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Supported mononuclear iridium complexes with ethene ligands were prepared by the reaction of
Ir(C2H4)2(acac) (acac is CH3COCHCOCH3) with highly dehydroxylated MgO. Characterization of the sup-
ported species by extended X-ray absorption fine structure (EXAFS) and infrared (IR) spectroscopies showed
that the resultant supported organometallic species were Ir(C2H4)2, formed by the dissociation of the acac
ligand from Ir(C2H4)2(acac) and bonding of the Ir(C2H4)2 species to the MgO surface. Direct evidence of the
site-isolation of these mononuclear complexes was obtained by aberration-corrected scanning transmis-
sion electron microscopy (STEM); the images demonstrate the presence of the iridium complexes in the
absence of any clusters. When the iridium complexes were probed with CO, the resulting IR spectra dem-
onstrated the formation of Ir(CO)2 complexes on the MgO surface. The breadth of the mCO bands demon-
strates a substantial variation in the metal–support bonding, consistent with the heterogeneity of the
MgO surface; the STEM images are not sufficient to characterize this heterogeneity. The supported iridium
complexes catalyzed ethene hydrogenation at room temperature and atmospheric pressure in a flow reac-
tor, and EXAFS spectra indicated that the mononuclear iridium species remained intact. STEM images of the
used catalyst confirmed that almost all of the iridium complexes remained intact, but this method was sen-
sitive enough to detect a small degree of aggregation of the iridium on the support.

� 2009 Published by Elsevier Inc.
1. Introduction ing good images in STEM, and (c) presents surface sites to which
Supported single-site metal complexes are industrial catalysts
exemplified by the metallocenes applied for alkene polymerization
[1]. When these catalysts are precisely synthesized and structur-
ally well-defined, they are close analogues of molecular metal
complexes used in solution catalysis and can in prospect be char-
acterized incisively by a combination of spectroscopic and micro-
scopic methods.

Supported metal complex catalysts are the focus of the research
reported herein. Our goal was to investigate a catalyst synthesized
precisely from a reactive organometallic precursor, chosen to be
Ir(C2H4)2(acac) (acac is acetylacetonate, CH3COCHCOCH3) [2], be-
cause earlier work [3] on the synthesis of a catalyst from this com-
plex on zeolite Y indicates that it adsorbs with the dissociation of
the acac ligand and the formation of well-defined Ir(C2H4)2 species
on the surface. The support was chosen to be MgO because it (a) is
composed of atoms that are much lighter than the iridium atoms
anchored to it, thus providing a strong contrast in scanning trans-
mission electron microscopy (STEM), (b) is nearly crystalline, offer-
Elsevier Inc.
the supported metal complex can bond strongly, as on zeolite Y.
A recent communication [4] reports characterization of the

MgO-supported iridium complex with atomic-resolution STEM,
demonstrating site-isolation of the iridium complexes; infrared
(IR) and extended X-ray absorption fine structure (EXAFS) spectra
showed that the iridium complex retained its ethene ligands and
was bonded to the support via two Ir–O bonds, as on zeolite Y.

Herein we provide a full report on the catalyst synthesis and
characterization, evidence of its reactivity in various atmospheres,
and a demonstration of its catalytic activity for ethene hydrogena-
tion. Atomic-resolution STEM images of the catalyst before and
after it was used for ethene hydrogenation demonstrate the
changes occurring during catalysis and indicate the presence of
mononuclear iridium complexes as the predominant species.
2. Experimental

2.1. Materials and catalyst synthesis

The catalysts were prepared by the reaction of Ir(C2H4)2(acac)
with MgO powder. Sample syntheses and handling were performed
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with standard air-exclusion methods. The precursor Ir(C2H4)2

(acac), which has been characterized fully [2], was synthesized as
described elsewhere [2]. The MgO support was obtained from EM
Science. Hacac (99+%) was obtained from Sigma–Aldrich.

In the synthesis, deionized water was added to the MgO to form
a paste, which was dried overnight in air at 120 �C. The resultant
solid was ground and treated in flowing O2 as the temperature
was ramped linearly from room temperature to 700 �C and then
held for 2 h, resulting in a high degree of dehydroxylation [5].
The treatment in O2 was immediately followed by evacuation of
the sample for 14 h at 700 �C. The resultant calcined MgO was
cooled to room temperature under vacuum [6]. The surface area
of final product was approximately 100 m2/g.

