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Water adsorption on metal surfaces: A general picture from density functional theory studies
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We present a density functional theory study of water adsorption on metal surfaces. Prototype water struc-
tures including monomers, clusters, one-dimensional chains, and overlayers have been investigated in detail on
a model system—a PItll) surface. The structure, energetics, and vibrational spectra are all obtained and
compared with available experimental data. This study is further extended to other metal surfaces including
Ru(0001), Rh(111), Pd111), and Au111), where adsorption of monomers and bilayers has been investigated.
From these studies, a general picture has emerged regarding the water-surface interaction, the interwater
hydrogen bonding, and the wetting order of the metal surfaces. The water-surface interaction is dominated by
the lone paird band coupling through the surface states. It is rather localized in the contacting layer. A
simultaneous enhancement of hydrogen bonding is generally observed in many adsorbed structures. Some
special issues such as the partial dissociation of water gddRd and in the RT39 bilayer phase, the H-up
and H-down conversion, and the quantum-mechanical motions of H atoms are also discussed.
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[. INTRODUCTION simulation based orab initio density functional theory
(DFT) has proven to be a useful and supplemental tool to
Water interaction with solid surfackplays central roles study the water-solid interfacé$.
in a variety of phenomena in nature such as catalysis, elec- Water on Pl11) represents one of the most well studied
trochemistry, corrosion, and rock efflorescing, and has imsystems by experiments, where various adstructures and vi-
portant applications in, e.g., hydrogen production, fuel cellsbrational spectra have been documented. Among all the
and biological sensors. During the past two decades, watditructures, water bilayer in 3 \3R30° (RT3) phase was
adsorption on single crystalline metal surfaces has been irfirst proposed by earlier experiments on thélPt) surface’
tensively investigated in laboratories by various experimenThis bilayer phase is most interesting because it marks the
tal te(‘;hniquejg2 as a prototype system for understandingil’]iti@J formation of the H-bonded water networks on the sur-
water-solid interfaces and their interactions. Depending orace. It has generally been observed on other metal surfaces
the coverage and experimental conditions, water on a surfagich as Rf11) (Ref. 1) and Au111),'? and has been
forms different low-dimensional structures, ranging from viewed as a model water structure at the interfaces. In addi-
isolated monomers and clusters, to one-dimensigh&l)  tion to the RT3 bilayer, two more bilayer phases, ice)
chains, and two-dimensionéD) ordered overlayerdWhile X 39R16.1° (RT39) and/37x /37R25.3° (RT37),**° have
the ordered 2D structures were accessible in earlier experalso been observed in recent experiments ¢hlRt at 130—
ments by low-energy electron diffractiofEED),*° recent 140 K. These bilayers were found to be interconvertible at
experiments using scanning tunneling microscafd M) certain experimental conditions. Despite the tremendous ex-
have made it possible to locally image and probe isolategherimental and theoretical efforts, our understanding on the
water clusters. For instance, water monomers, dimers, angimplest bilayer, the RT3 bilayer, remains to be controver-
hexamers were recently observed by STM on(#g),°®  sial. While two RT3 bilayers, the H-up and H-down ones,
Cu(111),” and Pd111) (Ref. 8 surfaces. A 1D water chain were proposed in earlier experimental studies and a recent
was observed on the steps of 41R1) surface® As the cov- DFT calculationt* Ogasawara and co-workers argued in a
erage increases, water forms hydrogen-boriétetond net-  recent experiment that only a flat bilayer of H-down type
works of various phases, depending on the substrate, andas observed in the RT3 phase or{1Rf) with a vertical
continues to grow into multilayers and bulk ice at high O-O distance as small as 0.25'AThis conclusion has been
coverages. recently questioned by Feibelman, who claimed that the wet-
What determine these adsorbed structures and their stiing layer of the water/Pt should be the RT39 rather than
bilities are the two fundamental forces at the water-metaRT3, based on the comparison of the adsorption energetics
interfaces, namely(i) the water-surface interaction, which between the two phaséS.
occurs predominantly in the water-metal contacting layer; Besides the controversy in the bilayer, other nanostruc-
and (ii) the interwater hydrogen bonding, whose charactetures of water at surfaces such as monomers, clusters, and 1D
and strength may be modified by the presence of the sulshains, remain to be poorly understood due to their insensi-
strates. On most metal surfaces, these two interactions tutivity to experimental probes and due to the fact that these
out to be comparable in strength. Their competition results imanostructures are computationally more demanding than the
a rich class of adsorbed structures especially at submon@D periodic systems. Although recent STM experiments
layer coverages. Characterizing these structures, especiallyere able to image individual water clusters, it is difficult to
those at low coverages, is essential to the understanding determine the structure and bonding properties at surfaces
the water-surface interaction at the interfaces. Computebecause water molecules and clusters are usually very
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mobile on the surfaces, even at temperatures as low as®10 K. TABLE I. The calculated and experimental lattice const#Ats
A particularly interesting type of water is the 1D water for several hcRu) and fcc(Rh, Pd, Pt, Al metals.
chains on stepped surfaces, which resembles the 1D cor=

fined water in biomembranes. The latter has been investi- Ru Rh Pd Pt Au
gated intensively in model confined geometries andrheor. 272 3.83 3.96 3.99 4.18
nanotube¥ by computer simulations. In contrast, the 1D Expt. 271 3.81 3.89 3.92 4.08
chain observed on the Pt surface has been neither studied ner

understood.

Another important and fascinating issue of adsorbed waand partial dissociation of water bilayers. A short summary
ter is its dissociation and proton transfer at surfaces, wherand conclusions are given in Sec. V.
our understanding is far from conclusive. While water disso-

ciation on oxide surfaces has been widely observed, water on Il. COMPUTATIONAL METHOD
metal surfaces is usually believed to be intact except when . ) ) ) .
coadsorbed with other molecules or atohisHowever, a The calculations were carried out with the Vieradaini-

recent DFT calculation suggested that water bilayer orfio simulation program, VASE, which enables us to do both
RU(000)) is half dissociated with one OH brokéhThis  Structure optimization and molecular dynami#4D) simu-
conclusion contradicts the conventional picture of moleculat@tions. The metal surfaces were modeled by a supercell that
water on metal surfaces. Detailed vibrational spectroscop§ontains a slab of typically four to seven layers of metal
using sum frequency generation has recently been carried ogoms and a vacuum region ef13 A. Water molecules
for water bilayers on Ri®001).'® The measured data com- Were put on one side of the slab to simulate the adsorbed
pared well with the calculated vibrational spectra for molecu-Systems. The lattice constants of the surfaces were deter-
lar bilayers, suggesting that the water bilayer is undissocimined from bulk calculation and usually agree well with the
ated. This issue remains unresolved and deserves o@XPerimental value€Table |). Different supercells, 33 and
attention in future studies. 2\3x2\3R30° for small water clusters and a/3

