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Supported clusters represented as Ir4 on γ -Al2O3 were prepared
by treatment of γ -Al2O3-supported [Ir4(CO)12] in He at 300◦C. The
clusters were decarbonylated with near retention of the tetrahe-
dral cluster frame, as indicated by extended X-ray absorption fine
structure (EXAFS) spectra determining a first-shell Ir–Ir coordina-
tion number of 3.04 with a distance of 2.682 Å. X-ray absorption
near-edge structure data characterizing the catalysts and Ir metal
indicate the electron deficiency of the supported clusters, and the
EXAFS data indicate an Ir–O distance of about 2.1 Å, which is con-
sistent with bonding of cationic Ir in the clusters to oxygen of the
support. The supported Ir4 clusters were found to be catalytically
active for the structure-insensitive toluene hydrogenation at tem-
peratures in the range 60 to 100◦C, with the activity being almost
the same as that of Ir6/γ -Al2O3 and an order of magnitude less than
that of Ir aggregates of about 50 atoms each, on average, supported
on γ -Al2O3. The Ir4/γ -Al2O3 catalyst was stable in operation in a
flow reactor, and, consistent with this observation, EXAFS results
characterizing the used catalyst indicated that the cluster nuclear-
ity was essentially unchanged after catalysis. The low activity of the
supported Ir4 clusters relative to that of metallic Ir particles indi-
cates that the concept of structure insensitivity is no longer valid for
clusters as small as Ir4 on the metal oxide support. c© 1997 Academic

Press

INTRODUCTION

Supported metal clusters consisting of fewer than about
10 Pt atoms each (1–3) have recently found industrial ap-
plication for selective dehydrocyclization of naphtha to
give aromatics (4–6). In investigations of model-supported
metal clusters comparable to those used in practice, metal
carbonyl precursors, [HIr4(CO)11]− and [Ir6(CO)15]2−, have
been used to prepare nearly uniform supported clusters, ap-
proximated as Ir4 (7, 8) and Ir6 (9). The small clusters were
reported to be markedly less active than conventional sup-
ported Ir particles for toluene hydrogenation; the results
suggest that the concept of structure insensitivity in metal
catalysis is no longer simply applicable when the metal en-
tities are as small as four- or six-atom clusters (10–12). The

1 To whom correspondence should be addressed.

limitation of the concept was suggested to be associated
with the effect of the support as a ligand, which becomes
maximized for the smallest clusters.

The availability of samples consisting of supported clus-
ters to the near exclusion of other metal structures opens up
the opportunity to determine how the catalytic properties
depend on the nature of the metal, the cluster size, and the
support. In the following, we report the synthesis, structural
characterization, and catalytic performance of samples con-
sisting predominantly of Ir4/γ -Al2O3, providing the basis
for a comparison of this catalyst with Ir6/γ -Al2O3. Another
goal of the work was to document the differences between
these small clusters and Ir aggregates; this work constitutes
one step toward meeting the larger goals of elucidating how
cluster size and structure, metal–support interactions, and
electronic (ligand) effects influence the catalytic properties
of small, well-defined metal clusters.

EXPERIMENTAL METHODS

Materials

[Ir4(CO)12] (98%, Strem) and Ir powder (2N8, Strem)
were used as received. γ -Al2O3 (Aluminum Oxide C, De-
gussa) was made into a paste by adding deionized wa-
ter, followed by drying overnight at 120◦C. It was then
ground and evacuated at 25◦C overnight. The resultant γ -
Al2O3 support was stored under N2 in a Braun MB-150M
glove box. n-Pentane (98%, Aldrich) was dried by reflux-
ing over sodium benzophenone ketyl under N2 and de-
gassed. Toluene (99.7%, J. T. Baker) was degassed by sparg-
ing of N2 (99.997%, Liquid Carbonic) for 2 h before use.
He (99.995%) was supplied by Liquid Carbonic and passed
through traps containing particles of Cu2O and zeolite 4A
to remove traces of O2 and moisture. H2 with a purity of
99.99% was generated by a Balston H2 generator (Type
75-33) and passed through the same traps used for He.

Preparation of Supported Ir Catalysts

The catalyst precursor, [Ir4(CO)12] supported on γ -
Al2O3, was prepared by slurrying [Ir4(CO)12] and γ -Al2O3
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in freshly distilled n-pentane in a Schlenk flask under N2.
The mixture was stirred under N2 for 12 h at room temper-
ature and then dried by evacuation for 8 h at room tem-
perature, leaving all of the Ir on the γ -Al2O3 surface. The
powder was unloaded in the glove box and characterized
by infrared spectroscopy (Bruker IFS-66v). The Ir content
of the solid was 1 wt%.

The precursors were decarbonylated in He at 300◦C for
2 h to form supported Ir clusters, or they were treated
in flowing He at 400◦C for 2 h, followed by treatment in
flowing H2 at 400◦C for 2 h and then purging with He for
0.5 h at the same temperature to form Ir aggregates on
γ -Al2O3.

Toluene Hydrogenation Catalysis

Toluene hydrogenation catalyzed by γ -Al2O3-supported
tetrairidium clusters was carried out in a tubular flow reac-
tor. The catalyst was pretreated in situ prior to the kinetics
measurements. Typically, 40 mg of sample consisting of γ -
Al2O3-supported [Ir4(CO)12] was diluted with 400 mg of
inert α-Al2O3 and loaded into the reactor to give a cata-
lyst bed about 2 to 3 mm in depth. The supported iridium
carbonyl precursors were decarbonylated in flowing He at
300◦C for 2 h to form supported Ir clusters.

