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y-Al,Os-supported osmium was prepared from [Os(CO);] and characterized by infrared spectros-
copy and transmission electron microscopy before and after use in catalytic hydrogenation of CO at
1 or 10 bar and 523-598 K. Mononuclear osmium carbonyl complexes were formed initially on the
AlLO; surface, and when the samples were brought in contact with H,, the osmium was reduced,
forming small metal aggregates. Samples were reduced either severely (in 10 bar of H, for 10 h),
giving large aggregates, or mildly (in 1 bar of H, for 1 h), giving smaller aggregates. The properties
of the catalysts for CO hydrogenation were compared with those of samples prepared from
[H,0sCls] and [0s3(CO),;], which consisted of mononuclear osmium complexes and ensembles
consisting of three or fewer osmium ions. The activities of the latter catalysts for hydrocarbon
formation and the chain growth probabilities were significantly less than those of the catalysts
containing Os aggregates. The chain growth probability and the olefin : paraffin ratios were greater
for the larger aggregates. Surface intermediates are suggested involving bifunctional interactions of

CO with Os metal (or Os ion) sites and neighboring AI** sites.

INTRODUCTION

Product distributions in CO hydrogena-
tion are strongly dependent on the nature of
the metal catalyst (/) and the support (2).
Catalytic properties of a given metal/sup-
port combination may also be influenced by
the structure of the metal precursor. This
dependence may result from (i) the forma-
tion of different active species from differ-
ent precursors (e.g., metal ions vs metal
particles); (i) different metal particle sizes;
and (iii) modifications of the support sur-
face [e.g., chlorine incorporation onto the
surface when metal chlorides are used as
precursors (3)].
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It has been suggested that CO hydroge-
nation reactions involving C-O bond scis-
sion (dissociative chemisorption) and C-C
bond formation require catalysts with
neighboring metal centers, i.e., surfaces or
metal clusters (4). It has also been sug-
gested that the length of the growing hydro-
carbon chain is sensitive to the number of
accessible metal centers on the surface of a
metal particle or cluster: data obtained with
Ru aggregates encaged in zeolites showed a
cut-off in chain length near C,, C;, or Cy;,
depending on the size of the zeolite cage,
which determined the size of the Ru aggre-
gates (5).

Supported catalysts prepared from metal
clusters have been found to give unusual
selectivities in CO hydrogenation (2, 6). In
an investigation of these materials, we re-
ported CO hydrogenation activity of alu-
mina-supported catalysts derived from
[0s3(CO);2l, [HaOs4(CO)13], and [H,0sClg]
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(1, 3) The results indicated the importance
of precursor nuclearity in catalyst perfor-
mance, although the data are too few to es-
tablish clear patterns

Regarding the CO activation step, an al-
ternative to dissociative chemisorption on
two neighboring metal centers has been ad-
vocated, which involves Lews acid-in-
duced reduction of CO (8-10) In this step,
neighboring metal centers would not be re-
quired, since CO could be coordinated to a
single metal site (an 1solated atom or com-
plex or an edge atom of a particle) and si-
multaneously interact with a Lewis acid
site (e g , AL}%) through the carbonyl oxy-
gen Infrared spectroscopy of adsorbed
group VIb metal carbonyls has revealed ev-
idence for this type of interaction (11, 12)
Moreover, Cl~ incorporation into the Al,O4
support surface—which strongly enhances
the Lewis acidity—appeared to increase
the rate of methanation on the supported
osmium catalysts mentioned above (3)

In continuing this research, we have now
used the mononuclear osmium carbonyl
[Os(CO)s] as a catalyst precursor The
preparation with a metal carbonyl ensures
the absence of modified surface properties
of the support such as those mentioned
above, and the mononuclear carbonyl pre-
cursor might be expected to permit the for-
mation of 1solated surface carbonyls Sev-
eral vestigations with group VIb
carbonyls have demonstrated the formation
of mononuclear tnicarbonyl species on
AlLO; supports (12-14) The goal of this
work was to characterize the structures of
[Os(CO)s)-dertved catalysts and to deter-
mine their behavior for hydrogenation of
CO The results were to be compared with
those obtained previously with [Os;(CO)y,)-
and [H,OsClg]-derived catalysts (3) in an
attempt to determine relations between
structures of the active species and cata-
Iytic activities and selectivities