This paper presents a computational study of water adx V3R30° cell for the RT3 overlayer, were calculated. The
sorption on transition- and noble-metal surfaces using firstsizes of these unit cells are large enough to yield results close
principles DFT calculations, with the goal to gain a generalto convergence, with a typical accuracy around 5-10% in
understanding of the water-metal interfaces and some of thenergetics. Monkhorst-Pack schémwith 3x3x1 and 5
issues mentioned above. First, various adsorption structures5Xx1 k-point sampling in the surface Brillouin zone were
including water monomers, small clusters, 1D chains, bilay-used for the two sizes of supercells, respectively. A siligle
ers, and multilayers, are investigated on thelPY) surface.  point sampling was adopted for large supercells including 1D
The energetics of the adsorbed states, geometries, and vibnsiater chains, the RT39, and the RT37 overlayers on
tional spectra are determined and compared with availabl@t(111). A plane-wave cutoff at 300 eV was used in most
experiments. These results demonstrate the role of electroni@lculations, while a higher cutoff of 400 eV was also
structure in the water-metal interactions, as revealed by thperformed to check convergence. The Fermi level was
interface charge transfer and H-bond enhancement, which iemeared by the Methfessel and Paxfoapproach with a
turn can be recognized vibrationally via the OH stretchGaussian width of 0.2 eV. The free energy was extrapolated
mode. Some of the specific issues such as lattice mismatctn zero kelvin to yield total energies of the systems. This set
hydrogen disorder, partial dissociation, and the nature of thef parameters assures a total energy convergence of 0.01
hydrogen bonding at surfaces, are investigated and discussed/atom.
in detail. Second, the understanding gained on th&1®t In structural search, the water molecules and the surface
surface is extended to other close-packed surfaces such kyer of the slabs were relaxed simultaneously, while the
Rh(111), Ru(0001), Pd111), and Au11ll), adsorbed with bottom layers were fixed at their bulk positions. The search
two prototype structures: the monomers and bilayers. Correvas stopped when the forces on all relaxed atoms were
lation between thed-electron occupancy of the substratessmaller than 0.05 eV/A. In MD simulations, the molecules
and the structure and energetics of the adsorbed watend the surface layer atoms were allowed to move according
molecules are illustrated. A simple picture of hydrophobicityto the forces calculated from the converged electronic struc-
and hydrophilicity, which was proposed in a previous studyture. A 300 eV cutoff in plane-wave basis and a time step of
of water on Pt and Ad? is further examined and discussed. 0.5 fs were utilized in all MD simulations. To obtain the
Besides, the vibrational spectra for the representative strucdbrational spectra, a 2 ps production run at 90-140 K was
tures are given and provide a database for comparison witherformed after equilibrating the system forl ps. The vi-
experiments. brational spectrum was obtained from the velocity-velocity

The rest of this paper is organized as follows. With theautocorrelation function in the MD simulation. Higher en-
introduction in Sec. |, computational methods and details arergy cutoff at 400 eV and a shorter time step of 0.25 fs did
given in Sec. Il. The main results are presented in Sec. Il fonot change the peak positions or the shape of the vibrational
water on Pt111) and for monomers and bilayers on different spectra.
metal surfaces. Vibrational spectra are also presented. Sec- Reaction barriers were calculated by the nudged
tion 1V focuses on a few specific issues such as the nature @flastic band methotf, available in VASP. For searching the
the H bonding at surfaces, the H-up and H-down conversionninimum energy reaction pathway, this method employs a
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TABLE II. The calculated geometries and energies of a free
water monomer and a dimer. The bond angles 8) are as de-
picted in Fig. 1. The experimental data are taken from Refs. 28 and
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B (deg 126.35 1236 Vibrational Frequency (cm)
Formation energykJ/mo) 24 23 FIG. 1. Vibrational spectrum for a free water dimer. Solid and

dashed lines correspond to the proton donor and acceptor, respec-
tively. The inset shows the optimized geometry of the dimer.
constrained minimization of the total free energy of a
trial path by relaxing a number of “images” in the path. All the last part, providing a database for comparison with
the water molecules and the surface-layer atoms werexperiments.
relaxed under the constraint, as in the ground-state optimiza-
tions. A. Water adsorption on Pt(111) surface

The adsorption energy for an adsorbed water structure,
E,. has been defined as the mean adsorption energy per mol- 1. Water monomers on Pt(111)

ecule of the adstructure, The adsorption of water monomer contains the essential
information regarding the water-metal interaction, and has
Ea= (Emetar™ NX En,0~ E(H,0), /meta)/N- (1)  been investigated first. Structure optimization and energetics

indicate that adsorption on top sifeee Fig. 2a)] is most

Here E1,0) /meta IS the total energy of the adsorption sys- stable compared to bridge and hollow sit@able Ill). This

tem, Enerm @nd Ey_o are those for the surface and free mol- S further supported by a shorter,@-metal (O-M) bond
ecules, res ectivezzl andis the number of water molecules length on the top sitedoy=2.43 A). Water lies almost
.  1eSp Y flatly on the surface with its polar axis making a small angle
in the cell. oo P :

: . 0=13°-14° with the surface plane. The OH bond is

In our calculations, the Vanderbilt ultrasoft pseudopoten- . ; .

. . : . stretched slightly, while the HOH angle is more open than
tials (USPB (Ref. 24 and the generalized gradient approxi- the free water moleculé0.973 A and 104.85°, Table)ll
mation(GGA) for the exchange-correlation potential by Per- These results indicate eléctron transfer f.rom,O to surface
dew and Wang(PW91) (Ref. 25 were used. The GGA

extension is crucial for the accurate treatment of theatoms. Although the top site adsorption has been found

hydrogen bonds and water structufédhe PW91 form has in most recent studies, bridge site with an upright geometry

. : i was also reported for monomer in an earlier stefty.
been tested extensively for a variety of intermolecular P Y

: : : : : : . Our calculation shows that the upright configuration is
interactions including H bondingf. To illustrate the feasibil-
ity of the USPP-PW91 approach for describing water and 40 meV unfavorable compared to the flatly adsorbed mono-

h . . fner on the bridge site. More accurate results with a six-layer
ydrogen bond, the calculated geometries and energetics o Bt slab and a higher-ener cutélioo eV) are also given in
free water molecule and dimer were tabulated in Table I 9 gy g

The OH bond length and dipole moment of the monomerTable I, which shows minor variations in the structure

and the geometry and formation energy of the dimer, shov&m;iooﬁ)%e?nd adsorption energy~{3%) for the adsorbed

excellent agreement with experiments. Moreover, the vibra- To gain insight into the dynamics of the adsorbed mono-

tional spectrum obtained from MD for a free water dimer . i
(Fig. 1) also agrees well with other calculations and Mer the distance- and angular-dependent energies of the

experiment£82°

Ill. RESULTS

The first part of this section presents results of water
adsorption on R111) in various phases including monomers,
clusters, and overlayers. The structures, energetics, and
the interaction between water molecules and the substrate are
studied in detail. The second part extends this study to other
metal surfaces, where general features of water adsorption
and the effect of different substrates are investigated. Vibra- FIG. 2. The water monomer and small clusters adsorbed on the
tional spectra obtained from the simulations are given irPt(111) surface.
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TABLE lll. Water monomer adsorption on tié&11) surface of Pt. Energies, distances, and angles are in
units of meV, A, and deg, respectively. Results for different Pt layers in the slab and energy cutoff are shown
for comparison.

