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An examination was made of the adsorption of some metallic cluster carbonyls (MCCs),
CO?I{hz(CO)m, 003Rh(co)12, 004(00)12, II‘4(CO)12, RhG(CO)m, and RU3(CO)12, from non-
aqueous solution onto two typical catalyst supports, y-alumina and Aerosil silica. With two
MCCs, Co:Rh2(CO) 2 and Iry(CO),, dispersed metallic catalysts were generated, and a study
was made of how the main experimental conditions affected the metallic dispersion. MCC
adsorption was more facile on y-alumina than on silica and was often assisted by the presence
of oxygen. An ir study showed that initial adsorption of Co:RRh»(CO);2 on y-alumina occurred
with the loss of bridging carbonyls, the remaining carbonyls being progressively lost at tem-
peratures > 300 K, while adsorption of Ir,(CO)12 on y-alumina resulted in progressive carbonyl
loss at 320-620 K. Strong adsorption involves carbonyl loss, probably by ligand exchange with
a surface anion, and the effect of oxygen is probably oxidative decarbonylation. Catalysts
prepared from Co:Rh2(CO)12 or Iry(CO)1» were relatively highly dispersed (D = 0.4-1 depend-
ing on conditions), and Co:Rh:(CO);: gave a much higher dispersion than was obtained by
conventional impregnation using aqueous salt solutions. MCC adsorption in the presence of

oxygen favored higher dispersions.

The use of transition metal carbonyls
for the preparation of dispersed metallic
catalysts was suggested by Parkyns (1)
who showed that Ni(CO),; decomposed on
an alumina surface to give metallic nickel.
However, the use of metallic cluster
carbonyls (MCCs) for this purposc was
suggested independently and much more
recently by Anderson and Mainwaring
(2), Robertson and Webb (3), and Smith
et al. (4). The present paper is intended to
give a more detailed account of this method.

Following the general principles which
control the nature of supported metallic
catalysts prepared by impregnation or

1 To whom enquires should be addressed.

2 Present address: Chemistry Department, Uni-
versity of Wisconsin-Milwaukee, Milwaukee, Wis-
consin 53201.

3 Present address: B. P. Australia, Ltd., 1 Albert
Road, Melbourne, Victoria, 3004, Australia.

adsorption methods (5), we have examined
the adsorption of some MCCs, (CosRh,-
(00)12, CO3 Rh (00)12, CO4(CO)12, Ir, (CO)”,
Rh(CO)y6, and Ruz(CO)y2), from solution
onto two typical supports (y-alumina
and silica), and with two of these (CozRho-
(CO)12 and Iry(CO);2) we have examined
how the main experimental conditions
affect the resultant catalyst dispersion.

MATERIALS AND APPARATUS
Supports

Silica : Aerosil, Degussa 200 (200 m? g™} ;
v-alumina: Harshaw 1401 P (200 m? g—!)
and Wohlm y-alumina (200 m? g—1).

Metallic Cluster Carbonyls

The II‘4 (CO)lg, Rhﬁ (CO)ls, and Ru;;-
(CO)12 were used as obtained from Strem
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Adsorption of Various Metallic Cluster Carbonyls from Nonaqueous Solution

