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In Situ IR Study of the Reactivity of Rh1(CO)2/Si02 Derived from Rb(C0)16 for CO Insertion 
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The formation of Rh1(C0)2 from Rha(CO)la impregnated on Si02 and its reactivity toward C ~ H ~ / H Z  have been 
investigated by in situ infrared spectroscopy. Impregnation of Rha(CO)16 on partially dehydroxylated Si02 
results in a partially decarbonylated structure exhibiting the terminal and bridging carbonyl bands at 303 K 
surface H20 reacts with Rh6(CO)la to form Rh1(C0)2 at 373-423 K. The terminal carbonyls show no reactivity 
toward C2H4/H2 at 303 K while they begin to react with C ~ H ~ / H Z  to produce adsorbed acyl and propionaldehyde 
at 323 K. Under the same condition, the terminal carbonyls are less active for CO insertion than gem-dicarbonyl 
derived from Rh6(C0)16 and linear CO on the surface of Rh crystallites. The low reactivity of the terminal 
carbonyls compared to that of linear CO may be attributed to the lack of neighboring Rh sites for adsorbed 
alkyl, CzH4 and hydrogen. Steady-state ethylene hydroformylation reveals that the Rh is in an oxidized state 
and that hydrogenation of acyl species is rate limiting at 393 K and 1 MPa. Increasing reaction temperature 
to 513 K leads to the reduction of oxidized Rh sites, hydrogenation of adsorbed acyl, and an enhancement of 
propionaldehyde selectivity. 

1. Introduction 

Comparative studies of metal cluster chemistry and chemistry 
on metal surfaces have led to the development of the cluster- 
surface analogy.l-lO The cluster-surface analogy has provided 
an in-depth understanding of the structure of adsorbed species 
on supported metal catalysts. In chemisorption of CO on 
supported metal, the structure of adsorbed CO has been 
determined on the basis of the analogy in vibrational frequencies 
between adsorbed CO on the metal surface and CO ligands in 
metal carbonyls.11-22 Although there are similarities in vibrational 
frequency, bond energy, and coordination between the CO ligands 
of metal carbonyls and chemisorbed CO on metals, little is known 
about their similarity and distinction for catalytic reactions. An 
interesting question that has been raised incluster-surface analogy 
is whether the similarity in vibrational frequencies and structure 
between metal complexes and adsorbed species on the metal 
surface leads to similar reactivity and catalytic behavior for these 
metal complexes and adsorbed species.' 

The CO insertion reaction provides an excellent model for 
studying the analogy in reactivity between adsorbed CO on the 
Rh surface and the CO ligand of Rh carbonyl because both these 
CO species can participate in the rea~t ion.3-~*~~-2~ CO insertion 
is the key step in the formation of higher oxygenates from CO 
hydrogenation, alcohol carbonylation, and olefin hydroformy- 
lation. Rh carbonyls have been used as catalysts for the 
homogeneous hydroformylation During re- 
action, the Rh carbonyls are transformed to mononuclear Rh 
carbonyl where the migratory insertion of the terminal CO ligand 
into the alkyl-metal complex takes place. Rh carbonyls have 
also been anchored to the support surface aimed at combining 
the advantages of high selectivity of Rh carbonyls with the ease 
of separation of heterogeneous c a t a l y ~ t s . ~ ~  However, the lack of 
stability of the metal carbonyls has limited the use of supported 
metal carbonyls and complexes as catalysts. The decomposition 
of metal carbonyls on the oxide support leads to the formation 
of metal aggregates which have been used as model catalyses for 
reaction study.G1O Supported Rh catalysts prepared from 
decomposition of Rh carbonyls have been found to exhibit higher 
hydroformylation selectivity than those prepared from Rh 
salts.10.30 Studies of oxide-supported carbonyl systems may also 
provide useful information in developing the catalytic property 
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relationships among adsorbed CO on oxide-supported metal, CO 
ligand of oxide supported carbonyl clusters, and CO ligand of the 
carbonyl cluster. 

The objective of this paper is to study the reactivity of the 
various forms of adsorbed CO, especially RhI(C0)2, derived from 
Rb(CO)'6 supported on Si02 for CO insertion. The various 
forms of adsorbed CO were prepared from impregnation of 
partially dehydroxylated Si02 with Rb(C0)16. Rb(C0)16 
consists of six Rh atoms at the corners of an octahedron; each 
Rh atom carries two terminal CO groups and the remaining CO 
groups bridge three Rh atoms.'O Impregnation of &(co)l6 on 
partially dehydroxylated Si02 results in a partially decarbonylated 
structure exhibiting the terminal and bridging carbonyl bands at 
303 K;10,31,32 surface H20 reacts with R b ( C 0 ) l ~  to form RhI- 
(C0)z at 373-423 K. The reactivity of various forms of adsorbed 
CO resulting from Rb(C0)16 was determined from the rate of 
their consumption during the reaction of adsorbed CO with C2H4/ 
H2. In situ IR spectroscopy is used to monitor the formation of 
surface Rh carbonyl on Si02 and to determine the reactivity of 
the resulting surface carbonyl with C ~ H ~ / H Z .  The reactivity of 
the Rhs(CO)16-derived carbonyls is compared with those of CO 
chemisorbed on Rh/SiOz, RhCl3/SiO2, and Rh(N03)3/SiOz. 

