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Iridium clusters were prepared on γ -Al2O3 that had been cal-
cined at 400◦C. When supported [Ir4(CO)12], the precursor, was
treated in H2 at various temperatures, it was decarbonylated, with
aggregation taking place to various degrees to give a family of sup-
ported clusters and aggregates with average diameters in the range
of about 9 to 33 Å, as determined by extended X-ray absorption
fine structure (EXAFS) spectroscopy. Similarly, samples were de-
carbonylated in He, and the degree of aggregation of the iridium
was less than in H2 under comparable conditions. Infrared spectra
show that decarbonylation of the supported [Ir4(CO)12] in the pres-
ence of H2 was not reversible and was accompanied by aggregation
of the iridium; infrared spectra of CO adsorbed on the decarbony-
lated samples were characterized by a band at 2058 cm−1, typical of
terminal CO adsorbed on iridium particles. The γ -Al2O3-supported
iridium clusters and aggregates were used to catalyze toluene hy-
drogenation at 60◦C and 1 atm. Samples with nearly the same Ir–Ir
first-shell coordination number (nearly the same dispersion) were
characterized by essentially the same catalytic activity, independent
of whether the decarbonylation was carried out in He or H2. The
catalytic activity for the structure-insensitive toluene hydrogena-
tion reaction was found to increase with increasing average cluster
or aggregate diameter and to be greater for iridium on the calcined
γ -Al2O3 than for iridium on uncalcined γ -Al2O3. c© 1998 Academic Press

INTRODUCTION

Supported catalysts consisting of metal clusters smaller
than about 10–20 Å in diameter are difficult to characterize
because of the smallness and nonuniformity of the clusters,
and there is little information available providing relation-
ships between cluster size and catalytic activity. Clusters
as small as these are important in practical catalysts, e.g.,
platinum clusters consisting of about 5–10 atoms each, on
average, in zeolite LTL (1–5) applied for selective dehydro-
cyclization of naphtha to give aromatics (6–7). Supported
clusters that appear to have relatively high degrees of struc-
tural uniformity have been made by decarbonylation of sup-
ported metal carbonyl cluster precursors such as [Ir4(CO)12]
(8).

Continuing an investigation of supported clusters made
from [Ir4(CO)12], we report the preparation of a family

of γ -Al2O3-supported iridium catalysts, their characteriza-
tion by extended X-ray absorption fine-structure (EXAFS)
spectroscopy, and their catalytic activities for toluene hy-
drogenation. The samples were prepared with γ -Al2O3 that
had been calcined at 400◦C; the results complement those
reported (9) for similar samples prepared with uncalcined
γ -Al2O3. The data demonstrate a dependence of catalytic
activity on cluster size, even for the structure-insensitive
toluene hydrogenation, and an effect of the calcination tem-
perature of the γ -Al2O3.

EXPERIMENTAL METHODS

Materials

[Ir4(CO)12] (Strem) was used as supplied. n-Pentane sol-
vent (Aldrich) was refluxed under N2 in the presence of
Na/benzophenone ketyl (to remove traces of water) and
deoxygenated by sparging of dry N2. All gases were UHP
grade and additionally purified by flow through traps con-
taining pellets of Al2O3-supported Cu and activated zeolite
to remove traces of O2 and H2O, respectively. The γ -Al2O3

support was prepared by first forming a paste of porous γ -
Al2O3 (Degussa, Aluminum Oxide C) and deionized wa-
ter, followed by overnight drying at 120◦C, calcination at
400◦C in flowing O2 (Matheson) for 2 h, and evacuation
(10−3 Torr) at 400◦C for 14 h. The surface area of the resul-
tant material was approximately 100 m2/g.

Preparation and Decarbonylation of γ -Al2O3-Supported
[Ir4(CO)12]

The preparation procedures are as described elsewhere
(10). [Ir4(CO)12]/γ -Al2O3 was decarbonylated by treat-
ment in flowing H2 as the temperature was ramped at a
rate of 3◦C/min from 25◦C to the desired temperature
and then held at that temperature for 2 h. The sample
containing supported iridium clusters that had aggregated
was formed by treatment of [Ir4(CO)12]/γ -Al2O3 in H2 at
400◦C for 2 h, followed by treatment with O2 at 300◦C for
1 h and then reduction in H2 at 400◦C for 2 h.
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Infrared Spectroscopy

The γ -Al2O3-supported iridium carbonyls, their decar-
bonylation, and subsequent recarbonylation were charac-
terized by infrared spectroscopy, as described elsewhere
(10).

Catalytic Hydrogenation of Toluene

Toluene hydrogenation was carried out in a once-through
tubular flow reactor at 60◦C and atmospheric pressure.
Prior to reaction, each catalyst sample was treated in H2

as the temperature was ramped at a rate of 3◦C/min to the
desired value (in the range of 100–400◦C) and held for 2 h.
An Isco 260D pump was used to feed liquid toluene to a
tube packed with particles of inert α-Al2O3, where it vapor-
ized and was mixed with flowing H2. The toluene and H2

partial pressures at the reactor inlet were 50 and 710 Torr,
respectively. The products flowed from the reactor to an
on-line gas chromatograph for analysis; the instrument was
equipped with a flame ionization detector. Conversions of
toluene were less than 1%. There was no measurable con-
version of toluene in the absence of catalyst. Accuracy in
the determination of reaction rates (from differential con-
versions) was ±10%. Calculations with standard methods
showed that the influence of transport phenomena on the
reaction rate was negligible.