Support MCC MCC solution Support Adsorption Extent Comments
pretreatment conditions of MCC
adsorption
(%)
v-ALOs CosRha2(CO) 12, 4 g em~din n-hexane  Various 0.5 g of support 100 No MCC recovered
CosRh(CO} 2, temperatures, + 5 cemd of MCC by washing with
or Cos(CO) 12 400630 K; solution, anhydrous, n-hexane at 203 K
16h oxygen-free;
in racue Smin, 293 K
Si0: Co:Rha(CO)1s, 4 mg em 3inn-hexane  Various 0.5 g of support 0 If not oxygen-free,
CosRh(CO) s, temperatures, + 5 emdof MCC MCC adsorption
or Cos(CO} 2 400-630 K ; solution, anhydrous, ~35%
16h oxygen-free;
inracuo up to 24 h; 203 K
y-AlaOs Irs (COY e 0.4 mgem™3in 380 K;24h 0.5 g support 100
cyclohexane 1n racuo 4+ 50 emid of MCC
(saturated solution) solution, anhydrous,
12 h;293 K
Si02 Irs (CO) 2 0.4 mgem3in 380K;24h 0.5 g of support <5
cvelohexane N racuo + 50 em? of MCC
(saturated solution) solution, anhydrous;
up to24 h, 293 K
v-Al:0Os Rh(CO) e 4mgem3 380 K;24h 0.5 g support 50
in chloroform inracuo +10 ems of MCC
solution, anhydrous,
oxvgen-free;
24h;293 K
Si0: Rhe{CO} 16 4 mgem™ 380 K;24h 0.5 g of support 0 If not oxygen-free,
in chloroform in tacuo + 10 emdof MCC MCC adserption
solution; anhydrous, also zero
oxygen-free;
24 h;203 K
v-Al:03 Rus(CO) 12 0.01 mgem™3in 380K;16h 0.5 g support ~10 MCC adsorption zero
or S8i0)» methylene dichloride N tacuo +20 emd of MCC if pretreatment
(saturated solution) solution, anhydrous, at 630 K

oxygen-free;
3h;293 K

and

Chemicals. The CosRh2(CO);s and CosRh-
(CO)y2 were prepared and purified accord-
ing to the methods given by Martinengo
et al. (6). The Co,(CO);» was preparcd
and purified according to the method given
by King (7). In these preparations, all
handling and transfers were done under a
dry nitrogen atmosphere.

Solvents and MCC Solutions

The experiments with the MCCs werc
carried out using solutions in nonaqueous
solvents: n-hexane for CosRh2(CO);2, Cos-
Rh(CO),s, and Co04(CO);s; chloroform for
Rh(CO)16; ecyclohexane for Iry(CO)ys;
and methylene dichloride for Ru;(CO)is.

All solvents were analytic reagent grade

were further purified by chemical
drying, fractional distillation, and deox-
vgenation with a stream of pure, dry
nitrogen. The concentrations of the MCC
solutions were as indicated in column 3 of
Table 1. All the cobalt-containing MCCs
are oxygen secnsitive, and the solutions of
these MCCs were therefore prepared and
stored under deoxygenated conditions: To
be on the safe side, this was also donec
with solutions of Rh(CO) s and Ruz (CO) ;..
However, since Ir,(CO),; is airstable,
with this material this precaution was
omitted.

Apparatus

(1) Gas adsorption. A standard all-glass
volumetric apparatus was used, gas pressure
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being measured variously by U-tube mer-
cury manometer or Pirani gauge. The gases
(H. or CO) were spectroscopically pure
grades.

(t7) Llectron microscopy. A Phillips EM
200 or a Siemens 102 was used. Specimens
were prepared by grinding under methyl-
chloroform, followed by deposition of some
of the suspension on a holey carbon film
mounted on a copper grid. A standard
anti-contamination device was used.

(#31) Magnetic susceptibility. Measure-
ments were made by the Gouy method at
temperatures in the range of 80-300 KX
and at field strengths up to about 108 A
m~!, Care was taken to obtain closely
similar geometries for all unknown, calibra-
tion, and blank support specimens.

(iv) Infrared measurements. These were
made using a Perkin-Elmer 577 speetro-
photometer.  Catalyst samples were  ex-
amined after being pressed into a wafer
(10-20 mg em—2) which was mounted in a
cell (8) which allowed the wafer to be
moved for processing at  higher  tem-
peratures.

Metallic Cluster Carbonyl Adsorption onto
Stlica and Alumina

All adsorption measurements were made
by agitation of a slurry of support and
MCC solutions at room temperature, and
the extent of MCC uptake onto the support
was estimated colorimetrically. The results
are  summarized in Table 1. Results
indicated as “not oxygen-free” refer to a
situation where the support had been dried
in air under the indicated conditions but
had not been purged free of oecluded air
before being presented to the MCC solu-
tion. Results indicated as “‘oxygen-free”
were obtained after thorough and exhaus-
tive purging with pure, dry nitrogen.