In a catalysis experiment, toluene was injected into the
flow system at a constant rate by an Isco liquid meter-
ing pump (Model 260D), flowing to a vaporizer held at
about 120◦C. The reaction mixture consisted of H2 and
vaporized toluene, which passed at atmospheric pressure
through the reactor at a total flow rate of 46 ml (NTP)/min.
The reactor was mounted in an electrically heated and
temperature-controlled Lindberg furnace. The effluent gas
mixture was analyzed with an on-line Hewlett–Packard gas
chromatograph (HP-5890 Series II) equipped with a DB-
624 capillary column (J & W Scientific) and a flame ioniza-
tion detector. The catalytic activity was measured in the
once-through flow reactor under the following conditions:
partial pressures, PH2 = 710 Torr and Ptoluene = 50 Torr;
temperature = 60, 80, or 100◦C.

After some of the experiments, the reactor was trans-
ferred to the glove box, and the catalyst, without coming in
contact with air, was removed and stored for transfer to a
synchrotron for X-ray absorption spectroscopy.

X-ray Absorption Spectroscopy

The X-ray absorption experiments were performed on
beamline X-11A of the National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratory, Upton, Long
Island, New York, and on beamline 2-3 of the Stanford
Synchrotron Radiation Laboratory (SSRL) at the Stan-
ford Linear Acceleration Center, Stanford, California. The
storage ring at NSLS operated with an electron energy of
2.5 GeV, and that at SSRL, with an electron energy of 3 GeV.

The beam current at NSLS was 140 to 240 mA, and that at
SSRL was 40 to 100 mA.

Sample wafers for the transmission extended X-ray
absorption fine-structure (EXAFS) spectroscopy experi-
ments were prepared in glove boxes at the synchrotrons.
The wafers were prepared as follows: Each powder sam-
ple was placed in a holder in the glove box. The holder
was placed in a pressing die, and the sample was pressed
into a self-supporting wafer. After pressing, the sample in
the holder was mounted into a transmission EXAFS cell,
described elsewhere (13), and sealed.

EXAFS data were recorded with the sample under vac-
uum and at approximately liquid nitrogen temperature.
Higher harmonics in the X-ray beam were minimized by de-
tuning the Si(111) double-crystal monochromator at NSLS
by 15 to 20% or the Si(220) double-crystal monochroma-
tor at SSRL by 15 to 20% at the Ir LIII absorption edge
(11215 eV).

Precautions were taken to allow transport of the sam-
ples from the University of California at Davis to the
synchrotrons without air contamination. Each sample was
placed inside double layers of glass vials, each individually
sealed with a vial cap and Parafilm.

EXAFS DATA ANALYSIS

EXAFS Reference Data

The EXAFS data were analyzed with experimentally de-
termined reference files obtained from EXAFS data for
materials of known structure. The Ir–Ir and Ir–Osupport in-
teractions were analyzed with phase shifts and backscat-
tering amplitudes obtained from EXAFS data for Pt foil
and [Na2Pt(OH)6], respectively. The transferability of the
phase shifts and backscattering amplitudes obtained from
EXAFS data for Pt and Ir has been justified experimentally
(14). The Ir–Al interaction was analyzed with phase shifts
and backscattering amplitudes obtained from a theoretical
Ir–Al EXAFS function calculated with the FEFF program
(15) and adjusted to agree with the Ir–Al reference data
obtained from IrAl alloy (7). The details of the preparation
of the reference files are described elsewhere (7, 16), and
the parameters used to extract these files from the EXAFS
data are summarized in Table 1.

Analysis of EXAFS Data Characterizing Sample Formed
by Decarbonylation of Supported Tetrairidium
Carbonyl Clusters

The data analysis was performed with the Koningsberger
difference file technique (19, 20) and the XDAP data anal-
ysis software (21) on the normalized EXAFS function char-
acterizing the decarbonylated Ir clusters formed by thermal
treatment of [Ir4(CO)12] supported on γ -Al2O3. The analy-
sis of the unweighted raw EXAFS data was done in k space
(k is the wavevector), over the range 3.44 < k < 15.73 Å−1,
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TABLE 1

Structural Parameters Characterizing Reference Compounds
and the Fourier Transform Ranges Used for Preparation of the
Reference Files

Crystallographic data Fourier transforma

Reference
compound Shell N r (Å) Ref. 1k (Å−1) 1r (Å) n

Pt foil Pt–Pt 12 2.77 (17) 1.9–19.8 1.9–3.0 3
Na2Pt(OH)6 Pt–O 6 2.05 (18) 1.4–17.7 0.5–2.0 3
IrAl alloy Ir–Alb 8 2.58 (7) 2.7–12.0c 0.98–2.98 3

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

bAfter subtraction of Ir–Ir contribution: N = 6, r = 2.98 Å, Debye–
Waller factor 1σ 2 = −0.001 Å2, inner potential correction 1E0 =
−3.3 eV (7).

