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Density functional theory is used to study electronic and physical properties of pure Rhn (n ) 1-6) clusters
in their ground state and those of their closest states. Optimized equilibrium bond lengths and angles, absolute
and binding energies, charge distributions, and Mulliken populations are determined. The clusters chemistry
is tested via adsorption of atomic oxygen and hydrogen, where a systematic study of the preferred adsorbate
adsorption site is performed. Bridge sites are the preferred ones in most cases for oxygen adsorption in small
rhodium clusters. The case of hydrogen is less conclusive; the small size of the adsorbate may favor top or
bridge sites depending on the metal cluster morphology. Details of the interactions of metal cluster-adsorbate
are analyzed via the distribution of electronic population and charge transfer.

1. Introduction

In many cases, the active components of dispersed metal
catalysis are small clusters, and therefore, the cluster properties,
rather than the bulk properties, are responsible for their particular
characteristics. Thus, theoretical and experimental studies of
clusters are very useful for the understanding and prediction of
the local chemistry. Clusters have distinct properties due to a
quite large surface-to-volume ratio, and as the size is reduced,
their properties change drastically. For instance, clusters of
nonmagnetic solids are found to be magnetic.1-3 Hence, a
systematic study of small metal clusters is needed for under-
standing electronic, chemical, and physical properties, such as
sintering, adsorption to substrates, and catalysis effects. In
particular, theoretical methods based on solutions to the Schro¨-
dinger equation4-6 provide accurate characterization of cluster
structures.

Rhodium, well-known by its catalytic properties,7 is a
common constituent of the catalyst used for the simultaneous
conversion of carbon monoxide, nitrogen oxides, and hydro-
carbons in automobile exhausts. The catalytic activity of Rh is
in some cases enhanced when the metal is present in thin films
or as small clusters. For example, a monolayer of Rh on top of
a Pt layer deposited on Rh(100) has shown a higher activity
toward the reduction of NO than that of the Rh(100) bare
surface.8 Small clusters, which are also used as catalysts, have
been the focus of extensive investigations,2,9-13 such as CO
dissociation on rhodium supported on alumina where a strong
dependence on the particle size of the Rh clusters has been
reported.14 Insights into the electronic structure and magnetism
of small (less than 20 atoms) rhodium clusters,2,10,12as well as
on the effect of the cluster size on ionization potentials, electron
affinities, binding energies, and magnetic moments,13 have been
provided.

The adsorption of atoms and small molecules on rhodium
surfaces has been studied to elucidate the effect of surface oxides
or other impurities that significantly alter the physical and
chemical properties of metal surfaces. Ab initio calculations of
hydrogen adsorption on (100) surfaces of palladium and
rhodium15 reported atomic hydrogen adsorption on hollow or

bridge sites with similar adsorption energies of 2.78 and 2.62
eV, respectively, and equilibrium bonding distances from the
adsorbate to each of these sites of 0.38 and 1.15 Å, respectively.
With the use of self-consistent scattering theory, a single H
adatom was predicted to bind in a 4-fold hollow at a height of
2.46 Å above a Rh(001) layer.16 Studies on the adsorption of
H2 on a Rh(001) surface suggested the interaction of each H
atom with a 2-fold bridge site.16 A systematic study of the
chemisorption of atomic H and O on Rh(111) using self-
consistent, periodic density functional theory (DFT) calcula-
tions17 yielded preference for 3-fold sites for both adsorbates.
Experimental studies on Rh(100) also suggest that the preferred
H adsorption site is hollow.18

Similar studies on the adsorption of oxygen on rhodium
surfaces19-22 suggest that atomic oxygen binds both on bridge
and hollow sites of rhodium surfaces. Theoretical analysis of a
seven-layer Rh(111) slab23 showed, at all coverages, that the
fcc-hollow site is more stable than the hcp-hollow site for the
adsorption of oxygen, and different oxygen adsorption stable
patterns were found depending on the surface coverage. Results
from low-energy electron diffraction (LEED)I-V experiments
on Rh(100) with the (2× 2)-2O system19 showed that the
preferred adsorption site for oxygen is a rather unusual hollow
site regarded as a “pseudo-bridge”, in agreement with results
from ab initio calculations20 where bridge sites were found to
be the preferred sites. Other theoretical reports22 indicate that
oxygen prefers hollow sites in a (2× 2) arrangement at low
coverages (below 0.3 ML), whereas at high coverages, O atoms
occupy bridge sites because of the presence of repulsive lateral
interactions. The same authors also report that the bridge site
is indeed∼0.3 eV less stable than the hollow site. In summary,
it appears that the preferred adsorption sites for H or O on Rh
surfaces are not unique, and regarding clusters, small variations
in their geometry can lead to more than one adsorption
configuration of very similar energies.

