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Abstract

CO adsorption on Rh-ZSM-5 leads to the formation of both the well-known Rh+(CO)2 gem-dicarbonyls and another kind of dicarbon
species as yet unknown. The latter are most probably formed with the participation of Rhn+ (n > 1) ions in cationic positions in the zeolite. The
species are characterized byνs(CO) at 2176 cm−1 andνas(CO) at 2142 cm−1. The dicarbonyl structure is proven by12CO–13CO coadsorption
In excellent agreement with the theoretically expected values, the mixed complexes, Rhn+(12CO)(13CO), were characterized byν(12CO) at
2164 cm−1 andν(13CO) at 2106 cm−1. In contrast to the classical gem-dicarbonyls, the new species are destroyed in the presence of wa
is consistent with the proposed higher oxidation state of rhodium in this case.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The carbonyl complexes of supported rhodium have be
subject of steady interest[1–26]. It is well established that CO
adsorption of rhodium-containing catalysts results in the
mation of Rh+(CO)2 species characterized byνs(CO) at 2120–
2075 andνas(CO) at 2053–1990 cm−1 [1–25]. Most of the
investigations of CO adsorption on supported rhodium cata
have been performed with prereduced samples. Because
high stability of the gem-dicarbonyls of Rh+, they are produced
via oxidation of metallic rhodium, and most authors believe t
the support surface hydroxyl groups are involved in the pro
[20–25]. There have been few studies of nonreduced rhodi
containing samples[21,26]. Several authors have reported c
bonyl bands at relatively higher frequencies and assigned
to Rhn+–CO species (n > 1) [7–9,19,20,26]. In this paper we
report the formation of new types of rhodium dicarbonyl co
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plexes formed with rhodium cations in an oxidation state hig
than 1+. These species are produced in an Rh-ZSM-5 sam
and presumably the high coordinative unsaturation of cat
in zeolites contributes to their formation. Indeed, some aut
have reported[26] that Rh+ cations in Rh-ZSM-5 are low co
ordinated and can accommodate up to four CO molecule
this paper we report on the formation of the as-yet unkno
rhodium dicarbonyl species.

The starting H-ZSM-5 material, supplied by Degussa, ha
Si/Al ratio of 26.8. Rh-ZSM-5 was prepared by solid-state
exchange; 1.5 g of H-ZSM-5 was mixed with 0.15 g RhC3 ·
nH2O, the mixture was ground in an agate mortar, and t
placed in a quartz reactor and heated to 773 K in a nitro
flow for 1 h. The nominal rhodium concentration in the sam
was 3.7 wt% Rh and corresponded to an exchange degr
ca. 60%.

The IR spectra were recorded on a Nicolet Avatar 360 s
trometer at a spectral resolution of 2 cm−1 and accumulation o
128 scans. A self-supporting pellet (ca. 15 mg cm−2) was pre-
pared from the sample powder and treated directly in a purp
made IR cell. The latter was connected to a vacuum-adsor
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Fig. 1. FTIR spectra taken after introduction of small doses of CO (1 dos=
0.11 µmol) to reduced Rh-ZSM-5: 2, 3, 4, 5, 16 and 70 doses (a–f).

apparatus with a residual pressure<10−3 Pa. Carbon monoxid
(>99.997) and nitrogen monoxide (>99.9) were supplied by
Air Liquide, France. Labeled carbon monoxide (13C isotopic
purity of 92.9 at%) was delivered from CEA-ORES, Fran
Before use, carbon monoxide and oxygen were passed thr
a liquid nitrogen trap.

Before the adsorption measurements, the sample was
vated by 24-h evacuation at ambient temperature, followe
1 h of heating at 673 K in oxygen, evacuation for 1 h at
same temperature, and reduction in CO (13.3 kPa) at 52
Then CO was evacuated initially at ambient temperature
then at 523 K. No carbonyl bands were detected in the IR s
trum after this treatment.

Adsorption of CO at ambient temperature on the sam
was initially performed with small doses added successi
into the cell. The first dose of adsorbed CO provoked the
pearance of four bands with maxima at 2176, 2142, 2114,
2048 cm−1 (Fig. 1, spectrum a). All bands increased in inte
sity with the amount of CO introduced into the IR cell (Fig. 1,
spectra b–d). Analysis of the spectra shows two sets of b
changing in parallel, at 2176 and 2142 cm−1 on the one hand
and at 2114 and 2048 cm−1 on the other hand. The bands
2114 and 2048 cm−1 went on increasing after the bands at 21
and 2142 cm−1 reached saturation. Under increasing CO eq
librium pressure, new bands at 2195, 2118 and 2084 cm−1 ap-
peared, whereas the bands at 2114 and 2048 cm−1 decreased in
intensity (Fig. 2, spectra a–c). No changes in the O–H stretch
region were detected, indicating that the OH groups were no
volved in the formation of the carbonyl species. This situat
differs from the case where CO is adsorbed on samples con
ing metallic rhodium and where oxidation of metallic rhodiu
by the surface support hydroxyls is well established[16].

