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AlrO+upported metals were prepared from [HzRhOs3(CO)10(acetylacetonate)], [RhXCO),,], and 
[H2FeOs3(C0)i3]. The samples were characterized by infrared spectroscopy after reaction with CO 
+ Hz and tested as catalysts for conversion of CO + Hz in a flow reactor at 200 and 270°C and 10 
atm. Used catalysts were characterized by transmission electron microscopy, X-ray photoelectron 
spectroscopy, infrared spectroscopy, and elemental analysis. The catalyst lost OS during opera- 
tion, presumably as a result of formation of volatile carbonyls. The catalytic reaction products were 
a nearly Schulz-Flory-Anderson distribution of hydrocarbons with small yields of dimethyl ether 
(formed from methanol). The performance of the catalyst prepared from the RhOsp cluster was 
closely similar to that of the catalyst prepared from the Rha cluster. Characterization of the samples 
after treatment in CO + HZ and after catalysis demonstrated that the RhOsr clusters broke apart, 
first giving triosmium clusters and mononuclear Rh complexes and then, at higher temperatures, 
giving Rh crystallites and mononuclear OS complexes. The catalytic activity for hydrocarbon 
synthesis is attributed to the Rh metal; the activity for methanol synthesis is tentatively associated 
with ionic Rh complexes. The FeOsr catalyst was two orders of magnitude less active than the Rh 
OS, catalyst, apparently consisting of small iron oxide particles and mononuclear OS complexes. 
The selectivity of this catalyst for dimethyl ether formation increased markedly with time on- 
stream in the flow reactor; after 55 h, 36 mol% of the organic product was ether. Q 1985 Academic 

Press. Inc. 

INTRODUCTION 

Supported bimetallic catalysts are be- 
coming increasingly important as new com- 
binations of metals and supports are found 
to offer opportunities for control of cata- 
lytic activity, especially when the metals 
are used in high dispersions (I). Much re- 
mains to be learned about the structures of 
these catalysts, since it is difficult to obtain 
good characterizations of very small metal 
species. Our approach was to begin with 
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structurally simple supported metals hav- 
ing well-defined compositions-molecular 
metal clusters -and to investigate the evo- 
lution in structure and its relation to per- 
formance in catalytic hydrogenation of 
CO-a structure-sensitive probe reaction 
providing a range of selectivity data. 

Most of the experiments were done with 
y-A1203-supported catalysts prepared from 
[H&hOs3(CO)t0(acac>] (where acac is 
acetylacetonate), a cluster chosen to have 
one metal (Rh) with a relatively high activ- 
ity and the other (OS) with a relatively low 
activity; the Rh is also of interest because it 
exhibits various selectivities depending on 
the dispersion, the nature of the support, 
and possibly the metal oxidation state (2). 
Complementary experiments were done 
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with the monometallic catalyst prepared 
from [Rh4(C0)i2], and a few were done with 
catalysts prepared from a second bimetallic 
cluster, [H2FeOs3(CO)iJ. Experiments 
were also done with catalysts prepared 
from [HzRuOs3(C0)i3] and [H4Ruq(C0)12], 
the results being reported separately (3). 

EXPERIMENTAL 

Catalyst Preparation 

The metal clusters [HzRhOs3(CO)io 
(acac)] (4), and [H2FeOs3(C0)i3] (5) were 
prepared by methods described in the liter- 
ature; [Rh4(C0)i2] was purchased from 
Strem. 

The Y-AI~O~ support was Catapal SB, ob- 
tained in extrudate form from Conoco 
(Batch No. 8902L). It had a surface area of 
274 m2/g and a pore volume of 0.80 cm3/g. 
The support was ground and sieved; the 
40-80 mesh fraction was used for catalyst 
preparation. It was pretreated by calcina- 
tion in flowing 02 at 400°C. 

The supported catalysts were prepared 
as follows; each of the steps was carried out 
under dry N2 (except when the catalyst pre- 
cursor was [H2FeOs3(C0)i3]). Each cluster 
was dissolved in hexane at room tempera- 
ture, and sufficient y-AhO was added to 
give the desired metal loading. The hexane 
was removed slowly from the slurry in a 
rotary evaporator, and the solid sample was 
dried under high vacuum for 1 h at room 
temperature. 

Some preparations were carried out with 
a separate y-Al203 support (Degussa A1203- 
C) to maximize the quality of the infrared 
spectra. Sufficient deionized water was 
added to the Al203 to make a paste. The 
material was dried in an oven at 120°C for 
48 h and then calcined at 400°C in flowing 
O2 for 4 h. Samples prepared from the De- 
gussa Al203 were used only for infrared 
spectroscopy. 

Catalytic Hydrogenation of CO 

The catalysts were tested in a flow micro- 
reactor, described elsewhere (6), with 

Matheson UHP grade CO and HZ as feed 
gases. In each experiment, 1-2 g of catalyst 
powder was loaded into the copper-lined 
tubular reactor between plugs of glass 
wool. The system pressure was brought to 
10 atm with flowing HZ, and the catalyst 
was heated to 100°C. After 3 h, the flow of 
CO was started to give an equimolar Hz/CO 
feed stream. The total feed flow rate was 
set in the range 0.25 to 0.33 cm3/s. After 
about 17 h, the temperature was increased 
to the desired reaction temperature (200 or 
270°C) at a rate of O.O28”C/s. 

The vapor-phase products flowed 
through a heated exit line to an on-line gas 
sampling valve for analysis with an Antek 
300 gas chromatograph equipped with a 
flame ionization detector. Products were 
resolved in a 3.2-mm x 3. l-m column 
packed with particles of alumina. 

Characterization of Catalysts 

Elemental analysis. Some used cata- 
lyst samples were analyzed for OS by 
Schwarzkopf Microanalytical Laboratory, 
Woodside, N.Y. The Rh analyses were in- 
consistent and are not reported. 

Electron microscopy. The used catalysts 
were examined with a Zeiss EM-IOA trans- 
mission electron microscope. Samples 
were prepared (1) by embedding the cata- 
lyst in epoxy resin, microtoming a section, 
and then supporting it on a carbon-coated 
copper grid, or (2) by grinding the catalyst 
and dispersing it on a carbon-coated copper 
grid. 

Infrared spectroscopy. Samples of cata- 
lyst were ground and pressed into wafers 
for characterization by infrared spectros- 
copy. The data were recorded with a Nico- 
let 7199 Fourier transform spectrometer; 
the sample cells and the vacuum/gas han- 
dling system are described elsewhere (7). 

X-Ray photoelectron spectroscopy 
(XPS). XPS experiments were done with a 
Physical Electronics instrument (Model 
550). Catalyst samples were used in the 
form of pressed wafers, unless otherwise 
noted, and handled in air prior to analysis. 
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TABLE 1 

Compositions of Fresh Catalysts 

Sample 
No. 

Catalyst precursor Metal loadings 
(wt%Y 

Fe Rh OS 

1 [Rh4(CO)ul - 0.36 - 
2 [Rhs(C0)n1 - 0.36 - 
3 [H~RhOs,(CO),o(acac)l - 0.35 1.97 
4 [H~RhOs,(CO),“(acac)J - 0.35 1.97 
5 [HzFeOs,KOhJ 1.17 - 1.49 

L? Metal loadings determined from uptake of catalyst precur- 
SOT. 

RESULTS 

The metal analyses of the catalysts are 
summarized in Table 1. The data for the 
fresh catalysts were determined from the 
cluster uptake from solution. Each of the 
catalysts containing Rh had an initial Rh 
content of about 0.35 wt%. 

Each catalyst was found to be active for 
hydrogenation of CO, the products includ- 
ing both hydrocarbons and dimethyl ether 
(and, when yields of dimethyl ether were 

high, small amounts of methylethyl ether). 
The conversions were <3%, and products 
heavier than C6 were not determined quan- 
titatively. The conversion and product dis- 
tribution data are presented in Table 2. 

The catalytic activities and selectivities 
changed as a function of time on stream in 
the flow reactor. The most pronounced 
changes were in the yields of dimethyl 
ether, some of which increased markedly 
with increasing time on stream (Fig. 1). We 
infer that the ether was formed from dehy- 
dration of methanol (a primary product). 
The dehydration reaction is known to occur 
on the acidic Y-A1203 surface (8), and exper- 
iments with methanol as a feed to the flow 
reactor confirmed that it was dehydrated 
rapidly under conditions of the CO hydro- 
genation experiments. 

Rates of CO conversion are summarized 
in Table 2. The rates were calculated from 
the initial metal loadings and the tabulated 
data on the basis of the assumption that 
conversions were differential. The rate of 
formation of each product can be calculated 

TABLE 2 

Catalyst Activities and Selectivities in CO Hydrogenation” 

Catalyst 
sample 

NO. 

Catalyst precursor Reaction Time Conversion 104 x rate Product composition (mol%) 
temp. on (%) (CO molecules/ 

(“C) stream metal atom s) CH, C2 C1 C4 Cj ‘2 CHdzO 
(h) 

1 [RhKO)nI 270 3 2.6 2.13 
5.5 2.4 1.97 

28.5 1.7 I .39 
2 WMX’hzl 200 2.5 0.065 0.053 

7 0.089 0.073 
24 0.12 0.098 
31 0.12 0.098 
48 0.11 0.090 

3 [HzRhOs~(CO),t,W& 270 3.5 1.5 0.26 
7 1.4 0.25 

24 1.0 0.18 
4 [H~RhOsJ(CO),~(acac)lc 200 2 0.099 0.026 

4 0.079 0.021 
6 0.073 0.019 

30 0.078 0.020 
72 0.070 0.018 

5 WzFeO%(COhl 270 I1 0.033 0.0033 
24 0.032 0.0032 
55 0.036 0.0036 

87.1 5.6 3.6 2.4 0.79 0.31 0.33 
87.4 5.4 3.4 2.4 0.80 0.33 0.40 
89.1 4.6 2.5 2.2 0.62 0.39 0.71 
87.7 4.0 5.1 2.4 0.8 - - 
83.0 4.5 6.2 3.1 1.7 0.9 0.7 
70.5 4.8 5.8 4.4 2.7 0.7 11.1 
69.4 4.6 5.3 3.8 2.1 0.7 14.0 
67.7 4.3 4.9 3.8 2.3 0.8 16.4 
68.8 8.9 10.1 5.8 2.6 1.4 1.5 
69.1 8.6 9.8 5.7 2.4 2.0 2.4 
72. I 8.3 9.0 5.4 2.4 1.3 1.5 
62.1 8.3 22.7 4.9 2.0 - - 
73.8 7.0 13.4 4.2 1.5 - - 
75.7 7.5 11.3 3.4 1.1 - 1.0 
67.2 4.9 7.0 4.1 2.1 - 14.8 
67.7 3.7 6.2 4.8 2.5 0.7 14.5 
67.4 17.9 5.0 3.2 1.9 0.5 4.2 
62.7 15.9 1.6 1.6 1.3 0.6 16.4 
49.0 11.2 1.0 0.8 1.0 0.7 36.4 

a Reactor pressure = 10 atm. 
b The OS content measured after 24 h on stream was 0.90%. 
c The OS content measured after 72 h on stream was 0.36%. 
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FIG. 1. Development of selectivity for formation of dimethyl ether from an equimolar mixture of CO 
and Hz at 10 atm. The catalysts are specified in Table 1. 

from the tabulated rates and the product 
distributions (Table 2). 

The major product observed in each ex- 
periment was methane. The hydrocarbon 
products were formed in approximately a 
Schulz-Flory-Anderson distribution; typi- 
cal data are shown in Fig. 2. There was no 
marked selectivity to olefin. 

The selectivities to oxygenated product 
were favored by low temperature and by 

lysts. The used catalyst prepared from [RhA 
(CO),,] (sample 1) and that prepared from 
[H2RhOs3(CO)i0(acac)] (sample 3) had Rh 
3d512 peaks at 307 eV; Rh foil was found to 
have a peak at this same position, 

The used catalyst prepared from [H2Rh 
Os,(CO)i,(acac)] (sample 3) had OS 4f712 and 
OS 4fs12 peaks at 51.5 and 53.3 eV, respec- 
tively. Knozinger et al. (9) reported an OS 
4f712 peak at 52.3 eV for a y-A1203-sup- 

the presence of OS with Rh in the catalyst; 
the FeOs3 catalyst had an especially high I 2 
selectivity for ether formation but a low L 
overall activity. The RhOss catalyst was 0 a 
less active than the Rh catalyst-even with % 
the rates for each catalyst represented per g 
Rh atom. ; I 

Electron micrographs of the catalysts i 
used at 270°C (e.g., Fig. 3) showed that + 
small particles were present on the r-Al,O, t 
supportd The typical particle size range was : o 
15-30 A fo! the RhOs3 catalyst (sample 3) 
and 20-30 A for the FeOs3 catalyst (sample 

5 
; 

5). No larger supported metal particles i 
were visible in these samples. In the cata- ~ 
lysts used at the lower 
(samples 2 and 4), no . ._ _ 

temperature (200°C) - 
supported particles 

f 

.I - 

I , I , 

I I 0 I 

2 3 4 5 6 
CARBON NUMBER 

were visible. 
The XPS results indicated the presence 

FIG. 2. Distributions of hydrocarbon products 
f 

of zero-valent Rh in the Rh-containing cata- 
ormed from CO and H2 at 270°C. The catalysts are 

specified in Table 1. 
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FIG. 4. Infrared spectra of [H2RhOsg(CO),o(acac)] on y-A1203: (A) the initially adsorbed material; (B) 
after heating at 100°C in equimolar H2 + CO; (C) after heating at 200°C for 1.25 h in equimolar Hz + 
CO; and (D) after heating at 270°C for 1 h. 

ported sample prepared from [Os,(CO)r,]; 
the high binding energy implies that OS was 
present in an oxidized state. 

Only imprecise XPS data were obtained 
with the used catalyst prepared from the Fe 
Os3 cluster; the data were obtained with 
powder on adhesive tape, rather than with a 
pressed wafer. The Fe 2~~12 peak was ob- 
served as a weak, broad band centered at 
710 eV; this binding energy is characteristic 
of FeZOx and suggests that Fe was present 
in a mixture of different oxidation states. 

The analyses of the used catalysts (Table 
2) showed that OS was lost during opera- 
tion. The decreases in OS contents indicate 
that OS was mobile, possibly being present 
as volatile carbonyls which moved down- 
stream and out of the catalyst bed. 

Infrared spectra of the catalysts were re- 
corded at various stages of preparation, 
Typical results are shown in Fig. 4 for a 
sample prepared from [H2RhOs3(CO)r0 
(acac)] and A1203. These spectra are indica- 
tive of changes in the surface organometal- 
lies during heating in an equimolar mixture 
of flowing H2 + CO; they are therefore rep- 

resentative of the catalyst break-in per- 
iod-except that the support was Degussa 
A&O3 (rather than Catapal) and the pres- 
sure was 1 atm (rather than 10 atm). Similar 
experiments were done with samples pre- 
pared from [H2FeOs3(CO)rj] and the De- 
gussa A&03; results are shown in Fig. 5. 

The used catalysts were also character- 
ized by infrared spectroscopy in the car- 
bony1 region; results are presented in Table 
3. Carbonyl bands were observed for all the 
used catalysts except those prepared from 
the tetrarhodium cluster. 

DISCUSSION 

RhOs3 Catalysts 

Comparison of the infrared spectra of the 
organometallic species initially prepared 
from [H~RhOs3(CO)ro(acac)] on the y-A120j 
support (Fig. 4A) with the nearly identical 
spectrum of the molecular cluster itself (Ta- 
ble 3) leads to the conclusion that the clus- 
ter initially was physically adsorbed on the 
A&03. The spectra of Fig. 4B-D show the 
changes which occurred upon heating of 
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FIG. 5. Infrared spectra of [H,FeOs3(C0),J on y-A1203: (A) the initially adsorbed material; (B) after 
heating at 100°C in equimolar H2 + CO for 1 h; and (C) after heating at 225°C in equimolar H2 + CO for 
1 h. 

the sample under an atmosphere of CO + 
Hz up to the higher catalyst operating tem- 
perature (270°C). The chemistry involved 
here may be interpreted on the basis of 
well-established solution and surface chem- 
istry, as follows: 

Farrugia et al. (4) reported that [HzRh 
Os3(CO)r0(acac)] reacts very rapidly with 
CO, as follows: 

[H2RhOs~(CO)r0(acac)1 + 3CO 
+ [Rh(acac)(CO)zl 

+ [Os~H(/e-HKOh 11 (1) 

We have confirmed that this cluster break- 
up occurs readily in hexane solution. 
Therefore, we suggest that the surface 
chemistries of [Rh(acac)(CO)zl and [OS~ 
H(p-H)(CO),r] should be considered in at- 
tempts to interpret the data of Fig. 4. 

After heating of [H2RhOs~(C0)10(acac)l/ 
y-A&O3 to 100°C under Hz + CO, spectrum 
B of Fig. 4 was obtained. The bands at 
2066, 2054, and 2021 cm-l agree closely 
with those of the relatively well-character- 
ized surface-bound cluster [OS&L-H) 
(CO),O(O-Al<)] (IO-Z2), which can be 

formed by an oxidative addition reaction in- 
volving [Os3(CO)&j and surface hydroxyl 
groups (10, 12) or by a similar reaction in- 
volving [OS&L-H)~(CO)~~] and surface hy- 
droxyl groups (20). The carbonyl peaks lo- 
cated at 2090 and 2033 cm-’ are tentatively 
assigned to a Rht(CO)* complex (13, 14). 
The interpretation of these results is similar 
to that of Choplin et al. (Z5), who investi- 
gated the reaction of [HzFeOs3(COM on 
SiOz to give Os3(~-H)2(CO)10(O-Si<). 

Heating the sample to a higher tempera- 
ture (200°C) under HZ + CO resulted in a 
new spectrum (2129w, 2087w, 2049sh, 
2023s 2012s; Fig. 5, Spectrum C), which is 
closely similar to that reported for the clus- 
ter anion [H30~4(C0)12]- [2119w, 2083w, 
2048s 2022s 2OOOs, 1976w](Z6). The reac- 
tion forming the tetranuclear cluster is sug- 
gested to be analogous to the reaction of 
[OS~(CO)IZ] with Hz in refluxing octane to 
give [H40~&J0)1J (17); this neutral cluster 
reacts with the A1203 surface to give the 
cluster anion (Z8), the chemistry being 
closely similar to that observed for RUOSJ 
clusters at low temperatures (19, 20). The 
bands assigned to Rht(CO)z in the sample 
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TABLE 3 

Infrared Spectra of Molecular and Supported Organometallics 

Sample or precursor Solvent or 
support 

CO) 
(cm-‘) 

Ref. 

Molecular metal clusters 
[H,RhOs,(CO)le(acac)l Cyclohexane 

Hexanes 

Supported complexes and clusters 
[HOs~(CO),~O-AK] y-A1203 

[Os(CO),(O-A1021, x = 2 or 3 ~41203 

Al+[H3RuOs3(C0),~l~ w4W3 

Supported organometallics derived from clusters 
[H2RhOs3(CO)r0(acac)1” 14203 

[H2RhOsS(CO)r0(acac)P~b 

[H2RhOs3(CO)r0(acac)P 

[HzRhOs3(CO)lo(acac)1 n,d 

U-WeOsdCO)d” 

UWeOs3(COM o,b 

74203 

y-A1203 

y-A1203 

?‘-A1203 

Used catalysts 
Sample 1 
Sample 2 
Sample 3 
Sample 4 

- 
- 
- 
- 

Sample 5 - 

2O%w, 2071s, 2049s, 
201Os, 2002m(sh), 199Om, 
1983m, 1976m 

2086s, 2072s, 204Os, 
2032m, 2025m, 2015w, 
1994w, 1877vw, 1847~ 

2107w, 2068s, 2056s, 
2023vs, 2005m 

2130m, 2030-2050s 
1940-1970m 

2051s,2020s, 2OlOs, 
1975sh 

2096m, 2072s 2046s 
2018s 2004m(sh), 
1981m(sh) 

209Ow, 2066s(sh), 2054s 
2047sh, 2033sh, 2021s 

2129w, 2087w, 2049sh, 
2023s, 2012s 

2130m, 2049sh, 2029s, 
2011sh, 1953sh 

2117w, 2089m, 2076m, 
2042s, 2022s, 1985m(sh) 

2088vw,207Ow, 2045m, 
2021s, 1975m(sh) 

213Ovw, 2096w,2043s, 
2022s, 2OlOs, 1958w(sh) 

2121w, 209Sw, 2045s, 
2021s. 2007sh 

No carbonyl bands 
No carbonyl bands 
2123m, 2033s, 1949m 
2124w, 2048s, 2025s, 

2003m, -1950sh 
2124m, 2033s 1943m 

This work 

This work 

(12) 

(11-13) 

(20) 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 

This work 
This work 
This work 
This work 

This work 

0 Precursor. 
b After reaction in equimolar H2 + CO at 100°C. 
c After reaction in equimolar Hz + CO at 200°C. 
d After reaction in equimolar HZ + CO at 270°C. 
c After reaction in equimolar Hz + CO at 225°C. 

heated to 200°C are greatly diminished in cant cluster break-up was apparent (Fig. 4, 
intensity. Spectrum D), as shown by the bands at 

After treatment of the sample in HZ + CO 2130,2029, and 1953 cm-l, which are indic- 
at a still higher temperature, 27O”C, signifi- ative of the mononuclear OS(U) carbonyl 
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complex, Os(CO),(O-A1<)2, where x = 2 
or 3, which has been observed to result 
from decomposition of oxide-supported 
triosmium clusters (10-12). No Rhr(CO)* 
bands were evident, and we infer from the 
microscopy and XPS data that particles of 
metallic Rh had formed. The infrared spec- 
trum of CO adsorbed on alumina-supported 
Rh particles shows bands at 2035(s) and 
1825(wbr) cm-l (14). Unfortunately, the 
2035cm-r peak overlaps the osmium car- 
bony1 bands, making it impossible to de- 
tect. 

The characterization of the used Rh-con- 
taining catalysts by XPS demonstrated that 
zero-valent Rh was present, but there was 
no XPS evidence for zero-valent OS; we 
therefore infer that the small particles ob- 
served by electron microscopy were almost 
entirely Rh. The infrared spectra of the 
used RhOs3 catalysts are consistent with 
this interpretation, demonstrating the pres- 
ence of mononuclear OS complexes. 

In summary, then, the physical charac- 
terization data lead to the conclusion that 
the RhOsx clusters broke up and formed 
segregated metal species in the catalyst. 
The catalyst performance data support this 
conclusion, as follows: (1) the activities per 
Rh atom of the catalysts prepared from 
[Rh4(CO)t2] and [H2RhOs~(CO)r0(acac)1 are 
roughly the same (Table 2); (2) the rates of 
deactivation (Table 2) and the development 
of oxygenate selectivity (Fig. 1) are approx- 
imately the same for these two catalysts, 
and (3) their Schulz-Flory-Anderson plots 
(Fig. 2) are similar [the values of the chain 
growth probability (a) being about 0.5 for 
each catalyst (after 24-28.5 h on stream)].4 

We conclude, therefore, that virtually all 
the catalytic activity of the RhOs3 catalyst 

4 The catalysts prepared from [H2RhOs3(CO)ro 
(acac)] gave abnormally high C3 product yields in the 
initial period of each test. This result is attributed to 
the decomposition of the acac ligand originally present 
in the catalyst precursor. Interestingly, the initial CZ 
yields were not high, which suggests that this fragment 
of the acac ligand was readily incorporated in the hy- 
drocarbon chain-growth products. 

is to be attributed to the Rh. The OS, at 
most, appears to increase slightly the selec- 
tivity for oxygenate formation (Fig. 1). 

Selectivity for oxygenate formation in 
the presence of highly dispersed Rh cata- 
lysts on A1203 supports has been observed 
before (2); much higher oxygenate selectiv- 
ities have been observed with Rh on basic 
oxide supports (2). The cause of this selec- 
tivity is still debated, but some authors at- 
tribute it to the presence of ionic species, 
e.g., Rh ions in rhodium oxides (21). 

The oxygenate selectivity increased 
markedly with time on stream in experi- 
ments with the Rh-containing catalysts at 
200°C. In contrast, the same catalysts at 
270°C gave only minimal ether yields. It is 
possible that the primary oxygenated prod- 
uct (methanol) was formed at Rh(1) sites 
which were stabilized by the alumina sup- 
port at 200°C (but not at 270°C). The in situ 
infrared experiments with [HzRhOsj(CO)ro 
(acac)] on ~-A120~ provide some support 
for this hypothesis. After heating of the 
sample to 200°C under H2 + CO, evidence 
for surface Rh(1) carbonyl complexes was 
obtained, but with a similar treatment at 
27O”C, no such species were detected. 

Alternatively, the higher oxygenate yield 
at 200°C could be explained by the sugges- 
tion that the ability of the Rh metal to ad- 
sorb CO dissociatively is significantly less 
at 200°C than at 270°C. It is known that 
higher reaction temperatures favor CO dis- 
sociation and the corresponding production 
of hydrocarbons; conversely, there is a cor- 
relation between the selectivity of a metal 
catalyst for methanol formation and nondis- 
sociative adsorption of CO (22). 

The Rh-containing catalysts were an or- 
der of magnitude more active at 270°C than 
at 200°C and underwent deactivation at 
higher rates at the higher temperature. The 
catalyst deactivation was probably a result 
of carbonaceous deposits, although there 
may have been some initial activity loss at 
270°C resulting from aggregation of Rh 
metal and loss of surface area. Electron mi- 
croscopy indicated that 15 to 30-A parti- 
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cles were formed on catalysts tested at 
270°C. However, no surface aggregates 
were detected with catalysts used at 2OO”C, 
which suggests that the metal particles 
were very small. 

FeOs3 Catalysts 

The imared experiments carried out 
with [H2FeOsj(C0)r3] adsorbed on y-Al203 
indicate that the surface chemistry ,is simi- 
lar to that of [HzRuOs~(CO)rJ on ~-A1203 
(19, 20). The initially adsorbed species ex- 
hibited bands at 2089, 2076, and 2042 cm-l 
(Fig. 5, Table 3), which are indicative of 
unreacted [H2FeOs3(C0)r3]. We suggest 
that the original cluster was present in a 
mixture with other FeOs3 carbonyls-pos- 
sibly including [HFeOs,(CO)&. Heating 
the sample to 225°C in H2 + CO led to 
changes in the spectrum which are sugges- 
tive of the formation of the cluster anion 
[H3FeOs3(C0)r2]- (Fig. 5, Spectrum C; Ta- 
ble 3). [Compare the spectrum of this sam- 
ple (213Ovw, 2096w, 2043s 2022s 2010s 
195&h cm-l with that of [H3RuOs3(C0)r2]- 
in CH&l2 solution (19) (2044s 2040sh, 
2020s 1999s 1976m, 1946w, 1918~ cm-‘).] 
The carbonyl peak intensities of the surface 
species were reduced in this sample, sug- 
gesting that some metal carbonyls had been 
volatilized. When the sample was heated to 
27O”C, cluster decomposition evidently oc- 
curred to give Os(CO),(O-Al:)2 (x = 2 or 
3) and iron species. 

The catalysts derived from [HtFeOsJ 
(CO),,] supported on y-Al203 were found to 
be two orders of magnitude less active than 
the Rh-containing catalysts at 270°C. There 
was a significant evolution in performance 
of the FeOs3 catalyst during the experi- 
ment, characterized by increasing oxygen- 
ate selectivity and declining hydrocarbon 
production, with the overall activity re- 
maining approximately constant (Fig. 1 and 
Table 2). The XPS and infrared data char- 
acterizing the used FeOs3 catalysts suggest 
that oxidized Fe and Os(CO),(O-AIc)~ 
species were present. The 20- to 30-A parti- 
cles observed in the electron micrographs 

of the catalyst are suggested to be indica- 
tive of an oxidized iron phase. 

The performance of the FeOss catalyst 
was quite different from that observed with 
catalysts derived from [Fe,(CO)r,] depos- 
ited on r-A&O, (23), which showed high 
selectivity for light olefins. The latter cata- 
lysts had higher iron loadings than used 
here (0.5-0.8 wt%), and metallic iron parti- 
cles were formed upon decomposition of 
the [Fe3(CO)rJ (23). The different behavior 
of [H2FeOs3(C0)&-A1203 may be attrib- 
uted to its lower Fe loading and also the 
stability of the intermediate surface cluster 
Al+[H3FeOs3(C0)r2]-. This cluster was 
shown to decompose at temperatures 
>225”C, at which reaction of the iron car- 
bony1 fragment with surface hydroxyl 
groups is known to occur to give oxidized 
iron species and H2 (24). The oxidized sur- 
face iron species, once formed, are known 
to be highly resistant to reduction to the 
metallic state under the synthesis condi- 
tions employed (24, 25). 
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