Chemical reactions of water molecules on Ru(0001) induced by selective excitation
of vibrational modes
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Abstract: Tunneling electrons in @&canning tunnelling microscope were used to excite specific
vibrational quantum states of adsorbed water and hydroxyl moleculesRmf0801) surface. The
excited molecules relaxed by transfer of energy to lower gnergdes, resulting in diffusion,
dissociation, desorption, and surface-tip transfer processes. DiffusidgfQfmolecules could be
induced by excitation of the O-H stretch vibration mode at 445 melatésl molecules required
excitation of one single quantum while molecules bonded to a C atonreckii least two quanta.
Dissociation of single D molecules into H and OH required electron energies of 1 eV bemhighile
dissociation of OH required at least 2 eV electrons. In contrast, water moliecoiesy part of a cluster

could be dissociated with electron energies of 0.5 eV.
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1. Introduction

The manipulation of atoms and molecules using the tip of a scanningimgnmetroscope (STM) is
one of the goals of nanoscience. Exciting internal molecular modes:; eibrational or electronic that
deform the molecule along particular reaction coordinates, allowarfarnprecedented and detailed
study of the different steps involved in a given reactidBecause of the narrow energy distribution
across the Fermi level at liquid helium temperature, the tunnel@atyons in an STM are ideally suited
to perform vibrational spectroscopy.

The adsorption and dissociation of water on Ru(0001) is a particulahesting case, as reflected in
the vast literature of experimental and theoretical stddiés.this system dissociation is an activated
process as water adsorbs molecularly at temperatures below ~10ldv temperature dissociation
can be activated by energetic electrons, as found in low enengyoaleliffraction (LEED) or in x-ray
photoemission spectroscopy (XPSY It can also be promoted by interaction with other
adsorbate&!°* On Cu(111) and Cu(100), dissociation of water has been observed by usinggunneli
electrons at energies above5 eV

Water monomer diffusion is also an activated process on metatesirféd/ater was observed to
diffuse at rates of nm/s below 9 K on Cu(18@nd around 40 K on Pd(111) STM experiments using
inelastic electron tunneling have shown that excitation of #@ $tissor mode at ~200 meV induces
the diffusion of water clusters on Cu(1£%)and of monomers on Pd(11$Excitation of the ~450 mV
O-H stretch mode enhances diffusion on Cu(¥14)d also activates it on surfaces with higher energy
barriers, such as Ag(111).

In this paper we show how the excitation of vibrational modes by tunrelegrons induces several
reactions in water molecules, in hydroxyl groups and in hydrogen atoniiseoRu(0001) surface.
Depending on the voltage/current parameters diffusion, desorption, inteutaolbond formation and

breaking, and transfer to the tip could be excited.



2. Experimental

The STM experiments were performed using a home-built scanningingingtroscope in an ultra-
high vacuum chamber with a bath cryostat. All data were collett€édK at a base pressure below 2
x10™ Torr using electrochemically etched W tips. The single dry&tg0001) sample was cleaned
following a standard procedure reported previollghe resulting surface contained a small amount of
C atoms, typically around 0.03 monolayers (ML) relative to the Rwaseyrfsegregated during high
temperature annealing.

Milli-Q water in a glass tube, degassed by repeated cycles of freezing,nguamai thawing, was used
as the HO source. It was introduced in the microscope chamber through a leakana a dosing tube
directed to the sample. The sample could be annealed in the STM with a resiséve hea

The manipulation experiments were performed by placing the tip ouweolacule at selected
tunneling parameters, opening the feedback loop, and applying a voltagefpatsdrolled duration.
The effect of this procedure was monitored by recording the tunnelignt and by imaging the local
area after the voltage pulse. Reaction dynamics were chaadtéy the distribution of time intervals
from the start of a voltage pulse to the reaction event, indicateath lgbrupt change in the tunnel

current.

3. Results

3.1. Diffusion, desorption, and tip transfer of singigHnolecules

After adsorption of small amounts of water at 6 K, isolated matscale observed which give rise to
protrusions (bright spots) in the STM images, as shown in Figureofree 8f the molecules are isolated
bound to a Ru atom, and some are bound also to a carbon atom. The carbomppé@amasa35-45 pm
deep depressiotfs(dark spots) in the images. The isolated and the C-bonded wateuteslgive rise
to two different types of protrusion, labeled | and Il in Figure 1a.Orighter ones (I) with an apparent

height of~55 pm correspond to isolated molecules adsorbed on Ru top sites and withdleeular

plane nearly parallel to the surface. The dimmer ones (Il), aithapparent height o030 pm,



correspond to molecules bound to a C atom at a distance of 0.32 + 0.03 aore (Y as shown by
previous STM experiments and DFT calculatih§he STM height contrast is mostly electronic in
origin, as determined by DFT calculations and STM image simuk&tiDFT calculations show also a

significant covalent interaction betweepGHand C in type Il molecules.