The bands at 2114 and 2048 cm−1 are unambiguously as
signed to theνs(CO) andνas(CO) modes, respectively, of th
well-known Rh+(CO)2 gem-dicarbonyls[1–25]. The bands a
2118 and 2084 cm−1 characterize tricarbonyls produced
insertion of a third CO molecule into the Rh+(CO)2 species
[21,26]. The band at 2195 cm−1 is seen at high equilibrium
pressure only (Fig. 2, spectra a and b) and is due to carbonyls
.
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Fig. 2. FTIR spectra of CO adsorbed on reduced Rh-ZSM-5. Equilibrium p
sure of 1730 (a) and 65 Pa (b) and after short evacuation (c).

Fig. 3. FTIR spectra of12CO and13CO co-adsorbed on reduced Rh-ZSM
Spectrum taken after evacuation of12CO (1730 Pa equilibrium pressure) (a
introduction of 0.22 µmol of12CO–13CO mixture (molar ratio of 1:1) to the
sample; equilibrium pressure of 44 Pa12CO–13CO mixture (c). The second
derivative of spectrum b is presented as b′′.

rhodium cations in a high oxidation state (most probably Rh3+)
[20,26]. To support this assignment, we studied CO adsorp
on a sample reduced at 573 K. In this case the bands at 2
2142, 2114, and 2048 cm−1 appeared with a slightly reduce
intensity after CO adsorption, whereas the band at 2195 c−1

was absent. This finding is consistent with the reduction of
Rh3+ sites. In what follows we concentrate on the bands at 2
and 2142 cm−1.

The two bands at 2176 and 2142 cm−1 appeared to chang
simultaneously, suggesting that they characterize one kin
polycarbonylic species. To prove this hypothesis and to es
lish the exact number of the CO ligands, we studied12CO–
13CO coadsorption. The cell was evacuated, after which o
the bands arising from Rh+(CO)2 gem-dicarbonyls (at 211
and 2048 cm−1) and those at 2176 and 2142 cm−1 remained
in the spectrum (Fig. 3, spectrum a). Then small doses of
12CO–13CO isotopic mixture (molar ratio of ca. 1:1) were su
cessively added into the cell. The first dose of the isoto
mixture provoked a decrease in the intensity of all four carbo
bands, most pronounced with the bands arising from Rh+(CO)2
species (Fig. 3, spectrum b). In addition, a series of new ban
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Table 1
Calculated frequencies of Rhn+(CO)2 species after replacing12CO by13CO

Species Rhn+(12CO)2
(Observed bands)

Rhn+(12CO)(13CO) Rhn+(13CO)2

Classic νs at 2114 cm−1 ν(12CO) at 2098 cm−1 νs at 2067 cm−1

Rh+(CO)2 νasat 2048 cm−1 ν(13CO) at 2018 cm−1 νasat 2002 cm−1

New species νs at 2176 cm−1 ν(12CO) at 2164 cm−1 νs at 2127 cm−1

νasat 2142 cm−1 ν(13CO) at 2106 cm−1 νasat 2094 cm−1

appeared with maxima at 2164, 2098, 2066, and 2018 cm−1.
Increasing the amount of the isotopic mixture added into
cell led to an additional decrease in the intensity of the initia
recorded carbonyl bands, and under a certain equilibrium p
sure, the bands recorded were at 2176, 2164, 2142, 2126,
2098, 2066, 2048, 2018, and 2002 cm−1 (Fig. 3, spectrum c).

To assign the new IR bands, we calculated, using an app
mate force-field model[27], the expected frequencies after p
tial and full exchange of the12CO ligands with13CO of both the
well-known Rh+(CO)2 gem-dicarbonyls and the species ch
acterized by bands at 2176 and 2142 cm−1, assuming that the
were dicarbonyls as well. The results are presented inTable 1.
Comparing the calculated frequencies with the observed
quencies clearly shows that the bands at 2176 and 2142 c−1

characterize dicarbonyl species. Indeed, the molar ratio o
isotopic mixture that we used presupposes a ratio betwee
Rhn+(12CO)2, Rhn+(12CO)(13CO), and Rhn+(13CO)2 species
of 1:2:1. Hence the two most intense bands for the new
carbonyls should be located at 2164 and 2106 cm−1. Indeed,
inspection ofFig. 3, spectrum c, confirms the existence o
band at 2164 cm−1 of approximately twice the intensity tha
the bands at 2176 and 2142 cm−1. Because of the overlap wit
the other bands in the region, we could not perform a deta
analysis of the band at 2106 cm−1. The intensity of the band a
2126 cm−1 [characterizing the Rhn+(13CO)2 species] appear
to be as expected. Indeed, this band is hardly observable
the amount of isotopic mixture added into the cell is negligi
and the concentration of the complexes with two13CO ligands
is expected to be very low.

It is well known that the second derivatives of the spec
allow a more exact determination of the band maxima, e
cially in the case of overlapping bands. The second deriva
of spectrum b is presented inFig. 3. A band at 2106 cm−1, aris-
ing from theν(13CO) modes of the Rhn+(12CO)(13CO) species
is clearly observable. We also point out that the observed
frequencies of the Rh+(CO)2 species also agree very well wi
the calculated frequencies, and that under CO equilibrium p
sure, we would expect some Rh+(CO)3 species with various
numbers of12CO and13CO ligands, which complicates spe
trum c inFig. 3.