We present density functional theory (DFT) fully optimized
geometries of Rhn, Rhn-O, and Rhn-H clusters (n ) 1-6),
including information about the most stable geometries, absolute
and binding energies, Mulliken charges, and adsorption char-
acteristics of H and O as a function of cluster size and adsorption
site.
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Methodology

We have used DFT techniques24,25 combined with effective
core potentials. The Los Alamos National Laboratory’s (LANL)
basis set with effective core potentials (ECP) of double-ú
type26,27was used along with the functional B3PW91.28-31 The
chosen functional (B3PW91), one of most successful hybrid
functionals,24 includes a exchange description constituted by
contributions of local, nonlocal (Becke 3), and Hartree-Fock
exchange terms, and correlation given by the PW91 nonlocal
GGA functional. The use of pseudopotentials with relativistic
corrections has been widely demonstrated to be a good
compromise to the alternative use of full-electron procedures,
which reduces the required computational effort without loss
of accuracy.32 Additional tests in the smallest clusters were
performed with B3LYP/LANL2DZ and Møller-Plesset per-
turbation theory (MP2).33 Calculations were performed using
the Gaussian 98 program,34 with the Berny algorithm in
redundant internal coordinates35 for geometry optimizations.
Frequency calculations were performed to determine the zero-
point energy and to confirm that the states were local minima.

3. Results and Discussion

3.1. Rhodium Clusters.The calculated (B3PW91/LANL2DZ)
ground state for Rh is a quartet,4F (4d85s1) with five R and
threeâ electrons in the 4d orbital, in agreement with spectro-
scopic results.36 The calculated first excited state,2D (4d9) is
0.27 eV above the ground state, whereas the experimental
difference is 0.41 eV.36 Both MP2/LANL2DZ and B3LYP/
LANL2DZ yield also the quartet as ground state for the Rh
atom with values of 0.63 and 0.40 eV, respectively, for the
energetic difference between the first excited and the ground
states. Previous calculations using LSDA and GGA along with
effective core potentials2,10had failed to give the correct ground
state; the discrepancy was attributed to limitations of the
exchange-correlation description. For this reason, as discussed
below, their reported binding energies are overestimated because
the reference is a higher energy state of the Rh atom.

The spin multiplicity, equilibrium bond lengths and angles,
zero-point energies (ZPE), absolute energies (including ZPE),
cluster optimized structures, and binding energies per atom (BE/
atom) corresponding to Rhn (n ) 1-6) ground states are
reported in Table 1. Binding energies per atom, calculated as
BE/atom(Rhn) ) (ERhn - nERh)/n, increase as the number of
atoms in the cluster increases, being far from the value of the
cohesive energy of Rh metal,-5.75 eV, obtained for Rh37

according to recent studies.37

The predicted ground-state spin multiplicity for Rh2 was
found to be a quintet, in agreement with previous theoretical
predictions using DFT and CI methods.2,13 There is no agree-
ment among the variety of theoretical2,13and experimental values
reported for the dissociation energy of Rh2.38 Our calculated
(B3PW91/LANL2DZ) dimer dissociation energy (-ERh2 +
2ERh, which is equivalent to the spectroscopic dissociation
energy39) is 1.50 eV, in reasonable agreement with experimental
results of 1.46( 0.22 eV,40 and 1.4( 0.3 eV39 obtained by
mass and Raman spectroscopy, respectively. However, it is well
below other experimental values, such as 2.92 eV obtained from
Knudsen effusion measurements,41 and another spectroscopic
value of 2.40 eV.38 In relation to this apparent controversy,
Wang et al.39 suggest that it is possible that the ground state of
Rh2 may dissociate into excited states of the atoms. As
summarized by Reddy et al.,2 some theoretical values are also
much higher compared with our result, but these values may
be artificially overestimated because of their failure of finding

the correct ground state. On the other hand, the calculated
equilibrium bond length is 2.30 Å, in good agreement with the
experimental value of 2.28 Å,40 and the associated Rh-Rh
stretching frequency for the ground-state dimer is 289 cm-1

