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OS,(CO),~ and Os6(CO),s were impregnated onto silica, alumina, and titania and characterised in 
the freshly impregnated state and in states achieved by subjecting the freshly impregnated material 
to (i) washing, (ii) heating to 523K (temperature-programmed decomposition), and (iii) storage at 
room temperature. The original clusters interact with the support surfaces and are converted to a 
family of species A of empirical formula Os,(CO),,C,,, where the most likely value of n is 12, 2.0 5 
x % 3.0, and 0.0 5 y 5 0.4. Retention of osmium-osmium bonding in species A is demonstrated by 
ultraviolet/visible reflectance spectroscopy and the upper limit of n is suggested by electron micros- 
copy. Infrared spectra of species A contain three bands and indicate the presence of carbonyl 
ligands bonded to osmium atoms in formal zero, partial negative, and partial positive oxidation 
states. Species A chemisorbs carbon monoxide and oxygen at 293K, the extent of oxygen chemi- 
sorption being the same as that of strong CO chemisorption. A bridged structure for adsorbed-CO is 
proposed. [isO]CO adsorbed onto species A does not equilibrate, even at high temperatures, with 
linearly bonded [i60]CO-ligands, confirming that adsorbed-CO and ligand-CO are different states of 
bound CO. CO2 is formed, probably by a Boudouard reaction, during temperature-programmed 
decomposition of all freshly impregnated materials, and hence species A prepared in this way may 
contain ligand-C. Speculations as to likely cluster structures for species A are presented. Chemi- 
sorption and catalytic properties will be described in later papers. 

INTRODUCTION 

The preparation of metal catalysts from 
metal cluster compounds may provide a 
means of combining the high reactivity as- 
sociated with heterogeneous metal cata- 
lysts and the high selectivity characteristic 
of some catalytically active metal com- 
plexes in homogeneous solution. Special 
selectivities may also be obtained if novel 
site structures can be achieved. Interest in 
this field is widespread (I-5). 

i To whom correspondence may be addressed. 
2 Present address: ICI New Science Group, P.O. 

Box 11, Runcom, WA7 4QE, England. 

Much effort has been expended in devel- 
oping processes whereby metal clusters 
may be anchored to functionalised supports 
(e.g., phosphinated polymers (6) or phos- 
phinated silicas (7)). These materials fulfill 
the role of model systems and studies of 
their properties are valuable. However, the 
instability of polymer supports at elevated 
temperatures and the modifying effects of 
phosphorus on reactivity at metal centres 
has led us to the view that such materials 
are unlikely to be robust catalysts. On the 
other hand, catalysts consisting of metal 
clusters held at the surfaces of conventional 
supports by strong cluster-support interac- 
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tions appear more promising, provided pro- 
cesses that favour sintering can be inhib- 
ited. 

In this series of papers we describe the 
physical, chemisorption, and catalytic 
properties of materials obtained via the im- 
pregnation of a wide range of Group 8 metal 
cluster compounds onto oxidic supports, 
including silica, alumina, and titania. The 
impregnated materials normally require 
thermal activation before they exhibit cata- 
lytic activity. Reactions studied include hy- 
drogenations of unsaturated hydrocarbons, 
of carbon monoxide and of carbon dioxide, 
and alkane hydrogenolysis. The kinetics 
of these reactions and the selectivities 
achieved differ considerably, in some 
cases, from those exhibited by conven- 
tional supported catalysts prepared from 
metal salts. This being the case, it will be 
necessary, because of the volume of work 
to be described, to report separately our 
studies of physical characterisation, chemi- 
sorption properties, and catalytic proper- 
ties. This paper is concerned with the 
characterisation of materials obtained by 
the impregnation of silica, alumina, and ti- 
tania with solutions of Os,(CO),, and 
Osa(CO)ls, and of the effects of washing or 
heating these materials. Chemisorption 
properties, presented briefly here, will be 
described in detail in Section II, and cata- 
lytic properties in Section III. (All materials 
described in this paper as “heated to 
523K” were catalysts for the reactions de- 
scribed above.) 

Characterisation requires the use of as 
many techniques as are informative, and 
the application of each technique at each 
stage of catalyst preparation. Accordingly, 
we used (i) electron probe microanalysis to 
judge how evenly or otherwise osmium- 
containing entities are distributed over the 
support, (ii) temperature-programmed de- 
composition to evaluate the OS : CO bal- 
ance in the metal-containing entities, (iii) 
ultraviolet/visible reflectance spectroscopy 
to determine whether osmium-osmium 
bonding has been retained, (iv) infrared 

spectroscopy to monitor the characteristics 
of the carbonyl ligands of the osmium-con- 
taining entities, and (v) transmission elec- 
tron microscopy to determine whether 
crystalline osmium is formed. In addition, 
the degree of chemical unsaturation of the 
osmium-containing entities was examined 
by measurements of carbon monoxide ad- 
sorption. 

The chief concern of this work was to 
determine whether these osmium cluster 
compounds are necessarily degraded to 
mononuclear osmium entities, as is claimed 
by other workers (8), or whether cluster nu- 
clearity can be retained or increased. 

EXPERIMENTAL 

Instrumentation. Electron probe micro- 
analysis was carried out using a Link Sys- 
tems Model 290-2KX energy-dispersive 
spectrometer attached to a Cambridge In- 
struments Geoscan. 