Infrared Results for Adsorbed MCC

Infrared spectra in the carbonyl region
were obtained for adsorbed Co;Rhy(CO)q,
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and adsorbed Tr (CO) . These speeimens
were prepared by recovering the support
sample containing  the adsorbed MCC,
which was then evacuated for about 1 h
at room temperature to remove solvent,
followed by pressing into a wafer. In the
case of CoaRh2(CO)ys, the specimen manip-
ulations were carried out under nitrogen.

The solution ir spectra for CosRhy (CO) ;2
and Iry(CO);2 observed in the present
work arc given in Table 2 and agree
extremely closely with the literature data
(4, 10).

The main features of the ir data for
these MCCs adsorbed on y-alumina are
summarized in Table 2. Detailed ir data
for the Ir,(CO):2 system, giving the
changes which occur with various thermal
treatments, will be published elsewhere (9).

The ir speetral change recorded in Table
2 for the initial adsorption of Co.Rh2(CO)4,
on y-Al,O; was Irreversible in the sense
that treatment with carbon monoxide at
about 200 Pa at room temperature caused
no change attributable to the adsorbed
MCC.

Preparation and Characterization of Dis-
persed Catalysts

Experiments were carried out to assess
the possibility of generating dispersed
metallic catalysts by using an impregna-
tion/adsorption method with MCC solu-
tions. For this purpose, both silica and
y-alumina supports were used with solutions
of Co.Rhs(CO);2 In n-hexane and of
Ir;(CO)q2 in cyclohexane. Sufficient solution
was used thoroughly to wet the support,
but was insufficient to produce more than
a small amount of excess liquid. Following
impregnation, the solvent was removed
by evacuation at room temperature on a
rotary evaporator. With Co,Rh2(CO) s,
hundling and transfers were done under
an atmospherec of pure, dry nitrogen:
Ir,(CO);2 was handled without execlusion
of oxygen,
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TABLE 2
Infrared Data

Sample vco/em™t

Comments

COthz (CO)m

In hexane solution

2074 (vw), 2064 (s), 2059 (),

2038 (m), 2030 (m), 1910 (sh),
1920 (w), 1885 (s), 1871 (s),

1855 (w)
Initially adsorbed

on v-Al,O; 2077 (s), 2032 (m)
Ih (CO) 12
In carbon tetra-
chloride solution 2071 (s), 2032 (s)
Initially adsorbed
on y-Aly0; 2068 (s), 2025 (m), 2000 (sh)

ir bands progressively removed on
heating in an inert atmosphere
>300 K, or on standing in air
at room temperature

ir bands progressively removed on
heating in vacuo at 320620 K;
complete removal required heating in
hydrogen at 620 K.

For further processing of the catalyst,
one of the following alternatives was
followed, viz., the catalyst was heated in
a stream of nitrogen or oxygen at 100 kPa
(catalysts from CosRh:(CO);2) or in vacuo
(catalysts from Ir,;(CO),2) in the tempera-
ture range of 573-623 K for 4 h. This
was followed by reduction in a stream of
hydrogen (50 kPa) for about 15 h in the
range 623-673 K, then by evacuation at
the reduction temperature to better than
1 mPa.

For comparison with the behavior of
Co:Rh2(CO);12, a catalyst was also prepared
by impregnation of the silica support with
an aqueous solution containing equimolar
concentrations of cobalt and rhodium. This
solution was prepared fromm analytical
reagent-grade Co(NO;);-6H,0 and RhCl;
-3H,0. After impregnation, the water
solvent was removed by air drying at
373 K for 24 h, followed by heating in a
nitrogen stream and by hydrogen reduction
as described above.

The catalysts so produced were char-
acterized by gas adsorption, electron micros-

copy, and in the case of cobalt-containing
catalysts, by measurement of magnetic
susceptibility. Metal contents were checked
by XRF analysis.

The data from gas adsorption measure-
ments are given in Table 3. The listed
uptake values for hydrogen and carbon
monoxide refer to the pressure range 0.3-3
kPa, in which the uptake at 293 K was
virtually independent of pressure and thus
corresponds to a ‘‘saturation’” region of
the isotherm.

