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Abstract

w Ž . xy w Ž . xSupported HIr CO , prepared by adsorption of Ir CO from n-pentane solution onto MgO powder that had4 11 4 12

been partially dehydroxylated in vacuum at 4008C, was identified by infrared and extended X-ray absorption fine structure
Ž .EXAFS spectroscopies. The clusters were decarbonylated to various degrees by treatment in He or H and characterized2

by infrared and EXAFS spectroscopies. When the decarbonylation was carried out in H , the iridium aggregated; infrared2

data show that the CO ligands reacted with H , resulting in the formation of water and hydrocarbons. When the2

decarbonylation was carried out in He, the tetrahedral cluster frame remained unchanged; the fully decarbonylated clusters,
˚modeled as Ir tetrahedra, had an Ir–Ir first-shell coordination number of 3.0"0.1 at a distance of 2.67"0.01 A. The4

Ž .partially decarbonylated tetrairidium clusters chemisorbed hydrogen. Temperature-programmed desorption TPD data show
that the strength of bonding of hydrogen to the clusters increased with increasing cluster decarbonylation. The completely

Ždecarbonylated clusters were characterized by low chemisorption capacities HrIr and COrIr values, e.g. 0.27 and 0.39,
.respectively . Chemisorption and EXAFS data show that the amount of hydrogen or CO chemisorbed on Ir increases with4

increasing size of the iridium clusters and aggregates, consistent with a support effect that is maximized for the smallest
clusters, Ir . Data representing the catalytic hydrogenation of toluene show that the rate depends on the amount of hydrogen4

on the clusters — and not just on the degree of decarbonylation — consistent with the suggestion that iridium atoms free of
CO ligands are not sufficient for catalysis to proceed. Toluene adsorbed on the support is implicated in the catalysis. q 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Supported metal clusters are important catalysts in
practice; for example, platinum clusters as small as
about 5–10 atoms each, on average, are present in
zeolite LTL-supported catalysts for selective dehy-

w xdrocyclization of naphtha to give aromatics 1,2 .
Models of supported metal clusters with nearly uni-

) Corresponding author.
1 Also corresponding author.

form structures were prepared by decarbonylation of
w Ž . x w Ž . xy w xIr CO or HIr CO on various supports 3 .4 12 4 11

Being simple and nearly uniform in structure, these
materials offer opportunities to determine how the
cluster nuclearity and the nature of the support influ-
ence chemisorption and catalytic properties.

w xAs a part of a continuing investigation 4,5 of
w Ž . x wsupported clusters made from Ir CO or HIr -4 12 4

Ž . xyCO , we report a family of MgO-supported11

iridium catalysts. The goal was to characterize the
surface species resulting from various degrees of

1381-1169r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S1381-1169 00 00322-8
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w Ž . xydecarbonylation of MgO-supported HIr CO4 11

and to determine the effect of the carbonyl ligands
on chemisorption and catalysis. The work comple-
ments that reporting a family of partially decarbony-

w Ž . xlated clusters formed from Ir CO on g-Al O4 12 2 3
w x4,5 . Infrared spectroscopy, extended X-ray absorp-

Ž .tion fine structure EXAFS spectroscopy,
chemisorption of hydrogen and of CO, temperature-

Ž .programmed desorption TPD of hydrogen, and
catalysis of toluene hydrogenation were used to char-
acterize the samples.

2. Experimental

2.1. Materials

w Ž . x Ž .Ir CO Strem, 98% was used as supplied.4 12
Ž .n-Pentane solvent Aldrich, 99% was refluxed under

N in the presence of Narbenzophenone ketyl to2

remove traces of moisture and deoxygenated by
wsparging of dry N prior to use. Gases N , He, and2 2

Ž .xH Matheson, UHP grade were purified by flow2

through traps containing particles of reduced
CurAl O and activated zeolite to remove traces of2 3

O and moisture, respectively. The MgO support2
Ž .MX-65-1 powder, MCB reagents , with a BET sur-

2 Ž .face area of 47 m rg determined by N adsorption ,2

was calcined in O at 4008C for 2 h followed by2

evacuation at 10y3 Torr at 4008C for 14 h.

2.2. Preparation and decarbonylation of MgO-sup-
[ ( ) ]yported HIr CO4 11

The catalyst was prepared by contacting
w Ž . x w xIr CO with MgO powder in n-pentane 4,5 .4 12

The synthesis and handling were carried out with air
exclusion by use of a Schlenk vacuum line and a

w Ž . xN -filled drybox. The Ir CO precursor was used2 4 12

in amounts sufficient to give samples containing
1 wt.% Ir when the uptake by MgO was complete, as
was assured by complete removal of the solvent by

w Ž . xyevacuation. The resultant HIr CO rMgO was4 11

decarbonylated in steps by treatment in flowing He
or H as the temperature was ramped at the rate of2

38Crmin to a temperature within the range of 25–
4008C. Decarbonylation was monitored by infrared

Ž .spectroscopy; the sample was held typically for 2 h

at a temperature at each step until no further change
in the spectrum was observed.

2.3. Infrared spectroscopy

Spectra were recorded with a Bruker IFS-66v
spectrometer with a spectral resolution of 4 cmy1.
Samples were pressed into self-supporting wafers
and mounted in the infrared cell in the drybox. Each
sample was scanned 64 times, and the signal was
averaged.

2.4. Chemisorption measurements

An RXM-100 multifunctional catalyst testing and
Žcharacterization system Advanced Scientific De-

. y8signs, Inc. with a vacuum capability of 10 Torr
was used for chemisorption measurements. The sam-

w xple handling and procedures were as described 5 .
Accuracy in values of HrIr, COrIr, and OrIr ratios
was "10%.

2.5. Temperature-programmed desorption of hydro-
gen

The RXM-100 system was used for TPD of hy-
drogen. The sample handling procedures were essen-
tially the same as those used for the chemisorption
measurements. Each sample, initially consisting of
w Ž . xyHIr CO rMgO, was partially decarbonylated4 11

in He or H , evacuated to a pressure of 10y5 Torr at2

the treatment temperature, and then exposed to
200 Torr of H at room temperature for 30 min.2

After evacuation at room temperature for 0.5 h to
remove weakly adsorbed hydrogen, the sample was
heated under vacuum as the temperature was ramped
from 25 to 4008C at a rate of 108Crmin. Desorbed
H was monitored with a quadrupole mass spectrom-2

Ž .eter UTI model 100C . The pressure in the system
was kept at approximately 4=10y5 Torr to mini-
mize readsorption of hydrogen.

2.6. Catalytic hydrogenation of toluene

Details of the sample handling and catalytic hy-
drogenation of toluene in a flow reactor are as

w xdescribed 5 . Accuracy in the determination of reac-
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Ž .tion rates from differential conversions was about
"10%. Calculations with standard methods showed
that the influence of transport phenomena on the
reaction rates was negligible.

