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Abstract. A theoretical quantum study on the distribution of elec-
trophilic and nucleophilic active sites on silver surfaces with (100)
orientation and modeled as finite clusters is reported. From Hartree-
Fock and Density Functional Theory calculations with the
LANL1MB and LANL2DZ basis set, we found that the electrophilic
active sites are extended and they are formed by a group of atoms.
The nucleophilic active sites were located on hollow positions. The
numbers of electrophilic and nucleophilic active sites were 1.86X1014

and 5.98X1014 active sites cm-2 respectively.
Keywords: active sites, silver, pseudopotentials, electronic unit cell.

Resumen. Se reporta un estudio teórico cuántico de la distribución de
sitios activos electrofílicos y nucleofílicos sobre superficies de plata
con orientación (100) modeladas con cúmulos de tamaño finito. A
partir de cálculos Hartree-Fock y de la Teoría de los Funcionales de
la Densidad con las bases LANL1MB y LANL2DZ encontramos que
los sitios electrofílicos son extendidos y formados por un grupo de
átomos. Los sitios nucleofílicos se localizaron en posiciones en el
hueco. El número de sitios electrofílicos y nucleofílicos fueron
1.86X1014 y 5.98X1014 sitios-activoscm-2 respectivamente.
Palabras clave: sitios activos, plata, pseudopotenciales, celda elec-
trónica unitaria.

Introduction

From its discovery, silver has been used in the production of
coins and crafts pieces. At present, silver has been employed
in the field of electronics, because it exhibits a high conductiv-
ity and their conduction electrons show relatively little resis-
tance to movement under an electric field. Also, their photo-
chemical properties are extensively used in the field of photog-
raphy [1].

Silver is stable in pure dry air at room temperature, how-
ever, it shows high sensitivity to sulfur and its compounds,
which are responsible for the familiar tarnishing of the metal
(black AgS) when it is exposed to air containing such sub-
stances [2]. It has been possible to deposit thin films of Al
with different structures onto Ag(100) surfaces, with possible
applications in the fabrication of electronic devices [3].
However, during silver deposition on Ag(100), it has been
reported the formation of groups of silver atoms as extended
islands [3, 4]. There exists evidence of the diffusion processes
of these islands or atoms deposited on the silver surface [5, 6].
Although several interpretations have surged in order to
explain the phenomena observed on the Ag(100) surfaces, up
to our knowledge, there does not exist an explanation based on
the exhibited reactivity of the surface. A detailed knowledge
of the electronic properties that exhibit the Ag(100) surfaces at
atomic level, will allow an important advance in the under-
standing of the properties and phenomena related to these.

Considerable experimental [7-11] and theoretical [12-14]
efforts have been performed in recent years with the intention
to explain the electronic properties of silver surfaces.

However, it is unknown yet the factors, at electronic level,
responsible for the differences in the reactivity shown by this
surface. A good parameter is to find out the number and distri-
bution of active sites on each surface. A typical experimental
way to obtain the distribution of these, is to calculate the
amount of the adsorbed species and the number of adsorption
sites that are associated with the number and distribution of
these active sites [15-18]. Others experimental methods
involve techniques such as LEED [15], diffraction methods
[15, 18], STM 19], etc. However, in most cases a detailed or
pin point distribution of the active sites can not be determined.
Other methods to determine the number and distribution of
active sites on each surface are the theoretical methods [20]
which, in most cases, are less expensive than the experimental
techniques. Different models have been reported in literature
to determine such active sites, employing electrostatic poten-
tial [21], embedded cluster [22] and finite clusters [20, 23].
The acceptance of these models is done if these may reproduce
the experimental values. Once these have reproduced some
experimental properties, the models can be employed to calcu-
late other electronic properties that may not be experimentally
obtained. However, the study of the electronic properties of
some surfaces is still difficult.