Temperature-programmed decomposi- 
tion was recorded by the following proce- 
dure. A sample weighing 0.300 g was placed 
on a sintered glass disc in a vertical tube 
through which helium flowed at 23 ml (STP) 
min-I. A furnace around the tube enabled 
the sample temperature to be raised at a 
steady rate of lo” min-’ from 293 to 523K. 
Temperatures were measured by means of 
a thermocouple located in the catalyst bed. 
The gas stream leaving the decomposition 
chamber contained He, CO, COz, C2H4, 
and CzH6; the hydrocarbons and CO* were 
condensed in a trap at 77K, and the CO 
passed on to a chromatograph where its in- 
stantaneous concentration was detected. 
Later, the trap was warmed and the yields 
of COZ, C2H4, and C2H6 were estimated. 
Small quantities of hydrogen, if evolved, 
would not have been detected. 

Infrared spectra were obtained by use of 
a Perkin-Elmer 580B spectrophotometer. 
Precise wavenumber measurements of the 
absorption maxima were made with refer- 
ence to the standard wavenumber values of 
the rotational lines in the vibration-rotation 
spectrum of CO. The recording of the CO 
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spectrum was followed immediately by the 
exchange of the carbon monoxide cell for 
the metal carbonyl sample without stopping 
the scan. Under these conditions the spec- 
tral bandpass was 1.4 cm-r, and the scan 
rates were 18.8 cm-r min-r for the range 
above 2000 cm-’ and 9.4 cm-’ min’ for the 
range below 2000 cm-’ ; a lo-fold expansion 
was used on the abscissa. An accuracy of 
better than +l cm-’ for vmax values of 
sharply defined carbonyl stretching bands 
was thus readily achieved, and reproduc- 
ibility was excellent. For somewhat 
broader bands the overall accuracy of vrnax 
measurements was never worse than t2 
cm-r. Ultraviolet/visible spectra were ob- 
tained by use of a Pye-Unicam SP 700 spec- 
trophotometer fitted with an SP 735 diffuse 
reflectance attachment; the cell was con- 
structed according to the pattern published 
by Zecchina et al. (9). Electron microscopy 
was carried out using a JEOL JEM 1OOC 
instrument capable of a resolution of 0.5 
nm; when used to examine conventional 
metal/silica catalysts this instrument ren- 
ders visible metal particles down to 0.8 nm 
in diameter. CO-chemisorption was mea- 
sured volumetrically; the catalyst sample 
was placed in a glass vessel of known vol- 
ume and connected to a stainless-steel high- 
vacuum system capable of a base pressure 
of 10m8 Torr (1 Torr = 133.3 N mm2>. Pres- 
sures in the sample vessel and in attached 
calibrated volumes were measured by a 
pressure transducer, or a calibrated thermal 
conductivity gauge (LKB). CO (>99.95%) 
and [‘*O]CO (99 atom %) were used as re- 
ceived . 

Catalyst preparation. Os3(CO)r2 and 
OsACO)u were prepared by literature 
methods (20, II>. Each was recrystallized 
and its purity was examined by HPLC. 
OS~(CO)Q contained no detectable impuri- 
ties; Osg(CO)r8 was >99% pure, the ~1% 
impurity being Os3(CO)r2. Supports used 
were alumina (Aluminium Oxid C (De- 
gussa)), silica (Cab-0-Sil), and titania 
(Tioxide). The titania, which was prepared 
specially for this investigation from an or- 

ganic titanate, was anatase; it had a purity 
of >99.9% and a silica content of ~100 
ppm. Each support was dried by heating to 
773K for 16 h in a stream of dry nitrogen. 
The surface areas of the dried materials, 
measured by the BET method of N2 physi- 
sorption, were: silica, 110 2 5 m2 g-r; alu- 
mina, 97 + 5 m2 g-l ; titania, 43 + 5 m2 g-r. 
Supports were impregnated with solutions 
of Os3(CO)r2 in dichloromethane and of 
Osg(CO)r8 in 1 ,Zdichloroethane, the solu- 
tions being added to suspensions of sup- 
port. Evaporation to dryness was carried 
out in a stream of dry nitrogen at 313K, and 
all of the cluster compound appeared to be 
impregnated onto the support. Weights of 
cluster carbonyl and of support were such 
as to give 2.0% by weight of osmium in all 
catalysts. 

The supported materials, however they 
have been treated, are referred to as 
Os3(CO)&ilica, OsACO)&itania, etc. 
This nomenclature is intended to convey 
that they were prepared by impregnation of 
the stated cluster carbonyl onto the sup- 
port; it is not intended to denote the stoichi- 
ometry of the supported osmium-contain- 
ing entities. 

RESULTS 

I. Churucterisution of Impregnated 
Materials 

Examination of the six impregnated ma- 
terials in the fresh state by low-power opti- 
cal microscopy (magnification 2000 X ) re- 
vealed the presence of small coloured 
crystals on the white supports. Electron 
probe microanalysis confirmed for all sam- 
ples that there were small areas of high os- 
mium density and larger areas of low os- 
mium density (Fig. la). Our impregnation 
procedure clearly gives an uneven initial 
distribution of osmium-containing species 
on the support. 