cA theoretical Ir–Al EXAFS function was calculated with the FEFF
program (15) and adjusted to agree with the limited Ir–Al reference data
obtained as described here for use of a larger interval in k space for fitting
the Ir data (7).

as well as in r space (r is the distance from the absorber
Ir atom) over the range 0 < r < 4 Å. The Ir–Ir contribu-
tion was estimated by calculating an EXAFS function that
agreed as closely as possible with the experimental results
in the high-k range (7.50 < k < 15.73 Å−1), as the metal–
support contributions in this region are small. The EXAFS
function calculated with the first-guess parameters was then
subtracted from the overall EXAFS data, with the residual
spectrum being expected to represent the Ir–support inter-
actions. The difference file was estimated with two Ir–O
contributions, Ir–Os and Ir–Ol (where the subscripts repre-
sent short and long, respectively), as both short and long
metal–support oxygen distances have been frequently ob-
served for highly dispersed metal oxide-supported metals
(22). More accurate parameter estimates were made by us-
ing the difference file technique, and the improved fits for
the Ir–Ir, Ir–Os, and Ir–Ol contributions were then added
and compared with the raw data in both k space and r space.

The fit was not yet satisfactory. The Fourier transform of
the residual spectrum showed an additional contribution
at r equal to about 1.5 Å, which is tentatively suggested
to be evidence of an interaction between Ir and Al of the
support. The structural parameters characterizing the sup-
posed Ir–Al contribution were determined by fitting the
residual spectrum. The iteration was continued as stated
above, until satisfactory overall agreement was achieved.

Analysis of EXAFS Data Characterizing Used Catalyst
Formed by Decarbonylation of Supported
Tetrairidium Carbonyl Clusters

The data analysis was performed on the normalized
EXAFS function for the used catalyst, initially incorpo-
rating Ir4/γ -Al2O3, in k space over the range 3.65 < k <

15.04 Å−1, as well as in r space over the range 0 < r < 4 Å,
by using the unweighted raw EXAFS data. The analysis
procedure is the same as that stated above for the fresh
catalyst.

Analysis of EXAFS Data Characterizing
γ -Al2O3-Supported Ir Aggregates

The data analysis was performed on the normalized
EXAFS function for the supported Ir aggregates (formed
as described under Experimental Methods) in k space over
the range 3.62 < k < 15.52 Å−1, as well as in r space over the
range 0 < r < 5 Å, by using unweighted raw EXAFS data.
The analysis procedure is the same as that stated above for
the fresh Ir4/γ -Al2O3 catalyst except that the second- and
third-shell Ir–Ir contributions were included in the fit.

Analysis of EXAFS Data Characterizing Ir Powder

The normalized EXAFS data characterizing Ir powder
were Fourier filtered in r space in the range 0 < r < 3.5 Å
to isolate the first-shell Ir–Ir contribution from the higher-
shell Ir–Ir contributions. The data analysis was performed
in k space over the range 3.67 < k < 15.89 Å−1, as well as in r
space over the range 0 < r < 3.5 Å, by using the k3-weighted
isolated EXAFS function. Interactions between Ir and low-
Z backscatterers were not evident, and therefore only the
first-shell Ir–Ir contribution was included in the fit.

RESULTS

EXAFS Spectroscopy: Comparison
of the Various Ir Samples

The decarbonylated Ir clusters formed in situ in the
EXAFS cell via thermal treatment of γ -Al2O3-supported
sample formed from [Ir4(CO)12] in He at 300◦C were char-
acterized by EXAFS spectroscopy. The normalized EXAFS
function for the decarbonylated clusters was obtained from
the average of the X-ray absorption spectra from six scans,
with the standard deviations in the EXAFS function be-
ing less than 0.001 over the whole range of k space; the
raw EXAFS data show oscillations up to k equal to about
16 Å−1 (Fig. 1A).

The results of the EXAFS data analysis (Table 2) con-
firm the presence of Ir–Ir interactions and Ir-support in-
teractions in the decarbonylated Ir clusters supported on
γ -Al2O3. The latter include two Ir–O contributions and a
small and questionable contribution attributed to Ir–Al.
The structural parameters are summarized in Table 2. The
number of parameters used to fit the data in the main-shell
analysis is 16; the statistically justified number p, calculated
from the Nyquist theorem (23) (p = 21k1r/π + 1, where
1k = 12.3 Å−1 and 1r = 4 Å), is approximately 32. To show
the goodness of fit, the comparisons of the raw EXAFS data
and the fit in k space and in r space are shown in Figs. 1A
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FIG. 1. Results of EXAFS analysis characterizing γ -Al2O3-supported Ir clusters formed by decarbonylation of γ -Al2O3-supported [Ir4(CO)12] in
He at 300◦C for 2 h: (A) Raw EXAFS function (solid line) and sum of the calculated Ir–Ir + Ir–Os + Ir–Ol + Ir–Al contributions (dashed line). (B)
Imaginary part and magnitude of Fourier transform (unweighted, 1k = 3.44–15.73 Å−1) of raw EXAFS function (solid line) and sum of the calculated
Ir–Ir + Ir–Os + Ir–Ol + Ir–Al contributions (dashed line). (C) Residual spectrum illustrating the Ir–Ir contribution; imaginary part and magnitude
of Fourier transform (unweighted, 1k = 3.44–15.73 Å−1) of raw EXAFS data minus calculated Ir–Os + Ir–Ol + Ir–Al contributions (solid line) and
calculated Ir–Ir contribution (dashed line). (D) Residual spectrum illustrating the contributions of metal–support interactions; imaginary part and
magnitude of Fourier transform (unweighted, 1k = 3.44–10.0 Å−1) of raw EXAFS data minus calculated Ir–Ir contribution (solid line) and calculated
Ir–Os + Ir–Ol + Ir–Al contributions (dashed line).