2. Experimental Section 

Rb(CO)ls (Strem Chemicals) was dissolved (saturated so- 
lution) in CHC13 (ACS grade, 99+% purity) in a drybox under 
a Nzatmosphere. The silica (Strem) disk was prepared by pressing 
25 mg of SiOz powder (70pm) in a stainless steel die at a pressure 
of 3 MPa. The disk was placed in an IR reactor celP and partially 
dehydroxylated at 513 K under flowing nitrogen for 24 h and 
cooled under N2 to 303 K. The path length for the IR beam in 
the cell is slightly less than 0.2 cm, and the net reactor volume 
is 0.64 cm3. The reactor can be used up to pressures of 6 MPa 
and in a temperature range of 293-533 K. The infrared spectra 
of Si02 before and after partial dehydroxylation are shown in the 
inset of Figure 1. The spectrum before partial dehydroxylation 
shows a very board asymmetric absorption between 2900 and 
3750 cm-1 which reduces transmittance tozero. This broad band 
is attributed to molecular water which is physically adsorbed on 
the surface. Dehydroxylation at 5 13 K removed the physisorbed 
water. This pretreatment process significantly decreased the 
infrared adsorbance in the region 2100-3750 cm-1 so that any 
variation in infrared absorbance during impregnation and reaction 
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(CO)16 solution at 303 K onto the silica support and flushing in 
N2. The spectra of CO ligands were obtained by subtracting 
contributions of the Si02 background from each sample spectrum. 
The prominent infrared bands due to chloroform at 3020,2394, 
and 1600-1400 cm-l and that due to H20 at 1625 cm-1 decreased 
on flushing with N2. Due to the use of partially dehydroxylated 
SiO2, no attempt was made to remove the trace amounts of H20 
from CHCl3 before impregnation. According to the Tdsymmetry 
of Rh6(C0)16, the prominent IR band at 2081 cm-1 is attributed 
to terminal carbonyl groups of Rh6(C0)16 on SiOz, and the weak 
IR band observed at 1805 cm-l is due to the bridging carbonyls 
of the Rh6(CO)16.3s The band observed at 2045 cm-l is due to 
a linear CO species with a lowered symmetry resulting from partial 
decarbonylation or interaction with the oxide surface. These 
assignments agree well with those found in l i t e r a t ~ r e . 3 ~ ~ ~ ~ ~ ~ ~ 3 9  
Theintensityratiooftheterminal(2081 cm-l) tobridgingcarbonyl 
(1805 cm-l) bands does not vary between 1 and 13 h of flushing 
in N2. The IR absorbance intensity ratio of the terminal to the 
bridging carbonyl bands in the spectrum following N2 flush for 
13 his 7.33, which is higher than 3.33 for Rh(CO)16 in solution. 
The high ratio of intensity of the terminal to bridging carbonyl 
band suggests that 55% of bridging carbonyls in Rh6(C0)16 
disintegrate. 

Partial decarbonylation of the cluster is known to occur on 
oxide surfaces such as Si02 and A1203 in the presence of OH- 
and H20, according to the following  reaction^:^^*^^ 

3800 2913 2027 1140 
I I I I I I 

3100 2810 2520 2230 1940 1650 1360 
WAVENUMBER 

FIgm 1. Infrared spectra of injection of Rh6(C0)16/CHCl3 onto partially 
dehydroxylated SiOz. (a) infrared spectrumof SiOzbeforepretreatment; 
(b) infrared (background) spectrum of Si02 after flowing nitrogen for 
24 h at 513 K and cooled to 303 K. 

studiescan be accurately determined. Spectrum b shown in Figure 
1 is used as the background spectrum. A known volume (0.2 
cm3) of the solution of Rh6(CO)l6 in CHC13 was injected at 303 
K onto the Si02 disk placed in the infrared reactor cell to prepare 
the Rk(CO)16/Si02 catalysts. Subsequent to injecting the 
carbonyl solution, the solvent was removed by flushing with N2 
(20 cm3/min) at 303 K. 

Transmission infrared spectra were obtained by a fourier 
transform infrared (FTIR) spectrometer21 at a resolution of 4 
cm-1. The spectrum of the silica disk before injection of the 
carbonyl solution was used as the background. Thirty two scans 
were wadded to increase the signal-to-noise ratio. The batch 
reaction of CzH4/Hz (1:l) with SiO2-supported Rh carbonyls at 
303 and 323 K and the steady-state hydroformylation reaction 
(CO:H2:C2H4 = 1:l:l) at 323, 393, and 513 K were carried out 
in the IR reactor cell. For the batch reaction, the mixture of 
C2H4/H2 was admitted into the reactor keeping the outlet of the 
reactor closed. The IR absorbance of the surface species was 
monitored as a function of time by the FTIR spectrometer. The 
products of the steady-state reaction were analyzed by an HP 
5890A gas chromatograph equipped with an FID.21933 

The Rh content on the Si02 disk following the catalytic reaction 
was determined by a Philips PV 9550 energy-dispersive X-ray 
fluorescence spectrometer (XRF). Temperature-programmed 
decomposition (TPDE) in He was undertaken in a high- 
temperature IR reactor cell34 to determine the quantity of exposed 
Rh and the IR adsorbance coefficient of the gem-dicarbonyl. In 
theTPDEstudy, thesolutionofRh6(CO)16in CHCl3wasinjected 
into the pretreated Si02 disk at 303 K and flushed in He to 
remove the solvent. Terminal and bridging carbonyls on the 
catalyst were transformed to gem-dicarbonyl by heating in He 
to 323 K following by heating in CO to 423 K. The temperature 
of the IR reactor cell was then increased linearly at 10 K/min 
in He flow. Infrared spectra of the adsorbed species on the catalyst 
were obtained as a function of temperature, and the composition 
of the effluent from the reactor was monitored by a Balzers QMG 
112 quadrupole mass spectrometer.34 