2.7. EXAFS spectroscopy

EXAFS experiments were performed at X-ray
beamline 2–3 at the Stanford Synchrotron Radiation

Ž .Laboratory SSRL at the Stanford Linear Accelera-
tor Center, Stanford, California. The storage ring
energy was 3 GeV and the ring current 60–100 mA.
EXAFS spectroscopy was used to characterize the

w Ž . xsurface species formed by adsorption of Ir CO4 12

on MgO as well as the variously decarbonylated
w xsamples. Sample handling was as described 4,5 .

The EXAFS data were recorded in transmission
mode after the cells had been cooled to nearly liquid
nitrogen temperature. The data were collected with a
Ž .Si 2 2 0 double crystal monochromator that was de-

tuned by 20% to minimize effects of higher harmon-
ics in the X-ray beam. The samples were scanned at

Ž .energies near the Ir L absorption edge 11215 eV .III

3. EXAFS reference data and analysis

The EXAFS data were analyzed with experimen-
tally determined reference files obtained from EX-
AFS data characterizing materials of known struc-

w xture, as stated elsewhere 5 . The EXAFS parameters
were estimated from the raw data with the aid of the

w xXDAP software 6 . The methods used to extract the
EXAFS function from raw data are essentially the

w xsame as those reported 5 . Data representing each
sample are the average of six scans; the analysis was
done with a maximum of 20 free parameters over the

˚ y1 Ž .range 3.53 - k - 15.69 A k is the wave vector
˚ Žand 0.0 - r - 4.0 A r is the distance from the

.absorbing atom, Ir . The statistically justified number
of free parameters n, was found to be 32, as esti-

w xmated from the Nyquist theorem 7,8 , n s
Ž .2DkD rrp q1, where Dk and D r are the ranges
of k and r used in the fitting. The parameters

Ž . Ž .characterizing both Ir-low-Z O, C and Ir-high-Z Ir
contributions were determined by multiple-shell fit-
ting in r space and in k space with application of k1

and k 3 weighting in the Fourier transformations.
The fit was optimized by use of a difference file
technique with phase- and amplitude-corrected
Fourier transforms. Other details are essentially the

w xsame as those reported 4,5 .

4. Results

[ ( ) ]4.1. Infrared eÕidence of interaction of Ir CO4 12

with MgO

w Ž . xAfter Ir CO had been slurried for 14 h with4 12

MgO powder in n-pentane at 258C and the solvent
removed by evacuation, the color of the solid changed
from white to yellow. New bands appeared in the
n region of the spectrum of the solid at 2052,CO

y1 Ž .2010, 1970, and 1884 cm Fig. 1, spectrum 1 ,
w Ž . xyindicating the formation of the yellow HIr CO ,4 11

w xas expected 9–12 . Changes in the n and carbon-OH

Fig. 1. Infrared spectra in the n region characterizing samplesCO
w Ž . xyformed from MgO-supported HIr CO after treatment under4 11

Ž . Ž . Ž .the following conditions: 1 He at 258C; 2 H at 258C; 3 H2 2
Ž . Ž .at 808C; 4 H for 120min at 1008C; 5 H for 120min at2 2

Ž . Ž .1508C; 6 H for 120min at 2008C; 7 H for 120min at 3008C;2 2
Ž .8 He at 3008C. Note: when the times of contact are not speci-
fied, the spectra were independent of time of contact. The treat-
ments printed in italics indicate experiments in which steady state
was not attained. In others, steady state was attained.
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ate regions of the spectrum were as described earlier
w x9 .

4.2. Infrared eÕidence of decarbonylation of MgO-
[ ( ) ]ysupported HIr CO in He4 11

Infrared evidence of the decarbonylation of
w Ž . xy w xHIr CO rMgO in He has been reported 9 .4 11

w Ž . xyThe n bands representing HIr CO declinedCO 4 11

in intensity as the temperature increased from 25 to
w x3008C, and at 3008C, no n bands remained 9 . ToCO

estimate the degree of decarbonylation at various
temperatures, a sample was held at the desired tem-
perature until no further changes in the spectra were
observed, and the remaining areas of the n bandsCO

were measured. The areas normalized to the total
w Ž . xyn area of the untreated HIr CO rMgO areCO 4 11

summarized in Table 1. Errors in the determination
of the n areas were as much as about "15%.CO

4.3. Infrared eÕidence of decarbonylation of
[ ( ) ]yHIr CO rMgO in H4 11 2

Infrared data indicate the decarbonylation of
w Ž . xyHIr CO rMgO in flowing H as the tempera-4 11 2

ture was raised from 25 to 3008C. Small changes in
the shapes of the n bands were observed as soonCO

Žas the sample was exposed to H at 258C Fig. 1,2
.spectrum 2 . As the temperature increased to 808C at

Ž .a rate of 38Crmin Fig. 1, spectrum 3 , the n bandCO

at 1884 cmy1 disappeared, and the bands at 2052,
y1 Ž .2010, and 1970 cm declined in intensity Fig. 1 .

Fig. 2. Infrared spectra in the n and n regions characterizingOH CH
w Ž . xydecarbonylation of HIr CO rMgO in H flow under the4 11 2
Ž . Ž . Ž .following conditions: 1 at 258C; 2 after 5 min at 808C; 3 after

Ž . Ž .120min at 1008C; 4 after 120min at 1508C; 5 after 120min at
Ž .2008C; 6 after 120min at 3008C. Also see the note in the caption

of Fig. 1.

The changes in area of the n peaks indicate thatCO

about 18% of the CO ligands were removed by the
treatment. When the temperature was raised further
to 1008C, the spectrum changed markedly; the nCO

bands at 2052, 2010, and 1970 cmy1 were no longer
evident, and new bands appeared at 2120, 2025, and

y1 Ž .1980 cm Fig. 1, spectrum 4 . A subsequent in-

Table 1
Hydrogen chemisorption capacity and catalytic activity for toluene hydrogenation of MgO-supported iridium clusters formed from
w Ž . xyHIr CO and decarbonylated to various degrees by treatment in flowing He4 11

b y1 cŽ .Treatment Temperature Percentage of CO ligands Chemisorption at Catalytic activity TOF s Apparent activation
Ž . Ž . Ž .gas 8C left in supported iridium 258C, atomic mol MCHrmol IrPs energy, E kcalrmola

a Ž .carbonyl cluster ratio HrIr

None – 100 0.00 0.0 – –
y6 y6He 100 57.8 0.02 2.87=10 6.80=10 4.7
y6 y6He 150 33.9 0.07 3.72=10 5.63=10 9.2
y6 y6He 200 13.2 0.10 4.99=10 5.75=10 9.6
y5 y5He 250 3.9 0.16 3.52=10 3.66=10 10.6
y4 y4He 300 0.0 0.27 3.24=10 3.25=10 13.1

a Determined on the basis of infrared peak areas.
b Reaction at 608C, P s50 Torr, and P s710 Torr. MCH is methylcyclohexane.toluene H 2c Turnover frequency is represented here as reaction rate per iridium atom without CO ligands estimated from the infrared peak areas.
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Fig. 3. Infrared spectra in the n region characterizing decar-COO
w Ž . xybonylation of MgO-supported HIr CO in H flow under4 11 2