Recently, our group reported a methodology [20, 23] to
determine the distribution of active sites on Au(100) surface,
employing a cluster of finite size. Using this methodology it
was possible to predict the distribution of the actives sites, the
work function values, the distribution of the Density of States
(DOS) and the band gap, which were very close to the experi-
mental values. In this paper we employ the methodology
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reported by us to determine the pin point distribution of active
sites onto the Ag(100) surface and analyze the results obtained
to gain fundamental knowledge about the reactivity exhibited
by the “clean” Ag(100) surfaces. In future studies we will ana-
lyze the modification of the reactivity exhibited by silver due
an overpotential applied, structural defects, anions and cations
adsorbed and the formation of the monolayers of metals onto
this surface.

Methodology

Theory

From conceptual Density Functional Theory (DFT), Parr and
Yang showed that sites in chemical species with the largest
values of Fukui’s Function (f(r)) are those with higher reactiv-
ity. The Fukui´s function is defined as [24]:

(1)

where ρ is the electronic density, N is the number of electrons
and v is the external potential exerted by the nucleus.

There exist two approximations to evaluate the Fukui´s
function employing [24]

a) Frontier orbitals (frozen core approximation), and
b) Condensed local softness.

Maps of the HOMO and LUMO

In the first approximation, f(r) can be related with the frontier
orbital within the frozen core approximation. This approxima-
tion considers that when there is a variation on the number of
electrons, the respective frontier orbital is only affected, thus
when N increases to N + dN:

f –(r) ≅ φ*
H(r)φH(r) = ρH(r), (2)

where ρH(r) is the electron density of the highest occupied
molecular orbital (HOMO).

When N decreases to N - dN,

f +(r) ≅ φ*
L(r)φL(r) = ρL(r), (3)

where ρL(r) is the electron density of the lowest unoccupied
molecular orbital (LUMO).

f–(r) gives us the more feasible sites (at the reference mol-
ecule) to an electrophilic attack while f +(r) corresponds to a
nucleophilic attack.

These approximations, in terms of a frontier orbital, are
very valuable because they allow us to study problems of

chemical reactivity by considering only properties of the
ground state.

Condensed local softness

In the second approximation, it is possible to define the corre-
sponding condensed or atomic Fukui functions on the jth atom
site as,

fj
– = q j (N) - q j (N - 1), (4)

fj
+ = q j (N + 1) - q j (N), (5)

for an electrophilic fj
–(r) or nucleophilic fj

+(r) attack on the ref-
erence molecule, respectively. In these equations, qj is the
atomic charge (evaluated from Mulliken population, electro-
static derived charge, etc.) at the jth atomic site in the neutral
(N), anionic (N + 1) or cationic (N - 1) chemical species.
Furthermore, since local softness, s(r), is equal to,

s (r) = Sf (r), (6)

where S is the global softness of the system, , I is
the first Ionization potential and A is the electronic affinity,
one can similarly define the condensed local softness using
Eqs. (4 and 5) in (6) to obtain the respective sj

–(r) and sj
+(r).

These local reactivity indexes have successfully been applied
to rationalize reactivity in a number of chemical situations.

Models

The monocrystalline silver surfaces (100) were modeled as
finite clusters of 1, 2, 4 and 8 unit cells containing 14, 23, 38
and 68 atoms respectively, with face centered cubic (fcc)
structure, Fig. 1. We have used crystallographic parameters
for their construction [25]. All calculations were single point
(no further geometry-optimizations) and were carried out at
abinitio Hartree Fock and DFT levels using the relativistic
pseudopotentials (LANL1MB and LANL2DZ) of Hay and
Wadt [26,27]. The effective core potentials for the silver
atoms included relativistic corrections which are known to be
important for the transition metals, specially for larger atoms
[26].

Computational Resources

We employed a Silicon Graphics OCTANE workstation with
2 processors R10000 and 384 MB of memory, a Silicon
Graphics Fuel workstation with processor R14000 and 1 GB
of memory and a cluster Beowulf with 6 processors of 2.4
GHZ each one, with 1GB of RAM for all the calculations.
These calculations were performed with the package Gaussian
98 ver. A.11 [28] and visualized with the GaussView V. 2.08
[29], Spartan [30] and Gaussumm 9.0 packages [31].
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Results and discussion

Determination of the cluster size that reproduce some
electronic properties of the Ag(100) surface

The reliability of a cluster model generally depends of its abil-
ity to reproduce some well known and representative proper-
ties experimentally measured. Thus, when the model can
reproduce these properties, one can consider that it will pre-
dict correctly others properties. In this work we have deter-
mined the minimal cluster size of Ag(100) that reproduce cor-
rectly the representative properties of a surface: work func-
tion, energy gap, and DOS. Once we determined this cluster’s
size we have employed this model to study the reactivity on
the Ag(100) surface.

