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Abstract

Adsorption and rotation of water monomer, dimer, and trimer on the (111) terrace, (221) and (322) stepped, and (763) and (854)
kinked surfaces of platinum were studied by density functional theory calculations using the PW91 approximation to the energy
functional. On the (111) terrace, water monomer and the donor molecule of the dimer and trimer adsorb at atop sites. The per-
molecule adsorption energies of the monomer, dimer, and trimer are 0.30, 0.45, and 0.48 eV, respectively. Rotation of monomers,
dimers, and trimers on the terrace is facile with energy barriers of 0.02 eV or less. Adsorption on steps and kinks is stronger
than on the terrace, as evidenced by monomer adsorption energies of 0.46 to 0.55 eV. On the (221) stepped surface the zigzag
extended configuration is most stable with a per-molecule adsorption energy of 0.57 eV. On the (322) stepped surface the dimer,
two configurations of the trimer, and the zigzag configuration have similar adsorption energies of 0.55 + 0.02 eV. Hydrogen bonding
is strongest in the dimer and trimer adsorbed on the terrace, with respective energies of 0.30 and 0.27 eV, and accounts for their
increased adsorption energies relative to the monomer. Hydrogen bonding is weak to moderate for adsorption at steps, with energies
of 0.04 to 0.15 eV, as the much stronger water-metal interactions inhibit adsorption geometries favorable to hydrogen bonding.
Correlations of hydrogen bond angles and energies with hydrogen bond lengths are presented. On the basis of these DFT/PW91
results, a model for water cluster formation on the Pt(111) surface can be formulated where kink sites nucleate chains along the top

of step edges, consistent with the experimental findings of Morgenstern et al., Phys. Rev. Lett., 77 (1996) 703.
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1. Introduction

Water adsorption on late transition metals is a special and
phenomenologically interesting case of substrate—adsorbate
(SA) and adsorbate—adsorbate (AA) interactions being of simi-
lar magnitude. Such a case is distinct from chemisorption, char-
acterized by strong SA bonds relative to AA bonds, or physi-
sorption, characterized by weak SA bonds [1-3]. Values for the
activation energy of water desorption from Pt(111) range from
0.44 to 0.56 eV [1, 4-6], in close agreement with the strength
of two hydrogen bonds in water, 0.48 eV [7]. Studies of water
adsorption and diffusion on late transition metals pertain to a
molecular level description of the macroscopic phenomenon of
wetting [8], which has received much attention [3]. Water ad-
sorption illustrates the general case of similar SA and AA inter-
actions, which has been compared with cases of SA-dominant
or AA-dominant interactions by Pandit, Schick, and Wortis [9].

Monomeric or small clusters of water on Pt(111) have been
studied by various experimental methods such as scanning
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tunneling microscopy (STM) [10-12], low energy electron
diffraction (LEED) [5], and helium atom diffraction [6, 13].
Monomeric and small water clusters on metal surfaces are diffi-
cult to achieve experimentally due to rapid formation of larger
clusters at temperatures as low as 60 K [6]. Despite these dif-
ficulties, several experimental studies of small water clusters
and water diffusion on single crystalline surfaces have been per-
formed [6, 10, 12, 14, 15]. Helium scattering studies of water
diffusion on Pt(111) show that water adsorbs as monomers at
temperatures below 40 K [16], becoming sufficiently mobile to
form adsorbed clusters near 60 K [6].

Several recent density functional theory (DFT) calculations
describe water interaction with various metal surfaces [17-22].
Michaelides et al. [18] studied monomer adsorption on vari-
ous close-packed metal surfaces and found that water monomer
binds at the atop site, tilting its hydrogen atoms 6-15° away
from the surface. Meng, et al. [19] investigated small chains
of water clusters, from monomer to hexamers, on stepped and
terrace sites of Pt(111) and other close-packed metal surfaces.
For adsorption on a stepped (322) platinum surface they found
a chain of water molecules in a “zigzag” configuration to be
the most stable. Grecea, et al. [23] studied water on Pt(533)
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and found that a monomer has the strongest surface interac-
tion at the step edge, with decreasing surface interaction as the
monomer moves down from the step and out onto the terrace.

In this paper we use DFT and the PW91 functional to ex-
amine water adsorption on a Pt(111) terrace, (221) and (322)
stepped surfaces, and (763) and (854) kinked surfaces. The ad-
sorption energy and configurations of water monomer, dimer,
and trimer were examined. The goal of this work was to learn
about the energy landscape that governs the initial formation
of water clusters on the Pt(111) surface, in particular the role of
kinks and steps, and see whether the DFT/PW91 approximation
is consistent with the available experimental data. Furthermore,
the role of hydrogen bonds vs. water-metal bonds in small clus-
ters is addressed.

2. Methodology and Systems of Study

2.1. Computational Parameters

All calculations presented here were done with the Vienna
ab-initio simulation package (VASP), a plane-wave implemen-
tation of DFT with the PW91 functional [24-28]. Interactions
between ions and electrons were described by ultra-soft Van-
derbilt pseudopotentials (US-PP) [29, 30]. The recommended
cut-off energy for oxygen, 396 eV (29 Ry), was used for all cal-
culations, and the Brillouin zone was sampled witha 2 x 2 x 1
Monkhorst-Pack k-point mesh. A 4 x 4 x 1 Monkhorst-Pack k-
point mesh reproduced the results of the 2x2x 1 mesh to within
3 meV for binding energies. The calculations were considered
converged when the maximum forces on all relaxed atoms were
less than 50 meV/A for adsorption on kinked and stepped sur-
faces, for adsorption of extended configurations, and for nudged
elastic band calculations; and 10 meV/A for all other calcula-
tions. The rate and mechanism of water monomer and dimer
rotation on Pt(111) were determined by the climbing image,
nudged elastic band (cNEB) method [31, 32].