Figure 2 presents the solid-state infrared 
spectrum of Os3(CO)r2 as a nujol-mull, 
and the spectra of OSCAR impregnated 
onto the three supports. Spectrum (a) con- 
tains 16 bands; the same 16 bands are pre- 
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FIG. 1. Relative abundance, R, of osmium and of aluminium in OsJ(CO)Iz/alumina determined by 
electron probe microanalysis (a) immediately after impregnation and (b) after heating the freshly 
impregnated sample to 523K in vacua. 

sent in the spectra of OsJ(CO)rz/silica 
and Os3(CO)Jtitania. Os~(CO)Jalumina 
showed all bands except that at 1956 cm-r. 
The same solid-state spectrum was ob- 
tained for Os3(CO)r2 when the sample was 
prepared in a KBr disc. Figure 3 shows 
analogous spectra for Osg(CO)r8 as a nujol- 
mull and for Osg(CO)r8 impregnated onto 
the three supports. Spectra reported in the 
literature for such supported clusters pre- 
pared by a different method contain many 
fewer absorption bands (22). 

Ultraviolet/visible diffuse reflectance 
spectra were studied because, for 
Os3(CO)r2, bands at 385 and 330 nm have 
been assigned, respectively, to (T*’ + o* 
and u + u* transitions involving orbitals 
associated with osmium-osmium bonds 
(13). Thus these spectra provide evidence 
for or against the retention of a clustered 
state at each stage of catalyst preparation. 
Silica- and alumina-supported materials 
were examined; spectra of similarly treated 
blank supports contained no absorption 
bands. The technique was not applicable 
where titania was used as the support be- 
cause this material is opaque to radiation in 
the range 220-400 nm. Repeat preparations 
gave reproducible spectra. 

Table 1 provides evidence for the reten- 
tion of molecular integrity in OSCAR and 
OSCAR on impregnation, in agreement 
with the results from infrared spectros- 
copy. However, the spectra of both silica- 
and alumina-supported Os3(CO)r2 contain 
bands above 400 nm which are not present 
in the starting material, but which are close 
to bands at 442 and 595 nm observed in the 
spectrum of Osg(CO)r8. 

II. Characterisation of the Impregnated 
Materials after Heating to 523K 

Chemical changes occurred on heating 
the impregnated materials to 523K. The 
stoichiometry of the change and the prod- 
ucts formed were examined by tempera- 
ture-programmed decomposition, and in- 
formation concerning the transformed 
species was obtained spectroscopically. 
Changes in the capacities of the materials to 
adsorb carbon monoxide were examined as 
a function of heat treatment, and further 
information on the final states of the materi- 
als was obtained by electron microscopy. 

Temperature-programmed decomposi- 
tion. Each of the six cluster-compound/sup- 
port combinations was heated in a flow of 
helium from 293 to 523K, and the evolved 
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FIG. 2. Infrared spectra of nujol-mulls of (a) OS~(CO),~; 
(b) Os3(C0),Jtitania; (c) Os,(CO),z/alumina; 
(d) Os,(CO)&ilica. 

gases were analyzed. The manner of the 
progressive loss of carbon monoxide is 
shown in Fig. 4; none was desorbed from 
Oss(CO)is/silica or from Oss(CO)ls/alu- 

mina. The gases evolved are listed in Table 
2. Carbon monoxide loss was least for sil- 
ica-supported materials and greatest for ti- 
tania-supported materials; however, more 
than 50% of the ligand-CO was always re- 
tained. Evolution of ethene and ethane indi- 
cates reaction between the cluster com- 
pound and hydroxyl groups of the support. 

Diffuse reJlectance spectroscopy. Ultra- 
violet/visible diffuse reflectance spectra 
were obtained for materials heated in vac- 
uum to 323, 373, 423, 473, and 523K. The 
typical effects of the progressive heat treat- 
ments are shown for Osj(CO)rz/alumina in 
Fig. 5. Changes in the spectra were gradual 
and spectral features were retained even by 
materials heated to 473 and 523K. Although 
the spectra of the four original impregnated 
materials differed from each other, the pro- 
cess of heating to 473K transformed them 
to materials having similar spectra (Table 
1). 

A sample of Osr(CO)lz/alumina was 
heated to 523K as described, cooled to 
293K, and exposed to 100 Torr CO; this 
procedure caused an increase in intensity of 
the band at 613 nm (Fig. 6), but no other 
band was affected. 

Infrared spectroscopy. As samples were 
heated, so their spectra changed from the 
16-band system (Figs. 2, 3) to a simple 3- 
band system (Figs. 7, 8), the bands being at 
1950 + 15 cm-’ (s), 2030 f 10 cm-’ (s), and 
2122 + 3 cm-’ (w). The relative intensities 
of these three bands, for the six samples, 
are given in Table 2. No bands attributable 
to carbonate or carboxylate were observed. 
Again, osmium-containing species showed 
identical spectra after heating to 523K, irre- 
spective of the cluster or support used. 

Isotherms for the adsorption of carbon 
monoxide and oxygen. Isotherms for CO 
adsorption at 293K were obtained using the 
freshly impregnated materials; adsorption 
by similarly treated blank support, where it 
occurred, has been subtracted. Isotherms 
showed a steeply rising extent of adsorp- 
tion with pressure at low equilibrium pres- 
sures (co.2 Torr, primary adsorption re- 
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FIG. 3. Infrared spectra of nujol-mulls of (a) OS~(CO),~; (b) Os6(CO)18/titania; (c) Os6(CO)&lumina; 
(d) Os6(CO)lslsilica. 

gion) followed by a secondary region 
(0.2-1.0 Tot-r) where additional carbon 
monoxide was adsorbed. Samples which 
had been heated and pumped to 523K, and 
cooled to 293K, adsorbed larger quantities 
of carbon monoxide than the freshly im- 
pregnated materials (Table 3). 