EXAFS Spectroscopy

EXAFS experiments were performed at X-ray beam-
line 2–3 of the Stanford Synchrotron Radiation Laboratory
(SSRL) at the Stanford Linear Accelerator Center, Stan-
ford, California, and at beamline X-11A at the National
Synchrotron Light Source (NSLS), Brookhaven National
Laboratory, Upton, NY. The storage ring at SSRL oper-
ated with an electron energy of 3 GeV; the ring current was
60–100 mA. The ring energy at NSLS was 2.5 GeV; the ring
current was at least 110 mA.

EXAFS spectroscopy was used to characterize variously
decarbonylated iridium clusters formed from supported
[Ir4(CO)12]; the samples, initially containing [Ir4(CO)12],
were treated in H2 under conditions to give various de-
grees of decarbonylation (and various degrees of aggrega-
tion of the iridium). Similarly, samples were prepared by
treatment in He instead of H2, as reported previously (10).
Each powder sample was pressed into a wafer with a C-
clamp in a glovebox at the synchrotron. The sample mass
was calculated to give an absorbance of about 2.5 at the Ir
LIII absorption edge to optimize the signal to noise ratio.
After each sample had been pressed, it was loaded into an
EXAFS cell (11), sealed under a positive N2 pressure, and
removed from the drybox. The sample was then treated in
flowing purified H2 while being heated to 100–400◦C at a
rate of 3◦C/min and then held at the desired temperature
for 2 h; it was then cooled to room temperature in flow-

ing H2, evacuated to 10−5 Torr, and aligned in the X-ray
beam.

The EXAFS data were recorded in the transmission
mode after the cells had been cooled to nearly liquid ni-
trogen temperature. The data were collected with a dou-
ble crystal monochromator [Si(220) at SSRL or Si(111)
at NSLS] which was detuned 15% to minimize the ef-
fects of higher harmonics in the X-ray beam. The samples
were scanned at energies near the Ir LIII absorption edge
(11215 eV).

EXAFS Reference Data

The EXAFS data were analyzed with experimentally de-
termined reference files obtained from EXAFS data char-
acterizing materials of known structure, as stated else-
where (10).

EXAFS DATA ANALYSIS

The EXAFS data were extracted from the spectra with
the XDAP software (12). The EXAFS function character-
izing 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 normalized EXAFS function
representing 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 normalized
EXAFS function. The analysis was done with the Fourier-
filtered data.

The parameters characterizing interactions of Ir with
both low-Z (O, C) and high-Z (Ir) scatterers were deter-
mined by multiple-shell fitting in r space (where r is the
distance from the absorbing atom, Ir) and in k space (k is
the wave vector) with application of k1 and k3 weighting in
the Fourier transformation. The fit was optimized by use
of the difference file technique (13, 14) with phase- and
amplitude-corrected Fourier transforms.

The data characterizing the samples treated with H2 at
different temperatures were analyzed as follows: The raw
data at the Ir LIII edge characterizing the sample initially
consisting of [Ir4(CO)12]/γ -Al2O3 following treatment in
H2 at 100◦C were Fourier transformed with k3 weighting
over the range 2.83 < k < 15.84 Å−1, with no phase correc-
tion. The Fourier-transformed data were then inverse trans-
formed in the range 0.31 < r < 4.41 Å. The analysis was done
with 20 free parameters over the range 3.61 < k < 15.0 Å−1

and 0.31 < r < 4.00 Å. The statistically justified number of
free parameters, n, was found to be 27, as estimated from
the Nyquist theorem (15), n = (21k1r/π) + 1, where 1k
and 1r, respectively, are the k and r ranges used to fit the
data. With the difference file technique (13, 14), the Ir–Ir
contribution, the largest in the EXAFS spectrum, was esti-
mated first and subtracted from the raw data. The residual
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spectrum was expected to represent Ir–Osupport and Ir–CO∗

contributions (O∗ is carbonyl oxygen). The Ir–Osupport con-
tributions were expected at both relatively short and long
distances (16), corresponding to the contributions desig-
nated (Ir–Os) and (Ir–Ol), respectively. After optimization
of the parameters representing the Ir–Osupport, Ir–C, and
Ir–O∗ contributions, the first-guess Ir–Ir contributions were
added and the resulting spectrum compared with the raw
data. Parameters giving the best fit for the Ir-high-Z (Ir–Ir)
and Ir-low-Z (Ir–Osupport and Ir–CO∗) contributions were
determined by multiple-shell fitting in r space and in k space
with phase- and amplitude-corrected Fourier transforms
(15, 17).

A similar procedure was applied to the raw EXAFS data
at the Ir LIII edge obtained for the sample initially con-
sisting of [Ir4(CO)12]/γ -Al2O3 after treatment with H2 at
temperatures in the range of 200–400◦C. The raw EXAFS
data were Fourier transformed with k3 weighting over the
range 3.68 < k < 15.95 Å−1, with no phase correction. The
Fourier-transformed data were then inverse transformed
in the range 0.20 < r < 4.0 Å. The analysis was done with
20 free parameters over the range 4.0 < k < 15.0 Å−1 and
0.20 < r < 4.0 Å. The statistically justified number of free
parameters, estimated as described above, was about 27.