Ž . Ž . Ž .the following conditions: 1 at 258C; 2 after 5 min at 808C; 3
Ž . Ž .after 120min at 1008C; 4 after 120min at 1508C; 5 after

Ž .120min at 2008C; 6 after 120min at 3008C.

crease in the temperature to 2008C led to splitting
and broadening of these bands without substantial

Ž .changes in the areas Fig. 1, spectra 5–6 . As the
temperature increased to 3008C, the spectrum

changed markedly again, with two broad bands re-
y1 Ž .maining at 1983 and 1905 cm Fig. 1, spectrum 7 ;

these bands were always present when the sample
was exposed to H at 3008C, but they were readily2

Žremoved by treatment in He at 3008C Fig. 1, spec-
.trum 8 .

w Ž . xyThe decarbonylation of HIr CO rMgO in4 11

H was accompanied by changes in the n , n ,2 OH CH
Ž .and n regions of the spectrum Figs. 2 and 3 .COO

The flow of H through the sample at room tempera-2

ture led to increasing absorption in the range of
3674–3486 cmy1, associated with hydrogen-bonded

Ž .OH groups of MgO Fig. 2, spectrum 1 . The inten-
sity of the OH bands increased substantially as the
temperature increased, and new bands were observed
in the n and n regions, at 2990, 2927, 2830,CH COO

2727, 1599, 1499, and 1361 cmy1. The bands at
2830 and 2727 cmy1 are assigned to the symmetric
and asymmetric C–H stretching frequencies of sur-
face formate, respectively, and those at 1599 and
1361 cmy1 to asymmetric and symmetric n ofCOO

w xsurface formate, respectively 13 . The bands at 2990
and 2927 cmy1 might be attributed to n of hydro-CH

carbons and that at 1499 cmy1 to the asymmetric
C–O stretching vibration of free CO2y ions on3

MgO.

Table 2
Dispersions, chemisorption capacities, and catalytic activities for toluene hydrogenation of MgO-supported iridium clusters and aggregates

w Ž . xyformed from HIr CO by treatment in He or H flowing at various temperatures4 11 2

b c d y1 e˚Ž . Ž .Treatment gas Treatment Chemisorption capacity at N D A Ir rIr TOF s Apparent activationIr – Ir s t
aŽ . Ž .temperature 8C 258C, atomic ratio energy, E kcalrmola

HrIr COrIr OrIr
y4He 300 0.27 0.39 1.51 3.0 5.6 1.0 3.2=10 13.1
y4He 400 1.00 0.72 1.57 4.0 7.6 1.0 4.7=10 10.8
y4H 300 1.10 0.93 1.55 6.7 11.6 0.81 9.2=10 10.52

y3H 400 1.28 0.87 1.25 7.7 14.5 0.70 13.1=10 14.62

H 4002

followed by
O 3002

and then
y3H 400 1.36 0.79 1.12 10.6 ;35.0 ;0.32 29.2=10 13.42

a For CO adsorption, the data represent the number of molecules of CO per Pt atom.
b First-shell Ir–Ir coordination number estimated on the basis of EXAFS data; see text.
c w xDiameter of metal clusters determined from EXAFS data on the basis of calculations reported by Kip et al . 34 .
d Calculated dispersion expressed as the ratio of the number of surface iridium atoms to total number of iridium atoms in the clusters or

aggregates.
e Reaction conditions as in Table 1. The turnover frequency is represented here as the reaction rate normalized by the fraction of surface

iridium atoms.



( )O.S. AlexeeÕ et al.rJournal of Molecular Catalysis A: Chemical 162 2000 67–8272

4.4. Chemisorption of H on partially decarbony-2

lated iridium clusters

w Ž . xyAfter HIr CO rMgO had been partially de-4 11

carbonylated by treatment in He at various tempera-
tures, the resultant surface species were able to

Ž .adsorb hydrogen. The data Table 1 show the de-
pendence of the HrIr values on the degree of decar-
bonylation.

4.5. Chemisorption of hydrogen, CO, and oxygen on
fully decarbonylated iridium clusters and aggregates

The HrIr, COrIr, and OrIr values representing
the amounts of hydrogen, CO, or oxygen irreversibly
chemisorbed on the completely decarbonylated irid-
ium clusters are summarized in Table 2. The HrIr
and COrIr values characterizing the clusters formed

w Ž . xyby decarbonylation of HIr CO rMgO in He at4 11
Ž . w x3008C Table 2 agree well with previous reports 9

but are markedly less than those observed for con-
ventionally prepared supported iridium catalysts, pre-
pared from salt precursors by calcination and reduc-

w x Žtion in H 14 . The O chemisorption results Table2 2
.2 indicate an OrIr ratio of about 1.5 at 258C,

demonstrating the formation of Ir O . The data of2 3

Fig. 4 clearly indicate a strong dependence of HrIr
and COrIr values on the iridium cluster or aggregate

Fig. 4. Dependence of hydrogen and CO chemisorption capacities
on the average iridium cluster or aggregate size.

Fig. 5. TPD profiles of hydrogen preadsorbed at monolayer
w Ž . xycoverage on samples formed from HIr CO rMgO that had4 11

been decarbonylated to various degrees in He at the following
Ž . Ž . Ž . Ž .temperatures 8C : 1 150; 2 250; 3 300.

size.

4.6. TPD data

Fig. 5 represents profiles of H desorbing from2

partially decarbonylated supported clusters. When
hydrogen was adsorbed on the sample decarbony-
lated in He at 1508C, on which about 34% of the

Žinitial CO ligands remained as estimated from the
.infrared data , a single peak with a maximum at

Ž .908C was observed Fig. 5 . Further decarbonylation
led not only to increasing TPD peak intensity, but
also to shifting of the peak maximum to higher
temperatures. The maximum desorption rate of H 2
Ž .from the completely decarbonylated sample was

Ž .observed at about 1368C Fig. 5 .
Fig. 6 represents profiles of hydrogen desorbing

from samples that had been decarbonylated under
w Ž . xyvarious conditions. When HIr CO rMgO had4 11

been completely decarbonylated by treatment in H 2

at 3008C, the position of the desorption peak was the
same as that observed for the sample decarbonylated

Žin He, but its intensity was higher Fig. 6, spectra 1
.and 2 . Increasing the temperature of decarbonyla-

tion in H led to substantial changes in the shapes of2

the TPD profiles. A new peak with a maximum at
Ž1888C indicated an additional hydrogen species Fig.
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Fig. 6. TPD profiles of hydrogen preadsorbed at monolayer
w Ž . xycoverage on samples formed from HIr CO rMgO that had4 11

Ž .been decarbonylated at the following conditions: 1 in He at
Ž . Ž . Ž .3008C; 2 in H at 3008C; 3 in H at 4008C; 4 in H at 4008C2 2 2

followed by O at 3008C and then H at 4008C.2 2

.6, spectrum 3 ; the peak at 1368C was evident as a
Ž .shoulder Fig. 6, spectra 3 and 4 .

