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Abstract 

The interaction of a water molecule with copper, silver and gold surfaces has been studied using a cluster model approximation. The 
B3LYP method has been used to introduce a correlation effect into this type of calculation. Since this is a relatively new technique, its 
performance in conjunction with different basis sets has been tested using the Cu-H20 system as a test case. These tests were performed 
to select the basis sets for water and metal atoms to be used in studies on the water-metal cluster interaction. Additionally, a set of 
B3LYP calculations for the Cu , -H20  (n = 2, 4, 5, 9, 12) systems has been performed to investigate the influence of the metal cluster 
size on the results. Significant variations in the quantities computed have been found for the smaller clusters, while for the larger ones, a 
degree of convergence seems to be achieved. Thus, the Cu 12, Ag h2 and Au ~2 clusters have been used to mimic the (100) crystallographic 
plane of noble metals. The comparative results of the water-metal interaction for three different positions (on-top, bridge and hollow) are 
given; for each site the results for three different orientations of H20 molecule are shown. Two preferred conformations, bridge-per- 
pendicular and top-tilted, have been found to be effectively indistinguishable in terms of adsorption energy; in both, water adsorbs via its 
oxygen end. For the on-top site, the tilt angle between the H20 molecular plane and the normal to the metal surface has been found to be 
in the range 50-65 °, depending on the metal. The copper has been found to be the most hydrophilic metal (AEaa s = -31.8 kJ mol -~) 
when compared with less attractive gold (A E~d s = -- 29.7 kJ tool- ~) and silver (A Lad S = -- 26.6 kJ tool 1). The results obtained from our 
calculations are compared with some earlier theoretical results and with the experimental data available. 
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1. Introduction 

The interaction of water with metal surfaces is a topic 

of interest in many areas of science. Extensive studies of 
the adsorption of water on metals have been performed 
using many different experimental techniques (see Refs. 
[1,2] for comprehensive reviews, and Refs. [3-8] for more 
recent results). However, the detailed description of the 

bonding of a water molecule onto the surface is still open 
to discussion. In the experimental conditions used to probe 

this problem, many other processes (e.g. the formation of 
water clusters near the surface, the dissociation of the 

water molecule, or redox phenomena) normally occur. The 
role that the water-metal  interaction plays in these experi- 

mental results is not easy to ascertain. Additionally, the 

* Corresponding author. 
On leave from the Department of Theoretical Chemistry, University 

of Lodz, Poland. 

likely occurrence of surface defects or surface reconstruc- 
tion may perturb the structure and chemistry of the inter- 
face, thus making the interpretation of the results in terms 
of a pure crystallographic plane very risky. This type of 

difficulty has been considered in some recent work [9,10] 
that stresses the uncertainties of some earlier experimental 

studies where an ideal surface structure is simply assumed. 

However, from the wide variety of measurements that have 
been published, a general approximate picture emerges for 
the adsorption of water on metallic surfaces. Indirect spec- 

troscopic evidence [11,12] seems to indicate that the water 
molecule is adsorbed on smooth (100,111) surfaces either 

on the on-top site or the two-fold bridge site but not on the 
four-fold hollow site [13]. A stronger preference for the 

on-top position is suggested by the EELS studies of Ander- 

sson et al. [12] for Cu(100) and Pd(100) at low tempera- 

tures. From the vibrational spectra, it was concluded that 
the molecular axis of water is tilted by ca. 60 ° relative to 
the normal to the surface. This was to be expected if it is 

0022-0728/97/$17.00 Copyright © 1997 Elsevier Science S.A. All rights reserved, 
PII S0022-0728(96)04778-X 



210 A. Ignaczak, J.A.N.F. Gomes / Journal of Electroanalytical Chemistry 420 (1997) 209-218 

assumed that the bonding to the metal occurs through the 
lone-pair orbitals of the oxygen. This tilt could also be 
explained by hydrogen bonding between two water 
molecules adsorbed at neighbouring metal atoms; however, 
Andersson et al. [12] have argued that this is incompatible 
with the observed vibrational frequencies of adsorbed wa- 
ter. The chemical character of the water-metal bonding is 
confirmed by the decrease of the work function q~ of the 
electrode under water adsorption as a consequence of the 
sizable charge transfer from water to the metal [1]; this 
may also suggest that the water dipoles tend to orient 
perpendicular rather than parallel to the surface. Most 
experimental work reports only a slight perturbation of the 
structure of bulk water near the surface. 

Another well established feature is the low barrier 
found by water migrating along the surface. This relative 
freedom of movement, even at low temperatures, explains 
the formation of water clusters at the surface, even at low 
coverage. The formation of these clusters, compounded by 
the other phenomena occurring at the surface as mentioned 
above, makes interpretation of the experimental results 
very difficult and often ambiguous. 

A theoretical approach to this problem may be very 
useful in the interpretation and corroboration of experi- 
mental data. Accurate quantum chemical methods cannot 
presently be used to compute the interaction of a particle 
(ion or molecule) with an infinite metallic surface. The 
alternative commonly used consists of modelling the sur- 
face by an atomic cluster of a size as big as possible within 
the computational capabilities available. In this way, one 
tries to minimize the size dependence effect, which is 
difficult to predict, and hopes to approach the description 
of the actual metal with its conduction band electrons. 

