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Supported metal clusters were prepared as [Ir4(CO)12] was ad-
sorbed intact from n-pentane solution onto γ -Al2O3 powder that
had been partially dehydroxylated in vacuo at 400◦C. The sup-
ported clusters were characterized by infrared spectroscopy and
extended X-ray absorption fine structure (EXAFS) spectroscopy.
The supported [Ir4(CO)12], which was stable after heating in He at
temperatures up to 100◦C, was decarbonylated to various degrees
by treatment in He at temperatures higher than 100◦C, with the
decarbonylation being complete at 300◦C. EXAFS data indicated
an average Ir–Ir first-shell coordination number of about 3.0 at an
average bond distance 2.67 Å at each stage of the decarbonylation,
demonstrating that the decarbonylation proceeded without disrup-
tion of the tetrahedral cluster frame, ultimately giving Ir4/γ -Al2O3.
Chemisorption of hydrogen on the supported Ir4 clusters was char-
acterized by an H/Ir atomic ratio of about 0.13, a value much less
than that characteristic of larger iridium clusters, which indicates
that the supported clusters have reactivities different from those
of bulk metallic iridium or iridium particles large enough to have
bulklike properties. The [Ir4(CO)12] clusters were partially recon-
structed from Ir4/γ -Al2O3 by treatment in CO at 150–200◦C. The
supported tetrairidium clusters at various stages of decarbonylation
were found to be catalytically active for toluene hydrogenation at
60◦C and atmospheric pressure. The catalytic activity of supported
[Ir4(CO)12] was negligible, and the activity increased with increas-
ing decarbonylation, until the degree of decarbonylation reached
about 70%, whereupon the catalytic reaction rate became almost
independent of the degree of decarbonylation. The data suggest
that the last remaining CO ligands have almost no effect on the
toluene hydrogenation reaction because the clusters have attained
a sufficient degree of unsaturation to provide bonding sites for the
reactant ligands. c© 1998 Academic Press

INTRODUCTION

Metals are among the most important catalysts, usually
being applied in the form of clusters or particles dispersed
on porous supports. The smaller the clusters or particles,
the larger the fraction of metal atoms exposed at a sur-
face and accessible to reactants and available for catalysis.
Conventional preparation techniques result in nonuniform

supported metal particles, making it difficult to charac-
terize the metal structurally and to determine structure–
catalytic property relationships. Consequently, researchers
have worked with structurally defined metal catalysts—
single crystals—and these are the best understood metal
catalysts. However, single-crystal surfaces differ in reactiv-
ity and catalytic properties from extremely small supported
metal clusters or particles (1), and there is a clear motiva-
tion for investigation of metal catalysts that are both highly
dispersed and structurally uniform.

Only few supported metals with nearly uniform and
well-defined structures have been made. A fruitful syn-
thesis technique involves the use of supported molecular
metal carbonyl clusters as precursors, and when these can
be decarbonylated with retention (or near retention) of
their metal frames, they are well suited to determination
of structure–catalytic property relationships (2). For exam-
ple, [HIr4(CO)11]− and [Ir6(CO)15]2− were used as precur-
sors to prepare nearly uniform clusters approximated as
Ir4 and Ir6 on MgO (3–5) and NaY zeolite (3, 6). A family
of such samples is beginning to allow determination of the
separate effects of the support, the metal cluster size, and
the identity of the metal (3).

The prospect that supported metal carbonyl cluster pre-
cursors can be decarbonylated to various degrees with
the metal frames intact offers an opportunity to deter-
mine how the carbonyl ligands affect the catalytic activ-
ity. Thus, the goal of the research described here was
to investigate the decarbonylation and recarbonylation of
supported [Ir4(CO)12] on γ -Al2O3 and the effects of the
carbonyl ligands on the catalytic activity of the clusters
for a simple test reaction, the hydrogenation of toluene.
Infrared spectroscopy, extended X-ray absorption fine-
structure (EXAFS) spectroscopy, and chemisorption were
used to characterize the catalysts.

EXPERIMENTAL

Methods and materials. All syntheses and sample trans-
fers were performed with exclusion of air and moisture on
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a double-manifold Schlenk line and in a N2-filled Braun
glovebox. N2 and He (Matheson, 99.999%) were purified
by passage through traps containing particles of Cu and ac-
tivated zeolite to remove traces of O2 and moisture, respec-
tively. n-Pentane (Aldrich), used as a solvent, and tetrahy-
drofuran (THF, Fisher), used in the extraction of surface
species, were each refluxed under N2 in the presence of
Na/benzophenone ketyl to remove traces of water and de-
oxygenated by sparging of dry N2 prior to use.

The γ -Al2O3 support was prepared by first forming a
paste of porous γ -Al2O3 (Degussa, Aluminum Oxide C)
and deionized water, followed by overnight drying at 120◦C,
calcination at 400◦C in flowing O2 (Matheson Extra Dry
Grade) for 2 h, and evacuation at 10−3 Torr and the final
temperature for 14 h. The BET surface area of the resultant
material was measured to be about 100 m2/g.

Preparation of γ -Al2O3-supported [Ir4(CO)12]. The
γ -Al2O3-supported sample was prepared by slurrying
[Ir4(CO)12] with γ -Al2O3 powder in n-pentane under N2

for 12 h at room temperature followed by overnight evacu-
ation at 25◦C to remove the solvent. [Ir4(CO)12] was added
in an amount sufficient to give samples containing 1 wt%
Ir; because the solvent was removed, this was the Ir content
of each catalyst.

Decarbonylation and recarbonylation of supported clus-
ters. The samples were decarbonylated by treatment in
flowing He as the temperature was ramped (3◦C/min) from
25◦C to the desired temperature and then held at that tem-
perature for 2 h. The infrared spectrum was monitored
throughout the decarbonylation process. After complete
decarbonylation of the supported iridium carbonyl clusters
in flowing He at 300◦C, CO flow was initiated with the sam-
ple held in the cell at 25◦C. The recarbonylation process
was monitored by infrared spectroscopy; the sample was
scanned repeatedly until no further changes in the spec-
trum were observed. Then the sample was heated in flowing
CO as the temperature was ramped at 3◦C/min from 25 to
150◦C (or 200◦C) and held at the final temperature for 8 h.
Infrared spectra were recorded after the sample had been
cooled to room temperature.

Infrared spectroscopy. Spectra were recorded with a
Bruker IFS-66V spectrometer with a spectral resolution of
4 cm−1. Samples were pressed into self-supporting wafers
and mounted in the cell in the drybox. Each sample was
scanned 64 times, and the signal was averaged.

Chemisorption of hydrogen. An RXM-100 multifunc-
tional catalyst testing and characterization system (Ad-
vanced Scientific Designs, Inc.) with a vacuum capability of
10−8 Torr was used for chemisorption measurements. Sam-
ples in the glovebox were loaded into a U-shaped quartz
reactor, which was closed to prevent contamination of the
sample as it was transferred to the instrument. Prior to
chemisorption measurements, each sample was treated in

flowing He as the temperature was ramped at a rate of
3◦C/min and held at the designated temperature for 2 h. The
sample was then evacuated (10−7 Torr) at the elevated tem-
perature and finally cooled to 25◦C. Adsorption isotherms
were measured at 25◦C and pressures in the range 10–
200 Torr. The amount of hydrogen irreversibly chemisorbed
on the sample was measured as the difference between the
total adsorption and the physical adsorption isotherms (two
isotherms measured consecutively with 30 min of evacua-
tion between measurements). Accuracy in H/Ir ratio deter-
mination was ±10%.