Work function (w)

Work function is a fundamental electronic property of a metal-
lic surface extremely sensitive to surface conditions. The val-
ues of the work function of silver have been measured in air
and vacuum conditions. Different experimental work func-
tions values of ‘clean’ silver surfaces were reported several
times in the literature. These values range between 4.1 and 4.8
eV [25, 32-39]. In most of these investigations the state of
cleanliness of the surface has not been verified; this has appar-
ently caused the fluctuation in the reported values [32].

The variety in the experimental work function values for
silver has motivated several theoretical studies. However, sev-
eral results reported in literature are ranged between 4.2 and
5.56 eV [40-43]. The values reported depend of the model and
the level of theory employed in the calculation. Under the
LDA approximation the Ag(100) work function, using no rela-
tivistic calculations, yield 4.43 eV [40], 4.38 eV [41] and 5.56
eV [42], while semirelativistic calculations yield 4.77 eV [43].
GGA calculations report 4.2 eV [39] and 5.22 eV [42. From
the results mentioned it is easy to observe that the value of the
Ag(100) work function, from theoretical studies, is not clear.
Up to our knowledge, the relativistic effects have not been
considered in the calculation of the Ag(100) work function. At
the present work we analyze the influence of the relativistic
effects and the cluster size in the work function value.

HOMO´s energy of a finite cluster model can directly be
related with the work function of the extended system [20,
44]. Fig. 2 shows the behavior of the HOMO´s energy for the
Ag(100) clusters depicted in Fig. 1. The HOMO’s energy was
calculated employing the basis set LANL1MB (for each Ag
atom, the inner shell of 36 electrons respectively is represent-
ed by the effective core potentials (ECPs) while the valence
4d105s1 electrons are described with a minimum basis set).
From Fig. 2, observe that the Ag(100) work function value
converges to 4 eV, approximately. Furthermore, one can
observe that the work function value can be obtained from the
cluster of four unit cells and it is not substantially modified

Fig. 1. Clusters models. (a) 1 unit cell (14 atoms), (b) 2 unit cells (23 atoms), (c) 4 unit cells (38 atoms) and (d) 8 unit cells (68 atoms).

a b

dc
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when a larger cluster is employed. In a previous work [20], by
analogy to the unit cell concept, our group has defined the
electronic unit cell (EUC) as a finite cluster formed by the
minimal number of atoms maintaining a structural (crystallo-
graphic) pattern that is capable to model a particular electronic
property of certain solids or surfaces. At the present study, the
EUC for the Ag(100) surface that reproduces the work func-
tion is found to be the cluster of four unit cells.

In order to analyze the effect of the set size basis in the
calculations of the work function value, we employed the
cluster of four unit cells and the LANL2DZ basis set (for each
Ag atom, the inner shell of 28 electrons is represented by the
ECPs while the valence 4s24p64d105s1 electrons are described
with a double basis set). The value obtained was 3.9 eV.
Observe that the work function value found from
HF/LANL1MB calculations was 4.0 eV. The latter result sug-
gests that it is not critical to include larger basis than
LANL1MB in the Ag(100) work function calculations. The
obtained value with LANL1MB basis set is close to 4.18 eV,
which corresponds to the more recent Ag(100) surface work
function experimental value [32]. Note that a 5% error against
the experimental value is obtained when the LANL1MB basis
set is employed. Moreover, the calculation of the work func-
tion value for the four unit cells cluster employing the B3LYP
functional [45-47] and the LANL2DZ basis set gives a value
of 4.03 eV. Thus, apparently the electronic correlation inclu-
sion is not critical in the calculation of this property when the
four unit cells cluster is employed as model.