For this type of calculation, methods based on density 
functional theory (DFT) are becoming increasingly popular 
as they have some cost-effective advantages over standard 
ab initio methods. These DFT algorithms have a computa- 
tional cost comparable with pure Hartree-Fock (HF) meth- 
ods but include some electron correlation effect which is 
likely to be important for the interaction. In the past, most 
water-cluster calculations have been done at the simple 
HF [14-16] or, more frequently, at the semiempirical 
[17-22] levels. Other computational methods have also 
been applied to this problem [23-29], most of them not 
including electron correlation. The metal clusters are usu- 
ally designed to reproduce a piece of metal near the 
surface, this being taken to be parallel to a well-defined 
crystallographic plane. In most cases, the results of these 
calculations do appear to show that the on-top position is 
preferred, i.e. the placement of the water molecule above 
one of the metal atoms of the surface, in accordance with 
the common interpretation of experimental data. Most of 
these calculations predict a tilt angle of about 60 °. How- 
ever, non-tilted conformations are also found in the litera- 
ture, either as the result of calculation or as an initial 
assumption. Bauschlicher [14] showed for the Ni~4(100)- 

H20  cluster that the on-top position (untilted) is only 
slightly preferred to the two-fold bridge site, that is a few 
kilojoules per mole less stable, thus making the two posi- 
tions essentially indistinguishable. The two-fold bridge site 
has been found to be energetically favoured for the 
Fes(100) cluster in Anderson's work [23]. The three-fold 
hollow site of Pt(111) [17] and the four-fold hollow site for 
Cu(100), Ag(100) and Au(100) [22] were found to be 
energetically favoured for water adsorption. 

The magnitudes of the calculated adsorption energies of 
water on the metal clusters do show very large variations: 
- 2 1 0 k J m o l  - I  for the Fe(100) [23] and only 
- 1 7 . 5 k J m o l  -~ for Ni(100) [14]. Experimentally, only a 
crude evaluation of this quantity is possible, the value most 
commonly quoted being between - 40 and - 50 kJ mol-  ' 
for non-dissociative adsorption of water on metal surfaces. 
It should be clear that in a theoretical approach the results 
of calculations depend markedly on the method, as well as 
on the basis sets used to describe the system. Additionally, 
a strong dependence exists on the shape and size of the 
atomic cluster used to model the metal surface. 

A summary of the methods used is presented in Section 
2. In Section 3.1 the results of tests of B3LYP calculations 
for the copper-water system with different basis sets are 
presented and compared with those of standard ab initio 
HF calculations without and with M~iler-Plesset correc- 
tions. A selected combination of basis sets for Cu and H20  
have been used in Section 3.2, where the metal cluster size 
effect has been investigated. The results of comparative 
studies of the interaction of water with a set of different 
clusters intended to mimic the copper (100) crystallo- 
graphic surface are presented. Clusters of up to 12 atoms 
are used and, in some cases, alternative shapes are consid- 
ered. Finally, the calculations of the interaction of water 
with the three noble metals have been performed using the 
12-atom cluster to model the (100) crystallographic plane 
of each metal; these results are discussed in Section 3.3. 
Finally, the major conclusions are summarized in Section 
4. 

2. Method of calculations 

The intermolecular electron correlation effect for transi- 
tion metal systems has been found [30-35] to play an 
important role. In this work, DFT has been used to ap- 
proach this problem. It has been already shown [36] that 
the DFT method usually known as B3LYP gives good 
results for the interaction of copper with halide ions. This 
corroborates earlier results on the good performance of 
B3LYP for copper-carbonyl calculations [37,38]. B3LYP 
is the formalism proposed and parametrized by Becke [39]; 
it uses a mixture of the HF exchange with DFT exchange 
terms and includes the gradient-corrected correlation func- 
tional of Lee et al. [40]. 

In this work, the performance of B3LYP with different 
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basis sets was tested for the Cu-H20  system and the 
results evaluated by comparison with those of standard ab 
initio calculations. A planar C2v symmetry is used with the 
oxygen pointing towards the metal. The opposite orienta- 
tion, i.e. with the water interacting with the metal via the 
hydrogens, has been found relatively repulsive and will not 
be considered. The following basis sets for the copper and 
the water molecule have been used: 

For Cu: AKR&WAG - -  the (43321/4321/41) basis 
function of Rappe and Goddard [41]; LANL2DZ - -  the 
10[Ne] inner electrons treated with an effective core poten- 
tial (ECP) of Hay and Wadt; the 3s23p63d~°4s ~ valence 
electrons described by the double-zeta quality Gaussian 
basis set [42]; LANLIMB - -  the 18[Ar] inner electrons 
treated as a core with ECPs of Hay and Wadt; the 3d~°4s t 
valence electrons described by the (3s2p5d) Gaussian basis 
set [43]. 

For H 2 0 : D 9 5  and D95V - -  the Dunning-Huzinaga 
full and valence (respectively) double-zeta basis sets [44]; 
3-21G, 6-31G - -  split-valence Gaussian basis sets [45]; 
6-31G * * - -  the polarization functions added to the 6-31G 
basis set [46]; 6-31 + + G ~ - -  the diffuse (d, p) func- 
tions added to the 6-31G * ~ basis set [47]. 

