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ABSTRACT

We present an x-ray absorption spectroscopy results for fully mrmka complete H-
bond network of water molecules on Ru(0001) by varying the morphologyi$aated
water molecules via two-dimensional clusters to a fully coveredolayer as probed by
scanning tunneling microscopy. The sensitivity of x-ray absorptidghesymmetry of
H-bonding is further elucidated for the amino (-MHjroup in glycine adsorbed on
Cu(110) where the E-vector is parallel either to the NH donating an H-bond omorthe
H-bonded NH. The results give further evidence for the interppaetaif the various
spectral features of liquid water and for the general applicakfitx-ray absorption

spectroscopy to analyze H-bonded systems.
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The properties of water are determined by the versatileenaftuthe hydrogen-
bond (H-bond) network formed among water molecules, giving riseveEryacomplex
phase-diagram and a large number of anontdlids its condensed ice |h phase each
water molecule is coordinated with four others in a near-tetraharrangement forming
an ordered crystal structure. In the liquid phase the most commaonepagtthe H-bond
network is as a distribution of H-bonded species with continuous distorticaasear-
tetrahedral arrangement. A recent x-ray absorption spectrog¥&8) and x-ray Raman
scattering (XRS) studyproposed that the dominant species in water, denoted single-
donor (SD), corresponds to molecules in an asymmetrical H-bonding situatior, avieer
of the donating H-bonds is significantly weakened whereas theistkept nearly intact.
Furthermore, recent x-ray emission spectroscopy (XES) datataf show the presence
of two rather distinct different local H-bond configurations, a pictwrach is also
supported by the previous x-ray absorption spectroscopy (XAS)°stddwever, there
has been an intense debate regarding the interpretation and imp#ot ofray
spectroscopy results (see ref. 6 for a detailed discussion).

To settle some of the controversies surrounding the interpretatiotheof
XAS/XRS water spectrum and the underlying scientific questganding the structure
of liquid water, it is imperative to experimentally establsiw the experimental x-ray
spectrum of water changes in different well-defined H-bonding gems®ther than ice
and gas-phase. This approach has been most successful in studiedl dfegnwater
clusters using various vibrational spectroscdpiddue to the directionality of the
hydrogen-bond and the fact that x-rays produced as synchrotronaadiati be linearly
polarized, it is particularly advantageous to study the H-bond emwignt in lower
dimensions. Adsorption of water on well-defined surfaces provides #rpiatfor
growing 2D hydrogen-bond structures and offers many establishéacesuscience
techniques for structural characterization. In particular, closkegoametal surfaces such
as Pt(111) and Ru(0001) have hexagonal geometries that are clagelyedto the
hexagonal geometry of iceg., the ice 1h(0001) surface. Here we present an XAS study
of small water clusters adsorbed on Ru(0001). Our primary goaprevale information
about the effect of H-bond symmetry on the x-ray absorption specbased on

experimental data alone.



The STM and XAS experiments were performed on two different-nigla vacuum
(UHV) instruments. For STM, the experimental set-up consists lkdraemade, variable
temperature STM that has been described in detail previdusthe STM has a modified
scanner enclosed in a copper shield clamped to the samplestage t§ and sample are at
the same temperature. In the STM images a gray or color scalel useresent tip heights
at each of the 512x512 image pixels. The gray scale is chosen atibhight corresponds to
the tip being farther away and dark closer to the surface.

The XAS experiments were performed at the elliptically polarized utadudaamline
11.0.2 of the Advanced Light Source (ALS) in Berkeley. The XAS speatra recorded
with a total energy resolution of about 0.1 eV. X-ray and electroragareffects™* were
negligible as a result of minimizing the photo-generated and tioalthyg scattered electrons
down to a total of ~0.03/gvater moleculgéby scanning the sample rapidly.

In both experimental set-ups, clean, well-ordered Ru(0001) sunfd@tdesmpurities
below 0.2 % of a monolayer (ML) were prepared in UHV by cycles of noble gablé\ion
bombardment, and annealiat) 1100-1300 K. The water was ultra-pure grade and purified
by pumping over the ice and by freeze-thaw cycles. Water waperadmitted into the
chambers and adsorbed on the samples at temperatures below 40 K.

Fig. 1 shows STM images of water on Ru at different coveragesitiepat37 K.

