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Abstract 

We discuss thermodynamic conditions for the chemisorption of ions and show that, in the low coverage limit, 
chemisorbed cationic and anionic specie having the same stoichiometric formulas produce surface adsorbates that are 
virtually indistinguishable from each other and from the chemisorbed neutral species. This is also observed from high quality 
ab initio (RECP HF + correlation) calculations of small ions chemisorbed on silver surfaces including H+, H-, OH+, OH-, 
SO:- and SO:-. The additional demand on the cluster model of the surface in ab initio calculations due to the charge of the 
ion is investigated. For ionic adsorbates bigger clusters are required than in the case of neutral adsorbates. The structure of 
adsorbed sulfate was optimized at the Hartree-Fock level and the geometry changes upon chemisorption were found to be 
consistent with the principle of bond order conservation. The nature of the chemisorbed ions is discussed together with the 
implications that this has in the modeling of surface reactions and, in particular, in the chemistry of sulfur oxides on metal 
surfaces. 
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1. Introduction 

The adsorption of ions at electrochemical 
interfaces is a field under active investigation 
[l-27]. Adsorbed anions alter the charge distri- 
bution and the structure of the electrochemical 
interface and therefore influence the different 
electrochemical processes taking place. This has 
important implications in the field of electro- 
catalysis in which, for example, Wieckowski 
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and coworkers have recently shown [l] that the 
oxidation rates of methanol on single crystal Pt 
surfaces vary by an order of magnitude between 
perchloric acid and sulfuric acid solutions, giv- 
ing rise to an anionic effect that matches in 
magnitude that due to a platinum surface struc- 
ture change. The voltammetry of single crystal 
electrodes [2] and the structures of UPD mono- 
layers [3] are other examples of systems which 
are affected by the nature of the anions used in 
these electrochemical processes. 

Therefore, it is important to understand from 
a theoretical standpoint, the nature of the ion- 
metal bonding and the nature of adsorbed ions 

1381-1169/97/$17.00 Copyright 0 1997 Elsevier Science B.V. All rights reserved. 
PII S1381-1 169(96)00491-8 



216 P. Paredes Olivera et al. /Journal of Molecular Catalysis A: Chemical 119 (1997) 275-287 

on metal surfaces. Relevant issues that have to 
be addressed in this respect are the binding 
energies of the ions, the geometry relaxation of 
the ions induced by the adsorption process and 
the charge transfer processes taking place to- 
wards or from the metal surface. Since adsor- 
bate binding energies are often calculated in ab 
initio methods using cluster models of the metal 
surface, it is also desirable to investigate the 
convergence of binding energies with cluster 
size in the case of ionic adsorbates. 

In the present paper we analyze the following 
topics: (1) We discuss the thermodynamics in- 
volved in the chemisorption of ions and show 
that this thermodynamic analysis allows us to 
extract several conclusions concerning the na- 
ture of the chemisorbed ion. The thermodynam- 
ically derived binding energies are used as ref- 
erence values for comparison with the results of 
our quantum mechanical calculations. (2) The 
reliability of the binding energies determined 
from ab initio calculations using cluster models 
of the metal surface is investigated analyzing 
the convergence of this property with cluster 
size. We show that bigger clusters than in the 
case of neutral adsorbates are required. The 
convergence of binding energy with cluster size 
is investigated both for mono and polyatomic 
ions: H+, H- and SO:-. (3) We optimized the 
geometry of sulfate on the surface and show 
how the geometry relaxation of the ion can be 
understood in terms of the bond order conserva- 
tion on metal surfaces. (4) Based on the thermo- 
dynamic and ab initio results, we discuss the 
nature of the adsorbed ion and we outline the 
implications that this has in the modeling of 
surface reactions and in the chemistry of sulfur 
oxides on metal surfaces. (5) Finally, we ana- 
lyze the charge transfer processes which occur 
for the different adsorbates. 

2. Thermodynamics of ion adsorption 

In this section we derive the Schottky equa- 
tions [28] for the binding of an ion to a single 

crystal metal surface using appropriate thermo- 
dynamic cycles. We outline the approximations 
which the Schottky equations contain and then 
we obtain the exact expression for the binding 
energy of an ion. Finally, and due to the lack of 
experimental binding energies of ions on metal 
surfaces, we use the Schottky equations to cal- 
culate the binding energies of common ions on 
different metal surfaces. 

In the following thermodynamic cycles, we 
use the proton and hydride, H+ and H-, as a 
prototype cation and anion, respectively, and the 
Ni( 111) surface as a metal surface. The binding 
energy Q of the cation is the negative of the 
enthalpy change of the following reaction: 

H+(gas) + Ni(ll1) + (H-Ni(lll))+ 

AH= -Qn+ 

in which a proton in the gas phase adsorbs on a 
surface. This reaction can be decomposed into 
several reactions with the following enthalpy 
changes: 

H+(gas) + eC+ H(gas) AH = -1Pn 

H(gas) + Ni( 111) + H-Ni( 111) 

AH= -Qn 

H-Ni(ll1) + (H-Ni(lll))++ e- 

AH= 4 of Ni(ll1) 

IP, and Qu are the ionization potential and 
binding energy of neutral atomic hydrogen, re- 
spectively, and C#J is the work function of the 
metal surface. The adsorption of a single atom 
on a metal surface will not change its work 
function in any appreciably amount and that is 
why the enthalpy of the last step above is just 
the work function of the metal. Adding up the 
enthalpy changes of the three steps above we 
obtain 

AH = -(IP, + Q,) + 4 of Ni(ll1) 

The binding energy of the cation is the negative 
of this expression. The general expression for 
the binding energy of a cation is 

Qcation = Qneutra~ + IPneutr~ - 4 (1) 
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Fig. 1. Different paths along which the cation binding energy can 
be calculated. The bold arrow connects the initial and final states. 