The calculated lattice constant for platinum was found to
be 3.98 A, in good agreement with the experimental value of
3.924 A [33]. The surface was cut out of a previously relaxed
Pt-bulk and relaxed again keeping only the bottom layer fixed.
The vacuum layer was 15 A. Only the adsorbed molecules were
allowed to relax during the calculations.

Recently, Santra et al. [34], examined the ability of vari-
ous DFT functionals to describe hydrogen bonds in small water
clusters. With reference to Mgller-Plesset perturbation theory
(MP2), the PW91 functional yielded dimer and trimer hydrogen
bond strengths within 17 meV of the MP2 benchmark. In an-
other comparison, again against the MP2 benchmark, the PW91
functional yielded hydrogen bond strengths within 26 meV for
hydrogen bonding in DNA base pairs [35]. From these studies,
relying more on the comparison with water clusters, we con-
clude that hydrogen bond strengths reported here can be com-
pared at differences of 20 meV or greater.

The adsorption energy per water molecule was calculated
by comparing the total energy of n number of isolated water
molecule(s) in the gas phase E,, and the energy of the clean

surface Ey,, s to the total energy of an adsorbed cluster of n wa-
ter molecules E;, 445, according to Eq. 1:

1
Eui5 = Z [Etoz,ads - (Esurf + nEw)] > (1)

The quantity E 4, is a per-molecule quantity that includes
the effects of metal-water and water—water hydrogen bonds, the
latter expressed as an average value for each hydrogen bond in
the cluster. The zero-point energy correction for the adsorp-
tion energy (AZPE) was calculated as the difference between
the ZPE correction of the adsorbate on the surface and in the
gas phase according to Eq. 2:

3n

h(x),’ n hw,»
AZPE = (Z T] - (Z 7] : )
surf gas
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2.2. Configurations

Figure 1 shows the structure of the five surfaces examined in
this work, along with the unit cells (solid lines) and calculated
cells (dashed lines). For the kink surfaces, the calculated cell is
the same as the unit cell. The unit cells are positioned to show
the adsorption sites for water. Calculations on the flat Pt(111)
surface were performed with a total of 36 substrate atoms: 12
atoms per layer in three layers. Step sites were each represented
by 3 x 5 surface atoms in 4 layers for all calculations of water
monomer and single-sided chains on step edges. A larger unit
cell, 4 x5 surface atoms in 4 layers, was needed to fulfill the pe-
riodic boundary conditions requirement for the zigzag chains;
the larger cell was also used for the water clusters. No signif-
icant differences were found between the two calculated cell
sizes. Kink sites were represented by 3 X 4 surface atoms in 5
layers.

The (763) and (221) surfaces have (111)-oriented edges,
which are referred to as type-A steps. The (763) surface has
(100)-oriented kinks. The (854) and (322) surfaces have (100)-
oriented edges, which are referred to as type-B steps. The (854)
surface has (111)-oriented kinks. Table 1 lists size and mini-
mum water coverage for the five surfaces.

The minimum energy sites for water adsorption, as deter-
mined from the DFT calculations discussed below, are also de-
picted in Fig. 1. Including all of the adsorption configurations
in one figure facilitates comparison among the different cases.

Table 1: Surface designation, unit cell area A, calculated cell area A4, and
minimum calculable water coverage 6y, i, for the surfaces shown in Fig. 1. The
minimum water coverage is that of one water molecule within a calculation cell.
Areas are given in terms of d?, where d is the nearest neighbor distance in the
crystal. For Pt the value of d is 2.77 A.

Surface  Type AyJd*  Acueld® | 6ymin | ML
(111) Terrace 0.866 10.392 0.083
(221) Step-A 3.000 9.000 0.096
(322) Step-B 4.123 16.492 0.052
(763) Kink-A 9.695 9.695 0.089
(854) Kink-B | 10.247 10.247 0.084




Figure 1: Illustration of the five surfaces cut from a FCC crystal. The (111)
plane is shown in the center. Beginning from the top left and proceeding clock-
wise, the surfaces, as shown, are (548), (223), (673), and (221). Since the order
of the indices does not matter for cubic crystals, the surfaces are labeled (854),
(322), (763), and (221). Also shown are minimum energy sites for water: (a)
monomer on (111); (b) dimer on (111); (c) trimer on (111); (d) monomer at
(854) (kink-B); (e) monomer at (322) (step-B); (f) dimer at (322) (step-B); (g)
zigzag configuration at (322) (step-B); (h) monomer at (763) (kink-A); (i) chain
configuration at (221) (step-A) and (j) zigzag configuration at (221) (step-A).
Solid lines show unit cells of each surface. Dashed lines show the calculated
cells for each surface. For the kink surfaces the calculated cell is the same as
the unit cell.

The configurations and adsorption sites are discussed in more
detail below.

3. Results

3.1. Water adsorption on the Pt(111) terrace

The lowest energy configurations for water monomer, dimer,
and trimer on Pt(111) are shown in Figs. 2 and 3. Figure 2
shows enlarged views of the adsorption configurations, and
Fig. 3 shows orientation and hydrogen bonding. Adsorption
occurs with at least one molecule at an atop site. In the case
of the dimer and trimer, the molecule that is the hydrogen bond
donor is signified by the white cross. Monomer water is nearly
parallel to the surface, with a tilt angle of 8°. The tilt angle
increases in the dimer (16°) and trimer (20°), indicating that in-
creasing hydrogen bonding pulls water away from its monomer
orientation. The acceptor molecules are twisted such that one of
the hydrogen atoms points toward the surface, while the other
points away from it.