Layers  Egy (eV) Top Bridge Hollow don / HOH 0
dowm Ea dom Ea dom Ea
4 300 2.43 291 3.11 123 3.12 121 0.978 105.36 13
6 400 2.40 304 2.89 117 3.02 102 0.980 105.62 14

H,O/P(111) are plotted in Fig. 3, as functions of the O-Pt dimers, trimers, and other clusters were identified by vibra-
distancedop; and the bending anglé. The distance depen- tional spectroscopie¥:® Yet their detailed structures and
dence(left pane) shows an equilibrium bond length at 2.43 bonding properties have not been determined by experiments
A for the O-Pt bond. In the angular dependenée;0 cor- SO far. We calculated water dimers, trimers, and hexamers
responds to the molecule lying down on the surface, while@¢dsorbed on F111). A supercell of 3<3 was employed for
6=90°(—90°) corresponds to the upright position with the dimer and trimer adsorption, while a larger cell of/2
O atom pointing towardaway fron) the surface. The energy x 2,/3 was used for hexamers. The obtained structures are
profile was obtained by rotating.® molecule while keep- depicted in Fig. 2. The energetics and geometric configura-
ing O fixed at its equilibrium position. The rotational barrier tions for each molecule in the clusters are specified in Table
at §=90° is 140 meV, lower than what Michaelides and IV.
co-workers? reported recently;- 190 meV. The discrepancy Generally speaking, the geometries of these clusters look
might result from the smaller supercellx2, used in their quite similar to their gas-phase counterpdftsvater mol-
calculation.(Our calculation used a*33 supercel). In ad-  ecules prefer atop site adsorption, whenever possible. They
dition, the rotational barrier along the azimuthal angle istend to lie down onto the surface, due to the cluster-surface
found to be very small(less than 2 me)/ which suggests interaction. In the dimer case, for example, both the proton
that water molecule can rotate freely on the surface. We caflonor and acceptor take an atop site as shown in Kig, 2
conclude from these results that the adsorbed monomer caithough the donor couples more strongly to the surface than
rotate freely in two dimensions on the surface. The bendinghe acceptor, forming two O-Pt bondwith dop=2.26 and
motion could also be quite active near the equilibrium3.05 A, respectivelyplus an internal H bond. Besides the
angles. difference in O-Pt bond length, the donor and acceptor also
differ in other details. The geometry of the donor is quite
2. Water clusters on Pt(111) similar to that of the adsorbed monomer with=25.1°,

while the acceptor lands onto the surface with —41.8°.

The adsorption of water clusters is interesting becausq_he donor and acceptor make thus an anglef around
both the H bonding and water-surface interactions are in- . .
0°, as in the free dimer. The O-O distancggyg

volved in the adsorbed clusters. Studying these clusters at : .
surfaces may help us understand the competition between tﬁenzdjtr?eA(')IIﬂs s:r?(;tfsngﬁ;{iﬁ é&(‘jf;: tﬁte f(r)eiez %mceg}nTzk;fcj)uto
two interactions at low coverages. On metal surfaces, wat ghtty. ' P

clusters were observed by a number of experimental tec _.Q%S'At;‘]or tze frseddéme)r Qne crr:m thtéls X‘fe.';d;:gl_t'h.e H
nigues such as high-resolution electron-energy-loss spectro ondn the adsorbed dimer 1S enhanced. A wi n
copy (HREELS,* infrared adsorption spectroscopyHe

atom scattering(HAS),34 and STM®8 On P{111), water TABLE IV. The adsorption energies and geometries for small

water clusters on P111). Energies, distances, and angles are in
units of meV, A, and deg, respectively.

0.04 ——————— 1.0 ——r—————r
g 003l HOP(111) 1 ol Cluster E. dop 6 dows dows 2HOH doo
5 1 o6l Monomer 304 240 13.8 0980 0.980 105.62
o 0.02r I Dimer 433 226 251 0978 1.012 106.72 2.70
w I 0.4 305 41.8 0981 0982 103.52
fzj 001 - Trimer 359 276 35 0.975 0.985 107.75 2.78
S ool 02 2.76 35 0975 0985 107.86 2.80
o i 0.0 276 31 0974 0.985 107.71 2.79
001 N Hexamer 520 2.32 31.1 0997 1.001 106.22 2.99
23 24 25 26 90 45 0 45 90 338 329 0974 0.991 104.49 2.80
dyp, (A) 6 (degree) 277 1.8 0.978 0.990 107.25 2.89
335 03 0.975 0.988 106.88 3.01
FIG. 3. The variation of the total energy for a water monomer 277 3.7 0.979 0.987 107.14 2.80
on P{11)) as a function of the FD-Pt distancelop, (left pane) and 3.39 323 0974 0.991 104.83 2.88

the tilt angle# (right pane).
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the donor and a narrowet HOH in the acceptor are also
observed, which may be caused by electron transfer from the a
donor to the substrate and the back donation from the sub-
strate to the acceptor, due to the interactions with the surface.

The trimer and hexamer retain their ringlike structures.
Each molecule in the trimer lies very flatly{ 3.5°) on the
surface, with one OH forming an H bond and the other being
free, as shown in Fig.(8). Cyclic hexamer forms a puckered
hexagonal ring with three molecules lying closer to the sur-
face dop=2.32, 2.77, 2.77 R The other three are a little
higher dopr~3.4 A). The adsorbed hexamer thus form 3
O-Pt bonds ath 6 H bonds. One water molecule is a double
proton donor, and lies much close to the surface. The aver-
aged O-O distance is slightly larger than that of the free
dimer and trimer. In the gas phase, there are two additional
hexamer structures, the cage and prism hexafidrse ad-
sorption energy for the prism structure on Pt is 321 meV,
which is 200 meV lower than the cyclic hexamer. So it may
not exist on the Pt surface.

Among these clusters, cyclic hexamer is most stable with
adsorption energy of 520 meV per molecule. The trimer is
least stable with an adsorption energy of only 359 meV.
The adsorption energy of the dimer, 433 meV, lies in be-
tween. This energy difference reflects dominantly the varia-
tion in the number of water-metal bonds and the H-bonds
formed in the adsorbed clusters. Compared with experi-
ments, cyclic water hexamer was already observed by STM
experiments on A@.11),° Cu(111),” and Pd111) (Ref. 8 sur-
faces, although no experiment has been available diBt
Small clusters including dimers and trimers were also re-

ported on Pd(Ref. 8 by STM, formed via diffusion of FIG. 4. The 1D water chains at({@10/{100 step on the Pt

monomers. surface, as shown by the side vida) and the top view(b). The
unit cell contains 15 layers of Pt atoms if222) surface.