The steps which lead to Eq. (1) are summarized 
in path A of Fig. I .A similar thermodynamic 
cycle for the anion is: 

H-(gas) -+ H(gas) t e- AH = -EA, 

H(gas) + Ni( 111) + H-Ni( 111) 

AH= -Qn 

H-Ni(lll) + e--+ (H-Ni(lll))- 

AH= -4 of Ni(ll1) 

EA is the electron affinity of the neutral species. 
The negative of the enthalpy changes of the 
above three reactions is the binding energy of 
the anion which is given by: 

Qanion = Qneuual + EAneutral + 4 (2) 
Eq. (1) shows that the heat of adsorption of 

the cation differs from that of the neutral by the 
difference between the ionization potential of 
the neutral adsorbate and the work function of 
the clean metal. For the anion (Eq. (211, the heat 
of adsorption differs from that of the neutral by 
the electron affinity of the neutral and the work 
function of the clean metal. The relationships 
described by Eqs. (1) and (2) are known as the 
Schottky equations or Schottky barriers [28]. 
These equations contain the approximation that 
the single adsorbate has essentially no effect on 
the work function of the surface. However, it is 
possible to derive an exact expression which 
does not involve that approximation. We do this 
following path B in Fig. 1. The first step in path 

B corresponds to the desorption of the neutral 
adsorbate leaving the metal with one positive 
charge. The enthalpy change of this process is 
the binding energy of the neutral to a surface 
with one positive charge, QnfeUtral. The second 
step is the ionization of the neutral specie with 
an enthalpy change given by the ionization po- 
tential IP of the neutral specie (hydrogen in Fig. 
1). Finally, that electron is transferred to the 
surface and the enthalpy change of this process 
is the negative of the work function of the 
metal. Therefore, for the cation we have: 

And an analogous cycle for the anion gives: 

where Q,Ltrd is the binding energy of the neu- 
tral specie to the infinite bulk carrying a single 
negative charge. No approximations are made to 
obtain Eqs. (3) and (4). From the comparison of 
Eqs. (1) and (3) for the cation and Eqs. (2) and 
(4) for the anion, important conclusions con- 
cerning the nature of the adsorbed species may 
be obtained. This point is further discussed in 
Section 5. 

Among the parameters involved in the Schot- 
tky equations, the binding energy of the neutral 
is the only one which is not readily available in 
the literature. In the case of chlorine, its binding 
energy to the Pd( 1111 has been determined [29] 
which corresponds to a binding energy of 106 
kcal/mol for Cl- on Pd(ll1). The binding 
energies for hydrogen are known on several 
metals [30]. With these values we calculated the 
proton and hydride binding energies for the 
fcc( 111) surfaces of the copper and nickel series 
metals in Table 1. These metals have work 
functions in the range of 110 to 130 kcal/mol 
[31]. In the c ase of hydrogen, the ionization 
potential (313 kcal/mol) is much greater than 
the electron affinity and greater than any of the 
work functions of the metals in this series. This 
is responsible for the fact that the hydrogen 
cation is more strongly bound than is the anion. 

From Eqs. (1) and (2) one can calculate the 
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Table 1 
Heats of adsorption of hydrogen cation and anion on the Cu and 
Ni series metals. Energies are in kcal/mol. The fcc(ll1) surface 
is assumed. The heats of adsorption of the neutral species can be 
found in Ref. [41] and references therein. Work functions taken 
from Ref. [31] 

Metal 4 Q neutral Qmim Qmim 
cu 114 56 255 152 
Ag 109 51 255 142 
Au 122 46 237 150 
Ni 123 63 253 168 
Pd 129 62 246 173 
Pt 131 61 243 174 

shift in the binding energy upon ionization for 
common species such as Lif, Na+, Kf, F-, 
Br- and II. The data given in Table 2 indicate 
how much more or less the heat of adsorption of 
the ion is than the neutral. The absolute heat of 
adsorption of the ion can be obtained from these 
data if the heat of adsorption of the neutral is 
known. We chose silver and platinum, since 
they represent noble metals with a low and high 
work function. Since the ionization potentials of 
the alkali metals are close in magnitude to the 
work function of silver, the alkali metal cations 
have binding energies that are different by only 
lo-15 kcal/mol from the binding energies of 
the neutral alkali metals. The shifts in binding 
energies in the case of platinum are larger. In 
the case of platinum, the cations are less strongly 
bound than the neutral atoms while the halides 
show increases in binding energy in the range of 
25-60 kcal/mol. 