Catalytic reaction experiments. Toluene hydrogenation
was performed in a once-through flow reactor at 60◦C and
atmospheric pressure. Prior to reaction, the catalyst sam-
ples were treated in He as the temperature was ramped
(3◦C/min) to the desired value (in the range 100–400◦C)
and held for 2 h. An Isco liquid metering pump (Model No.
260D) was used to feed the liquid toluene to the vaporiza-
tion chamber, where it was mixed with H2. The toluene
and H2 partial pressures were 50 and 710 Torr, respec-
tively, at the reactor inlet. An on-line gas chromatograph
equipped with a flame ionization detector was used to ana-
lyze the catalytic reaction products. Conversions of toluene
were less than 1%. There was no measurable conversion of
toluene in the absence of catalyst. Accuracy in the determi-
nation of reaction rates from differential conversions was
±10%.

EXAFS spectroscopy. EXAFS experiments were per-
formed at X-ray beamline 2-3 at the Stanford Synchrotron
Radiation Laboratory (SSRL), Stanford Linear Accelera-
tor Center, Stanford, California, and at beamline X-11A
at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory, Upton, New York. The
storage ring at SSRL operated with an electron energy of
3 GeV; the ring current was 60–100 mA. The ring current
at NSLS was at least 110 mA, and the ring energy was
2.5 GeV.

γ -Al2O3-supported iridium clusters were characterized
by EXAFS spectroscopy. Samples were characterized af-
ter adsorption of [Ir4(CO)12] on γ -Al2O3 and after various
degrees of decarbonylation of the resultant surface-bound
iridium carbonyl clusters. Each powder sample was pressed
into a wafer with a C-clamp in a N2-filled glovebox at SSRL
or NSLS. The sample mass was calculated to give an ab-
sorbance of about 2.5 at the Ir LIII absorption edge. Af-
ter each sample had been pressed, it was loaded into an
EXAFS cell (7), sealed under a positive N2 pressure, and
removed from the drybox. The sample was then treated in
flowing purified He while being heated to a temperature in
the range 100–400◦C at a rate of 3◦C/min and held at the
desired temperature for 2 h, cooled to room temperature
in a flow of He, evacuated to 10−5 Torr, and aligned in the
X-ray beam.
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TABLE 1

Crystallographic Data Characterizing the Reference Compounds
and Fourier Transform Ranges Used in the EXAFS Data Analysisa

Crystallographic data Fourier transform

Sample Shell N R (Å) 1k (Å−1) 1r (Å) n

Pt foil Pt–Pt 12 2.77 1.9–19.8 1.9–3.0 3
Na2Pt(OH)6 Pt–O 6 2.05 1.4–17.7 0.5–2.0 3
[Ir4(CO)12] Ir–C 3 1.87 2.8–16.5 1.1–2.0 3

Ir–O∗ 3 3.01 2.8–16.5 2.0–3.3 3
IrAl alloy Ir–Alb 8 2.58 2.7–12.0 1.0–3.0 3

a Notation: N, coordination number for absorber–backscatterer pair;
R, distance; 1k, limits used for forward Fourier transformation (k is the
wavevector); 1r, limits used for shell isolation (r is distance); n, power of
k used for Fourier transformation.

b After subtraction of Ir–Ir contributions: N = 6, r = 2.98 Å, 1σ 2 =
−0.001 Å2 (1σ 2 is the Debye–Waller factor), 1E0 = −3.3 eV (1E0 is the
inner potential correction). A theoretical Ir–Al EXAFS function was cal-
culated with the FEFF program (44) and adjusted to agree with limited
Ir–Al reference data obtained as described above for use of a larger inter-
val in k space for fitting the iridium data (45).

The EXAFS data were recorded in the transmission
mode after the cells had been cooled to nearly liquid nitro-
gen temperature. The data were collected with a double-
crystal monochromator [Si(220) at SSRL or Si(111) at
NSLS] which was detuned 15% to minimize the effects
of higher harmonics in the X-ray beam. The samples
were scanned at energies near the Ir LIII absorption edge
(11,215 eV).

EXAFS reference data. The EXAFS data were ana-
lyzed with experimentally determined reference files ob-
tained from EXAFS data characterizing materials of known
structure. The Ir–Ir and Ir–Osupport interactions were ana-
lyzed with phase shifts and backscattering amplitudes ob-
tained from EXAFS data characterizing platinum foil and
Na2Pt(OH)6, respectively. The transferability of the phase
shifts and backscattering amplitudes characterizing plat-
inum and iridium (which are near neighbors in the Periodic
Table) has been justified experimentally (8, 9). The Ir–C
and Ir–O∗ contributions (where O∗ represents carbonyl
oxygen) were analyzed with phase shift and backscatter-
ing amplitudes obtained from EXAFS data characterizing
crystalline [Ir4(CO)12], which has terminal and no bridging
CO ligands. The parameters used to extract these results
from the EXAFS data are summarized in Table 1.

EXAFS DATA ANALYSIS

The EXAFS data were extracted from the spectra with
the XDAP software (10). The EXAFS function characteri-
zing each sample was obtained from the X-ray absorption
spectrum by a cubic spline background subtraction and nor-
malized by dividing the absorption intensity by the height of
the absorption edge. The final normalized EXAFS function

characterizing each sample was obtained from the average
of six scans. The main contributions to the spectra were iso-
lated by inverse Fourier transformation of the final EXAFS
function. The analysis was done with the Fourier-filtered
data.

The parameters characterizing both low-Z (O, C) and
high-Z (Ir) contributions were determined by multiple-
shell fitting in r space (where r is the distance from the
absorbing atom, Ir) and in k space (k is the wavevector)
with application of k1 and k3 weighting in the Fourier trans-
formations. The fit was optimized by use of the difference
file technique (11, 12) with phase- and amplitude-corrected
Fourier transforms.

RESULTS

Infrared spectra: interaction of [Ir4(CO)12] with γ -Al2O3

and decarbonylation. After [Ir4(CO)12] had been slurried
overnight with γ -Al2O3 powder in n-pentane and the mix-
ture had been evacuated to remove the solvent, the resul-
tant solid powder was beige. No substantial changes in the
infrared spectrum in the νOH or carbonate regions were ob-
served for the powder relative to the spectrum of γ -Al2O3.
New bands were observed in the νCO region (Fig. 1, spec-
trum 1). Those at 2112, 2072, 2062, 2029, and 2002 cm−1 are
assigned as νCO bands of supported [Ir4(CO)12], in agree-
ment with those reported (13).

[Ir4(CO)12] was extracted from the γ -Al2O3 surface by
THF at room temperature, giving a solution spectrum with

FIG. 1. Infrared spectra in the νCO region. (1) Spectrum of freshly
prepared sample formed by contacting of γ -Al2O3 with [Ir4(CO)12] in n-
pentane; spectrum recorded after recarbonylation of γ -Al2O3-supported
[Ir4(CO)12] cluster previously decarbonylated in He flow at 300◦C. (2) Af-
ter recarbonylation in CO flow at 200◦C for 8 h. (3) After recarbonylation
in CO flow at 150◦C for 8 h.
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FIG. 2. Infrared spectra in the νCO region characterizing extract solu-
tions. (1) Solution formed after contacting of freshly prepared γ -Al2O3-
supported [Ir4(CO)12] with THF. (2) Solution formed when γ -Al2O3-
supported [Ir4(CO)12] was treated in He at 100◦C followed by contacting
with THF.

bands at 2067 and 2026 cm−1 (Fig. 2, spectrum 1), which is
typical for [Ir4(CO)12] in THF.

