for 0.16 ML. (Reprinted with permission
from ref 74. Copyright 2002 Elsevier.)

borderline between hydrophobic and hydrophilic interactions,
they found that for film thicknesses of up to 4 ML, this ratio
was below or very close to 1 for Pt(111) and above 1 for
Au(111). Dohrigek et al?® studied the crystallization kinetics
of thin ASW films deposited on crystalline ice on Pt(111)
using TPD. They found an acceleration of the crystallization
rate for amorphous films on crystalline ice substrates. This
acceleration is due to the absence of nucleation barriers on
the crystalline ice substrate. In contrast, the crystallization
rate on Pt(111) was constant, indicating bulk nucleation and
3-D growth. The authors found that the crystallization rate
of thin films of ASW decreases rapidly as the film thickness
increases.

2.1.4. Coadsorption with Other Adsorbates

Water adsorption in natural processes always occurs in
the presence of other molecules that are coadsorbed on the
substrate competing with water for favorable adsorption
sites, forming mixed structures with water, and possibly
reacting with water and inducing dissociation. Water dis-
sociation induced by the coadsorption with other molecules
has been widely studied because of its importance in
chemical reactions that take place on metal surfaces. We will
not discuss this topic here but will focus instead on the effect
of coadsorbed species on the structure of water layers. Four
important coadsorbate species will be reviewed: alkali metal
atoms, atomic oxygen, carbon monoxide, and halide atoms.
Coadsorption with other adsorbates such as hydrogen,
organic molecules, CHO,, nitrogen, and sulfur compunds,
etc., are of great interest, but they have received less attention
up to now.

2.1.4.1. Alkali Atoms.Water molecules interact strongly
through electrostatic forces with coadsorbed alkali atoms.
This interaction results in a change of the orientation of the
water molecules as compared to the orientation that is present
on a bare substrate. The structure of coadsorbed water is a
result of the competition between watealkali electrostatic
interactions and watetwater H-bonding interactions. The
interaction of water with the metal surface is generally
weaker or of the same order as H-bonding interactions, as
we have discussed in previous sections. Nakamura affd Ito
studied water coadsorption with Na on Ru(0001) using IRAS
in the temperature range between 20 and 220 K. They
suggested different models for the orientation of water
molecules coadsorbed with Na, depending on Na coverage

surfaces. They characterized the wettability of a surface fromas shown in Figure 14. Some of these orientations were
the ratio between the H-bond energy and the adsorptionalready proposed previously for different metals and alkali
energy. Taking a value of 1 in the ratio as representing the atoms’>7®
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The strong orientational effects of water coadsorbed with
alkalis can readily be detected in work function measure- K
ments. Bonzel and co-workéfstudied the changes in work
function of water coadsorbed with Na, K, and Cs on Pt(111)
and Ru(0001) surfaces. They found that the tilt of the plane
of the water molecule increases with the strength of the
alkali—surface dipole (i.e., in the order NaK < Cs). They
also found that the tilt for a particular alkali is stronger for
substrates with a weaker watenetal interaction. The slope
of the work function as a function of water coverage is
positive for low coverage but changes to a negative slope at
a certain water coverage. This behavior of the work function
can be explained in a two-step model for the adsorption of
water on these surfaces: the adsorption of water starts a
sites in the vicinity of the alkali atom where water molecules
form a hydration-like complex, which in turn results in an
increase in the work function. Clustering of water due to

H-bonding interactions does not occur until all the hydration m Ni . 0,4 0 H,0O
S

sites around the alkalis have been occupied. Once these site

are filled, adsorption takes place on sites that are not _. . . .
. - - Figure 15. Schematic model of the 4@ adsorption on a Ni(111)
influenced by the alkali atoms, leading to the observed surface with a preadsorbe2 x 2)-O layer at 25 K. Each O in

decrease of the work function. The authors point out that e 5, 2 structure can bind one (@), two (b), or three (c) water

this sequential adsorption should only take place when the molecules. (Reprinted with permission from ref 90 (http:/link.ap-

water alkali interaction is stronger than the watsubstrate s.org/abstract/PRL/v94/p35501). Copyright 2005 by the American

interaction. In contrast, when both are of similar strength, Physical Society.)

adsorption is more homogeneous, and the work function . .

continually increases with water coverage. ordering of "&? has also been been reported for Ni(£11)
2.1.4.2. Oxygenlt is know that oxygen reacts with water and Ru(OQOlﬁ. .

on some metal surfaces and can induce water dissociation, USing different spectroscopy techniques, water has also

The dissociation creates OH structures that have beenb.een found to form periodic ordered_structgueres on *:3(728)8

observed by LEED, He scattering, and STM. A very useful (ie., 0.25 ML) %ygen structures on Ni(1IT)7 PY(111)

table of the different structures of OH from the reaction of and Ru(000Fy*at low temperatures. The model structures

water and oxygen on different metal surface can be found of water on these surfaces suggest that water forms hydrogen

in Henderson’s revietvand will not be discussed here. bonds_to the oxygen atoms, with each oxygen atom accom-
modating two or three water molecules. Nakamura arf Ito

We focus here on the structure of undissociated water gt,died water on a p(% 2)-Ni(111)-O surface at 25 and
molecules. It has been observed by IRAS, TPD, and 140 K using surface X-ray diffraction and difference Fourier
HREELS that low coverage<(1 ML) of preadsorbed oxygen  ca|culations. They found that at 25 K, the®+O interaction
on Ru(0001) inhibits the azimuthal ordering of water, thereby g strong enough to prevent water cluster formation. The
disrupting the bonding network between water molecules a”doxygen atoms were surrounded by one to three water
suppressing the formation of water clustér$?On average,  molecules. The sites of adsorbed water on the @ oxygen
one oxygen atom can influence about five to eight water girycture were found to be statistically disordered, with each
molecules in its vicinity. atom accommodating one, two, or three water molecules,

Gibson et af® studied water adsorption on an oxygen pre- as shown in Figure 15. At 140 K, the water molecules were
dosed Rh(111) surface using TPD and He atom scatteringfound to occupy top sites as in the clean surface.
at 80 K. On clean Rh(111), water was found to form a  2.1.4.3. Carbon Monoxide.CO generally bonds more
(v/3 x +/3)R30 structure. Preadsorption of small amounts strongly to metal surfaces than water. Coadsorption of CO
of oxygen (<0.05 ML) improved the long-range order of can therefore lead to a blocking of the usual water adsorption
the water layer, and the/3 x +/3)R3C pattern was clearly  sites by the CO molecules. This can force water molecules
visible for an ice thickness equivalent to 24 water layers. to occupy secondary adsorption sites or even prevent water
However, when half a monolayer of oxygen with a well- from adsorbing at all, depending on the temperature. Block-
ordered (2x 1)-O/Rh(111) was prepared, the diffraction ing of water sites by CO has been observed on Pd(¥11),
pattern of the deposited water layers did not show any Pt(111)?? Rh(111)? and Cu(1119* Site blocking forces
long-range order. In contrast, water adsorption on a full water to grow into 3-D clusters. Another effect that has been
monolayer of oxygen with a (Ix 1) structure that was observed is that water on many metal surfaces is displaced
deposited on Rh(111) lead to a ¢ 1) diffraction pattern when the surface is exposed to GQVhen the preadsorbed
of the water molecules with a very long-range order. The amount of water is higher than one layer, this effect is
He atom scattering did not show the expecte® (x v/3)- generally suppresséé?”

R3Q pattern for films up to 20 ML height. A new high- Competition between water and CO for adsorption sites
density model of ice, in registry with the oxygen monolayer, has been observed to lead sometimes to a site shift of the
was proposed to explain this structure. This model consistsCO molecule. This shift can be detected by the changes in
of ap(2x 1) structure formed by two interpenetrating lattices CO stretching frequency. The frequency shift can be used
of water molecules with one H-bond at an angle with an to determine the adsorption CO site. Shifts from top to bridge
adsorbed O and the other-® bond parallel to the surface. and hollow sites have been observed on Pt(233)from

Interference of the oxygen atoms with the long-range top to 3-fold hollow sites on Rh(111}? from top to bridge
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sites on Rh(100% from top to 3-fold hollow sites on
Ru(0001)}? and from top to bridge and 4-fold hollow sites
on Ni(100)1°t The shift of the CO adsorption site is due to
the interaction between J@ and CO molecules on the
surface. This interaction can lead to the formation of mixed §
phases (complexing of water and CO) due to attractive forces
between the molecules or to islanding (segregation of water
and CO) as a result of repulsive forces. On the basis of TPD,
IRAS, and HREELS measurements, attractive forces betweenf il
CO and HO were suggested on Pt(1143, Al(111)103 )
Ru(0001)}? Ni(100)°* and Rh(112%° and repulsive on
Pt(111}° and Rh(100¥° Recent studies of D and CO
coadsorption on Pt(108% at 105 K using IRAS showed that
the dynamics of the species on the surface can be very slow
on the order of minutes, involving a gradual rearrangement
of the adsorbed species and suggesting a final solvated CC
structuret®?