After subtraction of first-guess Ir–Ir and Ir–Osupport con-
tributions from the raw data characterizing the sample that
had been treated with H2 at 200◦C, the residual spectrum
showed no evidence of Ir–CO∗ contributions. Hence, op-
timization of the parameters was done by multiple shell
fitting taking into account only Ir–Ir and Ir–Osupport contri-
butions. However, the fit was not satisfactory in the low-Z
(low-k) region, and another contribution was included; this
was postulated to be an Ir–Al contribution. A satisfactory
fit was obtained when Ir–Ir, Ir–Osupport, and Ir–Al contri-
butions were included. We emphasize that the postulated
Ir–Al contribution was always small.

In addition to these contributions, second-shell Ir–Ir con-
tributions were accounted for in the analysis of data charac-
terizing samples that had been treated in H2 at temperatures
higher than 200◦C.

RESULTS

Preparation of Supported Iridium Clusters by Treatment
of γ -Al2O3-Supported [Ir4(CO)12] in H2

As γ -Al2O3-supported [Ir4(CO)12] was treated in flowing
H2 with the temperature being ramped from 25 to 300◦C,
decarbonylation occurred, as shown by infrared spectra in
the υCO region (Fig. 1). The υCO bands assigned to sup-
ported [Ir4(CO)12] [2112, 2072, 2029, and 2002 cm−1 (18)]
declined in intensity as the temperature increased, disap-
pearing at about 300◦C and indicating virtually complete
decarbonylation.

FIG. 1. Infrared spectra in the υCO region characterizing decarbony-
lation of γ -Al2O3-supported [Ir4(CO)12] in H2 flow under the following
conditions: 1, 50◦C; 2, 70◦C; 3, 80◦C; 4, 90◦C; 5, 100◦C; 6, 2 h at 100◦C; 7,
150◦C; 8, 2 h at 150◦C; 9, 2 h at 200◦C; 10, 2 h at 250◦C; 11, 300◦C.

Recarbonylation and Decarbonylation of
γ -Al2O3-Supported Iridium Clusters

After γ -Al2O3-supported [Ir4(CO)12] had been decar-
bonylated by treatment in H2 at 300◦C, the sample was
exposed to CO at different temperatures in attempts to
recarbonylate the clusters. When the decarbonylated sam-
ple was treated with CO at room temperature, the resul-
tant spectrum (Fig. 2, spectrum 1) was different from that
of γ -Al2O3-supported [Ir4(CO)12] (Fig. 1, spectrum 1) and
characterized by a broad, intense band at 2058 cm−1 (Fig. 2,

FIG. 2. Infrared spectra of CO adsorbed on sample prepared from
[Ir4(CO)12] on γ -Al2O3 and treated with H2 at 300◦C, following treatment
in He under the following conditions: 1, 25◦C; 2, 70◦C; 3, 90◦C; 4, 110◦C;
5, 130◦C; 6, 160◦C; 7, 180◦C; 8, 200◦C; 9, 240◦C; 10, 260◦C.
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spectrum 1), which is assigned to terminal CO on supported
iridium particles (19). This result indicates that the decar-
bonylation of γ -Al2O3-supported [Ir4(CO)12] in the pres-
ence of H2 was not reversible under these conditions and
suggests that structural changes of the cluster framework
took place.

In subsequent experiments, the adsorbed CO was re-
moved from the sample by flowing He as the temperature
was ramped from 25 to 300◦C at a rate of 3◦C/min; the
band at 2058 cm−1 shifted to 2040 cm−1, declined in inten-
sity, and, when the temperature reached 260◦C, disappeared
(Fig. 2). When this decarbonylated sample was exposed
to CO again at room temperature, the band at 2058 cm−1

reappeared, indicating that this second-stage decarbonyla-
tion was reversible. Moreover, when the re-decarbonylated
sample was exposed to CO at 200◦C for 8 h, the infrared
spectrum became virtually identical to that recorded after
treatment of the originally decarbonylated sample with CO
at room temperature (Fig. 2, spectrum 1).

In summary, the infrared spectra indicate that decarbony-
lation of [Ir4(CO)12] supported on γ -Al2O3 in the presence
of H2 is not reversible. The similarity between the spectra

TABLE 1

EXAFS Results at the Ir LIII Edge Characterizing the Species Formed by Decarbonylation of [Ir4(CO)12]
on γ -Al2O3 in H2 at Different Temperaturesa

Treatment
temperature 103 · 1σ 2 EXAFS

in H2, ◦C Shell N R (Å) (Å2) 1E0 (eV) reference

100 Ir–Ir 2.9 ± 0.1 2.67 ± 0.01 7.2 ± 0.4 7.6 ± 0.5 Pt–Pt
Ir–Osupport

Ir–Os 0.7 ± 0.1 2.15 ± 0.01 10.0 ± 0.9 −14.1 ± 0.9 Pt–O
Ir–Ol 1.4 ± 0.1 2.79 ± 0.01 −5.1 ± 0.1 −10.2 ± 0.4 Pt–O

Ir–CO
Ir–C 1.5 ± 0.1 1.87 ± 0.01 1.8 ± 0.2 −7.6 ± 0.6 Ir–C
Ir–O* 1.2 ± 0.1 2.99 ± 0.01 1.6 ± 0.2 7.0 ± 0.3 Ir–O∗