Figures 3 and 4 show infrared spectra in the νCO region
recorded during the decarbonylation of γ -Al2O3-supported
[Ir4(CO)12] in flowing He. Ramping the temperature to
100◦C did not lead to a measurable decrease in the total
absorption in the νCO region, but it did lead to changes
in the relative intensities of the bands in this region. The
bands at 2062 and 2002 cm−1 were more clearly evident in

FIG. 3. Infrared spectra in the νCO region characterizing γ -Al2O3-
supported [Ir4(CO)12] after treatment in He under the following condi-
tions: (1) 100◦C; (2) 20 min at 100◦C; (3) 40 min at 100◦C; (4) 60 min at
100◦C; (5) 80 min at 100◦C; (6) 100 min at 100◦C; (7) 120 min at 100◦C.

FIG. 4. Infrared spectra in the νCO region characterizing decarbony-
lation of γ -Al2O3-supported [Ir4(CO)12] in He flow under the following
conditions: (1) 120 min at 100◦C; (2) 150◦C; (3) 20 min at 150◦C; (4)
40 min at 150◦C; (5) 60 min at 150◦C; (6) 120 min at 150◦C; (7) 120 min at
220◦C; (8) 300◦C.

the spectrum recorded at 100◦C than in that recorded at
room temperature. The broad absorption band centered at
2029 cm−1 at 25◦C (Fig. 1, spectrum 1) split into a strong
band at 2024 cm−1 and a shoulder at 2042 cm−1 (Fig. 3,
spectrum 1). The bands at 2112, 2077, 2062, 2042, 2024, and
2002 cm−1 match those of [Ir4(CO)12] (13). Further changes
in the infrared spectrum were observed over time as the
temperature was held constant at 100◦C for 2 h; the strong
bands at 2062 and 2024 cm−1 disappeared, and the bands at
2077, 2042, and 2002 cm−1 became dominant (Fig. 3). These
changes occurred without significant changes in the total
absorption in the νCO region. An extraction of the surface
species with THF at this point gave a solution with a spec-
trum virtually identical to that of [Ir4(CO)12] in THF (Fig. 2,
spectrum 2). Further increases in the treatment tempera-
ture led to decreased intensity of the νCO bands assigned to
[Ir4(CO)12], until finally, at 300◦C, no νCO bands remained
(Fig. 4).

Recarbonylation of γ -Al2O3-supported Ir4 clusters.
When the decarbonylated sample was treated with CO at
room temperature, weak bands appeared in the νCO re-
gion, at 2076 and 2002 cm−1 (Fig. 5, spectrum 1). The posi-
tions of these bands were the same as those observed during
the latter steps of decarbonylation of the original γ -Al2O3-
supported [Ir4(CO)12] sample (Fig. 4). Further treatment in
flowing He as the temperature was ramped to 300◦C led to
the removal of these bands, with the behavior being sim-
ilar to that observed during the removal of CO from the
original supported [Ir4(CO)12] (Fig. 5). When the sample
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FIG. 5. Infrared spectra of CO adsorbed on sample prepared from
[Ir4(CO)12] on γ -Al2O3 and treated with He at 300◦C, following treat-
ment in He under the following conditions: (1) 25◦C; (2) 70◦C; (3) 220◦C;
(4) 260◦C; (5) 300◦C; (6) 20 min at 300◦C; (7) 80 min at 300◦C; (8) 100 min
at 300◦C.

was held in flowing CO at 150 or 200◦C for 8 h, the resul-
tant νCO spectrum included bands at 2112, 2072, 2029, and
2002 cm−1, which are virtually identical to those character-
istic of supported [Ir4(CO)12] (Fig. 1).

Chemisorption of hydrogen on (partially) decarbonylated
iridium clusters. Hydrogen chemisorption data charac-
terizing γ -Al2O3-supported iridium clusters formed from
[Ir4(CO)12] after various treatments are summarized in
Table 2. The data show that H/Ir values depend strongly on
the degree of decarbonylation. The H/Ir value characteriz-
ing a completely decarbonylated sample (which had been
treated in He at 300◦C) was 0.13, in good agreement with
previous observations for Ir4/γ -Al2O3 prepared similarly

TABLE 2

Hydrogen Chemisorption on Supported Iridium Catalysts
Formed from [Ir4(CO)12]/γ -Al2O3 by Treatment in He Flowing at
Different Temperatures

Percentage of CO
ligands left in Chemisorption at

Temperature supported iridium 25◦C, atomic
Treatment gas (◦C) carbonyl clustera ratio (H/Ir)

None — 100 0.00
He 100 100 0.00
He 150 31.4 0.02
He 200 26.2 0.04
He 250 13.7 0.08
He 300 0.0 0.13
He 400 0.0 0.35

a Determined on the basis of infrared spectroscopy.

TABLE 3A

EXAFS Results at the Ir LIII Edge Characterizing the Species
Formed by Adsorption of [Ir4(CO)12] onto γ -Al2O3 from n-Pentane
Solution at 25◦Ca

103 · 1σ 2 EXAFS
Shell N R (Å) (Å2) 1E0 (eV) reference

Ir–Ir 3.0 ± 0.1 2.66 ± 0.01 5.3 ± 0.1 1.0 ± 0.2 Pt–Pt
Ir–Osupport 0.8 ± 0.1 2.29 ± 0.01 6.1 ± 0.6 2.0 ± 0.5 Pt–O
Ir–CO

Ir–C 2.8 ± 0.1 1.86 ± 0.01 3.2 ± 0.1 5.8 ± 0.1 Ir–C
Ir–O∗ 3.1 ± 0.1 2.89 ± 0.01 1.8 ± 0.2 6.8 ± 0.1 Ir–O∗

a Notation: N, coordination number; R, distance between absorber and
backscatterer atoms; 1σ 2, Debye–Waller factor; 1E0, inner potential cor-
rection.

(14). A H/Ir value of 0.35 was found for the sample treated
at 400◦C. These H/Ir values characterizing the decarbony-
lated iridium clusters are markedly less than those typically
observed for hydrogen chemisorption on supported iridium
metal particles (15).