2.1.4.4, Halogen Atoms.The structure of water coad-
sorbed with bromide, chloride, and fluoride has been studied
on Ag(110)6-111 with chloride and fluoride on Pt-
(1112)87.112.138yith chloride on Ag(100¥!4and with bromide
on Cu(110}t*% Cu(111)*6and Cu(100}* It has been shown
that all three halides stabilize water via solvation-like Figure 16. Top: water adsorbed on a HCl predosed Pt(111) surface
interactions as seen in the shift of the water desorption peak‘flf’r:eawcr:“rtecgggtr?r??hgfC%gfer'v'o%-ﬂ']-g‘}t;e xlzfg<o%13isn;ncﬁl-2\r/il jmage.
reached ts maxmum ai a halide atom coverage.of around’y (2B St The chorde ans are surrounded by i water molecles
0.25 ML and then decreased to almost zero for a saturation;igglr?%ﬁlg n{ghi'},cegé?totm? Wat%t? rgdggﬁged' or‘:oa HCI 'pre:?ostéd
coverage of halide. LEED patterns of the coadsorbed halide/Pt(111) surface for a Clcoverage of 0.44 ML. Left: 8.5 8.5
water layers showed long-range order, with a specific hm STM image. Bright and darker spots are attributed to @i
structure for each halide. The change in the LEED pattern top Pt sites and to 40" on 3-fold hollow sites, respectively.
of the preadsorbed halide as water adsorbed suggested that/9ht: possible model for the observed 442) structure. (Each
water induced a site shift of the halide atoms. The orientation ﬁgﬁt(golgguéiéﬁs )rep”med with permission from ref 87. Copy-
of the water molecules coadsorbed with halides is not clear: '
some studies suggest a flat orientation, while others suggestjicon 124-
the existence of ©H bonds pointing up toward the vacuum.
Nakamura et &7 studied water coadsorbed with Cl on Pt-
(111) using IRAS and STM. At 20 K and at low coverage
of CI (0.05 ML) and water £0.07 ML), the IRAS spectrum
was found to be similar to that of pure water tetramers and
hexamers. The authors were able to image wathforine
clusters by STM. The clusters showed six water molecules 2.2 1. Metal Oxides
surrounding a CI atom located at the center of the water ”7 ) )
hexagon, sitting on a top position above a Pt-atom, as shown 12vetkov et af?"have studied water adsorption at 100 K
in Figure 16. After the surface was annealed to 160 K, a On thin ALOs films grown on NiAI(110) by TPD, work
new sharp vibrational peak appeared at 3440%cwhich function measurements, L'J.PS, and XF_’S. They observed water
is not found in the spectrum of water adsorbed on clean Pt- MONOMers during the initial adsorption stage. The authors
(111). This peak was assigned to weak interactions betweerP0P0sed that oxygen lone pair orbitals interact weakly via
water and Cl. A (3x 3)-Cl structure was created by first polarization forces W|th_the Al cations located pelow the
introducing HCI at 80 K followed by annealing to dissociate ©XY9en layer that terminates the surface. At higher water
the HCI molecules. When water was adsorbed on thig (3 ~ €XPOsures, clustering of water occurred followed by growth

3)-Cl, a new (4x 2) structure was found that was assigned of 3-D ice films. No indication of HO dissociation was

126 Most of the studies on silicon have focused
on water dissociation at room temperature. In the following
subsections, we will review studies where not only water
dissociation but also the structure of the adsorbed water film
was studied, focusing mainly on studies published after the
Henderson review.

to CI~ and HO* (Figure 16 bottom). observed. ' _
Leist et al'?® studied the adsorption of deuterated water
2.2 Nonmetallic Surfaces on FeO(111) and RE,(111) using IRAS and TPD in the

temperature range from 110 to 320 K. They found that the

As shown in previous reviews''811%the interaction of initial adsorption of water as well as the subsequent growth
water with metal oxides has received considerable attentionof thick water layers and their crystallization depends on the
over the last few years. Most of the work has been focusedtermination of the iron oxide surfaces, which can be either
on the ability of these surfaces to induce water dissociation oxygen (FeO(111)) or iron (F®4(111)). Initial adsorption
and much less on the structure of the water layers itself. Theon epitaxial FgO4(111) was found to be dissociative, as
reader is directed to the reviews mentioned previously for deduced from the presence of two peaks in the TDP
an overview of the large number of published works. SPM spectrum, which corresponded to dissociated and molecular
techniques have been used to detect water dissociationwater. The authors suggested that water adsorption produces
products, namely, on Tigsurfaces?%-122 Another nonmetal-  initially monomers, followed by the formation of dimers,
lic substrate that has also received considerable attention iswvhich then act as nucleation centers for the growth of 3-D
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ice. The hydrogen-bonding structure that was observed induring adsorption of the first 0.5 ML but forms 3-D clusters
the infrared spectra indicated the formation of ice after an with increasing coverage beyond 0.5 ML. Ferry et®4i136
exposure to water vapor of 3 L. For exposures larger than 7 examined the apparent inconsistency between the LEED
L, the surface is covered completely with a 3-D layer of patterns by Xu and Goodman and Heidberg et al. using He
water. The recrystalization of amorphous to crystalline ice atom diffraction and LEED. They observed the c42)

was observed between 130 and 173 K. On the oxygenpatterns for adsorption temperatures below 180 K and the
terminated FeO(111) surface, the interaction with the sub- p(3 x 2) for adsorption temperatures between 180 and 210
strate was found to be weak. Hydrogen bonding is observedK, both at coverages above 0.4 ML. They found that below
in the infrared spectrum at exposures as small as 0.2 L. With0.3 ML, no p(3x 2) pattern was detected. They also found
increasing coverage, characteristic amorphous 3-D ice spectra displacement of water molecules from the top position on
were observed. The formation of 3-D ice clusters at much the Mg ions in the MgO(100) surface. A p3 2) structure
lower exposures than on §&(111) indicates that FeO(111) was also observed by Demirdjian et &.by neutron
surfaces are wetted less by water thapOz€111) surfaces.  scattering at temperatures between 200 and 270 K.

In addition, in contrast to RB@,(111), no recrystallization There is a controversy in the literature about the dissocia-

was observed on FeO(111) for exposures of up to 10 L. Thetion of water on the MgO(100) surface. Earlier theoretical
authors attribute this to the lack of nucleation centers due towork predicted that dissociation can occur only on defect

the weak watersurface interaction. Water on FeO(111) has sijtes!38-141 However, recent theoretical studies seem to agree
also been studied by Daschbach et?dlusing TDP and  that a mixed (HO + OH) monolayer is more stable than a

IRAS. They found different water growth modes at temper- pure molecular water layer on the ideal defect-free MgO(100)
atures below and above 120 K. For 1 ML of@deposited  surface!#2-145 This seems to be confirmed by the recent

below 120 K, the resulting film showed voids and water experiments of Kim et a6 These authors studied,D
clusters in the second layer. For water adsorbed above 12Qadsorption on MgO(100) at 95 K using MIES, UPS, and
K, ordered 2-D islands were formed, which completely wet TDP. A very flat film of MgO was deposited on a Mo(100)

the FeO(111) surface. substrate. For submonolayer coverage, the MIES spectra
showed a peak at 5.8 eV that could not be explained by a
2.2.2. MgO(100) linear combination of the bare MgO(100) and theCD

spectra, and the authors assigned this peak to therbital

kof the OD group. The conclusion was that@molecules
adsorb both dissociatively and molecularly on the MgO(100)
Isurface, forming a mixed (D + OD) phase at submono-

MgO(100) is one of the most intensely studied oxide
materials as a substrate for water adsorption. MgO has a roc
salt structure and, like the alkali halides, is cleavable along
the low energy, nonpolar (100) surface, which exposes equa
numbers ong/Ig ar?d O(iong in a square chgckerbogrd layer coverages and a layer-by-layer growth ¢Olon top
arrangement. The MgO(100) surface has the unusual propertyOf th|s phaseltat r;:gher cov%ragesf Tlhe aul;holrs expla\;\rllt?]d
that water clustering and a wetting layer can coexist. This is PrcV/I0US résults where no evidence lor layer-by-iayer gro
due to the comparable strength of wateubstrate and was found_ by the difficulty to obtain a def_ect—free surface.
water—water interactions. Picaud et'@f:'3'proposed, based On defective MgO(100) surfaces formation of 3D water
on potential energy calculations, that water is bound with |stla(;1_d3 WOlt“d bg mortt_a energetlcalijy fa\éo]f.?ble'fﬁj gﬁ%o
its plane nearly parallel to the surface on top of the Mg ions studied water adsorption on an ordered film of MgO(100)
and wets the MgO(100) surface by forming 2-D clusters 2" M0(100) at 100 K by HREELS and UPS and found resuits
through H-bonds with other molecules. Heidberg et®al that were consistent with a partially dissociated water layer

observed a two domain LEED pattern at 150 K 01 ML at low coverage. _ i _

water coverage, corresponding to a 6(2) and a c(2x 4) Hawkins et al*® recently studied BD films deposited at
structure. From IRAS spectra, they found indications of 115 KonMgO(100) surfaces by TDP and Fourier transform
hydrogen bonding between water molecules in the monolayer'”_frared spectroscopy (FTIR). Their results were consistent
and a predominately tilted orientation of the water plane with With an essentially flat, hydrogen-bonded water network with
respect to the MgO(100) surface, in contrast to Picaud et Significant amounts of dangling OD. However, the
al.’s calculations. Heidberg et al. suggested a model for the Presence of ionic species such as Oldue to water
water monolayer structure on MgO(100) that reconciles theirs dissociation was not excluded from these results.