Table 2 lists structural data for all systems studied. The O-Pt
distance for monomer adsorption on Pt(111) of 2.34 A will be
used as a basis for comparison with the other adsorption sys-
tems. The O—Pt distances of dimer and trimer donor molecules
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Figure 3: Adsorption orientation and hydrogen bonding of water monomer,
dimer, and trimer on Pt(111). Hydrogen bond donor molecules are signified by
a white cross. The other cluster molecules are hydrogen bond acceptors. Top
row: view normal to the surface of adsorbed monomer (left), dimer (center), and
trimer (right); the dashed lines A, B, and C show the directions of respective
views in the lower rows. (A): view in the (111) plane (along the [112] direction)
of the respective clusters. (B): view normal to the plane bisecting the ZHOH
angle, showing the donor tilt angle. (C): view along the plane bisecting the
Z/HOH angle, showing hydrogen bonding.

on Pt(111) range from 2.18 to 2.37 A, corresponding to devia-
tion from the monomer by —6.8% to +1.3%. The O—Pt distance
of the monomer is exceeded only by the deuterated monomer,
so the O-Pt distances of dimer and trimer clusters are all smaller
than that of the monomer.

The O-Pt lengths of acceptor molecules are considerably
greater, ranging from 3.09 to 3.46 A. The trimer-ring structure,
in which each molecule serves as donor and acceptor, has O—
Pt distances of 3.40 to 3.60 A, indicating that these molecules
adsorb more as acceptors than as donors.

Hydrogen bond lengths are short compared to the gas phase
value of 1.96 A for the dimer. They have a narrow range from
1.61 A to 1.68 A. The hydrogen bonds are unconstrained, as
their angles of 175 to 179° are close to the gas-phase dimer
value of 171°. These results are in good agreement with water
adsorption sites and configurations found in previous calcula-
tions [18, 19, 36, 37].

Adsorption energies for all systems studied are listed in Ta-
ble 3. The adsorption energy for water monomer on the flat
terrace was found to be 0.30 eV. An interesting point is that the
adsorption energy per water molecule increases with increasing
cluster size to 0.45 eV for the dimer and 0.48 eV for the trimer.
The monomer and dimer adsorption energies agree with earlier
work [18, 19]. The trimer results differ, however, in that Meng
et al. [19] reported a ring structure as the lowest energy struc-



Table 2: Structural parameters for water molecules and clusters adsorbed on terrace, step, and kink sites on Pt: HyO—Pt length, H-O-H angle Z(HOH), hydrogen
bond length, and hydrogen bond angle Z(O-H- - - O). Hydrogen bond (H-bond) mode classifies entries in terms of donor molecules (D) and acceptor molecules (A).
Note that each water molecule is both a donor and acceptor in the chain and zigzag configurations. The order of entries in the Z(HOH), H-bond length, and H-bond
angle columns corresponds to the order in the HyO—Pt length column. Entries in italics are values from the literature. Literature values for the gas phase dimer are
taken from refs. [34, 38-41].

H-O-H angle H-bond length H-bond angle
H,O-Pt length /(HOH) OH---0O Z(0O-H---0)
[A] [°] [A] [°] Fig.
H-bond mode D A D A
Gas phase
Dimer 105 1.86 176
Dimer 1.96 171
Trimer 105 1.95 1.97 178 175
Terrace
Monomer 2.34 105.7 3
D-monomer 2.37
Monomer [18] 2.36 106
Monomer [19] 2.40 105.6
Dimer 220 3.18 107 104 1.61 178 3
D-dimer 224  3.18 1.64 179
Dimer [19] 2.26 3.05 106.7 1.69
Trimer-row 329 2.18 346 | 105 107 104 1.68 1.66 175 178 3
D-trimer-row 3.09 218 3.17 1.68 1.66 176 178
Trimer-ring 340 350 3.60 106.7 106.8 106.2 | 1.78 1.84 1.87 150 151
Trimer-ring [19] 276 276 2.76 107.8 1.795 1.815 1.805
Type-A step
Monomer 2.31 106.4
Dimer 2.28 2.58 107.4 106.8 1.80 163.1
Trimer-row 233 2.63 244 | 106.2 1060 106.6 | 1.90 1.85 1629 167.2 | 4A
Trimer-open 320 2.18 264 | 1050 107.7 1052 | 1.69 1.69 174.7 178.0 | 4B
Chain 2.52 2.52 | 104.1 104.1 1.96 1.99 1419 140.8 | 4C
Zigzag 247 2.50 105.6 105.8 2.03 2.03 163.0 1634
Type-B step
Mono. H-out 2.36 105.7 4F
Mono. H-in [19] 2.22
Mono. H-out [19] | 2.25
Dimer 222 290 107.7 1052 1.72 170.9 4E
Trimer-row 2.28 2.71 2.33 | 107.2 103.5 106.7 | 1.78 1.62 161.2 1764
Trimer-open 3.06 216 3.17 | 1058 1068 1054 | 1.70 1.65 177.2  173.1
Chain 2.48 2.48 | 1045 104.5 1.96 1.96 1445 144.5
Zigzag 247 2.64 105.5 105.3 2.01 1.96 163.1 1653 | 4D
Zigzag [19] 2.62 2.72
Kinks
A-Mono. H-out 2.30 105.6 4H
B-Mono. H-in 2.44 105.3 4G
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Figure 2: Monomer (a), dimer (b), and trimer (c) adsorption on Pt(111). Hydrogen bond donor molecules are signified by a white cross.

ture, while our results give lower energy for an open structure.
An open trimer structure has also been found to be more stable
than a ring structure on Cu(111) [42].