Table 2 
Shifts in binding energy upon ionization. Energies are given in 
kcal/mol. The fcc(ll1) surface is assumed 

Species 

H+ 

Qim - Q,,“~I 
Ag Pt 

204.0 181.6 
Li+ 15.0 -7.1 
Na+ 9.2 - 12.9 
K+ -9.2 -31.3 
F- 29.8 51.9 
cl- 26.0 48.1 
Br- 31.7 53.8 
I- 38.7 60.8 

3. Ab initio calculations: Convergence of 
binding energy with cluster size 

In the case of neutral specie, accurate binding 
energies have been obtained from ab initio cal- 
culations employing cluster models of the metal 
surface of modest size [32-341. However, the 
situation does not have to be the same in the 
case of ionic adsorbates. First, the ion may 
transfer or accept charge from the cluster and 
thus it must have an adequate size to adequately 
describe these processes. Second, long range 
Coulombic interactions between the charged ad- 
sorbate and the metal also require clusters of 
adequate size. Therefore, in this section we 
investigate the convergence of binding energy 
with cluster size in order to (a) determine the 
appropriate cluster size and (b) check the relia- 
bility of the calculated binding energies. We do 
so for the monoatomic H+ and H- ions and for 
the polyatomic SO:- anion. The proton and 
hydride were chosen as the monoatomic ions in 
order to compare the binding energies obtained 
from the ab initio calculations with those deter- 
mined from the Schottky Eqs. (1) and (2). 

We have performed ab initio relativistic ef- 
fective core potential (RECP) Hartree-Fock + 
MP2 (Moller-Plesset second order perturbation 
theory) correlation calculations on silver clus- 
ters of various sizes that model the Ag(ll1) 
surface. The bulk silver distance of 5.45 bohr 
was used [31]. We employ the model potential 
method of Huzinaga et al. [35-371 for the de- 
scription of the relativistic effective core poten- 
tial metal atoms. The metal atoms are treated in 
two ways. At the highest level the outermost s, 
p, and d electrons of the atoms are included in 
the calculation as live quantum mechanical elec- 
trons with the remainder of the atomic electron 
density described by the relativistic effective 
core potential. At this level of theory silver 
atoms have eleven quantum mechanical elec- 
trons. A lower level description is available in 
which only a single outer s electron of the metal 
atom is retained as a quantum mechanical elec- 
tron. In the primary chemisorption site we al- 
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ways employed 1 l-electron metal atoms and the 
one electron metal atoms were used only out- 
side the primary chemisorption site. The basis 
sets we employed for the eleven electron silver 
atoms are (10s lp 4d/3s lp 2d) RECP basis 
sets. The contraction coefficients were obtained 
by fitting to the atomic orbitals and orbital 
energies as obtained from relativistic Hartree- 
Fock calculations in which the Darwin and 
mass-velocity corrections are taken into ac- 
count. The sulfur and oxygen basis sets em- 
ployed are (11s 7p ld/6s 4p Id) and (11s 
7p/4s 2p) basis sets, respectively. The inclu- 
sion of d functions on sulfur is significantly 
more important in the calculations than the d 
functions on oxygen [38]. For the hydrogen ions 
a double-zeta basis proved to be adequate. The 
binding energies are defined to be the energy of 
the adsorbate-cluster complex minus the ener- 
gies of the bare cluster and the adsorbate. Other 
details of the calculations such as, for example, 
cluster preparation are given in [38]. 

For the hydrogen ions, the 34 metal atom 
cluster of Fig. 2 was big enough. This cluster 
has 12 atoms in the first layer, 10 in the second 
and 12 in the third layer. For the three metal 
atoms which constitute the primary chemisorp- 
tion site in the first layer and the atom below in 
the second layer, 11 electron silver atoms were 
used. The other atoms were represented by 1 
electron atoms. For the sulfur oxides such as 
sulfate, bigger clusters were required before 
convergence of binding energy was achieved. 
Fig. 3 shows side and top views of a 52 cluster 
with a sulfate in a non-eclipsed coordination in 
which its bottom oxygens are in between metal 
atoms. The six metal atoms in the primary 
chemisorption site are 11 electron atoms while 
the rest are 1 electron silver atoms. 

Table 3a, b contain the proton and hydride 
binding energies on clusters of different size. In 
the table we include both the SCF and total 
(SCF + MP2) binding energies. For the proton. 
the SCF binding energies range from about 230 
to 250 kcal/mol which compares well with the 
thermodynamic value of 255 kcal/mol. The 

Fig. 2. Side and top views of a 34 metal atom cluster. The shaded 
atoms in the top view are I1 RECP electron silver atoms while the 
rest are 1 electron atoms. 

correlation contribution to the heat of adsorption 
of the cation is very small and is slightly nega- 
tive, indicating a little more correlation in the 
bare cluster than in the adsorbate-cluster com- 
plex. This is reasonable, since the same number 
of electrons are delocalized over more nuclei in 
the adsorbate-cluster complex than in the clus- 
ter. 