3. One-dimensional water chains on Pt steps
and H-out configurations are also obtained. The last row is

The 1D water chain is an interesting type of structure, ; : .
o . I for the isolated monomer and the zigzag chain adsorbed on
because it is believed to exist in the water pores acros e terrace

biomembranes. It also provides an ideal 1D model syste The isolated monomers at the two configurations bind

based on water molecules. Modeling the structure and dyétron ly to the Pt step, with adsorption energies
namical properties of 1D water has been carried out inten= gy P, p 9

sively for water confined in carbon nanotubeand model :r449 Tlei\r/1 fort l_gimél angl 4fh6 rr;:e\; for ';:?#tl A}mo:g ttheb
confining potentials. Such 1D model structures have neitheﬁl:a%?ecwﬁh ; Sirl:dir? ’ecrj1ery ;430?263 aer rflol(;t::ule c')l'hee
been observed nor realized by any experiments so far. T 9 9y P '

1D water chain found experimentally on the steps of the P n'(;] 3a8n§£|é3u:eihae|2tsi\’,ev|\/hc§§ Eg:ggréor;vﬁgﬁrgfrﬁ aarr(ian43:[i
surfacé is therefore extremely interesting and has been studﬁ]e cormes on’din pmononi/érs The H—b0r11d ener ofpthe gi X
ied in our calculation. To model thgl10)/{100; step found P 9 : oy 9
in the experiment,a slab with 15 layers of Pt in 6322 :
surface is used in the calculation. The unit cell is schemati-, ./ \o-E V- The water monomer and 1D chains adsort.’ed at the
callv shown in Fid. 4. The water at the step can form diﬁer_(llo)/{loo} step on the R111) surface, modeled by an unit cell in

y . 9. % . P . |_trle (322 surface.
ent chain structures depending on the H bonding and O
orientations at the step. The two simplest water structures are

the ones shown in Fig. 4, where one OH of each water con Monomer 1D chain
nects the chain and the other OH bond points either inward dorB)  Ea(meV)  don(A)  Eq(meV)
[H-in, molecule 1 in Fig. 4)] or outward(H-out, molecule  H-in 2.22 449 2.42 431
2). A zigzag chain, with one H-in molecule coupled alterna-H-out 2.25 426 2.48 385
tively to an H-out molecule, has also been calculdteig. Mixed 2.45 480
4(b)]. The results for the three calculated structures are givemn terrace 2.43 291 2.62, 2.72 246

in Table V. For comparison, monomers adsorbed in the H-in
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FIG. 5. (a) The H-up,(b) H-down bilayers, andc) the double < H f
bilayers in they3x 3R30° symmetry on R111). Both the side £0° UJ
and top views are shown. < 0.0 3‘ —

zag chain can be deduced as 85 meV. This chain is stable
because it favors intermolecular H bonding and the dipole- FIG. 6. (a) The \39x y39R16.1° (RT39, H-down bilayer and
dipole interactions! In addition, water monomers at the step its atomic density profiles along theaxis for (b) O and(c) H
are much more stable than those on th&lPh terrace £,  atoms.(d) The y37x \37R25.3° (RT37, H-down bilayer and its
=291 meV). The zigzag chain at the step is aboutfjer?s'ty profiles for(e) O and(f) H atoms..Solld and dasheq circles
~230 meV more stable than the same chain on the terracg‘.d'c"_"te the_ HO and OH sites, resopectlvel)_/. For comparison, the
Such comparison suggests that water-Pt interaction is genef€nsity profiles for the/3x 3 R30° (RT3) bilayer (H-down) are
ally stronger at the steps. It explains why the water chain&SC shown by the gray lines.
were only observed at the steps in experiments. The open
electronic structure of the steps is responsible for the stronsalculated by the nudged elastic band method. This barrier is
ger interaction with water for both chains and monomersfurther discussed in Sec. IV C. Both structures can be candi-
This conclusion is in agreement with experimental observadates for bilayer on the F11) surface. In comparison, the
tions. adsorption energy for the half-dissociated bilayer, the same
structure suggested for R001),*%is 291 meV, and is much
4. 2D overlayers on Pt(111): the RT3, RT37, and RT39 phases smaller than.thost.a qf thg molecular bilayers shown in_ Fig. 5.
] ] ) Therefore, dissociation is not favored on Pt surface in RT3.
Water forms bilayers and multilayers at higher coveragess,ch a molecular bilayer was suggested earlier by ultraviolet
On Pt111), different overlayers have been observed. One ofhotoemission spectroscopy® the low-energy electron-
the well-known forms is the/3x y3R30° (RT3 bilayer, in iffraction measuremerit2and recently by x-ray absorption
which water molecules form a puckered hexagonal networkgpectroscopj?
as Doering and Madey propos%d-lowever, this RT3 phase The \/@x J39R16.1° (RT39 and 37X \37R25.3°
was only observed in finite domains by LEED experiment at(RT37) (Refs. 13 and Pphases are also investigated. Their
85 K.* In addition, two complex phases39x \39R16.1°  gross structures look very similar to that of the RT3 bilayer,
(RT39 and/37x /37R25.3° (RT37) bilayers, were also ob- je. puckered hexagonal networksig. 6. However, the
served at temperatures above 135°RThe RT39 structure RT39 bilayer shows a quite disordered atomic distributions
was found to transform into RT3 at ca. five bilaye€on-  due to compressioriby 3.3% in the 2D unit cell. The
troversy still exists in the literature regarding the bilayerheight-dependent density profile along the surface normal (
structure of water on P111). direction for O and H atoms are shown in the right panels of
Figure 5 shows the structure of the RT3 bilayer in&  Fig. 6. Compared to the RT3 phase, in which the two O
X \/3R30° surface unit cell with two water molecules in atoms are located at two positions, the density distributions
each cell. The KO molecule in the lower plane binds di- of the RT39 show broadened peaks with some atoms located
rectly to the surface, while the upper one forms H bonds tdar away from the surface. These broadened peaks are signa-
the molecules in the lower plane and molecules in neighbortures of disorder. Among the 32 water molecules in the unit
ing unit cells. Three of the four H atoms form hydrogen cell, the lowest O atom is only 2.10 A from the surface,
bonds, while the fourth is either fréel-up case, panéb)] or  while the highest KO is 4.4 A above the surface, giving a
binds to the surfacgH-down case, pandb)]. The vertical  rough bilayer with vertical thickness of 2.3 A. Such a disor-
distances between the two oxygens are 0.63 A and 0.35 A fadered bilayer is in sharp contrast to the picture of a flat bi-
the H-up and H-down bilayer, respectivelsee Table VII).  layer proposed recently, which claimed that the vertical
Both structures are contracted compared to the bulk ice lithickness between the upper and lower O atoms is as
with zoo=0.97 A. The adsorption energies are 522 and 534mall as 0.25 A. The 2D lattice of the RT37 bilayer is ex-
meV, for H-up and H-down cases, respectively. The potentiapanded slightly by 4.4%, compared to the bulk ice Ih, as in
barrier for H-up flipping to H-down bilayer is 76 meV, as the RT3 (7.2% phase. It is also disordered, but not as
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I ' [ T T TABLE VI. The structures and energetics for water clusters
— 600 b g-—o____ | and thin films on the R111) surface. The unit cell, the number
% _/._l‘-‘—"—-;-—«l of moleculesn, the number of HO-metal bondsNHzo_M, and the
£ L - number of H bond# g in the unit cell are shown together with the
= adsorption energiek,, and the H-bond energids,z (in meV).
S 400 |- — The two energies for the bilayer correspond to the H-up/H-down
2 cases.
w L ]
c —a—RT3
2 200 L --e- RT39 | Ads. species Unit cell n E, Nh,om Nus  Eng
= —A— RT37
2 i i Monomer X3 1 304 1 0
2 Dimer 3X3 2 433 2 1 258
0 ' . ‘ ' ' Trimer 3x3 3 359 3 3 55
1 2 3 Hexamer 2\3x2J3 6 520 3 6 368
Water Coverage (bilayer) Bilaye'r V3x\3 2 505/527 1 3 235
Two bilayers ~ 3x\3 4 564 1 7 312
FIG. 7. The adsorption energy of various overlayer phasedhree bilayers 3x\3 6 579 1 11 303
on P{111) at coverages from 1 to 3 bilayers. The square, circle,Four bilayers  3x\3 8 588 1 15 307
and triangle represent they3x3R30° (RT3), the 39  Five bilayers 3xy3 10 593 1 19 307
X [39R16.1° (RT39), and the\37x \37R25.3° (RT37) structures,  Si bilayers [Bx\3 12 601 1 23 320
respectively. Bilayer J37x37 26 597 13 39 297
much as the RT39Fig. 6). The maximum O-Pt distance in Bilayer V39x {39 32 615 16 48 309
the RT37 is 3.58 A, similar to that in the RT3 bilayers, Two bilayers ~ \39x39 64 582 16 112 275
3.37 A (H-up) and 3.14 A(H-down). One key feature of the Three bilayers 39x.39 96 572 16 176 276