(scaling factor of 0.957342 has been applied), on the order of
experimental values of 26740 and 284( 1939 cm-1. Other local
minima obtained with the same method/basis set were found
well above the ground state; for example, for a state of spin
multiplicity 3, the energy difference with the ground state is
1.07 eV. We also performed calculations using MP2/LANL2DZ,
which yielded a dimer ground state of multiplicity 7 (BE/atom
) -0.67 eV and bond length 2.36 Å), the quintet being the
first excited state of 0.1 eV above the ground state, whereas
B3LYP/LANL2DZ resulted in a quintet ground-state dimer (BE/
atom) -0.75 eV and bond length 2.32 Å). Thus, although the
controversy about the dimer dissociation energy remains, the
results on the Rh atom and dimer and comparisons with higher
level methods as MP2 give us confidence on the functional/
basis set adopted in this study.

The ground-state Rh3 cluster (Table 1) is a sextet isosceles
triangle withC2V symmetry and a binding energy per atom of
1.33 eV. Previous calculations reported either theC2V (sextet
or quartet)2,43 or a D3h (quartet)13 ground state with binding
energies per atom varying within a wide range, some of them
overestimated because of the use of a higher energy state for
the ground state of the Rh atom. For example, for the same
spin multiplicity and symmetry, a value of-1.94 eV was
reported using GGA.44 Our calculations yielded a state of
multiplicity 4, 0.13 eV less stable than the ground state; it is
also an isosceles triangle of Rh1-Rh2 ) Rh1-Rh3 ) 2.51 Å
and Rh2-Rh3 ) 2.74 Å.

The ground-state found for Rh4 is a spin singlet tetrahedron
(Table 1) with a bond length of 2.48 Å and a binding energy of
1.66 eV/atom. Similar geometries (singlets for tetrahedrons and
quintets for squares) were reported earlier2,44with bond lengths
ranging between 2.38 and 2.50 Å and BE/atom from 2.35 to
2.91 eV/atom using GGA.2

For Rh5, the calculated ground state is a spin quartet with
distorted triangular-bipyramid geometry (Table 1) and a binding
energy of 1.80 eV/atom, in contrast with previous reports for a
square pyramid (octet) with a binding energy of 3.11 eV/atom2

and a sextet state of the same geometry 0.02 eV above the
ground state, whereas a triangular bipyramid structure with
multiplicity 4 was found to be 0.35 eV less stable than the square
pyramid geometry.

A C1 ground-state structure corresponding to Rh6 (Table 1)
is a slightly distorted square bipyramid. It is a singlet with a
binding energy of-1.86 eV/atom, whereas GGA studies2

yielded D4h symmetry singlet with higher binding energy of
-3.28 eV/atom, where the reference was the2D state for the
Rh atom. We found other geometries (triplet and quintet) for
Rh6 lying 0.28 and 0.34 eV above the singlet state.

As shown here, the complexity of their electronic states
induces a variety of low-lying electronic states in transition metal
clusters. In comparison with previous studies with the same
method/basis set, we found that Rh clusters with an even number
of atoms (closed shell configurations) are found in the same
ground-state geometry as the corresponding platinum clusters.45

The geometries of Rh clusters with an odd number of atoms
(open shell configurations) presented here were also found for
Pt clusters;45 however, these were not the ground states for those
Pt clusters.

3.2. Rhodium-Adsorbate (H, O) Clusters.Tables 2 and 3
show the spin multiplicity, optimized (B3PW91/LANL2DZ)
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bond lengths and angles, ZPE and absolute energies, and binding
energies for optimized Rh-H and Rh-O clusters. Binding
energies are calculated using eq 1:

where X denotes the adatom, H or O. Whenever the metal
cluster geometry allowed it, top, bridge, and hollow sites were
tested upon adsorption of H and O on Rhn (n ) 1-6) clusters.