As one might expect, in the case of the anion 
the influence of the size of the cluster is more 
pronounced. The smallest two-layer clusters 
yield around 80-85 kcal/mol at the RECP 
Hartree-Fock level for the binding energy with 
the larger two-layer clusters approaching 110 
kcal/mol. The correlation contribution to the 
binding energies was in the 5- 15 kcal/mol 
range at the MP2 level. The effect of the third 
layer is particularly significant in the case of the 
hydride. The largest three-layer clusters gave 
124-130 kcal/mol at the Hartree-Fock level 



280 P. Paredes Olivera et al./ Journal of Molecular Catalysis A: Chemical 119 (1997) 275-287 

Fig. 3. Side and top views of a 52 metal atom cluster. Them are 
six 11 RECP electron silver atoms in the first layer as indicated by 
the shaded atoms in the top view. 

for the anion binding energy. For these larger 
clusters the correlation energy could not be 
calculated since the MP2 expansion did not 
converge. If the MP2 correlation contribution of 
about 10 kcal/mol obtained from the smaller 
clusters is added to the SCF binding energies of 
the bigger clusters (124-130 kcal/mol), we 
obtain a hydride binding energy of 134- 140 
kcal/mol which compares very well with the 
thermodynamic value of 142 kcal/mol. 

Table 3 
Proton and hydride binding energies calculated at different levels 
of theory on clusters of different size 

Cluster H+ H- 

SCF MP2 total SCF MP2 total 

4 (3,l) 261 -11 250 85 15 100 
10 (7.3) 240 -11 229 83 5 88 
16 (7, 6, 3) 245 2 247 124 3 127 
34 (12, 10, 12) 249 -5 244 130 - 
82 (21, 19, 21, 21) 245 - - 124 - 
Thermodynamic value 255 255 255 142 142 142 

Table 4 
Sulfate binding energies calculated on clusters of different size 
with (A) four 11 RECP electron silver atoms in the primary 
chemisorption site and (B) six 11 RECP electron atoms in the 
primary chemisorption site 

HF MP2 total 

A 22 (12/10) 90.9 14.5 105.4 
28 (12/10/6) 93.4 25.0 118.4 
34 (12/10/12) 99.4 24.7 124.1 
40 (18/10/12) 107.2 25.6 132.8 
52 (18/19/15) 136 
64 (27/25/12) 133.1 

B 28 (12/O/6) 93.4 
52 (18/19/15) 121.7 

In the case of sulfate, since it is a much 
bigger adsorbate, we investigated the conver- 
gence of the binding energy both with the clus- 
ter size and the number of 11 REXP electron 
silver atoms in the primary chemisorption site. 
Table 4 contains the binding energies for clus- 
ters of different size. All these clusters have 
three 11 electron silver atoms in the first layer 
and one in the second layer. In going from the 
cluster with 22 atoms to the cluster with 28 
atoms, a third layer with 6 atoms is introduced 
and then the size of this layer is increased to 12 
atoms to yield the 34 atom cluster. The increase 
in binding energy indicates that the third layer is 
important. If a third layer needs to be consid- 
ered, then second neighbors around the primary 
chemisorption size will also be required. This is 
effectively observed for the 40 metal atom clus- 
ter (which contains 6 more atoms in the first 
layer than the 34 metal atom cluster) since the 
binding energy still increases. For the 52 metal 
atom cluster, more atoms have been added in 
the second and third layers so that all layers 
have equivalent number of atoms. The 64 metal 
atom cluster has all the second neighbors in the 
first layer and some more atoms in the second 
layer. Convergence of the binding energy is 
finally obtained for these two largest clusters, 
since the binding energies only differ by a few 
kcal/mol. Increasing the number of 11 electron 
silver atoms from three to six in the primary 
chemisorption site decreases a little the binding 
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energy as indicated in Table 4b for the 28 and 
52 atoms clusters. Such a decrease is expected 
since the 11 electron atoms describe better the 
electron repulsion between the adsorbate and 
the surface. The addition of more 11 electron 
atoms did not produce any significant change in 
the binding energy. Therefore, the 52 metal 
atom cluster with six 11 electron atoms around 
the primary chemisorption site (Fig. 2) was 
chosen as the best cluster. 

Table 5 
Sulfate geometrical parameters obtained after a geometry opti- 
mization. Numbers in bracket indicate percentage change 

Adsorbed SO:- Free SOi 

d (S-Ocoor,j) (A) 1.502 (0.54%) 1.494 

d (S-Ouncoord) 6, 1.446(-3.21%) 1.494 
Angle (Ouocoord-S-Ocoord) 112.6 (2.80%) 109.5 

(deg) 

d (Ocoord - surface) (A) 2.274 

Table 4a shows that the MP2 contribution to 
the total binding energy rapidly converges to a 
value of about 25 kcal/mol. Therefore most of 
the binding energy is obtained at the Hartree- 
Fock level while the MP2 contribution is less 
than 20% of the Hartree-Fock contribution. The 
MP2 contribution could not be calculated for 
clusters with more than 40 atoms. But since it 
converges much faster than the Hartree-Fock 
contribution, the value of 25 kcal/mol was used 
to estimate the binding energy for the 52 atom 
cluster. 

For all the binding energies reported in Table 
4 the geometry of free sulfate was used and it 
was kept fixed through all the calculations. In 
the next section we study the relaxation of 
sulfate on the surface and its contribution to the 
binding energy. 

