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Changing the electron density of a catalyst can have a profound

influence on its selectivity and activity. For this reason, electronic

promoter materials are often added to a catalyst to tailor the electron

density of the active particle and to obtain optimal performance.1

Despite the widespread use of electronic promoters, the mechanisms

responsible for the observed effect(s) are often poorly understood.

For CO oxidation over a Pt catalyst, the activity increases with

electron density.2 In contrast, the hydrogenation of CO over cobalt-

and rhodium-based catalysts is found to be more active and more

selective upon reducing the electron density of the metal particles.3,4

This change in electron density also leads to a decrease in the ratio

of bridge to linear-bound CO but the mechanism behind this

destabilization of bridge-bound CO is unknown.3,5

We address the issue of charge-induced changes in the binding

of CO to metal centers by focusing on rhodium carbonyls as models.

Rhodium-based catalysts have been used for many reactions

involving CO.6 The structures of the neutral saturated carbonyl

complexes containing two, four, and six Rh atoms are well-

known,7-10 but little is known about the charged complexes. We

establish the structures of the cations by infrared multiple photon

dissociation (IR-MPD) spectroscopy. By comparing the structures

of the cationic species with structures of the corresponding neutral

complexes, information regarding the effect of charge on the binding

geometry of CO is obtained.

The experimental procedures for IR-MPD spectroscopy have

been described in detail elsewhere.11-13 Briefly, a molecular beam

of cluster complexes, generated in a laser ablation source coupled

with a reaction channel, is overlapped with a counter-propagating

beam of IR photons delivered by the Free Electron Laser for

Infrared eXperiments (FELIX).14 When the laser frequency is

resonant with an IR-active vibration of a complex, it can absorb

several photons and subsequently undergo fragmentation. The

vibrational spectra are obtained by monitoring the changes in the

cluster mass distribution as a function of IR frequency. The

experimental spectra are complemented with density functional

theory (DFT) calculations (B3LYP/TZVP, see Supporting Informa-

tion) to obtain information on cluster geometries and electronic

structure.15

Upon introduction of CO in the reactor channel, the Rhn
+ clusters

bind multiple CO molecules. The pressure in the reactor channel

was increased until the resulting molecular beam distribution did

not change anymore, that is, when the clusters were saturated with

carbon monoxide.16 The complexes saturate as Rh(CO)5
+,

Rh2(CO)8
+, Rh3(CO)9

+, Rh4(CO)12
+, Rh5(CO)14

+, and Rh6(CO)16
+.

The saturation numbers of the cationic rhodium dimer, tetramer,

and hexamer are the same as those of the corresponding neutral

clusters. Binary tri- and pentanuclear rhodium cluster carbonyls have

not been identified before.

The vibrational spectra in the C-O stretching region and the

Rh-C stretch and deformation region for complexes with 1-6

metal atoms are shown in Figure 1. Terminally bound CO ligands

are present for all complexes (absorption bands between 2060-

2100 cm-1) but bridging (µ2-CO) and/or face capping (µ3-CO)

carbonyls (absorption bands between 1750 and 1900 cm-1) are only

present for Rh5(CO)14
+ and Rh6(CO)16

+. The cationic carbonyl

complexes with 1-4 metal atoms therefore contain only terminally

bound CO ligands.17 The DFT calculations confirm this assignment

and also predict that vibrational modes associated with bridge bound

CO in isomers of complexes with 2-4 metal atoms have significant

IR intensities which should be observed experimentally. The cluster

structures and the calculated spectra are shown together with the

IR-MPD spectra in Figure 1. The calculated and experimental

spectra are in good agreement in both the C-O stretching range,

ν(CO), as well as in the Rh-C stretch and deformation region,

Figure 1. Experimental (black) and calculated (red) vibrational spectra of
Rhn(CO)m

+ complexes. The values n, m indicate the number of Rh atoms
and CO molecules, respectively. The simulated depletion spectra are based
on the calculated single photon absorption spectra. In the complex
geometries shown next to the graph, C atoms of µ1 CO are depicted in
gray and C atoms of µ2 and µ3 CO are shown in yellow.
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ν/δ(RhC). Only in the case of Rh4(CO)12
+ we find a discrepancy,

a band at ∼530 cm-1 is missing in the simulated spectrum. A

possible explanation for this discrepancy is that the complex is

distorted from the high-symmetry structure (Td) shown in Figure 1

or the presence of a second isomer. The lowest energy isomers

identified by the calculations are also the ones whose vibrational

spectra are in best agreement with the experimental data.