EXPERIMENTAL METHODS

Matenals and catalyst preparation The
y-Al;O; used as a support was type P110C 1

from Degussa, which had a N, BET sur-
face area of 100 m? g=! [Os(CO)s] was syn-
thesized according to literature methods
(15, 16) One gram of OsO, (Merck) dis-
solved 1in 50 cm?® of heptane was heated at
430 K 1 an autoclave under a CO partial
pressure of 200 bar for 8 h The autoclave
was then cooled to room temperature and
brought to atmospheric pressure within 1 h
The volatile {Os(CO);] was then condensed
into a trap kept at dry ice temperature

The Al,O, support was heated in oxygen
at 670 K and then evacuated (<1073 bar) at
the same temperature prior to being
brought in contact with a heptane solution
of [Os(CO)s] under N, at dry ice tempera-
ture After warming to room temperature
and removal of the supernatant solution,
the matenial was dried by evacuation at
room temperature and stored under N,
Contact with air, however, could not be
avoided during pressing of wafers for infra-
red spectroscopy and during loading of cat-
alyst into the reactor

The catalyst contamed 0 36 wt% Os, as
determined by Analytische Laboratorien,
Engelskirchen, FRG For comparison, the
catalysts prepared from [Os;(CO)y;] and
[H,0sCl¢] contained 0 34 and 1 18 wt% Os,
respectively, their preparation and charac-
terization were described previously (3)

Infrared spectroscopy Th self-support-
ing wafers were pressed and placed 1n a
previously described (/7) transmission 1n-
frared cell permitting in situ heat treatment
and chemusorption experiments The spec-
tra were recorded on a Perkin-Elmer 225
spectrophotometer To reduce heat effects
mmduced by the infrared beam, the Globar
light source was run at only about 20% of
its maximum power The spectral shit width
in the carbonyl stretching region was typi-
cally 3 cm™!

Some infrared spectra were also re-
corded with a Nicolet 7199 FTIR spectrom-
eter The procedure and cells are described
elsewhere (18)

Transnussion electron nucroscopy In
preparation for high-resolution transmus-
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sion electron microscopy (TEM), the cata-
lyst powder was ground and suspended 1n
hexane A drop of the suspension was
placed on a 4-nm carbon film mounted on a
1000 mesh Cu gnd, and the hexane was al-
lowed to evaporate

The micrographs were obtamed with a
Philips EM 400T nticroscope with an instru-
mental magnification of 360,000X and an
acceleration voltage of 120 keV To 1m-
prove the contrast, the objective aperture
was reduced to ca 30 um, which led to a
restriction of the spatial frequency spec-
trum in the electron microscopic 1mage
and a restriction of the phase contrast to
=0 3 nm

Catalytic reaction rate measurements
The catalytic reaction experiments were
carried out with a steady-state differential
flow reactor, described elsewhere (19)
About 2 g of catalyst powder was loaded
mto the copper-lined tubular reactor and
held n place with glass wool plugs at inlet
and outlet The reactor was purged thor-
oughly with helium and brought to pressure
with hydrogen, the temperature was gradu-
ally raised to 548 K The catalyst pretreat-
ment nvolved heating 1n hydrogen at 1 or
10 bar Subsequent catalyst reactivations
(at the end of each experiment) involved
treatment with flowing hydrogen at 548 K
and the pressure of the following experi-
ment for several hours This procedure
completely restored catalyst activity and
ensured the attainment of reproducible
results

The hydrogenation of CO was nvesti-
gated at pressures of 1 and 10 bar, tempera-
tures, of 520 to 600 K, and various reactant
compositions and flow rates The reactor
effluent flowed through an on-lne gas-sam-
plhing valve, and samples were periodically
mtercepted and injected into an Antek 300
gas chromatograph equipped with a flame-
ronmization detector Hydrocarbons were
separated with an alumina column and oxy-
genates with a SE-30 column, each column
was stainless steel, § 1n 1 diameter and 6 ft
in length