4.7. EXAFS data characterizing MgO-supported irid-
ium clusters and aggregates

The parameters obtained in the data fitting for the
samples treated in He or H at various temperatures2

are summarized in Tables 3 and 4, respectively. The
w xXDAP software 6 was used to estimate error bounds

in the parameters reported in Tables 3 and 4, which
represent precisions determined from statistical anal-
ysis of the data, not accuracies. Estimated accuracies

Ž .are as follows: coordination number N , "20%;
Ž . Ž .distance R between absorber Ir and backscatterer

Ž 2 .atoms, "1%; Debye–Waller factor Ds , "30%;
Ž .inner potential correction D E , "10%.0

ŽThe Ir–Ir first-shell coordination numbers each
.3.0"0.1 show that the tetrahedral metal frames of

the clusters treated in He at temperatures up to
3008C remained intact throughout the decarbonyla-

Ž .tion Table 3 . In contrast, treatment in H led to2
Žaggregation of the iridium the higher the tempera-

ture of treatment, the larger the aggregates that were

.formed , as shown by the changes in the first-shell
Ž .Ir–Ir coordination numbers Table 4 .

4.8. Catalysis of toluene hydrogenation

The catalytic results characterizing partially de-
carbonylated supported iridium clusters and those
characterizing the completely decarbonylated clus-
ters and aggregates are summarized in Tables 1 and
2, respectively. Fig. 7 illustrates the dependence of
the catalytic reaction rate on the percentage of CO
ligands removed from the clusters. Each reaction rate
corresponds to 2 h on stream, corresponding to virtu-
ally a steady-state operation. Turnover frequencies
Ž .TOF characterizing partially decarbonylated clus-

Ž .ters Table 1 were determined from reaction rates
normalized to the number of iridium atoms free of

w xCO ligands, as described elsewhere 5 . TOF values
characterizing completely decarbonylated clusters
Ž .Table 2 were calculated on the basis of the assump-
tion that each iridium atom was accessible, and any
blockage by the support was ignored. Values repre-

Ž .senting the aggregated iridium Table 2 were calcu-
lated per exposed iridium atom estimated by taking
into account the iridium dispersion determined from
the EXAFS Ir–Ir first-shell coordination numbers, as

w x Žreported elsewhere 4,15 again, any blockage by
.the support was ignored . Values of the apparent

Ž .activation energy Tables 1 and 2 calculated from
the temperature dependencies of the reaction rates
were found to be similar to those reported earlier for

w xg-Al O -supported iridium samples 4,5,16 .2 3

5. Discussion

[ ( ) ]y5.1. Formation of HIr CO on MgO4 11

w Ž . xSimilar to the chemistry of Ir CO in basic4 12
w x w Ž . xsolutions 17 , the chemistry of Ir CO on the4 12

surfaces of basic oxides leads to the formation of
carbonyliridate anions with compositions that depend

w xon the basicity of the support 18–20 . The interac-
w Ž . xtion of Ir CO with partially dehydroxylated4 12

Ž .MgO treated under vacuum at 4008C leads to the
w Ž . xyformation of HIr CO , presumably as a result4 11

of nucleophilic attack of surface OH groups on
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Table 3
w Ž . xy aEXAFS results at the Ir L edge characterizing the supported species formed by decarbonylation of HIr CO on MgO in He at various temperaturesIII 4 11

b c d ) eŽ . Ž .Temperature of Shell Ir–Ir contribution Ir–O Ir–O and Ir–O contributions Ir–CO terminal Ir–C and Ir–O andsupport s l
f ) gŽ . Ž .treatment 8C bridging Ir–C and Ir–O contributions

3 2 3 2 3 2˚ ˚ ˚Ž . Ž . Ž . Ž . Ž . Ž .N R A 10 =Ds D E eV N R A 10 =Ds D E eV N R A 10 =Ds D E eV0 0 0
2 2 2˚ ˚ ˚Ž . Ž . Ž .A A A

dNo treatment First 3.0"0.1 2.70"0.01 3.4"0.2 4.9"0.4 – – – – 2.1"0.1 1.84"0.01 3.3"0.3 3.0"0.5
e2.2"0.1 2.93"0.01 1.0"0.4 5.1"0.3
f0.8"0.1 2.05"0.01 y0.6"0.7 3.3"0.6
g0.9"0.1 3.31"0.01 2.8"0.6 7.9"0.4

b d100 for 2 h First 3.0"0.1 2.68"0.01 2.1"0.3 y0.2"0.3 0.8"0.1 2.12"0.01 y2.0"0.4 y7.1"0.3 0.5"0.1 1.83"0.01 y3.9"0.3 y4.0"0.9
c e1.1"0.1 2.78"0.01 y0.6"0.5 y5.1"0.3 0.8"0.1 2.96"0.01 y5.1"0.2 y3.5"0.2
b d200 for 2 h First 3.1"0.1 2.68"0.01 2.6"0.2 y0.2"0.1 0.7"0.1 2.11"0.01 0.1"0.4 y8.0"0.4 0.2"0.1 1.80"0.01 y8.1"0.2 y13.0"0.8
c e1.5"0.1 2.73"0.01 3.4"0.4 0.0"0.2 0.5"0.1 2.98"0.01 y5.2"0.1 y10.2"0.2
b300 for 2 h First 3.0"0.1 2.67"0.01 5.5"0.2 y0.7"0.3 1.0"0.1 2.19"0.01 10.0"0.7 y15.4"0.6 – – – –
c0.9"0.1 2.68"0.01 y1.9"0.3 y5.2"0.4 – – – –
b400 for 2 h First 4.0"0.1 2.67"0.01 3.9"0.2 y3.7"0.3 0.9"0.1 2.17"0.02 8.4"1.6 y14.0"0.7 – – – –
c1.0"0.1 2.66"0.01 0.3"0.8 y4.0"0.3 – – – –

