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Geometry optimization procedures and electronic structure SCF/MRCI calculations of the intermediate neglect differential
overlap (INDO) type are used to study the interaction between a Sn(CH3)4 molecule and a reduced hydrogenated Rh13 Ih cluster,
whose importance is associated to the formation of an active and selective catalytic phase for hydrogenation processes. According
to the calculations, the reactionmechanism implies the initial adsorption of alkyl tin to aRh atom of the hydrogenatedmetal cluster,
followed by the formation of several intermediate structures through the successive cleavage of Sn^C bonds. In agreement with
experimental data we found an oxidation state zero for the adsorbed Sn atom in the final structure, which is compatible, according
to the adsorption geometry, with the coverage of 0.66 (Sn/Rh).
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1. Introduction

Modern organometallic chemistry has had an enor-
mous impact on homogeneous catalysis in the last two
decades. Soluble metal complexes bind organic sub-
strate molecules, which then undergo a large variety of
transformations in the coordination sphere of the metal.
The strategy for developing novel homogeneous as well
as heterogeneous catalysts is based on the knowledge of
the series of elementary steps that constitute the catalyt-
ic mechanism. This governs the choice of the central
metal atom, its oxidation state, ancillary ligands and
reaction conditions. Mechanistic studies carried out
with well-defined organometallic complexes have iden-
tified key intermediates in many catalytic processes.
However, the efficiency of homogeneous catalysts is
often limited by instability caused by irreversible ligand
dissociation and side reactions such as bimolecular reac-
tions of unsaturated (highly reactive) intermediates.
Separation and recovery of the catalyst, which some-
times contains an expensive metal such as Rh, is usually
not efficient.

A recent development in catalysis, derived from sur-
face organometallic chemistry involves the immobiliza-
tion of the organometallic complex directly on a surface
[1]. Site isolation and limited mobility of catalytically
active molecules inhibit bimolecular decomposition
reactions, and catalyst recovery becomes a simplematter
of phase separation. An additional and considerable
advantage is that unsaturated intermediates are readily
formed and stabilized by the surface, which acts as a
large and rigid ligand to trap them. Although the sup-
ported organometallic complexes superficially are het-
erogeneous catalysts, their relatively uniform structure,

reactivity and distribution on the support material make
them essentially homogeneous in nature.

The potential benefit to catalysis is now beginning to
be realized. Catalyst active sites can be custom-designed
with the ligand environment, oxidation state and other
chemical properties desired for a given reaction. Any
organometallic material can be used with a large variety
of supports. The activity of these catalysts is often very
high, since the concentration of active sites is controlled
by the level of organometallic loading. In addition, the
catalysts may possess enhanced selectivity usually asso-
ciatedwith traditional homogeneous catalysts.

A representative structure with well-defined proper-
ties is obtained by means of the reaction of tetra(n-alkyl)
tin with highly dispersed Rh metal (1.4 nm particle size)
supported on silica, previously reduced under flowing
H2 at 673 K [2]. This gives a new generation of hydroge-
nation catalysts that selectively activate C�O bonds in
the �,� unsaturated aldehyde hydrogenation reactions
[3], and is associated with the general formula
RhxHySnzRn. Organometallic modification of the Rh
center has also shown to be promising for the molecular
control of chemo-, regio- and enantioselectivity in Rh-
catalyzed reactions. It has been demonstrated that the
high chemoselectivity is directly related to the presence
of organic fragments grafted onto the surface of the
metallic particles. Moreover, depending on the experi-
mental conditions, the reaction can either be intercepted
at an intermediate stage or lead to the Sn/Rh alloy [4].
At 100�C, an organometallic fragment with the empiri-
cal formula (SnR2)HyRhx/SiO2 is present on the
surface, as has been demonstrated by several characteri-
zation techniques [2]. Electron microscopy has revealed
an increase in the average particle diameter to 2.2 nm,
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consistent with the formation of one to two monolayers
of alkyl tin on the Rh surface. Adsorption measure-
ments, on the other hand, have shown that one third of
the surface Rh atoms are still accessible for binding CO,
whereas XPS, as well as M�ossbauer spectroscopy, have
identified the oxidation state of the organometallic frag-
ment, which corresponds to ca. 75% Sn(II) or Sn(IV) and
25% Sn(0). These measurements, which are reported in
ref. [2], have also demonstrated that each Sn atom has a
carbon atom at 0.217 nm and two heavy neighbors (Sn
orRh) at 0.268 nm.