Details of EXAFS data analysis. The raw EXAFS data
characterizing the samples treated under various condi-
tions were analyzed according to the following proce-
dure: The raw EXAFS data at the Ir LIII edge were first
Fourier transformed with a k3 weighting over the range
2.73 < k < 15.99 Å−1 without any phase correction. The
Fourier-transformed data were then inverse transformed in
the range 0.1 < r < 4.40 Å to isolate the main-shell contri-
butions from low-frequency noise. With the difference file
technique (11, 12), the Ir–Ir contributions in each sample,
the largest in the EXAFS spectra, were first estimated and
subsequently subtracted from the raw data. The difference
file was expected to represent Ir–Osupport and Ir–CO∗ con-
tributions. After optimizing the parameters for these two
contributions, the first-guess Ir–Ir contributions were than
added and compared with the raw data. The final param-
eters representing the high-Z (Ir–Ir) and low-Z (Ir–O and
Ir–C) contributions were determined by multiple-shell fit-
ting in r space and in k space with application of k1 and

TABLE 3B

EXAFS Results at the Ir LIII Edge Characterizing the Species
Formed by Decarbonylation of [Ir4(CO)12] on γ -Al2O3 in He at
100◦Ca

103 · 1σ 2 EXAFS
Shell N R (Å) (Å2) 1E0 (eV) reference

Ir–Ir 3.0 ± 0.1 2.66 ± 0.01 5.3 ± 0.1 1.0 ± 0.3 Pt–Pt
Ir–Osupport 0.8 ± 0.1 2.29 ± 0.01 6.1 ± 0.9 2.0 ± 0.8 Pt–O
Ir–CO

Ir–C 3.0 ± 0.1 1.85 ± 0.01 5.4 ± 0.2 6.9 ± 0.5 Ir–C
Ir–O∗ 2.9 ± 0.1 2.88 ± 0.01 1.0 ± 0.1 7.5 ± 0.1 Ir–O∗

a Notation as in Table 3A.
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TABLE 3C

EXAFS Results at the Ir LIII Edge Characterizing the Species
Formed by Decarbonylation of [Ir4(CO)12] on γ -Al2O3 in He at
200◦Ca

103 · 1σ 2 EXAFS
Shell N R (Å) (Å2) 1E0 (eV) reference

Ir–Ir 3.0 ± 0.01 2.68 ± 0.01 5.6 ± 0.2 6.4 ± 0.3 Pt–Pt
Ir–Osupport

Ir–Os 0.7 ± 0.1 2.18 ± 0.01 0.8 ± 0.5 −8.0 ± 1.2 Pt–O
Ir–Ol 1.4 ± 0.2 2.70 ± 0.01 10.0 ± 1.2 −0.7 ± 0.7 Pt–O

Ir–CO
Ir–C 0.7 ± 0.1 1.84 ± 0.01 −0.4 ± 0.3 −7.0 ± 1.3 Ir–C
Ir–O∗ 0.7 ± 0.1 2.89 ± 0.01 3.0 ± 0.9 0.0 ± 0.20 Ir–O∗

a Notation as in Table 3A; the subscripts s and l refer to short and long,
respectively.

k3 weighting (16, 17) over the ranges 3.6 < k < 15 Å−1 and
0.1 < r < 4.0 Å. The maximum number of free parameters
used to fit the main-shell contributions was 20. The statis-
tically justified number of free parameters (n), estimated
from the Nyquist theorem (16), n = (21k1r/π) + 1, where
1k and 1r are the k and r ranges used to fit data, was ap-
proximately 29.

The parameters determined by this fitting routine are
summarized in Tables 3 and 4, and comparisons of the data
and fits in r space are shown in Figs. 6 and 7. The resid-
ual spectra determined by subtracting the Ir–Ir + Ir–Osupport

contributions from the raw EXAFS data, giving evidence
of Ir–CO interactions, are shown in Figs. 6D and 6E. The
XDAP software (10) was used to obtain rough estimates
of the error bounds in the EXAFS parameters, as shown
in Tables 3 and 4. These error bounds represent precisions
(reproducibilities) determined from statistical analysis of
the data, not accuracies.

Toluene hydrogenation catalysis. The catalytic results
characterizing the γ -Al2O3-supported iridium clusters de-
carbonylated to various degrees are summarized in Table 5.
After the initial break-in period of about 30 min, when a

TABLE 3D

EXAFS Results at the Ir LIII Edge Characterizing the Species
Formed by Decarbonylation of [Ir4(CO)12] on γ -Al2O3 in He at
300◦Ca

103 · 1σ 2 EXAFS
Shell N R (Å) (Å2) 1E0 (eV) reference

Ir–Ir 3.0 ± 0.1 2.67 ± 0.01 5.0 ± 0.2 −3.0 ± 0.3 Pt–Pt
Ir–Osupport

Ir–Os 0.7 ± 0.1 2.21 ± 0.01 1.3 ± 0.4 −10.1 ± 0.5 Pt–O
Ir–Ol 1.3 ± 0.1 2.67 ± 0.01 0.4 ± 0.4 −2.0 ± 0.3 Pt–O
Ir–Al 0.1 ± 0.1 1.73 ± 0.02 1.4 ± 0.7 5.5 ± 5.2 Ir–Al

a Notation as in Table 3C.

TABLE 3E

EXAFS Results at the Ir LIII Edge Characterizing the Species
Formed by Decarbonylation of [Ir4(CO)12] on γ -Al2O3 in He at
400◦Ca

103 · 1σ 2 EXAFS
Shell N R (Å) (Å2) 1E0 (eV) reference

Ir–Ir 5.2 ± 0.1 2.67 ± 0.01 5.0 ± 0.1 −5.0 ± 0.1 Pt–Pt
Ir–Osupport

Ir–Os 0.8 ± 0.1 2.17 ± 0.01 8.1 ± 0.8 −8.0 ± 1.0 Pt–O
Ir–Ol 0.9 ± 0.1 2.63 ± 0.01 −1.7 ± 0.4 3.9 ± 0.3 Pt–O
Ir–Al 0.1 ± 0.1 1.77 ± 0.01 −2.8 ± 0.7 −1.4 ± 4.2 Ir–Al

a Notation as in Table 3C.

decrease in activity was observed, each catalyst was sta-
ble for at least 6 h onstream. The reaction rates reported
here correspond to 2 h onstream, which is represented as
steady-state operation. Calculations with standard methods
showed that the reaction was slow enough that the influence
of transport phenomena on the rate was negligible.

The reported turnover frequencies (Table 5), which are
defined unconventionally, were calculated by normalizing
the reaction rates with respect to the fraction of iridium
atoms free of CO ligands and thus available to facilitate
catalysis; the fraction of available iridium atoms was esti-
mated from the infrared band intensities, with the value
being zero for [Ir4(CO)12] and one for the fully decarbony-
lated clusters. The reaction rate per total Ir atom increased
as the first CO ligands were removed from the catalyst,
approaching a nearly constant value when about 70% of
the CO ligands had been removed (Fig. 8, Table 5). The
turnover frequency was roughly constant for all the (par-
tially) decarbonylated catalysts (Table 5).

The apparent activation energies determined from the
temperature dependence of the reaction rates for the vari-
ously decarbonylated catalyst were found to be in the range
10–13 kcal/mol, which is typical for supported iridium cata-
lysts for this reaction (3).