Second 1.4"0.2 3.79"0.01 6.0"1.2 y2.0"0.6 – – – – – – – –

a Notation: N, coordination number; R, distance between absorber and backscatterer atoms; Ds 2, Debye–Waller factor; D E , inner potential correction; the subscripts s and0

l refer to short and long, respectively.
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Table 4
w Ž . xy aEXAFS results at the Ir L edge characterizing the surface species formed by decarbonylation of HIr CO on MgO in H at various temperaturesIII 4 11 2

b c d ) eŽ . Ž .Treatment Shell Ir–Ir contribution Ir–O support Ir–O and Ir–O contributions Ir–CO Ir–C and Ir–O contributionss l
Ž .conditions 8C 3 2 3 2 3 2˚ ˚ ˚Ž . Ž . Ž . Ž . Ž . Ž .N R A 10 =Ds D E eV N R A 10 =Ds D E eV N R A 10 =Ds D E eV0 0 0

2 2 2˚ ˚ ˚Ž . Ž . Ž .A A A
b d100 for 2 h First 3.0"0.1 2.71"0.01 5.3"0.4 11.9"0.6 0.6"0.1 2.18"0.01 10.0"1.6 –19.9"1.9 1.0"0.1 1.82"0.01 –0.4"0.4 4.0"1.4

e1.7"0.1 2.92"0.01 0.9"0.4 3.9"0.3

b d200 for 2 h First 3.0"0.1 2.70"0.01 2.4"0.2 12.1"0.2 0.6"0.1 2.22"0.01 6.5"2.1 –19.5"1.9 0.5"0.1 1.84"0.01 –2.1"0.3 –3.1"1.7
c e2.4"0.2 2.70"0.01 10.0"1.1 –2.8"0.8 0.2"0.1 2.98"0.01 –6.4"0.2 –2.6"0.3

b e250 for 2 h First 3.0"0.1 2.69"0.01 3.4"0.2 8.7"0.6 0.4"0.1 2.24"0.01 –1.4"0.5 –19.5"0.8 0.2"0.1 1.78"0.01 –4.1"0.6 3.0"2.6
c2.7"0.1 2.72"0.01 10.0"0.5 –5.9"0.6 – – – –

b300 for 2 h First 6.7"0.2 2.68"0.01 4.7"0.1 2.0"0.2 0.6"0.1 2.18"0.01 3.2"1.2 –9.9"0.9 – – – –
c1.2"0.1 2.83"0.01 0.9"0.7 –15.0"0.8 – – – –

Second 2.5"0.3 3.81"0.01 7.0"0.8 –2.0"0.8 – – – – – – – –

b400 for 2 h First 7.7"0.1 2.68"0.01 4.6"0.1 1.4"0.2 0.6"0.1 2.14"0.01 10.0"2.5 –5.8"1.8 – – – –
c1.0"0.1 2.79"0.01 –4.1"0.2 –11.0"0.3 – – – –

Second 3.6"0.2 3.80"0.01 6.5"0.5 1.5"0.6 – – – – – – – –

H at 400 for 2 h2

followed by O at2

300 for 1 h and
then H at 4002

bfor 2 h First 10.6"0.1 2.68"0.01 5.6"0.1 –0.9"0.2 1.0"0.1 2.10"0.01 10.0"1.1 0.0"0.9 – – – –
c0.4"0.1 2.76"0.01 –10.0"0.1 –12.3"0.2 – – – –

Second 7.1"0.3 3.80"0.01 10.0"0.3 –1.6"0.3 – – – – – – – –
Third 3.6"0.1 4.65"0.01 3.0"0.2 2.0"0.3 – – – – – – – –

a Notation as in Table 3.
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Fig. 7. Toluene hydrogenation catalyzed by partially decarbony-
w Ž . xy Ž .lated HIr CO clusters supported on MgO 1 and by par-4 11

w Ž . x Ž . w xtially decarbonylated Ir CO on g-Al O 2 9 : dependence4 12 2 3

of the reaction rate on the degree of decarbonylation of the
supported clusters.

w xterminal CO ligands bonded to iridium 9 . Such
cluster-surface interactions have been suggested to
lead to the removal of one of the terminal CO

w Ž . xligands from Ir CO , to the formation of two4 12

bridging CO ligands as a result of rearrangement of
the remaining terminal CO ligands, and to the forma-
tion of a hydride ligand, which in the cluster in the

w xcrystalline state is a bridging hydride 21 . Since the
w Ž . xynegative charge of HIr CO is predominantly4 11

w xassociated with the iridium atoms 21 , the bonding
of CO to the electron-rich iridium results in in-
creased electron transfer from filled iridium d-orbitals
to the CO 2p

) antibonding molecular orbitals. As a
w Ž . xyresult, the formation of HIr CO is character-4 11

ized by the shifting of the terminal n bandsCO
w Ž . x Žrepresentative of Ir CO 2112, 2072, 2062,4 12
y1 .2029, and 2002 cm to lower frequencies. There-

Žfore, the infrared spectrum with bands at 2052,
y1 .2010, 1970, and 1884 cm observed upon interac-

w Ž . x Ž .tion of Ir CO with MgO Fig. 1, spectrum 1 is4 12
w xalmost the same as those reported 11,12,18 for

w Ž . xyMgO-supported HIr CO identified by infrared4 11

spectra of the cluster anions extracted from the sur-
Ž .face with bis triphenylphosphine iminium chloride

w x12 .

The EXAFS data summarized in Tables 3 and 5
provide strong structural evidence confirming the

w Ž . xy w Ž . xpresence of HIr CO formed from Ir CO4 11 4 12

on MgO. The crystallographic parameters deter-
w Ž . xy w xmined for Ir CO by X-ray 19 and neutron4 11

w x21 diffraction show that the four iridium atoms are
arranged in a regular tetrahedron with an Ir–Ir dis-

˚tance of 2.73 A. The iridium atom located at the apex
of the tetrahedron has three terminal CO ligands,

Ž . ) Ž )with Ir–C t is terminal and Ir–O O is carbonylt t
.oxygen contributions at average distances of 1.84

˚and 2.99 A, respectively; each iridium atom located
at the basal plane is bonded to two terminal CO
ligands and participates in bonding of two bridging

Ž .CO ligands, with Ir–C b is bridging contributionsb
˚observed at an average distance of 2.08 A. The Ir

L -edge EXAFS results characterizing the sampleIII
w Ž . xformed from Ir CO on MgO agree well with4 12

these structural data, including an Ir–Ir contribution
with a coordination number of 3.0 at a distance of

˚ Ž .2.70 A Tables 3 and 5 , as well as terminal and
bridging carbonyls, with Ir–C and Ir–C coordina-t b

tion numbers of 2.1 and 0.8 at distances of 1.84 and
˚ ) )2.05 A, respectively. The Ir–O and Ir–O contri-t b

butions are represented by coordination numbers of
˚2.2 and 0.9 and bond distances of 2.93 and 3.31 A,