3. Results 
3.1. Injection of &(CO)16 in CHCl3 onto Si02. Figure 1 

shows the infrared spectra following the injection of the Rh6- 

Rh,(CO),, + 6Si-OH - 3H2 + 6Si-O-Rh1(CO), + 4CO 

The former reaction may contribute to the disintegration of the 
bridging carbonyl following impregnation of the Rha(C0) 16 onto 
the partially dehydroxylated Si02 at 303 K. The decarbonylation 
of Rh1(C0)2 in the presence of OH-, according to the latter 
reaction, was found to occur above 353 K on the Si02 surface and 
will be discussed later. It has also been proposed that a partially 
hydrated Si02 would promote the formation of three different 
hydride species, HRhH2, HRh(C0)2, and HRh(CO)IS-.l* 

A small shoulder band observed at 1837 cm-I is assigned to 
bridging COgroups chemisorbed on Rho Due tovaguechanges 
in the 3400-3600-~m-~ region (not shown), where the OH- 
vibration frequencies areexhibited. the involvement of OH-groups 
in the formation of the supported carbonyls could not be 
determined. The ratio of intensities of the terminal to bridging 
carbonyls on Si02 did not change under a NZ atmosphere following 
13 h of flushing at 303 K. The IR bands due to CHCl3 were 
completely removed, and the decrease in the intensity of the 
terminal and bridging carbonyl bands leveled off. 
3.2. Reaction of &(CO)16/SiO2 with CJ4 and HI. The 

supported terminal and bridging carbonyls shown in Figure 1 did 
not show any reactivity toward C2H4/H2 following exposure for 
90 min at 303 K. A fresh Si02 disk was impregnated with the 
same Rh6(CO)16 solution and flushed with N2. The IR spectra 
obtained after flushing the disk with Nz were similar to those 
shown in Figure 1. Figure 2 shows the infrared spectra following 
exposureof theSiO2-supported Rh carbonyls to 0.1 MPa of C2H4/ 
H2 (1:l) at 323 K. The spectrum obtained before the addition 
of CzH4/Hz showed the terminal carbonyl band at 2081 cm-1, 
the shoulder band at 2045 cm-', the bridging carbonyl band at 
1805 cm-1, a bridge CO on Rho band at 1837 cm-l, and a water 
band at 1625 cm-l. Admission of CzH4/H2 to the reactor 
produced bands due toethyleneat 1442 cm-l (CH2 deformation), 
1888 cm-1 (CH2 wag), and in the 2800-3000 cm-l (CH3 and 
CH2 stretch) range. Due to overlapping of the bands, individual 
contributions of different hydrocarbon species to the bands in the 
2800-3000-~m-~ region could not be determined. The band at 
3020 cm-1 is due to the CH stretch of a monosubstituted ethylene 
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Figure 2. Infrared spectra of reaction of C2H4/H2 with adsorbed 
Rh,(CO),/SiO2 at 323 K. 

species,4O R-CH=CHz, the R in this case being a CH3 species. 
The presence of this distinct band indicates the incorporation of 
CzH4 to C3H6 at 323 K. Steady-state CO/Hz/CzH4 (1:l:l) 
reaction at 393 K and 0.1 MPa showed that C3H6 was produced 
with a selectivity of 23%. Bands due to ethylene at 1442 and 
1888 cm-1 decreased in intensity due to conversion of ethylene 
to ethane and propionaldehyde. 

Decreases in the terminal carbonyl band at  2081 cm-l and 
bridging carbonyl bands at 1837 and 1805 cm-1 were accompanied 
by the appearance and gradual increase in the following: (i) 
weak bands in 2300-2400-cm-' region, attributed to gaseous/ 
adsorbed C O Z , ~ ~  (ii) a band at 1685 cm-1 due to adsorbed acyl 
species,20,40.42 (iii) a small propionaldehyde shoulder band at 17 12 
cm-1, and (iv) a linear CO band at 2023 cm-1. The higher rate 
of decrease in the intensity of the terminal carbonyl band compared 
to that of the bridging carbonyl bands with the simultaneous 
increase in the acyl and aldehyde bands suggests that the 
involvement of the terminal carbonyls in CO insertion is 
significantly greater than that of the bridging carbonyls. During 
the entire course of the batch reaction at 323 K, the water band 
at  1625 cm-1 also increased in intensity. The increase in the H20 
band appears to parallel those of C02, suggesting that C02 which 
is produced from CO disproportionation, 2CO - C02 + C,, 
where C, is a surface carbon, may undergo the reverse water 
gas shift reaction to produce H20. 

The band at  2023 cm-I formed during the reaction cannot be 
assigned to the asymmetric stretch of the gem-dicarbonyl since 
no band corresponding to the symmetric vibration mode of the 
RhI(C0)2 species was observed. The 2023-cm-1 band can be 
assigned to a linear CO species. Linear CO on Rho is known to 
exhibit wavenumbers in the 2056-2070-cm-1 It is 
however known that the wavenumber exhibited by linear CO is 
a function of its coverage;43 lower coverages yield lower wave- 
numbers. The low wavenumber could also result from a decrease 
in the dipole-dipole interaction of the linear CO, caused by dilution 
from adsorbed H, C,H,, acyl species, or propionaldehyde on a 
neighboring Rh atom.43 The specific nature of the dilution cannot 
be distinguished from the IR spectra. The band at 2023 cm-l 
could also be attributed to linear CO with a coadsorbed H atom, 
a hydrid-arbonyl species.l4-" Throughout this work, the species 
exhibiting the band at  2081 cm-1 is denoted as the terminal 
carbonyl species and CO species chemisorbed on a Rho atom or 
a Rh+ ion and exhibiting band in the 2020-2085 cm-1 are denoted 
as linear CO species. The infrared spectra did not show any 
change after 300 min of reaction indicating that the reaction 
approached equilibrium. Due to the dynamic nature of the 
terminal carbonyl and the linear CO species during the reaction, 
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Figure 3. Infrared spectra of steady-state CO/H~/CZH~ reaction at 323 
K and 0.1 MPa. 

the reactivity of the linear CO species exhibiting the 2023-cm-I 
band could not be determined. 