This adsorbed material was completely 

removed as CO by pumping and heating to 
523K. The possibility of interconversion 
between adsorbed-CO and ligand-CO was 
examined using [r80]carbon monoxide as 
the adsorbate and various samples, each 
heated to 523K and cooled to 293K, as ad- 
sorbent. No interconversion between ad- 
sorbed [r80]carbon monoxide and carbonyl 
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FIG. 4. Carbon monoxide evolutions in temperature-programmed decompositions. 

ligands was observed either during the mea- 
surement of the isotherm or during subse- 

LO 

1 
I 

FIG. 5. Ultraviolet/visible spectra. Absorbance 
spectrum of OS~(CO),~ in cyclohexane versus a cyclo- 
hexane reference (a); diffuse reflectance spectra ver- 
sus an alumina reference of freshly impregnated 
Osg(CO)&lumina (b), and of(b) after heating in ZMICUO 
to 323K (c), 373K (d), 423K (e), 473K (0, and 523K (g). 

quent heating to 523K to remove the ad- 
sorbed gas. 

The chemisorption of oxygen at 293K 
onto Os3(CO)&itania previously heated to 
523K was also studied. The isotherms 
showed a considerable adsorption at low 
equilibrium pressures (<0.2 Torr) followed 
by a plateau. The amount of oxygen ad- 
sorbed at an equilibrium pressure of 0.2 
Torr was close to the amount of carbon 
monoxide adsorbed at the same equilibrium 
pressure. 

585 615 E 

hlnm 

54 

FIG. 6. Effect of adsorbed-CO on the ultraviolet/ 
visible reflectance spectrum. Freshly impregnated 
Osg(CO),Jalumina heated to 523K in uacuo and cooled 
to 293K gave spectrum (a). This material, subse- 
quently exposed to 100 Torr CO at 293K and evacu- 
ated, gave spectrum (b). The sample, after further 
heating to 523K in uacuo and cooling to 293K, gave a 
spectrum indistinguishable from (a). The full spectrum 
is given in Fig. 5g. 
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FIG. 7. Infrared spectra of various OS~(CO),~/SU~- 
port combinations: (a) washed Osl(CO)&hrmina; (b) 
washed OsJ(CO)lz/titania; (c) impregnated Os,(CO),r/ 
alumina after heating to 523K; (d) O.ss(CO)&lica af- 
ter heating to 523K; (e) Osr(CO),Jtitania after heating 
to 52313. 

Electron microscopy. Only silica-sup- 
ported materials were suitable for high-res- 
olution transmission electron microscopy. 
Os3(CO)&ilica and Os6(CO)r8/silica, after 
heating to 523K, each gave micrographs 
which contained features which suggested 
the presence of very small osmium-contain- 
ing species. The size of these features was 
close to the limit of resolution (-0.8 nm). 
Measurement of the micrographs indicated 
that for both Osj(CO)&ilica and 
Os6(CO)&ilica 99% of the features were 
less than 1.0 nm in diameter. 

III. Characterisation of Washed 
Impregnated Materials 

Freshly impregnated samples were 
washed to remove Os,(CO), or Osg(C0)18 
which had not interacted with the support 
surface. Washed samples were examined 
spectroscopically to determine whether os- 

Carbon Monoxide Adsorption at 293K 

CO adsorbed” 
pm01 (g catalyst)-’ 

Freshly Sample 
impregnated after heating 

sample to 523K 

Os~(C0)12/ahunina 0.0 6.0 
Os~(CO)lz/silica 1.5 17.5 
OsJ(CO)&itania 0.9 41.3 
Os&ZO)&htmina 0.0 28.5 
Oss(CO)ulsilica 2.0 5.5 
Os~(CO),s/titania 0.9 8.5 

o Equilibrium pressure = 0.2 Torr. 

mium carbonyl entities were retained on 
the supports. The degree of unsaturation of 
these entities was examined by carbon 
monoxide chemisorption. 

Silica- and alumina-supported samples 
were examined by ultraviolet/visible diffuse 

J 
2100 2000 1900 

S/cm-l 

FIG. 8. Infrared spectra of various Os&O)&up- 
port combinations: (a) washed Os~(CO),s/alumina; (b) 
washed Os~(CO),Jtitania; (c) Os~(CO)&lumina after 
heating to 523K; (d) Os&O)Is/silica after heating to 
523K; (e) Oss(CO),s/titania after heating to 523K. 
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reflectance spectroscopy (Table 1). Spectra 
obtained are similar, except in respect to 
reduced intensity, to those observed for the 
heated samples. 

Infrared spectra of washed samples are 
shown in Figs. 7 and 8. The positions of the 
bands and the relative band intensities in 
the spectra of the washed alumina- and tita- 
nia-supported materials are very similar to 
those obtained for the same materials 
heated to 523K. No carbonyl bands were 
observed in the spectra of the washed sil- 
ica-supported materials. 

The isotherm for carbon monoxide ad- 
sorption onto washed Osd(CO)ie/titania re- 
sembled closely that measured for carbon 
monoxide adsorption onto freshly impreg- 
nated Os6(CO)rs/titania. 