RT39 structure is the existence of a few® like (i.e.,
dissociateyl molecules, which will be discussed further in
Sec. IVD. mental investigation. The closely packed surfaces, i.e., the
To see the coverage dependence of the structure ard1l) for the fcc and(0002) for the hcp metals, were chosen
energetics in the overlayers, water in the RT3 phase haf®r comparison. These surfaces differ from(1Rtl) in two
been studied from two bilayers, Fig(c), to six bilayers. The aspects(i) the variation of the surface lattice constant, which
0-O distance between two adjacent bilayers is 2.75-2.83 Amnatches differently with the H-bonded water networks; and
The water-metal bond for the bottom molecule decreasegi) the change in the chemical reactivity associated with the
gradually. The adsorption height of the bottom water equalgariation of thed-band occupancy. Our basic concern is
2.69, 2.63, 2.56, 2.49, 2.52, and 2.47 A, respectivelyyhether and how these two factors, geometry and chemical
when the coverage goes from one to six bilayers. In contrasteactivity, affect the water structures and properties at sur-
the height of the upper water in the first bilayer remainsgyces \What are the general trends of water-surface interac-
almost constant, 3.250.02 A. This |nd|cates that in bilayer 1< 10 this end, we consider only two prototype structures,
gir;gctmiur::g?g(?trizh Ovr;:}[/h Tr?(laeC#Etsal msutr?aecets)gctatorlgi ha%/e 4the monomers and bilayers. The former is ideal for the cali-
9. bration of the metal-surface coupling, while the bilayer en-

while the upper molecule is almost unaffected, suggestin ; .
that the water-surface interaction on (Ell) is rather %}t:leerz(;isofsexamme both the water-surface and the interwater

localized.

Figure 7 compares the adsorption energy of the RT3 and
RT39 phases for up to three bilayers. It shows that the ad-
sorption energy of the RT39 phase, 615 meV, is slightly more The structure of the water monomer on these surfaces has
favorable (by 80 meVj compared to the RT3 phase, 534 been investigated in detail in a recent stdtifhe structure
meV, at one bilayer coverage. The adsorption energy for thef water monomer on Pt11) seems to be general to all these
RT37 phase, 597 meV, lies in between. As the coverage insurfaces! Results for monomer on these surfaces from our
creases, the RT3 phase becomes more favorable comparedciiculation are given in Table VII. Top site adsorption is
other two phases, as found in recent experiment. The RT3fhost stable on all these surfaces, witk 6°—24°. An in-
phase was found to transform into RT3 after a structurakreased OH bond and a more open HOH angle are generally
reorientatiofl at about five bilayers, as estimated from thefound. This indicates electron transfer from the O to the sur-
same experiment. face, as we found on the ®1.1) surface.

Information concerning the detailed structures and bond- Regarding the differences and details, the interaction of
ing information for all the calculated overlayers or{Rt)  water with Ru and Rh is found to be much stronger than the

1. Water monomers on Ru, Rh, Pd, Pt, and Au

are summarized in Table VI. Pt and Pd, while it is much weaker on the Au surface. The
_ adsorption energetics suggests a bonding order asHRu
B. Water on different metal surfaces >Pd>Pt>Au, This is further supported by the trend in the

Here below, we extend our study to other metal surfacesloy and the bonding angles, and £ HOH. This bonding
such as Au, Pd, Rh, and Ru, which have been under experdrder reflects the chemical reactivity of these surfaces, as
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TABLE VII. Geometries and energetics of a water monomer on th@®al), Rh(111), Pd111), P{(111),
and Au111) surfaces. Energies, distances, and angles are in units of meV, A, and deg, respectively.

