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Formation and dynamics of water clusters on Ru „001…
Y. Lilach,a) V. Buch,b) and M. Asscherc)

Department of Physical Chemistry, The Hebrew University of Jerusalem, Jerusalem 91904, Israel

~Received 18 February 2003; accepted 16 September 2003!

The adsorption kinetics of water on Ru~001! was simulated using molecular dynamics~MD! and
equilibrium-model approach. The results nicely reproduce observations from STM imaging, work
function change, and IR measurements. The agreement with experimental results is based on the
formation of stable clusters already at very low surface coverage and temperature. Tetramers are
predicted to be relatively stable compared to smaller and larger clusters. The dipole moment per
water molecule continuously decreases from 2.2D for the monomer down to 1.1D for pentamer and
larger clusters. Dimers are found to diffuse faster than monomers or larger clusters, with activation
energy for diffusion of 2.9 kcal/mol, in agreement with recent STM measurements. A unique
mechanism for dimers diffusion is proposed. Temperature programmed desorption~TPD! spectra
from a metal surface were calculated by employing the MD scheme. These spectra were found
identical to the standard Redhead line-shape analysis of the experimental TPD spectra of water from
Pt~111! and Ru~001!, an observation that was used to verify the consistency of the MD procedure.
Finally, a kinetic model, fed by the MD calculated decreasing dipole moments per water molecule
at larger clusters, explains well the highly nonlinear initial stages~up to 0.35BL! of the work
function change data determined experimentally. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1625645#
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I. INTRODUCTION

The adsorption and interaction of water on surfaces
been at the focus of interest for decades.1,2 New phenomena
however, keep emerging due to improved experimen
tools3–8 which lead to better understanding of previously
ported observations.3 The interaction and kinetics of wate
adsorption and desorption on Ru~001! and Pt~111! are rela-
tively well understood since these systems received part
lar attention. The first water layers form a hexagonal bila
~BL! structure on hexagonal metallic surfaces,9 following the
Bernal–Fowler–Pauling10,11rules for ice layer formation. Ice
structure dictates that the second layer oxygen atoms sh
reside 0.96 Å above the first. However, careful IV-low e
ergy electron diffraction measurements12,13 have led to the
conclusion that the second H2O layer is only 0.1 Å above the
first layer ~flattening is most likely due to interaction of th
second layer with the metal!. Another conclusion was tha
while D2O forms a perfect bilayer structure, H2O forms
striped domains on the surface. Temperature program
desorption~TPD! spectra of H2O and D2O from Ru~001!
reveal a unique isotope effect. While for H2O two peaks are
present at 185 K (A2) and 215 K (A1), the second peak is
practically nonexistent in the D2O spectra.14 Whether these
two isotope effects are correlated is still not fully resolve
Another factor that needs to be considered is H2O and D2O
dissociation on the surface. TPD studies suggest that a
10% ~surface quality dependent! of the first BL of H2O dis-
sociate upon heating to 200 K,13,15 but D2O does not disso-
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ciate. On the other hand, recent DFT16 calculations suggeste
that water interaction on Ru~001! can be described via dis
sociation of 50% of the adsorbed bilayer.

While very extensive literature is available on gaseo
water clusters,17–22 the information regarding adsorbed clu
ters is much more limited.23 Mitsui et al. have studied the
formation of water clusters on Pd~111! by STM, and pro-
duced movies demonstrating their surface mobility.4 A cyclic
(H2O)6 , the basic building block ofI h ice, was observed.4,5

Nakamura et al. have studied H2O/Ru(001) and
H2O/Pt(111)6 by infrared spectroscopy, claiming that mon
mers and tetramers are the most stable clusters on ruthe
at low coverages.6 Helium scattering studies7 suggest the
dominance of dimers and trimers on Pt~111! below 100 K.

II. RESULTS AND DISCUSSION

In Sec. II A we shall introduce the molecular dynami
~MD! simulations as a model to describe the growth of wa
molecules via cluster formation on top of metallic substrat
Comparison of MD-TPD, performed here for the first tim
to standard Redhead-type line-shape analysis of experim
tal TPD is then used to verify the validity of this theoretic
tool in order to describe the water–metal system. The co
puted dipole moments per water molecule in the differ
clusters are then utilized as an input in a kinetic model~Sec.
II B ! that describes the experimental work function chan
data versus coverage.

A. Molecular dynamics simulations

Molecular dynamics simulations, based on model pot
tial energy surfaces, were conducted in order to follow
initial adsorption, clustering, diffusion, and desorption of w
ter molecules from platinum and ruthenium surfaces. Af
9 © 2003 American Institute of Physics
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an introduction of the model potential energy surfaces,
shall demonstrate the results of the MD simulations in de
mining structure, stability, and the dynamical behavior of
adsorbed water clusters. In addition, dimers’ diffusion
activation energy determination and their unique diffus
mechanism—will be presented. Finally, TPD spectra w
simulated and compared with standard experimental T
line-shape analysis, as a way to verify the validity of our M
procedure. MD simulations were recently employed24 to
study the growth of ice multilayers on a Ru~001!-like sur-
face, suggesting a unique packing geometry of the first f
bilayers.24

1. Model potentials and computational procedure

Water molecules were treated as rigid species. Thi
reasonable since non-dissociative molecular dynamics i
main interest. The interaction between water molecules
calculated using the TIP4P potential.25 The water molecules
were kept rigid by theSHAKE/Verlet algorithm.26 Potential
cutoff was set at a distance of 14 Å. The time step was 0.
fs in all the MD runs. The metallic surface potential w
adopted from a potential devised by Raghavanet al.27 In this
potential the metal surface is represented as an effective
ternal periodic field, not as individual atoms. This reduc
computation time considerably. This potential was origina
developed for Pt~111!.27 We have modified it to represen
Ru~001! by changing its lattice constant from 2.77 to 2.71
and by increasing the binding energy of water to the s
strate by 25%. This difference reflects the experimental d
for H2O on Pt~111! and Ru~001!.1 In order to test the validity
of this modification we have used the MD scheme to sim
late TPD from the two surfaces, as described in the follo
ing. Heating of adsorbed molecules is achieved by rando
distributing velocities among the atoms, and then repeate
running trajectories for 0.1–1 ps~to allow for structural re-
laxation! and rescaling the velocities to fit the desired te
perature, as defined by the average kinetic energy of
molecules.

2. Clusters formation and stability

The MD simulations based on the potentials describe
Sec. II A 1 were utilized in order to examine the formatio
and relative stability of clusters on the metallic surfac
tested here, Pt and Ru. The most energetically stable con
rations of each of the clusters formed are presented in Fig
It appears together with the corresponding calculated dip
moment for an entire cluster, its potential energy, and
energy difference (DE) betweenN water molecules cluste
andN21 cluster. Note that the monomer dipole moment
2.2D ~Fig. 2! and that its energy on the surface is 2.51 kc
mol higher than that of the dimer. The energies and dipo
were obtained from averaged values over trajectories o
ps, with a ‘‘structural snapshot’’ taken every 0.01 ps. T
runs were performed after arranging the molecules at pre
termined positions, and heating them to 80 K. One has
examine a major prediction of this work, namely that t
large clusters are composed of molecules characterized
smaller dipole per molecule, therefore contributing less,
molecule, to the measured work function than small clust
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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The MD results are shown in Fig. 2. As suggested by
experimental data,4 the clustered water molecules are fou
by the MD simulations to be tilted with respect to the surfa
normal thus lowering their effective dipole as the cluster s
increases, up to a hexamer in our simulations. The mono
in our study adsorbs near perpendicular to the surface
average,1,27 in contrast to other calculations that suggeste
tilted monomer.28

The calculated potential energies of the clusters prov
a reasonable explanation for the relative stability
tetramers.6 The extra stability does not arise from the lo
energy of the tetramer itself, since all the clusters up to h
amers, improve stabilization with the cluster size~seeDE in
Fig. 1!. Formation of a tetramer, however, is the least en
getic step in the clustering reaction pathway toward hexam
the building block of a bilayer. A pentamer is most like
formed by adding a monomer to a square tetramer~a gain of
1.39 kcal/mol!, followed by ring opening and formation of

FIG. 1. The average effective dipoles and potential energies of the m
stable configurations of water clusters on Ru~001!, as found by MD. On the
right are the calculatedDE values needed to reduce the size of a cluster
1 water molecule. Note that the dipole moment of a monomer is 2.2D ~see
Fig. 2!.

FIG. 2. Histograms of the dipoles per water molecule of different cluster
80 K averaged over 10 ps runs, snapshot images taken at intervals of
ps. Inset: The average dipole per water molecule as a function of clu
size.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11901J. Chem. Phys., Vol. 119, No. 22, 8 December 2003 Formation and dynamics of water clusters on Ru(001)
pentamer-pentagon~a gain of 2.49 kcal/mol!. This pathway
is illustrated in Fig. 3, via 0.2 ps structural snapshots. Th
are the smallest energy gains among the cluster-forming
actions, or in other words, the pentamer~especially the
‘‘square plus one form,’’ line 4 in Fig. 1! is most likely to
undergo dissociation, since the energetic cost for its disso
tion is small relative to all other clusters fragmentation re
tions.

As supporting evidence, we inferred the relative stabi
of tetramers from a ‘‘dynamical’’ imaging during the clust
formation process. In order to obtain such images, six w
molecules were placed at random on the surface~an equiva-
lent coverage of 3%!, heated to different temperatures, a
then snapshot imaged along trajectories of 15 ns, coun
every 10 ps what cluster sizes were present on the surf
The number of times each cluster was present on the sur
(Npresent) divided by the total number snapshots (Ntotal

51500) results in the relative occurrence of each clus
size. In order to accelerate the MD runs, we imposed hig
temperatures than those used in the experiment in orde
increase the effective rates. Each of the trajectories was
peated 10 times per given temperature. The average va
are shown in Fig. 3. The results reveal that for temperatu
between 120 and 240, the tetramer is the most abundant
ter size, reflecting its extra stability at this temperature ran
Summed over the mentioned temperature range cluster a
dance ratio~pentamer:tetramer:trimer! was 0.45:1:0.75.

3. Dimer diffusion

Water dimers were reported to diffuse much faster th
monomers on Pd~111! employing low temperature STM4 at

FIG. 3. The relative occurrence (Npresent/Ntotal) of tri-, tetra-, and pentamers
vs temperature. The surface was covered with six water molecules dur
run which was checked every 10 ps for 1.5 ns. Tetramers are the most s
clusters at each temperature. Below: Inclusion of a fifth water molecule
a tetramer shown as snapshots of a MD run every 0.2 ps.
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
e
e-

ia-
-

er

g
ce.
ce

r
er
to
e-
es
s

us-
e.
n-

n

50 K. This was attributed to their stressed configuration d
to mismatch with the surface’s lattice constant. The sa
trend was found in our MD simulations.29 The diffusion ob-
served with the STM over several seconds was at a sur
temperature of 50 K, hence its rate was very slow, a mo
ment of a few lattice sites per second. In order to obse
diffusion on the time scale of our simulations, we followe
trajectories at a higher temperature range, 110–180 K,
counted the number of jumps each cluster makes during
ns run. These simulations were performed by placing
monomers/dimers as far apart as possible on the surf
heating them to the desired temperature, and then snap
imaging their motion at 10 ps intervals. Trajectories in whi
molecules were hopping into contact were eliminated fr
the final analysis. An Arrhenius plot of ln~hops/s! versus 1/T
is shown in Fig. 4. First we used the Pt~111! potential, since
its unit cell is closer to the Pd~111! surface used in the STM
experiments.4 An activation energy for diffusion of 4.260.6
kcal/mol was found for monomers, with a prefactor
1015.260.9Hz. Dimers hopped more rapidly on the surfa
with Ea52.860.2 kcal/mol and a prefactor of 1013.760.4Hz.
This prefactor corresponds to a diffusion coefficient of 0.
cm2/s, assuming a hopping distance of one lattice const
The activation energy for the diffusion of dimers is prac
cally the same as that reported by Mitsuiet al.4 for dimers on
Pd~111!, ~2.960.2! kcal/mol. The difference in Ea betwee
monomers and dimers is also quite similar, but the prefac
is an order of magnitude higher in our simulations.

The way our metal lattice is represented via the poten
energy surface is not useful for simulating complex ele
tronic interactions. Its strength, however, is in its ability
predict effects that are primarily based on changes in
lattice constant. It was claimed that the fast diffusion
dimers on Pd~111! was due to a misfit between the lattic
constant, 2.75 Å, and the O–O distance typical for gas ph
water dimers of 2.96 Å. In order to isolate the effect of t
lattice, we changed the metal interaction potential by sh
ening the lattice constant by 7% to 2.6 Å, without changi
the interaction strength. We predict that the larger misfit w
the smaller lattice constant should increase the hopp
speed. This was indeed the result of our MD simulation
such a hypothetical system, as shown in Fig. 4~circles!. The
activation energy for diffusion is also significantly reduced
this case to 0.960.1 kcal/mol.

The simulations provide a detailed description of t
dimers’ hopping mechanism. Figure 5 presents snapsho
several successive configuration changes of a single dim29

The dimer is composed of one hydrogen-donor water m
ecule and one hydrogen-acceptor, according to the hydro
bond between them. The two water molecules can sw
roles, as seen for example between frames 2 and 3 in Fi
but the molecule that hops to another surface site isalways
the acceptor. The donor acts as an anchor while the accep
hops.

This description offers a unique molecular level insig
into the diffusion mechanism of dimers and helps in und
standing the surprising result, reported experimentally,4 re-
garding the facile diffusion of dimers.

a
ble
to
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



nd a dimer

11902 J. Chem. Phys., Vol. 119, No. 22, 8 December 2003 Lilach, Buch, and Asscher
FIG. 4. An Arrhenius plot of hopping rate of monomers and dimers vs inverse temperature on Pt~111!. Dimers are plotted also for the case of a Pt~111! surface
that was modified to have a lattice constant of 2.6 Å. The number of hops were counted during 2 ns runs. To the right: snapshots of a monomer a
at 180 K. The time between pictures is 200 ps. The dimer is hopping faster than the monomer.
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4. MD-TPD

The two metal surfaces~Pt and Ru! were initially
covered by 1 BL of water, equivalent to 1.0531015

molecules/cm2 on the Ru~001! surface. 180 water molecule
were included within the area used for the MD-TPD simu
tions. The molecules were heated linearly at different hea
rates, while monitoring the decreasing coverage every 5
The temperature was readjusted every 0.1 ps during the h
ing ramp. We have excluded the energy contributed by
desorbing molecules to the overall temperature calculat
since the goal was to simulate linear heating of the meta
surface, as in real TPD experiment. Results of a single
jectory are presented in Fig. 6~a!. The average of ten suc
trajectories at a heating rate of 131012K/s is shown in Fig.
6~b!. The extremely rapid heating rate used here was ne
sary in order to keep a reasonable computational time for
MD trajectories. The peak desorption rate from Ru~001! is
obtained at a higher temperature than the one from Pt~111!,
as expected experimentally.

The TPD line shape of a typical first-order desorpti
spectrum is described by the following rate equation:
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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2du/dT5~1/b!•u•A exp@2Edes~u!/RT#, ~1!

where b is the heating rate,u the coverage,T the surface
temperature,A the first-order frequency factor,Edes the acti-
vation energy for desorption, andF is a linear correction
term forEdesdue to interactions among neighbor adsorbat
The agreement between the results of the MD simulation
the theoretical line shape is very good and is shown in F
6~b! by a dashed and dotted lines. The parameters use
input for the line shape in the case of Ru~001! were Edes

512.5 kcal/mol,A51.131014s21, F51.4 kcal/mol, and for
Pt~111! Edes510 kcal/mol, A55.531013s21, F50.47 kcal/
mol. Edes values were set to their known values in th
literature.1

The same MD-TPD simulation and desorption rate eq
tions were repeated at a heating rate ofb5531012K/s @Fig.
6~c!# using the same parameters as above. The resu
agreement remained the same, demonstrating the consis
and relevance of the MD simulation. For comparison, a T
measurement at 2K/s is shown in Fig. 6~c! with the calcu-
lated line shape predicted by these parameters. The ag
FIG. 5. Snapshots of a dimer during hopping. The two water molecules can switch the donor–acceptor roles~marked as S!. Only the acceptor can jump~J!
to a near surface site, while the donor remains stationary.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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11903J. Chem. Phys., Vol. 119, No. 22, 8 December 2003 Formation and dynamics of water clusters on Ru(001)
ment of our MD results with experimental data and simu
tion indicate that a MD-TPD simulation with a lower heatin
rate, larger surface area and including moving metal ato
could provide a realistic description and deeper insight i
desorption dynamics. Our scheme differs from previo
studies,30,31 where MD was employed to extract the activ
tion energy for desorption and the frequency factor, fro
which a TPD curve could be calculated@using Eq.~1!#.

B. Two-dimensional equilibrium model

The nonlinear shape of the work function change~Df!
curve during the initial water adsorption on Ru~001! at 82K
~Fig. 7, solid line! was previously explained based on t
hypothesis of water cluster formation upon adsorption w
decreasing dipole moment per molecule at the lar
clusters.8 TheDf~u! curve of water was compared to that
CD3Cl, since CD3Cl has an identical dipole moment to wa
ter at both the gas phase and adsorbed state@on Ru~001!#. In
contrast to adsorbed water, however, the methyl chlo
molecules repel each other on the surface. This repul
results in alinear decrease ofDf versus exposure at low
coverages, since all the molecules adsorb in a similar e
ronment. In the case of water, theDf adsorption curve is

FIG. 6. MD-TPD of 180 water molecules, 1BL, on a surface of an equi
lent size of about 40340 Å. ~a! Nonaveraged, single MD-TPD run.~b!
Average of 10 MD-TPD runs for Pt~111! and Ru~001! with a heating rate of
131012 K/s. ~c! Same as~b! for a heating rate of 531012 K/s. The dashed
and dotted lines were calculated using the Arrhenius parameters ment
in the text.
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highly nonlinear even at rather low coverages. This behav
has tentatively been associated with cluster formation.8 In
this section we shall attempt to support this prelimina
claim8 by employing a simple kinetic model, assuming inte
cluster two-dimensional~2D! ‘‘equilibrium’’ by utilizing the
results from the above-described MD simulations.

The effective dipole,meff , is defined as the vector com
ponent of the molecular dipole moment that is perpendicu
to the surface. This dipole contributes to the measured w
function change according to the Helmholtz expressionDf
524pNmeff .

The goal of our equilibrium model is to understand t
possible effect of clusters on the measured work funct
with increasing coverage. The model is based on the follo
ing assumptions, all were shown to be valid by the M
simulations described earlier:~a! A 2D ‘‘equilibrium’’ is es-
tablished between clusters of different sizes on the surfa
namely, a steady state density of each of the various clu
sizes is assumed.~b! This equilibrium is reached much faste
than the rate of adsorption, such that for every coverage th
is a unique distribution of clusters.~c! Clusters up to hexam
ers are explicitly considered as contributing to the measu
work function change. In order to simplify the calculation
and the model, larger clusters are represented by the for
tion of heptamers~as seen in Fig. 2, clusters similar or larg
than pentamers contribute practically the same effective
pole moment!. ~d! Each cluster size~i! has a characteristic
effective dipole, depending on its geometric configuratio
contributing Df i to the total measured work functio
change.

The coupled equilibrium equations that result from the
assumptions are presented in Eq.~2!. Ni stands for the sur-
face density of a water cluster of sizei:

N11N1�
K1

N2⇒N25K1N1
2,

N21N1�
K2

N3⇒N35K2N1N2 , ~2!

-

ed

FIG. 7. DF during adsorption of H2O on Ru~001! at 82 K ~solid line, see
Ref. 8! and the fit of our equilibrium model~dashed!. The linearDF of
CD3Cl/Ru(001) is shown for comparison. In the inset: the distribution
water molecules among clusters of sizes 1 to 6 as a function of total w
coverage. (i 3Ni is plotted vsNtotal , see the text!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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N31N1�
K3

N4⇒N45K3N1N3 ... .

An important consequence of Eq.~2! is that the reactions
can be divided into two types: between similar specie
monomers (K1) and between a monomer and a cluster (K2).
Thus we setKi5K2 for i .2. This distinction allows for a
significant simplification of the equilibrium equations, a
though it is not necessarily fully correct. Adding up allNi

results in Eq.~3!, expressing the total water coverage:

Ntotal5N112N213N314N415N516N617N7

5N112K1N1
213K2K1N1

314K2
2K1N1

415K2
3K1N1

5

16K2
4K1N1

617K2
5K1N1

7. ~3!

Each of the cluster densitiesNi is multiplied by its size~i! to
get the total number of molecules on the surface—Ntotal.
This equation was numerically solved forN1 for eachNtotal.
The larger cluster densities are readily obtained by inser
N1 into Eq.~2!. The total work function change with increa
ing water coverage is given by

DFcalc5(
i 51

6

Ni•DF i . ~4!

The dipoles,m i leading to the contribution of each of th
clusters (Df i) to the overall work function change, wer
independently obtained from the results of the MD simu
tions ~Sec. II A 2!. The curve ofDfcalc versus coverage wa
fitted to the measured results, with onlyK1 andK2 remain-
ing as free parameters. The results are shown as the da
line in Fig. 7. The fit is very good at low coverages, b
clearly the model gradually deviates at coverages ab
0.35BL since it is no longer correct to limit the clusters to 2
hexamers. Instead, water molecules start forming the h
agonal bilayer network including multilayered thre
dimensional islands. A similar limit on the existence of sep
rate clusters, near 0.4BL coverage, was identified in
IRAS analysis.6 The ‘‘equilibrium’’ constants derived from
our model following a best fit procedure to the experimen
data wereK151.02BL21 andK259.92BL21.

The insert of Fig. 7 shows the resulting distribution
the water molecules populating the various cluster sizes. T
is shown as the fractional coverage of water molecules
given cluster size relative to a bilayer. In other words,
number of molecules that belong to a specific cluster siz
i 3Ni relative to the total number density in a full bilayer,
plotted versus the total water coverage in bilayers. This
tribution is consistent with the IRAS measurements,6 indicat-
ing an initially high coverage of monomers. Our model p
dicts a non-negligible amount of dimers and trimers, an
significant amount of clusters that are larger than tetrame
coverage increases. These results contradict the interp
tions provided based on the IR measurements.6

Previous related studies have considered quasiequ
rium or kinetic models to describe similar systems. W
et al.32 developed a model to describe zero-order desorp
of H2O and D2O from Ag~011!. They assumed a fast equ
librium between monomers and clusters~as in the model
described here!, followed by desorption of the monomer
Downloaded 05 May 2004 to 132.64.1.37. Redistribution subject to AIP
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They have used a steady-state approximation for the co
age of monomers, namely assumeddNi /dt50. This ap-
proximation is not, however, relevant within our mode
since their conditions were near the desorption tempera
of ice ~161 K!, while ours is too low~82 K! for desorption to
take place. Kaszaet al.33 suggested a kinetic model which
governed by irreversible nucleation, instead of an equi
rium state. They attempted to use their model to follow t
IR absorbance of water on Al~001!, predicting a strong de-
pendence on the flux of adsorbing molecules. Their mo
however, failed to fit their own data, perhaps due to the ir
versibility assumption rather than equilibrium.

We have measured theDF response at different pres
sures, resulting in an order of magnitude difference in fl
but could not observe any change in theDF versus coverage
curve on Ru~001! at 82 K.

III. CONCLUSIONS

Structure and effective dipoles of small water clusters
Ru~001! were determined using MD simulations. A possib
explanation for the relative stability of tetramers at low co
erages was presented by analyzing the energies of the d
ent cluster sizes obtained from the MD simulations. Hi
abundance and stability of tetramers was obtained dire
from the MD simulations of the water clusters at an effect
coverage of 3%. Fast diffusion of dimers measured by S
was reproduced in our simulations. The activation energy
diffusion of dimers was found to be 2.860.2 kcal/mol with a
prefactor of 1013.760.4Hz. A 7% decrease in the lattice con
stant resulted in a 70% decrease in the activation energy
diffusion, supporting the prediction of our model that th
diffusion is assisted by a mismatch between cluster struc
and the surface lattice distance. A novel diffusion mechan
of dimers on metal surfaces has been proposed.

Finally, the dipole moments extracted from the M
scheme, were utilized as input for an equilibrium model th
described the coverage dependent surface work func
change. This model fits theDf data up to a coverage o
0.35BL, predicting an order of magnitude larger equilibriu
constant for association of water to form large clusters th
for the formation of dimers from monomers.
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