DISCUSSION 

The majority of the cluster/support com- 
binations described in this paper exhibit 
catalytic activity which, in some cases, dif- 
fers considerably from that of conventional 
supported osmium. As a first step towards 
the development of the understanding of 
this catalysis we discuss the physical char- 
acter of these materials in their freshly im- 
pregnated, washed, and thermally activated 
states. 

The Freshly Impregnated State 

Our impregnation procedure gives a het- 
erogeneous distribution of osmium-contain- 
ing entities over the surface of each support 
(optical microscopy and electron probe mi- 
croanalysis (Fig. la)) and where local os- 
mium concentration is high the species 
present is crystalline starting material (i.e., 
OS~(CO)~Z or Osg(C0)i8, infrared spectros- 
copy (Figs. 2, 3)). Ultraviolet/visible spec- 
tra (Table 1) are consistent with the pres- 
ence of the original cluster compound, but 
bands at wavelengths greater than 400 nm 
indicate additionally the formation of spe- 
cies of a second kind. The small capacity of 
the freshly impregnated materials to chemi- 
sorb CO (Table 2) is likewise attributed to 
the presence of a second type of osmium- 

containing species, since Os3(CO)n and 
Osg(CO)18 do not chemisorb CO. 

The Washed State 

The properties of the species of the sec- 
ond kind became more apparent when the 
Os3(CO)i2 or Osg(CO)r8 crystals were re- 
moved from the supports by washing. A 
low concentration of evenly distributed os- 
mium-containing species was retained on 
the support which gave a weak three-band 
infrared spectrum (Figs. 7, 8) fundamen- 
tally different from the spectra of the start- 
ing materials for which no evidence re- 
mained. Ultraviolet/visible spectra of 
washed materials (Table 1) confirmed that 
the evenly distributed material was respon- 
sible for the bands above 400 nm. Such 
spectra also contained bands below 400 nm 
that were not previously resolved when the 
original cluster compounds were present. 
The extent of CO adsorption by washed 
samples was similar to that by freshly im- 
pregnated samples; this confirmed that CO 
adsorption occurred only on the evenly dis- 
tributed species. 

Nomenclature: Species A 

Three-band infrared spectra were ob- 
tained not only for the washed samples dis- 
cussed above but also for self-spread and 
thermally activated materials. We know 
from the TPD results that species giving 
these spectra can differ with respect to their 
OS : CO ratio and they may also differ with 
respect to osmium nuclearity. It appears 
that these samples considered together con- 
tain a family of related osmium-containing 
species; in this discussion we refer to all 
members of the family as “species A.” 

Heated Samples 

The intensities of the infrared and ultravi- 
olet/visible spectra were such as to show 
that species A was a minority species in the 
freshly impregnated materials and in sam- 
ples heated to about 423K. Above 423K 
changes occurred so that by 523K no spec- 
tral features attributable to OS~(CO),~ or 
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Osg(CO)r8 remained, but features attribut- 
able to species A had greatly strengthened. 
No crystals of the initial cluster compound 
were visible by optical microscopy in mate- 
rials heated to 523K and electron probe mi- 
croanalysis showed an even spread of os- 
mium-containing material over the support 
(Fig. lb). Thus the heating procedure facili- 
tated both the diffusion of osmium-contain- 
ing entities over the support and the con- 
version of the original cluster compounds 
to species A. Ultraviolet/visible spectra 
showed that osmium-osmium bonding was 
retained in these species A. These entities 
could not be removed from any of the sup- 
ports by washing, which suggests the pres- 
ence of a metal-support interaction. 

The amount of carbon monoxide lost 
from each cluster/support combination dur- 
ing temperature-programmed decomposi- 
tion measurements depended upon both the 
complex and the support (Table 2). Re- 
markably, although the OS : CO ratio varied 
from 1: 2.8 to 1: 2.0, the infrared spectra 
showed the same three bands with similar 
relative intensities irrespective of the ratio 
(Table 2); we return to this matter later. 

The Self-spread State 

When freshly impregnated samples of 
supported Osg(CO)t8 were left to stand at 
room temperature in the dark for some 
weeks migration of osmium-containing en- 
tities occurred until all osmium was evenly 
distributed over the surface of the support 
as species A. Migration was particularly 
slow over silica, but faster over alumina 
and titania. Temperature-programmed de- 
composition of these self-spread samples 
gave results similar to those reported in Ta- 
ble 2 for freshly impregnated Osg(CO)r8/ 
support combinations. Therefore Os~(C0)ts 
can be converted into one member of the 
species A family without loss of carbon 
monoxide. 

In contrast, Os3(C0)&upport combina- 
tions showed no tendency to achieve a self- 
spread state at room temperature. 

Retention of Osmium-Osmium Bonding in 
Species A 

Tyler et al. (13) have shown that ultravio- 
let/visible spectra provide evidence con- 
cerning metal-metal and metal-ligand 
bonding in (unsupported) Os3(CO)tz and 
other cluster compounds. By analogy, for 
washed, self-spread, and heated samples 
containing only species A, we assign bands 
below 250 nm to metal-ligand charge-trans- 
fer transitions and bands in the range 300- 
400 nm to transitions involving orbitals as- 
sociated with osmium-osmium bonds 
(Table 1). Hence we conclude that each 
species A contains an osmium clus- 
ter framework. This conclusion is sup- 
ported by the spectrum of [PhjP2N+12 
Kh0w-m4*-I, which is also given in 
Table 1; this spectrum is remarkably 
similar to that of species A. 