The results from electron microscopy
and magnetic susceptibility measurements
are given in Table 4 in terms of the average
metallic particle diameters so obtained.
Average metallic particle diameters were
obtained from susceptibility data in both
the low-field and high-field approximations
using the standard procedures (11, 5).
They were evaluated using a value of 70 A
m? kg™ for the saturation magnetization
of Co~-Rh of equimolar ratio, this value
having been obtained by a comparison
with known data for the Co~Pt system (12)
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TABLE 3
Gas Adsorption Data for Catalysts Prepared by MCC Impregnation

Catalyst Pretreatment Hydrogen (Gas adsorption at
reduction 293 K and at
Environment T temperature 0.3-3 kPa?
(K) (K) (102 gas molecules/
g of metal)
H, CO
Co-Rh/y-Al,Og {Nz 573 673 17.2 —_
(1 wt% metal)
fI‘OIIl COthz(CO)lz 02 573 673 220 —
Co-Rh/Si0, {Nz 573 653 5.91 —
(1 wt% metal)
from COthz (00)12 02 573 673 8.06 -
Ir/Si0,
(0.84 wt9, Ir)
from Irs(CO);2 Vacuum 623 623 12.4 19.2
II‘/ 'y-A1203
(2.48 wt%, Ir)
from Ir((CO);2 Vacuum 623 623 6.7 14.5
Ir / 'y-A].f_)Oa
(0.31 wt9, Ir)
from Iry(CO)1. Vacuum 623 623 15.1 76.6
@ Dry weight basis.
® Corrected for adsorption on the support.
and from an extrapolation of our own data groups, evidenced by the removal of

to H' —= 0.
DISCUSSION
Metal Cluster Carbonyl Adsorption

The data in Table 1 show that, with
COthQ(CO)lz, COsRh(CO)lz, C()4(CO)]2,
Ir.(CO);2 and Rhe(CO)y;, the MCC is
much more strongly adsorbed on y-alumina
than on silica. In the case of Ruz(CO)s,
the extent of adsorption on both y-alumina
and silica is quite low and there is little
difference in the behavior of the two
supports. Our adsorption observations with
Rh¢(CO)1s and Ruz(CO);. are consistent
with those reported by Smith et al. (4)
and by Robertson and Webb (3), respec-
tively.

The infrared data from Co,Rhz(CO);s
show that with this MCC the main
adsorption process on sy-alumina occurs
with the removal of bridging carbonyl

carbonyl bands at <2000 cm~'. Adsorption
was irreversible, and it is reasonable to
conclude that carbonyl removal is asso-
ciated with a chemical interaction between
the MCC and the surface. Although it is
possible that there is an adsorption pre-
cursor involving interaction of the MCC
with a surface Lewis site via the oxygen of
a carbonyl group—a process well known
in systems such as metal carbonyl plus
aluminum halide and known to oceur
preferentially at bridging carbonyl groups
—this precursor, if formed at all, must be
quite short-lived in the present situation
since none of the expected infrared evidence
(18) is observed (a large decrease in v
for the coordinating carbonyl and a sizeable
increase in v, for the other carbonyls).
We suggest therefore that the main adsorp-
tion process involves ligand exchange in
which a bridging carbonyl is replaced by
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a group such as OH~ or O~ in the y-alumina
surface. For comparison, carbonyl replace-
ment processes are well established for
MCCs involving nucleophilic ligands such
as iodide ion (74). Inasmuch as OH- is
likely to be the dominant surface anion,
this is likely to be the species involved in
MCC bonding at the surface.