200 Ir–Ir 5.1 ± 0.1 2.68 ± 0.01 2.2 ± 0.1 −0.6 ± 0.3 Pt–Pt
Ir–Osupport

Ir–Os 0.9 ± 0.1 2.16 ± 0.01 8.8 ± 1.2 −4.5 ± 0.7 Pt–O
Ir–Ol 1.1 ± 0.1 2.68 ± 0.01 0.0 ± 0.3 −12.8 ± 0.5 Pt–O

Ir–Alb 0.4 ± 0.1 1.79 ± 0.01 5.1 ± 0.7 −6.3 ± 1.0 Ir–Al

300 Ir–Ir (first-shell) 6.5 ± 0.1 2.68 ± 0.01 3.2 ± 0.1 −0.6 ± 0.1 Pt–Pt
Ir–Ir (second-shell) 1.0 ± 0.1 3.83 ± 0.01 2.7 ± 0.4 −4.0 ± 0.5 Pt–Pt
Ir–Osupport

Ir–Os 0.7 ± 0.1 2.14 ± 0.01 7.9 ± 0.9 −2.1 ± 0.6 Pt–O
Ir–Ol 0.7 ± 0.1 2.76 ± 0.01 −2.1 ± 1.1 −15.3 ± 0.2 Pt–O
Ir–Alb 0.4 ± 0.1 1.78 ± 0.01 7.2 ± 0.7 −6.3 ± 1.0 Ir–A1

400 Ir–Ir (first-shell) 7.1 ± 0.2 2.68 ± 0.01 4.3 ± 0.3 −1.3 ± 0.3 Pt–Pt
Ir–Ir (second-shell) 1.0 ± 0.2 3.80 ± 0.02 2.5 ± 0.8 −6.3 ± 1.0 Pt–Pt
Ir–Osupport

Ir–Os 0.6 ± 0.1 2.17 ± 0.01 5.2 ± 1.9 −2.8 ± 1.3 Pt–O
Ir–Ol 0.6 ± 0.1 2.76 ± 0.01 −0.7 ± 0.9 −15.7 ± 0.7 Pt–O
Ir–Alb 0.4 ± 0.1 1.82 ± 0.01 6.3 ± 1.3 −17.9 ± 1.0 Ir–Al

a Notation: N, coordination number; R, distance between absorber and backscatterer atom; 1σ 2, Debye–Waller factor; 1E0, inner potential correc-
tion; the subscripts s and l refer to short and long, respectively.

b Assignment of backscatterer tentative.

characterizing the samples after decarbonylation and sub-
sequent exposure to CO and the spectra of CO adsorbed on
iridium metal suggests that the clusters aggregated during
the initial decarbonylation in the presence of H2.

EXAFS Data Characterizing Supported
Iridium Clusters and Aggregates

The results of the data fitting for the samples treated with
H2 at various temperatures are summarized in Tables 1 and
2. Comparisons of representative raw data and fits, in k
space and r space, are shown in Fig. 3. The residual spectra
determined by subtracting the Ir–Ir + Ir–Osupport contri-
butions from the raw EXAFS data (which give evidence
of the Ir–C and Ir–O∗ contributions) are shown in Figs. 3D
and 3E, respectively. The best-fit EXAFS parameters are
summarized in Tables 1 and 2. The XDAP software (12)
was used to obtain rough estimates of the error bounds
in these parameters (Tables 1 and 2). These error bounds
represent precisions determined from statistical analysis
of the data, not accuracies.

The increases in the Ir–Ir contributions (Table 1) with
increasing temperature of treatment in H2 show that the
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FIG. 3. Results of EXAFS analysis at the Ir LIII edge obtained with the best calculated coordination parameters characterizing supported iridium
clusters formed by the decarbonylation of γ -A12O3-supported [Ir4(CO)12] in flowing H2 at 100◦C: A, experimental EXAFS function (solid line) and
sum of the calculated Ir–Ir + Ir–Osupport (Ir–Os and Ir–Ol) + Ir–CO (Ir–C and Ir–O∗) contributions (dotted line); B, imaginary part and magnitude of
uncorrected Fourier transform (k0 weighted, 1k = 3.61–15.00 Å−1) of experimental EXAFS (solid line) and sum of the calculated Ir–Ir + Ir–Osupport

(Ir–Os and Ir–Ol) + Ir–CO (Ir–C and Ir–O∗) contributions (dotted line); C, imaginary part and magnitude of phase- and amplitude-corrected Fourier
transform (k0 weighted, 1k = 3.61–15.00 Å−1) of raw data minus the calculated Ir–Osupport (Ir–Os and Ir–Ol) + Ir–CO (Ir–C and Ir–O∗) contributions
(solid line) and calculated Ir–Ir contributions (dotted line); D, residual spectrum illustrating Ir–C contributions of carbonyl ligands: imaginary part and
magnitude of phase-corrected Fourier transform (k0 weighted, 1k = 3.61–15.00 Å−1) of raw data minus the calculated Ir–Ir + Ir–Osupport + Ir–O∗ contri-
butions (solid line) and calculated Ir–C contributions (dotted line); (E) residual spectrum illustrating Ir–O∗ contributions of carbonyl ligands: imaginary
part and magnitude of phase-corrected Fourier transform (k0 weighted, 1k = 3.61–15.00 Å−1) of raw data minus the calculated Ir–Ir + Ir–Osupport + Ir–C
contributions (solid line) and calculated Ir–O∗ contributions (dotted line); (F) residual spectrum illustrating the contributions of metal–support in-
teractions: imaginary part and magnitude of phase-corrected Fourier transform (k0 weighted, 1k = 3.61–15.00 Å−1) of raw data minus the calculated
Ir–Ir + Ir–CO (Ir–C and Ir–O∗) contributions (solid line) and calculated Ir–Osupport (Ir–Os + Ir–Ol) contributions (dotted line).