Ž .respectively Tables 3 and 5 . Within the expected
experimental uncertainty, the EXAFS results for the
MgO-supported iridium carbonyl match the crystal-

w Ž . xy w xlographic data for HIr CO , as expected 12 .4 11

Table 5
w Ž . xy w xComparison of crystallographic data for HIr CO 21 and4 11

EXAFS results for MgO-supported sample prepared from
w Ž . xaIr CO4 12

Contribution Crystallographic data EXAFS
yw Ž . xfor HIr CO4 11 ˚Ž .N R A

N Neutron XRD
diffraction

˚ ˚Ž . Ž .R A R A

Ir–Ir 3.0 2.74 2.73 3.0 2.70
Ir–C 2.3 1.89 1.84 2.1 1.84t

)Ir–O 2.3 3.04 2.99 2.2 2.93t

Ir–C 1.0 2.09 2.08 0.8 2.05b
)Ir–O 1.0 – – 0.9 3.31b

a Notation as in Table 3.
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5.2. Formation of partially decarbonylated tetrairid-
ium clusters on MgO by treatment in He

w xInfrared data 9 indicate that MgO-supported
w Ž . xyHIr CO was completely decarbonylated by4 11

treatment in He at 3008C. Consistent with these data,
Ž .the Ir L -edge EXAFS data Table 3 show thatIII

Ir–C and Ir–O) contributions associated with CO
ligands gradually became smaller as the treatment
temperature increased to 2008C, indicating cluster
decarbonylation. After treatment at 3008C, there was
no EXAFS evidence of any remaining Ir–CO contri-

Ž .butions Table 3 , consistent with the infrared data
w x9 . Before the MgO-supported clusters were decar-
bonylated, there were no Ir–O contributions insupport

Ž .the EXAFS spectra Table 3 , consistent with the
inference that the Ir core of a fully carbonylated4

cluster was not in close contact with the support. As
some of the CO ligands were removed by treatment
in He at 1008C, there was greater contact between
the cluster core and the support, as shown by the
appearance of two Ir–O contributions, at dis-support

˚tances of 2.12 and 2.78 A. Similar Ir–O contri-support

butions were reported for iridium clusters on MgO
w x w x22,23 and on g-Al O 4,5,24,25 , as discussed2 3

w xelsewhere 22,23 .
The result that the first-shell Ir–Ir coordination

number was about 3.0 throughout the decarbonyla-
Ž .tion process at temperatures up to 3008C Table 3

shows that the tetrahedral cluster frame was stable
throughout the decarbonylation process. However,
after treatment in He at 4008C, the sample was
characterized by a larger Ir–Ir first-shell coordina-

Ž .tion number 4.0 and by a new second-shell Ir–Ir
Žcontribution with a coordination number of 1.4 at a

˚ .distance of 3.79 A . Thus, the iridium had aggregated
slightly; the data indicate an increasing mobility of
MgO-supported iridium in He at the higher tempera-
tures, as was observed for g-Al O -supported irid-2 3

w xium 4 .

5.3. Formation of partially decarbonylated and ag-
gregated iridium clusters by treatment of
[ ( ) ]yHIr CO rMgO in H4 11 2

The infrared data of Figs. 1–3 indicate that decar-
w Ž . xybonylation of HIr CO rMgO in the presence4 11

of H is more complicated than that in the presence2
w x Žof He 9 . The n bands 2052, 2010, andCO

y1 .1970 cm were clearly evident in the spectra only
Ž .at temperatures up to 808C Fig. 1 , and at 1008C

new bands appeared, at 2120, 2025, and 1980 cmy1.
The frequency of the weak band at 2120 cmy1 is too
high to be attributed to the n associated withCO

MgO-supported iridium. The positions of these new
bands are very similar to those of the Ir–H stretching

Ž y1 .vibrations 2120, 2020, and 1980 cm observed
after exposure of iridium supported on Al O to H2 3 2
w x26,27 , and so we tentatively attribute the bands to
iridium hydrides. When the temperature of H treat-2

ment increased to 2008C, the areas of these peaks
Ž .remained unchanged Fig. 1 , contrary to the decline

in intensity that would be expected for iridium car-
bonyls. However, we cannot exclude the possibility
that some CO bands were still present in the infrared
spectra in the range of 1800–2100 cmy1, but possi-
ble overlapping n and n bands are not re-CO IrH

solved, and we lack the basis for estimating how
much CO remained in the samples; the EXAFS data
show that some CO remained bonded to the clusters

Ž .after H treatment at 2008C Table 4 .2

After H treatment at 3008C, the sample was2

completely decarbonylated, as shown by the EXAFS
Ž .data Table 4 . The intensities of the infrared bands

attributed to the iridium hydrides declined as the
treatment temperature increased to 3008C, consistent

Žwith removal of hydrogen from the iridium Fig. 7,
.spectrum 7 . The Ir–H species were easily removed

Ž .by treatment in He at 3008C Fig. 1, spectrum 8 , but
they were found to be stable with the sample in H 2

at 1 atm at this temperature, as evidenced by the two
y1 Žbroad bands at 1983 and 1905 cm Fig. 1, spec-

.trum 7 .
The infrared data of Figs. 2 and 3 provide addi-

tional insight into the chemistry of the decarbonyla-
tion in H , indicating that CO removed from the2

cluster interacts with the basic MgO support surface,
Žresulting in the formation of formate evidenced by

n at 2830 and 2727 cmy1 and by n at 1599CH COO
y1 . Žand 1361 cm and carbonate evidenced by n atCO

y1 .1499 cm , the characteristic bands of which in-
Žcreased in intensity as the temperature increased and

.the degree of decarbonylation increased . The data
Ž .Fig. 2 also provide evidence that CO ligands partic-
ipate in reactions with H , resulting in the formation2
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of water and possibly of hydrocarbons, as evidenced
by the increased absorption in the n region and byOH

the appearance of bands at 2990 and 2927 cmy1

typical of n of hydrocarbons. Thus, we infer thatCH

C–O bond-breaking reactions occurred and that the
surface chemistry bears some resemblance to that of

w xFisher–Tropsch catalysis 28 .
The EXAFS data show that decarbonylation of

w Ž . xyHIr CO rMgO in H led to aggregation of the4 11 2

iridium. For example, the first-shell Ir–Ir coordina-
tion number was found to be 3.0 after H treatment2

at 100–2508C, indicating that the frame of the sup-
Ž .ported clusters was nearly Ir Table 4 . After treat-4

ment at 3008C, however, a first-shell Ir–Ir coordina-
tion number had increased to 6.7, and a second-shell
Ir–Ir contribution with an average coordination num-

˚Ž .ber of 2.5 at a distance of 3.81 A was also observed
Ž .Table 4 . These data indicate the formation of irid-

˚ium aggregates with average diameters of about 12 A.
Further increases in temperature led to larger iridium
aggregates. The increased aggregation of iridium
could be related to increased hydroxylation of the

Žsupport surface a result of the reaction between H 2

and the iridium carbonyl clusters, as shown by the
.infrared data , which is known to facilitate migration

w xof supported iridium 18–20 . Thus, as for decar-
w Ž . x w xbonylation of Ir CO rg-Al O 4 , decarbonyla-4 12 2 3

w Ž . xytion of HIr CO rMgO in H leads to markedly4 11 2

more rapid aggregation of iridium than that occur-
ring in the presence of He.