In the case of Ir;(CO);s which contains
only terminal carbonyl groups, the ir spee-
trum following initial adsorption showed
only the presence of an additional band at
2000 em™! over and above the two bands
observed in solution. By comparison, we
note that an additional band at 2005 ¢cm™!
is observed for solid Ir (CO);, (10). We
conclude that the initial adsorption was
essentially physical in nature with the
molecule remaining intact. In this case, as
evidenced by the observed decrease in the
carbonyl band intensity, carbonyl group
removal occurred above room temperature;
that is, progressively at increasing tempera-
tures in the range 320-620 I,
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Taking these ir results from adsorbed
Co:Rh2(CO) 12 and Ir, (CO),s together, it is
clear that bridging carbonyl groups are
more easily displaced by thermal treatment
than arc terminal groups. Smith et al. (4)
also observed that treatment of adsorbed
Rhe(CO) e with oxygen at room temper-
ature resulted in the preferential removal
of bridging carbonyl groups.

The much more facile MCC adsorption
on ~y-alumina than on silieca may be a
consequence of the greater ionicity of
surface oxygen in y-alumina which would
make it a stronger nucleophile.

The effect of oxygen on MCC adsorption
is probably due to an oxidative ligand
replacement process of the type

ML (CO), + [0, + 20, —

{M,,(CO) »1[0]s} + CO., (1)
where [O]; is a surface species such as
OH,~ or perhaps Og~. Reaction (1) is
presumably driven to the right by the

TABLE 4
Co—RRh Catalysts

Catalyst

Mean metallic particle size, d

Metallic Surface mole

(nm) dispersion, D fraction of
T (=N@&m/Nmw) cobalte
H. ads EMs M (Z (S)Co)
Co-Rh/8i0: (1 wt9, metal),?
from CosRh2(CO);.
N processed 2.8; 2.8 2.85° 0.38} 0.96->0.99
0. processed 2.4; 2.7 — 0.44
Co-Rh/y0AL:0;(1 wi%, metal),
from COthg (CO) 12
N: processed 1.3; 1-1.57 — 0.76 0.63- 0.64
O, processed 1.1, — 0.98 0.51
Co-Rh/8i0; (1 wt%, metal)
from cobalt nitrate and
rhodium chloride
N: processed 5.8; — 5.0¢ 0.16 0.97->0.99

@ Average diameter from electron microscopy.
® Average diameter from magnetic susceptibility.

¢ Range corresponds to the two limits used in the solution to Eqgs. (3) and (4); see text.

¢ Dry weight basis.

¢ Listed value is mean of low-field (3.1 nm) and high-field (2.6 nm) values.
/ Uncertainty due to limited resolution of individual particles.
¢ Listed value is mean of low-field (5.4 nm) and high-field (4.6 nm)
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formation of carbon dioxide. Evidence for
this was provided by the observation of an
ir band at 1368 ¢cm~* which we attribute
to symmetrical stretching in surface car-
bonate. Moreover, it was observed that
after adsorption of CosRh;(CO);; on silica
in the presence of (a little) oxygen, the
infrared spectrum of the adsorbed species
was similar to that produced with ~-
alumina in the absence of oxygen; that is,
the adsorbed species gave bands at 2070
and 2020 em™.

It will be noted from the data in Table 1
that this propensity for augmented adsorp-
tion in the presence of oxygen is limited,
under our experimental conditions, to the
MCCs which contain cobalt, and this
correlates with the known sensitivity of
cobalt carbonyls for reaction with oxygen.
However, given sufficient time, this be-
havior would probably occur with other
types of MCCs: For instance, Smith et al.
(4) observed that when Rh¢(CO);s on
alumina was left to stand in oxygen for
several days at room temperature, extensive
oxidative removal of carbonyl ligands
occurred. (We have observed similar be-
havior with Co,Rh:(CO);» adsorbed on
alumina or silica.) We note that oxidative
decarbonylation has been already reported
for [Co!'(CN):(PEts).COT- (23), while
what may be the first stage, that is, the
oxidation of a CO ligand to COOH, has
been reported with [IrlIICl;(PR3)2(CO). I+
(24).