The ground state corresponding to Rh-H cluster is a triplet
with a bond length of 1.63 Å (Table 2) and a Rh-H stretching
frequency of 1713 cm-1 (scaling factor of 0.957342 has been
applied). A singlet state is also a local minimum with an energy

difference of 0.03 eV with respect to the ground state. There
are very few reported calculated and experimental data regarding
geometries or binding energies for these systems. Nayak et al.44

reported calculated values of adsorption of H2 to Rh2 and Rh4,
where H2 dissociates and adsorbs as atomic H. Their reported
Rh-H bond length of 1.53 Å for H2 attached to a single Rh
atom is 0.10 Å shorter than that found for RhH.

Two optimized geometries were found for Rh2-H (Table 2),
both of the same multiplicity, doublets. In one of them, H is
located on top of one Rh atom in the Rh2 cluster, and in the
other, H occupies a bridgelike site, which we designate as “tilted
top”. Rh2-H tilted top is the most stable of these geometries
with a binding energy per atom 0.02 eV higher than that of

TABLE 1: Spin Multiplicity, Equilibrium Bond Lengths and Angles, Zero-Point Energies (ZPE), Absolute Energies (including
ZPE), Cluster Optimized (B3PW91/LANL2DZ) Structures, and Binding Energies (BE) Per Atom, for Pure Rhn (n ) 1-6)
Clusters

BE(RhnX) ) (ERhnX
- ERhn

- EX) (1)
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on-top adsorption. The Rh-Rh distance increases from 2.30
(Rh2, Table 1) to 2.53 Å for the adsorption on top and to 2.55
Å for the tilted top case, indicating that binding to H is made
at expenses of the Rh-Rh bond weakening.

No stable structures were found for H adsorption on-top,
bridge, or hollow sites of Rh3, although many different initial
configurations were tried. We do not have an explanation for
this, and unfortunately, there are no other published experimental
or theoretical reports of RhnH and RhnO that we are aware of,

except for Rh6H that we discuss below. For Rh4-H and Rh5-
H, the ground states reveal both bridge and tilted top H bonding
to the Rh atoms, respectively. The spin multiplicity found for
Rh4-H was a quartet and for Rh5-H a singlet. Almost all bond
lengths of the tetrahedron Rh4 are 2.48 Å (Table 1); however,
when H adsorbs on one of its bridge sites (Rh2-Rh4, Table
2), all Rh-Rh bond lengths are elongated, especially that
corresponding to the bridge site (2.71 Å). This Rh-Rh bond
elongation is qualitatively in agreement with that found by

TABLE 2: Spin Multiplicity, Cluster Optimized Geometries, Equilibrium Bond Lengths and Angles, ZPE, Absolute Energies
(including ZPE), Atomization, and Binding Energies (BE) for Optimized (B3PW91/LANL2DZ) Rhn-H (n ) 1-6) Clustersa

a Shortest Rh-H bond distances and BE for the most stable states are indicated in bold.
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Nayak et al.,44 although the bond length difference found by
these authors was only 0.02 Å. For the triangular bipyramid
Rh5, the bond lengths Rh1-Rh2, Rh2-Rh3, and Rh3-Rh1 are
equal to 2.6 Å (Table 1), and they all decrease approximately
by 0.1 Å when H adsorbs on a tilted top site (Table 2), whereas
the distances between Rh5 and Rh4 and the central (Rh1, Rh2,

and Rh3) atoms are elongated by approximately 0.02 Å. In
addition, the Rh-Rh bond length of the pair connected to H is
significantly elongated by 0.17 Å with respect to its original
length in Rh5.

Top and bridge ground-state structures were found for Rh6-H
(Table 2). Adsorption on bridge, a quartet, is the most stable

TABLE 3: Spin Multiplicity, Cluster Optimized Geometries, Equilibrium Bond Lengths and Angles, ZPE, Absolute Energies
(including ZPE), Atomization, and Binding Energies (BE) for Optimized (B3PW91/LANL2DZ) Rhn-O (n ) 1-6) Clustersa

a Shortest Rh-O bond distances and BE for the most stable systems are indicated in bold.
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with a binding energy 0.18 eV stronger than that of the on-top
adsorption. In contrast to the cases of Rh2, Rh4, and Rh5, in
which the cluster symmetry is lost because of the presence of
the adsorbate, the distortion induced by H adsorbed on the Rh6

square bipyramid (Table 1) yields higher-order symmetry on
the Rh6-H complex. An interesting phenomenon has been
recently reported in relation to Rh6 clusters supported on zeolite
cavities, in which via a “reverse spillover” process, H atoms

TABLE 4: Charge Distribution and Electron Population for Single Atoms and the Most Stable Rh-X (X ) H, O)
Configurationsa

a A schematic electron-transfer representation is included. Gray scale has been use to denote strength of the donation (black) strongest).