4. Adsorbate relaxation 

We discuss in this section the results of 
sulfate geometry optimizations and we show 
that the way in which the adsorbate geometry 
changes can be rationalized in terms the conser- 
vation of bond order on metal surfaces. 

tries for other sulfate coordinations have been 
reported in [39]. The last column in Table 5 
corresponds to the geometric parameters of free 
sulfate and were obtained optimizing its geome- 
try. The calculated S-O distance of 1.494 A for 
free sulfate is in agreement with the value of 
1.49 A reported in the literature [40]. The num- 
bers in brackets indicate the percentage change 
in a given geometric parameter. Table 5 shows 
that the length of the bond between the sulfur 
atom and the oxygens coordinated to the surface 
increases while the sulfur-uncoordinated oxygen 
bond length decreases. This is clearly and indi- 
cation of the conservation of bond order on 
metal surfaces [30,41-431. As the surface bond 
forms between the metal and the coordinated 
oxygens, the bond between these oxygens and 
the sulfur atom weakens and consequently the 

S-Ocoord distance increases. As a consequence 
of the weakening of the bonding between sulfur 
and the coordinated oxygens, the S-Ouncoord 
bond strengthens and its bond length decreases. 
The tetrahedral angle of 109.5” of free sulfate is 
also distorted to yield a Ouncoord-S-Ocoord angle 
of 113.16“. 

In these calculations the metal atoms were The strengthening and weakening of bonds is 
kept fixed and the sulfate atoms were allowed to clearly seen in electron density difference maps 
relax until the minimum energy was obtained. between the electron density of adsorbed sulfate 
The calculations were performed in C,, symme- and that of free sulfate. Fig. 4 shows an electron 
try and were stopped when the forces on each of density difference plot corresponding to the 
the sulfate atoms were less than 0.001 au. Table plane which contains the O-S-O fragment. The 
5 contains the results of a geometry optimiza- labels in the figure indicate which is the coordi- 
tion on a 52 silver atom cluster (see Fig. 31 for a nated and the non-coordinated oxygen. The fig- 
non-eclipsed coordinated sulfate. The geome- ure shows that there is a region of charge 
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0 coord. 

Fig. 4. Electron density difference map for adsorbed sulfate in the 
plane containing the O-S-O fragment. Note the depletion of 
charge between the sulfur atom and the coordinated oxygen atom. 
and the accumulation of charge between the sulfur and the uncoor- 
dinated oxygen atom. 

accumulation between the sulfur atom and the 
noncoordinated oxygen atom. This charge accu- 
mulation is responsible for the strengthening of 
this bond after adsorption which in turn pro- 
duces a decrease of 2.61% (see Table 5) of its 
bond length. On the other hand, a wide region 
of charge depletion is observed between the 
S-O,,, bond which is responsible for the 
weakening and enlargement of 2.68% (Table 5) 
of this bond. Fig. 3 also shows a net accumula- 
tion of charge around the sulfur atom while 
around the oxygen atoms there are regions of 
charge accumulation and charge depletion which 
on average produce a decrease of the electron 
density around these atoms. 

5. Nature of the adsorbate and charge trans- 
fer 

Based on the thermodynamic and quantum 
chemical calculations of the previous sections, 
we discuss here the nature of the ionic adsorbate 
and the implications that this has in the model- 
ing of surface reactions in the field of catalysis. 

The adsorption of a single adsorbate will not 
change the work function of a metal. This is the 
justification for using the work function of the 
metal when one electron is added or subtracted 
(Fig. 1, first step of path A). Therefore, from 
the comparison of Eqs. (1) and (3) for the cation 
we obtain the result that 

Q neutral =Q+ neutral 

and from similar considerations for the anion 
we obtain that 

Q neutral = Q&a, 

The fact that the enthalpy change for the 
three processes in which a neutral species is 
adsorbed on (1) a neutral metal, (2) a positively 
charged metal and (3) a negatively charged 
metal is the same, implies that the final state of 
the adsorbate is the same in all cases. That is, 
once a proton, a hydride or a neutral hydrogen 
atom are adsorbed on a surface, they are the 
same species and they all look the same. This 
means, for example, that a proton adsorbed on a 
surface will have the same vibrational fre- 
quency, equilibrium distance, etc. as an ad- 
sorbed hydrogen atom or hydride anion. De- 
pending on the nature of the adsorbate, the 
adsorbed species may look more like the neu- 
tral, the anion or the cation. This fact will 
mostly depend on the electron affinity of the 
adsorbate and that of the surface. For example, 
ab initio calculations indicate that there is a 
charge transfer of approximately one electron 
from the metal to the adsorbate in the case of F, 
Cl and Br adsorbed on the Ag( 111) surface [44]. 
Therefore, we expect that adsorbed chloride ion 
will not loose any appreciable charge and ad- 
sorbed chlorine cation (Cl+) will gain about two 
electrons from the surface, so that they all look 
the same on the surface. This is consistent with 
the notion that the excess charge present is 
infinitely delocalized over the infinite bulk. 
However, it is important to remark that these 
conclusions are only valid for metals which 
have no band gaps. 