Bands above 400 nm are given both by 
species A and by Osg(CO)t8 and 
Os&(CO)24*- in solution, but not by 
OsJ(CO)t2. Although some bands may be 
due to d-d transitions, it appears that the 
bands above 400 nm are mostly characteris- 
tic of a clustered state of considerable nu- 
clearity. When carbon monoxide was ad- 
sorbed at room temperature onto a sample 
of Os3(C0)t2/alumina previously heated to 
523K the band at 613 nm was considerably 
enhanced (Fig. 6), whereas the metal-li- 
gand charge-transfer band at 223 nm was 
not. This demonstrates that the band at 613 
nm is associated with adsorbed-CO and 
that this form of bound carbon monoxide is 
distinguishable from the remaining CO-li- 
gands which we assume retain the linear 
structure that they possess in the original 
cluster compounds. We suggest that this 
adsorbed-CO has a bridged structure (A) or 
possibly a capped structure (B) in keeping 
with Tyler et al. (13), who propose that 
metal-ligand charge-transfer transitions in- 
volving bridged carbonyl should occur in 
the visible region. Such structures are con- 
sistent with the retention of osmium-os- 
mium bonding. 
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No spectral evidence for adsorbed-CO 
was obtained in the infrared region. Ad- 
sorbed-CO entities were fewer in number 
than the ligand-CO entities, usually by 
more than an order of magnitude (see be- 
low), and we would not wish to suppose 
that all adsorbed-CO entities have exactly 
the same structure. There may be a range of 
closely related bridged and capped struc- 
tures. Thus, even if the extinction coeffi- 
cients for adsorbed-CO and ligand-CO were 
similar, the band for the former might rea- 
sonably be weak and broad, and go unde- 
tected. 

The amounts of CO and O2 strongly ad- 
sorbed were the same. This is consistent 
with the state of strongly adsorbed O2 being 
structure (C), which is proposed in Section 
II on the basis of chemisorption measure- 
ments. 

Electron microscopy of Os3(CO)&ilica 
and of Ose(CO)&ilica heated to 523K 
showed the presence of osmium-containing 
entities having diameters near the limit of 
resolution (-0.8 nm). We suggest that a 
process of cluster growth occurs during 
heating terminating at a nuclearity in the 
region, say, 12-18. 

The Infrared Spectra of Species A 

The three-band infrared spectra given by 
all species A resemble spectra reported by 
other investigators (8) who have concluded 
that Os3(CO)i2 and Oss(CO)i8 break down at 
support surfaces to mononuclear Os(CO)Z 
and OS(CO)~. Each dissociated species 
should, from group theory considerations, 
give rise to a pair of absorption bands, and a 
spectrum of a mixture should thus give four 
bands. The centre band of the observed 
three-band spectra has been proposed to 
arise by overlap of one band from each of 

the two pairs. The above investigators (8) 
did not record ultraviolet/visible spectra 
nor were the chemisorption properties of 
the materials investigated. 

Any attempt to interpret our infrared 
spectra of species A in terms of cluster dis- 
sociation to mononuclear entities collapses 
on several grounds. The self-spread species 
derived from Os6(CO)is/alumina or the 
heated Ose(CO)i&ilica have stoichiome- 
tries close to OS : CO = 1: 3 yet they gave 
all three bands. Species which TPD show to 
be OS: CO = 1: 2 gave the same three 
bands with much the same ratio of intensi- 
ties (Table 2). Moreover, although the high- 
est- and lowest-frequency bands move 
somewhat from spectrum to spectrum 
(Figs. 7,8), in no case is there any evidence 
that the centre band contains two compo- 
nents. Thus we reject the notion that clus- 
ter dissociation to Os(CO), and/or Os(CO), 
is responsible for the three-band infrared 
spectra given by our materials. 

As an alternative, and bearing in mind 
the evidence for the clustered state of os- 
mium presented above, we propose the 
spectra to be due to carbon monoxide 
bonded to a metal-like aggregate of osmium 
atoms. CO adsorbed on polycrystalhne os- 
mium gives rise to a band at 2030 cm-’ (14); 
for comparison with the clustered state we 
consider this to be equivalent to CO bonded 
to an osmium atom in the zero oxidation 
state. By analogy with the interpretation of 
frequency shifts for cationic, neutral, and 
anionic carbonyl species formed in argon 
matrices at low temperature (15), we attrib- 
ute the band at about 1950 cm-i to CO 
bonded to an osmium atom in a fractionally 
negative formal oxidation state and the 
band at about 2120 cm-i to CO bonded to 
osmium in a fractionally positive formal ox- 
idation state. Frequency shifts of -+I00 
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cm-i or thereabouts for a change in formal 
oxidation state of + 1 are comparable with 
those reported for many analogous carbon- 
yls of V, Cr, Mn, Fe, Co, and Ni in matrix 
isolation work (15). 

The presence of the three bands in all 
spectra indicates that these three oxidation 
states of osmium are present in all members 
of the family of species A. The relative pop- 
ulations of the three oxidation states are 
less easy to assess because, in general, as 
the vibrational frequency of a CO stretch- 
ing band in these systems decreases, its ex- 
tinction coefficient increases (25). Thus the 
fractionally positive and negative formal 
oxidation states of osmium may well be 
present in roughly comparable quantity, 
with the zero oxidation state predominating 
over both. 