Gas Adsorption and Catalyst Characterization

We shall confine our attention to the
apparent monolayer region of the isotherm
to which the data in Table 3 refer. Interpre-
tation of the gas adsorption data requires
a knowledge of the monolayer chemisorp-
tion stoichiometry [X.(4)]. Here we
define X ,.(4) for a gas of molecular type
A, as the average number of surface metal
atoms at monolayer coverage needed for
the adsorption of each A molecule.
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In the case of hydrogen on iridium, it is
then reasonable (5) to take X ,(Hj) = 2,
that is, each surface iridium atom carries
one hydrogen atom. However, in the case
of cobalt-rhodium catalysts, there is the
problem that, while it is reasonable to
expect X ,(Hs) = 2 for rhodium (5), there
is now strong evidence that this is not
true for supported cobalt (15, 16): In
this case the data show that under apparent
monolayer conditions there is only one
chemisorbed hydrogen atom for about
every three surface cobalt atoms, so that
Xn(Hy) = Z.

Cobalt—Rhodium Catalysts

We proceed by constructing a model for
the nature of the dispersed cobalt—rhodium
which is internally selfconsistent for av-
erage metallic particle size measured elec-
tron microscopically and by magnetic
susceptibility and for hydrogen adsorption
data.

The main complications in the interpre-
tation of data from these cobalt-rhodium
catalysts lie in whether the metallic
particles all contain equal proportions of
the two metals, and in the question of
surface enrichment by the component of
lower surface energy.

It should be noted first of all that these
metals form a continuous series of solid
solutions across the entire composition
range (17), so that from a thermodynamic
point of view phase separation will not
occur. We therefore take the view that
catalysts prepared from Co:Rhz(CO);; will
necessarily consist of metallic partidles
each with equal amounts of the two metals.
In the case of the catalyst prepared by
conventional impregnation from cobalt
nitrate and rhodium chloride, we also
believe this to be so, although the method
of preparation makes the conclusion less
secure. Nevertheless, in this case, the
average metallic particle size was large
enough for X-ray diffraction to be useful,
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and this failed to provide any evidence for
the existence of more than a single metallic
phase.

In order to estimate surface enrichments,
we have used standard regular solution
theory (18, 19), modified as described by
Wynblatt and Ku (20), to take into account
the strain energy due to different atomic
sizes of cobalt and rhodium.

In carrying out this calculation we used
the following parameter values. Surface
energies (21): yco and ygn, 2.37 and 2.74

J m~2, respectively : mean area per mole of

(100) alloy surface: 4.06 X 10* m? mol-';
regular solution parameter: 9.4 kJ mol™!
(in the absence of experimental thermo-
dynamic data for the cobalt-rhodium
system, the regular solution parameter was
estimated by parameterization from the
heats of atomization, 440 and 578 kJ mol-!
for cobalt and rhodium, respectively) ; area
per atom: 0.662 X 10~ and 0.752 X 101
m? for cobalt and rhodium, respectively;
volume per atom: 0.913 X 1072 and 1.377
X 10~%* m? for cobalt and rhodium, respec-
tively. Using the procedure described by
Wynblatt and Ku (20) with values for the
bulk and shear moduli of cobalt and
rhodium (22), we estimate the elastic
strain energy term as 10.3 kJ mol=.
Because of the wuncertainty in the
extent to which the clastic strain energy
should contribute to the enthalpy change
for surface enrichment, we have evaluated
surface enrichment values in two limits:
one with the elastic strain energy fully
included and the other with it excluded.
In computing surface compositions with
small particles, account must be taken of
the depletion of the bulk which accompanies
surface enrichment, by applying the neces-
sary mass balance criteria. We have there-
fore proceeded by iteration to a best fit in
average particle diameter (d), between d
from hydrogen adsorption and d measured
by other independent means (electron
microscopy and magnetic susceptibility),
the constraints being the satisfaction of the
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surface enrichment thermodynamic rela-
tions and the mass balance criteria. The
results are given in Table 4.

Table 4 also lists corresponding values
for the metallic dispersion, D, defined as
N sym/N(mym, the ratio of the number of
metal atoms (Co 4 Rh) in the surface to
the total number of metal atoms, and lists
the corresponding surface compositions,
Z(s)co Lhe range of values listed for zs)co
corresponds to the two limiting cases
indicated above. However, because these
ranges are relatively narrow, we list only
midrange values of d(u, aasy and D. It may
be noted that if ideal mixture theory is
used to calculate surface enrichment, values
for ¢syco are only about 69, below the
lower limits given in Table 4, while values
for D and d(m, 245y are then about 5 and
2.59%, above and below the listed values,
respectively.