TABLE 4

EXAFS Results at the Ir LIII Edge Characterizing the Iridium
Clusters Formed by CO Treatment at 200◦C for 8 h of Sample That
Had Previously Been Decarbonylated in He at 300◦Ca

103 · 1σ 2 EXAFS
Shell N R (Å) (Å2) 1E0 (eV) reference

Ir–Ir 3.0 ± 0.1 2.70 ± 0.01 2.8 ± 0.1 2.4 ± 0.1 Pt–Pt
Ir–Osupport 0.6 ± 0.1 2.22 ± 0.01 0.6 ± 0.1 −12.5 ± 0.1 Pt–O
Ir–CO

Ir–C 2.1 ± 0.1 1.85 ± 0.01 8.2 ± 0.1 −6.2 ± 0.1 Ir–C
Ir–O∗ 2.8 ± 0.1 2.86 ± 0.01 4.2 ± 0.1 5.9 ± 0.1 Ir–O∗

a Notation as in Table 3C.
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TABLE 5

Toluene Hydrogenation Catalyzed by Al2O3-Supported
Iridium Clusters

Approximate
percentage of CO
ligands removed

Temperature from supported
of treatment iridium carbonyl Catalytic activityb TOF × 103 c

in He (◦C) clustera (mmol MCH/mol Ir · s) (s−1)

No treatment 0.0 0.0 —
100 0.0 0.2 —
150 68.6 7.7 11.2
200 73.8 10.9 14.8
250 86.3 11.1 12.9
300 100 10.9 10.9
400 100 14.5 —

a Determined from infrared data.
b Reaction at 60◦C, Ptoluene = 50 Torr, and Phydrogen = 710 Torr.
c Turnover frequency represented here as reaction rate normalized by

fraction of iridium atoms without CO ligands available for H2 and toluene
adsorption; no account was taken of the possibility that some of the iridium
atoms would be inaccessible because of blockage by the support.

DISCUSSION

Formation of [Ir4(CO)12] on γ -Al2O3

Interactions between iridium carbonyls and the surfaces
of basic metal oxides typically involve reactions of sup-
port surface OH groups with the iridium carbonyls, leading
to the formation of supported iridium carbonylate anions
(4, 5, 18). The formation of such anions manifests itself by
the shifting of terminal νCO bands to lower frequencies (19).
The reactions of [Ir4(CO)12] with the surfaces of basic metal
oxides are analogous to the reactions of [Ir4(CO)12] and
other iridium carbonyls in basic solutions (20, 21). In con-
trast, however, relatively little is known about the interac-
tions between iridium carbonyls and the surfaces of neutral
or acidic supports.

The infrared spectra of the samples formed by slurrying
[Ir4(CO)12] with γ -Al2O3 powder were found to be virtu-
ally the same as those reported for crystalline [Ir4(CO)12]
(13, 22). The result that almost the same band positions in
the νCO region were observed for [Ir4(CO)12] before and af-
ter interaction with γ -Al2O3 indicates that the iridium clus-
ters did not decompose during adsorption and did not form

FIG. 6. Results of analysis of Ir LIII edge EXAFS data obtained with the best calculated coordination parameters characterizing the γ -Al2O3-
supported [Ir4(CO)12]. (A) Experimental EXAFS function (solid line) and sum of the calculated Ir–Ir + Ir–Osupport + Ir–C + Ir–O∗ contributions
(dashed line). (B) Imaginary part and magnitude of uncorrected Fourier transform (k0 weighted) of experimental EXAFS (solid line) and sum of
the calculated Ir–Ir + Ir–Osupport + Ir–C + Ir–O∗ contributions (dashed line). (C) Imaginary part and magnitude of phase- and amplitude-corrected
Fourier transform (k0 weighted) of raw data minus the calculated Ir–Osupport + Ir–C + Ir–O∗ contributions (solid line) and calculated Ir–Ir contributions
(dashed line). (D) Residual spectrum illustrating Ir–C contributions of carbonyl ligands: imaginary part and magnitude of phase-corrected Fourier
transform (k0 weighted) of raw data minus the calculated Ir–Ir + Ir–Osupport + Ir–O∗ contributions (solid line) and calculated Ir–C contributions (dashed
line). (E) Residual spectrum illustrating Ir–O∗ contributions of carbonyl ligands: imaginary part and magnitude of phase-corrected Fourier transform
(k0 weighted) of raw data minus the calculated Ir–Ir + Ir–Osupport + Ir–C contributions (solid line) and calculated Ir–O∗ contributions (dashed line).

iridium cluster anions. Rather, supported [Ir4(CO)12] sim-
ply formed. Because [Ir4(CO)12] could be recovered from
the γ -Al2O3 surface by simple extraction with THF at 25◦C
(Fig. 2, spectrum 1), we infer that the clusters were only
weakly adsorbed on the surface. These results are similar
to those reported for [Ir4(CO)12] supported on SiO2 (23).

The EXAFS data provide additional information about
the structure of the surface species. The crystallographic pa-
rameters reported for crystalline [Ir4(CO)12] (24) are con-
sistent with the suggestion that the four iridium atoms are
arranged in a regular tetrahedron, with each bonded to
three other iridium atoms (at a distance of 2.69 Å) and to
three terminal CO ligands (with Ir–C and Ir–O∗ distances of
1.87 and 3.01 Å, respectively). The Ir LIII edge EXAFS re-
sults characterizing the sample formed by the adsorption of
[Ir4(CO)12] on γ -Al2O3 indicate an average first-shell Ir–Ir
coordination number of 3.0 and an average Ir–Ir distance of
2.66 Å (Table 3A), as well as an average Ir–C coordination
number of 2.8 with an average Ir–C bond distance of 1.86 Å.
Furthermore, a second-shell Ir–O∗ contribution with an av-
erage coordination number of 3.1 and a distance of 2.89 Å
was observed, signifying the contribution from the oxygen
atoms of the carbonyl ligands. Thus, the observed first-shell
Ir–Ir coordination number is the same within experimen-
tal error as that determined for crystalline [Ir4(CO)12] (24),
indicating that the iridium clusters were adsorbed intact on
γ -Al2O3 and that the tetrahedral Ir–Ir cluster frame was
retained. However, the Ir–Ir and Ir–O∗ distances are some-
what less than the respective values observed for crystalline
[Ir4(CO)12] (24). These differences suggest that distortion
of the cluster took place as a result of interaction with the
γ -Al2O3 surface, but it was not sufficient to disrupt the metal
frame.

Together with Ir–Ir and Ir–CO contributions, Ir–Osupport

contributions were observed. The Ir–Osupport contributions,
with an average Ir–O distance of 2.29 Å and an average co-
ordination number of about 0.8, are typical of noble metals
supported on metal oxides (25) and indicate the interactions
of iridium atoms with surface oxygen atoms of γ -Al2O3. If,
during adsorption, oxidation of the iridium had occurred,
we would expect Ir–O contributions at a shorter (bonding)
distance of about 1.95 Å, similar to what has been observed
for totally oxidized Ir/γ -Al2O3 samples (26).

In summary, the infrared and EXAFS data indi-
cate that [Ir4(CO)12] was adsorbed intact on partially
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FIG. 8. Toluene hydrogenation catalyzed by partially decarbonylated
[Ir4(CO)12] clusters supported on γ -Al2O3: dependence of the reaction
rate on the degree of decarbonylation of the supported clusters.

dehydroxylated γ -Al2O3. The interactions of the iridium
carbonyl clusters with the γ -Al2O3 surface were weak
enough to allow reversible distortion of the ligand sphere
of the cluster without substantial loss of CO ligands and
without disruption of the tetrahedral cluster frame.