Two optimizations of the copper-oxygen distance have 
been done for each combination of basis sets. The first 
used the standard UHF procedure; for the equilibrium 
geometry, the fourth-order Moller-Plesset correction, that 
includes the single, double, triple and quadruple (SDTQ) 
substitution has been computed. The second used the 
hybrid B3LYP method. In all calculations, the H20 
molecule has been frozen at its experimental geometry 
with the H - O - H  angle of 104.52 ° and the O - H  distances 
of 0.9572 A. 

From the above tests the LANL1MB basis set for 
copper and the 6-31G Ganssian basis set for the water 
molecule (see description above) have been selected to be 
used in the studies of the effect of the size and shape of the 
metal cluster upon the computed quantities. The same type 
of basis sets was used later in the calculations with silver 
and gold. The seven copper clusters - -  Cu 2, Cu4 planar, 
Cu 4 pyramidal, Cu 5 planar, Cu 5 pyramidal, Cu 9 and Cu~2 
- -  used for tests, have been constructed as pieces of the 
f.c.c, crystallographic structure that is characteristic of the 
noble metals, with the nearest-neighbour Cu-Cu distances 
fixed at the experimental value of 2.55 A [48]. 

The structures of the Cu 4, Cu 5, Cu 9 and Cu~2 are 
shown in Figs. 1-6. The Cu 2 cluster is just a dimer formed 
by two neighbouring Cu atoms belonging to the (100) 
plane. Three extremal positions at the metal surface - -  
on-top, bridge and hollow - -  have been tested with these 
clusters (whenever possible) by means of the optimization 
of the oxygen to the surface distance and of the tilt angle 
between the molecular axis of the water and the surface 
normal. In all optimizations the oxygen atom of the water 
molecule is kept over the site studied; for hydrogen atoms 
an optimal position has then been found by their rotation 

Fig. 1. The Cu 4 pyramidal cluster. 

Fig. 2. The Cu 4 planar cluster. 

Fig. 3. The Cu 5 pyramidal cluster. 

Fig. 4. The Cu 5 planar cluster. 
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Fig. 5. The Cu 9 cluster. 

BRIDGE 

HOLLOW TOP 

Fig. 6. The Cu~2 cluster. 

around the normal to the surface, with the oxygen fixed at 
the optimal distance to the surface. 

All calculations have been performed using the GAUSS- 
IAN92 program [49]. 

3. Results 

3.1. Cu-H eO system 

Results of B3LYP calculations of  the interaction of 
copper with water using different basis sets are shown in 
Table 1. For comparison, the results of  the calculation of 
the same energies using the UHF method without and with 
MP4 corrections are also shown. The basis sets tested for 
the copper atom and the water molecule have been chosen 
to be of widely different quality. For the copper atom the 
full-electron description as well as ECPs with different 
numbers of  electrons included into the core have been 

considered. For the water molecule the double-zeta quality 
basis sets have been preferred. 

Several earlier works may be found in the literature 
where the C u - H 2 0  system has been investigated by means 
of the standard HF method with [30-34] and without 
[50-52] an electron correlation correction, as well as, by 
the X-a  method [26]. In general, these earlier published 
results show the great sensitivity of  this system to the basis 
functions used. In the work of Itoh et al. [50] the calcula- 
tions at the HF level with the smaller basis set for the 
water molecule produced the interaction energy of 
- 4 2 . 5  kJ mol - l  , while a little improvement on this basis 
set changed the results to - 1.93 kJ mol-1.  The investiga- 
tions of Saner et al. [30], where a different description of 
this system was used, gave estimates of - 1 1  kJmo1-1 
from the HF calculations and - 3 4 k J m o l  -~ at the CI 
level. From the standard HF calculations of Bauschlicher 
[51] a C u - H 2 0  binding energy of  - 1 9 . 3 k J m o l  -~ was 
reported; in this case a full electron basis set with diffuse 
functions on the Cu atom was used. An extremely weak 
interaction of  water with the copper atom was found from 
some HF calculations [31,33,52] where the energies are in 
the range - 2.9 to - 0.85 kJ mol -  1. Much larger values are 
always reported from computations made with inclusion of 
the electron correlation corrections. The result of  
- 3 4 k J m o l  -~ mentioned above [30,32] is the strongest 
copper-water  interaction energy found at this level. Other 
proposed values, obtained with different methods and basis 
sets, deviate significantly from this latter value: - 1 7 . 4  
kJ mol -  J [31 ], - 11.6 kJ mol -  ~ [33], - 5.42 kJ mol - ~ [34]. 
However, the largest value for this interaction was 
- 7 3 . 4  kJ mol-1 as reported by Ribarsky et al. [26] using a 
full electron description of all atoms that includes the 
diffuse functions on the Cu as well as on the O and H 
atoms. A similar inconsistency in results for the reported 
equilibrium copper-oxygen distances is also observed. As 
one can see, the theoretical data for this system are very 
unclear and difficult to compare; unfortunately, to our 
knowledge, no experimental predictions about the C u - H  2 ° 
interaction strength exist. 