In spite of the experimental effort, the structural and
electronic characteristics of these new materials are not
known, and do depend, as the catalytic properties, on the
conditions of the reaction synthesis. Research is
oriented, though, not only to the knowledge of the
electronic characteristics of the system, but also to
understand their relation with its catalytic properties,
looking for a way to design, on this basis, new materials
of improved catalytic behavior.

Because of the importance of this subject, which not
only opens a new field in catalytic research but also in
organometallic synthesis, we are devoted to find an
explanation, at an electronic level, of the fundamental
mechanisms governing the different steps in the prepara-
tion and activation of Rh^SnRn (R � CH3) structures
for low Sn/Rh ratios, i.e., the activation of the metallic
cluster and its interaction with Sn(CH3)4 to give the final
structure, with particular catalytic properties and selec-
tivity.

We present, at this time, the results of quantum-
chemical self-consistent field (SCF) calculations that,
through the study of the structural, electronic and mag-
netic characteristics of the intermediates, and the energy
associated with each step of the reaction synthesis, gave
us some hints to understand the relation between the
structural and electronic properties of the different
structures and its catalytic activity. It is our hope that
this might further help us to understand its particular
selectivity.

2. Computational details

Highly dispersed catalysts, with particle size distribu-
tion in the order of nanometers [5], may be obtained
through surface organometallic synthesis. From pre-
vious studies of the geometric and electronic characteris-
tics of transition metal clusters as a function of the size
[6], a larger stability of the icosahedral (Ih) symmetry
compared to the cuboctahedral (Oh) or hcp (D3h) ones, is
known to characterize the small 13-atom clusters of
materials that crystallize in fcc lattices.

Perfect Ih structures, whose planes resemble close-
packed (111) planes, are based on a 13-atom-centered
icosahedron. While a 55-atom icosahedron may better
represent the actual particle size in supported clusters, a

13-atom icosahedron is the simpler one that keeps the
same local properties on the active centers, because the
local environment on each of the surface sites is identical
to that of the larger 55-atom clusters. We have chosen,
thence, this structure, to analyze, at the SCF-multirefer-
ence-configuration-interaction level (intermediate
neglect of differential overlap [7] INDO-MRCI) the
interaction of Rh clusters with atomic hydrogen, result-
ing in the reduced substrate [8] which further reacts with
Sn(CH3)4 to give the organometallic catalyst [9].

Calculations have been made at the restricted
Hartree^Fock (RHF) and restricted open-shell
Hartree^Fock (ROHF) levels.

The calculated geometries are the result of a full opti-
mization of the coordinates (interatomic distances and
angles) without any constraint in their variation.
Optimization is based on a minimization of the gradient
[10] evaluated analytically (INDO/1), using the BFGS
algorithm to update the inverse Hessian matrix in suc-
cessive cycles. The SCF calculations were followed by a
CI using a Rumer diagram technique [11] within the
INDO/S, parametrized against spectroscopic data [12].

Changes in the one-electron distribution during the
SCF cycles in structures of high symmetry may lead to
nonequivalent occupation of degenerated orbitals that,
by breaking the symmetry in the electronic distribution,
may result in spurious Jahn^Teller distortions. We have
avoided this effect using configuration average Hartree^
Fock (CAHF) theory [13] with an average multiplicity
(M) for the number of electrons considered. The finalM
has been chosen after CI calculations, using the orbitals
of the CAHF calculation as the reference for the Rumer
CI projection over pure spin states [11].

Binding energy (BE) values are calculated as the dif-
ference between the total energy of the Rh13X structure
and the sum of the total energies of the metal cluster
Rh13 and the species X. Positive BE values imply coordi-
nation.

It is well known that the INDO method used here
overestimates bonding energies [14,15], as most of the
NDO methodologies do. To account for this, the SCF-
CI BE values derived from INDO calculations have been
corrected to match the data derived from experiment or
higher level calculations. The strengths of the Rh^H, C^
Sn andRh^Sn bondswere corrected to agreewith experi-
mental data (bond length and bond strength) reported in
ref. [16]. To this aim, calculations at the CI level have
been performed for RhH2, Sn(CH3)4 and a hypothetic
Rh^Sn molecule. Corrections of 1.9, 3.2 and 5.9 eV,
respectively, were found necessary. The strength of the
C^Rh bond, on the other hand, was corrected in 2.5 eV
[14], to match the data derived from other calculation
procedures, as no experimental data was available.