iridium aggregated during these treatments, consistent with
the infrared results. We now refer to decarbonylated species
with nuclearities (numbers of Ir atoms), essentially the same
as those of the precursor [Ir4(CO)12], as clusters and to the
larger species as aggregates.

Toluene Hydrogenation Catalyzed by Supported
Iridium Clusters and Aggregates

The toluene hydrogenation data characterizing sup-
ported catalysts that had been decarbonylated under
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FIG. 3—Continued

various conditions are summarized in Table 3. Table 3 in-
cludes data characterizing the samples treated in H2 and
those treated in He (the infrared and EXAFS data charac-
terizing the latter samples are presented elsewhere (10)).
The catalytic activities represented here as turnover fre-
quencies were determined from data recorded when each
catalyst sample had been on stream in the flow reactor for
2 h, which corresponds to virtual steady-state operation.
Turnover frequencies were calculated from reaction rates
(determined from differential conversions) by taking into
account iridium dispersions estimated from the Ir–Ir first-
shell coordination numbers on the basis of the assumption
that the clusters or aggregates were spherical (details are
given below). The apparent activation energies calculated
from the temperature dependencies of the reaction rates
were found to be 10–13 kcal/mol, about the same as the
values observed for other supported iridium catalysts for
this reaction (20).

The data of Table 3 show a pattern of catalytic activ-
ity as a function of iridium dispersion. Some of these data

TABLE 2

Ir LIII Edge EXAFS Results Characterizing the Species Formed by Decarbonylation of [Ir4(CO)12] on γ -Al2O3 in H2

at 400◦C Followed by Treatment in O2 at 300◦C and then H2 at 400◦Ca

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

Ir–Ir (first-shell) 10.0 ± 0.1 2.69 ± 0.01 2.4 ± 0.1 −1.1 ± 0.1 Pt–Pt
Ir–Ir (second-shell) 3.0 ± 0.1 3.83 ± 0.01 1.7 ± 0.1 −5.0 ± 0.2 Pt–Pt
Ir–Osupport

Ir–Os 0.3 ± 0.1 2.08 ± 0.01 −2.9 ± 0.4 2.0 ± 1.0 Pt–O
Ir–Ol 0.6 ± 0.1 2.81 ± 0.01 −9.8 ± 0.1 −13.6 ± 0.2 Pt–O
Ir–Alb 0.3 ± 0.1 1.77 ± 0.01 −0.1 ± 0.3 15.4 ± 0.9 Ir–Al

a Notation as in Table 1.
b Assignment of backscatterer tentative.

are compared in Table 4 with data already reported for
the toluene hydrogenation catalyzed byγ -Al2O3-supported
iridium clusters. Comparison of the new and reported data
illustrates how the support pretreatment conditions and
iridium dispersion (cluster or aggregate size) influence the
catalytic activity.

DISCUSSION

Preparation of Supported Iridium Clusters by Treatment
of Supported [Ir4(CO)12] in H2

The υCO infrared data (Fig. 1) show that γ -Al2O3-
supported [Ir4(CO)12] was stable in H2 only at temper-
atures <50◦C; upon heating in H2 at 50–100◦C, substan-
tial decarbonylation was observed (Fig. 1). The EXAFS
data (Table 1) provide evidence of the structures of the
supported clusters formed as a result of treatment in
H2 at 100◦C. The first-shell Ir–Ir coordination number
was found to be 2.9, which is indistinguishable within
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TABLE 3

Dispersions of Supported Iridium Catalysts and Catalytic Activities for Toluene Hydrogenationa

Treatment Temperature, Activity,
gas ◦C NIr–Ir

b D, Åc Irs/Irt
d 103 · TOF, s−1 Reference

He 300 3.0 5.3 1.00 10.9 This worke

He 400 5.2 9.4 0.97 14.9 This worke

H2 200 5.1 9.3 0.98 17.2 This work
H2 300 6.5 11.3 0.84 39.8 This work
H2 400 7.1 12.5 0.78 55.3 This work
O2 then H2 300 then 400 10.0 32.6 0.39 140.8 This work

a Reaction at 60◦C, Ptoluene = 50 Torr and PH2 = 710 Torr.
b First-shell Ir–Ir coordination number estimated on the basis of EXAFS data.
c Diameter of metal clusters determined from EXAFS data on basis of calculations reported by Kip et al. (22).
d Calculated dispersion (22) expressed as the ratio of the number of surface iridium atoms to total number of iridium atoms in the clusters or

aggregates.
e EXAFS characterization reported elsewhere (10).