Energy Gap

Another interesting property for clusters is the energy gap (Eg)
between the HOMO and LUMO. In Fig. 3 we plotted Eg for
different cluster sizes. Observe that Eg is rather large for n <
38, however for n > 38, Eg quickly converges to the value of
2.0 eV. Eg calculated employing HF/LANL2DZ and
B3LYP/LANL2DZ with the cluster EUC of four unit cells
were 2.0 eV and 2.1 eV, respectively. Thus, in the calculation

of the Eg for Ag(100) surfaces it is not critical to consider larg-
er basis than LANL1MB and to include the electronic correla-
tion in calculations. Furthermore, the EUC that reproduced the
value of the energy gap was the cluster with four unit cells.

Density of states

Density of states (DOS) provides an overall convenient view
of the electronic-structure cluster. We further investigated the
size dependence of the electronic properties of the silver clus-
ters by the examination of the computed electronic DOS of
several representative clusters: Ag2, Ag14, Ag23, Ag38 and Ag68
(Fig. 4). Although for the smallest clusters, Ag2 and Ag14, the
energy levels are discrete and peaks are clearly separated, the
d and sp energy levels are gradually broadened for Ag14. As
the cluster size further increases, for n > 23; the d and sp lev-
els broaden out, shift, and overlap with other. Thus, continu-
ous electronic bands are found from n > 23; suggesting a solid
behavior. Observe that the band gap between valence band
and conduction band converge to the 2.0 eV value. Therefore,
our modeled surface begins to reproduce the experimental
behavior when we employed 23 atoms in our calculations and
this behavior is clearly reproduced when we have a four unit
cells cluster (38 atoms). No appreciable changes were
observed when the cluster size was increased to eight unit
cells, neither when the level of calculations HF/LANL2DZ
and B3LYP/LANL2DZ were employed.

Observe that the work function value, energy gap and
DOS converged when the cluster size was of four unit cells.
Therefore, this cluster size may be employed to calculate the
electronic properties with enough reliability. Note that we
have used a HF/LANL1MB level; however, the results
obtained compare favorably with experimental results and
with higher levels of theory such as HF/LANL2DZ and
B3LYP/LANL2DZ. Thus, with HF/LANL1MB level and by
keeping the fixed lattice parameters, it is possible to predict
the reactivity shown by the Ag(100) surface, employing a four
unit cells cluster.

Fig. 2. Work function values for different cluster sizes. Fig. 3. HOMO–LUMO gaps for different cluster sizes.



Determination of the active sites on Ag(100) surfaces
modeled as Finite Clusters

Electrophilic active sites from silver clusters of 1 ,2, 4 and 8
unit cells at HF/LANL1MB level

From last section it is possible to note that the work function,
band gap and DOS Spectrum converge when the EUC four
unit cells cluster (n = 38) is employed. Note that the results
have not appreciably changed when the cluster size was

increased (up to n = 68 atoms). Thus, the four unit cell cluster
allow us to obtain the representative distribution of elec-
trophilic sites exhibited by the Ag(100) surfaces. For sake of
clarity we have included the analysis for all clusters in Fig. 1.

The electrophilic sites distribution in a system can be
derived from the frontier orbital theory within the frozen core
approximation [48], equation (2). In order to determine this
distribution, we analyze the sites where the HOMO frontier
orbital attains its larger absolute value on the surface for each
one of the studied clusters at HF/LANL1MB level.