On the whole the model accounts well for
the results, with the various d values being
internally consistent to an acceptable level.

These data demonstrate the considerable
advantage to be had in terms of better
metallic dispersion, by generating the
catalyst from Co0;Rh:(CO),s rather than
from a conventional impregnation pro-
cedure using aqueous solutions of cobalt
nitrate and rhodium chloride. The data
also show that the dispersion is considerably
better on v-Al,O3, on which Co;Rhy(CO);s
is adsorbed, than on SiO; on which it is
not adsorbed or only adsorbed to a very
limited extent. This trend is to be expected
if failure to adsorb leads to the generation
of metallic particles via oeccluded solute.
Finally, processing the catalyst in oxygen
leads to a better dispersion than processing
in nitrogen: The presence of oxygen pre-
sumably results in reduced particle mobil-
ity, leading to diminished aggregation.

Iridium Catalysts

Values for the iridium dispersion, D,
(N @)1/ N (1y1r) and average iridium particle



516

ANDERSON ET AL.

TABLE 5
Iridium Catalysts

Catalyst Metallic Mean metallic particle size, d N@yco/ Nemy1e
dispersion, D (om)
(E N(S)Ir/N(T) Ir)
(=N(S)H/N(T)1r) H, ads EM-=
Ir/8i0, (0.84 wt9, Ir)®
from Iry(CO)12 0.79 1.4 1.7 0.61
Ir/v-Al;O; (2.48 wt9 Ir)
from Ir,(CO);. 0.43 2.5 N.A. 0.46
Ir/v-AlO; (0.31 wt% Ir)
from Iry(CO);s 1.0 <11 —e 2.44

s Average diameter from electron microscopy.
® Dry weight basis.
< No metallic particles observable.

size may be obtained from the hydrogen
adsorption data using the monolayer chem-
isorption stoichiometry X.(Hi) = 2, to-
gether with the area and volume per
atom, a1, = 0.769 X 107 m? and vy, =1.42
X 1072 mé. Values are listed in Table 5
together with corresponding electron micro-
scopic data. On the whole the agreement
is reasonable.

Table 5 also gives values for the ratio
N syco/N (1y1e- For the catalysts containing
0.84 and 2.48 wt9, iridium, the ratio
Nsyco/N (my1: 1 in approximate agreement
with the metallic dispersion D, indicating
that on these catalysts the chemisorp-
tion stoichiometry for carbon monoxide
X (CO) ~1.

However, for the catalyst with composi-
tion 0.31 wt9} iridium, the behavior was
notably different. For this catalyst D=1.0
but N co/N (m = 2.44. Bearing in mind
that D = 1.0 is consistent with a range of
particle sizes belcw a limit of about 1.1 nm
in the case of iridium, and also noting that
for this catalyst we failed to resolve any
metallic particles electron microscopically
(with an effective detectibility limit of
about 0.6 nm), it is clear that the average
iridium particle size was extremely small,
certainly <1 nm. Since one would expect
a range of particle sizes, it is reasonable to

expect that some proportion of the iridium
was retained as Iry clusters. The question
remains whether N s co/N 1 = 2.44 in-
dicates that this proportion was substantial.
Comparison with some results of Della
Betta (25) for highly dispersed ruthenium
catalysts suggests that the answer is
probably in the negative. Della Betta
studied the adsorption of hydrogen and
carbon monoxide for average ruthenium
particle sizes in the range of 1.1-2.5 nm
(evaluated from hydrogen chemisorption
data, and assuming X,(Hg) = 2); the
corresponding values for Nyco/N (ryRu
were in the range of 2.3-3.8. Clearly, with a
metal for which a molecular cluster carbonyl
exists, e.g., Ruz(CO);; in the case of
ruthenium, N s)co/N(rym can approach a
value characteristic of the MCC even
though the metallic particle size may be
rather larger than that existing in the
MCC itself.