With temperature, pressure, and reactant
gas flow rate held constant during an exper-
iment, conversions of CO and hydrogen
were measured as a function of time on
stream For most experiments, steady-state
conversion was obtained after about 20 h on
stream The pure alumina support was wnac-
tive for CO hydrogenation

RESULTS AND DISCUSSION
Characterization of Unused Catalyst

A fresh wafer of catalyst prepared from
{Os(CO)s] and y-Al,Os had bands 1n the car-
bonyl stretching region at 2125, 2098, 2035,
and 1953 cm™! (Fig 1, spectrum 1) This

L

= 2125
—— 2098

T RANSMISSION

WAVENUMBERS / cm™!

Fic 1 Infrared spectra of the unused catalyst pre-
pared from [Os(CO)s] and y-Al, O+ catalyst after van-
ous in situ treatments (1) ‘‘Fresh’’ catalyst after evac-
uation for 30 mun at room temperature, (2) after
treatment 1 H, (0 92 bar) at 473 K for 3 h, (3) at 473 K
for 4 h, (4) at 573 K for 2 h, (5) after subsequent expo-
sure of catalyst to CO (0 13 bar) at 373 K for 2 h, (6) at
423 K for2 h, (7) at 473 K for 2 h, (8) at 523 K for 2 h,
(9) at 573 K for 2 h Spectra were recorded at beam
temperature
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spectrum 1s probably a composite indicat-
ing the existence of more than one osmium
carbonyl species on the y-Al,O; surface
The three bands at 2125, 2035, and 1953
cm™! are very close to those observed 1n the
samples prepared from [0s3(CO);,] and y-
Al,O; and are attributed to a muxture of
mononuclear Os?**(CO), and Os?*(CO); sur-
face complexes (3, 5, 20-22) * Evacuation
or treatment in hydrogen at temperatures
<470 K eliminated the band at 2098 cm™!
and reduced the band at 2125 cm~!, the two
low-frequency bands remained close to
their original positions (Fig 1, spectra 2
and 3) This behavior 1s also known from
the samples prepared from [Os;(CO);,] and
v-Al,O5 (3, 5, 20) and suggests a decar-
bonylation of the surface complexes to
yield preferentially the dicarbonyl species
0s**(CO),

Treatment of the sample 1n hydrogen at
573 K (Fig 1, spectrum 4) shifted the two
bands to lower frequencies (2014 and 1925
cm™1) with only a slight asymmetry remain-
ing at the original band positions This
trend 1s indicative of a reduction of the os-
mium species to a lower oxidation state (3)
Subsequent exposure of the sample to a CO
atmosphere at increasing temperatures re-
versed the frequency shift (Fig 1, spectra
5-9), the original spectrum was restored af-
ter treatment at 573 K in CO, suggesting
reoxidation and recarbonylation of the os-
mium species We infer that at intermediate
stages (e g , Fig 1, spectrum 6), there were
at least two surface osmium complexes,
one with Os in the +2 and one with Os 1n a
lower oxidation state, with various degrees
of carbonylation (di- and tri-carbonyls)
This inference 1s confirmed by the superpo-
sition of three band pairs at 2125 and 2035
cm™! [0s?(CO);], 2035 and 1950 cm™!
[0s?*(CO),], at 2014 and 1925 cm~!
[Os@*(CO),] The existence of Os*
in reduced samples has recently been dem-
onstrated by ESR (23)

4 An alternative interpretation has been offered for a
simlar 3-band spectrum for supported catalysts pre-
pared from osmium carbonyls 1n a different way (31)

As suggested previously for Os;(CO),,
(3, 20), we assume that the oxidation of Os
occurs due to reaction of Os(CO); with the
AlLO; surface, although we cannot com-
pletely rule out the possible role of traces of
oxygen

In summary, the infrared spectra suggest
the formation of mononuclear surface os-
mium carbonyl complexes, and there 1s no
indication of aggregation of the metal under
the conditions of the experiments