Figure 3 shows the IR spectra obtained during steadystate 
ethylene hydroformylation (CO/Hz/CzH4 = 1:l:l) a t  323 Kand 
0.1 MPa following the study shown in Figure 2. Upon admitting 
the reactants, the spectra showed hydrocarbon bands at 2986, 
1888, and 1442 cm-I, gaseous CO bands at 2173 and 21 10 cm-I, 
gem-dicarbonyl bands at 2095 and 2026 cm-1, the water band at 
1625 cm-1, the acyl band at 1685 cm-1, and the aldehyde band 
at 1712 cm-I. Immediate formation of gem-dicarbonyl upon 
exposure of the catalyst to CO/Hz/CzH4 suggests that Rh atoms 
or ions are in a highly dispersed state. Gaseous CO bands were 
not eliminated by subtraction since no additional information 
would be obtained by the subtraction. During 60 min of reaction, 
the gem-dicarbonyl bands grew in intensity and the intensity 
ratio between the 2095- and 2026-cm-1 bands decreased. The 
change in the intensity ratio could be due to a decrease in the 
concentration of a RhI(C0) species in the 2085-2102-~m-~ 
range,1a*4s by conversion to Rh1(C0)2. The intensity of the water 
band at 1625 cm-1 decreased while no apparent change was 
observed in the aldehyde and acyl bands. 

Gas chromatographic analysis of the effluent from the reactor 
at 323 Kshowed CH4, C2H6, and C3H6 as products of the reaction; 
a trace amount of propionaldehyde was detected as a result of 
slow hydrogenation of the acyl species and desorption of 
propionaldehyde at the low reaction temperature. Pulsing 
propionaldehyde over Rh/SiOz catalysts showed that physisorp- 
tion of propionaldehyde occurred to a significant extent at 
temperatures below 393 K.& Upon flushing the catalyst with 
Nz, the major bands that remain are the gem-dicarbonyl bands 
at 2095 and 2026 cm-l and the aldehyde and acyl bands at 1712 
and 1685 cm-l, respectively. The inset clearly shows the acyl 
band at 1685 cm-1 and the aldehyde shoulder band at 1712 cm-1 
following flushing the catalyst with Nz. 

The reactivity of thegem-dicarbonyl, formed during the steady- 
state hydroformylation reaction at 323 K (shown in Figure 3) ,  
toward CZH4/H2 was further investigated. Figure 4 shows the 
IR spectra following the exposure of the gem-dicarbonyl to a 
mixture of 0.1 MPa of CZH~/HZ (1:l) at 323 K under a batch 
condition. The spectrum taken before the addition of CfH4/H2 
showed intense gem-dicarbonyl bands, water, aldehyde, acyl, and 
weak hydrocarbon bands. 

Figure 5 shows the variation in intensity of the 2093-, 2023-, 
and 1685-cm-l bands with time (obtained from Figure 4) upon 
exposure of the gem-dicarbonyl to CzHd/Hz. Between 0 and 10 
min, the intensity of the 2093 cm-I band decreased, while the 
intensity of the acyl and aldehyde band remained unchanged, 
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Figure 4. Infrared spectra of reaction of C2H4/H2 with Rh1(C0)2/Si02 
at 323 K. 
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Figure 6. Infrared spectra of steady-state CO/H&H4 reaction at 393 
and 513 K and 1 MPa. 

TABLE 1: Ethylene Hydroformylation on Rbr(CO)2/Si02 
Catalyst Derived from Rb(C0)16 at 1 MPa* 

Product formation g mol/kg of catalyst h 

RhCl,/SiOZd Rh(NO,), SiOZd 
product 393 K 513 K 513 K 513 h 

CH4 0.13(17.8)* 0.14(2.4) O.Oa(0.9) 0.12(0.2) 
C2H6 0.34 (46.5) 3.97 (69.0) 4.52 (72.1) 41.41 (72.4) 
C3H6 0.17 (23.2) 0.14 (2.4) 0.01 (0.2) 0.12 (0.2) 
CiHJCHO 0.09 (12.5) 1.50 (26.2) 1.68 (26.8) 15.55(27.2) 
TOFC (min-1) 0.12 2.03 0.53 1.31 

a Amount of surface Rh on the catalyst prior to hydroformylation: 
12.3 pmollg of catalyst. Figures in parentheses indicate product 
selectivity in mol %. For CzHsCHO formation. d From ref 34; 1 MPa 
after 90 min of reaction. 