To prepare the supported catalyst containing 1.0 wt.% Ir, the
precursor Ir(C2H4)2(acac) (54 mg) and calcined MgO (2.946 g) were
slurried in dried and deoxygenated n-pentane (Fisher, 99%) that
was initially at dry-ice temperature. The slurry was kept at this
temperature for 2 days of mixing, and thereafter the solvent was
removed by evacuation for a day. The resultant supported catalyst
was light gray in color. It was stored in an argon-filled glove box
(<1 ppm O2 and <1 ppm H2O).

In another preparation, to make a sample for comparison with
the catalyst and to help determine how the acac groups on
Ir(C2H4)2(acac) reacted in the catalyst preparation, the reaction of
Hacac with calcined MgO was carried out in n-pentane with exclu-
sion of air and moisture; the slurry was stirred for one day, and the
solvent was removed by evacuation for one day.

H2 used for treating the catalyst and as a reactant in ethene
hydrogenation catalysis was supplied by Airgas (99.999%) or gen-
erated by electrolysis of water in a Balston generator (99.99%). It
was purified by passage through traps containing particles of re-
duced Cu/Al2O3 and activated zeolite 4A to remove traces of O2

and moisture, respectively. Helium (Airgas, 99.999%), C2H4 (Airgas,
99.99%), and CO (10% in helium) were purified by passage through
similar traps. The corresponding pressures of each treatment are
given in appropriate sections below.

2.2. Ethene hydrogenation catalysis in a tubular plug-flow reactor

Ethene hydrogenation catalysis was carried out in a conven-
tional laboratory once-through flow reactor well approximated as
a plug-flow reactor. The catalyst powder (100 mg) diluted with
particles of inert, nonporous a-Al2O3 in a mass ratio of Al2O3 to cat-
alyst of 30:1 was loaded into the reactor in the argon-filled glove
box. The reactor was then sealed inside the glove box with quick
connectors and was transferred to the flow system for operation
at atmospheric pressure. The feed ethene and H2 partial pressures
were 40 mbar each, and the temperature was 25 ± 1 �C. Details of
the reaction experiments and product analysis by gas chromatog-
raphy are as described elsewhere [3]. Conversions of ethene to eth-
ane were <5%, and the reactor operated in the differential mode,
determining the reaction rates directly.

2.3. IR spectroscopy

A Bruker IFS 66v/S spectrometer with a spectral resolution of
2 cm�1 was used to collect transmission spectra of powder catalyst
samples. In an argon-filled glove box, approximately 10 mg of each
sample was pressed between two KBr windows for optical optimi-
zation that allowed detection of minor peaks. IR spectra were re-
corded with samples, handled with exclusion of moisture and air,
at room temperature under vacuum, with an average of 128 scans
per spectrum.

In some experiments, the catalyst was present in a cell with
reactive gases flowing through it. In these experiments, each sam-
ple (typically, 10 mg) was pressed into a thin wafer and loaded into
the cell (In-situ Research Institute, Inc., South Bend, IN) in the ar-
gon-filled glove box. The cell was then transferred and connected
quickly to a flow system, which allowed recording of spectra while
the reactant and/or inert gas (CO, H2, He, or H2 + C2H4) flowed
through the cell at the reaction temperature. In some experiments,
pulses of CO in helium flowed through the cell; each pulse con-
sisted of 5 mL of CO (10 vol% in helium) flowing at 100 mL/min.
Each spectrum is the average of 64 scans.
2.4. Mass spectrometry of effluent gases

Mass spectra of the gases introduced into the flow system and
the effluents produced by reaction with the catalyst in the IR cell
were measured with an online Balzers OmniStar mass spectrome-
ter running in multi-ion monitoring mode; the mass spectra were
recorded simultaneously with the IR spectra of the solid catalyst.
Changes in the signal intensities of the major fragments of C2H4

(m/z = 26, 27, and 28), C2H6 (m/z = 26, 27, 28, and 30), and CO
(m/z = 28) were recorded in transient experiments.
2.5. Scanning transmission electron microscopy

High-angle annular dark-field (HAADF) STEM images of fresh
and used catalysts were obtained with a FEI Titan electron micro-
scope equipped with a high-brightness field emission gun and
operated at 300 kV with a CEOS dodecapole probe (STEM) aberra-
tion corrector. The microscope was located at the SHaRE Facility of
the Oak Ridge National Laboratory (ORNL).