At low coverage we only observe isolated water moleculesXfigeft) seen as a single
protrusion similar to previously observed for water on Pd¢£1¥When we increase the
coverage clusters are formed with the water molecules foramrajl hexagonal clusters
(fig. 1, Middle and Right). Infrared absorption spectroscopy (IR&Shis intermediate
coverage shows no intensity in the OH stretch rédiddased on the surface selection
rule for IRAS, where only vibrational modes perpendicular to theasarfire dipole
active, this shows that the molecular plane is parallel toutiace. The unique situation
is that at the edges of the clusters each water molbaslea free OH group. In some
cases we also observe water molecules in a non-donor (ND) saauglptor configuration
at the edges which are mobile and thereby weakly bonded. Most efiffes have SD
species and this corresponds to an asymmetrical situation withtimmg @and one
missing donor H-bond. The size of the clusters increases with sinye@overage until a

two-dimensional overlayer develops where we have two types of malecules, either



bonded through the oxygen atom with the molecular plane near-pavahe surface, as
in the low coverage regime, or bonding through one OH group pointing towards the
surfacé 13

Fig. 2 shows O K-edge spectra of water in its three aggoaegstates indicating
that the electronic transitions the condensed forms are significantly different from
those in the gas phast" > The liquid water spectrum shows a strong pre-edge peak at
535 eV, a main-edge peak at 537.5 eV, and a post-edge peak around’5&heV
suggested interpretation in Werrgetal. ° is the following: The weakly coordinated OH
in molecules with asymmetric donating H-bonds gives rise to tthags pre-edge and
main-edge features observed for liquid water as well ashioide surface, while the
more strongly H-bonded OH contributes to the post-edge *pedak tetrahedral
configurations, as in ice, both OH groups are coordinated with neighbomter w
molecules giving rise to double-donor (DD) species. Thereby thesitteof the post-
edge will be nearly twice as large compared with the SD gorstions. Heating the
liquid results in further loss of post-edge intensity, coupled witbrecomitant increase
in the pre-edge and main-edge regiom this sense part of the intensity of the post-edge
is transferred to the pre-edge and main-edge upon breaking onebdowioforming SD
from DD configurations.

The alignment of the H-bond network along the two-dimensional sudiad the
directionality of the photon E-vector, allows us to study the etieei-bond asymmetry
along the direction parallel to the surface. Fig 3 shows theiexgretal Ols XAS spectra
from low coverage water up to a completed monolayer with theciw of the exciting
photon in-plane. For comparison, we show the x-ray absorption spectrum fxagohel
ice'® and gas-phase watgrwith guide lines for the energy positions of the molecular
gas-phase orbitals 4834 eV) and 2b(536 eV) as well as for the strong post-edge in
ice (540.5 eV).

In the low-coverage phase corresponding to monomer water wepsegal
features associated with the gas-phase molecular orbitalsr¢hbtcadened due to the
coupling to the conduction band of the metal. We note that there is no H-bamting
consequently no distinct post-edge feature in the spectrum. As tkeagevincreases

with formation of hexagonal clusters, the effect of H-bonding can é&e isethe x-ray



absorption spectrum. From an H-bonding perspective the water molectiesclusters
have a high asymmetry with one donor H-bond broken. We note that two feanesge
as a function of coverage. First, we see significant internsitya post-edge region above
540 eV, which was not present for the monomers. Second, a new featarges at
energy intermediate of the gas-phasegatal 2b peaks.

As the coverage increases, inter-cluster bonding increases saadresult, we
should see the effect of increased H-bonding, and decreased asyramenore of the
non-H-bonded donor sides form hydrogen-bonds with other water cluseéerdig. 1).
This is reflected in the spectrum as an increase (and sharpehihg) post-edge feature,
along with a decrease of the pre-edge state. Upon completiba ofdnolayer, the post-
edge becomes even more intense whereas the pre-edge diminishescstdlialppears
and the spectrum gains a strong resemblance with the spectrum of bulk ice.

It is clear from the spectra in Fig. 3 that the pre-edgeindeed be associated
with water species in asymmetric H-bonding configuration, wasetlee post-edge can be
associated with the presence of H-bonds in either asymmetryenonegric species. In a
simple picture the spectra from these surface adsorbed spefimst the spectral
characteristics from the three different aggregation forms tdrmf@w coverage with no
H-bonds corresponds to gas phase, intermediate coverage with asgaimétoond
donor situation gives rise to a pre-edge feature similar to the liquidwmeatile finally
the monolayer coverage where all donating H-bonds parallel tatfees are saturated
gives rise to a dominating strong post-edge and significahiceel pre-edge spectral
features nearly identical to what is seen in ice.

In the free water molecule the,4and 1b orbitals are delocalized on both OH
groups in the water molecule due to thg, €&mmetry. It has been suggested from
theoretical calculations that the appearance of the pre-edged for asymmetrical H-
bonded species is a result of a localization of the OH antibondinglashib the free or
weakly donating OH grodg*. Through resonant Auger and XES measurenfehts it
has indeed been verified that excitation into the pre-edge leassextremely localized
state whereas excitation into the post-edge leads to a deltioalipeocess along the H-

bonding network on an attosecond timescale. Let us now take a abokeratl this



localization using another molecular system with a functional gtoatpg also locally in
C,y symmetry, namely the NHyroup in glycine.