Our results in Table 1 seem to be more consistent, and 
several tendencies that were also found by other authors, 
can be observed. Comparing lines A and B, the small 
importance of  the explicit inclusion of the ten inner elec- 
trons of the copper atom can be seen; almost no difference 
in computed quantities appears at both HF and MP4 levels. 
The HF interaction energy of  - 2 2 . 9 k J  mol-~ is close to 
the results of  Bauschlicher [51]; the MP4 value predicts a 
stronger binding energy for this system than any of  the 
earlier studies at this level. The good quality of the B3LYP 
method should be noted at the same time for this level of 
calculation, as it reproduces almost exactly the MP4 en- 
ergy of  - 4 2 . 2 6 k J  mol -~, but a shorter equilibrium dis- 
tance is found. It is worth stressing here that in all our 
calculations the inclusion of the electron correlation effect 
by means of  MP corrections is found to increase the 
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Table 1 

The equil ibrium values of  the C u - O  dis tances  and binding energies for the Cu H 2 0  system for different  basis sets. Opt imizat ions have been done using 

the UHF and B3LYP methods .  The MP4  values o f  energy have been calculated for  the min imum HF C u - O  distance 

Basis sets Quan tum mechanics  method 

Symbol  Cu H 2 0  UHF B3LYP 

rUHF/ A EUHF/ A EMP4/ A EB3LYP / rB3LYP/ 

.~, kJ mol i kJ m o l -  i kJ mol i 

A A K R  & W A G  D95 2,22 - 22.57 - 42 .26  - 42.48 2.03 

B L A N L 2 D Z  D95V 2,22 - 20.75 44.97 - 45.60 2.01 

C L A N L  1MB 3-21G 2,19 35 .20  - 46.48 - 61.82 2.12 

D L A N L I M B  6-31G 2.29 - 17.77 - 2 4 . 9 8  - 3 7 . 4 7  2.19 

E L A N L 1 M B  6-31G * " 2.50 - 7.44 - 14.23 - 24.69 2.30 

F L A N L 1 M B  6-31 4- + G "  * 2.52 - 5 . 0 0  - 12.57 - 14.78 2.33 

G L A N L  1MB D95 2.34 - 13,32 - 20.08 - 30 .24  2.23 

Basis  sets used for  Cu: A K R & W A G  - -  the ( 4 3 3 2 1 / 4 3 2 1 / 4 1 )  basis function of  Rappe  and Goddard  [41]; L A N L 2 D Z  - -  the 10[Ne] inner electrons are 

treated with ECPs o f  Hay  and Wadt ,  the 19 outer electrons described by  the double-zeta  Gauss ian  basis  set [42]; L A N L I M B  - -  the 18[Ar] inner electrons 

are treated as a core with ECPs  of  Hay  and Wadt ,  the 11 outer electrons described by the minimal  Gauss ian  basis set [43]. For  H~O: D95 and D95V - -  the 

D u n n i n g - H u z i n a g a  full and valence (respectively) double-zeta  basis sets [44]; 3-21G,  6-31G - -  spl i t -valence Gauss ian  basis sets [45]; 6 - 3 1 G "  * - -  the 

polarization basis set [46]; 6-31 + + G * * - -  the diffuse (d,p) functions have been added to the 6 -31G " * basis set [47]. 

binding energy to about twice the HF values, a change in 
the same direction as found in the literature [30,31]. 

The substitution of the 18 inner electrons of the copper 
atom by pseudopotentials decreases the interaction energy 
significantly, as can be seen by comparing the cases A and 
G. However, the compensation of this effect, by using a 
poorer quality basis set for the water molecule like the 
3-21G basis, can be detected at the same time from the 
combination C. This proves that LANLIMB is a good 
compromise basis set with rather good results for a rela- 
tively limited basis that may also be used in cluster 
calculations. The exact treatment of the 3dL°4s ~ is, in our 
opinion, the lowest level of approximation that is accept- 
able for this atom. The loss of quality, when compared 
with the full-electron description of the Cu atom, may be 
compensated by the careful adjustment of the basis set 
used for the water molecule. Treating the first two combi- 
nations of basis sets (A, B) as the reference cases for tests, 
we may compare results obtained for several different 
basis sets of the water molecule, combined with the 
LANLIMB description of the copper atom (C-F cases in 
Table 1). It can be seen that an improvement on the H,O 
basis sets weakens the copper-water interaction, increas- 
ing at the same time the Cu-O distance. The largest HF 
and MP4 energy values have been found for the most 
limited 3-21G description used for the water molecule, 
overestimating the C u - H 2 0  interaction in relation to the A 
and B results. The 6-31G basis set gives an energy closer 
to the reference at the HF level, but much too small when 
the MP4 correlation correction is applied. When the polar- 
ization (E) and diffuse functions (F) are added to the 
6-31G basis set, a significant decrease in the interaction 
energies is noticed, giving results that, at the MP4 level, 
are close to those reported in Ref. [31]. The quantities 
obtained in the last case tested - -  with the D95 basis set 
used for the H20 molecule - -  are similar to those found 
for the 6-31G basis set. 

The quality of the B3LYP technique has been tested in 
conjunction with all combinations of basis sets described 
above; these results are also shown in Table 1. As one can 
see, the B3LYP energy values always lie below those 
obtained by the HF method, thus exhibiting an electron 
correlation effect. As has already been mentioned, for the 
more extended description of the system (the A and B 
cases) an excellent agreement between MP4 and B3LYP 
values is observed. When the LANL1MB basis set for the 
copper atom is used, most of the basis sets tested give 
results which approximate much better the reference level 
than the MP4 values computed with the same combina- 
tions of basis sets, For most cases tested, the participation 
of the electron correlation into the interaction energy is 
found to be about 20kJ mol ~, when the B3LYP data is 
related to the HF values. Similar estimates have been 
reported by Sauer et al, [30]. 