The samples were also investigated by
TEM, with typical results shown 1n Figs 2a
and b Lattice planes of the y-Al,O; support
are clearly evident, indicating the resolu-
tion obtained, no scattering centers in the
size range >1 nm were detected in any of
the micrographs, even after hydrogen treat-
ment of the sample The micrographs there-
fore confirm the conclusion that aggrega-
tion of the surface osmium did not occur
under the conditions of the infrared investi-
gations We recall that scattering centers of
size <] nm were observed in samples pre-
pared from [0s3(CO);,] and y-ALOs, they
were attnbuted to ensembles consisting of
three Os atoms each (3, 24) This interpre-
tation was confirmed by TEM investiga-
tions of [Os;(CO),,] supported on well-de-
fined self-supporting Al,O; films (25)

We recognize that the mterpretation of
micrographs of dispersed powder samples
may be misleading because such samples
present vaniable layer thicknesses and, con-
sequently, varying degrees of defocusing,
which may produce contrasts which are
susceptible to musinterpretation as real
structures Since no contrast i the size
range of 1 nm was found in the micro-
graphs—and since scattering centers all the
same size were observed in the similar sam-
ples prepared from [Os3(CO);;] and -
AlL,O;—we conclude that aggregates about
1 nm 1n size would have been detected if
they had been present i the samples pre-
pared from [Os(CO)s] and y-AlLO,

Catalytic Hydrogenation of CO
The freshly prepared catalyst derived



99

CO HYDROGENATION ON OSMIUM CATALYSTS

SB 28N pue Y juswiean d)Je ‘O v

11 01 spuodsaniod spdwes] T ur uonNINpPaI IajJe dwes (q)

A/5(0D)S0] (P) ©1sATe1ED © SB 95T pUR g JUSUNEIT) JalJe OV

<

"JSAEIEd ¥
-A/5(00)50] (9) ‘[(6)—(1) siuounean 1ayye | 31 Jo 19yem

‘paredard A[Ysalj (B) :s3SA[BIRD PAALIP-[S(QD)SQ] JO SYdeISOION UOIIIS[S UOISSIWSURI], "7 Ol




100

WA
f03
—
=
(o]
&
o

(0]

.?zozr
(@]
(&)

o1t

0 1 A1 1 1

0 1 2 3 4
W/F [ moles Os s (moles)”

Fi16 3 Conversion of CO + H, into hydrocarbons 1n
the presence of a catalyst prepared from [Os(CO)s] and
vy-Al,O; (treatment A) (reaction temperature, 548 K,
H, CO molar ratio, 1 1, total pressure, 10 bar)

from [Os(CO)s] was pretreated under two
different sets of conditions prior to its use
in CO hydrogenation The relatively severe
treatment A [catalyst [Os(CO)s]-A] con-
sisted of exposure of the sample to flowing
H, at a pressure of 10 bar at 548 K for ap-
proximately 10 h In contrast, in the rela-
tively mild treatment B [catalyst [Os(CO);s]-
B], the sample was exposed to flowing H; at
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a pressure of only 1 bar for 1 h at the same
temperature Most of the catalytic reaction
experiments were carried out with a cata-
lyst treated by procedure A

A typical plot of the conversion of CO +
H, to hydrocarbons versus inverse space
velocity 1s shown in Fig 3 These plots
gave straight lines passing through the ori-
gin with curvature at the higher conver-
sions Reaction rates were calculated from
data collected within the lImear portions of
these plots A summary of the catalytic re-
action rate data 1s given in Tables 1 and 2

Hydrocarbons (C, through Cg) were the
main products of the catalytic reaction Ox-
ygenates were formed 1n almost neghgible
amounts, dimethyl ether being about 1% of
the products observed with the freshly re-
duced catalyst (We infer that the ether
formed from catalytic dehydration of meth-
anol on acidic sites of the ALO; which 1s
known to be active for this reaction (34) )
Oxygenate formation declined as the cata-
lyst aged, the ether was typically <0 2% of
the products for the data recorded here

Methane was the predominant product
and amounted to 72% of the hydrocarbon
formed at 523 K and 10 bar with a feed
molar ratio H, CO =1 1 As the reaction
temperature increased, the selectivity to
methane decreased (to 37% at 598 K) and

TABLE 1

Temperature Dependence of CO Hydrogenation Catalyzed by y-Al,O;-Supported Os
Prepared from [Os(CO);] (Pretreatment A)®