The ground state HOMO (absolute value) at the
HF/LANL1MB level for each of the clusters of 1, 2, 4 and 8
unit cells of Ag(100) is mapped onto a density isosurface
(with a value equal to 0.002 e/a.u.3), Fig. 5. The color code
indicates the HOMO’s values along this surface. So the darker
zones, (electrophilic sites), indicate sites amenable for easier
attack by charge acceptors while the lighter regions indicate
predominant attack by charge donors. Note also that there are
nodal zones where the charge donors might attack. These
nodal zones suggest a possible path of movement of the
charge donor, which might describe species that undergo dif-
fusion on the surface because there are similar energetic situa-
tions [23]. Observe that the HOMO distribution for the one
unit cell cluster may be considered very artificial due to the
frontier effects in this cluster. For the case of two unit cells it
is seen that the HOMO is very different to that obtained for
one unit-cell cluster. Note that HOMO maps for the two-unit
cells cluster suggest no possible electrophilic active sites on
this surface indicating a predominant nucleophilic attack onto
this surface. This situation probably is due to the frontier
effects at this model cluster size. There are two possible ways
to take into account the border effects into the calculations;
one way is to saturate the valences on the borders of the clus-
ter considering, in artificial way, the effect of the others atoms
in the limits of the system [20]. A second way consists in
increasing the cluster size until the electronic properties do not
change in the center of the cluster, so when the electronic
properties converge in this region, we might consider that the
effects of the border have been taken into account. We decid-
ed to analyze employing the second way. Moreover the results
obtained in last section suggest that one may obtain the con-
vergence in the properties from the EUC four unit cells clus-
ter, see Fig. 5. Note that the HOMO’s maps for this cluster are
different to those shown by the clusters with 1 and 2 unit cells.
In the Ag(100) four unit cells cluster, it is possible to identify
the existence of one extended active site in the center of the
cluster, on top position. The same behavior can be observed in
the eight unit cells cluster. Note that if we compare the
HOMO maps of the 4 and 8 unit cells Ag(100) clusters, it is
possible to observe a periodical relation between the distribu-
tion of the electrophilic active sites in both models. These
results suggest that the four unit cells cluster is an acceptable
EUC to determine the distribution of the electrophilic actives
sites onto the Ag(100) surface. Therefore, it is possible to sug-
gest a distribution of electrophilic active sites for a macro-
scopic Ag(100) surface, by considering the four unit cells
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Fig. 4. Density of states (DOS) for different cluster sizes keeping the
structure fcc and (100) orientation. Gaussian broadening of 0.05eV is
used. Gaussian broadening of 0.05eV is used. Fermi’s energy value is
shown in Figure as a broken line.



cluster. Figure 6 depicts a pictorial fraction representation of
the macroscopic Ag(100) surface, generated by the four unit
cells cluster which is the determined EUC. The number of
extended electrophilic active sites counted from Fig. 6 is 1.86
× 1014 activesitescm-2 and they are located on top positions.
This result corresponds to a maximum coverage of 0.25. This
prediction is consistent with with a recent experimental report
of the formation of a submonolayer of Ag on Ag(100) surface
where the coverage was of 25% in a c(4 × 4) structure [49].

Nucleophilic active sites from silver clusters of 1, 2, 4
and 8 unit cells at HF/LANL1MB level

The distribution of the nucleophilic active sites in a system
can be derived from the theory of frontier orbital within the
frozen core approximation, too [48], equation (3). We
employed the same methodology as in last section to deter-
mine the distribution of nucleophilic active sites onto the
Ag(100) surface. The ground state LUMO (absolute value) at
the HF/LANL1MB level for each of the 1, 2, 4, and 8 unit
cells clusters of Ag(100) is mapped onto a density isosurface
(with a value equal to 0.002 e/a.u.3), see Fig. 7. The colour
code indicates the LUMO’s values along this surface. So the
darker zones, (nucleophilic sites), indicate sites amenable for
easier attack by charge donors while the lighter regions indi-
cate predominant attack by charge acceptors. A periodical
relation can be observed between the distributions of the
nucleophilic active sites in the clusters of four and eight unit
cells. Thus, from last results it is possible to find that the EUC
that allows getting the macroscopic distribution of the nucle-
ophilic actives sites is the cluster of four unit cells. Figure 8
shows a pictorial fraction representation of the macroscopic
Ag(100) surface, assuming that the four unit cells cluster con-
stitutes the EUC and generated from this EUC. The number of
nucleophilic active sites counted from Fig. 8 was 5.98 × 1014

activesitescm-2 and they are located on hollow positions. This
result suggests that if small nucleophilic atoms are adsorbed
on the Ag(100) surfaces, the maximum coverage would be 0.5
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Fig. 5. Mapping of the HOMO at the HF/LANL1MB level onto a density isosurface (value r=0.002 e/a.u.3). Lighter zones have the lower value
of HOMO, and darker zones have the higher. (a) 1 unit cell (14 atoms), (b) 2 unit cells (23 atoms), (c) 4 unit cells (38 atoms) and (d) 8 unit cells
(68 atoms) clusters.