and Picaud et al.’s findings. In this model, the water molecule

is slightly displaced from the Mg top sites so that the water 2.2.3. NaCl(100)

water distance in the overlayer is smaller and hydrogen-  aAnother important class of crystallographically well-
bonding between water molecules in the monolayer is defined surfaces where water adsorption has been widely
possible. If the water molecules would indeed be located in studied are the cleavage faces of alkali halides, which like
the top sites above the Mg atoms, their-O separation  \MgO are the nonpolar (100) faces. We will discuss the water
would be 2.98 A, which is larger than the-@ distance in  interaction with these surfaces at ambient temperatures more
ice I, and would be incompatible with hydrogen-bond extensively in a later section. However, some studies have
Interactions. also been carried out at low temperature. As in the case of
Xu and Goodmal# studied water on MgO(100) using MgO(100), these studies have already been discussed in
IRAS, LEED, and metastable impact electron spectroscopy previous review$;? and therefore, only a summary will be
(MIES). Their results are consistent with water adsorbing given here. Water adsorption at 130 K on the (100) cleavage
with the molecular plane parallel to the Mg(100) surface. In face of NaCl was studied by Heidberg andddra using
contrast to the results of Heidberg et al., they observed alRAS.*° Their findings suggest that water forms 3-D clusters
p(3 x 2)/p(2 x 3) LEED pattern. However, their observations under these conditions. Other authors found that 2-D layers
were made after heating a multilayer-covered surface to 185can be formed on NaCl(100) at temperatures between 140
K. They concluded that water wets the MgO (100) surface and 160 K. On the basis of He diffraction experiments at
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148 K, Bruch et al®® suggested that the 2-D phase has a 3. Structure of Water Films at Ambient

(1 x 1) structure with the water molecules bound to the Na Conditions

atoms and tilted in 110 direction toward a water molecule ] ) ) ]

adsorbed on the next Na site’I§ch et al's! found a LEED In the previous sections, we reviewed studies of the
pattern consisting of two c(4% 2) domains at 135155 K. structure of water in the first layer and in multilayer films
They proposed that water forms a distorted ice bilayer phased™oWn at cryogenic temperatures. These studies benefited
on NaCl(100) at those temperatures. The structure was{TOm the application of powerful microscopy and spectros-
laterally compressed in one direction and expanded in the COPY téchniques that provided data that can be compared
other direction when compared to the basal plane ofsice | with modern ab initio calculations and dynamic simulations

The same LEED pattern was found by Malaske é6%ht (ab initio, molecular dynamics, Monte Carlo). Since water
140 K. The system has been revisited recently by ToenniesPl2Ys .SUCh an essen.t|al rol_e In enw_ronmental processes, It s
et all® using He diffraction before and after a LEED very important to investigate thin water layers under
experiment at 140 K. Their results show that initially ax(1 environmentally relevant conditions, even if the number of
1) structure is formed, which is transformed to a &(@) techniques available to accomplish this task is not as

structure after the LEED experiment. After the o(&) water _er>r<]ten3|ve as forfthe dtrad|t|<t:)n|al UHV sur}f]ace Sﬂe?cg‘. studr:es.l g
layer was desorbed from the surface at temperatures abov% €re are more fundamental reasons why such studies shou
e carried out. We have already seen that cryogenic

150 K, a freshly deposited water layer produced again at moeratures can easilv lead to situations where thermody-
(1 x 1) structure. This result indicates that the transition from emperatures can easlly iead 1o ons where thermody
namic equilibrium is not reached, so that the results might

a (1x 1)to ac(4x 2) structure was induced by electrons not be transferable to ambient conditions
impinging on the surface during the LEED experiment. These : . : .
It is the high vapor pressure of water at ambient temper-

results illustrate once again the problem with metastable . o
structures at low temperatures and how they can be strongly2tures (4.6 Torr at 273 K) that makes the investigation of
influenced by the probes used in the measurement. water films under ambient (_:ondmons challengmg pecau_se
many powerful surface science techniques require high
vacuum conditions. And yet, it is in equilibrium with other
2.2.4. Self-Assembled Monolayers (SAM) phases of water (vapor, liquid, and solid) that the most
relevant phenomena that involve water interfaces take place.

) Optical techniques are arguably the most versatile for
atures were performed before 1995 and have been previously,,estigations under ambient conditions since photons are

reviewed: Dubois and co-worket§"1**studied water ad-  ,ch Jess scattered in the gas phase than electrons or ions.
sorption on -CH and -COOH terminated alkanethiol films Among them, IR and nonlinear techniques such as SHG and

on Au(111) at temperatures between 80 and 140 K using grG have provided important results. Because their applica-
IRAS and TPD. They found a transition from an amorphous tion to the study of thin water films is reviewed in this

to a crystalline phase at 120 K for water coverages aboveggel5° we will not cover these exciting results except in a
one monolayer. When the -COOH termination H-bonded to o\ cases.

water, a shift in the €0 stretching mode was observed.  Among the microscopy tools with nanoscale resolution that
They found that below 130 K for coverages of one layer can operate under ambient conditions, AFM is one of the
and above, mixed spectra of a perturbed and unperturbedyost versatile. A large number of publications report AFM
C=0 stretching mode were observed. According to the gydies of the effect of water on surface properties such as
authors, these findings suggest that water does not wet theyghesion, friction, dissolution, oxidation, and hydroxylagion.
surface. The authors explained this by the mismatch betweenn many cases, the AFM tip is directly in contact with the
the lattice constant in the icg lattice and the _dlstances of surface, which Strong|y perturbs the ||qu|d film. Because the
the -COOH groups on the surface. Engquist et®&f*®  emphasis of the present review is on the molecular level
studied water adsorption on -GHand -OH terminated  structure of water films, we will not include oxidation and
alkanetyhiol films on Au(111) and also on a series of mixed electrochemical studies that were carried out under water or
solutions of the two terminations. The different mixtures in aqueous solutions.

showed a wide wettability range with water contact angles  Different noncontact AEFM methods have been used to
varying from 0 to 112. Using IRAS, they found that on all  study liquid films and droplets. For liquids of low viscosity,
surfaces, RO formed amorphous layers when deposited it js easy, even when using noncontact methods, to perturb
below 100 K. The transition temperature from the amorphous the film. In many AFM methods, the cantilever is set to
to the crystalline phase depended on the termination of theoscillate with an amplitude that causes the tip to either briefly
alkanethiol films for a coverage of two to three monolayers. contact (tapping), or to come very close to the surf&gas2

On the -CH terminated surface, the transition started at about While this eliminates the friction and dragging effects that
110 K and was completed before desorption began. In occur in contact mode, the brief interaction between tip and
contrast, on the -OH terminated films, the phase transition liquid surface can still result in perturbations that need to be
started at about 150 K and did not complete before considereds® Scanning polarization force microscopy (SPFM),
desorption. IRAS measurements at 140 K showed that ondeveloped in 1994, overcomes many of these problems and
the -CH; terminated surface, the ice overlayer was crystalline provides, in addition to surface topography, information on
for thicknesses up to about 50 monolayers. Above that, the other surface properties, such as local variations in the surface
spectra changed and showed features associated with amoipotential and ionic mobility$+16¢ SPFM is based on
phous ice. On the -OH terminated films, this effect was found electrostatic forces between the tip and the surface and can
to be limited to coverages below five monolayers. The be applied to both conductive and nonconductive substrates.
authors attributed this to the formation of 2-D clusters on The principle of operation is shown in Figure 17. A bias
the -OH terminated SAM, in contrast with the 3-D cluster voltage on the order of a few volts is applied to a conductive
structure of water on the -GHerminated SAM. tip. Opposite charges at the tip and the surface arising from

Most studies of water adsorption on SAM at low temper-



1496 Chemical Reviews, 2006, Vol. 106, No. 4 Verdaguer et al.

are therefore ideal substrates for fundamental studies of water
adsorption.

Humidity control

3.1. Monolayers on Mica

Mica is a layered aluminesilicate mineral commonly

found in soils. One of the most common forms is Muscovite
_l mica. The aluminesilicate layers are charged due to excess
negative charge on the tetrahedrally coordinatett Adns
I Piexo Lock-in mlc“:-i“ that substitute 3t in the SiQ tetrahedra. Alkali ions are
. located between the (Al,Siydayers to compensate for this
V. | | | charge. Upon cleavage, these ions become exposed to air.
| Feedbacki Dmlconant The surface of mica is hydrophilic, and water spreads readily
Electronics on the freshly prepared surface. Although studies of water

Feedback 2: 1a=0 adsorption on mica at ambient conditions have been already
Figure 17. lllustration of the principle of operation of scanning included in reviews and books published a feW_yearSZééfb.
polarization force microscopy (SPFM). A voltage of a few volts is and also in the present voluri&,we review briefly some
applied to a conductive cantilever and the tip of the atomic force of them here because they provide unique insights into how

microscope. Induced charges at the tip and surface create attractivesxperiment and theory combine to provide information about
electrostatic forces that bend the tip toward the surface. An ac the structure of adsorbed water

voltageV = Vq. + Vqc Sin(wt) is applied to the metallic tip. Using ] ) .
lock-in amplifiers, the second and first harmonics of the modulation ~ Beaglehole and Christenson used ellipsometry to obtain
frequency are measured separately in the electrostatic force. Toisotherms of water on mica as a function of relative humidity
separate the contributions of topography and the contact poter]tiaI(RH)_172 They found thaa 2 A thick film is present at a
distribution at t)hoen:'tgrl?caer'n:)Vl\il'?utfjeeelgéac)ktl?/ogdsjua;"[?nléjsat tTi;e first relative humidity of 50%, corresponding roughly to a mono-
W o ;
sample distance. The second adjusts the appigdias so that Iay_er. ISFIQmILIJar_ resgllgstl\\;lere obtained by Cantrellsanld Ewihg d
F(w) is zero, as in the Kelvin Probe method. using IR. Using at room temperature, Salmeron an
co-workerg%6.174.175fgund that the presence of a water film
the polarizability of the materials create attractive electrostatic changes the electrostatic force between tip and surface and
forces that bend the tip toward the surface. BecauseModifies the contact potential. A brief contact with the tip

electrostatic forces have a long range, they provide a meandnduced capillary condensation around the contact point
of imaging at distances of several nanometers. The disad-Where water accumulated to form a neck. After the tip was
vantage is that the large tip to sample distance results in afetracted, some excess water was left on the surface in the

lower spatial resolution, on the order of the tip sample form of molecularly thin islands and droplets that could be
distance or the tip radius. On the positive side, the large imaged by SPFM. These structures are metastable and dis-
separation between tip and sample makes it possible to reduc&PPear in a few seconds or minutes, depending on the humid-
the perturbation of the liquid surface to a negligible value. ity level, by evaporation. The islands were interpreted as a
The vertical resolution of SPFM is not as negatively second layer on the monolayer film. An interesting finding

in the angstrom region, comparable to that of other AFM Often polygonal, with angles of 12@s shown in Figure 18.