Extreme care was taken to minimize exposure of the catalysts
to air and to minimize the sample degradation that would result.
Thus, samples of the unused catalyst were transferred with air
exclusion to a glove box filled with ultrahigh-purity argon, where
they were placed in a stainless-steel tube sealed with vacuum
flanges. These samples were then transported to ORNL, where they
were removed from the tube in a glove bag purged with ultrahigh-
purity argon. In the glove bag, each sample was loaded onto a lacey
carbon grid, which was inserted in a TEM holder. The glove bag
was placed next to the microscope, and the TEM holder was trans-
ferred in less than 3 s into the microscope. The turbo-molecular
pump evacuating the microscope chamber was switched on sev-
eral minutes before insertion of the sample so that it could come
up to operational speed, allowing rapid evacuation of the chamber.
Once the specimen had been inserted, the evacuation of the airlock
was begun immediately; nonetheless, there was a period of <5 s
during which traces of air might have intruded into the sample
prior to its insertion into the airlock and re-establishment of the
vacuum. (To evaluate the effect of such contact, we tested the cat-
alyst by measuring the IR spectra after exposing it to air for even
longer times (up to 10 s); the spectra demonstrate the lack of
any measurable changes resulting from the exposure.)

Samples of used catalyst were prepared for imaging by purging
the flow reactor with flowing helium for 2 h to remove any weakly
adsorbed species. Then the sample was handled the same way as
fresh samples for STEM imaging.

The probe size of the microscope was approximately 0.8 Å
(determined from the simulated probe using the following param-
eters: 300 kV, C3 = �0.01 mm, C5 = 5 mm at Gaussian defocus).

The contrast in an HAADF image is formed by mapping the
intensity of high-angle scattered electrons as the probe is scanned
across the specimen. High-angle scattering arises predominantly
from the atomic nuclei (Rutherford scattering); therefore, the im-
age is incoherent, and the scattering cross section depends on
the atomic number (Z) squared. As a result, Z-contrast images ex-
hibit weak dependence on sample thickness and a strong chemical
sensitivity (dependence on Z2). Therefore, it is possible to image
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heavy single atoms (Ir, Z = 77) on a light support (Mg, Z = 12; O,
Z = 8), even in relatively thick specimens (�500 Å).

2.6. X-ray absorption spectroscopy (XAS)

EXAFS spectra were collected at beamline X-18B at the National
Synchrotron Light Source (NSLS), Brookhaven National Laboratory,
and at beamline 10-2 at the Stanford Synchrotron Radiation Labo-
ratory (SSRL), Stanford Linear Accelerator Center. The storage ring
electron energy was 2.8 GeV at NSLS and 3.0 GeV at SSRL. The ring
currents were 110–250 mA and 50–100 mA at NSLS and SSRL,
respectively.

In an argon-filled glove box at NSLS or a N2-filled glove box at
SSRL, each powder sample was loaded into an EXAFS cell [7]. The
cell was evacuated to a pressure less than 1.3 � 10�5 mbar and
aligned in the X-ray beam. Spectra were then collected in transmis-
sion mode at the Ir LIII edge (11215 eV) with the sample cooled to
approximately liquid–nitrogen temperature. In some experiments,
spectra were collected with the sample at 25 �C during treatment
in flowing helium, C2H4, H2, or H2 + C2H4 in an EXAFS cell like that
described elsewhere [8].

For measurements of a sample working as an ethene hydroge-
nation catalyst, the sample was initially scanned in flowing helium,
and then the feed stream composition was switched to a mixture
of H2 + ethene (40 mbar each, with the remainder being helium
and the pressure atmospheric). After the measurement of an initial
EXAFS spectrum, the steady flow of reactants continued for 2 h as
XANES spectra were collected, followed by the recording of four
EXAFS spectra at the end of the experiment.