experimental error from that observed for the γ -Al2O3-
supported [Ir4(CO)12] precursor (10). The implication is
that the iridium cluster nuclearity did not change after heat-
ing of [Ir4(CO)12]/γ -Al2O3 in H2 at 50–100◦C. Thus, the
clusters formed under these conditions are approximated as
tetrairidium. A comparison of the Ir–C and Ir–O∗ contribu-
tions in the EXAFS spectrum (Table 1) with those charac-
terizing supported [Ir4(CO)12] (10) indicates that only about
50% of the CO ligands had been removed from the clusters
after this treatment. The partial removal of the CO ligands
was accompanied by increased Ir-support interactions, as
indicated by the Ir–O contribution at a bonding distance

TABLE 4

Toluene Hydrogenation Catalyzed by γ -Al2O3-Supported Iridium Clusters at 60◦C
(the Supported Precursor was [Ir4(CO)12] in Each Sample)

Decarbonylation Activity,
Support treatment conditions NIr–Ir

a 103 · TOF, (s−1) Reference

No calcination; He, 300◦C 2.9 0.9 (9)
evacuation at 25◦C

Calcination in air at He, 300◦C 3.0 1.6 (21)
100◦C followed by
evacuation at 25◦C

Calcination in air at He, 300◦C 3.0 10.9 This workb

400◦C followed by
evacuation at 400◦C

No calcination; He at 300◦C 7.7 26.0 (9)
evacuation at 25◦C followed by

H2 at 300◦C

Calcination in air at He at 400◦C 7.2 13.9 (21)
100◦C followed by followed by
evacuation at 25◦C H2 at 400◦C

Calcination in air at H2, 300◦C 7.1 55.3 This work
400◦C followed by
evacuation at 400◦C

a Ir–Ir first-shell coordination number.
b EXAFS characterization reported elsewhere (10).

of 2.15 Å (Table 1) (which is somewhat shorter than that
observed for untreated γ -Al2O3-supported [Ir4(CO)12] at
2.29 Å (10)) and the longer Ir–Ol contribution at 2.79 Å (Ta-
ble 1). In addition to these Ir–O contributions, others, sug-
gested to be Ir–Al, were observed as the decarbonylation
proceeded (Table 1). These latter contributions are small
and not determined with a high degree of confidence, and
they are only tentatively attributed to interactions between
Ir atoms and Al3+ ions of the support. Such Ir–Al interac-
tions have been suggested previously for iridium clusters
prepared by decarbonylation of [Ir6(CO)15]2− (20) and of
[Ir4(CO)12] (21) on γ -Al2O3.
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As the interactions of the Ir atoms with the support af-
fect the interaction of the Ir atoms with CO ligands, we sug-
gest that the increase in the Ir-support interactions resulting
from partial decarbonylation may explain (at least in part)
the broadening of the υCO bands at 2029 and 2002 cm−1 in
the infrared spectra (Fig. 1). Accompanying the broadening
of these bands as the temperature of H2 treatment increased
from 50 to 100◦C, the υCO bands at 2112 and 2072 cm−1 (as-
signed to supported [Ir4(CO)12] (18)) disappeared first. We
suggest, on the basis of these results, that the first stages of
decarbonylation of [Ir4(CO)12] took place with the tetrahe-
dral metal frame of the cluster essentially intact.

The infrared data (Fig. 1) show that treatment of the sam-
ple with H2 at 200◦C led to further removal of CO ligands,
with complete decarbonylation being observed at 300◦C.
(The EXAFS data characterizing the sample treated with
H2 at 200◦C (Table 1), in contrast to the infrared data, no
longer give evidence of remaining CO ligands; the differ-
ence between the results of the two characterization meth-
ods is consistent with the lower sensitivity of EXAFS spec-
troscopy).

The EXAFS data clearly demonstrate that treatment of
γ -Al2O3-supported [Ir4(CO)12] in H2 at temperatures of
200◦C and higher led to some aggregation of the iridium.
For example, the first-shell Ir–Ir coordination number
was found to be 5.1 after the treatment at 200◦C, and the
value increased with increasing temperature of treatment
(Table 1). As the Ir–Ir first-shell contributions increased,
the Ir-support contributions (Ir–Os and Ir–Ol) decreased
(Table 1). These results are consistent with the conclusion
that a decreasing fraction of Ir atoms resided at the metal-
support interface as the aggregate nuclearity increased.

Thus, the infrared and EXAFS data show that the
treatments in H2 led to decarbonylation of the supported
[Ir4(CO)12] accompanied by aggregation of the iridium,
leading to a family of samples consisting of supported irid-
ium clusters and aggregates with various average sizes.
These data, combined with those characterizing the samples
prepared by treating the supported [Ir4(CO)12] in He (10),
show a difference between decarbonylation in He and that
in H2. The removal of CO ligands took place at lower tem-
peratures in the presence of H2 than in the presence of He.
At a given temperature, the degree of aggregation of the
iridium in the presence of H2 exceeded the degree of ag-
gregation in the presence of He (Table 3).

In summary, the decarbonylation of γ -Al2O3-supported
[Ir4(CO)12] in H2 led to faster removal of CO ligands from
the clusters than decarbonylation in He, and it was accom-
panied by greater aggregation of the iridium than occurred
in the presence of He at the same temperature.