modes. The electrostatic force can be written as follows:

F(V) =aV’+bV+c

wherea, b, andc are factors that depend on the geometry of |«
the system (tip radius and shape, ¥f¢.and the local
dielectric constant at the surface. The first contributiav’] .
is due to the polarization of the sample and tip (induced -
charges). The remaining terms contain the interaction |
between the biased tip and the charges or dipoles that are
not induced by the bias voltage on the tip and are located at|
the surface. If an ac voltagé= Vy. + VaSin(wt) is applied

to the tip, the frequency can be varied to explore time-
dependent phenomena. Using lock-in amplifiers tuned to the _ ) — _ _
second and frst harmonic of the modulation sgnal, respec- AL 1%, g polaatcr e micoscony (SPCY) moges,
g;ﬁlﬁetr:rfezlseucrter?isgzggrf:tg?@z)o)rggg?aeir'zsizrﬁgr?:gti'f) (;UZ)n a second water layer, and dark areas are the first water layer. The

! Ul : . boundaries tend to have polygonal shapes, as shown in the smaller
the polarizability (dielectric constant) and topography. The 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 measurements. The histogram
shows the angles of the watefilm boundaries relative to the mica
lattice. (Reproduced by permission of thiRS Bulletin(ref 174).
@:opyright 1997 Materials Research Society. And reprinted with

contact potential contribution to the electrostatic force can
be determined from the first harmonic of the lever oscillation
(i.e., F(w)).168169

In the next sections, we concentrate on mica and alkali
halide substrates because they have received the m

0S,

attention due to their easy preparation by cleavage. Thesepermission fronSciencehttp://www.aaas.org), ref 166. Copyright
surfaces show large, atomically flat terraces and steps andl995 AAAS.)
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interpreted as due to the growth of water multilayers. The
absence of free H-bonds at the surface of the water
monolayer on mica implies that there is a net dipole moment
with the positive end pointing toward the mica surface. This
prediction was confirmed by SPFM experiments by Bluhm
et all”® where the surface potential of mica was measured
as a function of humidity. It was found that the contact
potential of the mica substrate decreases by about 400 mV
from its value under dry conditions<(L0% RH) when the
humidity increases to 30%. After this, the potential remains
‘L nearly constant up to 80% RH. Above 80% RH, the surface

potential increased and became positive, as shown in Figure
20. This is in line with all previous results and models where
the first water layer has no free OH pointing out and should
therefore have a negative surface potential relative to dry
mica. It agrees also with the formation of multilayers at the
higher humidity where free OH groups with the H pointing
out are present.

3.2. Thin Films on Mica

We have seen that at room temperature, the growth of
multilayers produces an increase of surface potential (more
positive) as compared to the surface potential of the
monolayer, as measured by SPFM. Interestingly, at temper-
atures below 0°C, the surface potential changes in the
opposite direction (i.e., it becomes more negative above 80%
RH, as shown in Figure 20). This suggests that bel &M 0
the water layers on top of the first layer grow with the
positive end of the net dipole moment on average oriented
toward the mica substrate, implying the growth of a
.L ferroelectric water layer. We have already seen that ferro-
electric ordering induced by the substrate was observed on

Figure 19. Side and top view of the optimized structure of a water Pt(111) between 120 and 137 K. In that case, the dipole

monolayer on mica obtained from molecular dynamics simulations. moment pointed up (i.e., opposite of the case of the mica
The water molecules and the first layer of the sitigdgumina surface). The electrostatic energy accumulated in such dipole-

tetrahedra of the mica substrate are shown. Oxygen atoms are darkoriented films makes them metastable, and they revert to a

hydrogen atoms are light, and K ions are large dark balls. Notice dipole-disordered structure as the thickness increases beyond
the ordered ice-like structure and the absence of free OH groups. 5 fey layers.

All H-atoms in the water are involved in a hydrogen bond to another . . . .
water molecule or to the mica substrate. (Each part of Figure 19is 1€ growth of ice films on mica was studied by Bluhm et

reprinted with permission from ref 176 (http://link.aps.org/abstracy al.*”**#using contact-mode AFM and SPFM. The authors
PRL/V78/p2855). Copyright 1997 by the American Physical observed the formation of nanometer thin ice films in
Society.) coexistence with a liquid phase at temperatures bel@0
°C. The noncontact (SPFM) images revealed the presence

By comparing SPFM images with contact images of the mica of supercooled water in the form of droplets on top of thin
lattice, it was found that the directions of the boundaries are (two to three monolayers) ice islands that could be imaged
related to the mica crystallographic directions. On the basis in contact mode. This StranskiKrastanov type growth mode
of this observation, the authors suggested that the molecularlymight be due to structure of the first ice layer, which is
thin water film has a solid, ice-like structure, in epitaxial different from that of bulk ice (see Figure 19) and to the
relationship with the substrate. difficulty in accommodating the mismatch of about 10%

Using MD simulations, Odelius et &1° found that at the between the mica substrate lattice and that of ice. In
monolayer coverage, water forms a 2-D H-bonded network subsequent layers, the ice structure reverts to that of the bulk
in an epitaxial relationship with the mica lattice, as shown and forms 3-D clusters. Annealing the ice filmstd7 °C
in Figure 19, in line with the experimental findings. The led to coalescence of the ice islands into a percolating ice
simulations predicted also that no free OH bonds stick out film covered by a liquid layer. The coexistence of a liquid
from the surface (i.e., each H atom in the film is part of a film on the thin ice islands is akin to the premelting
H-bond with another water molecule or with oxygen atoms phenomenon that is observed for bulk ice surfaces at
of the substrate). These predictions were confirmed by temperatures close to the melting poi#itFor bulk ice, the
subsequent SFG experiments by Miranda ét“alising DO, existence of a liquidlike layer at the surface can be explained
the authors found that little or no signal was present in the by the theoretical model of Fletch&?83 based on the
free OD stretch region near 2740 chwhen the humidity existence of a positive charge on the ice surface due to the
was below 90%. Between 20 and 90% RH, the spectrum orientational ordering of the water dipole moments at the
was very similar to that of fully H-bonded water. The free surface that minimizes the total energy of the ice surface.
OD stretch signal of non-hydrogen-bondeglappears only ~ This charge is then compensated by a mesoscopic screening
when the humidity increased above 90%, which was layer in the subsurface region, which contains a high
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Figure 20. Changes in the contact potential of a mica surface relative to a hydrophobic tip vs relative humidity (RH) and for different
temperatures. At room temperature, the potential first decreases by about 400 mV. This change can be explained by the orientation of water
in the first monolayer, which has an average dipole moment pointing toward the surfac€20At30% RH, it reaches a plateau and

remains approximately constant until about 80% RH. At higher humidity, the potential increases again. The observation is explained by a
change in orientation of water in the second layer, where H from dangling H-bonds points upward to the vapor phase.°Belihe 0

change in potential above 80% RH is reversed and becomes negative. This suggests that in that case, the dipole-down orientation of water
in the first layer continues in subsequent layers. (Reprinted with permission from ref 178. Copyright 2000 Elsevier Science.)

concentration of BjerruA¥* defects. This mesoscopic screen- structured water layers on mica similar to those observed
ing layer is therefore structurally weaker than a perfectly by Salmeron and co-workers. By changing the force applied
ordered ice lattice and will have a lower melting point than to the tip, they could differentiate between a nonstructured
bulk ice. Fletcher's model, which is supported by synchrotron- water layer, when a low tapping force was used, and an ice-
based X-ray diffraction measuremefitzcan be applied to  like layer when higher forces were used. They found
the nanometer thin ice layers, where the net charge is locatecevidence of a continuous ice-like layer of structured water
at the surface of the ice islands due to the dipole ordering in at ambient temperature and humidity, with a thickness that
the first bilayers. may correspond to multiple layers under some conditions.
Cantrell and Ewing have also studied water films on mica  ©More recent Monte Carlo simulations of the water mono-
using infrared spectroscop§? They found that water exhibits layer on mica by Park and Sposi#, based on X-ray
an infrared spectrum consistent with a bonding network that reflectivity experimenta® proposed a different monolayer
is more structured and rigid than that of bulk water. The structure than the one calculated by Odelius éf%lhe
measured changes in enthalpy upon adsorption indicate aauthors found that water is bound intimately to the hexagonal
strongly bonded first layer. Subsequent layers are lesscayities of the mica surface, followed by a layer of molecules
strongly bound with enthalpy values approaching the value immobilized by hydrogen bonds to the first one and with
for the condensation on bulk water. They also measuredthe potassium ions located between both layers. While the
differences in entropy between bulk water and adsorbed model is still in line with the existence of a strongly bound
layer. They found the entropy to be lowest for submonolayer and highly oriented first layer, no strong orientation is
coverage, indicative of a more ordered arrangement of waterinduced to layers above the second layer. It is clear that more

molecules. When the thickness of the film increased, the experimental and theoretical studies are needed to settle this
entropy difference between bulk water and the film tended jmportant point.