TABLE 5: Charge Distribution and Electron Population for Rh 2 and the Most Stable Rh2-X (X ) H, O) Configurationsa

a A schematic electron-transfer representation is included. Gray scale has been use to denote strength of the donation (black) strongest).
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leave the support and become attached to Rh6 clusters in bridge
positions.46 Vayssilov et al.46 report Rh6(3H)/zeolite structures
where each of three H atoms bridge to a Rh-Rh bond of Rh6
with Rh-Rh distances in the range 2.60-2.67 Å, which are
very comparable with our results for the last structure Rh6H
shown in Table 2, in which all of the Rh-Rh bond lengths are
approximately 2.60 Å, except for the Rh-Rh pair bonded to H
(2.76 Å). Although it is possible that when three atoms are
bonded, such Rh-Rh bond elongation becomes reduced, an
important difference between our calculation and that from
Vassilov et al. is that they have included the zeolite support,
which determines a change in the oxidation state in the metal
cluster. Their reported46 calculated Rh-H bond distance is 1.76
Å, which also compares well with our values of 1.74 and 1.80
Å (Table 2). The same authors also report Rh-O interactions,
which are discussed in relation to Table 3.

In summary, our study did not yield any stable structure in
which H adsorbs to a Rhn cluster occupying hollow sites. Thus,
in these small clusters, H can adsorb both on top and bridge
with bridgelike sites being slightly more stable, in agreement
with theoretical and experimental studies at least for the largest
cluster.46 The binding energies of H attached to Rhn clusters
on top sites increase with the number of atoms, except for Rh5H,
which exhibits a lower energy than RhH and Rh2H, which can
be attributed to the fact that although all of the reported
complexes are local minima, we cannot guarantee that they are
the true global minima and therefore alternative geometries
could exist that provide stronger adsorption energy in the case
of Rh5H.

Table 3 illustrates that oxygen chemisorbs to the Rh atom
with a binding energy of-3.80 eV, 1.15 eV stronger than that
of Rh-H (Table 2). The ground state corresponding to Rh-O

TABLE 6: Charge Distribution and Electron Population for Rh 3 and the Most Stable Rh3-O Configurationsa

a A schematic electron-transfer representation is included. Gray scale has been use to denote strength of the donation (black) strongest).

TABLE 7: Charge Distribution and Electron Population for Rh 4 and the Most Stable Rh4-X (X ) H, O) Configurationsa

a A schematic electron-transfer representation is included. Gray scale has been use to denote strength of the donation (black) strongest).
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is a spin quartet with a bond length of 1.76 Å and a calculated
Rh-O stretching frequency of 787 cm-1 (scaling factor of
0.957342 has been applied). The calculated binding energy is
-3.49 eV, which is below the experimental value of-4.2 eV
reported from mass spectrometry measurements.47 However, as
discussed for Rh2, it is not clear whether the dissociation

obtained in the experiment ends with atomic Rh in its ground
or in its first excited state, which would change the reference
and modify the value of the binding energy.

On-top and bridge optimized geometries were found for each
of the Rh2-O, Rh3-O, and Rh4-O systems. Rh2-O on-top
adsorbs with a binding energy 0.05 eV stronger than that of

TABLE 8: Charge Distribution and Electron Population for Rh 5 and the Most Stable Rh5-X (X ) H, O) Configurationsa

a A schematic electron-transfer representation is included. Gray scale has been use to denote strength of the donation (black) strongest).

TABLE 9: Charge Distribution and Electron Population for Rh 6 and the Most Stable Rh6-X (X ) H, O) Configurationsa

a A schematic electron-transfer representation is included. Gray scale has been use to denote strength of the donation (black) strongest).
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Rh2-O bridge adsorption. As found with adsorbed H, the
Rh-Rh bond length increases from 2.30 to 2.50 Å for the on-
top adsorption and to 2.62 Å for the bridge case, with respect
to that in Rh2 (Table 1).