In the first step, associated with the reduction of the
naked Rh cluster, the energy involved in the formation
of the Rh^H bonds was calculated [17]. During the
further reaction of tetraalkyl tin with the reduced Rh
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clusters, Rh^Sn bonds were formed and C^Sn bonds
were broken in a synchronic mechanism that also leads
to Rh^C bond formation in the calculation of the total
BE. The strength of those interactions has been taken
into account.

Because of the inherent intricacy structures asso-
ciated with the different steps of the reaction under
study, the interactions between the particles involved do
not lead to bonds of the same strength, even when
defined by the same atoms. In order to apply the correc-
tions, the strengths of bonds were estimated from the
atomic bond indexmatrix [18].

3. Results and discussion

3.1. Interaction of hydrogenwithRh13

As the first step in the study of the mechanism
involved in the synthesis of bi- and organometallic cat-
alysts we have analyzed the interaction of a hydrogen
atom with Rh13 clusters (figure 1). According to MRCI
calculations, perfect icosahedral Rh13 clusters are high-
spin structures (multiplicity, M � 12). Although Jahn^
Teller distortions would break the symmetry lowering
theM [6], we have not taken this effect into account, as
the Ih Rh13 cluster is used in this research as a model of
the largest ones that would be actually present on the
support. The comparison of the binding energies for the
adsorption of a hydrogen atom on the different sites
defined in the Ih structure [8] indicates that it is stabilized
in the highest coordinated sites, where its tetracoordina-
tion results in a spin quenching of the Rh13^H structure
to zero magnetic moment (table 1, figure 1c) [8]. Values
in table 1 have been already corrected according to the

overestimation of the Rh^H bond strength and the
Wiberg index for each particular coordination.

On the basis of this result, a completely reduced struc-
ture would be constructed by means of the adsorption of
one hydrogen atom on each of the hollow sites located in
the center of each of the twenty faces of theRh13 icosahe-
dron (figure 2). Our calculations, which simultaneously
optimize the coordinates of all the hydrogen atoms with-
out any constraint, show that aRh13H20 cluster is formed
as a stable structure, and define amonolayer coverage by
hydrogen atoms for the Rh13 Ih. The optimized Rh^H
distance results in 1.803Ð (table 1). The stoichiometry of
the structure H=Rh � 1:538 (Rh13H20) is in agreement
with experimental results, which report a value of ca. 1.5
for hydrogen adsorption on Rh supported over highly
dispersed SiO2 orAl2O3 at 298K [19].

The positive BE value per hydrogen atom in the
reduced structure, which is similar to that associated to
the adsorption of a single hydrogen atom (see table 1),
allows us to discard a destabilizing effect due to lateral
interactions in the first monolayer coverage. Following
the trend already described for a single hydrogen atom
adsorption, the magnetization of the cluster decreases,
going fromM � 12 for the naked structure toM � 4 for
the monolayer coverage in the Rh13H20 structure. In
spite of the well known misleading results that a
Mulliken population analysis can lead to [20], this form-
alism is still in widespread use and renders, in this case,
an acceptable description of the electronic effects related
to hydrogen adsorption. It shows a charge transfer effect
from the hydrogen atoms to the metallic cluster that
results in a negative charge density on the Rh atoms,
mainly concentrated on the atom in the center. The
charge density distribution is compared in table 1 for the
naked cluster, for different coordinated geometries of a

Figure 1. Coordination geometries of a single hydrogen atom on the Rh13 cluster. (a) Linear coordination (on top), (b) bicoordination (bridge),
(c) four-fold coordinated (hollow).
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single adsorbed hydrogen atom, and for monolayer cov-
erage. The significant change in the charge distribution
in the reduced particle, compared to the naked metal
cluster, shows how the electronic characteristics of the
active sites aremodified by reduction.

3.2.Mechanismof the reaction betweenSn(CH3)4 and
the reduced cluster

The different steps involved in the mechanism of for-

mation of the organometallic Rh^Sn(CH3)n (n � 4^0) as
result from the calculation, are depicted in figure 3.