From the considerations just presented, the 6-31G basis 
set has been selected for the water molecule in combina- 
tion with the LANLI MB description of the copper atom to 
be used in the cluster model calculations by the B3LYP 
method. This combination gives the C u - H 2 0  interaction 
energy and equilibrium copper-oxygen distance suffi- 
ciently close to those obtained with the full-electron de- 
scription of this system. They coincide also with some 
earlier studies of the C u - H 2 0  system at the HF and the 
electron correlation levels [30,32,51], as well as with an 
experimental prediction of - 3 4 k J m o l - ~  for the copper- 
water interaction [53]. 

3.2. C u , - H 2 0  system 

The metal cluster size effect has been tested by means 
of its influence on the computed properties of the C u . - H 2 0  
system. The interaction energies and the optimal surface to 
oxygen distances for the on-top and bridge positions (de- 
fined as shown in Figs. 1-6) are presented in Table 2. In 
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Table  2 

The binding energies ~Emi n, dis tances r and tilt angles  o~ (on the on-top 

site) opt imized with the DFT B 3 L Y P  procedure for the different  Cu,, 

H 2 0  clusters at the on-top and br idge posit ions of  the water  molecule  

Cluster  used On- top  Bridge 

~Emin / r / ~ .  c~/  ~Emin / r / , ~  
k J m o l -  ~ deg kJmol  

Cu 2 38.68 2.22 46.0 19.94 2.03 

Cu d-pyramid - 91.65 2.07 0 - 95.02 1.85 

Cu 4-planar - 72.25 2.1 I 42.5 - 58.09 1.91 

Cus -pyramid  - 106.28 2.03 0 - 62.70 1.94 

Cus-p lanar  - 41.28 2.21 0 58.97 1.90 

Cu 9 - 2 5 . 8 1  2.19 22.7 39.52 1.94 

Cu ~2 - 30.80 2.23 55.0 - 31.8 1.96 

all cases the water has been approaching the surface 
through the oxygen end. Since the hollow site has been 
found to be relatively repulsive, those results are not 
shown and will only briefly be commented on. For the 
on-top site, the tilt angle between the water molecular 
plane and the normal to the surface has been measured. All 
distances are computed in relation to the (100) plane of the 
first atomic layer. The binding energies are calculated 
according to the formula AE = Eto~(Cu,,-H~O) - 
E t o t ( C u , , ) - E t o t ( H 2 0 ) .  For complete comparison, the 
B3LYP results for the C u - H 2 0  system obtained with the 
same LANL1MB and 6-31G basis sets should also be 
taken into account (Table 1, case D). 

The inspection of the on-top energy values in Table 2 
shows that, in general, the small metal clusters produce a 
large overestimate of the binding of water to the metal 
surface. This effect is especially large for the Cu 4 and Cu 5 
pyramidal structures. While the adsorption energy for the 
copper-water system is estimated experimentally to be of 
about - 3 4 k J  mol-~ [53], the calculated interaction ener- 
gies for the different non-pyramidal clusters (i.e. Cu 2, Cu 5 
planar, Cu 9 and Cu~2) are found within a 20% range of 
that experimental estimate. At the same time, the surface 
to oxygen distance is fairly insensitive to the cluster size. 
becoming markedly smaller only for the Cu 4 and Cu~ 
pyramidal clusters. 

For the larger clusters used. Cu 9 and Cu~2, some tilt 
angle is found in agreement with what is suggested experi- 
mentally. It should be stressed that this is found even when 
the water molecule is placed along the C 4 symmetry axis 
o f C u  9 o r  near the S 2 axis in Cu~2. For the smaller clusters 
the calculated tilt (or absence of it) may be an artifact of 
the calculation; this may be due to the large dipole mo- 
ment associated with the calculated charge distribution on 
the cluster and, in both Cu 4 clusters, to the very unsym- 
metrical placement of the water molecule. The results in 
Table 2 for the bridge position show an overestimate of the 
interaction energy for the smaller clusters in a way similar 
to that observed for the on-top position. It should be noted 

that, at the bridge site, the molecular plane of the water is 
perpendicular to the Cu-Cu axis. The high sensitivity of 
the interaction energy with respect to the cluster size 
should be related to the extreme dependence of the charge 
distribution on the cluster size and geometry; this effect is 
enhanced by the large value of the dipole moment of water 
as predicted by B3LYP. The charge transfer from the 
water to the metal cluster is always predicted to be slightly 
above 0.1 e-  and increasing as one moves from hollow, to 
on-top and to bridge positions. No significant variations of 
this property have been observed when the size of the 
copper cluster was changed. When the hollow position is 
approached by the oxygen end of the water molecule, the 
interaction energy is much smaller than that calculated for 
the on-top or bridge positions, and it even becomes repul- 
sive for the Cu 9 cluster. The same relatively repulsive 
character of this site was reported in earlier work [14,25]. 