Three oxidation states have been identi- 
fied in an X-ray study of Osa(CO)is by Ma- 
son et al. (16); the ratios are + 1: 0 : - 1 = 
1: 1: 1. The three states may be retained in 
the dimerisation or trimerisation of Osg 
units (see below). 

Such CO-vibration frequencies are 
known to depend on environment (e.g., on 
solvent for species in solution) (27). For our 
materials, the frequency shifts were charac- 
teristic of support environment. 

The Metal-Support Interaction 

Failure to remove any of species A from 
the supports by washing hints at the pres- 
ence of chemical bonding between the clus- 
tered entity and the support. Shifts in the 
bands of the infrared spectra of species A 
provide further evidence for metal-support 
interactions. The support surfaces are 
mildly basic (18). Strong base, such as 
methanolic KOH, reacts with Ose(CO)is 
causing it to fragment to Os5(CO)8 (29), 
whereas weak base, such as iodide ion, 
simply reduces Oss(CO)is to OSS(CO)& 
(20). The action of the support surface is 
expected to be closer to that of iodide ion, 
and hence we envisage that partial electron 
donation will occur from the support to os- 
mium; in turn, this will result in increased 

electron donation from osmium to anti- 
bonding r-orbitals of carbon, thus weaken- 
ing the carbon-oxygen bond. The overall 
effect should provide for a lowering of the 
frequency of the band attributed to CO 
bonded to such an osmium atom. Alumina 
and titania surfaces are more basic than 
those of silica, and hence bands should ap- 
pear at lower frequency for species A/alu- 
mina and species A/titania than for species 
A/silica. The recorded values for CO 
bonded to osmium in the fractionally nega- 
tive formal oxidation state are 1944, 1946, 
and 1963 cm-l in agreement with this ex- 
pectation (Figs. 7, 8). 

Carbon Dioxide Formation 

Carbon dioxide was produced during 
temperature-programmed decomposition 
(Table 2), as were small yields of Cz hydro- 
carbons. Equations (1) and (2) are two pro- 
cesses whereby carbon dioxide may be 
formed; the first is a Boudouard reaction, 
and the second is a variant of the water gas 
shift reaction. 

2CO(ligand) + C(ligand) + COz(g) (1) 

20H(support) + CO(ligand) + 

O(SUPPO~G + Hz(g) + CO&s) (2) 

We ascribe the majority of CO2 formation 
to Eq. (1) because various studies (21) have 
shown that as the carbon-oxygen bond in 
MC=0 is weakened so the formation of 
CO2 is favoured, and vice versa. Experi- 
ments with our catalysts show that, gener- 
ally, ligand-CO breakdown to CO2 in- 
creases with increasing electron donation 
from the supports. Other information con- 
firms this view: (i) we infer in Section II (22) 
the presence of ligand-carbon in species A 
from adsorption measurements, (ii) we 
show in Section III (22) that CO2 is nor- 
mally a primary product of CO hydrogena- 
tion over species A in a static reactor, and 
(iii) the extent of CO2 formation described 
here sometimes exceeds the likely capacity 
of the supports to supply incipient water by 
dehydration. 
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Hydrogen present in C2 hydrocarbons 
must originate in the support. The catalytic 
activity of species A in a flow system was 
insufficient for Cz production to be attrib- 
uted to CO* hydrogenation following the 
water gas shift, or to the hydrogenation of 
ligand-CO (22). We attribute hydrocarbon 
formation to an interaction of OH(support), 
or of water formed by dehydration of the 
support, with C(ligand) formed in Eq. (1). 
Any methane formed in such a reaction 
would have been eluted, with the carbon 
monoxide, and in such small yield would 
not have been detected. 

Empirical Formulae of Species A 

Species A obtained by heating to 52313 
thus has the general formula OS, 
(c~Ln&tz,n~ where Z represents adsorp- 
tion sites and, in addition, some osmium 
atoms are involved in cluster-support in- 
teractions. From information in Tables 2 
and 3 (assuming that all CO2 formation oc- 
curs by Eq. (1) and that the number of ad- 
sorption sites is twice the number of CO 
molecules adsorbed) the empirical formulae 
for species A are as follows: 

Clearly, for the number of carbon atoms 
to be integral and for Z 2 2 (as is required 
by structure A), II must take a minimum 
value in the region of 12, in agreement with 
the conclusions from electron microscopy. 

Possible Structure Types for Species A 

Dimerisation or trimerisation of 0~ units 
provides a simple interpretation of the 
likely nuclearity of those species A formed 
by heating to 523K. Where experiments 
have involved heating Os~(CO),2/support 
combinations, it must be further supposed 
that 0~3 units first dimerise to give OS,+, clus- 

ters; this is reasonable because Os&CO)r8 
and higher-nuclearity clusters are prepared 
by the pyrolysis of Osj(CO)r2 (11, 23). In 
addition, evidence from the solution chem- 
istry of polynuclear metal carbonyls pro- 
vides a precedent for such aggregation. For 
example, reduction of Rh4(C0)r2 in the 
presence of base under mild conditions 
gives a Rhi2 cluster (Eq. (3)) (24). 