We have found a preferential linear coordination of
the Sn(CH3)4 molecule with a Rh atom of the reduced
cluster, with simultaneous cancellation of unpaired spins
toM � 2 (figure 3 b1). Bi-coordination (bridge, figure 3
b2), involving two adjacent Rh atoms bonded to Sn, gen-
erates a less stable intermediate. The linear Sn^Rh coor-
dination weakens the Sn^C bonds associated to CH3
groups non-adjacent to the Rh13H20 cluster, resulting in
a preferred elongation of one of them (figure 3 b1). The
sticking of the Sn atom is helped by two CH3 groups that
are also involved in the adsorption, through coordina-
tion to adjacent Rh atoms. This process weakens the Sn^
C bonds as well as the C^H bonds of the CH3 groups
bonded to the hydrogenated substrate, after coordina-
tion of the C atom with the Rh cluster. These changes in
the bond strengths, quantified through the Wiberg
indexes, has been considered in the BE calculation. The
C^H bond order decreases from 0.98 in the free
Sn(CH3)4 molecule to values between 0.34 and 0.89,
depending on the interaction of the hydrogen atomswith
themetal cluster.

The structure of the first intermediate adsorbed phase
(figure 3 b1), is the result of a geometry optimization of
the Sn(CH3)4 adsorbate that also relaxed the apical Rh
and the H atoms bonded to it. Optimization results in an
elongation and simultaneous weakening of the Sn^C
bond. On the basis of this result, we postulate a second
step where the elongated Sn^C bond renders a CH3
group which, through combination with a hydrogen
atom that is also weakened after adsorption, evolves as

Table 1
Binding energies (eV) per hydrogen atom, hydrogen adsorption distances R (Ð) and local density charges on the hydrogen (qH) and Rh atom

(qRh) for the naked cluster, different coordination geometries of a single hydrogen atom and amonolayer coverage

Rh13 Rh13H Rh13H Rh13H Rh13H20

on top bridge hollow hollow

Symmetry Ih C5v C2v C3v Ih

State 12T2g
13Eg

3A1
1A1

4T1u

BE (eV) ± 1.898 2.005 2.780 1.830

R(Rh^H) (Ð) ± 1.589 1.700 1.801 1.803

qH �0:243 �0:243 �0:260 �0:495 c

qRh1 �0:281 a �0:052 �0:088 �0:093 ÿ0:648
qRh2 �0:136 �0:095 �0:106 ÿ0:708

qRh3 �0:098 ÿ0:046 b ÿ0:078 b ÿ0:672

qRh4 �0:135 �0:095 �0:106 ÿ0:708
qRh5 �0:098 ÿ0:047 b ÿ0:078 b ÿ0:672

qRh6 ÿ0:074 �0:048 ÿ0:078 b ÿ0:648

qRh7 �0:109 �0:071 �0:122 ÿ0:708

qRh8 ÿ0:001 �0:137 �0:092 ÿ0:672
qRh9 �0:110 �0:071 �0:122 ÿ0:708

qRh10 ÿ0:002 �0:137 �0:092 ÿ0:672

qRh11 ÿ0:458 ÿ0:886 ÿ0:857 ÿ0:990 ÿ0:855

qRh12 ÿ0:286 b ÿ0:049 ÿ0:122 ÿ0:675
qRh13 �0:267 �0:014 �0:106 ÿ0:675

a Average density charge on each of theRh atoms of the naked cluster.
b Rh atombonded to a hydrogen atom.
c Average density charge on theH atoms in theRh13H20 cluster.

Figure 2.Monolayer coverage of theRh13 cluster by hydrogen atoms.
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Figure 3. Structure involved in the different steps of the reaction between Sn(CH3)4 and the reducedRh13H20 cluster: (a) before adsorption, (b) lin-
ear coordination of Sn(CH3)4 (broken lines show the bonds that are weakened). The structure actually represents an intermediate state that
evolves to c1, (c) intermediate structure that results from the loss of CH4 (c1) ^ broken lines show the bonds that are weakened and would be