K. The spectra after the N2 flush at 323 K following the study 
in Figure 4 showed the gem-dicarbonyl bands at 2093 and 2023 
cm-l, the aldehyde and acyl bands at 1712 and 1685 cm-1, the 
water band at 1625 cm-', and carboxylate and carbonate bands 
at 1589 and 1553 cm-1, respectively. Increasing temperature to 
393 K during the N2 flush resulted in a decrease in the aldehyde, 
acyl, carboxylate, carbonate, and water bands. Exposure of the 
adsorbed species to a mixture of flowing C O / H ~ / C Z H ~  (1:l:l; 
total = 15 cm3/min) under steady-state conditions at 393 K and 
1 MPa resulted in a slight decrease in the intensity of the gem- 
dicarbonyl bands and an increase in the intensity of the acyl and 
aldehyde bands. Bands at 2986, 1888, and 1442 cm-l are due 
to C2H4, and the 2173- and 21 10-cm-1 doublet is due to gaseous 
CO. Subtraction of the gaseous CO bands was not performed 
since it would lead to a high noise level in the spectra due to the 
rotational-vibrational lines at the R branch of gaseous CO around 
21 10 cm-' and its high intensity relative to the gem-dicarbonyl 
band. Table 1 shows the rates of product formation, product 
selectivity, and TOF (turnover frequency) for propionaldehyde 
formation corresponding to the IR spectra in Figure 6. The TOF 
has been calculated using the number of gem-dicarbonyl sites 
estimated from the TPDEstudy and the integrated IR absorption 
coefficient, &o,, calculated for the gem-dicarbonyl. 

Increasing temperature to 5 13 K resulted in the depletion of 
the gem-dicarbonyl band at 2023 cm-l and the disappearance of 
the acyl band at 1685 cm-1 due to high hydrogenation activity. 
It is necessary to note that spectral features in the immediate 
neighborhood of the 1888-cm-1 band are due to incomplete 
compensation due to the Si02 background.35 The aldehyde 
selectivity was greater at 5 13 K than at 393 K. The absence of 
the gem-dicarbonyl band in the IR spectrum at 513 K leads to 
an uncertainty in the determination of the TOF for propional- 
dehyde formation. Rates of product formation and TOF for 
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Figure 7. Infrared spectra of injection Of Rh6(C0)16/Si02 onto partially 
dehydroxylated Si02 and transformation to Rhl(CO)z/SiOz. 

propionaldehyde formation for RhC13/Si02 and Rh(N03)3/ 
S i o ~ ’ ~  during ethylene hydroformylation are also shown in Table 
1 for comparison. XRF analysis of the catalyst following the 
hydroformylation reaction showed that the catalyst contained 
1.9% by weight of Rh. 

3.3. TemperatureProg”d Decomposition (TPDE). Tem- 
perature-programmed decomposition was undertaken in a high- 
temperature IR reactor cel134 to determine the integrated IR 
absorbance coefficient, &o,, for the gem-dicarbonyl. A fresh 
Si02 disk was partially dehydroxylated as before and impregnated 
with a saturated solution of Rh6(CO)ls in CHCl3. Figure 7 shows 
the IR spectral features upon impregnation of the carbonyl solution 
and flushing with He. The spectrum taken after impregnation 
and flushing shows the terminal carbonyl band at 2083 cm-l, the 
bridging carbonyl band at 1801 cm-I, and a water band at 1625 
cm-1. Increasing temperature to 373 K in He resulted in the 
transformation of the terminal and bridging carbonyls to the 
gem-dicarbonyl, exhibiting the 2092- and 2035-cm-l bands and 
a weakly adsorbed bridged CO on Rho species exhibiting a 1850- 
cm-1 band. Cooling the IR reactor cell to 323 K did not result 
in a significant change in the IR spectra. It was found that 
increasing the temperatureof thereactorto423 Kin thepresence 
of 0.1 MPa of gaseous CO resulted in the maximum gem- 
dicarbonyl intensity at 2092 and 2035 cm-’ and a further increase 
in temperature resulted in the decrease in the intensity of the 
gem-dicarbonyl. Solymosi and Bansagils have shown that at 
temperatures above 448 K reductive agglomeration of Rhl sites 
occurs, promoting the transformation of Rh1(C0)2 species to 
Rh,-CO species. The spectrum obtained on cooling the catalyst 
to 303 K and flushing in He showed the gem-dicarbonyl bands 
at 2092 and 2035 cm-1, a shoulder band at 2130 cm-1 that is 
attributed to a linear CO on RhZ+ or Rh3+,14.34 a shoulder band 
at 1995 cm-1 that can be assigned to a weakly adsorbed linear 
CO species, a weak bridge CO band at 1865 cm-1, and a shoulder 
band at 2101 cm-1 due to linear CO on Rh+. 

There is a difference in the wavenumber of asymmetricvibration 
of gem-dicarbonyl shown in Figures 4 and 7. The slightly upward 
shift and the high intensity of asymmetric vibration band appear 
to be resulted from overlapping with the noticeable shoulder band 
at 1995 cm-l. CO species exhibiting 1995 cm-1 may be adsorbed 
on the Rho surface which is reduced from Rh1(C0)2 through a 
nucleophilic attack by CO or water.47 The presence of surface 
water on the support can also lead to the formation of both Rh1- 
(C0)z and RhIII( H)( H)(CO) from Rh6(C0)16/A1203 through 
the oxidative additive addition of Al-OH.47 The formation of 
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Figure 8. Infrared spectra during TPDE of chemisorbed CO. 

the 2130-cm-l band may be attributed to the oxidative addition 
of the Si-OH group to Rh1(C0)2 with the formation of RhlI1- 
(H)(H) to which CO coordinates. Careful examination of the 
whole range of infrared spectra shows a significant decrease in 
the intensity of surface water band at 1625 cm-l and little change 
in the intensity of OH group during the formation of the 2130- 
cm-1 band. The consumption of OH group may be immediately 
replenished by surface water. 

The infrared spectra takenduring the temperature-programmed 
decomposition (10 K/min) of Rh1(C0)2 and adsorbed CO on the 
catalyst are shown in Figure& Increasing thereactor temperature 
to 453 K resulted in the disappearance of the shoulder bands at 
2130 and 1995 cm-l. The intensity of the band at 2092 cm-I 
increased initially and decreased slightly, while that of the band 
at 2035 cm-I decreased minimally. Increasing temperature to 
673 K resulted in desorption of all the gem-dicarbonyl species. 
The reason for the uneven variation in the ratio of intensities of 
the gem-dicarbonyl bands during the TPDE is unknown. 

The species monitored during TPDE were CO, COZ, Hz, H20, 
and CHI. The only species observed during the TPDE was COz. 
Figure 9A shows the TPDE profile of C02; the variation in IR 
absorbance with temperature (from Figure 8) of the gem- 
dicarbonyl bands at 2035 and 2092 cm-’ and the linear CO on 
Rh3+ band at 2130 cm-I are shown in Figure 9B. C02 was 
observed as the temperature increased to 383 K; the peak 
temperature for C02 was observed at 453 K. The decrease in the 
intensity of the 2130-cm-l band at temperatures below 383 K 
suggests that the species may be converted to the species exhibiting 
the 2092-cm-I band or to the gem-dicarbonyl. The linear CO 
band at 2130 cm-1 decreased in intensity steadily, and the band 
disappearedcompletely at 453 K. Therewas only a slight variation 
in the intensity of the 2035 cm-* band between 303 and 453 K, 
while the 2092-cm-l band increased in intensity initially and then 
decreased. Further increase in temperature resulted in the 
decrease in the gem-dicarbonyl bands at 2092 and 2035 cm-1. 
The gem-dicarbonyl bands were completely removed at 613 K. 

The absence of H2 during the TPDE suggests that the reaction 
of surface OH- with CO to form COZ and Hz observed for the 
formation of COz from adsorbed CO on Rh/SiOza did not occur 
in the present study. CO2 may be formed by either (i) CO 
disproportionation [2CO - COZ + C] or (ii) the reduction of 
Rh+ by oxidation of a CO ligand3‘*# [2Rh1(C0)2 + 0”- 2Rh- 
CO + C02 + CO, where 02- is an oxygen of the surface oxide]. 
The latter path would lead to simultaneous formation of CO and 
COZ. The absence of a CO TPDE peak indicates that CO 
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4. Discussion 

Rh6(C0)16 consists of six Rh atoms at the corners of an 
octahedron; each Rh atom cames two terminal CO groups and 
the remaining CO groups bridge three Rh atoms.10.35 Impreg- 
nation of Rh6(CO) 16 onto the partially dehydroxylated Si02 disk 
in this study led to initial rapid decarbonylation, as seen by a 
reduction in the ratio of the intensity of the bridging to terminal 
carbonyls. Flushing the reactor with N2 resulted in no further 
decarbonylation and the ratio of the intensities of the bridging 
to terminal carbonyls remained constant. The absence of gem- 
dicarbonyl species following impregnation suggests that the Rh 
atoms may form stable aggregates. The rates of decarbonylation 
are dependent on conditions of pretreatment of the  upp port."^ It 
is also known that the surface species formed by impregnating 
Rh6(CO)16 onto Si02 are stable under a CO atmosphere and 
undergo slow decomposition in the presence of dry air at 323 K.52 
It has been shown that the &(CO)ls cluster reacts only weakly 
at 298 K with Alto3 pretreated at 773 K and retains the R 4  
framework.8~4~ In thepresenceoftraceamountsofwater, however, 
the cluster is known to disintegrate at 298 K to form RhI(C0)z 
species. 

The stability of the partially decarbonylated Rh,(CO),/SiO2 
framework was investigated by heating the catalyst in He to 373 
K. The terminal and bridging carbonyls resulting from a partial 
decarbonylation of the R4(CO),6 were converted to the gem- 
dicarbonyl at 373 K. The formationof thegem-dicarbonyl is due 
to the reaction of the terminal and bridging carbonyls with H20 
on the Si02 support. IR spectral features in the 330&3600-~m-~ 
region showed that theconcentration of the surface H2O decreased 
while the concentration of RhI(CO)2 increased upon introduction 
of gaseous CO at 323-423 K in Figure 7. This is consistent with 
our earlier observations that HzO plays a dominant role in the 
formation of the gem-dicarbonyl on RhCl, 0.7H20/Si02.53 The 
most favorable temperature for the formation of gem-dicarbonyl 
was found to be 423 K linear CO and bridge CO on Rh crystallite 
emerged at temperatures above 423 K. 

A comparison of the TPDE profiles of adsorbed CO and Rhl- 
(C0)2 prepared from Rh6(CO)l6 in this study and RhC13/Si02 
and Rh(N03)3/Si02 in our earlier work34 shows that the only 
product during the TPDE in this study is C02 with a peak 
temperature at 453 K, whereas CO and C02 with peak 
temperatures at 453 and 565 K on RhCl,/SiO2 and 335 and 393 
K on Rh(NO3)3/SiO2 were observed. These results suggest that 
the adsorbed CO and gem-dicarbonyl formed from R4(CO)16 
is more reactive for C02 formation than those formed from RhCl3 
and Rh(N03)3. The lower reactivity of RhCl,/SiOz and Rh- 
(NOs)s/Si02 toward C02 formation could be due to the presence 
of C1 or NO3 species on the catalyst. 