The fact that Qneutral = QtLwd = Q,‘,,,, has 
been tested in the literature with high quality ab 
initio calculations although attention was not 
called to this fact. Siegbahn and Wablgren [34] 
have shown with high quality ab initio calcula- 
tions that the addition of a single electron to 
large clusters of nickel atoms has little effect on 
the binding energy of atomic oxygen to the 
nickel surface. 

The above thermodynamic cycles are valid 
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for polyatomic adsorbates as well as 
monoatomic adsorbates. In the case of 
monoatomic adsorbates the surface binding site 
is usually not in question, and the binding en- 
ergy, Q, is well defined and measurable. How- 
ever, for polyatomic adsorbates there are often 
practical difficulties such as several possible 
coordination modes and binding sites. Neverthe- 
less, there will be a ‘ground state’ or lowest 
energy state for the adsorbate-surface system in 
terms of which a unique binding energy can be 
defined. The above thermodynamic cycles tac- 
itly assume that the neutral gas phase species 
forms a stable adsorbate and this does not have 
to be the case. For specie having more than one 
unit of charge, Eqs. (l)-(4) need to be modified 
accordingly. In the case of a di-ion, for exam- 
ple, this would involve the approximation that 
the first and second ionization potential and or 
electron affinity of the bulk metal are the same 
and equal to the work function. This is probably 
a good approximation. The thermodynamic cy- 
cles are also valid for binding sites and coordi- 
nation modes other than the preferred ones, but 
this complicates the definition of the binding 
energy. 

The conclusions we have reached concerning 
the nature of adsorbed species based on thermo- 
dynamic arguments, represent conditions to 
which quantum mechanical results should con- 
form, provided adequate clusters representing 
the metal surface are employed in the calcula- 
tions. In the case of the hydrogen ion and the 
sulfate ion we have already investigated the 
quality of the clusters with respect to binding 
energies. We now investigate weather the cation, 
neutral and anion of a given species are all the 
same species on the surface of different clusters, 
as is predicted by our thermodynamic analysis. 
In order to judge if different adsorbates effec- 
tively correspond to the same species we will 
use adsorbate properties such as geometry and 
atomic charges based on Mulliken population 
analysis. We will use H+ and H- as 
monoatomic ions and OH+ and OH- as poly- 
atomic ions. 

Table 6 
Proton and hydride charges obtained on clusters of different size 

Cluster H+ H- 

4 (3, 1) 1.34 1.27 
10 (7,3) 1.34 1.27 
16 (7,633) 1.20 1.21 
34 (12, 10, 12) 1.22 1.23 
82 (21, 19, 21, 21) 1.15 1.14 

Table 6 contains the Mulliken populations for 
the proton and the hydride adsorbed on clusters 
of different size. In the case of the hydride, as 
the cluster size increases, more electrons are 
transferred to the metal. This is one of the 
reasons why large clusters are needed to obtain 
reliable binding energies: the cluster has the 
task of delocalizing the ion charge which is not 
possible in the case of small clusters. The hy- 
drogen populations on the larger clusters are 
nearly the same for the adsorbed proton and 
hydride. This value corresponding to the effec- 
tive charge of -0.2 is the same as the Mulliken 
population of adsorbed neutral hydrogen. There- 
fore, the large clusters also adequately describe 
the correct nature of the adsorbates as expected 
from the thermodynamics. In this case, the ad- 
sorbed proton and hydride look like neutral 
hydrogen. However the adsorbed ions do not 
necessarily have to look like the gas phase 
neutral specie because the neutral specie do not 
necessarily remain neutral after adsorption. Be- 
low we will give an example in which the gas 
phase neutral specie after adsorption became 
substantially ionic. For the Hf and the H- we 
also obtained the same perpendicular equilib- 
rium distance above the surface of 2.0 bohr, 
which is the same value we obtain for the 
neutral H atom. Thus we see that the cation, 
neutral and anion adsorption are just different 
routes to the same final surface adsorbate. Be- 
cause the cation has such a high binding energy 
(255 kcal/mol), it is tempting to believe that 
the cation should significantly reconstruct the 
surface or that the surface relaxation energy 
would contribute a significant amount to the 
overall binding energy. However, we have 
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Table 7 
Oxygen and hydrogen populations for (A) free and (B) adsorbed 
OH species 

0 H Electrons he 

(A) Free 
OH+ 7.588 0.412 8 
OH 8.389 0.611 9 
OH- 9.185 0.815 10 

(B) Adsorbed 
OH+ 9.084 
OH 9.060 
OH- 9.067 

0.578 9.662 1.662 
0.602 9.662 0.662 
0.603 9.670 - 0.330 

shown that the adsorbed hydrogen ions are iden- 
tical to adsorbed hydrogen atom. In this picture 
one expects that the amount of surface relax- 
ation accompanying the cation or anion adsorp- 
tion is just the same as that accompanying the 
adsorption of neutral hydrogen. 