Figurel. a) STM image (1& 10 nm, Mampe= 50 mV, | = 0.2 nA) of a Ru(0001) surface with
adsorbed water molecules (bright spots) and with 0.03 ML of C atoms (dark spots). The
corrugation of the Ru atoms is too weak (~ 2-3 pm) to be seen in the image. Type | water
molecules are isolated monomers. Type Il molecules are bound to C atoms and appewaewith |
contrast. b) Schematic model showing the geometry of type | and Il molecules.

When the tip was positioned over anHmolecule (bias 50 mV, current 0.25 to 5 nA), open loop
voltage pulses below 450 mV produced no noticeable change in most cases. Above this threshold
value however, diffusion, desorption, or transfer to the tip could be indutiediiferent probabilities,
as revealed by the displacement or the disappearance of theneéteule in subsequent STM images.
The energy of the electrons at the voltage onset for these processes is veao/tblesmergy of the O-H
stretch mode. Since the process was found to be polarity independeitsgitjuent measurements were
performed using positive voltage pulses (the voltage is applied teathele, i.e. the electrons flow
from tip to sample). A sequence of images from one of these maipuéxperiments is shown in
Figure 2, where voltage pulses were applied between frames owgatitremolecules indicated by the

arrows. Between (a) and (b) the type | molecule near the bottemesmrbed. A pulse applied to the



type-1l molecule in (b) caused cleavage of the £©MHond and the molecule, now of type-I (c), moved 4
lattice sites to the right. Another pulse to the same molecule in (c) moves ittmeesiée to the left (d).

Table 1: Relative probabilities of electron induced processes weithge pulses of 450-550 mV
applied for 1 to 3 sec for type | (isolated) and Il (C-bonded) watenomers. Initial tunneling
conditions: \ampe = 50 mV, | = 0.025 to 0.6 nA for type | and 0.3 to 5 nA for type Il. The relative
probability of different events did not depend significantly on theaingiirrent setpoint. The C atoms
in type Il complexes were never observed to move. More than 50 mditpwdaents are included for
each molecule type.

Molecule type Diffusion Desorption T:gr;;s;er NOcﬁZiZZEd
() Isolated HO 79% 6% 10% 5%
(1) C-bonded HO 519 33% 0% 16%
¥74% of events dissociate the type Il complex
Figure 2. STM images (5 x 5 nmmpe = 50 mV, | = 0.2 nA) showing a sequence of manipulation

experiments of water molecules (bright spots) by application o&dg®lpulses. The arrows point to the
location of the tip where a voltage pulse of 3 seconds will be appl)elmage containing two isolated (I)
(brightest spots) and two C-bonded (I)GHmolecules. b) The type | molecule pointed by the arrow in a)
has been desorbed by a 500 mV pulse. c) The type Il molecule pointeddryaven b) is moved and the
complex converted to type | by a 550 mV pulse. The second, more digtentl tcomplex was also
dissociated, perhaps by hot electrons scattered at the surfagged) Molecule in c) diffused by one Ru
lattice site after a 450 mV pulse. e) Type | molecule wassterred to the tip, indicated by its
disappearance and by the change in image contrast. f) The wagsutaadn the tip is transferred back to
the surface by a 550 mV pulse, where it bonds with a C atom to foypedl complex. The image contrast
has been restored to that of (a-d).



Most diffusion events of water molecules were multisite, sihgfiéce site diffusion such as the
example shown in Figure 2c and 2d being less common. Some times applisd at a given location
resulted in the diffusion of a molecule located farther away trartip, an effect not due to a multiple
asperity tip as it was observed for many different tips. This type of non-ldeed ebuld be mediated by
hot surface electrons excited during the pulse. Similar non-lofsdtefhave also been observed for
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Figure 3 a) Diffusion probability of isolated & (I) monomers as a function of pulse voltage. The
initial set-point was Vampe= 50 mV, | = 106 pA, and the pulse duration was varied so as to keep the
total electron dose constant ak 80° electrons. Each data point represents 10 individual trials. A sharp
onset is observed at 445 = 6 mV. The error bar for the data point ahM3&dicates the deviation
obtained between two different measurement sets of 10 trialsl®aOpen-loop voltage ramps applied

to a C-bonded pO (I) molecule, starting from tunneling atMpe= 100 mV, { = 5 nA. The abrupt
current jumps are due to the diffusion of the molecule away frontutiveeling gap. Each curve was
been collected on a different C-bonded molecule. c) Current dependeheevoltage pulse inducing
diffusion. The higher the current the closer the electron enetgytiee vibrational mode energy, 448