On the other hand, Rh3-O on-top is 0.40 eV less stable than
the bridge configuration, and both spin multiplicities are sextets.
All of the Rh-Rh distances of Rh3-O increase with respect to
those in the Rh3 cluster. In the on-top structure, the O atom
became adsorbed to one of the Rh atoms in the base of the
isosceles triangle, causing a rearrangement of the Rh3 cluster
to an equivalentC2V geometry. In the bridge geometry, O
adsorbs also to the base of the isosceles triangle, inducing an
elongation of the Rh-Rh bond length to 2.70 Å, whereas the
other two Rh-Rh bond lengths are shortened.

The energetic pattern found in Rh4-O is similar to that in
Rh3-O; the on-top adsorption is 0.78 eV less stable than the
bridge case, both having singlet spin multiplicities. When O
adsorbs on a bridge site of Rh4, a significant elongation is
observed in the Rh-Rh bond connected to the O atom (from
2.48 to 3.01 Å), similarly to H-adsorption on bridge of Rh4 and
also to O-adsorption on bridge of Rh3. The other Rh-Rh bond
lengths are also slightly increased by 0.02 Å.

Rh5-O (on hollow adsorption) is 0.25 eV less stable than O
adsorbed in a bridge site, and both are quartets. Upon adsorption
on a hollow site, the bond lengths Rh1-Rh2, Rh2-Rh3, and
Rh3-Rh1, as well as the distances between Rh5 and Rh4 and
the central (Rh1, Rh2, and Rh3) atoms in Rh5-O, are more
elongated than in the case of bridge adsorption (Table 3), for
which all of the Rh-Rh bond lengths not in contact with the

adsorbate are equally stretched by more than 0.1 Å. In addition,
the distances between Rh5 and Rh4 and the central (Rh1, Rh2,
and Rh3) atoms in Rh5-O (bridge) are also elongated; this is
the same effect found for bridge H-adsorption on Rh5.

The last case investigated, Rh6-O adsorption on bridge, has
a binding energy of-3.67 eV with singlet spin multiplicity,
showing also a strong effect on the metal cluster geometry,
which is relevant to certain technological applications. As
mentioned above, zeolites have been proposed as templates
where transition metal clusters are inserted for catalysis ap-
plications.46,48 Zeolite atoms (H, O, and others) located in
positions where they can strongly interact with the metal cluster
may contribute to alter their geometry and consequently their
catalytic properties.48 Experimental measurements49 indicate that
the distance RhO in such clusters is on the order of 2.10-2.17
Å, which compares well with our calculated value of 1.93 Å
for O adsorbed on bridge site of Rh6. Changes in geometry such
as those illustrated for Rh6-H and Rh6-O, where the presence
of H and O remove the distortion found in the square bipyramid
optimized structure of the pure Rh6 cluster, may be crucial for
tailoring metal clusters to specific geometries for catalysis
applications.

On the basis of the results of this section, it can be concluded
that bridge sites are the preferred sites in most cases for O
adsorption in small rhodium clusters. The case of H is less
conclusive; the small size of the adsorbate may favor top or
bridge sites depending on the metal cluster morphology. As
discussed for RhnH, the adsorption energies for O adsorbed on
bridge sites in Rhn clusters increase steadily as a function of

Figure 1. Electrostatic potential energy surfaces mapped over an isodensity of 0.017 eV corresponding to (a) Rh6-H and (b) Rh6-O, both
corresponding to adsorptions on bridge sites.
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the number of atoms in the metal clusters, except for Rh6O with
a binding energy 0.27 eV lower than that of Rh5O. Besides, an
oscillation in the value of the binding energy of O to Rhn as a
function of the number of atoms in the cluster is observed for
the case of on-top adsorption. Although oscillations in some
clusters properties are observed as a function of the number of
atoms,45,50,51 we suggest that these apparent anomalies could
be because some of the structures may not be the absolute global
minima.

To further understand the interactions of metal cluster-
adsorbate, it is useful to analyze charge transfer given by
Mulliken population.52-54 Table 4 illustrates that charge transfer
in Rh-X occurs from the metal to the adatom X (X) H, O).
In Rh-H, charge is transferred from the s orbital of Rh to the
d and p orbitals of Rh and to the s orbital of H. A similar process
takes place from the d orbital of Rh to the d and p Rh orbitals
and to the p orbital of O in the Rh-O cluster, where a significant
charge transfer is observed from Rh to the O atom.