Reactivity of the supported terminal and bridging carbonyls 
toward CzH4/H2 was investigated by in situ FTIR spectroscopy 
to determine the CO insertion activity of the cluster derived 
catalyst. Table 2 summarizes the chemisorbed species detected 
by FTIR spectroscopy under different experimental conditions 
in this study. Exposure of terminal and bridging carbonyls to 
C2H4/Hz at 323 K resulted in the transformation to a linear CO 
species and the formation of acyl and aldehyde species. Reaction 
of gem-dicarbonyl species obtained from Rb(C0)  16 with C2H4/ 
H2 also resulted in the formation of aldehyde and acyl species on 
the catalyst. A comparison of the reactivity between the terminal 
and gem-dicarbonyls toward CzH4/Hz, shown in Figures 2 and 
4, shows that the gem-dicarbonyls are more active toward CO 
insertion than the terminal CO at 323 K. The higher activity of 
the gem-dicarbonyls could be due to their coordination with a 
Rh+ site, which has been found to be more active than the Rho 
site for CO insertion.Zlt45 

While the terminal carbonyls show no reactivity for CO 
insertion at 303 K, its heterogeneous counterpart, linear CO on 
the reduced crystallite surface, has been found to actively 

I , , I , , 
303 359 403 459 503 553 603 653 

Temperature (K) 

9 I* -2130 a’’ I 

SO9 963 409 453 503 563 4 3  663 
Temperature (K) 

Figure 9. (A) COz profile during TPDE. (e) Absorbance intensity vs 
temperature during TPDE. 

disproportionation is the only path leading to COz formation. 
This is consistent with earlier results indicating that CO 
disproportionation is the major pathway for C02 formation during 
TPDE of oxide-supported metal carbonyls.49 During CO dis- 
proportionation, each C02 molecule is formed from two CO 
molecules, or one gem-dicarbonyl adsorbed on one surface Rh 
atom. The amount of surface Rh atoms that chemisorb gem- 
dicarbonyl is therefore equal to the number of molecules of COZ 
formed from disproportionation of the gem-dicarbonyl. 

A comparison of parts A and B of Figure 9 shows that the 
initial portion of the C02 TPDE peak between 303 and 453 K 
can be mainly attributed to the desorption of the linear CO species 
that exhibit the 2130- and 1995-cm-1 bands while the portion of 
the TPDE profile above 453 K results from the gem-dicarbonyl 
and the linear CO species displaying the 2 102-cm-1 shoulder band. 
An integrated IR absorbance coeffcient,&+ for gem-dicarbonyl 
was determined from the relationSo 

ACo6 = -J”A(u) 1 du 
G o  

and the method developed by Rasband and Hecker.51 & is the 
moles of CO chemisorbed/cross-sectional area of the catalyst 
disk, and VI  and vu are the lower and upper wavenumber bounds 
of the absorption bands. The total amount of C02 formed during 
the TPDE was calculated from the area under the curve in Figure 
9A. The amount of C02 formed from the disproportionation of 
the gem-dicarbonyl corresponding to the area under the COz 
TPDE curve between 453 and 673 K in Figure 9A was found to 
be 1.55 pmol of C02. The & was calculated from the above 
relation using the integrated IR aborbance for thegem-dicarbonyl 
bands, excluding that of the shoulder band at 2102 cm-l at 453 
K in Figure 8 and was found to be 5.01 cm/rmol. This value 
is not far from an earlier estimate for &os for gem-dicarbonyl 
by Cavanagh and Yates.13 The absolute error in determination 
of &06 was lo%, due to the error compounded from the 
measurement of the size of the disk, integrated absorbances, and 
amount of C02 formed. The amount of surface Rh (pmol/g of 
catalyst) prior to steady-state hydroformylation was determined 
from Am and the integrated absorbance from the gem-dicarbonyl 
shown in kigure 6. The amount of surface Rh sites was estimated 
to be 12.3 pmol of Rh/g of catalyst which was used to estimate 
the TOFs for propionaldehyde formation in Table 1. 
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TABLE 2: chemisorbed SDecies Observed during Development and Reaction of Surface Carbonvls. 

Srinivas and Chuang 

terminall 0 0 0 0  
bridging C C 

conditions 
1. Rh6(CO)l6 impregnation onto si02 (303 K, 0.1 MPa) 
2. C~HA/HZ. batch (323 K), 0.1 MPa 

carbonyls A- Ax aldehyde acyl acetate carbonate 
s/w 

3. CO/Hz/Cz& st&dy-s&te (323 K, 0.1 MPa) 
4. C2H4/Hzr batch (323 K) 0.1 MPa 
5. CO/Hz/CzH4 steady-state (393 K, 1.0 MPa) 
6. CO/H2/CzH4 steady-state (5 13 K, 1 .O MPa) 

a Legend: 8: strong; w: weak; sh: shoulder; blank not observed. 

participate in CO insertion at 303 K.zl Temperatures higher 
than 323 K are required to activate CO insertion of the terminal 
carbonyls. The difference in the reactivity of the linear CO on 
Rho and terminal carbonyl species toward CO insertion may be 
explained by the state of these CO species during reaction. 