In Figure 2 we compare the vibrational spectra of the neutral

(taken from ref 10) and cationic species. It is immediately clear

that cationic and neutral Rh2(CO)8 and Rh4(CO)12 have different

structures. The neutral complexes have two and three bridge-bound

carbonyl ligands, respectively,7,10 whereas all CO molecules are

terminally bound in Rh2(CO)8
+ and Rh4(CO)12

+. Removing an

electron from the neutral complexes thus leads to a destabilization

of the bridge bound carbonyl ligands. In contrast, Rh6(CO)16 does

not undergo a structural rearrangement. The metal cores of the

cations retain the structure of the neutral compounds.

DFT calculations were performed for neutral complexes as well

as for cations in the structure of the neutral clusters to compare the

electronic structures. The calculations identify the correct ground

state isomers of the neutral complexes. For Rh2(CO)8, the neutral

complex with only terminally bound CO molecules is just 0.09 eV

higher in energy. The calculations show that the highest occupied

molecular orbital (HOMO) of the complex with the bridging

carbonyls is doubly occupied and can be thought of as a combina-

tion of rhodium d-orbitals with antibonding 2π* orbitals of the

bridging CO ligands, the classic back-donation of M-CO binding.

The HOMO is bonding with respect to the Rh-µ2-CO bonds.

Ionization removes an electron from the HOMO. Mulliken overlap

population analysis shows that the electron density in a single Rh-

µ2-CO bond is reduced by 12% upon removing one electron from

the neutral cluster. The Rh2(CO)8
+ complex is unstable in the

structure of the neutral. It is a transition state that is +0.65 eV

higher in energy than the isomer with only terminally bound CO.

Consequently the complex will undergo a charge induced structural

rearrangement. According to our calculations, the accompanying

reorganization in electronic structure results in a lengthening of

the Rh-Rh bond (see Supporting Information). A similar argument

holds for Rh4(CO)12. The HOMO is involved in the binding of the

three bridge-bonded CO molecules. Upon removing one electron,

the electron density between the rhodium atoms and the bridging

CO ligands is reduced by 38%. The destabilization of the bridge-

bonded CO molecules leads to a complex with only terminally

bound CO. As shown by the experimental and calculated vibrational

spectra, the high symmetry (Td) complex Rh6(CO)16 does not

undergo structural rearrangement upon removal of an electron. The

HOMO of Rh6(CO)16 is involved in the binding of the face-capping

CO. It has t2 symmetry and is fully occupied, that is, there are six

electrons in three equivalent orbitals. This results in a very stable

complex. Removing one electron from the HOMO reduces the

electron density between the rhodium atoms and the face-capping

carbonyl ligands by only 4%, and hence the complex does not

undergo reorganization.

In conclusion, a complete series of saturated cationic rhodium

carbonyl complexes Rhn(CO)m
+ (n ) 1-6) has been structurally

characterized. It is shown that the removal of an electron from a

metal carbonyl cluster can selectively destabilize bridge-bonded CO

molecules. These results provide a possible explanation for effects

of promoter materials that are observed for CO bonding on

transition-metal catalysts,2,3 providing information that contributes

to understanding the origin of electronic promoter effects in catalysis

in general.
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(16) Fayet, P.; McGlinchey, M. J.; Wöste, L. H. J. Am. Chem. Soc. 1987, 109,

1733.
(17) The spectra exhibit saturation and broadening of the µ1 band(s) when

repeated at 20 times the IR fluence but no new absorptions. This confirms
that noise does not mask low strength transitions. Saturation of the
depletion via the µ1 band(s) confirms that other isomers are not present
in significant quantities.

JA0772795

Figure 2. Experimental vibrational spectra of Rh2(CO)8
+/0, Rh4(CO)12

+/0,
and Rh6(CO)16

+/0 (cations, black; neutrals, red; bottom to top) in the
ν(CO) range. Structures for the neutral complexes are shown on the left
and for the cations on the right. In the complex geometries shown next to
the graph, C atoms of µ1 CO are depicted in gray and C atoms of µ2 and
µ3 CO are shown in yellow.
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