In Rh2-H clusters, irrespective of the H adsorption site,
charge transfer occurs (Table 5) from both Rh and H to the Rh
atom closer to H. The Rh-Rh charge transfer is less pronounced
(gray arrow, Table 5) but still noticeable when adsorption takes
place in the tilted top site. However, the amount of charge
transfer coming from H is the same in both cases. The charge
flow in Rh2-H (Table 5) originates at the s orbital of H and d
orbital from Rh toward the second Rh atom. In Rh2-O clusters,
irrespective of the adsorption site, charge transfer occurs equally
from both Rh atoms to O. For on-top Rh2-O, the s and p
populations of Rh2 (the Rh atom bonded to O) increase, whereas
the d population decreases. In the case of Rh2-O (bridge), the
p population of Rh atoms slightly increases while the others
decrease. Higher charge transfer is observed when the O
adsorption site is bridge (which also have higher binding
energies) than when the adsorption site is on top sites.

The charge transfer in Rh3-O (Table 6) is also from the Rh
atoms to the O. The two Rh atoms involved in the binding to
O in a top tilted site contribute with electron donation to the
oxygen p orbital. In the case of O adsorption on a bridge site,
the Rh atom far from O almost does not contribute at all,
although a small redistribution is observed in its electronic
population. The p populations of Rh2 and Rh3 (the Rh atoms
bonded to O) increase in a small amount, while their other
populations decrease, thus indicating charge transfer from d
orbitals of the metal atoms to the p orbitals of O.

For Rh4-H (Table 7), charge is transferred from Rh4 (one
of the Rh atoms bonded to H) and H to the other Rh atoms in
the cluster, whereas Rh2 (the other Rh atom bonded to H) bears
the highest negative charge in the mixed cluster. The s
populations of the two metal atoms connected to H decrease,
while their p and d populations increase. On the other hand,
charge transfer occurs from the Rh atoms to O irrespective of
the O adsorption site in Rh4-O.

Table 8 shows similar trends as those described in Tables
4-7 for Rh5-X clusters. Overall, the interaction with H in
Rh5-H can be described as a charge donation from H and the
Rh atom located farther from H than the other Rh atoms. The
Rh5-O clusters follow the same electronic and charge-transfer
characteristics described for Rhn-O (n ) 1-4).

Rh6-H and Rh6-O (Table 9) are probably the clearest
illustrations of the adsorption pattern observed in these and the
smaller clusters. In Rh6-H top, the Rh atom bonded to H (Rh3)
receives the charge flow from all its neighbor Rh atoms favoring
the binding with the adsorbate. In Rh6-O, the two Rh atoms
involved in the bridge binding to O donate electrons to the

adsorbate p orbitals. To illustrate the characteristics of the
metal-adatom interactions in these small clusters, Figure 1
displays the electrostatic potential surface corresponding to
Rh6-H (a) and Rh6-O (b), both corresponding to adsorptions
on bridge sites. When H adsorbs on a bridge site of Rh6, electron
delocalization is observed, whereas when oxygen adsorbs on a
bridge site of Rh6 (Figure 1b), the electrons are localized in the
oxygen vicinity.

4. Conclusions

DFT calculations indicate that bridge sites are preferred in
most cases for O adsorption in small Rhn clusters. The case of
H is not that conclusive; the small size of the adsorbate may
favor top or bridge sites depending on the metal cluster
morphology, bridge sites being slightly more stable. However,
the bridge adsorption of H in hexarhodium clusters is in
agreement with structures inferred from experiments and
calculated for Rh6 clusters supported in zeolite cavities.

In Rhn-H, whenn ) 1, the charge transfer occurs from the
metal to the adatom, whereas forn ) 2-6, irrespective of the
H adsorption site, charge transfer occurs from one Rh and H to
the rest of the Rh atoms in the cluster. In the case of Rhn-O (n
) 1-6) clusters, charge transfer occurs from Rh atoms to O
irrespective of the O adsorption site and mostly involves d
orbitals from the metal clusters and p orbitals of O.

Significant changes in the clusters geometry upon adsorption
of H and O, such as those illustrated for Rh6-H and Rh6-O,
where the presence of the adsorbates removes the distortion
found in the square bipyramid optimized structure of the pure
Rh6 cluster, may be crucial for tailoring metal clusters to specific
geometries for catalysis applications.
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