5.4. Chemisorption of hydrogen on partially decar-
bonylated iridium clusters

w Ž . xConsistent with the data characterizing Ir CO4 12
w xrg-Al O 5 , no hydrogen chemisorption was ob-2 3

w Ž . xy Ž .served on HIr CO rMgO Table 1 . This result4 11
w Ž . xyis expected, because HIr CO is coordinatively4 11

saturated, and, in the absence of decarbonylation,
lacks open iridium sites for bonding of hydrogen.

w Ž . xyAs the HIr CO rMgO was gradually decar-4 11

bonylated, the amount of hydrogen that could be
chemisorbed increased, as evidenced by the

Ž .chemisorption and TPD data Table 1and Fig. 5 .
The chemisorption data indicate that the HrIr values
depend in a nonlinear fashion on the amount of CO

Ž .removed from the clusters Fig. 8 . These data imply

Fig. 8. Dependence of the HrIr atomic ratio on the degree of
w Ž . xydecarbonylation of the MgO-supported HIr CO clusters.4 11

that not all the iridium atoms that had lost CO
ligands offered bonding sites for hydrogen. TPD
profiles characterizing the desorption of hydrogen
from the clusters that were decarbonylated to various

Ž .degrees Fig. 5 show that the position of the TPD
peak maximum shifted to higher temperatures with
increasing decarbonylation and increasing coverage
by hydrogen. The spectra representing TPD of hy-
drogen from supported metals show that the maxi-
mum desorption rate is observed at lower tempera-
tures with increasing initial surface coverage by

w xhydrogen 15,29–32 . The trend observed in our data
is different from that typically found for hydrogen
desorption from supported metal particles, consistent
with the suggestion that when MgO-supported irid-
ium clusters are not ligand-free, the iridium atoms in
the clusters behave differently from those in metallic
particles.

Ž .Thus, the TPD Fig. 5 and hydrogen chemisorp-
Ž .tion data Table 1 might be explained on the basis

of the electronic state of the iridium in partially
decarbonylated clusters. The coordinatively saturated
w Ž . xy w xHIr CO bears a negative charge 21 . The4 11

w xXANES region of the X-ray absorption data 23
indicates that the fully decarbonylated MgO-sup-
ported iridium clusters modeled as Ir have electron4

densities similar to that of iridium in crystalline
w Ž . xIr CO . Thus, we might suggest that the electron4 12

density on iridium would decrease with decreasing
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numbers of carbonyl ligands on the cluster. The
dissociative chemisorption of H on the iridium2

clusters would be expected to proceed by donation of
electron density from hydrogen to iridium, and the
amount of hydrogen chemisorbed might be reduced
when the iridium atoms are negatively charged. Thus,
some of the iridium atoms freed of carbonyls might
not interact strongly with hydrogen atoms because of
their electronic environments. These suggestions

Ž .might explain at least in part the nonlinear depen-
dence of HrIr on the degree of cluster decarbonyla-
tion.

Moreover, the TPD data showing a dependence of
the temperature of the hydrogen TPD peak maxi-

Žmum on the degree of cluster decarbonylation Fig.
.5 are consistent with the suggestion that the strength

of interaction of hydrogen with the iridium is maxi-
mized when the excess of electron density on iridium
is minimized; in other words, the TPD data indicate
that the higher the degree of cluster decarbonylation,
the more strongly the hydrogen species are bonded
to the iridium. The existence of various forms of
hydrogen that differ from each other in the strength
of interaction with iridium could affect the HrIr
values determined for the partially decarbonylated

Ž .clusters Table 1 ; clusters with a low degree of
decarbonylation are suggested to have mainly weakly
bonded hydrogen species, and a substantial fraction
of these might be removed during the evacuation
step in the chemisorption experiments. Such unac-
counted for desorption could result in an underesti-
mation of the HrIr values for the partially decar-
bonylated clusters.

5.5. Chemisorption properties of fully decarbony-
lated iridium clusters and aggregates

The HrIr and COrIr values characterizing the
supported species made by decarbonylation of
w Ž . xy ŽHIr CO rMgO in He at 3008C and modeled4 11

.as Ir were found to be 0.27 and 0.39, respectively4
Ž .Table 2 , in good agreement with previous reports
w x9 . In view of the fact that all the iridium atoms in
the decarbonylated clusters were available for oxy-

Žgen chemisorption as evidenced by the formation of
.Ir O at room temperature , the data of Table 22 3

indicate reduced H and CO chemisorption on the2

most highly dispersed iridium clusters. Possible ex-
planations of these results include blockage of access
to the iridium, either by the support or by carbon
formed during decarbonylation, andror an electronic
effect of the support affecting the reactivity of the

w xclusters 5,9 . Theoretical results at the density func-
w xtional level 33 show that metal–O bonds aresurface

strong and that the support should be regarded as a
multidentate ligand. More data are needed to resolve
the issues.

The data of Table 2 show how the amount of
hydrogen or CO chemisorbed on iridium depends on
the cluster or aggregate size. A sharp increase in the
HrIr and COrIr values was observed when the
average cluster or aggregate size increased from

˚ Ž .about 6 to about 12 A Fig. 4 , but for larger aggre-
gates, the HrIr and COrIr values do not depend
significantly on the size, consistent with the expecta-
tion that the support effect decreases as the clusters
or aggregates become larger so that a smaller frac-
tion of the iridium atoms are in contact with the
support. The HrIr ratio was found to be 1.0 for

˚clusters of about 8 A in average diameter and greater
Ž .than 1 for larger clusters and aggregates Table 2 .

The fact that the HrIr values exceed 1 is consistent
with reports of values about 2–2.5 for larger iridium
particles on Al O , consistent with the ability of an2 3

iridium atom in a surface or in an iridium hydride
complex to bond to more that one hydrogen atom
w x Ž .14,34 . The TPD profiles Fig. 6 show that when
iridium is present as clusters or aggregates with an

˚average size of about 12 A or less, only one type of
Žadsorbed hydrogen species is indicated having a

. Ž .maximum desorption rate at 1368C Fig. 6 . But
when larger iridium aggregates were present, another

Žform of adsorbed hydrogen was evident having a
. Ž .maximum desorption rate at about 1888C Fig. 6 .

The latter form is more strongly adsorbed than the
former. Thus, the TPD data are broadly consistent
with the hydrogen chemisorption data, but they do
not resolve the issue of why there is a clusterrag-
gregate size effect on adsorption.