3. EXAFS data analysis

The X-ray absorption edge energy was calibrated with the mea-
sured signal of iridium metal powder at the Ir LIII edge (11,215 eV);
this foil was scanned simultaneously with the sample. Ir LIII EXAFS
data were collected at energies near that of the edge (11,215 eV).
The data were normalized by dividing the absorption intensity
by the height of the absorption edge.

Analysis of the EXAFS data was carried out with the software
ATHENA (part of the IFEFFIT package) [9] and the software XDAP
[10]. Athena was used for data alignment, edge calibration, and
deglitching. Data normalization, background subtraction, and con-
version of the data into a chi file and data fitting were performed
with XDAP [10], which allows the efficient application of a differ-
ence-file technique [11–13] for the determination of optimized
fit parameters and isolation of individual shells.

Reference files used in the data analysis were calculated with
the code FEFF7.0 [14]. The Ir–Ir and Ir–Mg phase shifts and back-
Table 1
EXAFS parametersa characterizing MgO-supported iridium complex catalyst at 298 K befo

Composition of gas in contact with sample Abs

Helium Ir–Ir
Ir–C
Ir–O
Ir–M
Ir–O

C2H4 + H2 + He (during catalytic ethene hydrogenation after 2 h on stream) Ir–Ir
Ir–C
Ir–O
Ir–M
Ir–O

a Ir–Ol represents long iridium–oxygen contributions, characterizing interaction of
characterizing the structural parameters obtained by EXAFS spectroscopy are estimated
factor Dr2, ±20%; and inner potential correction DE0, ±20% (also see text).

b Contribution undetectable.
scattering amplitudes were calculated from the structural parame-
ters characterizing iridium metal and IrMg3, respectively. The
crystal structure of Ir(C2H4)2(acac) [2] was used to calculate the
phase shifts and backscattering amplitudes representing the Ir–C
and Ir–O shells, because it was expected that the structure of the
supported iridium species would be similar to that of this
precursor.

Iterative data fitting was carried out for various structural
models of the supported iridium complex until the best agree-
ment was attained between the calculated k0-, k1-, and k2-
weighted EXAFS data and the postulated model (k is the wave
vector). The models included the following contributions (Ta-
ble 1): Ir–O, Ir–C, Ir–Mg, and Ir–Ol (Ir–Ol is a long Ir–O distance,
that is, longer than an Ir–O bonding distance). These contribu-
tions were chosen for the EXAFS data fitting because they were
all expected on the basis of reports of similar supported organo-
metallic complexes [3,6,15]; specifically, the literature [3,6,15]
indicates the likelihood of formation of bonds between Ir atoms
and support oxygen atoms, which implies the presence of Ir–O,
Ir–Mg, and Ir–Ol contributions. Furthermore, the presence of
hydrocarbon ligands on the iridium (corresponding to an Ir–C
contribution in the EXAFS spectrum) was indicated by the tCH

bands in the IR spectra (Fig. 1).
In the EXAFS data fitting, more than one statistically justifiable

model was obtained to characterize the structure of the catalyst
before operation (and after operation for the ethene hydrogenation
for 2 h). To select the recommended model in each case, we com-
pared the various candidate models with respect to the physical
appropriateness of each parameter in each model and their good-
ness of fit values (the smaller the goodness of fit values, the better
the fit), as summarized in Tables 2 and 3. We emphasize that at-
tempts were made to include Ir–Ir contributions in all of the mod-
els, but none was found (even with a k3 weighting of the data), and
that it was difficult to distinguish Ir–Mg and long Ir–O contribu-
tions from each other. Thus, the Ir–Mg and/or long Ir–O contribu-
tions are assigned only tentatively, and the errors characterizing
such shells are greater than those stated below for other shells. A
part of the challenge of analyzing these shells is obtaining suitable
references as a basis for approximating the structure of the Ir sup-
port interface [3].