6 meV for the OH stretch of isolated or C-bonde@Hholecules (right panel), and 2847 mV for the

scissors mode in the case of water dimers (left panel)



water on Cu(111)° Table 1 summarizes the relative probability for the occurrenead process for

type | and Il water molecules.

Figure 3a shows a plot of the electron excited diffusion probability of type tmekas a function of
applied voltage. The pulse duration was adjusted so that each pulse irevaivestant dose of 8 10°
electrons, and the local region was imaged after each pulsedoitkiee molecule had diffused or not.
A clear onset can be observed at 445 + 6 mV. In another type ofragpéthe open-loop bias voltage
was increased while recording the tunnel current, as in the examipigure 3b for type Il monomers.
Loss of the molecule under the tip by diffusion is marked by an abrupgehia the tunneling current.
The current dependence was explored by varying the initial closed-loognt set-point before the
voltage ramp. At higher initial currents the diffusion occurred cldsethe threshold voltage,
asymptotically reaching it for high enough currents. Currents of ~1@er& sufficient to diffuse away
the molecule at the threshold voltage for type | molecules. Doffusi type Il molecules showed a
stronger current dependence and did not converged to the threshold voltagel@dtitA. This is
shown in Figure 3c.

As mentioned before these results are independent of voltage paladitghow significant current
dependence above the voltage threshold, thus ruling out electric field dndifftesion mechanisms.
The energy of the electrons at the voltage onset for monomer diffagrees well with the 445 meV
energy of the O-H stretching mode observed by electron energpessroscopy (EELS) for 4@
monomers on Ru(0001y, indicating that diffusion is induced by excitation of this mode. In
multielectron processes, where each electron excites the moleculadgitonal quantum, the induced
diffusion rate should exhibit a power-law dependence on the tunnel c&renk', the exponent N
indicating the number of electrons involved in the excitation prd@és&igure 4 shows the current
dependence of the electron excited diffusion rate at 475 mV, justhmvexcitation threshold for the O-
H stretch. The rate was determined from the average timereddoi initiate the process, as shown in

the inset on top of Figure 4. For isolategCH(l), the slope of the log-log plot givéé = 1.1 £ 0.2,



indicating that diffusion is excited by a one-electron process.CHmnded HO (ll) we obtainN = 2.5

+ 0.1, therefore diffusion requires at least two electrons. Thaednat number could indicate that other
excitations in addition to the O-H stretch may play a rolehis tase. The total yield was also very
different for the two cases studied here. At 1 nA the yield wad@® events/e for diffusion of type I,
and 3x 10 events/e for dissociation of the G®ibond in type Il molecules, 3 orders of magnitude
lower than for diffusion of type |.

From the analysis of Ueba and PersSuinglastic excitation of internal molecular vibrational modes
with energies greater than the translational energy baaiehe more efficient at inducing diffusion
than multiple excitation of lower energy modes, such as frusttegadlations with an energy of ~30
meV that are more directly coupled to the reaction coordinatediffosion. According to this analysis
the diffusion energy barrier for isolated water monomers shouldrgerithan 200 meV, corresponding

to the scissor mode where a single excitation was shown to induséation on Pd(111f,and lower
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Figure 4. Current dependence of the diffusion rate for isolated (solid cireled C-bonded (open
triangles) water molecules induced by 475 mV pulses. Rates wamaibtby averaging the elapsed
time until an abrupt change occurred in the tunnel current, as shown ins#teat the top. Images
obtained after the current drop verified that each change was due to ma&tuson. The slope of the
linear fit indicates the number of inelastic electrons involvethé process. Whereas the diffusion of an
isolated HO is a one electron process, the diffusion of C-bondgdl Mhich includes the cleavage of

the C-H bond, requires at least two electrons.



than 445 meV, the O-H stretch energy. This is consistent withatbelated 260 meV energy difference
between water adsorption on top and bridge sites in Ru(0001) and 190 mai(1fbt®**%* The fact
that double or triple excitation of the scissor mode was not obsesveduce water diffusion on Ru
under the range of tunnel conditions explored in this work places a liowieon the decay rate for this
mode.