Our results for the copper-water system may be, at 
least in a qualitative way, compared with the work of 
te Velde and Baerends [54], where the cluster size effect 
has been tested for the Cun-CO system using the local 
density functional method. Large variations in the adsorp- 
tion energies were shown when the size of the copper 
cluster was changed. The difficulties of the cluster model 
were stressed to the point of showing that the energetically 
preferred adsorption site may be wrongly predicted. The 
importance of the polarization of the cluster by the ap- 
proaching molecule has also been stressed. 

Considering these difficulties, a reasonable convergence 
in our computed properties seems to be achieved for the 
relatively small clusters calculated. The 12-atom cluster, 
that allows a continuous search of the different positions 
over the surface without reaching the borders, gives ad- 
sorption energies close to the level experimentally esti- 
mated for the copper-water interaction. Therefore, this 
latter structure has been chosen for our further studies. 

3.3. MI:-HeO interaction 

A more detailed discussion of the metal-water interac- 
tion using the 12-atom cluster approximation for copper, 
silver and gold is now presented. These clusters (see Fig. 

Table 3 
The binding energies and the s u r f a c e - o x y g e n  distances obtained for the 

Cu t ~ - H , O  system, for the on-top, br idge and hol low sites. The angle a 

is defined between the water  molecular  axis and the normal  to the metal  

surface. The optimal energy for the on-top site for  a = 55 ° has been 

found to be - 3 0 . 8 k J m o l  ~ at a distance o f  2.26A. 

Position ~ E / k J m o l  I ( r / ,~ )  

a - 0  ° a = 9 0  ° a = 1 8 0 "  

On- top  25.3 (2.2) 24.6 (2.6) - 14.4 (3.4) 

Bridge - 31.8 (1.9) 19.5 (2.5) - 21.0 (3.5) 

Hol low - 7 . 9 ( 2 . 5 )  - 15 .7(3 .0 )  - 17 .4(3 .2 )  
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6) have been used to model Cu(100), Ag(100) and Au(100) 
surfaces; the nearest-neighbour distances have been fixed 
at their experimental values [48] of 2.55 ,~ for Cu-Cu,  
2.89,~ for Ag-Ag  and 2.88,~ for Au-Au. For all metals 
the metal-water interaction energy vs. the surface-oxygen 
distance has been scanned for the three above-mentioned 
sites at the surface. Additionally, for each position, three 
extremal orientations of the water molecule have been 
tested: (a) the H20  molecular plane parallel to the metal 
surface; (b) the H20  plane perpendicular to the surface 
and the oxygen end oriented towards the metal; (c) the 
same as (b) but with the hydrogens directed towards the 
metal. In all these configurations the H - H  axis is kept 
parallel to the (100) crystallographic plane. In Table 3 (for 
copper), Table 4 (for silver) and Table 5 (for gold), the 
interaction energies and, in parentheses, the optimal dis- 
tances are shown for each configuration. As already pointed 
out for copper, the water molecule is found to bind the 
strongest via oxygen for the bridge and on-top positions. 
At the bridge site, a rather rigid position is established, 
creating a tetrahedral-like bonding environment for oxy- 
gen. The on-top site is characterized by a quasi-indif- 
ference of the energy with respect to the tilt angle as the 
water molecule rotates from perpendicular to parallel to 
the surface. The optimal values of the tilt angles reported 
do not differ significantly for the three metals and lie close 
to the estimate of 60-70 ° reported by experimentalists. It 
was found that, when this tilted water molecule (at the 
on-top site) is rotated around the normal to the surface, the 
interaction energy changes only slightly: the most stable 
position is associated with a conformation of water having 
the projection of its dipole moment onto the surface point- 
ing towards a neighbouring metal atom. In this way, each 
hydrogen atom is lying towards a hollow site. The rela- 
tively large decrease in interaction energy has always been 
noted at the two-fold bridge position, when the optimally 
oriented molecule is rotated by 90 ° around the normal to 
the surface, bringing the H - H  axis parallel to the M - M  
axis. Earlier work [14,25] reported this weakening of the 
interaction as an effect of breaking the oxygen lone pair 
coupling to the metal atoms. The reorientation of the water 
monomer from its optimal orientation to that with hydro- 

Table 4 

The binding energies and the surface-oxygen distances obtained for the 

A g t 2 - H 2 0  system, for the on-top, bridge and hollow sites. The angle oL 

is defined between the water molecular axis and the normal to the metal 

surface. The optimal energy for the on-top site for a = 50 ° has been 

found to be - 26.6kJ mol L at a distance of 2.5,~, 

Position ~ E / k J  mol I (r / ,~)  

ot = 0 ° c~ 90 ° a 180 ° 

On-top - 22.3 (2.5) - 23.8 (2.7) - 13.5 (3.7) 

Bridge - 25.9 (2.2) - 20.2 (2.7) - 18.8 (3.2) 

Hollow - 8 . 1  (2.4) - 14.0(3.0) - 15.9(3.5) 

Table 5 

The binding energies and the surface oxygen distances obtained for the 

Au ~ 2 - H 2 0  system, for the on-top, bridge and hollow sites. The angle o~ 

is defined between the water molecular axis and the normal to the metal 

surface. The optimal energy for the on-top site for a = 65 ° has been 

found to be - 2 8 . 7  kJ m o l - i  at a distance of  2.6~. 

