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(mica, TiQ2, Cu28, Si02, A1203), and metal surfaces modified by pre-adsorbed oxygen 
(Ru). In all cases we find that the formation of structures that expose dangling 
from water or hydroxyl groups is crucial to the subsequent adsorption and 2-dimensional 
growth of water films. 

Atomic force microscopy was used in the non-contact electrostatic force mode called 
Scanning Polarization For to image the structure of water in 
equilibrium with vapor. 3,4 temperature water forms a complete 
monolayer when the relati es between 70 and 80%, although the 
film is nearly co 40%. The SPFM images reveal that 
the first and second monolayers form hexagonal structures in good orientational epitaxy 
with the mica l a t t i ~ e . ~  Sum Frequency Generation Vibrational Spectra (SFG), shown in 

re 1 ~ revealed that the bonding and orientation of the water molecules is such that no 
ee or dangling H bonds exist in the complete first monolayer5, as shown by the absence 

of the characteristic Q-H stretch vibration mode at 2740 cm-’ (for D20, 3600 cm-l for 
above the first monolayer the free or dangling became visible, as 

these experiments, due to the small local eating from the laser 
beam, the ambient humidity is larger than on the surface. As we 
absence of laser heating the monolayer is completed around 70 
indicates that in the second and subsequent layers, water molecules exhibit free dangling 
H at the vapor interface. 

Supporting these findings, contact potential measurements of the mica surface as a 
function of RH with SPFM operating in the Kelvin Probe (KP) mode, revealed a decrease 
of surface potential, which indicate that on average the water dipole is pointing towards 
the surface6. After the monolayer was completed, additional water adsorption changed 
the potential to positive values, as shown in figure 2. These findings provide additional 
support for a model of the growth of water on mica at room temperature, where the 
molecular dipole points down on average and where no free H bonds are present in the 
first layer. Reversal of the average ipole direction occurs in the secon 
layers. 

rising is the observation that, in contrast to the room temperature case, 
at temperatures below 0C the contact potential continues to ecrease (Le. becomes more 
negative) when the coverage of water goes beyond the first monolayer, as shown in 
figure 2. This observation suggests that at the lower temperatures water continues to 
grow with the average dipole moment pointing down, effectively forming a 
“ferroelectric” ice film. The downward orientation of the water dip0 is probably related 
to the negative charge 011 the mica due to the presence of Al+3 ions s stituting for in 
the tetrahedral lattice, while the K ions are solvated on top of the monolayer. The 
electrostatic force however may not be strong enough to orient the water molecules 
beyond a few layers. In addition, oriented dipoles in successive layers store electrostatic 
energy, like a charged capacitor, offsetting the gains due to interaction with the surface. 
At sufficiently low temperatures however, metastable dipole oriented films might form. 
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The clean Cu metal is a particularly interesting case in our discussion. 
thc (1 11) and (1 10) surfaccs of this metal behavc i 
(1 1 % )  face no water a ion was observcd usin 
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ys which was thcn followed 

water adsorption. 

Although not shown here, similar results were obtained on two other oxide surfaccs: Si02 
that contain 9 H  @ci s 8s a reS3i”:t ofthe etshing 2nd 
films on AI foil”. 0t1-m examples, nnc~~ding ~e203 
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ion procedure--, 35 and A1223 
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drawing on the right shows the DFT calculated structure by Cabrera-Sanfelix et a1.28 The 
result of interest for our discussion is that the 
strong enough to prevent H-bonding between 
separated from each other in their 2x2 unit cells. As the coverage of water increases 

easily moved about by interaction with the tip, i.e. no stable second layer is formed. This 
result indicates that once the H atoms of the water molecule are tied strongly and 
prevented from presenting dangling free on the surface, the surface becomes 
hydrophobic. We found also that heating b d 140 K results in desorption of the water 
with no dissociation, unless defects (missi oms) in the initial O(2x2) structure are 
present. These results are again in line with the previous results presented in this paper. 
This time we have shown that if water is prevented from reorienting to present dangling 

bonds to the chemisorbed O atoms are 
er molecules, which then remain 

onolayers, the m~lecules in excess of 0.25 ML are weakly bound and are 

atoms, no wetting takes 

AI1 the examples discussed here support a mechanism for the molecular scale wetting by 
water that is strongly dependent on the ability of the surface to produce dangling H 
bonds, from either molecular water (mica, Pd, >, or OH groups (oxides 
We have also shown how pre-adsorbed oxygen on Ru(OOO1) forms strong 
water, blocking the formation of new H-bonds with other water molecules, making the 
surface hydrophobic. Although a firmly established mechanism cannot yet be presented, 
the observations clearly point to the importance of dangling H-bonds. Several 
experiments are suggested, with some underway in our laboratory, to clarify some of the 
questions raised by the results and discussion presented in this paper. One is the study of 
water orientation on mica at temperatures below OC using SFG beyond the first 
monolayer. Another is STM (and/or AFM) experiments to determine the molecular level 
structure of multilayer water films as a function of layer thickness at various 
temperatures. Finally, it would be important to explore the adsorption of water on perfect 
oxide surfaces, with no O-vacancy defects, to see if OH groups can still form and the 
effect on wetting. 