In Fig. 4 we show symmetry-resolved XAS spectra of the amino gnoup
deprotonated glycine (glycinate) on Cu(110) taken ffoM The Cu(110) surface has
two-fold symmetry with the surface Cu atoms oriented into rows. glycine molecular
skeleton bridges over two Cu rows on the surface in order to bond throughhboth t
carboxylic and amino functional grodps’" ?? The formation of H-bonds between the
carboxylic and amino functional groups on neighboring molecules givestaisan
ordered (3x23)g overlayer on the Cu(118urface with one of the amino hydrogens H-
bonded and the other not. This leads to an asymmetrical H-bondingositumathe NH
group with one strong donating bond whereas the other hydrogen atomnsolved in
any H-bonds as shown in Fig. 4. The highly oriented system meansveéhhave 3
directions defined for thp-componentsp,, py andp, respectively. Here, the alignment of
the E-vector relative to the rows in the open Cu(110) surface retheebmensionality
to one, and we can get a very direct connection between geom&fricaletry and x-ray
absorption transition amplitudes by orienting the E-vector aloimgredf the two N-H
groups. Fig. 4 directly demonstrates the excited state lo¢gatizan the two N-H groups
due to lowering of the symmetry resulting from the asymmetrical H-bonding. Véevebs
the corresponding pre-edge and main-edge features in the spedgtiutihe E-vector
along the free N-H and the post-edge feature along the H-bondtedTNis also gives
further evidence that the pre-edge and main-edge spectralefeadre associated to
broken or weak H-bonds and the post-edge to H-bonds.

In conclusion, we have shown an XAS study of low-dimensional water on
Ru(0001), from monomers to a complete monolayer. The alignment of tregeyn
bonds along the surface plane allows us to study the effect of tlemdHenvironment in
the XAS spectrum along the direction of the hydrogen-donatingy®@tips. Specifically,
the excitation of single-donor molecules, where an H-bond has been brokkee BHn
donating side, shows strong spectral features in the low-energyfptre spectrum,
which are different in energy relative to the monomers. Uporptaimon of the H-bond
network, the intensity of this pre-edge feature is suppressed, atrey post-edge

feature is observed, associated with states along localizedden-bonds. The effect on



the XAS profile due to broken symmetry and the subsequent localizatibie ecited
state wave function is furthermore demonstrated for the orientetbagroup in glycine
adsorbed on Cu(110) where the E-vector can be oriented paratigh¢o the H-bonded
or non-H-bonded NH. This study settles some of the controversiesusding the
interpretation of the XAS/XRS results and the underlying sdierguestion (the local
structure of liquid water), by further establishing the connedt&iween spectral features
in x-ray absorption of water and the symmetry of the local hydrogen-bond environment
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Fig. 1 Left: 10 x 10 nrh STM image of isolated water molecules (bright spots) on
Ru(0001); Middle: 17.5 x 17.5 rfrshowing clusters of water molecules forming
hexamers and clusters of a few hexamers. Right: enlarged view (5% Showing the
honeycomb structure of the clusters. Images acquired at T = 50 K. Scanning conditions:
170 mV, 0.7 nA.
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Fig. 2 XAS spectra of water in the gas phase, liquid antité® The intensity above
the dotted line in the ice spectrum is related to small anuwfurgam damage, defects at
grain boundaries and the surface.
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Fig. 3 (left) Proposed structure of water at various coverages on &L)(@fbm low
coverage with individual water molecules, intermediate coverage whellechraters are
10

formed with asymmetrical H-bonding at edges and complete momaoildngge nearly all
H-bonds are saturated in the plane parallel to the surfaclet) (K4S spectra measured

with the E-vector in plane with respect to the surface of watsorbed on Ru(0001) at

different coverages deposited and measured at 37 K except foroti@ayer coverage
which was also annealed to 150 K. Spectra of gas phase antf'iteare shown as

comparison.



Glycinate on Cu(110)
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Fig. 4 (left) N K edge XAS spectra of glycinate on Cu(110) whik £-vector in plane
and either in the [100] or the [110] directidhsThe pre-edge and main-edge spectral
features are observed at 403 eV and 406 eV, respectively, ipe¢htwsn with the E-
vector aligned with the [100] direction whereas the post-edge is obsed@d @V in the
spectrum in the [110] direction. (right) Structural model of the adsorgfeometry of
glycinate on Cu(110) where the amino group in the lower moleculéatmadl-H where
one donates an H-bond to the carboxylate group on a neighboring rededuthe other

is non-H-bonded.
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