For C-bonded LD the excitation of a single O-H stretch vibration quantum isuf@étent to induce

diffusion. The higher energy barrier in this case is attributed to the cleavdmge®f HO bond.

3.2 Water clusters

In addition to monomers, small aggregates of a few water meke@iimers, trimers, etc.), could also
be observed. Although the internal structure of these clusters wassmaity resolved in the STM
images, the number of constituent molecules in the cluster could be byudidrupting them with
voltage pulses. In the case of dimers we could observe the pecui@ptes-like rotation of the

acceptor molecule predicted by Ranea ét &i.this model one water molecule, the donor molecule, is

Figure 5. a) Water dimer imaged as a rosette of six maxima due tathton
of the acceptor molecule around the donor molecule located at the. Cereer
rotation is induced by strong interaction with the tip.t¥e= 50 mV; | = 400
pA). b) At higher gap resistance {My.= 50 mV; | = 40 pA) the interaction is
weaker and rotation is not clearly observed. Image sizex 3.5 nm.

bound to the surface via de O-lone pair orbital while the other isaackptor molecule weakly
interacting with the substrate. In our case, the rotation is enhagdrteraction with the tip at low gap

resistance (50 mV, 400 pA), as shown in Figure 5, which moves the moledhle tip position over



each of the 6 Ru atoms surrounding the donor water molecule bound to tla¢ Rardtom. At higher
gap resistance the interaction is weaker and the rotation is not clearly observed.

Excitation of dimers and trimers with electrons of energy less than 20(thee8cissor mode energy)
resulted only in restructuring of the clusters into different coméigons. In contrast to the isolated
molecules, which required excitation of one OH stretch quantum, trianslaf water dimers was
observed at a threshold voltage of 200 + 17 mV and currents as low asA~-.®pen-loop ramps as
the one shown in Figure 3c. This indicates a lower diffusion energgibdran for monomers which, as
we have seen, requires excitation with electrons of energy ldw@e 445 meV. An easier diffusivity of
dimers compared to monomers was also observed on P(MHich Ranea et &f.explained as due to
a cooperative mechanism where the donor-acceptor role is sucgessicenged when the two

molecules bond metastably to the metal atoms. Interestinghgikarsexperiment performed on rosette-

Figure 6. Sequence of 5 x 5 nm images illustrating the manipulation of a wiater which produces
the unresolved spot near the center marked by 3. Two isolated molecules ofreypsbgresent. Each
image was acquired after applying a voltage pulse with tred tipe position marked with a dot. Voltage
pulses below 445 meV result only in either translation or inteambanization of the molecules in the
cluster (a-c). Above 200 meV diffusion of the cluster was nornwddgerved. For voltage pulses above
445 meV (O-H stretch) the cluster can be dissociated into mon@men® monomers and dimers. In d)
the trimer has dissociated into a monomer bound to a C atom (mankedr Ithe center) and a dimer
(marked 2) after a 475 mV pulse. e) Another pulse of the sameyeddiasociates the dimer, and the
released monomer formed a dimer with the nearby monomer. f) A gdiiak of the same voltage

diffuses the dimer out of the scanned area.
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like rotating dimers on Pt(111) by Motobayashi ef®aindicates a higher diffusion barrier than for
monomers. This could be due to the suppression of the donor-acceptor excleahga@ism on this
surface, possibly due to a higher lattice mistmach.

Trimers could be rearranged with voltage pulses below 200 meV arsfatesd with voltage pulses
above 200 meV. Excitation of the O-H stretch mode at 450 meV inducechadéeular bond breaking

(cluster dissociation). An illustration of several of these events is shown indgesrn Figure 6.