5.6. Catalytic properties of supported tetrairidium
clusters for toluene hydrogenation

w x w x w xMgO- 35 , g-Al O - 4,5 , and NaY zeolite- 162 3

supported iridium clusters, modeled as Ir or Ir ,4 6
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catalyze hydrogenation of cyclohexene and of toluene
at 25–608C. The clusters in the MgO-supported sam-
ples had frames indistinguishable from the tetrahe-
dral Ir and remained intact before and after catalysis4

of toluene hydrogenation, as evidenced by EXAFS
w xspectra of the used catalyst 16 . Spectra of supported

Ir and of Ir during propene hydrogenation at 258C4 6

indicate that these clusters were stable during cataly-
w xsis of this reaction 36 .

Furthermore, rates of toluene hydrogenation cat-
alyzed by a family of partially decarbonylated te-

Žtrairidium clusters on g-Al O made by decarbo-2 3
w Ž . x.nylation of Ir CO increased with increasing4 12

removal of CO ligands, indicating that only metal
sites accessible to reactants facilitate the reaction
Ž . w xFig. 7 5 . A qualitatively different pattern was
observed for the MgO-supported iridium clusters
Ž .Fig. 7 . The catalytic reaction rate data characteriz-
ing the clusters made by decarbonylation of
w Ž . xyHIr CO rMgO indicate that the catalytic reac-4 11

tion rate increased only gradually with the degree of
decarbonylation, except when more than 95% of the
CO ligands had been removed, and then the activity
increased sharply. The data show that the presence of
iridium atoms free of CO ligands is not sufficient for
the catalytic reaction to proceed on the MgO-sup-
ported clusters. Moreover, the data show that the
dependence of the reaction rate on the degree of

Ž .decarbonylation Fig. 7 is similar to the dependence
of the HrIr ratio on the degree of decarbonylation
Ž .Fig. 8 , consistent with the suggestion that the reac-
tion rate depends directly on the amount of hydrogen
available on the iridium.

Although the toluene hydrogenation reaction is
Žregarded as structure-insensitive taking place with

roughly the same turnover frequencies on the sur-

.faces of metal particles of different sizes , the
turnover frequency for toluene hydrogenation was
found to increase as the iridium cluster or particle

Ž .size on g-Al O increased from about 6 Ir to2 3 4
˚ w xabout 30 A, on average 37 . As the larger clusters

and particles in this family of samples were formed
by H -induced sintering of the iridium, one could2

question whether the data indicate a true cluster size
effect or, instead, an effect of removal of surface

Ž .contaminants e.g., carbon as a result of the treat-
ment. The catalytic data representing the IrrMgO
samples having various iridium cluster or aggregate

Ž .sizes Table 2 similarly show a significant cluster or
aggregate size effect on the toluene hydrogenation
rate. The turnover frequency increased by almost two
orders of magnitude as the cluster nuclearity in-
creased from four to more than about 100, on aver-
age.

5.7. Effect of the support on catalytic actiÕity for
toluene hydrogenation

w xThe data reported here and elsewhere 4 are
consistent with the expectation that a number of

Ž .properties including those of the support may influ-
ence the catalytic activity of a supported metal. The
degree of support dehydroxylation apparently affects
the catalytic activity of g-Al O -supported iridium2 3

w xclusters for toluene hydrogenation 4 . In contrast,
when the support was MgO, almost no effect of the
surface hydroxyl group density was observed for this

w xreaction 35 .
To separate the various support effects from other

effects, the catalyst samples to be compared should
have the same metal cluster size and structure. Table
6 provides a comparison of the catalytic activities of

Table 6
Toluene hydrogenation catalyzed by iridium clusters on various supports

a 3 y1Ž .Support Support treatment Decarbonylation conditions N Activity, 10 =TOF s ReferenceIr – Ir

w xg-Al O Calcination in air at 4008C He, 3008C 3.0 10.9 42 3

followed by evacuation at 4008C
MgO Calcination in air at 4008C He, 3008C 3.0 0.3 This work

followed by evacuation at 4008C
w xMgO Calcination in air at 3008C He, 3008C 3.7 0.8 35

followed by evacuation at 3008C

a Ir–Ir first-shell coordination number.
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iridium clusters with similar nuclearities supported
on MgO and on g-Al O that had been dehydroxyl-2 3

ated under similar conditions. The data show that the
catalytic activity of the g-Al O -supported clusters2 3

is more than an order of magnitude higher than that
of clusters supported on MgO. There are still too few
data to show why the g-Al O -supported clusters are2 3

more active than MgO-supported clusters, but it may
be appropriate to invoke the explanation of Lin and

w xVannice 38–40 for why the activity of PtrSiO –2

Al O is higher than that of PtrSiO for arene2 3 2

hydrogenation. These authors pointed to the ability
of the more acidic mixed oxide support to adsorb the
hydrocarbon reactant in close proximity to the plat-
inum particles, where adsorbed species could react
with hydrogen activated by platinum. Thus, they
suggested that the SiO –Al O support was not inert2 2 3

but instead played a direct catalytic role. Their sug-
gestion may well account in part for the support
effect observed for the iridium cluster catalysts.

6. Conclusions

w Ž . xInteraction of Ir CO with the surface of par-4 12

tially dehydroxylated MgO leads to the formation of
w Ž . xyHIr CO , as shown by infrared and EXAFS4 11

w Ž . xydata. MgO-supported HIr CO that had been4 11

decarbonylated to various degrees in He or H was2

characterized by infrared and EXAFS spectroscopies.
The EXAFS data indicate that the clusters treated in
He essentially retained the Ir frame throughout the4

decarbonylation process, which was complete at
about 3008C, yielding clusters modeled as Ir tetra-4

hedra, with an Ir–Ir first-shell coordination number
˚of 3.0"0.1 and an Ir–Ir distance of 2.67"0.01 A.

When H was used instead of He for the decarbony-2

lation, the iridium clusters aggregated. Infrared data
provide evidence that CO ligands react with H ,2

resulting in the breaking of C–O bonds.
Partially decarbonylated M gO-supported

w Ž . xyHIr CO chemisorbed hydrogen. TPD data4 11

show that the strength of bonding of hydrogen to the
iridium atoms increases with increasing cluster de-
carbonylation. Completely decarbonylated MgO-sup-

Ž .ported clusters modeled as Ir were characterized4
Žby relatively low HrIr and COrIr values e.g. 0.27

.and 0.39, respectively . The chemisorption and EX-

AFS data show that the amount of hydrogen or CO
chemisorbed on iridium increases with increasing
iridium cluster or aggregate size.

Catalytic hydrogenation of toluene at 608C and
1 atm was used to determine the dependence of the
reaction rate on the degree of cluster decarbonyla-
tion. The rate depends on the amount of hydrogen
available on the iridium surface and not simply on
the degree of decarbonylation. Both the iridium clus-
ter or aggregate size and the nature of the support
significantly affect the rate of toluene hydrogenation.
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