The fact that the new dicarbonyl species easily exchange
ligands can be explained by three hypotheses:

− Equilibrium exists between the dicarbonyls and the co
sponding monocarbonyls, allowing rapid replacemen
the ligand. However, we were not able to detect any mo
e
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carbonyl species, which indicates that the dicarbonyls
complex-specified [28].

− Equilibrium exists between the dicarbonyls and the c
responding unstable tricarbonyls (which also allows ra
ligand exchange). In contrast to what was observed fo
Rh+(CO)2 species, we have seen no conversion betw
di- and tricarbonyls of Rhn+ even at low temperature.

− The dicarbonyls are characterized by a relatively low
bility and are in equilibrium with “empty” sites. This hy
pothesis is supported by our results. Indeed, it was fo
that the bands at 2176 and 2142 cm−1 slowly decreased in
intensity under evacuation even at ambient temperatu

An interesting phenomenon is the comparable intensit
the bands at 2176 and 2142 cm−1. Usually, the symmetric
modes of dicarbonyl species are less intense than the ant
metric modes. Using the values of the integral absorption o
respective bands, we calculated the angle between the tw
molecules in the Rh+(CO)2 species to be 103◦ and that in the
new dicarbonyls species to be 87◦. Recently, dicarbonyls with
an angle between the two CO molecules<90◦ were reported
for platinum cations in Pt-ZSM-5[29].

It is well known that the higher the oxidation state of t
cation, the higher the frequency of CO adsorbed on it[29–33].
Hence we can conclude that the rhodium oxidation state in
new dicarbonyl species is higher than 1+. This could accoun
for the smaller angle between the adsorbed CO molecules
pared with that in the Rh+(CO)2 species. It is well known tha
an increase in oxidation state leads to a decrease in the ca
radius. Thus, for steric reasons, the angle between the CO m
cules is expected to be lower for the Rh2+(CO)2 species. In
addition, the higher oxidation state of rhodium in the new
carbonyl species can explain two other phenomena:

− The lower stability of the new complexes compared w
the Rh+(CO)2 species. This arises from the weakerπ back-
bonding resulting from the higher charge of the cation.

− The weaker interaction between the CO molecules (
smaller difference between the symmetric and antisymm
ric modes). This again is evidently due to the weakeπ

back-bonding[29–33].

The hypothesis of the participation of Rhn+ cations in the
new species is also consistent with the fact that these cation
not stable in the presence of water. Introduction of water va
(50 Pa equilibrium pressure) to the sample with preadso
CO led to disappearance of the bands at 2176 and 2142 c−1.
The Rh+(CO)2 bands at 2114 and 2048 cm−1 were hardly af-
fected. Only in the presence of higher equilibrium press
(400 Pa) the latter were red-shifted to 2108 and 2041 cm−1.
This shift was previously reported and assigned to coord
tion of a water molecule to the Rh+ cation from the gemina
species[26]. It is now well established that water can repla
preadsorbed CO only when theπ back-donation in the car
bonyl species is negligible, that is, when the cation is in a h
oxidation state[34]. In contrast, CO can replace water from u
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valent cations providing that these cations have d-electron
π back-donation.

The average position of the symmetric and asymme
modes of the Rhn+(CO)2 species,νav, was 2159 cm−1. This
value is 78 cm−1 higher than theνav of the Rhn+(CO)2 gem-
dicarbonyls (2081 cm−1). A similar difference (70 cm−1)
was been found by means of DFT studies of Rh2+(CO)2 and
Rh+(CO)2 species (results not reported here for brevity). T
difference between the stretching modes of Ni2+–CO and Ni+–
CO species in Ni-ZSM-5 is about 100 cm−1 [35], and that
of Co2+–CO and Co+–CO species in Co-ZSM-5 even large
130 cm−1 [36]. This comparison strongly supports the assum
tion that the oxidation state of rhodium in the Rhn+(CO)2
species is 2+. The smaller difference between theνav of the
carbonyl complexes of the univalent and divalent cations
the case of rhodium can be explained by a significantπ back-
donation in the Rh2+(CO)2 species.

We believe that the Rh2+ cations forming the new dicar
bonyl species observed in this study are most probably
cationic position in ZSM-5, which explains their high coordin
tive unsaturation and ability to coordinate several small m
cules simultaneously. We can speculate that these cations
occupied such positions during the gentle activation proce
applied.

In conclusion, the results reported in this communicat
contribute to our understanding of the carbonyl chemistry
rhodium and of when and why more than one molecule
be attached to one site, which is an important question for
derstanding the mechanism of different catalytic reactions
addition, the stabilization of Rh2+ cations in a zeolite matrix
may be very important with a view to the importance of Rh2+
cations in particular catalytic reactions, for example, decom
sition ofα-diazo carbonyl compounds[37].
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