TABLE 2

EXAFS Results Characterizing the Ir Clusters Formed by Decar-
bonylation of [Ir4(CO)12] on γ -Al2O3 in He at 300◦C

Coordi- 103 × Debye– Inner
nation Waller potential

number, Distance, factor, correction, EXAFS
Shell N r (Å) 1σ 2 (Å2) 1E0 (eV) reference

Ir–Ir 3.04 2.682 3.25 0.35 Pt–Pt
Ir–Osupport

Ir–Os 1.04 2.098 3.08 1.68 Pt–O
Ir–Ol 1.19 2.630 −0.86 0.86 Pt–O

Ir–Al 0.86 1.538 13.78 20.03 Ir–Al

and B, respectively. The residual spectra giving evidence of
the Ir–Ir and Ir–support contributions are shown in Figs. 1C
and D, respectively.

The EXAFS results show a first-shell Ir–Ir coordination
number of 3.04 with a bond distance of 2.682 Å, consistent
with the presence of tetrahedral Ir4. The decarbonylated
Ir clusters are thus represented as Ir4/γ -Al2O3, where it is
implied that Ir4 has a tetrahedral framework.

The results of the EXAFS data analysis for Ir aggregates
supported on γ -Al2O3, formed after thermal treatment of
γ -Al2O3-supported tetrairidium carbonyl clusters in He fol-
lowed by H2 at 400◦C, indicate an average first-shell Ir–Ir
coordination number of about 7 with a bond distance of
2.690 Å (Table 3). Thus, this catalyst consisted of small, and
no doubt nonuniform, supported Ir aggregates of about



                      

64 ZHAO AND GATES

TABLE 3

First-Shell Ir–Ir Structure Parameters Determined by EXAFS
Data Analysis for Ir Aggregates Supported on γ -Al2O3

a and for Ir
Powder

Coordi- 103 × Debye– Inner
nation Waller potential EXAFS

number, Distance, factor, correction, refer-
Sample Shell N r (Å) 1σ 2 (Å2) 1E0 (eV) ence

Iragg/ Ir–Ir 7.20 2.690 3.67 −0.80 Pt–Pt
γ -Al2O3

Ir powder Ir–Ir 11.87 2.714 −0.19 −1.45 Pt–Pt

a The sample Iragg/γ -Al2O3 was formed by thermal treatment of
[Ir4(CO)12] supported on γ -Al2O3 in He at 400◦C for 2 h, followed by
reduction in H2 at 400◦C for 2 h and then purging with He for 0.5 h.

50 atoms per aggregate, on average, with a dispersion of
about 70% (24); the sample is represented as Iragg/γ -Al2O3.

The EXAFS results for Ir powder show a first-shell Ir–Ir
coordination number of about 12 with a bond distance
of 2.714 Å (Table 3), corresponding to the structural pa-
rameters of bulk Ir metal determined by X-ray diffraction
(25). There is no indication of an Ir–O contribution in the
EXAFS data. Thus, the Ir powder is almost equivalent to
bulk Ir metal.

For a comparison of Ir4/γ -Al2O3 with unsupported Ir
metal and supported Ir clusters and aggregates with differ-
ent nuclearities, Fourier transforms were calculated from
the EXAFS data for the following: γ -Al2O3-supported Ir4

(data from this work); γ -Al2O3-supported Ir6 (12) (mod-
eled as clusters of six atoms each on the basis of a first-shell
Ir–Ir coordination number of 4); supported Ir aggregates
with a first-shell Ir–Ir coordination number of about 7 (data
from this work); and Ir powder (data from this work). All
the Fourier transforms (Fig. 2A) were calculated with a k3

weighting and were Pt–Pt phase and amplitude corrected.
It is evident that the magnitude of the Fourier trans-

form at about 2.7 Å (the approximate first-shell Ir–Ir dis-
tance) increases with increasing cluster or particle nuclear-
ity. The supported clusters designated as Ir4/γ -Al2O3 and
Ir6/γ -Al2O3 are distinguishable from each other as well as
from Iragg/γ -Al2O3, which is more representative of a con-
ventional supported metal catalyst. The Ir metal powder
is virtually infinite in nuclearity, as indicated by the promi-
nent first, second, third, and fourth Ir–Ir shells in the Fourier
transform and by the first-shell Ir–Ir coordination number
of 12.

XANES Data: Comparison of the Various Ir Samples

Figure 2B shows the normalized Ir LIII X-ray absorp-
tion near-edge structure (XANES) data characterizing the
samples mentioned above to provide a further compari-
son. Edge alignment was performed by setting the inflection
point of each individual XANES spectrum to correspond

to zero in the energy scale (26). The data show that the in-
tensity of the white line increased with decreasing particle
or cluster nuclearity.