Infrared and EXAFS Evidence of Formation of Partially
Decarbonylated Tetrairidium Clusters on γ -Al2O3

Decarbonylation of the supported [Ir4(CO)12] was car-
ried out with the sample in flowing He as the temperature
was ramped at 3◦C/min from 25 to 300◦C. The νCO infrared
spectrum shows that the supported [Ir4(CO)12] remained
nearly intact at 100◦C. As the temperature was held con-
stant with the sample in flowing He at 100◦C, changes oc-
curred in the infrared spectra (Fig. 3), with the bands at
2062 and 2024 cm−1 disappearing and the νCO bands at 2077,
2042, and 2002 cm−1 becoming dominant. These band posi-
tions match some of the νCO bands in crystalline [Ir4(CO)12]
(13). We regard it as important that the total absorption in
the νCO region (the area under the CO bands) remained
nearly constant during this transformation. Since total ab-
sorbance in the νCO region is expected to be approximately
proportional to the number of surface CO ligands, we infer

FIG. 7. Results of analysis of Ir LIII edge EXAFS data obtained with the best calculated coordination parameters characterizing supported iridium
clusters formed by the decarbonylation of γ -Al2O3-supported [Ir4(CO)12] in flowing He at 300◦C: (A) Experimental EXAFS function (solid line)
and sum of the calculated Ir–Ir + Ir–Osupport (Ir–Os and Ir–Ol) + Ir–Al contributions (dashed line). (B) Imaginary part and magnitude of uncorrected
Fourier transform (k0 weighted) of experimental EXAFS (solid line) and sum of the calculated Ir–Ir + Ir–Osupport (Ir–Os and Ir–Ol) + Ir–Al contri-
butions (dashed line). (C) Imaginary part and magnitude of phase- and amplitude-corrected Fourier transform (k0 weighted) of raw data minus the
calculated Ir–Osupport (Ir–Os and Ir–Ol) + Ir–Al contributions (solid line) and calculated Ir–Ir contributions (dashed line). (D) Residual spectrum
illustrating Ir–Osupport (Ir–Os) contributions: imaginary part and magnitude of phase-corrected Fourier transform (k0 weighted) of raw data minus
the calculated Ir–Ir + Ir–Osupport (Ir–Ol) contributions (solid line) and calculated Ir–Os contributions (dashed line). (E) Residual spectrum illustrating
Ir–Osupport (Ir–Ol) contributions: imaginary part and magnitude of phase-corrected Fourier transform (k0 weighted) of raw data minus the calculated
Ir–Ir + Ir–Osupport (Ir–Os) + Ir–Al contributions (solid line) and calculated Ir–Ol contributions (dashed line).

that changes observed in the infrared spectra with increas-
ing temperatures of He treatment up to 100◦C indicate
changes in the interactions between the iridium clusters and
the support and not decarbonylation. Consequently, we in-
fer that the structure of the supported [Ir4(CO)12] clusters
changed, but the data are not sufficient to determine how.

Furthermore, the result that [Ir4(CO)12] was recovered
intact from the γ -Al2O3 surface as a result of extraction with
THF (Fig. 2, spectrum 2) is consistent with the inference that
[Ir4(CO)12] remained intact on the γ -Al2O3 surface prior to
the extraction.

The Ir LIII edge EXAFS data provide additional ev-
idence supporting the conclusion that the cluster frame
remained intact on heating in He. After He treat-
ment of [Ir4(CO)12]/γ -Al2O3 at 100◦C, the average Ir–Ir
coordination number was 3.0, with an average Ir–Ir dis-
tance of 2.66 Å (Table 3B), agreeing closely with the values
for crystalline [Ir4(CO)12]. The Ir–CO contributions asso-
ciated with CO ligands were also observed, with average
Ir–C and Ir–O∗ distances of 1.85 and 2.88 Å, respectively
(Table 3B). Thus, the EXAFS data characterizing the sup-
ported clusters treated at 100◦C (Table 3B) were found
to be the same, within experimental error, as those de-
termined for the original sample made by adsorption of
[Ir4(CO)12] on γ -Al2O3 (Table 3A). These data are in agree-
ment with the infrared and extraction data, indicating that
supported [Ir4(CO)12] was stable in flowing He under the
low-temperature (≤100◦C) treatment conditions.

According to the infrared data, the intensity of each of
the peaks in the νCO region decreased when the tempera-
ture of He treatment was increased beyond 100◦C. The band
at 2042 cm−1 decreased in intensity as the temperature in-
creased and was the first to disappear, leaving two bands
of approximately equal intensity at 2077 and 1997 cm−1

(Fig. 4). The intensities of these bands decreased with
increasing treatment temperature, and they disappeared
when the temperature reached 300◦C, indicating that the
sample was fully decarbonylated. The bands at 2077 and
1997 cm−1 observed during the last phase of decarbonyla-
tion are similar to those attributed to Ir(CO)2 species (2070
and 2000 cm−1) formed from [Ir(CO)2(acac)] on γ -Al2O3

(22) and to the νCO spectrum (2082 and 2000 cm−1) ob-
served after treatment of [Ir4(CO)12]/NaY zeolite in oxy-
gen and the ensuing oxidative fragmentation (27). The



        

206 ALEXEEV, PANJABI, AND GATES

observed decarbonylation profile is similar to that observed
during decarbonylation of [Ir4(CO)12]/γ -Al2O3 under vac-
uum (28). It was suggested that the appearance of a pair
of bands, at 2072 and 1995 cm−1, indicates that oxidative
fragmentation of [Ir4(CO)12] occurred during decarbonyla-
tion under vacuum, leading to the formation of a Ir+(CO)2

surface species (28). However, the EXAFS data at the Ir
LIII edge obtained for the samples formed from [Ir4(CO)12]/
γ -Al2O3 that had been decarbonylated at different temper-
atures (Tables 3B–3D) indicate that only Ir–Ir first-shell
contributions with an average Ir–Ir coordination number
of 3.0 and an average Ir–Ir distance of about 2.67 Å were
observed at different treatment temperatures. The absence
of Ir–Ir contributions at distances greater than the first-shell
Ir–Ir coordination distance is consistent with the suggestion
that clusters larger than Ir4 were not formed and that the
nuclearity of the iridium carbonyl precursor was retained.

In agreement with the infrared data, the EXAFS data
indicate that the Ir–CO contributions decreased with an in-
crease in decarbonylation temperature, accompanied by an
increase in the intensities of the Ir–Osupport contributions.
Evidently, as the bulky CO ligands were removed, there
was greater contact between the metal cluster frame and
the support. The trend in the data shows that the shorter
Ir–Osupport distance decreased as the degree of decarbonyla-
tion increased. This distance, 2.19 ± 0.02 Å for the samples
treated at temperatures of 200◦C and higher, is a chemical
bonding distance characteristic of cationic iridium and oxy-
gen in various organic ligands (29); this result suggests that
the iridium bears a positive charge.

In addition, longer Ir–O contributions were observed,
with an average Ir–O coordination number of about 1.3 at
an average distance of 2.7 Å (Tables 3C and 3D). Similarly,
such long metal–oxygen contributions have been observed
for iridium (30) and other noble metals (25) on various
metal oxide and zeolite supports. The nature of these rel-
atively long metal–oxygen contributions is still a matter of
discussion; they may be explained, for example, by the in-
teraction of supported iridium atoms with surface hydroxyl
groups located at the metal–support interface (31), but they
are too long to be explained as Ir–O bonds. The present re-
sults show that the increased metal–support interactions
resulting from cluster decarbonylation did not lead to ox-
idative fragmentation of the tetrahedral Ir4 frame, as had
been suggested by Tanaka et al. (28) on the basis of infrared
spectroscopy alone. We might expect that if the suggested
Ir+(CO)2 species were formed on the surface as a result
of oxidative fragmentation, only the Ir–Osupport and Ir–CO
contributions would have been observed in the EXAFS
spectra, with no evidence of Ir–Ir contributions, contrary to
the observations. Thus, on the basis of the EXAFS data, we
might infer that the pair of bands observed in the infrared
spectra at 2077 and 1997 cm−1 during decarbonylation in
He at temperatures higher than 100◦C should be attributed

to iridium carbonyl clusters having an average of only two
CO ligands per iridium atom, with each of these ligands con-
nected to each iridium atom in the Ir4 tetrahedron. How-
ever, the possibility of partial iridium oxidation (or per-
haps electron withdrawal from iridium atoms) remains—
possibly resulting from interactions of iridium with oxygen
atoms at the support surface.