Dispersion of Supported Iridium Clusters and Aggregates

The EXAFS data allow estimates of the iridium clus-
ter and aggregate sizes and dispersions. The estimates are

based on the model of Kip et al. (22), who calculated the
shapes of the metal clusters or particles as a function of the
relative magnitude of the metal–metal and metal–support
interaction energy by minimizing the total energy, assum-
ing the fcc metal structure, and an epitaxial location of the
metal atoms on the (111) surface of the support. The results
(Table 3) show a wide range of cluster and aggregate sizes,
depending on the temperature and atmosphere of decar-
bonylation. Thus, the family of samples reported here pro-
vides a basis for determining how the catalytic activity de-
pends on the cluster or aggregate size and the conditions of
pretreatment of the γ -Al2O3 support.

Possible Causes of Aggregation of Supported Iridium

The data demonstrate that H2 treatment led to rapid
decarbonylation of the γ -Al2O3-supported [Ir4(CO)12] ac-
companied by aggregation of the iridium (Fig. 4). To explain
the more rapid aggregation of the supported clusters in H2

relative to that in He, we note that H2 reacts with carbonyl
ligands as in Fischer–Tropsch synthesis (23), resulting in the
formation of water (as well as volatile hydrocarbons), which
affects the γ -Al2O3 surface composition and the rate of ag-
gregation of the iridium. Water would be expected to have
led to hydroxylation of the γ -Al2O3 surface, and there is ev-
idence (24) that increasing surface hydroxylation facilitates
migration of supported metals.

Recarbonylation of γ -Al2O3-Supported Iridium Clusters

The data reported in this paper, together with those
published separately (10), clearly show that the choice of

FIG. 4. Magnitude of the phase- and amplitude-corrected Fourier
transform (k3 weighted, 1k = 3.61–15.00 Å−1) of the raw data illustrat-
ing increasing Ir–Ir first-shell coordination number of the surface species
formed from [Ir4(CO)12]/γ -Al2O3 after treatment in H2 under the follow-
ing conditions: 1, 100◦C; 2, 200◦C; 3, 400◦C; and 4, in O2 at 300◦C followed
by H2 at 400◦C.
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procedure used to remove carbonyl ligands from γ -Al2O3-
supported [Ir4(CO)12] substantially influences the struc-
ture of the resultant surface species, which, in turn af-
fects the structure of the recarbonylated species. Infrared
and EXAFS data characterizing γ -Al2O3-supported irid-
ium clusters and aggregates show that partial reconstruction
of the original γ -Al2O3-supported [Ir4(CO)12] was possible
only when the sample had been decarbonylated in He (at
300◦C) to form surface species modeled (on the basis of
EXAFS spectroscopy) as Ir4 (10). If we assume that the
reconstruction of the metal carbonyl clusters on γ -Al2O3

proceeds as it does in NaY zeolite (possibly through oxida-
tive fragmentation leading to the formation of mononuclear
iridium carbonyls, which then form [Ir4(CO)12] (25)), then
we might expect recarbonylation of iridium clusters with
nuclearities larger than 4 also to give [Ir4(CO)12]. However,
this was not observed, and the suggested analogy seems not
to hold. We suggest that, under our conditions, the rates
of oxidative fragmentation were negligible and that simple
carbonylation of the supported clusters occurred at a much
higher rate.

Thus, we might suggest that the nuclearity of theγ -Al2O3-
supported and decarbonylated iridium species is important
in affecting the decarbonylation/recarbonylation process.
But we also recognize that the interactions of the iridium
clusters and aggregates with the support probably influence
the chemistry of the decarbonylation/recarbonylation pro-
cess as well. XANES data reported for γ -Al2O3-supported
iridium samples with different dispersions indicate an in-
crease in the white line intensity with decreasing iridium
cluster or aggregate size (21). These data are consistent with
the postulate that metal–support interactions contribute
to the electronic configuration of supported iridium, with
the iridium clusters being more electron deficient than the
larger aggregates (26, 27). Furthermore, the infrared and
EXAFS data confirm the suggestion and show that the in-
teractions of CO with iridium clusters (such as Ir4) and with
iridium aggregates containing tens of atoms are different
as well. When CO was adsorbed at 25◦C on the sample de-
carbonylated in He at 300◦C and having an average Ir–Ir
first-shell coordination number of 3.0 (and modeled as Ir4),
the υCO assigned to terminal CO species were observed
at 2076 and 2002 cm−1 (10). In contrast, when the sam-
ples treated in H2 and characterized by average Ir–Ir first-
shell coordination numbers of 5.1 or larger were exposed
to CO at 25–200◦C, only a single terminal υCO band was ob-
served, at 2058 cm−1 (Fig. 2). We infer that the appearance
of two υCO bands in the infrared spectra after CO adsorp-
tion on clusters modeled as Ir4 is a result of coordination
of more than one CO molecule, on average, per Ir atom.
Furthermore, the value of υCO observed for these Ir4 clus-
ters (2076 cm−1) (10) is observed at a higher frequency than
that (2058 cm−1) observed for the larger iridium aggregates
(Fig. 2), which indicates that the clusters are more electron

deficient than the aggregates. We emphasize that only these
highly dispersed iridium clusters, modeled as Ir4 on the ba-
sis of EXAFS spectroscopy, were partially recarbonylated
in CO at higher temperatures to give surface species with
structures similar to that of [Ir4(CO)12] (10).