Temperature Percentage 10%rguc? 10%cn,? Selectivities® Schulz-Flory
(K) conversion parameter, a?
C C, o C,
SHC 3IHC 3IHC 3HC
523 011 52 38 072 016 007 004 103
548 022 101 63 062 022 010 004 098
573 043 200 93 047 025 016 008 0 81
598 080 377 139 037 023 022 011 065

2 Reaction conditions pressure = 10 bar, H, CO =1 1 (20 cm?/min total flow)
b Rate r of hydrocarbon (or methane) formation, mol {(mol of Os s)!
¢ Rate of formation of species 1 divided by total rate of hydrocarbon formation (C, = CH, C, = C,H¢ + C,H,,

etc)
4 The mean errors of a are +0 05
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Fi6 4 Schulz-Flory product distributions for reac-
tion temperatures of 523 K (A), 548 K (O), 573 K (V),
and 598 K (O) Reaction conditions are as given 1n
Table 1

the selectivity to higher hydrocarbons in-
creased (Table 1) The selectivity to meth-
ane decreased as the contact time was 1n-
creased at constant temperature and
pressure, and the rate of formation of other
hydrocarbons (particularly C, and C;) ap-
peared to increase The apparent activation
energy of the CO + H, reaction was ob-
tained from Arrhenius plots for the total
rate of hydrocarbon formation, the value 1s
66 kJ mol™!

The effects of pressure and feed gas com-
position on conversion and product selec-
tivity are illustrated by the data of Table 2
As the pressure increased, the total conver-
sion to hydrocarbons increased, and the se-
lectivity to methane and the ratio of olefins
to paraffins both decreased The olefin
paraffin ratio for C, through Cs also 1n-
creased slightly as the reaction temperature
increased

The feed ratio of H, to CO had a signifi-
cant effect on product distribution As this
ratio increased, the conversion to hydro-
carbons increased markedly (Table 2) The

ODEBUNMI ET AL

selectivity to C;, C,, C,, etc hydrocarbons
appeared to be only little affected How-
ever, olefin paraffin ratios decreased sig-
nificantly with increasing H, CO ratios at
all the pressures and temperatures applied,
consistent with the occurrence of olefin hy-
drogenation The activity of these catalysts
for ethylene hydrogenation was tested in 1n-
dependent experiments

The distributions of hydrocarbon prod-
ucts conformed to the Schulz-Flory distri-
bution at all the observed temperatures, as
shown in Fig 4 Deviations from a straight
line were observed only for C, and C, at the
highest temperatures (573 and 598 K) The
slopes of the straight lines determine the
chain growth probability, «, and these val-
ues are summarized 1n Table 1, the value of
o decreased as reaction temperature In-
creased

The olefin paraffin ratio passed through
a maximum for C, hydrocarbons when the
pressure was 10 bar (Table 2, Fig 5) This
maximum was shifted to C; hydrocarbons
at the lower pressure (1 bar) The position
of the maximum olefin paraffin ratio, how-

10 bars

osr

o
+
N

1 bar

OLEFIN / PARAFFIN RATIO

08

0 | " 1 L 1
2 3 4 5 6
CARBON NUMBER

Fic 5 Olefin paraffin ratios for C, through C¢ hy-
drocarbons at 548 K and 10 and 1 bar total pressure
and H, COratiosof 1 1(@®)and3 1(O)
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TABLE 3
CO Hydrogenation on [Os(CO)s]-Derived Catalysts
at 548 K¢
Catalyst
[0s(CO)<]-A¢ [Os(CO)<)-B
10%rspc? 10 40 254
10%cy,” 731 172
Selectivity
(C, ZHO) 072 0 68
(C; ZHO) 016 024
(C; ZHQO) 007 006
(C4 ZHC) 004 002
(Cs ZHC) 001 0 004
(Cy THC) 0 004 0002
Olefin paraffin ratio
C. 024 012
C 091 025
C, 203 050
Cs 149 075

4 Reaction conditions pressure = 10 bar, H, CO =
1 1, total flow rate = 20 cm*/min

b Reaction rate r in mol of product (mol of Os s)~!