In the analysis of the data characterizing the unused catalyst,
the fitting ranges in both momentum (k) and real (r) space (r is dis-
tance from the absorbing Ir atom) were determined by the data
quality. The range in k was 2.9–12.0 Å�1, and the range in r was
1.0–3.8 Å. These values were used with the Nyquist theorem [16]
to estimate the justified number of fitting parameters. The number
of parameters used in fitting the data to each model (16) was al-
ways less than this number (approximately 18).
re and after 2 h of operation in a flow reactor for ethene hydrogenation.

orber–backscatterer pair N R (Å) 103 � Dr2 (Å2) DE0 (eV)

b b b b

3.9 2.11 1.7 �6.5
2.0 2.15 0.8 2.8

g 2.8 3.05 11.1 �2.1
l 4.5 3.73 10.9 �4.1

b b b b

3.8 2.05 0.8 �5.7
2.1 2.13 0.7 6.3

g 2.7 2.96 8.6 6.7
l 3.4 3.70 1.7 3.0

Ir atoms with the neighboring non-bonding O atoms. Error bounds (accuracies)
to be as follows: coordination number N, ±20%; distance R, ±0.02 Å; Debye–Waller



Fig. 1. IR spectra characterizing the unused catalysts formed by the reaction of MgO
(calcined at 700 �C) with Ir(C2H4)2(acac) in n-pentane after the removal of the
solvent: (A) in the tCH region characterizing the ethene ligands and (B) in the region
of 1200–1800 cm�1 characterizing the bands corresponding to acac ligands.
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In the analysis of the data characterizing the sample during the
catalytic reaction of ethene with H2 at 25 �C, the fitting range in k
space was 2.8–13.2 Å�1, and the range in r space was 1.0–3.8 Å.
Again, the number of parameters used in the fitting (16) was al-
ways less than that estimated by the Nyquist theorem with these
ranges (approximately 21).
Table 2
Summary of EXAFS fit parametersa,b for each of the candidate fit models (I, II, and III) charac
Ir(C2H4)2(acac) with highly dehydroxylated MgO.

Model Absorber–backscatterer contribution N

I Ir–C 3.9
Ir–O 2.0
Ir–Mg 2.8
Ir-Ol 4.5

II Ir–C 3.7
Ir–O 4.1
Ir–Mg 2.2
Ir-Ol 4.9

III Ir–C 2.1
Ir–O 0.9
Ir–Mg 1.6
Ir-Ol 2.5

a Notation: N, coordination number; R, distance between absorber and backscatterer
(accuracies) characterizing the structural parameters obtained by EXAFS spectroscopy
Debye–Waller factor Dr2, ±20%; and inner potential correction DE0, ±20.

b Ir–Ol is an Ir–O contribution with a distance longer than a bonding distance.
The accuracies of the parameters are estimated to be as follows
(with the exception of the Ir–Mg and longer Ir–O contributions):
coordination number N, ±10%; distance R, ±0.02 Å; Debye–Waller
factor Dr2, ±20%; and inner potential correction DE0, ±20%.

Further details of the EXAFS analysis are essentially the same as
those reported elsewhere [3].
4. Results

4.1. Characterization of unused catalyst

4.1.1. Spectroscopic evidence of iridium diethene complexes
During the preparation of the catalyst by the reaction of

Ir(C2H4)2(acac) with highly dehydroxylated MgO, the n-pentane
solvent that was used to deliver the precursor to the MgO became
colorless, indicative of nearly complete uptake of the precursor by
the support. When the solvent was later removed by evacuation,
all of the iridium remained on the MgO. The preparation conditions
were chosen to give an iridium loading of 1.0 wt.% as described in
Section 2.1.

IR data characterizing the sample prepared by the adsorption of
Ir(C2H4)2(acac) on the MgO are shown in Fig. 1 and Table 4. The
spectra include bands in the C–H stretching region (3200–
2800 cm�1) and the region where bands characteristic of acac li-
gands are expected (1800–1200 cm�1). We interpret the spectra
as evidence of chemisorption of the Ir(C2H4)2(acac) on MgO, as
follows:

The IR bands at 3034 and 3001 cm�1 are assigned to tCH bands
of p-bonded ethene in the supported iridium complex, approxi-
mately matching those of the precursor Ir(C2H4)2(acac) (3045 and
2981 cm�1) [2,3]. Other bands in the spectra characterizing the
supported iridium complex (Fig. 1 and Table 4) were observed at
3083, 2961, 2928, 2860, 1622, 1521, 1467, 1413, 1365, 1261, and
1238 cm�1, and these approximately match a set of bands in the
spectra characterizing Mg(acac)2 (at 2993, 2970, 2925, 1625,
1528, 1489, 1423, 1371, 1263, and 1199 cm�1) and Hacac adsorbed
on MgO (at 2993, 2965, 2920, 1620, 1521, 1465, 1418, 1367, 1265,
and 1199 cm�1) [6]. This comparison suggests that the acac ligand
present in Ir(C2H4)2(acac) was dissociated from the iridium and
chemisorbed on the MgO during the chemisorption. Similar results
have been reported for supported catalysts prepared by the reac-
tion of Rh(C2H4)2(acac) [6] with MgO and Au(CH3)2(acac) with
MgO [15], as well as for the reaction of Ir(C2H4)2(acac) with highly
dealuminated zeolite HY [3].

Further evidence of the supported iridium complex is provided
by the EXAFS data (Fig. 2); the parameters obtained by fitting the
terizing the structure of MgO-supported iridium complex formed from the reaction of

R (Å) 103 � Dr2 (Å2) DE0 (eV)

2.11 1.7 �6.5
2.15 0.8 2.8
3.05 11.1 �2.1
3.73 10.9 �4.1

2.03 10.4 �11.0
2.05 8.4 6.5
3.09 10.7 �4.5
4.00 10.6 8.0

2.05 1.8 1.5
2.19 1.3 �18.1
3.10 7.6 �8.9
3.73 5.9 �2.9

atoms; Dr2, Debye–Waller factor; DE0, inner potential correction. Error bounds
are estimated to be as follows: coordination number N, ±20%; distance R, ±0.02 Å;



Table 4
Frequencies of IR bands observed in C–H stretching region and in acetylacetonate region characterizing reference compounds and sample formed by adsorption of Ir(C2H4)2(acac)
on highly dehydroxylated MgO.

Sample Assignment

Mg(acac)2 Hacac/MgO Ir(C2H4)2(acac) Ir(C2H4)2 on MgO

3128 – – 3083 Not assigned
– – 3045 – t(CH2) (p-bonded ethene)
– – 3030 3034 t(CH2) (p-bonded ethene)
– – 2981 3001 t(CH2) (p-bonded ethene)
2993 2993 – – t(CH3) (acac)
2970 2965 2935 2961 t(CH3) (acac)
2925 2920 2906 2928 t(CH3) (acac)
2866 – 2879 2860 Not assigned
1623 1620 1576 1622 t(C–C) {or t(C–O)}
1528 1521 1549 1521 t(C–O) {or t(C–C)}
1489 1465 1486 1467 t(C–C) + d(C–H)
1423 1418 1424 1413 dd(CH3)
1371 1367 1361 1365 ds(CH3)
1263 1265 1276 1261 ts(C–C) + t(C–CH3)
1199 1199 1212 1238 ts(C–CH3) + d(C–H)

Table 3
Qualitative summary of EXAFS fitting results with fit diagnostic parameters for three candidate models characterizing the structure of MgO-supported iridium complex formed
from the reaction of Ir(C2H4)2(acac) with highly dehydroxylated MgO.

Model Absorber–
backscatterer
contributions

Comments regarding the quality of fit of EXAFS data Error in EXAFS
function, va

Goodness
of fitb

I Ir–C Good overall fit (as shown by goodness of fit parameter). Good individual fits for all contributions.
Physically realistic values of all fit parameters

0.002 7.1
Ir–O
Ir–Mg
Ir-Ol

II Ir–C Adequate overall fit; however, poor fits of individual contributions (especially when the phase- and
amplitude-correction is applied). Physically unrealistic values of the fit parameters: Unrealistic
coordination numbers for Ir–O contribution, and DE0 value

0.002 6.8
Ir–O
Ir–Mg
Ir-Ol

III Ir–C Adequate overall fit; however, poor fits of individual contributions (especially when the phase- and
amplitude-correction is applied). Physically unrealistic values of the fit parameters: Unrealistic
coordination numbers for Ir–O contribution, and DE0 value and poor fit for the long Ir–O shell

0.002 12.5
Ir–O
Ir–Mg
Ir-Ol

a The error in data was calculated by the root mean square of the value obtained from the subtraction of smoothed v data from the background-subtracted experimental v
values.

b Goodness of fit values were calculated with the software XDAP, as follows:

goodness of fit ