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The cluster-derived bimetallic catalysts prepared from Si02-supported Rh,Fe, Rh4Fe2, Pt3Fe3, PtFe,, Pd6Fe6, and 
PdFe, carbonyl clusters exhi bit high catalytic activities and selectivities for formation of  oxygenates, consisting 
mainly of  methanol and ethanol, f rom CO + H2. 

The chemical modification of solid surfaces, e.g., Si02, A1203, 
and MgO using molecular metal cluster compounds as 
precursors has been recently investigated as a means of 
aochieving sophisticated control over metal particle sizes (< 10 
A)1 and metal compositions? Such an approach is relevant to 
the molecular-level design of catalytically active surfaces.3 
Additionally, it has been demonstrated that some electroposi- 
tive ions such as Mn, Ti, Zr ,  and Fe promote the production of 
higher oxygenates in the C O  + H2 reaction catalysed on Rh.4 
In particular, Fe promotion in the conventional Rh-FelSi025 
and Ir-Fe/Si026 catalysts is remarkable for enhancing alcohol 
formation. EXAFS, Mossbauer, and Fourier transform (F.t.) 
i.r. studies have suggested that this promotion is associated 
with bimetallic sites consisting of RhFe and IrFe ensembles 
formed on the Rh and Ir crystallites with Fe.7 We report here 
that as a localized model for the promoted Rh, Pt, and Pd, 
tailored metal catalysts have been prepared from SO2-sup- 
ported Fe-containing Rh,  Pt, and Pd bimetallic carbonyl 
clusters. They have exhibited strikingly higher activities and 
higher selectivities for the production of C1 and C2 alcohols 
from C O  + H2, compared to the conventional metal catalysts. 

A series of Fe-containing carbonyl clusters, such as 
[FeRh4(CO),sl"Me41, [Fe2Rh4(C0)16][TMBA]2 (TMBA = 
benzyl trimethylammonium cation) , [Fe3Pt3(CO) 
[TMBA12 , [Fe4Pt(CO) I~][TMBA]z , [ Fe&k(C0)24H]- 
[TMBA]3, and [Fe4Pd(CO)16][TMBA]2, were synthesized 
and isolated as crystals as reported by Longoni et al.8.Y. The 
carbohyl clusters were dissolved in tetrahydrofuran (THF), 
acetone, or acetonitrile and impregnated with S i02  gel 
(Davison no. 57, 10-20 mesh, surface area 280 mVg) under 

an inert atmosphere of nitrogen. After removal of the solvent, 
the impregnated catalysts were oxidised by O2 at room 
temperature overnight, followed by reduction with flowing H2 
under temperature-programmed conditions (293 to 673 K,  
0.5-2 wt.% metal loading). Rh4(C0)12,  
[Fe,(CO), I][TMBA]2, and [Pt,,( C0)24][NEt4]2 were also 
used as precursors to prepare the Rh, Fe, and Pt cluster- 
derived catalysts. The C O  + H2 reaction was conducted at 
473-543 K in an open flow mode stainless steel reactor (5-10 
kg/cm*, CO/H2 molar ratio 0.5). The products were analysed 
by thermal conductivity detection (TCD) and flame ionisation 
detection (FID) gas chromatography (g.c.) using active 
carbon (1 m) and AI2O3-DMF (4 m) for hydrocarbons, CO, 
and C 0 2 ,  and Chromosorb 101 (4 m. 408 K) for oxygenates, 
respectively. The oxygenate products were collected by 
bubbling the effluent gas through a water condenser (50 ml of 
H 2 0 ) .  The resulting catalysts were characterized by EXAFS,? 
Mossbauer (Austin S-600), and i.r. (Shimadzu FTIR 4100) 
spectroscopic measurements. 

Typical results for a C O  hydrogenation at 5 kg/cm2 pressure 
of syngas (CO + H2) are presented in Table 1, where the 
specific rates of product formation and selectivities are 
evaluated on mmol/min/mmol Rh in C O  base. It was 
interesting that the yields of oxygenates, mainly consisting of 
methanol and ethanol, were substantially enhanced and that 
selectivities towards alcohols were promoted (15-Q0/0 selec- 
tivity) on the Rh4Fe and Rh4Fe2 cluster-derived catalysts, 

i- Carried out at the BL 10B SOR Facility, National Laboratory for 
High Energy Physics (KEK-PF). 
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Table 1. Catalytic performance of SO2-supported RhFe carbonyl cluster-derived catalysts. 250 "C, CO/H2 0.5, space velocity 1000 l/l/h, 
total pressure 5 kgicrn'. 

Specific rates of product formation ( X  10-3 mmol/min/mmol Rh) 
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%CE = (iC',/IiC,) X 100, where i = number of carbon atoms in a product molecule and C, = concentration of the j molecule. 
Including ethyl group in the form of acetate. C2+ = hydrocarbon >Cz. 

Table 2. Catalytic performance of 50,-supported PtFe and PdFe carbonyl cluster-derived catalysts. 250 "C, CO/H2 0.5, space velocity 
1000 Wh, total pressure 5 kg/cm2. 

Specific rates of product formation ( x 10-3 mmol/min/mmol Pt, Pd) 
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4 %CE = (/C,/ZiC,) x 100, 
j molecule. I' t r  JTrace amount 

where i = number of carbon atoms in a product molecule and C, = concentration of the 
C?, = hydrocarbons > C,. 

compared with those on non-promoted Rh/Si02 from 
Rh4(C0)12. Fe promotion for alcohol production was found to 
be greater on the RhFe cluster-derived catalysts than on the 
conventional H2-reduced RhFe/Si02 prepared by co- 
impregnation of Rh and Fe chlorides. Additionally, the 
hydrocarbon selectivities were considerably suppressed on the 
RhFe cluster-derived catalysts, possibly owing to the site- 
blocking of Rh ensembles with Fe. 10 Along with the CO + H2 
reaction, we have carried out the atmospheric pressure 
hydroformylation of ethylene and propene to evaluate the 
catalytic CO insertion activity on the RhFe cluster-derived 
catalysts. The hydroformylation rates to produce alcohol-rich 
oxygenates were dramatically enhanced by a factor of 
100-300 times on Fe-containing Rh cluster-derived catalysts, 
rather than on the Rh4-derived one. 

As shown in Table 2, the Fe promotion was also substan- 
tiated on the Pt3Fe3 and Pd6Fe6 cluster-derived catalysts, 
which gave methanol in higher yields and selectivities (79- 
100Y0 selectivity) in the CO + H2 reaction, compared to the 
conventional Pt and Pd catalysts and even more remarkable 

than the Pt12 carbonyl cluster-derived catalyst. While methane 
and higher hydrocarbons were obtained in appreciable 
amounts on the catalysts derived from PtFe, and PdFe4 
carbonyl clusters, this might be due to the segregation of both 
binary clusters to make isolated Fe ensembles active for a 
typical Fischer-Tropsch synthesis of hydrocarbons. 

The Fourier transform K-edge EXAFS of Rh and Fe on the 
H2-reduced sample (4 wt. % total metal) prepared from 
SiO2-supported [Fe2Rh4(C0)16][TMBA]2 suggest that the 
RhFe bimetallic particles are highly dispersed in the size range 
ca. 10 A ,  having direct Rh-FeoO bonding [Rh-Rh: co- 
qrdination no. (C.N.) 7.2, R 2.65 A; Fe-Rh: C.N. 1.8, R 2.54 
A; and Fe-0: C.N. 3.0, R 1.99 A]. On the other hand, 
Mossbauer studies on the Fe2Rh4 and Pt3Fe3 cluster-derived 
catalyst showed absorption bands which could be resolved into 
a singlet and a pair of quadrupole doublets and which are 
reasonably assigned to FeO and Fe3+, respectively. No band 
for Fez+ was observed. The results indicate that Fe atoms 
mostly exist (above 65% abundance) in the Fe3+ state even 
after H2 reduction at 673 K on the Rh4Fe2 and Pt3Fe3 
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cluster-derived catalysts. The EXAFS and Mossbauer studies 
imply that Fe3+ in the highly dispersed RhFe and PtFe 
bimetallic catalysts are located in the metal-support (silica) 
interface in forming Rh- (or Pt-)Fe3+ ensembles. This also 
seems to serve as an anchor for Rh (or Pt and Pd) clusters, 
reducing sintering. In fact, the catalytic performance of the 
Fe-containing Rh, Pt, and Pd derived catalysts was found to be 
good, maintaining their activities and selectivities for alcohol 
formation in a long time-on-stream reaction of CO + Hz. 

In conclusion, we have evidence for the potential benefits of 
molecular clusters as precursors for the preparation of tailored 
bimetallic catalysts which provided higher activities and 
selectivities for alcohol formation in the CO + H2 reaction, 
compared with the conventional metal catalysts. Fe promo- 
tion for oxygenate formation could be explained in terms of C- 
and 0-bonded CO chemisorption with the adjacent RhFe, 
PtFe, and PdFe bimetallic sites to enhance the migratory 
insertion of CO with M-H and M-alkyl, as previously 
proposed in the alkene hydroformylation catalysed on Ru- 
Co11 and Rh-Zn12 bimetallic catalysts. 

We are greatly indebted to Dr. N. Kosugi and Prof. H. 
Kuroda at The University of Tokyo for EXAFS evaluation 
and Dr. Y. Sakai, Ms. M. Tanaka, and Prof. T. Tominaga at 
The University of Tokyo for their helpful discussions on the 
Mossbauer data. 

Received, 2nd November 1987; Com. 1582 

References 
1 B. C. Gates, ‘Metal Clusters in Catalysis,’ Elsevier, Amsterdam, 

1986, p. 415; J.  Phillips and J. A .  Dumesic, Appl. Catal., 1984, 9, 
1; S. Iijima and M. Ichikawa, J. Catal., 1985, 94, 313. 

2 M. Ichikawa, J .  Catal., 1979, 56, 127; 59, 67; A .  Choplin, 
L. Huang, A. Theolier, P. Gallezot, J. M. Basset, U. Siriwardane, 
S. G .  Shore, and R. Mathieu, J .  Am. Chem. SOC., 1986,108,4224; 
M. Ichikawa, ‘Homogeneous and Heterogeneous Catalysis,’ VNU 
Press, Utrecht, 1986, pp. 819-835. 

3 M. Ichikawa, Chemtech, 1982,674; ‘Tailored Metal Catalysts,’ ed. 
Y. Iwasawa, Reidel, Dordrecht, 1986, pp. 183-263; J. M. Basset 
and A .  Choplin, J. Mol. Catal., 1983, 21, 95. 

4 P. C. Ellgen, W. J .  Bartley, M. M. Bhasin, andT.  P. Wilson,Adv. 
Chem. Ser., 1979, 178, 147; M. Kawai; M. Uda, and M. Ichikawa, 
J. Phys. Chem., 1985, 89, 1654; M. Ichikawa, Bull. Chem. SOC. 
Jpn., 1978, 51, 2273; M. Ichikawa, K.  Sekizawa, K. Shikakura, 
and M. Kawai, J .  Mol. Catal., 1981, 11, 167; M. Ichikawa, T. 
Fukushima, and K .  Shikakura, Proc. 8th Int. Congr. Catal., vol. 
11-69, Berlin, 1984; W. M. H .  Sachtler and M. Ichikawa, J. Phys. 
Chem., 1986, 90, 4752. 

5 M. M. Bhasin, W. Bartley, P. C. Ellgen, and T. P. Wilson, 
J .  Catal., 1978, 54, 120; T. Fukushima, H. Arakawa, and 
M. Ichikawa, J .  Phys. Chem., 1985, 89, 4440. 

6 T. Fukushima, Y. Ishii, Y. Onda, andM.  Ichikawa, J .  Chem. SOC., 
Chem. Commun., 1985, 1752. 

7 M. Ichikawa, T. Fukushima, T. Yokoyama, N.  Kosugi, and H. 
Kuroda, J .  Phys. Chem., 1986,90,1222; Y. Minai, T .  Fukushima, 
M. Ichikawa, and T. Tominaga, J. Radional. Nucl. Chem., 1984, 
87, 189. 

8 A .  Ceriotti, G. Longoni, R. D. Pergola, B. T. Heaton, and D. 0. 
Smith, J .  Chem. SOC., Dalton Trans., 1983, 1433. 

9 G .  Longoni, M. Manassero, and M. Sansoni, J. Am. Chem. SOC., 
1980, 102, 7973; 3242. 

10 M. Ichikawa and T. Fukushima, J. Phys. Chem., 1985, 89, 1564; 
Y. Soma-Noto and W. M. H .  Sachtler, J. Catal., 1974, 32, 315; 
M. Primet, M. V. Mathieu, and W. M. H. Sachtler, ibid., 1976,44, 
324. 

11 A.  Fukuoka, H. Matsuzaka, M. Hidai, and M. Ichikawa, Chem. 
Lett., 1987, 941. 

12 M. Ichikawa, A .  J .  Lang, D.  F. Shriver, and W. M. H .  Sachtler, 
J. A m .  Chem. SOC., 1985, 107, 7216. 