The decrease in the concentration of linear CO on Rho during 
CO insertion resulted in a lowering of the intensity and 
wavenumber of the linear CO band from 2070 to 2035 om-1-21 
The decrease in the wavenumber is due to a decline in the dipole 
dipole coupling of CO brought about by a decrease in the CO 
coverage, or, due to dilution by adsorbed H or C,H,on neighboring 
atom.') This result suggests that the linear CO which participates 
in CO insertion chemisorbs on the surface of Rh crystallites which 
also provide sites for other adsorbed CO and adsorbed alkyl species, 
C2H4, and hydrogen. The decrease in the concentration of 
terminal carbonyl during CO insertion at 323 K, shown in Figure 
2, resulted in a decrease in the intensity of the band at 2081 cm-l 
without a significant decrease in the wavenumber. Absence of 
thevariation in the wavenumber of CO suggests that the terminal 
carbonyls locate on isolated Rh sites in the absence of CO dipole- 
dipole interactions between neighboring CO molecules. The 
isolation of the terminal CO site and the lack of neighboring Rh 
sites that are required to chemisorb C,H, or H may be one of the 
reasons for the lower CO insertion reactivity of the terminal 
carbonyls. 

Although zeolite-supported Rh carbonyls provide potential to 
anchoring metal carbonyls, terminal carbonyl and gem-dicar- 
bonyls resulting from Rh6(CO)16 have shown no activity for CO 
insertion toward adsorbed alkyl species at 393 K and total pres- 
sure of 3.0-9.0 kPa.39 It should be noted that the rate of a reaction 
depends on not only the rate constant but also the reactant 
concentration. The absence of CO insertion may be related to 
the low concentration of reactant used. I n  situ IR study suggests 
that the gem-dicarbonyl, terminal, and bridging carbonyls on 
RhNaX and RhNaY zeolites may not actively participate in 
propylene hydroformylation at 423 K.38 

The rectivity of adsorbed CO appears to depend on its chemical 
environment. The present study and our previous studiesz1.22.34.45 
show that the terminal CO on the partially decarbonylated Rh6- 
(CO)16 on Si02, linear CO on the Rh+ and Rho sites, and gem- 
dicarbonyl can participate in CO insertion at different rates, while 
bridge CO and bridging carbonyl are essentially inactive for the 
reaction. The fact that various forms of adsorbed CO on single 
Rh sites can participate in CO insertion is analogous to CO 
insertion in homogeneous hydroformylation. CO insertion has 
long been known to take placeon the mononuclear metal carbonyl 
in homogeneous hydroformylation.2-5.21-29 

Ethylene hydroformylation on Rh/SiOz at 5 13 K has shown 
that a pressure of 0.7 MPa is required to generate enough acyl 
species to be detected by FTIR spectroscopy.20 The appearance 
of the acyl band at 1685 cm-l on the Rh'(CO)z/SiOZ catalyst 
derived from Rhs(CO)la in this study suggests that hydrogenation 
of the acyl species could be rate limiting at 323-393 K and 0.1 
MPa. Under the same conditions, a surface carbonate species 
was also detected at 1553 cm-1, which could be a spectator during 
the formation of acyl or aldehyde species. We have been able 
to identify a similar carbonate species as a spectator by steady- 

W 
S sh S 
W 8 sh S 
W S sh S W sh 

S sh S 
8 

state isotopic transient analysis and In situ IR spectroscopy on 
a CeRh/Si02 catalyst during ethylene hydroformylation at 453 
K and 0.1 MPa.33 

The presence of Rh gem-dicarbonyl during the steady-state 
ethylene hydroformylation at 393 K and 1 MPa indicates that 
most of the Rh surface is in the oxidized state. Increasing 
temperature to 5 13 K resulted in a reduction of the Rh+ sites and 
an improvement in the aldehyde selectivity. The increased 
aldehyde selectivity could be due to an enhancement in the 
hydrogenation of acyl species. The TOF for aldehyde formation 
has been calculated using the number of surface Rh atoms 
estimated from the TPDE experiment. A comparison of the TOF 
for aldehyde formation at 513 K and 1 MPa after 60 min of 
reaction between the R b  cluster-derived catalyst, RhCl3/SiO2 
and Rh(N03),/SiOz in our earlier study3' shown in Table 1 reveals 
that the TOF for propionaldehyde formation is higher on the R b  
clusterderivedcatalyst than those on RhCL/SiOz and Rh(N03)3/ 
Si02. The percentage of CO converted and the CO insertion 
activity during the CO-H~-CZH~ reaction on R4(C0)12- and 
Rh6(CO)16-derived catalysts have also been found to be higher 
than those on catalysts prepared from RhCly3H20.30 The origin 
of the difference in activity between these catalysts remains to 
be investigated. 

5. Conclusions 

Impregnation of Rb(C0)  16 onto partially dehydroxylated Si02 
resulted in partial decarbonylation and the formation of terminal 
and bridging carbonyls on the Si02 at 303 K. The terminal and 
bridging carbonyls were converted to gem-dicarbonyl at 373 K 
in the presence of He. The formation of gem-dicarbonyl can be 
enhanced at 423 Kin the presence of 0.1 MPa CO. In situ FTIR 
investigation revealed that the terminal and the gem-dicarbonyls 
derived from Rb(CO)16 were both active for CO insertion at 323 
K; the gem-dicarbonyls were more active than the terminal 
carbonyls. Under steady-state ethylene hydroformylation con- 
ditions at 393 K and 1 MPa, the surface Rh in an oxidized state 
showed low rate of hydrogenation of the acyl species resulting in 
low TOF for aldehyde formation. At 513 K, the surface Rh 
atoms in a reduced crystallite state exhibited a higher TOF for 
propionaldehyde formation than that at 393 K. The TOF for 
propionaldehyde formation at 513 K was higher than those on 
RhC13/SiO2 and Rh(NO3)3/SiOz catalysts. The site require- 
ments for CO insertion observed in this study are consistent with 
those reported in homogeneous hydroformylation and our previous 
studies. 
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