toward zero. Wetting is characterized by a coverage that
diverges as the RH approaches 100%. In contrast, partial3 3 Alkali Halides
wetting shows isotherms that tend toward a finite water
coverage at a relative humidity of 100%. Cantrell and Ewing  The adsorption of water on alkali halides is reviewed in
measured a maximum coverage of only 5 ML close to another paper of this issue. We will therefore focus here only
saturation (95% RH), indicative of an incomplete wetting on research carried out using SPFM. These studies have
of the surface. examined the role of water in modifying the polarizability
Although intermittent contact AFM modes are likely to and contact potential of the (001) cleavage faces of alkali
perturb the liquid film, some studies exist where the authors halides (NaCl, KCI, KBr, Kl) as a function of water vapor
claim to have minimized the perturbatiéit.'®’The validity pressure. They found that there is a characteristic relative
of such intermittent contact modes is predicated on mini- humidity value (CRH) that separates two water adsorption
mization of the contact time, which in tapping mode can be regimes'®:192Below CRH, the adsorption of water affects
on the order of microseconds per tap. The assumption is thatprimarily the steps, causing preferential solvation of anions
the perturbation of the tip can be negligible because the or cations, which remain localized in the vicinity of the steps.
contact time is small as compared to the relaxation time of Humidities larger than CRH produce large scale modifica-
capillarity waves. For example, Spagnoli et&lobserved tions of the step morphology (see Figure 21). Adsorption
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Figure 21. Top left: semilog plot of the time constant for
solvated ion motion on a potassium fluoride cleaved surface exposed
to increased relative humidity (RH). Bottom: simultaneously
measured contact potential. This behavior is similar to that found
in other alkali halide surfaces. At a critical humidity characteristic
of each alkali halide crystal (CHR), there is a break or a change in
the slope of these two surface properties. Right side: contact AFM
images of KBr at low humidity (top) and high humidity (bottom)
relative to the CHR. (Adapted with permission from ref 192.
Copyright 1998 American Chemical Society.)

isotherms on NaCl (100) calculated from infrared spec-
tral%31% indicate that the first regime (below the CRH)

corresponds to a water coverage between zero and onei:igure 22. SPFM topographic (left) and contact potential (right)

monolayer. . . images acquired at different relative humidity (RH) values. The
Although many contact and tapping mode AFM experi- jmages at the top correspond to RH25%. The middle images, at

ments have been performed to study the surface modifica-30% RH, show a moderate enhancement of the step contrast. At
tions and step movements occurring above CR¥,1%7 few 35% RH (bottom images), the step enhancement is large (several
p g : €
studies have been performed to study the initial stages ofnanometers). At the same time, the contrast of the steps in the
water adsorption (i.e., below CRH). Measurements using contact potential images relative to the terraces decreases with
SPEM have showii&2%that even below the CRH. there is humidity. Gray scales are 10 nm for the topographic images and

. : . R 50 mV for the contact potential images. The enhancement is due
an increase in the electrostatic polarization force near stepSy splvated ions, in this case predominantly QReprinted with

as shown in Figure 22. Verdaguer et*®.have shown  permission from ref 200. Copyright 2005 American Institute of
recently that the increase of polarization is related to the Physics.)

mobility of solvated ions. This mobility can be measured
by the frequency dependence of the electrostatic forceand ab initio M[¥® calculations show that for a coverage
between the tip and the surface, which is in the range of of one monolayer, water adsorption is favored on top of the
kHz. Luna et al%? performed experiments to study the Na ions. The most favorable configuration is one with the
changes in contact potential and response time of the solvatednolecular plane parallel to the surface. Monte C&fland
ions as a function of relative humidity. They found a MD?2% simulations of water on NaCl (100) also show that
substantial change in the rate of increase of ionic mobility water molecules bind to the Na ions through the oxygen lone
and surface potential when the humidity was increased abovepair, with the molecular plane parallel to the surface or
CRH (Figure 21). Below the CRH, the contact potential was slightly tilted upward. Binding is particularly strong at
found to be different on the steps as compared to the terracesmonatomic step edgé¥’ It was also found that below one
This was explained by the formation of dipoles at the steps monolayer coverage, 3-D water clusters can fétmn.
resulting from the preferential solvation of one type of ion.  On the basis of all these results, we propose the following
As the RH increases, the contact potential difference betweenmodel for water adsorption on alkali halide surfaces. Below
steps and terraces decreases and disappeares completely tie CRH, water adsorbs preferentially at the step edges,
the CRH, as shown in Figure 22. Goshal et’ahave shown where it solvates ions. Anions appear to solvate preferentially
that when alkali halide surfaces are exposed to humiditiesin the case of NaG¥ and probably other salts although, as
above the CRH, irreversible changes in the ionic distribution mentioned previously, the type of ion that solvates first can
take place, so that when the surface is dried, the original depend on the history of water exposure and impurities in
distribution is not recovered. the crystal. The solvated anions give rise to a negative
A number of theoretical studies has been performed to potential relative to the surface and are mobile along the
investigate the adsorption of water on NaCl(100). BET  steps. The increased ionic mobility gives rise to a stronger
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electrostatic force that produces the contrast enhancementommensurability to the basal plane of ice is the (111) face
observed in the SPFM topographic images (Figure 22). At of Bak. Miura et al?** 2% used noncontact AFM techniques
the CRH and higher humidity, both cations and anions to image water islands on NaF(100), LiF(100), gag1),
solvate at similar rates. This removes the imbalance in theand BaF; (111). They observed that at 30% RH, structures
sign of mobile charges at the steps. This triggers large scaleon the cleaved surfaces grew by island nucleation. They also
motion of the steps and eliminates the contact potential found that the islands have different heights on each surface,
difference between steps and terraces that is present at lowdepending on the dielectric properties of the substrate. The

humidity. apparent height differences were due to experimental artifacts
in the noncontact tapping measurements. After correction
3.4. Other Substrates for these artifacts, a common island height of af®#d was

found for all substrates, which is indicative of the adsorption
of two layers of water. From measurements of the time-
dependent evolution of the water film growth, the authors
concluded that growth proceeds via island coalescence. For
BaF,(111), they found that at 70% RH, small islands with a

measurements were combined to study water uptake onheight of about 1 nm and diameters of about 20 nm were
y P initially formed, which then coalesced until a uniform water

different hydrophilic and hydrophobic surfaces such as glass,Iayer was created. In a macroscopic picture, the low aspect
Teflon, SAMs, and quartz. As a general trend, suggested also ., ¢ the initial islands would correspond to a small contact
from other studies, up to 60% relative humidity, even for

hvdroohili " less than fi | fwat angle. The authors suggested that such a small contact angle
\é?éy r)e/sreonr'z %Ctﬂg :Sﬁ;’csss an five monolayers ot water ;. jicates that droplets grow on top of a film of the same
SKMS have been useci as a model to study water liquid. Below 50% RH, droplets were not observed, sug-

adsorption on hydrophobic surfaces. Rudich e®alised gesting the presence of only a monolayer or submonolayer

SAMs of methyl terminated silanes on Si@® study the of water. ) .
effect of surface corrugation on water adsorption. Using . Sadtchenko et &!studied the adsorption of water and
samples with different corrugation values, they measuredice films on Bak(111) using infrared spectroscopy. The
water adsorption using a quartz crystal microbalance and aSPectra showed a diffuse doublet similar to that theoretically
field effect transistor-like device. They found that the more Predicted for the surface bilayer qfite, suggesting an ice-
corrugated surfaces adsorb also more water. From thelike hydrogen-bonded network even at room temperature.
experimental results and from molecular dynamics simula- At multilayer coverage, the spectra became similar to that
tions, they suggest that water adsorbs as small dropletsCf bulk liquid water. Values for the enthalpy and entropy of
mainly on imperfections or structural defects on the organic Water adsorption were derived from the adsorption isotherms.
layer. The enthalpy of formation of the monolayer was found to
The interaction of water with many other oxide surfaces be greater than that of condensation to either the liquid or
has been also studied in connection with environmental the solid phases. The absolute entropy of the monolayer
chemical processé® IR spectroscopy has been used revealed a high degree of order, with a value near that of
extensively to obtain adsorption isotherms at ambient condi- IC€ @t room temperature. Both enthalpy and entropy ap-
tions on SiQ, TiO,, MgO, Ca0,a-Al,0s, and y-F,0s,28 proached values for bulk liquid water at multilayer coverage.
on single crystals ofi-Al ,03(0001£% and MgO(10010.211 Accgrdlng to the authors, the results are consistent with an
and on amorphous SiQurfaceg? As noted in section 2.2, |ce-I|_ke he>'<agqnal Wat'er layer at temperatures above the ice
one important issue is the extent of hydroxylation of the Melting point, if the thickness of the layer does not exceed
surfaces due to water dissociatibhe The formation of an the monolayer. They found that the formation of thicker ice
OH rich surface can induce a highly oriented growth of the films was unstable even at65 °C. After a few minutes,
adsorbed water layers through H-bonds with surface OH these thicker ice films spontaneously regssembled mtq an
groups and with other water molecules. This has been array of c_rystallltes. We have seen previously that similar
suggested from IR measurements for coverages up to threginstable films form on mica below TC.
to four monolayers on amorphous $#8 and o-Al,Oz- Monte Carlo simulatiord® of water adsorption on BaF
(0001)2°° The existence of an ordered water monolayer on (111) indicate that no ice-like bilayer forms for a coverage
hydroxylatedo-Al ,03(0001) at RH> 40% has been recently  of one or more layers. The authors found that monomers
suggested from crystal rod truncation diffraction experiments adsorb preferentially with the hydrogen atoms pointing
using synchrotron X-ray¥2 In contrast, other studies on toward the surface. The energy penalty required to change
MgO(100¥1921found liquid-like water growth at all cover-  this configuration to one more favorable for accommodating
ages. Although the disordered nature of this film seems to additional molecules and forming hexagonabllayers is
be related to surface defects and to the presence of OHless than the energy gained in the formation of the increased
groups at the oxide surface, more work is needed to clarify hydrogen-bonding ofqlice. The authors observed instead
this system. cross-linked chains as the most favorable structures. Although
There has been a particular interest in the study of waterthe calculations were done at 0 K, the authors claim that the
adsorption on surfaces that have crystal structures com-results indicate that stable ice films will not form on BaF
mensurate with one of the faces gfde because itis thought  (111). It appears then that to be an effective ice nucleating
that those surfaces can readily induce ice nucleation. Thissubstrate, it is not enough to have a lattice constant close to
idea is behind one of the oldest attempts of mankind to that of ice but that the orientation of the adsorbed water
influence weather and to produce substances that, whenmolecules must also be close to that in the tetrahedral ice
released in the atmosphere, would trigger condensation ofstructure??® Recent infrared studies of ice on BéFL1)
water from clouds (rain seeding). One surface with a close indicate that surface defects (pitting of the crystal) dramati-