Substrate Layer Top Bridge Hollow don £ HOH 0
dOM Ea c'OM Ea cIOM Ea

Ru(0001) 5 2.28 409 2.55 92 2.56 67 0.981 105.66 16
Rh(111) 4 2.32 408 2.57 126 2.70 121 0.978 105.95 24
Pd111 4 2.42 304 2.74 146 2.77 130 0.977 105.63 20
Pt(111) 4 2.43 291 3.11 123 3.12 121 0.978 105.36 13
Au(11) 7 2.67 105 2.80 32 2.80 25 0.977 105.04 6

indicated by the periodic table. Our results are largely conhere. The universal structure of the upper water layer indi-
sistent with those by Michaelides and co-work&ralthough  cates that the water-surface interaction is localized domi-
some details differ. For example, the monomer adsorptiomantly in the bottom layer, while the molecules in the upper
energy was ordered as RiRu>Pt>Pd>Au in their results.  layer are almost unaffected.
However, the energy difference between Ru and Rh and the The bonding order shown above correlates directly with
difference between Pt and Pd, are very small. In fact they arghe d-band filling of these surfaces, which increases accord-
within the accuracy of the calculations. ingly along the periodic table. Thitband occupation is well
known to affect atomic adsorption for the H and O atoms,
2. Water bilayers on different surfaces and the general activity of the metal surfaces. From Fig. 8,
To examine the H bonding on different surfaces, water inwe can also conclude that tideband occupancy has a direct
the 3 /3R30° bilayer has been calculated on different €ffect on the water-surface bonding properties. We believe
surfaces. Structure parameters and adsorption energies dhat the effect of the 2D lattice constant, which also increases
summarized in Table VIII. The puckered hexagonal networkfrom Ru (2.72 A) to Au (2.95 A), has a smaller and indirect
on these surfaces is very similar to the RT3 bilayer oneffect on the interaction with water.
Pt(111). The adsorption height of the bottom wategy, In addition to the RT3 bilayer, half-dissociated bilayer
increases gradually in the order of RRh>Pd>Pt>Au, as proposed by Feibelman has also been calculated on
in the periodic table, while the height of the upper waterthese surfaces. The two O-M bond lengths are 2.10 and
Zomz keeps almost constant, namely, 3.40 A for H-up and2.20 A (except for Ay, and are much shorter than those in
3.20 A for the H-down bilayer. The vertical O-O distance the molecular bilayer. It is a very flat overlayezqn
Zoo decreases therefore along this order. These results are0.05 A). However this structure is only energetically
more clearly shown in Fig. 8 for the H-up bilayer. The resultsfavorable on R(0001). On Au11ll), it is completely
for the H-down bilayer look very similar and are not shown repulsive.

TABLE VIIl. The geometries and energetics for the H-up, the H-down, and the half-dissociated water
bilayers adsorbed on different metal surfaces. Hegg, zom:, andzgoy, are the vertical distances between
the top and bottom O atoms, the bottom O and the underlying metal atom, and the top O and the metal atom,

respectively.
Surface Bilayer Zoo (A) Zown (A) Zomz (A) E, (meV/moleculg
Ru(0001) H-up 0.86 2.46 3.42 531
H-down 0.42 2.69 3.22 533
Half-disso. 0.05 2.09 2.16 766
Rh(111) H-up 0.79 2.50 3.40 562
H-down 0.42 2.52 3.12 544
Half-disso. 0.04 2.09 2.16 468
Pd111) H-up 0.60 2.78 3.45 530
H-down 0.36 2.66 3.18 546
Half-disso. 0.07 2.09 2.20 89
Pt(112) H-up 0.63 2.70 3.37 522
H-down 0.35 2.68 3.14 534
Half-disso. 0.06 2.12 2.23 291
Au(111) H-up 0.46 2.90 3.38 437
H-down 0.29 2.85 3.25 454
Half-disso. 0.14 2.20 2.43 —472
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3 : : : : : and Pt lie in the hydrophilic region. On the contrary, Au is in
® X / - the hydrophobic region. This division is consistent with the

. experimental understandiig®® The wetting order results
essentially from the variation of the water-metal interaction
Nt ] on these surfaces, because the H-bond energy does not

E,/E

0 change appreciably on different surfaces. The trend shown in

) ] Fig. 8 also implies a general relationship between the
3 hydrophilicity-hydrophobicity and the monomer adsorption
2

energy. Such a relationship was independently found in a
recent model stud$t where a linear correlation between the

- contact angle and the monomer binding energy was estab-
——Z . | lished from the Monte Carlo simulations. It justifies our

1 —hA—7 model of wettability, based on the parameters of molecule-
i oMz surface interactions.

—i—7Z
00

Distance (A)

C. Vibrational spectra

1 1
Ru Rh Pd Pt Au To provide a database for vibrational recognition of water
structures at the surfaces, we have carried out MD simula-
tions to extract the vibrational spectra for the adsorbed struc-
tures. Vibrational spectra has been quite useful for the iden-
tification of surface and interface structures, because they are
measurable by experiments.
) ) For comparison with experiments, we have calculated the
Recent experiments seem to favor the H-down bilayespectra for water monomers, dimers, and bilayers ¢hi®;
on P(111) (Ref. 15 and R{0001."® These experiments pilayers on P@L11), Rh111), and Au1ll; and H-up,
are consistent with our calculations, although the H-dowrH-down, and half-dissociated bilayers on (R001). The
bilayer is only a few tens of meV favorable on Pt. Interest-eigenfrequencies for the adsorbed structures are listed in
ingly, our calculation suggests that the H-up bilayer isTable IX. These spectra are generally characterized by three
more favorable than the H-down bilayer on (Rhl), regions:(A) the low-energy modes below 120 meV, which
although no direct comparison with experiment has yet beenorrespond to the translational and librational motio(i;
possible. The HOH bending modes at 200 meV; and(C) the OH
stretch modes between 300 and 470 meV. Oil1R} sur-
3. The wetting order of the metal surfaces face, an excellent agreement was found between the calcu-
. . lated spectra and the EELS and HAS data for the RT3
With the results of the adsorbed monomers and b'layerﬁilayer.l“ On Ru0001, the vibrational spectra seems to

available, we now concentrate on a specific issue of watelyaich petter with that of the H-up bilayer, an issue discussed
surface interaction at surfaces, namely, the wettability of By a recent experiment.

surface. This question is general and important to both the” The viprational spectra also enable us to estimate the ef-
fundamental Understand|ng Of the Water-so“d |nteraCt|0n$ect of zero point energy on the adsorption energetics_ For
and to technological applications such as biosensor and Wanstance, the zero-point energi 4=/ w;/2) is ~90 meV
terproof materials. Experimentally, the wettability of a sur- per molecule for the first bilayer on @tL1). It stabilizes the
face has been characterized macroscopically by the contagfiayer by 30 meV compared to ice In, whotg, is 120

angle at the interfaces. In a recent sttitiwe have proposed mev. Such estimation can be applied to other cases, as soon
a molecular picture of wettability, which is simply defined as a5 the zero-point energy is of concern.

the ratio between the H-bond energy of the adsorbed water

FIG. 8. The structure parametergqf, Zomi,» Zomz) and the
wettability, defined asw=E,z/E,, for an H-up bilayer on the
Ru(0001), Rh111), Pd111), Pt(111), and AU11ll) surfaces. The
case for the H-down bilayer is very similar.

structures and the monomer adsorption energy. Such a char- IV. DISCUSSION ON A FEW TOPICS
acterization has been justified on three surfaces: Pt, Au, and . , .
graphite!® With the results presented in the preceding section, we

(how turn to discuss a few specific topics, which are central to
the water-metal interactions and the interface properties. We
bring up this discussion because the understanding on these
issues are so far not yet conclusive. Although the discussions
_ ; _ here are made on specific structures and systems, we try to
Evs=(Ed bilayer] x2—EJ monomep)/s, @ point out their possible implications on other systems and
which characterizes the mean H-bond energy in the bilayeprocesses.
The smaller thew is, the stronger is the wettability of the
surface. The upper panel of Fig. 8 shows an ordewafs A. The nature of the water-surface bond
WRySWrp<WpgSWp<Wp,, giving a wetting order of Ru First of all, we discuss the nature of the water-surface
>Rh>Pd>Pt>Au. Thew=1 line has been suggested asbond. This issue is relevant and important because there
the approximate border dividing the hydrophiliw€1) and are general concerns about the character of the water-surface
hydrophobic (> 1) surfaces. According to this, Ru, Rh, Pd, bond, due to the dipole moment of water molecules.