Ac ts 

i 
I,$ 3 

\\, C94f 

> +  This work was supported by the 
Materials Scie 

ffice of Energy Research, 

was financed by the Marie Curie Outgoing * I (($;* 
“i * 83 

epadment of Energy under 

, Project No. 514412. T.H. acknowledges also the financial ‘k‘, 1 $P.- 

Areces Foundation. r’ 



um fre~uency generation 
The spectrum for neat wat 
Due to a small local heating the ambient relative humidity ( 
monolayer is saturated, which under normal conditions occurs around 80% RH. The 
most important finding of this experiment is that at the completion of the monolayer the 
peak due to stretching of the free H bonds, at 2740 cm-’ is absent. The peak becomes 
visible when the water coverage exceeds 1 monolayer. 

ectra of water on mica as a function ofrelative humidity. 
air surface (deuterated) is shown at the bottom for reference. 

) is 91% when the 

Figure 2. 

Contact potential of mica as a function ofrelative humidity for different temperatures of 
the substrate. Above 10 C the contact potential reverses direction towards positive 
values, in agreement with the SFG findings that at RT the orientation of the water 
molecules is such that dangling H are present. Below 0C however, the contact potential, 
starts to decrease again, i.e., becoming more negative. e intevret this as evidence for 
the continued downward orientation of the molecules, with their dipoles pointing down 
on average towards the mica surface. This “ferroelectric” orientation however is 
metastable, and the film spontaneously reverts to a random orientation, except for the last 
layer, after accumulation of a few layers or by thermal fluctuations. 

Figure 3. 

Left: SPFM (non-contact) images of a water film on mica formed by exposure to water at 
-37C near 100% humidity. Three-dimensional droplets of ice are formed. The droplets 
sit on top of flat monolayers of ice that can be imaged in contact (right image). The 3D 
droplets are removed from the area scanned in contact mode, as shown in larger images 
acquired subsequently (not shown). Topographic profiles along the line shown on the 
right image allow for a comparison ofthe 3 and 2D structures of water. 

Figure 4. 

STM images of a partial monolayer of ater on Pd(111) at 100 K. 
ice form in epitaxial ~ e ~ a ~ ~ o n ~ ~ ~ ~  with 
atoms in the dark region are not visible due to their very week contrast (-2 pm), 
compared to that of the water clusters (-50 pm). The expanded vie 
the limited size of the clusters, which are due to the saturation of 
water molecules laying flat (molecular plane parallel to the surface). The clusters stop 
growing laterally when dangling H bonds form at the periphery. 

exagonal clusters of 
substrate, with d3xd3-R30 struc 



Figure 5. 

Hexagonal clusters of water on 
torr of water at 50 K followed by heating to 130 K and cooli 

erature of 50K. h this image 4 hexamers are visible th 
cules attached to the edges ( 3 , 5 , 2  and 2). In subsequent images taken at 1 minute 

intervals the position of these molecules changes as they visit each periphery site without 
any preference. A larger cluster of 3 hsed hexamers with one additional water molecule 
at the edges is also visible. The comers of the hexagons in the images are at the position 
of the water molecules and are located on top of Ru atoms. The Ru atoms are not visible 
due to their weak contrast of - 2 pm, as compared to the 40 pm of the water in the 
clusters, and 100 m of the ad~~tional  water molecules at the periphery. 

(0001) formed by exposure of the sample to 2x10 -8 

to the imaging 
e additional water 

Figure 6. 

Left: X-ray photoelectron spectra of water on Ti02(110> showing the peaks due to 
excitation of the 01 s electrons by 690 eV photons. Various O species can be 
distinguished that correspond to lattice 0 in Ti02 (lowest binding energy), hydroxyls, 
adsorbed molecular water (near 534 eV) and gas 
areas under the peaks isotherms and isobars of the amount of surface water and hydroxyls 
can be determined, and are shown on the right. Isotherms and isobars collapse into a 
single curve when plotted against relative humidity. OH forms always first by 
dissociation of water on 0-vacancies in the bridge O rows. Two OH groups form for 
every defect site. Subsequently water molecules bind to the OH groups forming several 
layers well before reaching the saturation humidity of IO0%, i.e., with good wetting. 

2 0  (536 eV). By measuring the 

Figure 7. 

Adsorption isobars and isotherms of water adsorption on polycrystalline Cu2O measured 
from the areas under the XPS peaks 
shown in figure 6 for T i 0 2  Both is s collapse into the same curve 
when plotted against relative humidity. As with TiO2, formation of OH precedes the 
formation of molecular water films. 

species, similar to those 

Figure 8. 

Experimental STM image (I 8 nm x 18 nrn) of an ~ ~ 2 x 2 ) - ~ ~ ( ~ 0 ~ 1  1 surface with a water 
layer on top with a coverage of 0.18 ML, acquire 
water molecules. The underlying 2x2 structure is 
the image. The molecules adsorb as shown in the schematic drawing on the top, with the 
0 of the water molecule on top o 
layer) and the 2 H atoms making 
acquired at constant current of 9 
annealing to 140 IC. 

RU atom (green circles lSf layer, blue circles 2nd 
bonds with the 0 atoms of the 2x2 cell. Image 

and an applied bias voltage of -220 mV, after 
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