Position k E / L l m o l - '  ( r /A )  

a = 0 ° a = 90 ° a = 180 ° 

On-top - 25.3 (2.5) - 28.3 (2.7) - 16.0 (3.5) 

Bridge - 2 9 . 7 ( 2 . 2 )  - 2 6 . 1  (2.5) 21.7(3 .0)  

Hollow - 16,7 (2.2) - 19.5 (2.5) - 17.5 (3.2) 

gens pointing to the surface, at both on-top and bridge 
sites, always requires an extra energy of about 10 kJ mol-  
for all three metals. 

At the hollow site the interaction via hydrogen atoms is 
found to be preferred, this being consistent with the view 
of this site as an electron-rich hole on the metal surface. 
The repulsion between this negative electronic charge and 
the lone pair of oxygen may explain the smaller interaction 
for the a = 0 ° orientation. It shou]d be stressed that the 
spatial scanning to find the optimal distance and tilt was 
done with a smaller step in regions preferred for adsorp- 
tion. In other regions a rather crude scanning was done and 
thus these results may have a larger error. 

The results of our calculations for the copper-water 
system may be compared with those reported by Ribarsky 
et al. [26], who used the X-a method to compute the 
interaction of the H20  molecule with the single-copper 
atom and with the Cu 5 pyramidal cluster. Water has been 
found to adsorb at the on-top site with the molecular plane 
tilted by 70 ° from the normal to the surface. At this 

o 

conformation, the optimal Cu-O  distance of 2.2 A and the 
interaction energy of - 3 6 k J  tool-~ have been reported. 
These results are very close to those obtained from our 
B3LYP calculations, shown in Table 3 (see description 
above the table). Some small differences are probably due 
to the larger copper cluster used in the present calculations 
or to the non-optimized water monomer structure. An 
additional feature that is also in good agreement with the 
X-a results is the charge transfer from the water molecule 
to the copper cluster. The charge donation at the top-tilted 
position has been found to be ca. 0.12e from our Cu~2- 
H20  studies, this being very similar to that reported [26] 
for the C u s - H 2 0  system ca. 0.15e-.  It should be noted, 
that in the work now presented the on-top-tilted position is 
not the one preferred for the water adsorption on the 
Cu(100) surface. Nevertheless, the bridge site, that has 
been found to be slightly more stable than the on-top site, 
has not been tested in the X-o~ studies mentioned above. 

The results shown in Tables 3-5  suggest that the water 
molecule adsorbs the strongest on copper, followed by 
gold and silver. Experimentally, there is no explicit data on 
the relative strength of the interaction; from measurements 
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of the potential of zero charge, the work function, the inner 
layer capacity and other hydrophilicity approaches, it has 
been inferred [55] that the order is Cu > Ag > Au. The 
same order for the water-metal interaction is sometimes 
assumed as a consequence of the metal-oxygen bonding 
energies [1]; however, the same authors show metal-hy- 
droxide bonding energies that are in the order Cu > Au > 
Ag. Of course, the quantity that should be compared is the 
metal-water interaction energies, and these might be ob- 
tained from thermal adsorption spectra. For the noble 
metals, however, this technique does not give sufficient 
information as the desorption peak is indistinguishable 
from the sublimation peak. The only conclusion that can 
be drawn from this is that the interaction of water is very 
weak with any of the three metals, the interaction with 
copper probably being the strongest ( - 3 4  kJ mol t). 

The charge transfer between the water molecule and the 
M I2 clusters has also been collected for the three noble 
metals. Their relative magnitudes show the same tendency 
as found for the water-metal interaction: the smallest 
being to silver (ca. 0.1 e-  at the on-top-tilted position, 
about 0.12e- at the bridge site); the middle to gold (ca. 
0.1e- at the on-top-tilted position, about 0.14e- at the 
bridge site); the largest to copper (about 0.12e for the 
on-top-tilted position, about 0.15e- for the bridge site). 
For any of the less-preferred conformations the charge 
donation to the metal has been found to be markedly 
smaller. 

To our knowledge, there is only one theoretical work 
that attempts to compare the hydrophilicity of all noble 
metals. Kuznetsov et al. [22] presented the results of 
CNDO calculations that, unexpectedly, predict a very 
strong metal-water interaction, that to gold being the 
strongest and to silver the weakest when the same crystal- 
lographic orientation of the surface is taken into account. 
Additionally, the hollow site is suggested to be the position 
energetically favoured for adsorption in contradiction with 
common experimental wisdom. Although chemisorption 
energies show a different tendency when the three metals 
are compared, the sequence in the charge transfer to the 
metal shown seems to agree with our results described 
above. However, while the magnitude of the charge dona- 
tion for the top site is very close to our findings, for the 
hollow site the value reported is much larger. At both 
positions the charge transfer to the metal is shown to 
decrease in the order Cu > Au > Ag, in agreement with 
our results. It should be stressed that in their work the 
metal atoms were described using the one-electron ECPs, 
thus assuming a negligible role for the d orbitals; the 
relatively poor quality of these potentials has recently been 
shown for this type of system [56] and will be commented 
on below. 

From the tabulated results it may be seen that, for 
copper and gold, the preferred adsorption position is the 
bridge ( a  = 0°), this being slightly lower in energy than 

the on-top-tilted sites. For silver, the reverse situation is 
found, with a very small energy difference between the 
two sites. It should be stressed that small deviations, as 
those found here, may be the result of the assumptions 
made for the calculations, both in the method and in the 
model; the rigidity assumed for the structure of the water 
molecule may also play a role. 