Table 7 contains the oxygen and hydrogen 
Mulliken populations for free and adsorbed 
OH+, OH and OH- calculated on a 28 atom 
cluster (12/10/6 atoms in the first, second and 
third layer). Besides the Mulliken populations 
Table 7 also indicates the number of electrons 
of the different OH species. In the case of the 
adsorbed species, Ae is the difference in the 
number of electrons of the adsorbed species 
minus the number of electrons of the free 

species. Once again, Table 7b shows that while 
OH+ and OH gain 1.66 and 0.66 electrons from 
the surface, OH- loses 0.33 electrons and fi- 
nally adsorbed OH+, OH and OH- are the 
same adsorbate since they all have the same 
number of electrons and nearly identical 0 and 
H Mulliken populations. Whereas the adsorbed 
hydride resembles the neutral H atom, the ad- 
sorbed OH resembles more an hydroxide ion. 
From the geometry optimizations we obtained, 
for example, the same surface-oxygen distance 
(in a hollow site) of 3.08 bohr. In fact, we 
carried out the first geometry optimization for 
OH+ and we then used this geometry as a 
starting point in the geometry optimizations of 
OH and OH-. In this way, we obtained negligi- 
ble forces on OH and OH-, further proving that 
they are effectively the same adsorbate. As Table 
7 shows, on the 28 atom cluster the hydroxyl 
anion loses 0.33 electrons towards the surface. 
We also repeated this calculation on a 52 atom 
cluster and found in this case that hydroxyl 
loses 0.34 electrons. Thus, essentially the same 
charge transfer is obtained by doubling the size 
of the cluster, which is indicative that conver- 
gence with cluster size has been achieved. 

The binding energy of OH- can be calcu- 
lated with Eq. (2). The work function of silver 
is 109 kcal/mol[31] and the electron affinity of 

Table 8 
Charge transfer upon chemisorption of sulfate. Negative numbers indicate that charge is transferred to the surface. The designation of 
eclipsed refers to the relative position of the three oxygen contact atoms to metal atoms of the three-fold site 

22 28 34 40 52 64 
12, 10 12, 10,6 12, 10, 12 18, 10, 12 18, 19, 15 27, 25, 12 

Eclipsed S 0.010 0.0 -0.008 0.018 0.004 0.009 
O(coord) - 0.093 - 0.091 - 0.088 -0.101 - 0.095 - 0.098 
O(uncoord) -0.122 -0.122 -0.123 -0.142 - 0.143 -0.144 
total -0.391 - 0.395 - 0.395 - 0.427 - 0.424 - 0.429 

Non - eclipsed 
&oord) 
O(uncoord) 
total 

0.039 0.029 0.027 0.017 0.031 0.039 
- 0.080 - 0.076 - 0.074 - 0.072 - 0.076 - 0.079 
-0.126 -0.126 -0.127 -0.138 -0.154 -0.153 
- 0.327 - 0.325 -0.322 - 0.0337 -0.351 -0.351 

Monocoord. 
$coord) 
O(uncoord) 
total 

- 0.033 - 0.033 - 0.033 - 0.028 -0.018 -0.019 
0.05 1 0.064 0.031 0.033 0.055 0.059 

-0.091 - 0.098 - 0.089 - 0.094 - 0.105 -0.106 
- 0.255 - 0.263 - 0.269 - 0.277 - 0.278 - 0.278 
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OH radical is - 42 kcal/mol [31]. The binding 
energy of a single OH radical can be calculated 
according to the BOC-MP formula [30]: 

(5) 

where Q, is the binding energy of oxygen on 
silver (which is 80 kcal/mol [41]) and D is the 
energy of the O-H bond in the gas phase (102 
kcal/mol [31]). From Eq. (5) we obtain a bind- 
ing energy of 35 kcal/mol for OH radical. 
Therefore, the binding energy of OH- is 102 
kcal/mol according to Eq. (2). In order to 
check the reliability of our ab initio calcula- 
tions, we also calculated the OH binding energy 
on a 52 atom cluster (Fig. 3). We obtained a 
value of 108 kcal/mol(91 kcal/mol at the SCF 
level and 17 kcal/mol at the MP2 level of 
theory) which is in very good agreement with 
the value obtained from Eq. (2). As in the case 
of the hydrogen ions, most of the binding en- 
ergy for OH is obtained at the Hartree Fock 
level of theory. 

Table 8 contains the difference between the 
charge of free sulfate and the charge of ad- 
sorbed sulfate calculated on clusters of different 
size. The numbers in the top row indicate the 
total number of silver atoms in the cluster mod- 
eling the Ag( 111) surface and the second row 
indicates the number of silver atoms in each 
layer of the cluster. The negative numbers indi- 
cate that electron density is transferred to the 
surface. Our calculations indicate that about 0.4 
electron is transferred to the surface upon sul- 
fate chemisorption. In the case of bisulfate, 
Bockris [6] has obtained a charge transfer of 0.2 
electrons. Therefore, the fact that we obtain 
twice that charge transfer for a similar anion 
which has twice the charge of bisulfate is rea- 
sonable. These results indicate that adsorbed 
sulfate will remain in the anionic form and will 
not be very different from free sulfate. In the 
case of SO,, we observed essentially no charge 
transfer indicating that the adsorbed species in 
this case looks like the neutral. Therefore, its 

anion, SO:-, should lose about two electrons to 
the surface. Our calculations show that SO:- 
loses increasingly more charge to the surface as 
the size of the cluster increases. We obtained a 
binding energy of 205 kcal/mol on the 52 atom 
cluster which we consider to be a lower limit 
and is not a converged value. The fact that a 
higher binding energy than that of SOi- is 
obtained for SOi- is consistent with the larger 
charge transfer of SO:-. 

In the chemistry of sulfur oxides on metal 
surfaces, sulfur oxide specie containing three 
and four oxygen atoms have been proposed to 
exist at elevated temperatures on several metal 
surfaces on the basis of experimental data [45- 
481. For example, on the Ag(1 lo), an SO, 
species exits at high temperatures in the 500- 
873 K range [47]. We believe that the SO, 
specie observed at high temperatures is sulfate. 
The decomposition of sulfate to yield either 
SO&ad) + @ad) or SO&gas) + O,(ad) will only 
occur at high temperatures since these reactions 
are very endothermic [38]. The enthalpy change 
of first decomposition path is AH = + 84 
kcal/mol + ( X - 2 4)) on the Ag( 111) surface, 
where X is the energy required to remove both 
anion electrons from sulfate, and, 24 is the 
energy required to remove two electrons from 
the metal surface. Since we have shown that 
there is a small amount of electron transfer from 
sulfate to the surface, the quantity (X - 24)) 
should be slightly negative. Therefore we esti- 
mate that the decomposition of sulfate is signifi- 
cantly endothermic, certainly AH > 50 
kcal/mol. For the second path, the enthalpy is 
greater than that of the first path by 25 kcal/mol. 
This means that sulfate on Ag( 111) should be a 
stable adsorbate at elevated temperatures, but, 
should decompose before the desorption barrier 
of 160 kcal/mol could be overcome. The resul- 
tant SO, produced by decomposition of sulfate 
along the first path will readily decompose to 
SO, and 0 since this reaction has a low activa- 
tion barrier of 10 kcal/mol [38]. Regardless of 
the path, the result is always that sulfate decom- 
position at elevated temperatures ultimately 
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leads to SO, desorption, as it is observed exper- 1.66 electrons, OH gains 0.66 electrons and 
imentally, see Ref. [38] and references therein. OH- only loses 0.33 electrons and in this case 
In the case of sulfur trioxide, Outka et al. [47] the adsorbed species OH-0.67 resembles the an- 
did not observe an ionic SO, surface species. ion. For the sulfur oxides we found that the 
The observed SO, vibrational spectrum was adsorbed tetraoxide resembles sulfate which is 
unlike that of ionic sulfites [47]. This is also in in agreement with its stability at high tempera- 
agreement with our results which predict that tures [47]. The adsorbed sulfur trioxide, on the 
adsorbed SO, will look like the neutral and not other hand, should be very much like the neu- 
like the sulfite anion. tral. 

The result that the final adsorbate is the 
same, in the zero coverage limit, regardless of 
the charge of the incoming adspecie has the 
consequence that reactions between adsorbed 
‘ions’ will have essentially the same activation 
barriers, relative to adsorbed reactants, as does 
the reaction between the neutral species. For 
example, the reaction at very low coverages 
between adsorbed H+ and OH- will have the 
same barrier as the reaction between adsorbed H 
and OH. The activation barrier of the surface 
reaction relative to gas phase (ionic) reactants 
will be different but it will be the same relative 
to adsorbed reactants. Therefore, in the predic- 
tion of activation barriers of surface reactions 
relative to surface adsorbed reactants based on 
the bond order conservation-morse potential 
(BOC-MP) method of Shustorovich, one should 
just use the heats of adsorption of the neutral 
specie in the BOC-MP formulas [30]. 

Ions may bind more or less strongly than the 
neutral depending on the difference between the 
ionization potential (electron affinity) of the 
neutral and the work function of the metal. For 
example, in the case of platinum, the cations of 
alkali metals are less strongly bound than the 
neutral atoms while the halides show increases 
in binding energy as compared to neutral halo- 
gens in the range of 25-60 kcal/mol. Li+ and 
Naf have binding energies that are greater than 
those of the neutrals by 15 and 9 kcal/mol 
respectively, but Kf is less strongly bonded by 
9 kcal/mol than atomic potassium [49]. 

Larger clusters are required for ions than for 
neutral species before convergence of binding 
energy with cluster size can be achieved. We 
attribute this to the fact that the cluster model of 
the surface has the task of delocalizing the 
electric charge which the smaller clusters do not 
do as well. Most of the binding energy of the 
close shell ions we examined is obtained at the 
Hartree-Fock level of theory. 

6. Conclusions 

The nature of chemisorbed ions has been 
investigated both from a thermodynamic and 
quantum chemical point of view. The cation, the 
anion or the neutral are the same entity once 
adsorbed on the surface. The adsorbed species 
may resemble the anion, the cation or the neu- 
tral depending on the relative electron affinities 
and/or ionization potentials of the metal and 
the adsorbate. A proton, for example, gains 1.2 
electrons on the surface while hydride loses 0.8 
electrons and thus the adsorbed species resem- 
bles adsorbed neutral hydrogen which has 1.2 
electrons (H-o.2>. On the other hand, OH+ gains 
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