Toluene Hydrogenation Catalyzed by Ir4/γ -Al2O3

Toluene hydrogenation was carried out with the catalyst
formed by decarbonylation of tetrairidium carbonyl clus-
ters supported on γ -Al2O3 in He at 300◦C for 2 h. The
catalytic reaction was carried out in the differential mode,
with conversions of toluene being less than 0.8%. The cata-
lyst was stable for at least 10 h on stream; there was no
indication of deactivation. The raw rate data correspond
to steady-state operation and are represented in units of
mol of toluene converted (g of catalyst · s)−1, as shown in
Fig. 3. The apparent activation energy obtained from the
temperature dependence of the reaction rate was found to
be 11.0 ± 0.3 kcal/mol, which is approximately the same as
the value reported for toluene hydrogenation catalyzed by
supported Pt and Pd catalysts consisting of metallic parti-
cles on metal oxide supports (27, 28).

These catalytic activity data characterizing toluene hy-
drogenation catalyzed by Ir4/γ -Al2O3 are compared in
Table 4 with those characterizing the reaction catalyzed by
Ir6/γ -Al2O3 and Iragg/γ -Al2O3. The catalytic activities are
represented in Table 4 as turnover frequencies. The values
for each catalyst were estimated per surface atom, and the
supported Ir4 and Ir6 catalysts were assumed to be 100% dis-
persed on the support surface; the calculations were done
ignoring the possibility that some Ir atoms were inaccessi-
ble because of interactions with the support. The data show
that Ir4/γ -Al2O3 has about the same activity as Ir6/γ -Al2O3

for toluene hydrogenation, and it is an order of magnitude
less active than Iragg/γ -Al2O3.

TABLE 4

Kinetics of Toluene Hydrogenation Catalyzed by γ -Al2O3-Sup-
ported Ir Catalysts at Ptoluene = 50 Torr and PH2 = 710 Torr

Temperature, 103 × catalytic activity
Catalyst (◦C) (molecules of toluene/Ir atom · s)a

Ir4/γ -Al2O3
b 60 1.6

80 3.5
100 7.9

Ir6/γ -Al2O3
c 60 1.7

80 3.8
100 7.3

Iragg/γ -Al2O3
d 60 13.9

80 25.3
100 50.4

a The activity is stated per surface Ir atom in the catalyst.
b Ir4 was assumed to have 100% dispersion on the surface of γ -Al2O3

(data from this work).
c Ir6 was assumed to have 100% dispersion on the surface of γ -Al2O3

(12).
d Ir aggregates were about 70% dispersed on the surface (12).
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FIG. 2. Comparison of X-ray absorption data characterizing supported and unsupported Ir catalysts with different nuclearities: (A) Magnitude of
Fourier transform (k3-weighted, Pt–Pt phase and amplitude corrected) of EXAFS data characterizing Ir4/γ -Al2O3 (dashed line, 1k = 3.44–15.73 Å−1),
Ir6/γ -Al2O3 (dotted line, 1k = 3.68–16.26 Å−1), Iragg/γ -Al2O3 (dashed–dotted line, 1k = 3.62–15.52 Å−1), and Ir powder (solid line, 1k = 3.67–15.89
Å−1). (B) XANES spectra of Ir4/γ -Al2O3 (solid line), Ir6/γ -Al2O3 (dashed line), Iragg/γ -Al2O3 (dotted line), and Ir powder (dashed–dotted line).

Characterization of Used Ir4/γ -Al2O3 Catalyst
by EXAFS Spectroscopy

A sample of the Ir4/γ -Al2O3 catalyst that had been used
in the flow reactor for 3 h on stream at 60◦C with a H2

partial pressure of 710 Torr and a toluene partial pressure
of 50 Torr was characterized by EXAFS spectroscopy. The
normalized EXAFS function was obtained from the aver-
age of the X-ray absorption spectra from six scans, with the

FIG. 3. Arrhenius plot for toluene hydrogenation catalyzed by γ -
Al2O3-supported Ir4 clusters. Reaction conditions: Ptoluene = 50 Torr, PH2 =
710 Torr; total feed flow rate: 46 ml (NTP)/min; catalyst mass: 40 mg,
1 wt% Ir.

standard deviation in the EXAFS function being less than
0.0005 over the whole range of k space; the raw EXAFS
data show oscillations up to about k = 16 Å−1 (Fig. 4A).

The Fourier transforms of the raw EXAFS data charac-
terizing the fresh and used Ir4/γ -Al2O3 catalysts (Fig. 4B)
are almost indistinguishable from each other, indicating
that the catalyst was structurally stable. The normalized
Ir LIII XANES spectra of the fresh and used Ir4/γ -Al2O3

catalysts provide further evidence of this stability, as the
two spectra are almost indistinguishable. Corresponding to
these results, the first-shell Ir–Ir coordination number of
the used catalyst was found to be 3.06 (Table 5), which is in-
distinguishable (within the expected experimental error of
about ±20%) from the value characterizing the fresh Ir4/γ -
Al2O3 catalyst (Table 2). Thus, we conclude that, within our
ability to determine the cluster nuclearity, the Ir4/γ -Al2O3

catalyst remained unchanged during catalysis, which im-
plies that the tetrahedral metal frame remained intact in
the operation.