3.3 Dissociation of H,O and OH
Water dissociation on Ru(0001) can be achieved by thermal or by elearmitations>®*® Unlike
the quantum state selective excitation ofOHtranslation by single or multiple electron processes

discussed in the previous section, rupture of the O-H bond could not be achittvetectron energies

Figure 7. STM images (4 x 4 nm, Mnpe= 50 mV, | = 0.2 nA) of a manipulation experiment showing
the sequential dissociation of,® into OH and then O. Voltage pulses were applied with the tip
located over the molecule (marked by the arrow) after disatiimdeedback at the set-point used for
imaging. a) Isolated $#© molecule. b) After a 1.7 V, 50 msec pulse an OH species is ddinom the
dissociation, and is imaged with a weak contrast spot. The H aféusedi away from the imaging
area. c¢) Pulses above 150 meV are sufficient to cause thedlifiofSOH, with no interaction with the
surrounding C atoms (dark spots). d) A 2 V, 50 msec pulse over tha@ddits dissociation into O
(dark spot marked by an arrow) and H. As in b), the H atom diffused away from the imaging a



below 1 eV and currents below 30 nA, i.e. by a ladder-type single quanitatien of the O-H strech.
This is probably due to the very efficient intermodal coupling to taestation modes so that the
molecule moves away from the tip region before a multi-electrooegs can excite a sufficiently high
vibrational state to cause O-H bond rupture.

This scenario changes if the voltage pulse is high enough for & slegitron to excite multiple
guanta of the O-H stretch mode and thus modify the relative yielkbetdiffusion and dissociation.
Indeed, by increasing the voltage of the pulse to between 1 and 1.5 V,twbhayethree quanta of the
O-H stretch could be excited per electron, we observed a difteebavior. As shown in Figure 7, after
a voltage pulse of 1.7 V the appearance of tff@ hholecule changed dramatically. A new species with
an apparent height of only 10 pm can now be seen adsorbed at an hcppktedifom the pulse
location by an average of 3 + 1 Ru lattice sites. Previous work igroup® has shown that this species
can be identified as OH, confirming the dissociation of th® kholecule. The electron energy required
for H,O dissociation is consistent with the barrier of 0.85 eV obtained by DFT for mondifteedarge
chemical energy released by the dissociation, together withothealiffusion barrier of OH (shown
below), could be the source of the kinetic energy necessary faartieedisplacement of the products.
Both isolated and C-bonded® could be dissociated in this voltage range, but the competition letwee
diffusion and dissociation made it impractical to quantify differenagsing from the two initial
conditions. Complete dissociation from®ito O and 2 H was rarely observed. In all dissociation
events, the H atoms either diffuse away from the imaged aseda Figure 7) or react with a C atom to
form CH, as we have shown recertfly.

More significant is the observation that only positive voltage plseselectrons tunneling from the
tip to empty states of the adsorbate) caused dissociation. Thistypdipendence could be due to
inelastic scattering promoted by tunneling into an empty orbitééssiaf the molecutd, or to field-
induced effects such as molecule reorientatidn.the former case, an analysis of the molecular orbital
decomposition of the density of states ofOHon Ru(0001) and their contributions to the tunneling

indicates that the HOMO (4Band the LUMO + 1 (2B contribute similarly to the tunneling current at
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around -1 and +1 V respectively (the contribution of the LUMO was fourizetoegligible)'® The
observed polarity dependence could then arise from the bonding and antibondaatecttdreach state
respectively.

The OH groups diffused readily even with voltage pulses as low am¥%dhe onset voltage was
polarity-independent, suggesting that diffusion is induced by inelastitagon of low energy modes,
such as frustrated translation and libration modes with energieachd 00 meV. Between images (b)
and (c) of Figure 7, seven voltage pulses ranging from 0.2 to 1.7 Vapplied to the OH that induced
only diffusion. It is interesting to note that, although the displacgénength on each event was
sometimes as large as 6 Ru lattice sites, unli®, the OH group was never seen to form complexes
with C. By increasing the pulse voltage above 2 V, OH could be digstardgo O, as shown in Figure
7(d), with an average displacement of 1 + 1 Ru lattice siteaftpearance of O as a depression in the
images is similar to that of C, as shown previolislyAlthough the chemical energy released in the
OH— O dissociation is similar to the,8 — OH dissociation, the higher diffusion barrier of O seems
to limit its displacement. The O atom was very stable and couldenotanipulated by pulses up to 5V,
similar to the case for C atoms. Note that in case of compe#action channels, diffusion and
dissociation in our case, the voltage onset is only an upper limit for the dissociatigy Eareier.