Water interaction with surfaces at ambient conditions has
been studied for many years on a variety of surfaces using
different techniques. An example of combined use of
different technigues can be found in a recent work of Summer
et al?% In this work, contact angle, IR, AFM, and XPS
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cally improve ice formation on the surface, probably by the case of NaCl doped ice samples by Wettlatifewnhere

allowing the adsorption of molecules in less restricted small amounts of impurities were found to have a strong

configurationg?* effect on premelting. It is therefore necessary to measure
Gil et al?22223gnd Luna et at?* used noncontact AFM  simultaneously the thickness of the liquidlike layer and the

techniques to image thin water films on mica, on Au(111) amount of contaminants at the surface. This has been recently

and on graphite. On mica, they observed water islands with accomplished in combined ambient pressure XPS and

two different apparent heights of 0.7 and 4 nm at 90%RH. NEXAFS experiment83 where at least part of the extent of

They also observed the formation of water films on gold for premelting was found to correlate with the concentration of

RH above 30%, whereas on graphite, a RH of 90% was hydrocarbon contamination at the surface.

necessary. On gold, islands of 0.2 nm height were observed

to grow from the steps at 35% RH, and a full coverage was .

observed at 65% RH. On graphite, two different heights for 9. Confined Water

the water islands were observed with 2 and 5 nm. These \yer confined in narrow pores or cavities can give rise

observations are surprising in view of the high hydrophobic- y |54e capillary forces that are visible on the mesoscopic
ity of graphite. Both on gold and on graphite they observed scale &micrometers). These forces are important in micro-
water structures aligned with the crystallographic directions lectro-mechanical éystems magnetic hard drives, nano-
of the substrate. Clearly, these systems should be reexamine thography, and tribology At the nanometer scalé the
with other techniques to confirm and to understand the naturepresence o’f solid walls caﬁ have a profound effect bécause

and structure of the condensed films. the modifications of the molecular structure of water near
each wall can overlap. In STM, water influences electron
4. Water/Vapor Interface transport through the gap and is thought to be responsible

Until now, we have considered water in the form of thin for the conductivity of otherwise poorly conducting biomol-

films and the effects of the substrate on the structure of the €CUIES such as DNA on insulating substrates:

film. The first layer can be strongly influenced by the  Interesting effects take place when two solid surfaces
substrate, and this influence can propagate into the subseconfining a liquid approach each other such that the
quently adsorbed multilayers, until the water film reverts to Separation is comparable to the decay length of the molecular
its bulk structure. The top layer of water at the interface with layering imposed by the rigid walls. How far this layering
the gas environment is also special. The missing bonds with€xtends is one of the important questions in interface science,
other layers of water modify the structure of this layer and With a large impact in areas such as biology and colloidal
of those underneath with diminishing strength, as is com- chemistry. The layers of more or less ordered water can be
monly seen in surface science studies. For solid surfacesthought of as solvation sheft&] causing oscillatory forces
this is manifested by reconstructions and relaxations to (Solvation forces) on the approaching surfaces. Oscillatory
minimize the energy of the System, where the surface atomicsolva.uon forces can be measured dlreCtly using the surface
positions differ from those of the extrapolated bulk termina- forces apparatus (SFA) and the AFM. In the SFA, the
tion. In the case of water, we have shown previously an confining walls are atomically smooth and parallel over a
example of enhanced vibrational amplitudes detected bylateral extension of several tens of micrometers. Th_e|r
LEED that affect the terminating layer of water molecules Separation can be controlled with subnanometer precision,
on ice films &3 nm thickness) on Pt(111) at 140 K. at the same time that the confinement pressure, in the
Orientational disorder of the dangling OH bonds near 200 Megapascal range, can be measured. The walls are usually
K was observed by SFG by Wei et%:2%6and is discussed ~ Mica sh_eets shaped into cyl|r_1dr|ca[ lenses and arranged with
in a different paper in this issU€® Another manifestation ~ their axis rotated by 90 Studies using SFA focus on force
of surface restructuring is the premelting phenomena, where@nd distance measurements as well as on viscosity, which is
a disordered, liquidlike film is formed at the surface with a accomplished by lateral displacement of the mica surfaces.
thickness that increases when the temperature approache$he use of AFM to study confined liquids and water in
the melting point8! The presence of a liquidlike layer at a Particular is more recent. It has the advantage of high lateral
surface close to the melting point of a material is not a special 'esolution, which makes it possible, in principle, to conduct
feature of ice surfaces but has been shown to be a rathethe study of many other surfaces that can only be prepared
general phenomend’ The driving force for surface melting ~ atomically flat over small regions of the surface. Unfortu-
of ice might be, however, unique in that it is electrostatic in Nately, the long time needed to stabilize the tip at a given
nature, as described in the previous chapter, while for mostd!stance makes the measurements difficult due_ to the lateral
other materials, increased atomic vibrations at the surfacedisplacements of the tip caused by thermal drift.

are thought to be the reason for premelting at the solid

\_/appr_interface. The.measurement of_ the thickness of_ theg 1 \Water Confined between Elat Mica Surfaces

liquidlike layer at the ice surface has yielded a great variety

of results (for a compilation of the results before 1993, see  The viscosity of water in confined geometries has been
Elbaum et aP?®), where the thickness at a given temperature an interesting topic to which several publications have been
varied by a factor of up to 100 depending on the experimental devoted in the last few years. It is well-established that the
technique??® The sensitivity of the different techniques that viscosity of aqueous electrolytes confined to films with
were used to measure surface melting (e.g., N¥#Rurface thicknesses greater than-3 nm remains close to that in
conductivity?30 X-ray diffraction®>231ellipsometry?®? and the bulk?®® The question of what happens when the liquid
proton channelirg§®) to different properties of the liquidlike  is confined to gaps narrower than a few nanometers is less
layer likely accounts for part of the discrepancy of the results. understood and remains controversial. Granick &%l
Another reason might be the presence of small amounts offound that when the thickness of water films between mica
contamination on the surface. This effect was calculated for surfaces is on the order of one or two molecular layers, the
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effective viscosity of the film is orders of magnitude higher actions as the tip approached the sample at pH 8. Two
than in the bulk liquid for certain relative orientations of the different mechanisms were proposed to explain the discrete
confining walls. The authors interpreted the observed periodic changes in the force curve. The authors suggested that they
oscillations with a twist angle of the walls as indicative of could be due to hydrogen bonds forming and breaking
the existence of spatial correlations of the water structure between the tip and the surface or because ordered water
induced by the substrate. In contrast with these results, Ravivlayers create different force minima near the surface.

et al?*1242found that the effective viscosity of water remains  cleveland et a#° studied the thermal noise of an AFM

within a factor of at most three from its bulk value when tjp at different distances from calcite and barite surfaces in
confined tpathmkness.ln the range of 351 to 0.0+ 0.4_ water. They observed hopping of the tip between four
nm. They interpreted this result as due to the suppression ofgiscrete levels with an average spacing of 0.2 nm for a 20
the highly _dlrtzagtlonal hydrogen-bonded network associated ms experiment as shown in Figure 23. The thermal noise in
with freezing™® Recent molecular dynamics simulations each state contains information about the local curvature of
seem to agree with this interpretatitii,associating the  the potential well of the tip. An interaction potential can then
persistent fluidity with rotational dynamics of water mol-  pe extracted from this measurement for each discrete state
ecules, accompanied by fast translational diffusion under this ysing the Boltzmann factor. Several minima in the potential
confinement. On the other hand, a significant slow-down of \yith spacings varying between 0.15 and 0.3 nm were
the dynamics of the system as the confining separation wasgpserved, a distance that is similar to the size of a water
reduced has been found by Jeffrey et'@lUsing AFM, they  molecule. However, the exact meaning of the spacings was
found that the dynamics of the system is determined not only gifficult to interpret since it depends on the path followed
by the interfacial pressure but more significantly by solvation py the tip. In addition, possible ionic solvation from the
effects that depend on the exact separation between the tigzrystal surface can also be involved in the layering of water
and the mica surface. _ _ ~ molecules near the crystal surface.