Taking the present results with those
of Smith et al. (4) allows some summary
comments to be made about the general
conditions required for the generation and
retention of highly dispersed metal from
MCCs on catalyst supports.

The MCC should be molecularly dis-
persed over the support surface before
extensive decarbonylation begins. This is
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most readily achieved if the MCC is
molecularly adsorbed. Although the initial
MCC adsorption may be relatively strong
(with a probable chemical interaction as
in the case of Co,Rh:(CO);, adsorption
on ~v-alumina), weaker adsorption may
be sufficient (with a probable physical
interaction as in the case of Ir,(CO);, on
y-alumina). This initial adsorption may
be assisted by the presence of oxygen.

We conclude that an important factor
during catalyst genesis is to avoid the
formation of MCC crystallites oceluded
in the support pores, and from which
relatively large metallic particles can be
formed during decarbonylation. The gen-
cration of a metallic particle from an MCC
crystallite is undoubtedly a complex pro-
cess, but it is reasonable to suppose that
it will be agsisted by the close proximity of
MCC molecules in the crystallite, and
that disproportionation reactions (well
known for many MCCs) will probably
play a significant role.

However, the behavior of Ir,(CO):: on
silica suggests that ecircumstances may
exist when the absence of MCC adsorption
need not necessarily lead to a poor metallic
dispersion: in this case, at a metal loading
of 0.84 wt9, iridium, an iridium dispersion
of 0.79 was obtained. This appears to be a
result of events occurring during the
carly stages of catalyst processing. Although
oceluded MCC ecrystallites were formed
when the solvent was removed under
vacuum at room temperature, during the
next stage of processing, which consisted
of heating in vacuo at 370 — 620 K, there
was clear evidence for MCC volatilization,
and this resulted in its redistribution over
the support surface. In this case of iridium,
it appears that the MCC had sufficient
volatility for redistribution to occur, but
sufficient thermal lability for decarbonyla-
tion before any but a small amount
(estimated by analysis at <59, of the
total) of iridium was lost from the catalyst.
This clearly requires a successful balance
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being struck between ease of volatilization
and thermal decomposition, a fortuitous
circumstance.

On the other hand, in the case of CosRhy-
(CO)y2 on silica where the MCC was
also not adsorbed, the much greater thermal
instability of this MCC relative to its
volatility apparently prevented an anal-
ogous process from occurring: The result
is that processing at 573 IC (in nitrogen)
resulted in D = 0.36; cf. Table 4. The
relative ease of thermal decomposition of
these MCCs as indicated above agrees
with the literature: Ir;(CO), T4~ 480
K; CooRhe(CO)1e, Ty >~ 390 KX (6).

Finally, we notc the data of Smith
et al. (4) which indicate that reversible
decarbonylation/carbonylation is possible
from Rh(CO),; adsorbed on alumina at
room temperature, showing substantial
absence of aggregation of the metallic
skeletal wunits: decarbonylation without
heating above room temperature must be
carried out oxidatively (dry oxygen).
Comparison with the present results sug-
gests that an appreciable degree of aggrega-
tion of the MCC metallic skeletal units
cannot be avoided if the catalyst processing
temperature rises substantially above room
temperature. However, even if heating
above room temperature is avoided, revers-
ible deearbonylation/carbonylation is not
guaranteed, and depends on the specific
MCC wused. Thus the initial changes
induced during the adsorption of Co:Rha-
(CO)1z2 on vy-alumina at room temperature
were irreversible. The important factor
is probably the strength with which the
MCC is bound to the support.

Inasmuch as an MCC molecularly ad-
sorbed on a 200 m? g~! support to a metal
loading of 1 wt9, corresponds to an average
intermolecular distance of the order of
5 nm, it is clear that aggregation from a
molecularly dispersed MCC precursor must
require considerable surface mobility. Car-
rying out the catalyst processing in the
presence of oxygen gives a higher metallic
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dispersion,
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probably by reducing this

surface mobility. It may be possible to
achieve the same result by designing the
support surface to make available surface
sites of higher binding energy for the MCC.
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