The upper panel of Fig. 8 shows the so-defined wettabi
ity, w=Eg/E,, of these surfaces with the H-bond energies
deduced from the bilayer. More explicitly, we used
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TABLE IX. The calculated and experimental vibrational energies for the water bilayers on(iti)Pt
Pd111), Rh(111), Au(111), and R{0001) surfacedin meV). See Refs. 12,14,32 for the assignment of these

modes.

Substrate Translations and librations SHOH VYoHB Vo

Ru(000) H-up 34 40 50 67 87 119 200 378, 424 462
H-down 20 48 61 73 89 111,129 196 347, 440 440

Half-disso. 20 32 53 77 117,129 186, 196 300-380, 428

Expt2 48 68 87 114 189 364, 422, 442 457
ExptP? 384, 427 457

Rh(111) H-up 18 44 61 89 111,129 198 349, 422 466
H-down 20 44 75 89 133 200 347, 420 440

Pd111) H-up 14 40 53 67 89 109, 117 198 374, 424 466
H-down 20 42 57 71 89 111,123 202 380, 426 444

Pt(112) monomer 16 40 61 89 113,121 190 440
dimer 20 32 44 65 85 105, 133 198 347 432, 452
H-up 18 32 53 69 87 107,119 198 388, 432 467
H-down 16 34 57 69 91 111, 119 196, 202 384, 424 438
Expt® 165 33 54 65 84 115,129 201 424 455

Au(111) H-up 17 36 108 201 400, 444 466
H-down 18 36 77 105 202 402, 436 468
Expt.d 31 104 205 409 (452¢

aRef. 42.

®Multiple by an isotope factor 1.35 from J/Ru0001) (Ref. 18.

‘Ref. 32 and 43.

‘Ref. 12.

€Taken from water/A¢L11) (Ref. 44.

The dipole-dipole interaction of van der WaalsdW) To see the nature of the water-surface bond, Fig. 9 shows

type has been believed to play a role in the water-surfacenhe difference electron density for a water monomer, a dimer,
interactions. Indeed, vdW has been found to be cruciaihe H-up and H-down bilayers on the(Ptl) upon adsorp-
for the 4¥veakly interacting surfaces, such as water ORjon. The horizontal axis is in thgL10] direction, and also
graphite' goes approximately along one of the OH bonds, while the
vertical axis is normal to the surface. The induced densities
in Fig. 9 exhibit ad,, andd,2 character for all the calculated
structures on the Pt11). It indicates that thed bands,
especially the surface states df, and d,2 characters, of
Pt(111), are generally involved in the water-Pt interactions,
which leads to~0.02 electron transfer from O to Pt. The
H-O-H binding is weakened, as observed by the OH elonga-
tion and HOH widening, due to the reduced bonding elec-
trons in water. This picture is consistent with earlier
studie$®* of water on other surfaces, where the lone pdir—
band coupling was found to be crucial for the molecule-
surface interaction.

Figure 9 also shows that the water-surface bonding is
rather localized in the bottom layer, as shown clearly in Figs.
9(c) and 9d). The upper molecule of the RT3 bilayer shows
very little coupling to the surface. This led us to the conclu-
sion thatthe water at surfaces forms chemical bond with

FIG. 9. Isodensity contours of the difference electron density for€tal electrons, especially with those of the surface states.
(a) the water monometb) the dimer,(c) the H-up bilayer, andd) 1 Nis water-surface bond is rather localized at the interfaces,
the H-down bilayer on R111). The difference density is defined as and mostly in the bottom layer of molecul&milar conclu-
Ap=p[(H,0),/Pf]— p[(H,0),]— p[Pf]. Heren is the number of Sion has recently been drawn by Michaelides and
H,O molecules in the unit cell. The contours have densitiesco-workers?’

Ap==0.005x2%e/ A%, fork=0, 1, 2, 3, 4. Solid and dashed lines ~ The chemical bonding between water and the surfaces
correspond ta\ p>0 and A p<0, respectively. often induces electron transfer. Figure 10 shows the work

a
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FIG. 11. The minimum energy pathwaylEP) and the transi-

FIG. 10. The work function change for water/Pt1) upon ad- tion state between the H-up and H-down bilayers oL .

sorption.

mers, where in reality the H bonds and water-surface bonds
function change of the Pt11) surface adsorbed with @  are closely entangled.
monomers, dimers, and bilaydisveraged over the H-up and ~ The enhancement of H bonding by the metal substrates
H-down cases The size of the unit cells used in the calcu- ¢an be directly seen by the valence Ch'arngl? redistribution, as
lations provides an approximate calibration of adsorbate coyshown for water/RiL11) in early publication.” This H-bond
erages, which are 1/9, 1/3, and 2/3 monolaystk), respec- _enhan_cement has generally been qbserved on ot_her substrates
tively. The mean adsorption energy is also plotted for"cluding Pd, Rh, Ru, and Au. It is worth mentioning that
comparison. Water adsorption results in a reduction of th -bonding e”?g‘”cemem was also found in water clusters
work function from 5.8 eV to 5.0 eV. In experiments, a and bulk water.
monotonic_ decreasg of work. function was measured for upto = 1pe H-up and H-down conversion in the RT3 bilayer
the formation of a bilayef® with 0.7—0.8 eV decrease at one ) )
bilayer. This reduction of the work function is a clear indi-  1he two bilayers in the RT3 phase on Pt, the H-up and
cation of the electron transfer from water to the surface, 41-d0Wn cases, are nearly degenerate in adsorption energies,

picture consistent with the induced electron densities showg22 and 534 mevV, respectivelisee Table VI The 2D
in Fig. 9. structures of both bilayers have nearly the same oxygen ar-

rangement. They are therefore indistinguishable, as soon as
the measurements are not sensitive to the positions of the H

B. The enhancement of hydrogen bonding at surfaces atoms, which is true for most experiments. It is therefore

As a related issue, the interwater interaction, namelyintriguing to ask what is the barrier between the two states.
the H bonding in the interface structures is another issue of'€ the two states distinguishable or are they in fact the same
general interest. In principle, H bonding at surfaces isState? The answer to this question depends critically on the
strongly entangled with the water-surface interactions, esp =nergy barrier between the two states and the nature of the

cially in small nanostructures and clusters, where a cle |s;?1the n&ﬁgznaaragﬂgum;ggggﬁk :fl\ t]:’L(jBHat?anI”oltug]E t%feﬂljllsat-
separation of the two interactions is difficult. However, a q q

L X ; R oms along the minimum energy patMEP). Here, our dis-
qualitative picture of the H bondlng.at surfaces is St'". IMPO - yssion relies fully on the classical treatment of the H atoms
tant and relevant for a number of issues related to interfac

&nd the DFT calculations of the electrons.
water.