“ This set of data was obtained n an independent
experiment to check reproducibility The data may be
compared with those 1n line 2 of Table 2

ever, remained unaffected by the H, CO
ratio at both pressures

The effect of the pretreatment conditions
1s tllustrated 1n Table 3 These data indicate
that the activity for hydrocarbon formation
of the more severely reduced catalyst (pre-
treatment A) was markedly higher than that
of the less severely reduced catalyst (pre-
treatment B) The effect on methane selec-
tivity does not appear to be strong, C,
selectivity 1s somewhat higher for pre-
treatment B, whereas C,; through Cg se-
lectivities are higher for pretreatment A
The olefin paraffin ratios are strongly de-
pendent on the severity of the reduction,
these ratios are lower for all carbon num-
bers from C, to Cs after pretreatment B
However, whereas after pretreatment A
they have a maximum value at C, [as men-
tioned above (Table 2, Fig 5)], after pre-
treatment B they tend to increase continu-
ously from C, to Cs

103

A comparnison 1s made 1n Table 4 of the
catalytic behavior for CO hydrogenation of
three Al,O;-supported osmium catalysts
which were prepared using different pre-
cursor compounds The conversions were
roughly equal 1n the different experiments
(=1%) The data of Table 4 show that the
activity for CH, formation was lowest for
the [0s;(CO),]-dentved catalyst and highest
for the [Os(CO)s}-derived catalyst after the
(more severe) pretreatment A, while the ac-
tivity of a [H,OsClg]-derived catalyst was
mtermediate Moreover, the selectivity for
methane formation was pronounced for the
two catalysts derived from [Os;(CO);,] and
[H,OsCl¢], for which the amounts of C, and
higher hydrocarbons were sharply less The
[Os(CO)s]-A catalyst gave lower yields of
methane accompanied by significant
amounts of higher hydrocarbons in the C»-
Cs range

We emphasize that the [Os;(CO),]- and
[H,0sClg]-derived catalysts did not show
any detectable metal aggregation, either be-
fore or after their use as catalysts for ex-
tended periods (3) They were character-
1zed by nfrared spectroscopy and TEM
and found to consist of ensembles of three
(and 1n the case of [H,OsCly], perhaps less
than three) mononuclear surface carbonyl

TABLE 4

Comparison of CO Hydrogenation on Various
ALO;-Supported Osmium Catalysts?

Catalyst precursor

[Os+(CO)y-)? [H>0sClg} [0s(CO)) A
10%rcy,? 15 25 386
Selectivity

(C; ZHC) 081 095 052
(C» ZHC) 016 0047 025
(C; ZHQ) 003 0 002 015
(C4y ZHCQ) — — 005
(Cs ZHC) — — 002

9 Reaction conditions total pressure = 1 bar H, CO =
3 1 reaction temperature = 606 K for [Osy(CO);»] and
[H,0sCl], and 598 K for [Os(CO)J-A

* Loading 0 34 wt% Os data from ref (3)

¢ Loading 1 18 wt% Os, data from ref (3)

¢ Reaction rate r in mol of product (mol of Os s)!
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complexes (3) The significantly higher
yield of hydrocarbons with carbon number
>2 for the [Os(CO)s]-derived samples mdi-
cates a higher probability for chain propa-
gation on these catalysts

This result suggests that metal aggrega-
tion occurred under the relatively severe
pretreatment conditions (namely, the high
partial pressure of H,) applied in the
present investigation This expectation 1s
supported by the physical characterization
of the used catalysts, as shown in the fol-
lowing section

Characterization of Used Catalysts

The used catalysts were characterized by
TEM and infrared spectroscopy The elec-
tron micrographs of the catalysts after pre-
treatment conditions B and A are shown in
Figs 2c and d, respectively These micro-
graphs appear to be shghtly diffuse, making
difficult an exact determination of particle
sizes This difficulty arises from charging
effects and the resulting drifts of particles in
the specimen brought about by the rela-
tively high current densities required for an
instrumental magnification of 360,000x In
some experiments, therefore, a carbon film
with an approximate thickness of 4 nm was
evaporated onto the specimens This film
had the effect of preserving structure and
reducing the charging phenomena without
influencing the resolution Particle size de-
terminations could be done much more ac-
curately with these samples