involved in the evolution to d, (d) final structure: two ^CH2 groups bonded toRh atoms on a ``quasi-bridged'' coordination.
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CH4. In the intermediate structure thus generated
(figure 3 c1) the Sn atom is coordinated to a Rh atom and
the three remaining CH3 groups. Geometry optimiza-
tion of this new structure leads again to a similar elonga-
tion of the Sn^C bond that involves the CH3 group non-
adjacent to the metallic cluster. We can postulate that
another CH4 molecule may be lost in a similar manner
and a new intermediate compound may result whose
stoichiometry corresponds to Rh13H20Sn(CH2)2
(figure 3d). The latter is better described as
(CH2)2Rh13H20Sn, since the alkylic fragments are sepa-
rated from the Sn and coordinate directly to superficial
sites in a ``quasi-bridged'' coordination (intermediate
between bridge and hollow). The Sn atommoves to a tri-
coordinated site and retains its characteristic tetracoor-
dination through bonding to a reductor hydrogen that
belongs to theRh13H20 cluster. The resulting geometry is
compatible with a Sn/Rh ratio 0.66, which has been
found in experimental studies [2].

We have also investigated the alternate formation of
a hydride intermediate structure of the type
Rh13H20Sn(CH2)2(CH3)H (figure 3 c2), but this possibi-
lity was discarded on the basis of energetic considera-
tions.

In figure 4 the calculated energy changes associated
to each step of the mechanism are shown. The reaction
does not imply any change of M from the initial to the
final structure.

Mulliken population analysis shows an orbital popu-
lation 1.65 s 1.96 p on the Sn atom adsorbed of the final

structure. Based on the electronic configuration of the
neutral atom (5s25p2) it can be assigned to a zero oxida-
tion state (Sn0) with partial charge transfer to the
reduced substrate, a result that is again in agreement
with XPS, M�ossbauer and kinetic experimental results
[2,21].

The proposed mechanism allows us to infer that the
highest coverage compatible with our final structure
should be associated to the occupation of three hollow
sites (from the twenty available) for each alkyl tin mole-
cule adsorbed, one for the Sn atom and one for each CH3
group. This leads to a coverage of 0.66, in good agree-
ment with the experimental value (2/3) determined
throughCOdosage [2].

There are several factors that, in some cases, cannot
be neglected in order to get calculated energies closer to
reality, as it is, for example, the effect of the support.
However, for the systemwe are dealing with, experimen-
tal evidence has shown that the influence of the support
does not seem to be relevant. In the case of the reaction
between SnBu4 and Rh, that occurs over a support, both
the characteristics of the phaseRh(SnBux)y (ca. x � 0^2;
y � 0:0^0.8) and the reaction mechanism for its forma-
tion are similar over SiO2 and 
-Al2O3 supports [21].
Moreover, the activity of the SnRh phase towards the
hydrogenation of ethyl acetate to ethanol is the same
over both supports [22].

Other factors, as the size of the Rh cluster itself, or
the coordination of the hydrogen atoms that may be
shifted by coadsorption to intermediate positions also
add severe complications for the overall picture, and
lead to the definition of the system not able to be ana-
lyzed by quantum-chemical methodologies.We consider
this calculation a first step that is mainly focused on the
structure of the organometallic phases, being aware that
the kinetics associated with the different steps, because
of its complexity, may be not properly described at this
level of calculation.

4. Conclusions

Based on geometry optimization procedures and
electronic structure SCF(CI) calculations, the analysis
of the steps involved in the interaction between a
Sn(CH3)4 molecule and a reduced Rh13 Ih cluster shows
that the mechanism implies the initial adsorption of
alkyl tin to one Rh atom of the hydrogenated metal clus-
ter, followed by the formation of different intermediates
through the successive cleavage of Sn^C bonds.

A hydride structure of the type Rh13H20Sn(CH3)H,
is discarded as a possible intermediate of the proposed
mechanism on the basis of energetic considerations.

The proposed mechanism shows that the Sn atom
retains its tetracoordination through the occupation of a
hollow site with simultaneous coordination of a hydro-
gen atom after detachment of the alkyl groups.

Figure 4. Energies associated to the different steps of the reaction
between Sn(CH3)4 and the reduced Rh13H20 cluster. The structures

associated to each step are shown in figure 3.
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In agreement with experimental data we found a pos-
sible coverage of 0.66 (Sn/Rh) and an oxidation state
zero for the former adsorbed Sn atoms in the final struc-
ture.

The study of the influence of the Sn coverage on the
reaction mechanism and the modification of the final
structure as a function of the coverage are the matter of
present research in our lab. The results will be presented
in a forthcoming article.
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