In addition to the Ir–Ir contribution to the EXAFS func-
tion, the data analysis also indicated contributions from
Ir–Os, Ir–Ol, and Ir–Al interactions. The structural param-
eters obtained from the data analysis are summarized in
Table 5, and the comparison of the raw data and the fit in k
space is shown in Fig. 4A. The number of parameters used
to fit the data is 16; the statistically justified number, calcu-
lated from the Nyquist theorem (1k = 11.4 Å−1, 1r = 4 Å),
is approximately 30.
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FIG. 4. X-ray absorption data characterizing the used Ir4/γ -Al2O3 catalyst for toluene hydrogenation after being on stream for 3 h at 60◦C and
Ptoluene = 50 Torr and PH2 = 710 Torr: (A) Raw EXAFS function (solid line) and sum of the calculated Ir–Ir + Ir–Os + Ir–Ol + Ir–Al contributions
(dashed line). (B) Imaginary part and magnitude of Fourier transform (unweighted, 1k = 3.65–15.04 Å−1, Pt–Pt phase and amplitude corrected) of
raw EXAFS function of fresh Ir4/γ -Al2O3 catalyst (solid line) and used Ir4/γ -Al2O3 catalyst (dashed line).

DISCUSSION

Structurally Well-Defined Supported
Tetrairidium Clusters

The raw EXAFS data characterizing the γ -Al2O3-
supported Ir clusters formed by decarbonylation of
[Ir4(CO)12] on γ -Al2O3 are of high quality (Fig. 1A). The
analysis indicates a first-shell Ir–Ir coordination number
of 3.04, which is indistinguishable from 3 and consistent
with the presence of tetrahedral Ir4 clusters; evidently the
clusters retained or nearly retained the tetrahedral metal
frame of the precursor [Ir4(CO)12] after removal of the
carbonyl ligands. The absence of higher-shell Ir–Ir contri-
butions in the Fourier transform is an indication of the
lack of significant sintering of Ir to form larger aggre-
gates or particles on the γ -Al2O3 surface. Thus, we infer

TABLE 5

EXAFS Results Characterizing Ir4/γ -Al2O3 after Use as a Cata-
lyst for Toluene Hydrogenation under the Following Conditions:
Ptoluene = 50 Torr, PH2 = 710 Torr, Temperature = 60◦Ca

Coord- 103 × Debye– Inner
ination Waller potential

number, Distance, factor, correction, EXAFS
Shell N r (Å) 1σ 2 (Å2) 1E0 (eV) reference

Ir–Ir 3.06 2.674 3.07 −0.64 Pt–Pt
Ir–Osupport

Ir–Os 0.84 2.092 0.14 −0.16 Pt–O
Ir–Ol 1.42 2.606 2.41 0.41 Pt–O

Ir–Al 0.90 1.535 14.78 23.45 Ir–Al

a The catalyst had been used for 3 h in the flow reactor.

that the clusters supported on γ -Al2O3 were nearly uni-
form Ir4 tetrahedra, which were nearly molecular in char-
acter, being among the simplest and best defined supported
metals.

The inference that Ir4 clusters were formed by decar-
bonylation of γ -Al2O3-supported tetrairidium carbonyl
clusters is in agreement with the report of Kawi et al.
(29), who prepared the tetrairidium carbonyl precursor by
surface-mediated synthesis from adsorbed [Ir(CO)2(acac)]
on γ -Al2O3 in the presence of CO at room temperature,
instead of by simple adsorption of [Ir4(CO)12], as was done
in this work. Furthermore, decarbonylation of supported
tetrairidium carbonyl clusters with (near) retention of the
metal frame has been reported to give Ir4 on MgO (7, 8),
NaY zeolite (30), and NaX zeolite (31), although the data
characterizing the NaX zeolite are of relatively low qual-
ity and the structural inference less strong than for the
other supports. Similarly, thermal treatment of hexairid-
ium carbonyl clusters yielded clusters represented as Ir6 on
MgO (9), γ -Al2O3 (12), and NaY zeolite (32). These results
demonstrate some generality of the methodology of prepar-
ing structurally well-defined Ir clusters by decarbonylation
of the iridium carbonyl precursors, which have relatively
stable metal frames.

The EXAFS data characterizing γ -Al2O3-supported
tetrairidium clusters, hexairidium clusters (12), and Ir ag-
gregates (with about 50 atoms per aggregate, on average)
(Fig. 2A) show a pattern of increasing magnitude of the
Fourier transform of the EXAFS data with increasing clus-
ter or particle size. These data constitute a unique set
of characterizations distinguishing a family of structurally
well-defined supported and unsupported metals spanning
nearly the largest attainable size range.
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A similar pattern was reported (7) for a family of MgO-
supported Ir clusters; however, the samples prepared in
the earlier work, which were formed by decarbonylation
of tetrairidium carbonyl anions and hexairidium carbonyl
anions on MgO, evidently consisted of mixtures of clusters,
and the yields of tetrahedral Ir4 and octahedral Ir6 were
about 50 and 25%, respectively. Thus, the preparations re-
ported here for the γ -Al2O3 support were more successful
in giving simple and well-defined clusters than those re-
ported for the MgO support (7).

The comparison of the XANES data characterizing the
various γ -Al2O3-supported and unsupported Ir samples at
the Ir LIII absorption edge (Fig. 2B) provides further evi-
dence distinguishing the samples. The increase in the white
line intensity with decreasing particle or cluster nuclearity
indicates that the transition probability of electrons being
excited from core states (s or p) to empty d states is highest
for the smallest clusters and least for the largest particles
(33, 34); the data are consistent with the postulate that the
smallest metal clusters are more electron deficient than the
larger clusters and particles.

Retention of Structure of Supported Tetrairidium
Clusters during Catalysis

The nearly exact match between the Fourier transforms
of the EXAFS data characterizing the fresh and used
Ir4/γ -Al2O3 indicates that the clusters approximated as
Ir4 remained nearly intact during the catalysis. The results
indicating that the first-shell Ir–Ir coordination number
remained nearly unchanged (and nearly equal to 3, Tables 2
and 5) reinforce the inference that the tetrahedral clusters
remained nearly intact during the catalytic operation. The
good agreement of XANES spectra of the fresh and used
Ir4/γ -Al2O3 catalyst is additional evidence of the near lack
of change in structure of the catalyst during operation;
these data also indicate that the oxidation state of the Ir
atoms in the clusters remained almost unchanged following
the catalysis.

The data reported here add support to the evidence of
stability of the family of structurally well-defined Ir clus-
ters, at least under mild catalytic reaction conditions. For
example, it has been reported on the basis of EXAFS
experiments (10, 12) that Ir4 on MgO, Ir6 on MgO, Ir6

on γ -Al2O3, and Ir6 on NaY zeolite remained almost un-
changed during toluene hydrogenation under the condi-
tions used in this work. It was also reported (10) that Ir4

on γ -Al2O3 remained intact after use for the same reac-
tion, although the pretreatment of the γ -Al2O3 support
was different from that described in this work; as a re-
sult, the extent of hydroxylation of the support (35) and
consequently the catalytic performance were not the same
for these samples of Ir4/γ -Al2O3. Furthermore, Ir4 on MgO
has been found to be stable during use as a catalyst for
propane hydrogenolysis at 200◦C (36) and during use as

a catalyst for cyclohexene hydrogenation at room temp-
erature (11).

Catalytic Properties of Tetrairidium Clusters
for Toluene Hydrogenation

The catalytic activity of Ir4 supported on γ -Al2O3 for
toluene hydrogenation is almost the same as that of Ir6 on
γ -Al2O3 (Table 4); however, each of these catalysts is an
order of magnitude less active than the larger Ir aggregates
on γ -Al2O3. Similarly, Ir4 and Ir6 supported on MgO were
found to be less active than Ir aggregates on MgO (10).
Thus the pattern emerging from all the available data is that
the catalytic activities of metal oxide-supported Ir clusters,
with nuclearities of about 4 or 6, are significantly less than
those of supported Ir aggregates which are nearly metallic
in character (10).

Hence the concept of structure insensitivity (37, 38) in
metal catalysis, which has been shown to be valid for sup-
ported metals in the size range larger than about 10 Å,
evidently does not extend straightforwardly to the domain
of smaller clusters such as Ir4 and Ir6 on metal oxide sup-
ports (10, 12). Boudart and Sajkowski (39) reported that
turnover frequencies for the structure-insensitive cyclohex-
ene hydrogenation remained essentially unchanged for a
family of alumina-supported Rh catalysts, with the smallest
clusters having a nuclearity of roughly 12 atoms, on aver-
age, as determined by EXAFS data for the unused catalyst.
Our results, taken together with those of Xiao et al. (40),
who prepared Ir4 on γ -Al2O3 and formed a family of sam-
ples with various average Ir aggregate and particle sizes
by causing the metal to sinter to various degrees, suggest
that a large change in turnover frequency is associated with
changes in nuclearity in the range of fewer than roughly 100
atoms for toluene hydrogenation on γ -Al2O3-supported Ir
catalysts.

We emphasize that these data do not necessarily indicate
a simple metal cluster or particle size effect; the effects of
the support are expected to be significant, as follows: As
metal clusters on a metal oxide support become smaller,
they are increasingly affected by metal–support interac-
tions, which are expected to alter the electronic and thereby
the catalytic properties of the metal. Evidence of the chang-
ing electronic properties is provided by the white line inten-
sities (Fig. 2B), suggesting greater electron deficiency in the
Ir atoms in the Ir4 and Ir6 clusters than in those in the larger
Ir particles. Thus we infer that these small clusters are not
comparable to bulk, metallic Ir, and the low catalytic activ-
ities are attributed, at least in part, to support effects that
are in essence ligand effects. There are not yet sufficient
data to separate cluster size and support (ligand) effects in
supported metal cluster catalysis.

A comparison of the catalytic activity data characterizing
Ir4/γ -Al2O3, presented here, with the data reported by Xu
et al. (10) for similar samples indicates that Ir4 supported



           

68 ZHAO AND GATES

on γ -Al2O3 is roughly three times as active as Ir4 supported
on MgO. Likewise, the comparison of published data for
Ir6 on γ -Al2O3 (12) and Ir6 on MgO (10) indicates that the
former is more active than the latter, by an order of mag-
nitude. Thus the data are beginning to provide a basis for
elucidation of the influence of the support on the activities
of Ir clusters; however, we emphasize that there is likely
an undetermined effect of support pretreatment conditions
(affecting, e.g., the degree of hydroxylation), and more data
are needed to establish these effects.

Nature of the Metal–Support Interface

The EXAFS data indicate two Ir–O contributions, at dis-
tances of about 2.1 and 2.6 Å. The shorter Ir–O distance
is a bonding distance, consistent with the suggestion that
the Ir bears a positive charge, but the longer distance is
too long to be a bonding distance. The total Ir–O coordi-
nation number characterizing Ir4 clusters on γ -Al2O3 was
found to be about 2.2 (Table 2), whereas the value for Ir6

clusters on γ -Al2O3 is about 1.5 (12). This comparison indi-
cates the decreasing fraction of Ir atoms that reside at the
metal–support interface as the cluster nuclearity increases.
These results indicate that the maximum number of oxy-
gen atoms associated with each Ir cluster (Ir4 or Ir6) was
about 9.

Ir–Al contributions were also suggested on the basis of
the EXAFS data analysis for both the Ir4 and Ir6 clusters,
although these contributions are small and cannot be identi-
fied with confidence. The average Ir–Al coordination num-
ber characterizing Ir4/γ -Al2O3 was found to be about 0.9,
whereas the value for Ir6/γ -Al2O3 was about 0.6; the results
again point to a smaller fraction of Ir atoms at the metal–
support interface for the larger Ir6 clusters. These results
indicate that the maximum number of Al cations that could
be associated with each Ir cluster is approximately 3.6.

Contributions similar to the postulated Ir–Al contribu-
tions have been reported for Ir clusters supported on MgO
(7) and Pt clusters supported in mordenite (41). Purnell
et al. (42) postulated that clusters may reside preferentially
at defect sites on MgO; likewise, Ir clusters may exist at
defects on the γ -Al2O3 surface (12).

Therefore, on the one hand, the Ir–O and Ir–Al contri-
butions provide a distinction between Ir4 and Ir6 clusters
supported on γ -Al2O3; on the other hand, the result that
equivalent numbers of O atoms interact with the Ir4 and Ir6

clusters suggests similar interface structures for Ir4 and Ir6;
an equivalent statement pertains to the suggested Ir–Al in-
teractions. Consequently, we present plausible models of
the structures of the supported Ir clusters based on the
EXAFS results (Fig. 5). At the metal–support interface,
a triangular cluster face is postulated to interact with the
support surface where Al atoms are exposed. The proposed
model is simplified, and more data are needed to character-
ize the metal–support interface.

FIG. 5. Structural models of the Ir–γ -Al2O3 interface: Ir4 and Ir6 clus-
ters on γ -Al2O3.

Ir–Ir Distances in the Supported Clusters and Aggregates

The EXAFS results showing the Ir–Ir distance in the sup-
ported clusters under vacuum before use (2.682 Å) and af-
ter use (2.674 Å) as a catalyst are indistinguishable within
the expected experimental error of about ±1%. These dis-
tances are also indistinguishable from the value character-
izing the supported Ir aggregates (2.690 Å), but they may
be (barely) distinguishable from the value characterizing Ir
metal powder (2.714 Å). This difference, if it is significant,
might be attributed to the interactions of the supported
clusters and aggregates with the support ligands, but the
issues are unresolved.

Because the clusters supported on the γ -Al2O3 surface
interact with O or OH groups on the support, it is plausi-
ble to regard them as coordinated to O or OH ligands and
to bear positive charges to compensate for the negatively
charged ligands, consistent with the XANES data discussed
above. Presumably, the supported clusters are coordina-
tively unsaturated, with the open bonding sites providing
positions for bonding of ligands. Effects of hydrogen ligands
on the Ir–Ir distance in MgO-supported clusters modeled
as Ir4 are summarized elsewhere (43). Whether reactants
bonded as ligands during catalysis modify the metal frame
and the Ir–Ir distance of the supported clusters remains to
be determined.

CONCLUSIONS

The CO ligands of tetrairidium carbonyl clusters sup-
ported on γ -Al2O3 were removed by treatment in He at
300◦C, and the tetrahedral metal frame remained essen-
tially intact, as indicated by EXAFS spectroscopy. Thus
the decarbonylated clusters are represented as Ir4/γ -Al2O3.
These supported clusters are nearly uniform and nearly
molecular in character, and the EXAFS and XANES data
distinguish them clearly from Ir6 on γ -Al2O3 and larger Ir
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aggregates on γ -Al2O3. Ir4/γ -Al2O3 catalyzes toluene hy-
drogenation at temperatures in the range 60 to 100◦C; its
catalytic activity is almost the same as that of Ir6/γ -Al2O3

but an order of magnitude less than that of Ir aggregates
(consisting of about 50 atoms each, on average) supported
on γ -Al2O3. The catalyst was stable in operation in a flow
reactor, and the EXAFS results confirm that the supported
clusters approximated as Ir4 remained intact during cata-
lysis. As toluene hydrogenation is known to be a structure
insensitive catalytic reaction, the results suggest that the
concept of structure insensitivity does not extend to metal
oxide-supported metal clusters as small as Ir4 or Ir6. The
difference in catalytic activity between supported Ir4 and
Ir6, on the one hand, and supported Ir aggregates, on the
other hand, may be, at least in part, a consequence of the
support’s role in withdrawing electron density from the Ir
clusters, as evidenced by XANES spectroscopy, rather than
simply an effect of cluster size.
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