The qualitative picture about the strength of adsorption 
of water on the noble metals drawn from our calculations 
might additionally be compared with two recently pub- 
lished works, where the interaction of water with noble 
metals (excluding Au) atoms and dimers has been investi- 
gated at the ab initio level. In the paper of Neogrfidy et al. 
[34] the C u - H 2 0  and A g - H 2 0  systems have been widely 
studied. The method and the size of systems used in their 
calculations differ significantly from ours; nevertheless, 
some common features can be found. Perhaps the most 
relevant is the relation between the optimal interaction 
energies of water with metal atoms when the Cu and Ag 
are compared, the latter being clearly weaker. However, 
the magnitude of the C u - H 2 0  interaction energy is 
markedly smaller than the analogous value obtained from 
our atom-water calculations. The relatively repulsive char- 
acter of the conformation, with the hydrogen atoms point- 
ing towards the metal atom, is suggested in the work 
referred to above to be slightly weaker for the A g - H 2 0  
than for C u - H 2 0 .  This last tendency does not appear in 
our results for the CuI2-H20 and AgE2-H20 systems 
(values for a = 180 ° from Tables 3 and 4 should be 
compared): for both orientations of the water molecule, the 
interaction with copper is stronger. The same tendency, i.e. 
a stronger copper-water interaction, has been reported by 
Boussard et al. [56] for the Cu2-H20  and A g 2 -H 2 0  
systems from the all-electron calculations at the SCF and 
CI levels. The dimer-water dissociation energies at the 
highest level of computation have been found in their work 
to be - 74.9 kJ mol-  i for copper and - 44.4 kJ mol-  ~ for 
silver; thus, the former value is almost twice as large as 
ours for the on-top configuration of the Cu2-H20 system 
(Table 2). For comparison, the same authors reported 
analogous results for the same dimers, but obtained with 
the one-electron ECPs applied to the metal atoms. These 
give much weaker interaction energies both at the SCF and 
at the CI levels (the CI value of - 26.4 kJ mol-  i for both 
metals is given), an effect that, though much weaker, was 
also observed in our C u - H 2 0  tests presented in an earlier 
section of this paper. The additional effect of exchanging 
positions of the copper and silver in the order of the 
water-metal interaction strength has been observed at the 
SCF level, this being caused by including the d orbitals 
into the pseudopotentials. As was mentioned above, the 
same one-electron ECP approximation has been applied in 
the CNDO studies of Kuznetsov et al. [22], and is probably 
responsible for the stronger preference of the hollow site 
for the water adsorption. 
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4. Conclusions 

The results presented above confirm the good perfor- 
mance of B3LYP for systems containing noble metal 
atoms. The problem of the copper-water interaction was 
addressed and the results corroborate our earlier tests for 
the copper-halide ions interaction [36]. It was shown in 
Section 3.1 that B3LYP performs well with relatively 
inexpensive basis sets, this being crucial for the feasibility 
of calculations of the interaction of water with large metal 
clusters. This strategy, i.e. the conjunction of B3LYP with 
a relatively poor basis set, was found to lead to an 
acceptable convergence when the cluster size was in- 
creased. The copper-water interaction energies obtained 
for small clusters (Cu 4, Cu 5) show significant deviations 
from the estimate of - 34kJmol-1 proposed by experi- 
mentalists, while for the larger structures they were found 
to approach this level. However, most of the smaller 
structures show a strong preference for the two-fold bridge 
site on the (100) surface, disfavouring the on-top-tilted 
position. This result for the smaller clusters is not compati- 
ble with the experimental findings, which suggest that the 
on-top-tilted position is preferred, without excluding the 
possibility of the bridge perpendicular position to be close 
by in energy. From these tests the 12-atom cluster has been 
shown to give good results for the copper-water system, 
and this structure has been used in the more extended 
studies on the water-noble metals interaction. 

The calculations of the interaction of water with M~2 
(M = Cu, Ag, Au) clusters, presented in Section 3.3, clearly 
show that the hollow site in the (100) surface is never 
preferred for adsorption on either copper, or silver or gold. 
The on-top site with the water molecule tilted and the 
bridge site with the water molecule perpendicular to 
atom-atom axis do have very similar interaction energies. 
This confirms earlier results [13] suggesting that not only 
the on-top but also the bridge site should be considered for 
the preferential adsorption. The tilt angle for the top site is 
found from our calculations for the three metals to be in 
the range 50-65 °, coinciding with values estimated from 
the experimental measurement of the H20  monomeric 
adsorption on the Cu(100) and Pd(100) surfaces. 

The results presented above point towards water being 
most strongly adsorbed on copper, when compared with 
silver and gold. This agrees with the commonly accepted 
view that copper is the most hydrophilic of the three 
metals [55]. The relative magnitude of the hydrophilicity of 
gold and silver is less clear. The calculations reported here 
point towards silver as the most hydrophobic of the noble 
metals, while some experimentalists have suggested other- 
wise [57]. However, it should be stressed that the experi- 
mental evidence is very indirect, as discussed in Section 
3.3. Summing up, it may be said that the order of hydro- 
philicity found here, copper > gold > silver is the best 
estimate so far of the relative magnitude of this property. 

This same order is found for the magnitude of the charge 
transfer between the adsorbed water and the metal. 
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