In contrast to our results, however, Tanaka et al. (28),
working with a sample made from [Ir4(CO)12] on uncal-
cined γ -Al2O3 that had been treated in a similar way, ob-
served infrared spectra indicating oxidative fragmentation
of the [Ir4(CO)12] in flowing He starting at 75◦C (28). And
Kawi et al. (22), working with a sample formed by carbony-
lation of a sample made by adsorption of [Ir(CO)2(acac)]
on γ -Al2O3, observed decreasing infrared absorption in the
νCO region without evidence of oxidative fragmentation as
the sample was treated in flowing He; the spectra were in-
terpreted as evidence of the formation of [HIr4(CO)11]−

on the support surface, which was attributed to a nucle-
ophilic attack of surface hydroxyl groups on the CO lig-
ands of [Ir4(CO)12], with the chemistry being similar to that
observed in the reaction of [Ir4(CO)12] with the partially hy-
droxylated MgO surface (19). The results of Tanaka et al.
and Kawi et al. are different from those reported here. We
suggest that the surface chemistry was different in the dif-
ferent samples, at least in part because of differences in the
degree of surface hydroxylation or hydration and the sen-
sitivity of the surface chemistry to the density of hydroxyl
groups or water (32); this suggestion is in need of testing.

Recarbonylation of γ -Al2O3-Supported Ir4 Clusters

After complete decarbonylation of the γ -Al2O3-
supported [Ir4(CO)12] clusters, the sample was cooled to
room temperature and treated with CO. The infrared spec-
tra show low-intensity bands in the νCO region, at 2076
and 2002 cm−1 (Fig. 5). The positions of these bands in
the recarbonylated sample are the same as those observed
during decarbonylation of the original γ -Al2O3-supported
[Ir4(CO)12] at higher temperatures. Furthermore, the be-
havior of these bands during heating of the sample in
He was similar to that observed for CO chemisorbed on
metal particles (33). With increasing treatment tempera-
ture, the band at 2002 cm−1 disappeared first, and the band
at 2076 cm−1 shifted by 10 cm−1 to a lower frequency. This
change might be explained by the decreasing dipole–dipole
coupling between adsorbed CO ligands with decreasing sur-
face coverage (34). Comparable to the νCO bands in the
spectrum of [Ir4(CO)12], the observed νCO bands were re-
moved from the spectrum of the supported iridium clus-
ters after treatment in He at 300◦C. Thus, the infrared data
show that after the treatment of the decarbonylated Ir4 clus-
ters with CO at room temperature, partially carbonylated
tetrairidium clusters were formed, but the regeneration of
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the original [Ir4(CO)12] clusters did not take place. Sim-
ilarly, decarbonylation of [Ir4(CO)12] on MgO followed
by recarbonylation has been observed to give iridium car-
bonyls other than the original [HIr4(CO)11]− (35).

Prolonged treatment of decarbonylated γ -Al2O3-sup-
ported Ir4 clusters with CO at 150 or 200◦C led to ap-
proximately 70 and 90% restoration of the CO absorbance,
respectively. The observed infrared spectrum was very sim-
ilar to that of the original γ -Al2O3-supported [Ir4(CO)12]
(Fig. 1). The νCO bands observed at 2112, 2072, 2029, and
2002 cm−1 after the recarbonylation at 150–200◦C are virtu-
ally the same as the major infrared bands characteristic of
[Ir4(CO)12] (13). However, a precise comparison of infrared
spectra characterizing the original supported [Ir4(CO)12]
with those of recarbonylated Ir4 clusters shows that the
band at 2062 cm−1 observed in the spectrum of the original
supported [Ir4(CO)12] was not observed after recarbonyla-
tion, and the intensity of the band at 2029 cm−1 was less
than that of the original sample (Fig. 1). This comparison
shows that the [Ir4(CO)12] clusters were only partially re-
constructed on the γ -Al2O3 surface during treatment with
CO at 150–200◦C.

The EXAFS data confirm this conclusion. After treat-
ment of decarbonylated Ir4 clusters with CO at 200◦C, the
first-shell Ir–Ir coordination number was found to be 3.0
(Table 4) at a distance of 2.7 Å. These data are consistent
with the suggestion that supported iridium clusters retained
the nuclearity of the [Ir4(CO)12] precursor, not only during
impregnation and decarbonylation, but during the recar-
bonylation as well. The Ir–Ir distance of 2.70 Å observed
after recarbonylation is greater than that (2.67 Å) observed
after adsorption of [Ir4(CO)12] on γ -Al2O3 and greater than
that characteristic of the (partially) decarbonylated sup-
ported clusters. However, the difference is about the same
as the likely uncertainty in the data, approximately ±1% for
the Ir–Ir distance. If the difference is more than an indica-
tion of experimental error, it implies that CO interacts with
iridium atoms as an electron donor ligand. Since the Ir–C
and Ir–O∗ coordination numbers observed in recarbony-
lated sample (Table 4) are somewhat different from those
observed after adsorption of [Ir4(CO)12] on γ -Al2O3, we
infer that the stoichiometric CO/Ir ratio in the recarbony-
lated Ir4 clusters could be different from that observed for
the [Ir4(CO)12] precursor.

In summary, the infrared and EXAFS data reported
here provide the first evidence of the possibility of recon-
struction of iridium carbonyl clusters from decarbonylated
precursors on an amorphous support surface. The tetrairid-
ium frame was maintained intact during the decarbonyla-
tion/recarbonylation process.

In contrast to the results reported here, increases in
metal–metal coordination numbers have been observed for
highly dispersed supported metals, including Pd (36, 37), Pt
(38), and Ir (22); these results indicate that metal aggrega-

tion accompanied CO adsorption. The (exceptional) recar-
bonylation of Ir4 clusters without changes in cluster nucle-
arity, as observed in the work reported here, is comparable
to what has been demonstrated by infrared spectroscopy
for iridium clusters that had been decarbonylated in the
supercages of NaY zeolite (27).

Hydrogen Chemisorption on Supported Iridium Clusters

[Ir4(CO)12]/γ -Al2O3 was decarbonylated in He at various
temperatures to give a family of partially decarbonylated
tetrairidium clusters on γ -Al2O3 to allow measurements
of the effects of the remaining CO ligands on hydro-
gen chemisorption and catalytic performance. The results
are summarized in Table 2. As stated above, the EXAFS
and infrared results indicate that the γ -Al2O3-supported
[Ir4(CO)12] was structurally indistinguishable from the clus-
ters in the sample treated under helium at 100◦C. No
hydrogen chemisorption was observed on these samples
(Table 2), in agreement with expectation that coordina-
tively unsaturated iridium atoms are required for hydrogen
chemisorption—the surface iridium atoms were not avail-
able to hydrogen because of the presence of the carbonyl
ligands.