Fig. 6. Pictorial representation of the distribution of electrophilic
active sites onto a fraction of the macroscopic (100) silver surface
considering the electronic unit cell of a four unit cells cluster.



in a c(2x2) structure. This prediction compares favourably
with a recent experimental report of the bromide and chloride
adsorption onto Ag(100) surfaces [50, 51].

Electrophilic condensed local softness
in the four unit cells cluster

From Fig. 5, one can observe in the 4 and 8 unit cells cluster
that the electrophilic active sites are extended in the center of
the cluster. In order to analyze this situation, we determined
the pin point distribution of this reactivity. It is possible to
find such distribution employing the condensed local softness,
equation (4). In this work we employed the charges obtained
from electrostatic potentials (MEP) because are better than the
Mulliken populations to estimate the condensed reactivity
indexes [52]. It is important to mention that when a cluster is
employed, an internal redistribution of the charge there exists
due to the frontier effects. However, when one increases the
cluster size to consider the effects of the border (see discus-
sion in section of electrophilic active sites of this paper), the
differences in the obtained values of the charges between the
clusters of four and eight unit cells were close to 3 %. This
result suggests that the four unit cell reproduces the charge

distribution in the center of the cluster. The electrophilic con-
densed local softness values obtained for each atom at
HF/LANL1MB level are shown in Fig. 9. The more reactive
sites have values of 0.71, 0.48, 0.37, 0.32 and 0.28 eV. Note
that the reactivity of the cluster is located in the center.
However, it is possible to observe that the reactivity is slightly
displaced to the left side. The characteristic distribution in the
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Fig. 7. Mapping of the LUMO at the HF/LANL1MB level onto a density isosurface (value r=0.002 e/a.u.3). Lighter zones have the lower value
of LUMO, and darker zones have the higher. (a) 1 unit cell (14 atoms), (b) 2 unit cells (23 atoms), (c) 4 unit cells (38 atoms) and (d) 8 unit cells
(68 atoms) clusters.

Fig. 8. Pictorial representation of the distribution of nucleophilic
active sites onto a fraction of the macroscopic (100) silver surface
considering the electronic unit cell of a four unit cells cluster.
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center of the cluster suggests that the proximity of the reactive
sites increases the reactivity in this section and the reactivity is
given by a group of atoms. This feature indicates that if the
Ag(100) surface is attacked by electrophilic agents, the forma-
tion of cluster of atoms onto this surface is favored. If one
extrapolates this result to the macroscopic surface, it is possi-
ble to infer that when the cluster is formed on the reactive
group of atoms, the probability of an adsorption out of these is
minimal. The above mentioned suggests that the Ag(100) sur-
face favors the formations of “islands of atoms” with a c(4 ×
4) distribution. Indeed, last result follows the trend of a recent
experimental report of the Ag cluster formation on Ag(100)
surface [50].

Conclusions

We determined that the EUC that allows one to properly
describe some electronic properties of the Ag(100) surface is
the four unit cells finite cluster. From Hartree-Fock and
Density Functional Theory calculations with the LANL1MB
and LANL2DZ basis, we found that the values of the predict-
ed work function and band gap are 4.0 eV and 2.0 eV, respec-
tively. From the HOMO and LUMO distributions (within the
frozen core approximation), it was possible to suggest a possi-
ble qualitative macroscopic distribution of the electrophilic
and nucleophilic active sites, on the modeled Ag(100) surface.
We found that the electrophilic active sites are extended and
formed by a group of atoms, which favors the formation of
islands of atoms onto this surface. The nucleophilic active
sites were located on hollow positions. The numbers of elec-
trophilic and nucleophilic active sites were 1.86 × 1014 and
5.98 × 1014 activesitescm-2 respectively. These results suggest
that the coverage on Ag(100) is 0.25 and 0.5, for the case of
electrophilic and nucleophilic attacks with c(4x4) and c(2 ×
2) structures, respectively.
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