The catalyst [Os(CO)s]-B, pretreated
with 1 bar of H; for 1 h prior to its use in the
CO + H, reaction, contamed only very few
aggregates, with a maximum size of 1 7 nm
(Fig 2¢) We infer that most of the osmium
was still present as mononuclear species or
aggregates too small for detection by TEM
(<1 nm) 1n these samples This interpreta-
tion 1s confirmed by the infrared spectra of
the used catalyst—which were nearly 1den-
tical to spectra of the unused samples The
spectra suggest the presence of surface os-
mium carbonyl complexes with the metal in
various oxidation states Small contribu-
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Fic 6 Infrared spectra of a used catalyst [Os(CO)s]-
A (1) after evacuation at 300 K for 18 h, (2) after
adsorption of CO (0 13 bar) for a few minutes at beam
temperature, (3) after subsequent exposure to CO at
530 Kfor35h,and (4) at 60S K for 52 h

tions from CO adsorbed on the aggregates
were probably overwhelmed by the car-
bonyl bands of the complexes and, hence,
escaped detection

In contrast, the micrographs of the used
catalyst [Os(CO)s]-A, pretreated under the
relatively severe conditions, showed appre-
ciable aggregation, with an upper limit of
Os particle diameters of 2 5 nm (Fig 2d)
This sample did not show any strong ab-
sorption 1n the carbonyl stretching region
before exposure to CO (Fig 6, spectrum 1)
However, exposure to 13 X 102 mbar of
CO at the beam temperature (approxi-
mately 370 K) for a few minutes produced
two broad carbonyl bands near 2020 and
1940 cm™! In agreement with the TEM
results, these bands are indicative of CO
chemisorbed on osmium metal particles
This assignment follows from the nearly
identical carbonyl spectra obtained for CO
chemisorbed on a conventionally prepared
5-wt%-0s/Al,0; sample made from
[H,0sC)¢] and reduced in H,, which con-
tammed osmium particles in the size range
~0 5 to 4 nm (26) Exposure of the sample
to a CO atmosphere at higher temperatures
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led to the progressive formation of a new
band at 2117 cm™! and an increase 1n inten-
sity of the band at 2022 cm™! (Fig 6, spec-
tra 3 and 4) These spectra closely resemble
those of the fresh catalysts in CO atmo-
spheres and suggest the formation of mono-
nuclear tricarbonyl species, the spectra of
which obscure those of CO chemisorbed on
aggregates These complexes may be pro-
duced by carbonylation (and oxidation) of
some 1solated osmium atoms or by disinte-
gration of small aggregates (or dissoctation
of edge atoms from larger aggregates) as a
result of the reaction with CO

We conclude from the TEM and infrared
characterizations of the used catalysts that
aggregation was significantly more pro-
nounced for the severe pretreatment A than
for the mild pretreatment B, confirming the
mference from the product distributtons ob-
served i the CO + H, reaction

Catalyst Structure and Reaction
Mechanism

In summary, the data show that osmum
catalysts derived from various precursor
complexes are active for the CO + H, reac-
tion, with the activity being strongly depen-
dent on the structure of the osmum
species The activities of the catalysts
contamming mononuclear osmmum com-
plexes {derived from [Os3(CO);;] and
[H,0sClg]} are lower than those in which
reduction had occurred {{Os(CO)s]-A and
[Os(CO)s]-B} (Table 4) Moreover, the
more strongly reduced and aggregated cata-
lyst [Os(CO)s]-A 1s shghtly more active
than [Os(CO);]-B (Table 3) We emphasize
that rates were calculated on the basis of
total Os 1n the catalyst, rates normalized to
surface Os would show more pronounced
differences

These observations may be tentatively ex-
plained as follows If the active species can
indeed be a mononuclear complex, CO acti-
vation may occur with the assistance of a
surface Lewis acid site, ALYL, as proposed
previously (7-10)
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Driessen et al (35) have recently shown
that a Pd/S10, catalyst, which contamned
Pd"* 10ons produced methanol with high se-
lectivity, a behavior which markedly differs
from that of the present Os/Al,O; catalysts
An explanation for the different selectivi-
ties may possibly be found in the negligible
Lewis acidity of silica