3.2. Adsorption on steps and kinks

Figure 4 shows configurations of water molecules, clus-
ters, and extended configurations adsorbed at step and kink
sites. Here, clusters are defined as small assemblies of water
molecules that are neither cyclic nor extended in nature, ex-
emplified by the dimer, trimer-row, and trimer-open structures
of this study. Extended configurations span many unit cells of
the surface and include the chain and zigzag structures studied
here. Each water molecule in an extended configuration serves
as hydrogen bond donor and acceptor. As each water molecule
in a cyclic structure also has donor and acceptor character, a
cyclic structure—in this case the trimer-ring—is a special case of
an extended configuration.

In general, water adsorption at atop sites is preferred. At least
one water molecule in each cluster adsorbs atop a step edge
atom. An exception is the low energy chain configuration on
step A, Fig. 4C, in which there is no atop adsorption. Monomer
adsorption at kink sites is not atop, however, no doubt due to
the unique electronic structure of the kink site.

The O-Pt distance for monomer adsorption varies little
among terrace, step, and kink sites. Values range from 2.30 A
for adsorption at kink-A to 2.44 A for adsorption at kink-
B, corresponding to a range of —1.7% to +4.3% relative to
the monomer/terrace basis. It is interesting that, despite the
stronger bonding of water to step and kink sites (Table 3), their
O-Pt distances are both below and above that of the terrace
monomer. Thus, O-Pt distance and adsorption energy have no
simple correlation.

The O-Pt distances of donor molecules in dimer and trimer
clusters also have a small range from 2.16 to 2.33 A, corre-
sponding to a difference of —7.7% to —0.4% relative to the
monomer/terrace basis. Acceptor O—Pt distances are larger and
range from 2.33 to 3.20 A, which is sufficient to distinguish O—
Pt distances of acceptors from those of donors. In the chain and
zigzag extended configurations each molecule functions as both
donor and acceptor, yet the range of O-Pt distances of 2.47 to
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Figure 4: Examples of step and kink configurations: (A) trimer row on step-
A; (B) trimer-open on step-A; (C) single-sided chain on step-A; (D) zigzag
chain on step-B; (E) dimer on step-B; (F) H-out monomer on step-B; (G) H-in
monomer on kink-B; and (H) H-out monomer on kink-A.



Table 3: Adsorption energy per molecule E,q5, average energy per hydrogen
bond Ey determined from Eq. 4, ratio of adsorbate-adsorbate to substrate-
adsorbate energies AA/S A as defined in Eq. 6, and zero point energy difference
determined from Eq. 2, for water molecules and clusters adsorbed on terrace,
step, and kink sites of Pt. Entries in italics are values from the literature.

—Eus —En AZPE
[eV] [eV] AA/SA [eV]
Gas phase
Dimer 0.27
Dimer [40, 41] 0.22
Trimer 0.22
Terrace
Monomer 0.30 -0.04
D-monomer 0.30 0.09
Monomer [18] 0.35
Monomer [19] 0.30
Dimer 0.45 0.30 0.50 0.07
D-dimer 0.44 0.28 0.47 0.06
Dimer [19] 0.43 0.26 0.42
Trimer-row 0.48 0.27 0.60 0.03
D-trimer-row 0.47 0.26 0.57 0.1
Trimer-ring 0.45 0.15 0.50 0.01
Trimer-ring [19] 0.36 0.06 0.18
Step-A
Monomer 0.47 0.05
Dimer 0.53 0.12 0.13 0.05
Trimer-row 0.51 0.08 0.11 0.04
Trimer-open 0.52 0.07 0.10 0.04
Chain 044 -0.03 -0.06 0.02
Zigzag 0.57 0.10 0.21 0.03
Step-B
Monomer H-out 0.46 0.05
Mono. H-in [19] 0.45
Mono. H-out [19] | 0.43
Dimer 0.53 0.14 0.15 0.05
Trimer-row 0.56 0.15 0.22 0.07
Trimer-open 0.54 0.12 0.18 0.04
Chain 0.50 0.04 0.09 0.002
Zigzag 0.55 0.09 0.20 0.09
Zigzag [19] 0.48 0.03 0.07
Kinks
A-Mono., H-out 0.51 0.06
B-Mono., H-in 0.55 0.06

2.64 A falls within the range of acceptor O—Pt distances in the
clusters.

Hydrogen bond lengths are generally larger for adsorption on
step and kink sites relative to terrace sites. For clusters on steps
and kinks, hydrogen bond lengths range from 1.62 to 1.90 A,
significantly larger than those for terrace clusters yet shorter
than the gas phase value. For extended configurations the range
in hydrogen bond lengths is 1.96 to 2.03 A, essentially the same
as the gas phase value. There is a clear distinction between the
cluster and extended configurations with respect to hydrogen
bond lengths.

Hydrogen bond angles generally fall within the range of
161.2 to 178.0°. The only exceptions are the chain configu-
rations, which have hydrogen bond angles of 140.8 to 144.5°,
consistent with their weak hydrogen bonds (discussed below).

Water monomer binds ~ 0.16 eV more strongly to a step site
than to a terrace site, while binding to a kink site is more than
0.2 eV stronger than to a terrace site (see Table 3). Adsorp-
tion at kink sites is so strongly preferred that a monomer at a
kink site has the same adsorption energy per molecule as clus-
ters on step sites and a greater adsorption energy than clusters
on the terrace. It is interesting to note that, with the exception
of the chain configuration on step-A, the per-molecule adsorp-
tion energies for clusters on type A and B steps are effectively
equivalent.