. _ The calculated MEP and the schematic transition state
Water adsorption strengthens the H bondifigpis can be (saddle point are shown in Fig. 11. The MEP involves

seen from the adsorbed dimer, the simplest H—bon_ded SYSteFﬂainly the rotation of the upper 4@ molecule in the HOH

at surfaces. From Table 1V, the H-bond energy in the adpjane. The potential barrier for H-up flipping to H-down bi-
sorbed dimer on Pt can be estimated, by subtracting one Q4yer is found to be 76 meV at the reaction angi3°,

two monomer adsorption energy, to be between 258 (433orresponding to OH angle relative to the surface normal.
X2-304<2) and 562 (43%2—-304x1) meV, which is This barrier is substantially lower than the corresponding
larger than the bond strength of the free dimer, 250 meVbarrier, 300 meV, on Ri0001).* But it agrees well with the
This enhancement is unusual because it does not agree wibtarrier for similar conformational change in a free dimer, 78
the Pauling’s principle for chemical bonding, according tomeV (Ref. 50 (the energy difference between structures 1
which the H bond of water molecules should be weakeneénd 9 in Fig. 2 there In this sense, the presence of the
when more bonds, here the water-surface bonds, form. ErPt(111) surface has little influence on this barrier. This is
hancement of H bonding can generally be seen in othetonsistent with the fact that the barrier is located well above
structures, as shown by the last column of Table VI, excepthe bottom water plane, where the interaction with the sur-
for the adsorbed trimers. In the latter case, the seeminglface is predominant. It would be interesting to find out how
weakened H-bonding is an artifact of our bond counting. Wethis barrier changes in a quantum-mechanical treatment of
counted three water-Pt bonds plus three H bonds in the trithe H atoms?
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D. Partial dissociation of water bilayers (i) An enhancement of the interwater H bonding has been

A recent experimeit questioned the existence of a half- 9enerally observed in both nanometer clusters and overlay-
dissociated water adlayer on @001), proposed by Feibel- €rs. This enhancement is especially obvious in small clusters
man. It is therefore interesting to look at the kinetic con-such as the dimer and in the first bilayers. We would like to
straints for the dissociation and other competing processegoint out that such an enhancement is not consistent with
such as molecular desorption. The barrier for dissociatiofPauling’s principle for chemical bonds, but seems to be a
from the H-down bilayer to the half-dissociated structure isunique feature of the H-bonded water molecules.

0.62 eV, as found in another calculatiinHowever the ad- (iii) The structure of water in the adsorbed states remain
sorption energy of the RT3 bilayer is 0.53 eV according tolargely the same as the gas-phase or bulk ice counterparts.
our calculation, which implies that water in the bilayer is Although water molecules do adjust their bonding features,
easier to desorb than to dissociate. The higher barrier fdike the bond lengths and angles, upon adsorption. On the
dissociation may thus completely prohibit the existence okurfaces with strong water-metal coupling, like Ru, Rh, such
any dissociated water on Ru, as found in experiments adjustment is more significant. It is minor on the weakly
~140 K. interacting systems such as Au. In the latter case, water struc-

Partial dissociation of kD molecules have also been tyres remain largely rigid. This reflects the competition be-
found in the RT39 phas®, forming H;0" and OH' like  {ween the two fundamental interactions in the adsorbed wa-
groups on R1L11), although the fraction of dissociated mol- ey molecules. In this sense, water could also be hard.
ecules is very small. From our calculation, we found three () The wetting order of the studied surfaces is found as
dissociated molecules out of 32%) in the first RT39 bi- Ru>Rh>Pd>Pt>Au, the same order as theband occu-

. PG
:ayer,_ thah %" t';bo | Iy|ngv|\;1hthet#ppertla)ﬁr and thethq; pancy of the metals. This ordering results from the chemical
ying in the bottom layer. en the water fiim grows thicke, reactivity of the substrates, and is a direct indication of the

less djssociation is found: onlyzout of 63’%) molecules in localized electronic coupling between water and the sub-
two bilayers and 1 out of 96L%) in three bilayers. Contrary trates

E)Tt:? bR'IT39 phase, no dissociation is found in the RT3 an (v) Vibrational spectra of various water structures are ob-
ayers. tained and are generally consistent with the structures and

The partial dissociation of the RT39 bilayer on(Hf) jinteractions present upon adsorption. These vibrational spec-

results from both lateral compression of the water film andtra, in particular the OH stretch modes, provide a useful da-

Its lntera_ctlon with the substrate. This is evidenced by thetabase for vibrational recognition of interface structures by
fact that if we remove the Pt substrate, one and only oj@ H experiments

dissociates, compared to three in the first bilayer on Pt. Fur-
ther evidence for surface induced dissociation comes from The results presented in this paper, based on the DFT
the fact that only the bottom 0 molecules donate protons, calculations, gained much insight into the fundamental
indicating the influence of the substrate. In contrast, none ofvater-metal interactions at the atomic to electronic scales.
the upper HO (H-down molecules is found to donate a Detailed characterization of the prototype water structures on
proton to other HO. Therefore all the kD*s lie in the  several metal surfaces has been documented and a compre-
upper layer of the first bilayer while the Ofs bind to the Pt hensive understanding of the water-metal interactions has
surface with a Pt-O bond length of 2.1 A. Lateral compres-emerged. We believe that such an understanding is general-
sion also contributes to partial dissociation, because one wazable to other surfaces. Nevertheless, one should be aware
ter molecule is dissociated in the RT39 even in the absencef the fact that some important aspects of water-surface in-
of the surface, and because the RT37 or RT3 phases do ngractions have not been tackled and are beyond the theoret-
exhibit any dissociation. Compression induced dissociatiorical approach we adopted here. These include, for example,
is a well-known phenomenon in bulk watérand thin  the quantum-mechanical character of H-atom motion in wa-
films.>® The effect of compression in the RT39 bilayer pro- ter; the kinetic and thermodynamical effects such as entropy,
vides a surface example of this general phenomenon in ®emperature, and pressure; and the possible dispersive forces
two-dimensional system. such as the van der Waals interactions. These issues deserve
our attention in future studies.

V. SUMMARY AND CONCLUSIONS
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