Increases in the treatment temperature led to increases
in the hydrogen chemisorption as the tetrairidium clusters
were systematically decarbonylated (Table 2). The highest
H/Ir value of about 0.13 was observed for the sample treated
in He at 300◦C. This sample was judged on the basis of
infrared and EXAFS data to be fully decarbonylated. The
observed H/Ir ratio is essentially the same as those reported
for Ir4/γ -Al2O3 (14) and Ir4/MgO (35) samples prepared
by adsorption of [Ir4(CO)12] followed by decarbonylation;
these samples are represented as supported Ir4 clusters on
the basis of EXAFS spectroscopy.

Typically, the ratio of hydrogen atoms to surface metal
atoms characteristic of supported noble metals approaches
unity as the particle size becomes smaller, but in some cases
values even larger than one have been observed (15). How-
ever, the hydrogen chemisorption data reported here, to-
gether with those observed for other supported Ir4 samples
(14, 35), are consistent with the results reported by Kubo
et al. (39), who observed values of H/Pt less than 1 for highly
dispersed Pt/NaY zeolite samples.

It is still not evident why small iridium clusters chemisorb
less hydrogen than larger iridium clusters or bulk iridium.
The results are consistent with the suggestion that iridium
dispersed on the surface in small clusters might lack the
character of bulk metallic iridium; we regard the clusters as
quasi-molecular and the support as a multidentate ligand
(3); the EXAFS evidence of the metal–support interface is
consistent with this suggestion (40).

The EXAFS (Table 3E) and chemisorption data
(Table 2) show that as the temperature of treatment of
the supported clusters in He increased to 400◦C, the Ir–Ir
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first-shell coordination number increased (to 5.2) and the
H/Ir value increased (to 0.35). Thus, these data clearly
show that even small changes in the iridium cluster size
lead to substantial changes in the H/Ir ratio determined by
chemisorption. Since there is a strong correlation between
hydrogen chemisorption and the Ir–Ir coordination num-
ber, we conclude that the attainable surface coverage of
iridium by hydrogen can be controlled by variation of the
iridium cluster size; thus, the chemisorption data are con-
sistent with the observation that the catalytic properties are
dependent on the cluster size, even for structure-insensitive
reactions (3, 14).

Catalytic Properties of Supported Tetrairidium Clusters

EXAFS experiments carried out with similarly prepared
catalysts used under the same conditions showed that the
nuclearity of the γ -Al2O3-supported clusters did not change
(within experimental error) during catalysis (3).

The toluene hydrogenation reaction is regarded as
structure insensitive, taking place with roughly the same
turnover frequencies on the surfaces of metal particles
of different sizes (41). According to Lin and Vannice
(42), the mechanism of this reaction on particles of sup-
ported platinum involves dissociative chemisorption of H2

on the metal surface with subsequent insertion of hydrogen
atoms in the aromatic ring of adsorbed toluene. Our ex-
perimentally determined apparent activation energies for
the decarbonylated and partially decarbonylated supported
iridium clusters are in the range 10–13 kcal/mol, in good
agreement with values typically observed for supported
iridium and platinum catalysts (3, 43). This comparison
may indicate that the mechanism of toluene hydrogena-
tion on supported iridium clusters is similar to that inferred
by Lin and Vannice (42) for the reaction on platinum par-
ticles. Under typical conditions of toluene hydrogenation,
the first insertion of hydrogen is the rate-determining step
(42). However, when the concentration of hydrogen on the
surface of a metal is limited, as is expected for Ir4/γ -Al2O3

(on the basis of the chemisorption data), it is expected that
this rate-determining step (and possibly other steps involv-
ing adsorbed hydrogen and toluene) in the formation of
methylcyclohexane may be slowed down relative to the
rates of the reaction on iridium metal.

The toluene hydrogenation activity of the original
[Ir4(CO)12]/γ -Al2O3 and that of the sample that had been
treated in He at only 100◦C were very small. As these sam-
ples were held in the flow reactor, the activity increased,
presumably because some decarbonylation occurred with
the samples in H2. We infer that [Ir4(CO)12] itself on the sup-
port was catalytically inactive, which is expected, because
[Ir4(CO)12] is coordinatively saturated with CO ligands.

As the temperature of treatment of the supported irid-
ium carbonyl clusters increased, the degree of decarbony-
lation increased, and the catalytic reaction rate (expressed

as moles of methylcyclohexane formed/mole of Ir · second)
also increased (Fig. 8). The data are consistent with the
suggestion that only metal sites accessible for toluene and
hydrogen adsorption facilitate the reaction.

The data indicate an approximate equality of the (uncon-
ventionally defined) turnover frequencies of the (partially)
decarbonylated catalysts. This result shows that the catalytic
activity of the exposed iridium atoms is only weakly affected
by the carbonyl ligands, once the clusters have become coor-
dinatively unsaturated. Evidently, the ligand effect is small,
but we emphasize that the data do not allow a separation
of the effects of the CO and support ligands.

The catalytic activities of the three samples (per total Ir
atom) with more than about 70% of the CO removed were
all nearly the same (Table 5, Fig. 8). It is not evident why the
catalytic reaction rate is nearly insensitive to the degree of
decarbonylation exceeding about 70%. We might speculate
that each Ir4 cluster constitutes a single catalytic site and
that removal of the first CO ligands from [Ir4(CO)12] opens
up an increasing number of iridium atoms on these sites so
that catalysis can occur increasingly fast with increasing CO
removal. Removal of about 70% of the CO ligands seems to
correspond to a critical degree of unsaturation; we speculate
that the remaining 30% of the CO ligands may be associated
with iridium atoms located at the metal–support interface
that are sterically blocked and unavailable to reactants even
in the absence of CO ligands. These ideas are in need of
testing.

CONCLUSIONS

[Ir4(CO)12] was adsorbed intact on the surface of partially
dehydroxylated γ -Al2O3 as shown by the results of infrared
and EXAFS experiments. The clusters were characterized
by infrared and EXAFS spectroscopies as they were de-
carbonylated to various degrees. The EXAFS data indicate
that the tetrahedral metal frame was retained throughout
the decarbonylation, with the average Ir–Ir first-shell co-
ordination number being 3.0 ± 0.1, with an Ir–Ir bond dis-
tance of 2.67 ± 0.01 Å. The decarbonylation process was
complete at 300◦C, yielding the catalyst represented as Ir4/
γ -Al2O3. Treatment of this sample in CO at 150–220◦C led
to partial recarbonylation of the tetrairidium clusters but
not to the complete regeneration of [Ir4(CO)12]. Hydrogen
chemisorption data indicate much lower H : Ir values than
are characteristic of supported metallic particles of iridium;
this result and the evidence of the structure of the metal–
support interface indicate that the clusters should be re-
garded as quasi-molecular and different from bulk metallic
iridium. Hydrogenation of toluene at 60◦C and 1 atm was
used to quantify the catalytic performance of the supported
tetrairidium clusters as a function of CO ligand removal.
The turnover frequency determined per uncarbonylated
iridium atom was found to be roughly independent of the
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degree of decarbonylation, and the activity per total irid-
ium atom became constant after removal of about 70% of
the CO ligands.
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