There are two configurations for a monomer on steps: one
with the hydrogens pointing towards the upper terrace (H-in)
and the other with the hydrogens pointing towards the lower ter-
race (H-out). Our calculations for step-B found the H-out con-
figuration (Fig. 4D) to be the most stable. Meng et al. [19] first
reported these configurations and found H-in to be more stable
by 0.02 eV. This energy difference is small, and we conclude
that our finding in favor of the H-out configuration does not
represent significant inconsistency with the earlier work [19].

We also found a small energy difference for H-in vs. H-out
adsorption at kink sites. A water molecule adsorbed at kink-B
has a slightly larger adsorption energy in the H-in configuration
(Fig. 4G) than in the H-out configuration, although the differ-
ence is barely significant (about 0.04 eV). The opposite case
is observed for adsorption at kink-A (Fig. 4H) for which the
lowest energy configuration is H-out.

The per-molecule adsorption energies of dimers and trimers
adsorbed on the steps fall in the range of 0.52 to 0.56 eV, with
the exception of the value of 0.44 eV for the extended chain
configuration on step-A. There is a 14% increase in adsorption
energy in going from the monomer (0.46, 0.47 eV) to the dimer
(0.53 eV), but no further increase in larger configurations, both
cluster and extended. Again, the chain configuration on step-A
is the anomalous result.

Of the extended configurations the zigzag configuration is
most stable on both step-A and step-B. On step-A the energy
difference relative to the chain configuration is considerable,
0.13 eV, while on step-B the difference is smaller, 0.05 eV, but
large enough to assign the zigzag structure as the most stable.
Meng et al. [19] also found in favor of the zigzag structure on
step-B.



3.3. Hydrogen bonding in adsorbed water

Hydrogen bond strengths in adsorbed water were estimated
by comparing the adsorption energy of the water configura-
tion with that of an equivalent number n of adsorbed, non-
interacting water molecules. The effective chemical reaction
for this estimate is,

n HyOpgs = (H20),, 145 3

The average, single hydrogen bond strength Ey is given by
n
EH = _(Eads - Eads,m)’ (4)
ngy

where

ny = n—1 for finite clusters

=n for extended or cyclic configurations,

and E 4, is the adsorption energy of the monomer on the same
substrate. In this definition all hydrogen bonds in the configu-
ration are assumed to have the same strength Ey, hence Ey
represents the average hydrogen bond energy. This definition
is equivalent to that of Meng et al. [19] and to the second case
(Eq. 5) of Michaelides et al. [17].

The adsorption energy contains both hydrogen bonding (AA)
and SA interactions. The AA interaction is given by the cumu-
lative hydrogen bond strength ny Ey in the configuration, while
the SA interaction nEg, is given by the cumulative adsorption
energy of the configuration less the AA interactions,

nESA = nEads - nHEH = nEads,m, (5)

from which it can be shown that

AA _ nyEy Eqas

g = -1. 6
SA nESA Eads,m ( )

Hydrogen bond strengths and AA/SA ratios calculated by
Egs. 4 and 6 are listed in Table 3.

Hydrogen bonding is strongest for dimer and trimer clusters
on the terrace. Values range from 0.26 eV for the deuterated
trimer to 0.30 eV for the dimer and exceed the literature value
of 0.22 eV for the gas phase dimer. The value for the dimer
of 0.30 eV is in reasonable agreement with that of 0.26 eV re-
ported by Meng et al. [19]. The AA/SA ratios are also highest
for the cluster/terrace systems, ranging from 0.47 to 0.60. For
adsorption on terraces, hydrogen bonding is an important com-
ponent of the adsorption energy, representing approximately
one-third the total adsorption energy.

Hydrogen bonds exert a minor influence in clusters at type-A
steps and a moderate influence in those at type-B steps. (The
anomalous value for the chain configuration on step-A is ex-
cluded from this analysis.) Accordingly, the AA/SA ratios are
small for adsorption at step sites. We conclude that water ad-
sorption at step sites is dominated by water—metal interactions
with little or no influence of hydrogen bonds.

3.4. Rotation of water molecules on Pt(111)

Since water adsorbs at an atop site with the plane of the
molecule nearly parallel to the surface, we anticipate that the
rotational barrier will be small. Indeed, the barrier for rota-
tion of the monomer about the surface normal is just 0.01 eV.
For the dimer and trimer, rotation occurs about the surface nor-
mal axis of the donor oxygen atom, also with a small barrier of
0.02 eV. In all three cases the water molecules maintain the O—
Pt distances of their most stable configurations. This low barrier
of rotation for both dimer and trimer suggests a weak interac-
tion between the lower hydrogen of the acceptor molecules and
the surface (see Fig. 3). Facile rotation of water molecules has
also been seen in calculations on Pt(111) and Pd(111) [18] and
Al(100) [21, 43, 44].

Figure 5 shows an overlay of five images of dimer rotation.
Durning the rotation the donor molecule moves less then 0.02
A in the [111] direction but about 0.2 A in the (111) plane
for the dimer, while both the monomer and the trimer and show
little shifts in the (111) plane.
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Figure 5: Rotation of water dimer on an atop site on Pt(111). The energy barrier
for this rotation is very low, 0.02 eV.