Although as we have seen, mica can impose ?71%9“3/ In AFM, detection of the force gradient between tip and
structured, nearly epitaxial structure to the water fiffit/""®  ¢5 016 is generally more sensitive than a measurement of
this structure refers to water interacting with only one mica ha normal forc@st The force gradient can be measured by
surface. Proximity and misorientation of two nearby mica m,qyiating the tip-sample separation. Measuring the fre-
surfaces confining the water fll_m can giverise to a different quency dependence of the amplitude and phase of the force
structure. Unfortunately, no direct observations have bee”gradient provides a way to measure both the stiffness and
performed on the molecular structure of confined water films. o damping at the tipsample junction. The required

‘To close this section, it is worth commenting on the amplitudes are small, on the order of the distances being
difficulty of controlling the structure and cleanliness of the measured, which poses difficulties for small molecules such
surfaces used to confine the liquid films. Even carefully a5 water. Interesting results have been obtained in liquids of
prepared surfaces can have very a small fraction of the|r|arge molecules such as OMCTS and some alcolidls.
surface contaminated with foreign species, or even worse,Shea et a3 used this method to study water layering on
can contain 4réanometer size particles as shown by Beckermijca put could not observe oscillatory forces. However, they
and Mugele*® A method of preparation where the mica found a shift of the resonance peak to higher frequencies as
surfaces are recleaved after mounting in the lenses of theihe tip approached the sample, indicative of increased
SFA hgs proven effectlv7e in producing surfaces with higher stifiness. This was interpreted as a result of-s@mple
adhesion (i.e., cleanet)! Because recleaved surfaces are mechanical contact, or due to repulsive hydration forces,
prepared in situ just before the experiments, they are likely since both sample and tip are hydrophilic. They also found
to provide better substrates to revisit some of these importantg, increase in damping as the tip approached the surface,
questions. Experiments with AFM where the contact area is yhjch makes it difficult to obtain good measurements when
of a nanometer dimension can in principle be done on cleanerine tip is very close to the surface.
surfaces because it is always possible to image the surface Jarvis et aP used a similar technique to measure water

g?l(ijqi(iﬂelg;ttarr]ﬁ] él22(;&;lv?/?tlr?eA\rFSI\F/)I?;Se.gi]t?nBGaCr?Stp?c?ri?sri\a zt'orkolvation shells on a hydrophilic self-assembled monolayer
in that regard. We devote the following section to examine of (COOH(CH})1o-SH on atomically flat Au(111). To avoid
results obtainéd using this local probe technique hydrodynamic damping, they used carbon nanotubes attached
: to an AFM tip as a probe. The measurements were performed
. . by approaching the sample to the tip while recording changes
52 Studies of the Layering Structure of Water in the voltage applied to the modulation of the tip to keep
Using AFM its oscillation amplitude constant. This is a direct measure-
O’Shea et af*® observed solvation shells during the ment of the dissipation. The approach curves were found to
approach of an AFM tip to a graphite surface in different be oscillatory, with a period corresponding approximately
liquids. They were able to measure oscillatory force curves t0 the diameter of the water molecule and with a dissipation
with a mean periodicity approximately equal to the dimension that increased as the separation decreased. The authors
of the molecules for dodecanol and octamethylcyclotetrasi- attributed the oscillations to layering of the water. Higher
loxane (OMCTS). However, in the case of water, the tip was dissipation was found to occur when the tip was closer to
observed to jump into the surface at a nominal distance of 6the sample, indicating a stiffer arrangement of the water
nm because of strong attractive forces due to the hydrophobicmolecules. One important finding was that nanoscale forces
interaction with the surface, which energetically favors the in this experiment appeared to scale with the surface
expulsion of water from the gap between tip and surface dimension to macroscopic measurements using SFA.
(cavitation). Hoh et al*°used a similar method to study force Jeffery et aP%® measured the stiffness and damping of
curves between a silicon nitride tip and a glass surface confined aqueous solutions of 0.01 M KCI between a silicon
(hydrophilic). They measured discrete small adhesive inter- tip and mica. Stiffness and damping oscillations were
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Figure 23. Top left: schematic representation showing an AFM tip penetrating through layers of water near a surface. Top right: photograph
of the oscilloscope trace showing the cantilever deflection as a function of time. Position a is the farthest from the surface while position
d is closest. The tip hopped between four distinct states visitingl @ the course of the measurement. Bottom: inverted histograms of
the data shown in the oscilloscope photographs. The local curvature of the potential well is extracted from the noise measurement for each
state. (Each part of Figure 23 is reprinted with permission from ref 250 (http://link.aps.org/abstract/PRB/v52/pR8692). Copyright 1995 by
the American Physical Society.)

observed for up to seven molecular layers, separated by 2.5 Other instruments have been developed to study water
+ 0.5 A each. They also calculated relaxation times and layering between surfaces. Transverse dynamic force mi-
found a significant slow-down of the dynamics of the system croscopy (TDFM) has been used by Antognozzi éf&lo
as the tip-sample separation was reduced. By assuming thatstudy water layering on mica. A tapered optical fiber was
the relaxation time depends linearly on the film stiffness, mounted perpendicularly to the sample surface and oscillated
they reproduced all the important features of the experiments.horizontally. The oscillation amplitude and phase were then
One finding of these experiments was that the relaxation time measured using an optical detection system. The authors
increased gradually with pressure and that the increase wagound that the oscillation amplitude and phase-lag exhibited
larger when the tip surface spacing was an integral multiple a steplike behavior at different tigsample separations. The
of the size of the molecules. measured periodicity ranged from 2.4 to 2.9 A. The authors
Uchihashi et af*® recently compared water layering on a calculated values of the shear viscosity and ridigity in the
COOH terminated self-assembled monolayer and OMCTS water film. An increasing value for both properties was found
on HOPG. They used a method proposed by Sader andas the confinement of the water between the tip and the
Jarvig®” to convert the frequency shift into quantitative force sample increased.
values. An oscillation of the phase shift was observed when Very recently, Choi et a® used STM to study water
the tip was closer than 2 nm of the sample. Six oscillations confined between the tip and a gold surface in an electro-
were observed corresponding to six water layers, as shownchemical cell. By measuring the difference between the tip
in Figure 24. Histograms of the spacing between layers advance (driven by piezo actuator) and the actual gap
showed an average spacing of 02230.3 nm. This layer distance between the gold surface and the tip, they observed
spacing decreased in the vicinity of the surface, suggestinga mechanical resistance at a gap distance oftabduwhen
a strong attractive interaction between the water moleculesa voltage of—100 mV was applied. No such resistance was
nearest to the surface and the carboxyl end groups of theobserved at lower voltages. According to the authors, this
SAM, due to hydrogen bonding with the water molecules. suggests a solid behavior of the interfacial water at this
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Figure 24. Left: layering of OMCTS on graphite (top) and of water on a -COOH terminated self-assembled monolayer (bottom) as sensed
by the tip when approaching to the surface. Right: graphs showing the dependence of the layer spacing on the proximity to the surface for
OMCTS on graphite (top) and water on the -COOH terminated self-assembled monolayer (bottom). The bars indicate the average scatter
for each measured shell. (Each part of Figure 24 is reprinted with permission from ref 256. Copyright 2005 IOP Publishing Ltd.)

distance, frozen by the electric field. The electric field, on structured pore? capillary forces between spherical par-
the order of 10V m~1, was much smaller than theoretically ticles and substratés! forces between surfacé¥, and
predicted for the alignment of water dipoles and crystalliza- kinetics of capillary condensatici This topic is, however,
tion into polar cubic ice¥10° V m~1). We will discuss more  outside the scope of this review.
effects of the electric field on the wetting phenomena scale
in the next section. 6.1. Effect of Electric Fields in the Formation of

Water Necks

6. Capillarity Phenomena: Water Briages and In this last section, we examine the effect of electric fields

Necks on the formation of water films and necks. That the presence
Even if the AFM tip is not immersed in water, condensa- Of electric fields has a strong influence on the condensation
tion due to the ambient relative humidity can produce water of water has been known for a long time, for example, in
bridges around the tip. The driving force behind this the formation of ice layers on electrified wires. The presence
phenomenon is capillarity, due to the negative curvature of of electric fields changes the free energy of condensation as
the water necks, which decreases the pressure of the wategan be expected from the high dielectric constant of water.
vapor necessary to maintain equilibrid®The necks formed  The field of electrochemistry deals with the topic of electric
around sharp asperities have been shown to be important irfields, water, and ions. Oriented layers of water molecules
modifying and even controlling sliding friction and adhesion give rise to electric fields, and vice versa, charged surfaces
forces at the nanoscale. Riedo et®dfound that for partially help orient the water dipoles in adjacent layers to give rise
hydrophilic, nanometer-scale rough surfaces, friction de- to ferroelectricity. We have already discussed how, at the
creases logarithmically with the scan velocity, whereas for molecular level, electric fields and water are intertwined, for
partially hydrophobic surfaces, friction increases with veloc- example, in the growth of oriented water layers on mica,
ity, a result that was explained by the finite time needed to Where the average dipole points down toward the negative
condense water to form the bridges. mica surface, and in the orientation induced by pH
Several experimental groups have studied capillary- changes on the layers adjacent to quartz in electrolyte
induced water bridges on the nanometer sé&f@3 New solutions?™
applications in imaging and nanofabrication have driven Calleja and Gare?’ observed the formation of water

efforts to understand nanometer-size capillaify?s+266 necks when a voltage was applied to the AFM tip above a
Capillary transport of molecules from the AFM tip to the threshold value in humid environments. The formation and
solid substrate has been used by Piner éf’alo write rupture of the neck produced changes in the amplitude of

patterns of molecules of submicrometer dimensions. This oscillation of the lever, as shown in Figure 25. As can be
technique, called dip pen nanolithography, has been also usedeen in the figure, the amplitude is reduced after the
by Lee et af%®to generate protein nanoarrays over different application of a small voltage pulse. The electrostatic
surfaces. interaction changes the resonance frequency, which leads to
Theoretical work has been done to cover many aspects ofa reduction of the oscillation amplitude (region 1l). Once
capillarity menisci formation between a tip and a surfée, the pulse is off, the tip recovers its initial oscillation
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Figure 25. Points in the graph correspond to the instantaneous wherep and m are the .mo'ecu"’?“ density af‘d _molecular mass
amplitude of the tip as a function of time as it oscillates over a Si ©f the water, respectively. Without the tip influencar)

wafer surface in an environment containing water at 37% RH. Should be a plane, but under an applied potential, this simple
Top: during application of a 10.2 V voltage pulse for 20 ms (Il), geometry deforms into a different shape. We describe now
the tip is deflected toward the sample, and the amplitude is reduced.how to calculate this shape based on continuum media, which

In panel b, a pulse of 11 V is applied in Il and is off in lll. Some should still be appropriate for nanoscale phenomena at room
deflection and amplitude damping remains after the pulse is off temperature.