The higher activities of the reduced and
aggregated Os samples may be explained as
follows CO activation may occur analo-
gously, with CO being coordinated to edge
atoms of aggregates at the interface with

the support as suggested by Burch and
Flambard (27) and by Shriver (&)

Cc:=0
Os

7_/ //cus 4

The higher rates observed with these cata-
lysts compared with those containing iso-
lated cationic Os species may be a conse-
quence of the lower oxidation state of the
Os edge atom, which would lead to a more
pronounced backbonding

The possibly expected low frequency
carbonyl mfrared bands for such species
could not be detected This failure, how-
ever, does not necessarily rule out this type
of interaction since low concentrations of
such intermediates would not permit their
infrared detection

Alternatively, CO may dissociate on ad-
jacent Os metal atoms of the aggregates

C=0

|
Os Os

A distinction between these two possibili-
ties cannot be made on the basis of the
present results

The methanation rate measured for the
strongly reduced and aggregated catalyst
[Os(CO);]-A at 1 bar 598 K and an H, CO
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ratio of 3 was 8 9 X 10~* mol (mol of Os s)™!
(Table 2) This value (recall that it repre-
sents a value less than the turnover fre-
quency) may be compared with the turn-
over frequencies reported by Vannice (28)
for other group VIII metals supported on
Al,O; The activities decreased in the se-
quence Ru > N1 > Co > Rh = Pd > Pt >
Ir, where the least active metal Ir had a
turnover frequency of 18 x 1073 s7! A
comparison with the data for [Os(CO)s]-A
suggests that Os should be classified among
the least active metals 1n this series—which
would be 1n agreement with Vannice’s cor-
relation of turnover frequencies with heats
of adsorption of CO (29) if a rather high
heat of adsorption of CO on Os metal were
appropriate This value has not been mea-
sured, we note, however, that the average
Os-CO bond energy 1n [Osi(CO),5] 15 large,
190 kJ mol~! (30)

An effect of Os structure 1s also mani-
fested in the product distributions The cat-
alysts presumed to contain the mononu-
clear Os species gave predominantly
methane, whereas higher hydrocarbons
were produced 1n higher yields with the re-
duced and aggregated catalysts Moreover,
the larger aggregates of [Os(CO)s]-A had
greater selectivities for higher hydrocar-
bons (Table 3) Such particle size effects on
product chain length have been described
and explamned previously by Nys and Ja-
cobs (7, 31)

Olefin paraffin ratios were also found to
be dependent on the H, CO ratio and the
degree of metal aggregation (Fig 5, Table
3) [0s(CO)s]-B gave lower olefin paraffin
ratios than [Os(CO);]-A for all carbon num-
bers, and olefin paraffin ratios passed
through a maximum at C; or C, for catalyst
[Os(CO);5]-A Olefin paraffin ratios are ex-
pected to be determined by the relative
probabilities of the alternate routes for
chain termmation (32), 1 e , B-hydrogen ab-
straction to yield olefins

(CnH2n+1)ads ts5s— CnHZn +s5+ Hads (1)
and hydrogen addition to yield paraffins

ODEBUNMI ET AL

(CnH2n+I')ads + Hads g CnH2n+2 + 2s (2)

The probabihty for step (1) depends on the
density of open coordination sites s in the
proximity of the growing chain and that for
step (2) 1s determined by the density of hy-
drogen atoms adsorbed near the growing
chain The surface of a particle under sta-
tionary catalytic reaction conditions at low
conversions can be expected to be highly
covered with CO,4, and C,4,, and hence the
density of free sites and of adsorbed hydro-
gen atoms 1s expected to be low (32) The
density of open sites may be particularly
low on small aggregates, and steric hin-
drance to the approach of the 8-hydrogen
connected with longer chains may be less
than on larger aggregates These two 1deas
provide a tentative explanation of the ex-
perimental results They might be of some
value for the design of catalysts for synthe-
sis of lower olefins from synthesis gas
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