4. Discussion

4.1. Water adsorption and configuration

4.1.1. Structural Parameters

It is possible to correlate the bond lengths listed in Table 2
to obtain an overall description of adsorption configurations,
especially the relationships of O—Pt and hydrogen bond lengths
for adsorption on terrace and step/kink sites. Figure 6 shows
O-Pt distances and hydrogen bond lengths grouped according
to adsorption at terrace sites; at step and kink sites; and for the
ring, chain, and zigzag extended configurations. There are three
regions of bond lengths: (1) hydrogen bond lengths of 2.1 Aand
less, (2) O-Pt distances of monomers and donor molecules of
2.18-2.44 A, and (3) O-Pt distances of acceptor molecules of
2.33 A and greater.

Within the hydrogen bond group, bond lengths are smallest
for terrace adsorption and greatest for the extended configura-
tions. Hydrogen bond lengths for adsorption at steps and kinks
are intermediate of the terrace and extended configurations. The
groupings reveal that hydrogen bonding is strongest for terrace,
variable from strong to weak for steps and kinks, and weak in
the extended configurations.

The O-Pt distances for monomers and donors fall into a tight
range. This indicates that the metal-oxygen interactions for
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Figure 6: Distribution of bond lengths for adsorption of water at terrace sites
(T), step and kink sites (S/K), and in ring/chain/zigzag (R/C/Z) configurations
on a Pt surface. The results fall into three groups: hydrogen bond lengths (cir-
cles), O—Pt distances in donors (squares), and O—Pt distances in acceptors (tri-
angles). Filled symbols are for terrace sites. Open symbols are for steps, kinks,
and extended configurations.

these systems are all approximately similar, despite differences
in adsorption geometry and hydrogen bonding.

For acceptor molecules, the O-Pt distances fall in a wide
range that includes two sub-groups. The first sub-group consists
of acceptors at steps and kinks and in chain and zigzag config-
urations with O-Pt distances ranging from 2.33 to 3.20 A, indi-
cating a moderate metal-oxygen interaction in these molecules.
The second sub-group includes all terrace adsorption and the
trimer-open structures with greater O—Pt distances ranging from
3.09 t0 3.60 A. Compared to acceptors at steps and kinks and in
extended configurations, the configurations in the terrace group
have weaker metal-oxygen interactions and therefore rely more
on hydrogen bonding for their stability.

4.1.2. Adsorption energies

For monomer vs. cluster adsorption the largest difference in
adsorption energies occurs for terrace sites. The per-molecule
adsorption energies of the dimer and trimer are at least 50%
greater than that of the monomer. That the monomer should
have a low adsorption energy is well known [3]. The differ-
ence comes about by hydrogen bonding in the dimer and trimer,
which we will discuss further in Sec. 4.2.

For adsorption on step sites the difference between
monomers and clusters in regards to adsorption energy is less.
The range of adsorption energies of dimers and trimers at steps
of 0.52 to 0.56 eV is approximately 16% greater than that of
monomers at steps, 0.46 and 0.47 eV. The difference between
steps and terrace in this regard arises from the stronger bonding
of water to the lower coordinated substrate atoms of steps.

Meng et al [19] studied a subset of the configurations re-
ported here. Within that subset, the primary difference from our

work regards the most stable trimer structure on the terrace. Our
calculations find in favor of an open structure, which has an ad-
sorption energy of 0.03 eV per molecule greater than that in our
calculation of the ring structure. The earlier calculations differ
substantially from ours, yielding smaller O-Pt distances (2.76
vs. 3.40 A), smaller adsorption energies (0.36 vs. 0.45 eV),
and smaller hydrogen bond energies (0.06 vs. 0.15 eV). The
reasons for the discrepancies are likely due to different surface
coverages studied in the calculations.

It is interesting to note the similarities of adsorption energies
of the various configurations on step surfaces. On step-A the
zigzag structure is preferred by 0.04 eV, large enough to favor
that structure. On step-B, however, adsorption energies of the
dimer, trimer-row and trimer-open, and zigzag structures fall
within the range of 0.55+0.02 eV, a difference too small to make
a definitive conclusion of one configuration over the other. With
such similar adsorption energies any of these structures could
exist on B-type steps.

The strong preference for water adsorption on steps and kinks
is in a good agreement with experimental work. The STM stud-
ies of Morgenstern and coworkers [10] found that low coverage
water aligns along step edges rather than on the terrace. There
was also a difference between the two types of steps, where, on
step-A, water molecules formed long one-dimensional chains,
while on step-B, water formed smaller, isolated chains. Gre-
cea, et al. [23] found significantly higher desorption energy for
water at step edges and terraces of a Pt(533) surface. Water
binds most strongly at the step edge, with decreased desorption
energy at terrace sites. The desorption energy for the terrace
sites of the stepped surface was markedly greater than that for
desorption from a flat Pt(111) surface.

4.2. The hydrogen bond in submonolayer water

4.2.1. Definition of the hydrogen bond energy

In this section we discuss possible definitions of the hydro-
gen bond energy in adsorbed water. In Eq. 4 all hydrogen
bonds within the adsorbed complex are assumed to have the
same strength Ey. There are two conceptual difficulties with
this definition. First, there is no reason to expect that multiple
hydrogen bonds within an adsorbed complex should have the
same strength. While some clusters, such as the terrace trimer,
have nearly equivalent hydrogen bond lengths, others, such as
the step-B trimer-row, do not. It is reasonable to assume simi-
larity of hydrogen bond strengths in the terrace trimer, but little
reason to do so in the step-B trimer. The second difficulty is
that hydrogen bonding in adsorbed complexes cannot be dis-
tinguished from metal-water interactions; the two are comin-
gled. As it represents both hydrogen bonding and metal-water
interactions, the energy Ep is more accurately described as an
overall cohesion energy of the adsorbed complex. Nonetheless,
we prefer the term hydrogen bonding as the effects seen in this
study fit well within the sense of hydrogen bonding as applied
to water. The distinction between metal-water and adsorbate—
adsorbate interactions is discussed further below.