2Rh&O)n + 20H- + 
[Rh,2(C0)3012- + CO2 + 5CO + H20 (3) 

An analogous situation could clearly obtain 
at the surface of our supports. 

We offer the following speculation as to 
the structure of the dimer. Little atomic re- 
laxation is required to convert the bicapped 
tetrahedral structure of Osg(CO)is to a trigo- 
nal prismatic configuration which is then 
ideally suited for dimerisation to structure 
(I) (Fig. 9, path a). This dimer retains the 
1: 1 : 1 ratio of - 1, 0, and + 1 oxidation 
states of osmium, although the trimer pro- 
duced by an extension of this process 
would be relatively enriched in the + 1 oxi- 
dation state. 

Our interpretation of the infrared spectra 
of species A above suggested that zero was 
the most prevalent oxidation state for os- 
mium. In this connection we note that di- 
rect condensation of two bicapped tetrahe- 
dra (Fig. 9, path b) can give structure (II) in 
which all osmium atoms are in the zero oxi- 
dation state. Except for the absence of an 
osmium atom at the centre, structure (II) is 
a fragment of hexagonal close packing, and 
it is in this structure that osmium crystal- 
lises. 

Twelve osmium atoms grouped as in 
these structures and protected against sin- 
tering by ligand-CO might be expected to 
show three-band infrared spectra on the 
grounds proposed above, but with addi- 
tional intragroup band splittings. That no 
such splitting is evident may indicate that 
the OS : CO ratios listed in Table 2 are mean 
values for each preparation, and that this 
ratio varies somewhat from one species A 
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FIG. 9. Two dimerisations of bicapped tetrahedral Osg units. In (a), open circles, half-filled circles, 
and fihed circles represent osmium atoms in formal 0, - 1, and + 1 oxidation states, respectively. In 
(II), all osmium atoms are formally in the zero oxidation state. In each Osg unit the osmium atom 
numbered 5 caps the face formed by those numbered 2, 3, and 4, and that numbered 6 caps the face 
formed by those numbered 1, 3, and 4. No attempt has been made to reproduce metal-metal bond 
lengths to scale. 

cluster to the next in each preparation. This 
is not unexpected; the precise constitution 
of each species A will be determined by the 
environment of the support surface at the 
point where dimerisation occurred and will 
have been governed in part by the detailed 
nature of the cluster-support interaction 
that was achieved. Since each support 
presents a chemically and energetically het- 
erogeneous surface on the atomic scale, it 
is to be expected that there may be some 
variation with respect to the numbers of 
CO-ligands (and C-ligands) attached to the 
OslZ entities. 

The maximum dimension of the cluster 
framework in the dimers is about 0.8 nm, 
and in a timer produced by path a about 1.1 
nm. Our experience of transmission elec- 
tron microscopy with a wide range of os- 
mium clusters, and of conventional cata- 
lysts containing Re, OS, or Ir, is such as to 
make us confident that such 0~18 units and 
possibly Osi2 units would be visible as fea- 

tures having an apparent size close to our 
limit of detection. 

The variability of the OS : CO ratio in spe- 
cies A and the likelihood that it contains 
carbon and enters into chemical interac- 
tions with the support suggest that struc- 
tures (I) and (II) may undergo further struc- 
tural modifications. Indeed, the interesting 
catalytic properties of these materials may 
be related to their capacity to undergo con- 
figurational changes under reaction condi- 
tions . 

Relationship with Previously Published 
Work 

Having thus established to our satisfac- 
tion that the clustered state may be retained 
in catalytically active material, we consider 
again the work of Knozinger, Basset, Ugo, 
and their co-workers, who propose cluster 
degradation to mononuclear osmium spe- 
cies during catalyst preparation (8). Our 
supports were extensively dehydroxylated 
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before impregnation with cluster com- 
pound, whereas the above workers appear 
to have employed more heavily hydroxyl- 
ated supports. Surface hydroxyl concentra- 
tion, hydroxyl reactivity, and osmium load- 
ing (our loadings are higher than those used 
by Knozinger ef al. (8, 25)) will each play a 
part in determining the course of reaction of 
the cluster compounds with the support; 
the effects of these parameters have yet to 
be examined in a systematic manner. Our 
observations of enhancement of nuclearity 
on heating the freshly impregnated materi- 
als are consistent with our having the less 
reactive support surfaces. 

That OUI materials and those of Kno- 
zinger and Zhao (8) are different can be 
shown by a further example. These work- 
ers demonstrated reversible de- and re-car- 
bonylation (over a period of 20 h at 645K) 
of their material that gave the three-band 
infrared spectrum. We repeated this experi- 
ment with species A derived from 
Og(CO)&itania. Admission of 20 Torr 
[180]C0 at 645K gave 13% [r60]C0, 11% 
[‘8O]CO, 53% [‘6O]CO2, 10% PO, ‘*o]co2, 
and 13% [‘*O]C02 after only 0.3 h. Clearly, 
reaction and randomisation of oxygen iso- 
topes occurred, showing that our species A 
has a chemistry different from that of the 
osmium-containing species prepared by 
Knozinger and Zhao. 

The results of this investigation empha- 
size (i) the delicate balance of the chemistry 
in a system in which the OS-OS bonds and 
the OS-CO bonds are of comparable 
strength, (ii) the importance of the use of 
well-characterised supports, and (iii) the 
importance of the use of as many tech- 
niques as possible in the characterisation of 
cluster-derived catalysts. 
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