(Im. This is indicative of the formation of a water meniscus. . .
(Reprinted with permission from ref 278 (http://link.aps.org/abstract/ In the presence of a fiel&, the Zelectrostat|c energy of
PRLAV91/p56101). Copyright 2003 by the American Physical the systemAU. can be expressed 4%

Society.)

€o 2
amplitude. A different behavior is observed in a humid Ue= _Ef;/EO dv (2)
environment after a suitably high voltage pulse. A liquid
bridge has been formed, and its capillary force reduces thewhereV is the volume of condensed water ag&gthe original
oscillation. However, the meniscus is not in equilibrium, and electric field before the water film was condensed. It has
the oscillation slowly returns to its initial amplitude. This been show##° that to model the electrostatic fields in the
effect has been used to induce local and controlled electro-case of metallic samples, the tip can be substituted by a
chemical modifications of the surface for nanopatterning sphere of radiu® and a voltageV. In this simple case, the

applications:76277 field is given by a set of point charges inside the®ip
In the following, we review the effects of electric fields .

in promoting the formation of water films and necks from a © G

theoretical perspective because new and interesting advances —2RV) — (3)

in the area have appeared recently that help to understand i= FZ

these phenomertas27@

In the models, the tipsample system consists of a metallic where the values af; andr; are obtained from the standard
tip positioned over a metallic sample. The tip is described series for a charged sphere versus a flat metallic pfate.
by a truncated cone or pyramid of lendtrand semi-angle ~ Combining these equations, one obtains the electrostatic
0, terminated with a spherical cap of radidsThe surfaces  energy for a generic functiox(r)
of tip and sample are assumed to be covered by a thin water

layer, which in the absence of an electric field conforms to 5 oo = G2
the surface geometry. The profile of this film on the surface U, = —4me, RV j;) Z(r)r Z > 4)
is represented by the functiafr), wherez is the distance =17,

to the metallic surface andis the lateral distance to the tip

apex (see Figure 26). Although a similar film presumably When water is condensed, decreases while; increases.

exists also on the tip, it is neglected for simplicity. The water film profile will therefore be determined by the
Because of its high dielectric constant, the water film is minimization of the total energyt = Ue + U.. Since along

assumed to act as a perfect conductor and can be considerethe vertical axis through the tip apex the fiélds a minimum

to be at the same potential as the metallic sample. The systenat the water surface, the electrostatic energy should decrease

is in an environment with relative humidity H. Under these when the thickness under the ageicreases. Also, due to
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its proximity, this field is a maximum relative to the rest of
the water surface. This implies that the best position for water
to start condensing is just under the tip apex. When the
electric field reaches a threshold value at a voltage
condensation will accelerate until the water surface touches
the tip becaus& will be increasing wherh increases. In
this simple approximation, the field, = E(z= 0,r = 0) is

the key parameter to obtai¥y,. Assuming thatE, is a
constant value over the whole water volume, the electrostatic
energy would be

[

U, = — 4me, RV Z

i \? °
> Jo” 2nyrdr (5)
Zi

The total energWi: = Ue + Uc must be negative to induce
the formation of a water bridge (i.e., the electrostatic energy
must be stronger than the condensation eneigy)an be
obtained fromUy = 0

a\—2

From this, the threshold electric fielgy, the induction of
the formation of the water bridge can be calculated

[2KTp..In(L/H)
My€o

For water, this equation takes the foEm = (3.5 In(1/H))}2
V/nm. For H= 30%, E, ~ 2.05 V/nm, in good agreement
with previous results®?

Although the assumption that a flat film is sufficient to
predict a reasonable value g, it cannot explain the effects
that result from the real shape of the water film before the
water bridge is formed. The fact thak and U; have the
same dependence witt{r) (both are proportional to the
volume) implies that the water surface has only two shapes:
a planar geometry and a bridge filling the gap. To analyze
the changes afr), two additional contributions to the energy
need to be include#* One is the van der Waals energyqw
, and the other is the surface tensidg Since the van der
Waals force is a short-range force, it will be a key
contribution only when the distance between the water film
and the metallic sample is a few angstroms. Assuming
that the two surfaces are almost planaygw can be written
as

KTom

75 S
4

In(1/H) (6)

- 2R'm,,

()

h

|Alr
65(r)?

Uvaw = o dr (8)

whereA is the Hamaker constant. The capillarity tets
appears due to the increase of the water surface area whe
the initially flat layer bulges up under the tip. The increase
of the surface tension contribution will be

U= [ 2mary1+ z%dr (9)

wherea = 73 mN/m is the surface tension of water. Using
all these contributions, together with the electrostatic energy

Ue, the profilez(r) is then obtained by minimization of the
total energyy.

Verdaguer et al.
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Figure 27. Calculated threshold voltage for the formation of a
water bridge as a function of relative humidity H (a) and-tip
sample distance (b) for several raBjj. D = 7 nm in panel a and

H = 30% in panel b. The agreement with the experimental points
is quite good. (Reprinted with permission from ref 278 (http://
link.aps.org/abstract/PRL/v91/p56101). Copyright 2003 by the
American Physical Society.)

The functional dependence of the electrostatic field is not
easy to calculate because the local electrostatic energy per
unit area is not known and depends on the entire function
Z(r). Different approximations have been developed to
calculate the electric field in the tipsample region. Gil et
al 285287 gssumed that the tip is a sphere of radend the
sample surface a flat plane and that the field lines are
approximated by segments of circles connecting the tip and
surface and is perpendicular to them, with the potential
decaying linearly along the circular segments. Another and
simpler approximation is the radial field approximation
(RFA), which assumes that the fields are the same as those
existing inside a spherical capacitor, with the spherical tip
being the center electrode. Threshold voltages for the
formation of water necks calculated using the RFA ap-
proximation are shown in Figure 27 as a function of humidity
and tip—sample separation. As can be seen, the fit with the
experimental data is excellefif In the same paper, the
authors discuss in detail the conditions for the stability of
the necks and show the existence of bistable solutions leading
to hysteresis in the formation and breaking of the neck, as
observed experimentally.

7. Conclusions

n
Our understanding of the structure of water films in the

nanometer range of thickness has advanced considerably in
the past few years due to the intensive application of new
experimental and theoretical techniques, in particular, elec-
tron and photon spectroscopies, STM, and DFT calculations.
Together, they provide a detailed molecular view of the
structure of water monolayers. The current model of the
structure of the monolayer on metals is a hexagonal film of
H-bonded molecules, close to a flattened version of the
bilayer in the basal plane of icg.llt is still not completely
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solved as to whether this layer is made of intact molecules The final topic reviewed involves the structure of water
or of partially dissociated water and OH species. While DFT under confinement, again of great importance for biology
calculations support the partially dissociated layer on the and material science in general. We have seen, for example,
most reactive surfaces (Ru, Rh), on other more noble how AFM and the surface force apparatus can provide
surfaces, the layer is formed by nondissociated water information on the layering of water near surfaces. Studies
molecules. In this intact molecular layer, half the water where the nature of the interfaces changes from weak to
molecules have their plane parallel to the surface with the strong water bonding should be very interesting and will help
two H-atoms bonding to neighboring molecules. They to advance the field of biological interactions, electrochem-
alternate with molecules with their plane perpendicular (or istry, etc.

nearly so) to the surface, with the H that does not participate  Finally, we have shown how important it is to study the
in H-bonding to a neighboring molecule pointing down to structure on water films under ambient conditions of pressure
the metal substrate. Examples where the H points up haveand temperature. Such studies should overcome some of the
not yet been found for monolayers but could be formed on current difficulties related to the formation of nonequilibrium
some metal surfaces. The difference in the stability of the structures. We have shown how new instrumentation has
different layers is based on the variation of the strength of been developed that will make such studies possible.

the O lone pair orbital bonding with the metal, rather than ~ We concluded our review by examining studies on the
on the H-bonding contribution to the energy balance of the effect of electric fields in favoring the formation of water
monolayer. Interestingly, DFT values of the total energy films. Although no molecular scale details are provided by
differ very little in many cases for the possible models of the experiments so far, we have seen that the electric field
alternating partially dissociated, intact H-up, or intact H-down produces strong effects at nanoscale film thickness favoring
molecules. On the experimental side, a controversy existsthe production of water bridges by virtue of providing a high
regarding the possibility that electrons or X-ray photons assist dielectric constant medium that concentrates the electric field
in the dissociation of water. Aware of these problems, many and thus minimizes the energy of the system.
experimental groups are revisiting this topic, and we believe

that soon the situation will be clarified. 8. Acknowledgments
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