The definition in Eq. 4 references only the adsorbed cluster
and monomer states, both accessible experimentally as shown



by the potential energy surface for dimer adsorption in Fig. 7.
From left to right, gas phase water molecules (a) adsorb as
monomers (b), which then combine to form an adsorbed dimer
(d). For adsorption on Pt(111) the total energy change for
this process is twice the per-molecule adsorption energy, or
—0.90 eV. The hydrogen bond energy, given by Eq. 4 and shown
as Ey in the figure, is the difference between the monomer and
dimer adsorption energies.

An alternative definition of hydrogen bond strength can be
defined on the basis of a virtual reference state on the poten-
tial energy surface. The virtual reference state (c) consists of
two, non-interacting water molecules in the same configuration
as the lowest energy dimer (d). The motivation for this defi-
nition is to isolate adsorbate—adsorbate (hydrogen bonding) in-
teractions from metal-water interactions. The hydrogen bond
strength so defined is denoted as Ep ;. The subscript s signifies
a virtual reference state with only substrate interactions. From
Fig. 7 we obtain the following expressions for Ep ; and Ey

EH,S = 2Ead‘v - E‘v (7)
EH = EH,S + E‘v - 2Eads,m (8)

where E; is the energy of two non interacting water molecules
in the dimer configuration (c). Since state (b) represents the
minimum energy configuration for adsorbed monomers, it fol-
lows that state (c) must be of higher energy, hence

Es < 2Ead&,m- (9)
Substitution of this result into Eq. 8 gives
Ey < EH,s' (10)

Thus, hydrogen bond strengths referenced to the virtual state (c)
exceed those referenced to non-interacting molecules in their
lowest energy configuration (b). For the example of dimer
adsorption on Pt(111), we calculated the value of Ep to be
0.32 eV, from which we conclude that the energy penalty for
bringing two non-interacting monomers into the non-hydrogen
bonded dimer configuration (c) is 0.02 eV. Combination of the
two values (with appropriate signs) gives the experimentally ac-
cessible hydrogen bond energy of 0.30 eV, listed in Table 3.

In separating structural from adsorbate—adsorbate effects, the
virtual reference state largely decouples metal-water interac-
tions from hydrogen bonding. The separation is not complete,
however, in that addition of hydrogen bonding in the calculation
from state (c) to (d) could alter metal-water interactions. This
effect should be of second order, so the hydrogen bond energy
based on the virtual reference state Ey ; is the preferred method
for assessing hydrogen bond energy apart from water—metal in-
teractions.

A potential problem with hydrogen bonds referenced to the
virtual state is that they may be subject to inconsistency. In the
case of trimer adsorption, for example, one would compute the
strength of the first hydrogen bond Ey 4 as the difference in en-
ergy between a trimer with one hydrogen bond relative to the
adsorbed, non-hydrogen bonded trimer. From there, the calcu-
lation proceeds to obtain the second hydrogen bond Ey s. Al-
ternatively, one could reverse the order and compute Ey ,; first

o
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Figure 7: Potential energy surface for formation of an adsorbed dimer from
gas phase water molecules. The molecular complexes are: (a) gas phase wa-
ter molecules; (b) adsorbed, non-interacting monomers; (c) adsorbed, non-
interacting water molecules in the same configuration as the lowest energy
dimer (d); and (d) the lowest energy adsorbed dimer. See text for further details.

and then Eg, . If any interdependence of metal-water interac-
tions and hydrogen bonding exists, there is no reason to expect
the bond strengths to be the same when computed in different
orders. The value of the virtual reference state is its ability to
isolate hydrogen bonds from metal-water interactions. When
used for structures more complex than dimers, the method is
subject to inconsistency. Unfortunately, the virtual reference
state is not accessible experimentally so that results can only be
compared among other calculations.

4.2.2. Hydrogen bonds in clusters and extended configurations

The systems studied exhibited a wide range of hydrogen
bond strengths, from —0.03 to 0.30 eV, for a variety of sub-
strates and configurations. It is possible to correlate hydrogen
bond strength with both substrate and configuration, as shown
in Fig. 8. Hydrogen bond angle, Fig. 8(a), and hydrogen bond
length are correlated such that the shortest bond lengths, ap-
proaching 1.6 A, have angles near 180°, whereas longer bond
lengths of approximately 2.0 A correlate with smaller bond an-
gles of 140° to 150°. Hydrogen bond strength, Fig. 8(b), also
correlates with bond length, such that the strongest hydrogen
bonds, 0.30 eV, occur with the shortest bond lengths. Hydrogen
bond strength falls to small values at the longest bond lengths.
For completeness, we include the chain configuration on step-
A in this analysis, despite its negative hydrogen bond energy.
Whether or not it is included has no effect on the overall con-
clusions.

In reviewing Fig. 8(b) several points become evident. First,
an underlying commonality exists for hydrogen bonding in ad-
sorbed water: the data fall on common curves for adsorption on
terraces, steps or kinks, and in cluster or extended configura-
tions. The trimer-open structure on step-A (1.69 A,0.07eV)is
the only significant outlier.