The dissociation thresholds for® and OH monomers on Ru(0001) are similar to those obtained by
Lauhon et al. on Cu(100), 1.5 V and 4 V respectivelJhe diffusion behavior of these two species,
however, is completely different. On Ru(0001) it is necessary tibeettee high-energy O-H stretch
mode to induce kO diffusion, while OH diffuses below 150 meV. This is consistent T
calculations that find a quasi-degeneracy between fcc, hcp and brielgyeosiOH adsorption, leading to
low diffusion barriers. In contrast the adsorption site fg® kb well defined and thus more energetically
stable, leading to higher barriertn contrast on Cu(100)4@ already diffuses thermally at 9 K, but OH
diffuses only after excitation of the O-H stretching. Thus, thenpi@dldandscape is completely different

for these two surfaces. Another striking difference is found forHp@-C interaction: whereas on
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Cu(100) HO reacts dissociatively with C-C dimers at 9 K, water fomnagecular complexes with C on

Ru(0001) and the OH produced by water dissociation seems to be repelled by C.

3.4 Dissociation of water in clusters

In contrast to the behavior of isolated moleculeg) khcorporated in clusters could be dissociated by
electrons of 0.5 eV energy. As shown previously, this could be best obséthedusters larger than
dimers or trimers, where diffusion is quenched for internal moleé(fésIn Figure 8 we show an
example of a dissociation experiment, where an area containihgtarcof 7 water molecules was
scanned at setpoint voltage of 0.5 V. The images were obtained inehedider manipulation at 25
mV and 1nA tunneling conditions. Scanning at 0.5 V and currents bellow 300 péAnlgdo a

rearrangement of the cluster molecules into different configungtias shown in (b). However, after

Figure 8. STM images (5 x 5 nm) acquired at 25 mV and 1 nA tunneling conditibosirsg the
manipulation of a water cluster. During manipulation the voltageimaasased to 0.5 V at increasingly
larger tunneling currents. a) Initial intact water cluster containing 7 meled) Scanning at 0.5 V and
300 pA caused restructuring of the cluster into a different configurat) and d) After several
consecutive scans at 0.5 V and 500 pA three water molecules disddcigiroduce O and H. Most of
the H atoms produced in the dissociation diffused away from therippagea, but one was trapped by

a C atom to form CH. The 4 remaining intact molecules are of bonded with C atoms)(type |l
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scanning at 500 pA (images ¢ and d) O atoms were produced as guemtse of the complete
dissociation of some of the,B molecules. CH complexes were also formed from the reactiéh of
with C (see Figure 7d). The higher probability for observing complissociation of HO into O + 2H

as compared to individual molecules could be a result of quenching offftreasi channel. Also, the
lower dissociation onset voltage is consistent with the lower etangier of 0.5 eV calculated for,B9

in a bilayer as compared to 0.85 eV for isolate®® Pl This experiment represents the first single-
molecule, real space evidence, of the autocatalytic behavior of praticted by theory and observed

by other techniques in various metallic and oxide surfa¢&s>

4. Summary

The excitation of one or multiple quanta of the O-H stretch modegtatmeV in HO molecules
adsorbed on Ru(0001) results in the diffusion, desorption, and dissociation of the moleaisie lebds
to the breaking of bonds formed betweesOHand C atoms or with other,&8 molecules. Current-
dependent diffusion-rate experiments show that diffusion of isolat€d hibnomers via O-H stretch
mode excitation near the threshold is a one-electron process, wigfaaon of C-bonded O
monomers is a two-electron process. On the other hand, diffusion of dintersers could be induced
by excitation of the 200 mV scissor mode. Larger clusters coultiuisally modified by exciting the
scissor mode, or disrupted by exciting the O-H stretch mode.

Isolated HO molecules could be dissociated only by single-electron excitatiomodt@ages above 1 V.
However, when bD is incorporated into clusters it can be dissociated much mahg eaguiring only
0.5 V, a result that reflects the autocatalytic behavior of wdissociation, which is due to both a
decrease of the reaction barrier and suppression of translation whenh galuster. The formation of a
H,O-C complex however does not seem to significantly affect therveissociation voltage onset,
although it affects the excitation process now requiring more thargoaetum of the O-H stretch

vibration.
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While oxygen atoms could not be manipulated at voltages as high asC81\tould easily be
displaced at voltages as low as 150 mV. Dissociation however requecttbelenergies higher than 1.5
eV. Although the dissociation voltages fosgHand OH on Ru(0001) are similar to those observed for
Cu(100¥3, the diffusion behavior on these two surfaces is strikingly different. Wheredsftiséon rate
of H,O on Cu(100) via thermal excitations is noticeable at 9 K and G@Hooly be displaced by
exciting the O-H stretch, on Ru(0001)® diffuses only after excitation of the O-H stretch mode and

the voltage onset for OH diffusion is 150 mV.
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