Thus, in summary, the infrared and EXAFS data
show that reversible decarbonylation/recarbonylation of
[Ir4(CO)12] supported on partially dehydroxylated γ -Al2O3

was possible, at least in part, but only when the nuclearity
of the decarbonylated surface species matched that of the
original iridium carbonyl cluster and the electronic con-
figuration of the decarbonylated iridium species somehow
facilitated adsorption of multiple CO ligands on iridium
atoms to organize surface carbonyl species similar to those
in the original [Ir4(CO)12].

Catalytic Properties of Iridium Clusters and Aggregates
for Toluene Hydrogenation

The least active catalyst in the family of supported irid-
ium clusters and aggregates was that incorporating iridium
clusters having an Ir–Ir first-shell coordination number of
about 3 and approximated as Ir4 (Table 3). The data are
consistent with the inference that the turnover frequency
depends on the cluster or aggregate size and not the de-
carbonylation conditions; the two samples with nearly the
same average cluster size, one prepared by decarbonylation
in He at 400◦C and the other in H2 at 200◦C, have catalytic
activities for toluene hydrogenation that are indistinguish-
able from each other within the expected experimental er-
ror (Table 3). (We expect that uncertainty in turnover fre-
quencies could be as much as about 20–30%, estimated on
the basis of errors in the EXAFS results and the reaction
rates.)

The data clearly show a strong dependence of catalytic
activity of iridium on the cluster or aggregate size, even
though this is a structure-insensitive reaction (28, 29). A
comparable set of data has been reported for a family of
iridium clusters and aggregates on uncalcined γ -Al2O3 pre-
pared by decarbonylation of [Ir4(CO)12] at 300◦C in He,
followed by treatment in H2 at 300–400◦C for various times
to give clusters and aggregates of various average sizes (9).
Each set of data shows that the catalytic activity depends on
the cluster or aggregate size. The results are qualitatively
similar, showing an increase in activity of between one and
two orders of magnitude as the average cluster or aggre-
gate size increased from about 5.4 Å to more than about
30 Å.

However, the quantitative results for the two families of
catalysts are different from each other. Table 4 provides
a comparison of the catalytic data for the samples with
(nearly) the same dispersion from each family of catalysts,
one made from calcined γ -Al2O3 and the other from un-
calcined γ -Al2O3. There is a difference of as much as an
order of magnitude in activities at a given cluster or small
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aggregate size, with the samples made from the calcined
γ -Al2O3 being the more active. However, a comparison of
the turnover frequencies characterizing the larger aggre-
gates or particles of iridium in the two families indicates
that the difference in activity was only a factor of several
(Table 4).

Thus, the data raise two questions: Why does the cata-
lytic activity depend on the cluster or aggregate size and
why does it depend on the calcination temperature of the
γ -Al2O3 support? Suggestions about the first question have
already been published (9, 30). The issue is not resolved;
perhaps the greater electron deficiency of the smallest clus-
ters accounts in part for their lower catalytic activities.

In regard to the effect of the γ -Al2O3 calcination temper-
ature, it is tempting to suggest that the water or hydroxyl
group content of the uncalcined γ -Al2O3 may have influ-
enced the catalytic activity—this might be a ligand effect.
This supposed effect would be expected to be greater for the
small iridium clusters than for the larger aggregates, con-
sistent with the observations (Table 4). However, because
catalytic data characterizing iridium clusters supported
on MgO indicate a near lack of an effect of the surface
hydroxyl content on the catalytic activity for toluene
hydrogenation (16), we discount this interpretation.

Alternatively, we might speculate that when uncalcined
γ -Al2O3 was used for sample preparation, some physical
changes of the support (such as sintering with loss of sur-
face area) might have occurred upon heating during the
[Ir4(CO)12] decarbonylation step. As a consequence, part
of the iridium clusters might have bonded to the support
(or even been incorporated within it) in such a way as to
limit access of the reactants to the catalytic sites of the clus-
ters and aggregates, with the effect being greatest for the
smallest clusters and aggregates. This explanation is consis-
tent with the data.

Chemisorption data characterizing the samples prepared
on uncalcined γ -Al2O3 (9) show relatively low uptakes of
hydrogen, always <1 H : Ir atom. These results might be in-
terpreted to suggest that the surfaces of the clusters were
partially occluded (consistent with the suggestion above)
or that they were partially blocked by residues (perhaps
carbon) remaining from the CO ligands of the precursor.
As the treatments in H2 would be expected to have led to
less surface blockage by carbon or carbonaceous material
than treatment in He (because hydrogenation occurred in
the presence of H2 but presumably not in the presence of
He), one would expect the hydrogen chemisorption to be
greater on the samples treated in H2. However, because
similarly low H : Ir ratios have been observed for the sam-
ples with nearly the same average cluster or aggregate size,
independent of whether the treatment was in He or H2 (31),
we doubt that surface blockage by residues is a correct in-
terpretation of the difference in catalytic activities between
the two families of the samples.

In summary, the data indicate that clusters approximated
as Ir4 and larger iridium aggregates catalyze toluene hydro-
genation, and the catalytic activity increases with cluster or
aggregate size up to about 30 Å in average diameter. The ac-
tivity of γ -Al2O3-supported iridium clusters and aggregates
depends on the calcination temperature of the support, and
it is not clear why. The data suggest that support calcina-
tion might be a useful tool in tuning properties of highly
dispersed metal clusters.
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