Second, the data fall into three distinct groups. The strongest
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Figure 8: Correlation of hydrogen bond angles (a) and energies (b) with hydro-
gen bond lengths for adsorption of water on Pt terrace, steps, and kinks. Filled
circles represent terrace and step/kink data. Filled squares represent extended
configurations. The open diamonds represents data for the gas phase dimer.
Open triangles represent data from ref. [19]. The dash-dot line represents hy-
drogen bond data for a variety of molecules taken from ref. [45]. The lines are
least square fits to the filled data points.

hydrogen bonds of 0.26-0.30 eV and shortest bond lengths of
1.61-1.68 A occur in clusters adsorbed at terrace sites. Interme-
diate hydrogen bond energies of 0.07-0.15 eV and bond lengths
of 1.62-1.90 A occur in clusters adsorbed at step and kink sites.
The weakest hydrogen bond energies of —0.03 to 0.10 eV and
longest bond lengths of 1.96 to 2.03 A occur for the chain and
zigzag extended configurations. Thus, hydrogen bond strength
correlates with the nature of the surface, with strongest bonding
occurring for adsorption at terraces and weaker hydrogen bond-
ing for adsorption at step and kink sites. Hydrogen bonding is
sensitive to the nature of the adsorbate with stronger bonds oc-
curring in finite clusters and weaker bonds in extended config-
urations.

Third, the data can be related to other types of hydrogen
bonding. The dash-dot line in Fig. 8(b) shows model results
for hydrogen bond energy vs. hydrogen bond distance [45].
The model results were verified with data for ice, alcohols,
carboxylic acid dimers, and oxalic acid. The model is in rea-
sonably good agreement with the results presented here for ad-
sorbed water.

Fourth, the data cannot be related, at least on an absolute ba-
sis, to hydrogen bonding in gas phase water. The bond energy
correlation in part (b) lies well below the gas phase dimer point.
At the gas phase bond length of 1.96 A, the correlated bond
energy for adsorbed water is approximately 0.08 eV. Alterna-
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tively, at the gas phase dimer bond strength of 0.22 eV, the cor-
related bond length of adsorbed water is 1.68 A. An analogous
relationship holds for the bond angle/bond length correlation
in part (a). Hydrogen bonding in adsorbed water may be said
to be "weaker” at a given bond length than in the gas phase,
although stronger hydrogen bonds can be achieved at shorter
bond lengths. The basis for this difference is most likely due to
the interdependency of metal-water and hydrogen bond inter-
actions discussed above.

4.2.3. Adsorbate-Adsorbate and Substrate-Adsorbate Interac-
tions

The ratio of AA/SA interactions is highest for water clusters
adsorbed on terrace sites (Table 3), in the range of 47% to 60%
of the SA interactions. This shows that hydrogen bonding is
important in establishing cluster stability. In contrast, the ra-
tio of AA/SA interactions is less for adsorption on the stepped
surfaces, ranging from 9% to 22% (excluding the chain config-
uration on step-A). Hydrogen bonding is not so important for
adsorption at steps, which is in line with the hydrogen bond
energy, length, and angle correlations displayed in Fig. 8.

Meng, et al. [19] used the same AA/SA ratio (Eq. 6) to char-
acterize water interactions among several late transition and no-
ble metal (111) surfaces. Their values were based on adsorbed
hexamers. For Pt(111) they obtained a ratio of 0.9, which ex-
ceeds the highest ratio of 0.60 for the trimer on Pt(111) found in
this study. Comparison of the two results suggests that hydro-
gen bond strength in the hexamer is further enhanced relative to
that in the trimer.

5. Conclusions

DFT calculations were used to determine adsorption con-
figurations and energies for water monomers, clusters, and
extended configurations on Pt(111) terraces, (221) and (322)
steps, and (763) and (854) kinks. Monomer water has a low
adsorption energy, only 0.30 eV, on the (111) terrace, while
dimers and trimers have stronger adsorption energies per water
molecule of up to 0.48 eV, typical of those expected for water
layers in general. Rotation of monomer, dimer, and trimer on
the terrace is facile with energy barriers of 0.02 eV or less. Ad-
sorption of monomers, dimers, trimers, and chain and zigzag
configurations is stronger on the stepped and kinked surfaces
than on the terrace, with per-molecule values ranging from 0.46
to 0.57 eV.

Hydrogen bond strengths were considered with respect to
two reference states: adsorbed, non-interacting monomers (Ey)
and a virtual state consisting of adsorbed, non-hydrogen bonded
clusters (Ep ). Only estimates of Ey are experimentally acces-
sible, although hydrogen bond energy is averaged among all
hydrogen bonds. Hydrogen bond energies Ey ; referenced to
the virtual state isolate water—water interactions from metal—
water interactions. Such estimates are useful for dimers, but in
trimers and more complex structures, they may be subject to in-
consistency. All hydrogen bond strengths reported in this paper
are Ey.



Hydrogen bonding plays a major role in water adsorbed on
the (111) terrace with energies of 0.27 to 0.30 eV and ratios
of AA to SA interactions of 0.47 to 0.6. In contrast, hydrogen
bonding plays a minor role in adsorption on the stepped and
kinked surfaces; hydrogen bond strengths are 0.22 eV or less
and the ratios of AA to SA interactions are 0.3 or less. Hydro-
gen bond strength is correlated to hydrogen bond length with
the strongest bonding occurring for the shortest bond. Water—
metal interactions are the predominant component of the ad-
sorption energy at steps and kinks. The reason for this is not
increased coordination with the substrate atoms, as in metal
on metal adsorption, because the water molecules adsorb on-
top. The reason is that the less coordinated the substrate metal
atoms are, the stronger the O-Pt interaction as evidenced by
the low AA/SA ratio on step edges compared to the terrace.
DFT/PWO1 results appear to be in good agreement with exper-
imental data, in particular the STM results of Morgenstern et
al. [10] and adsorption experiment of Grecea et al. [23].
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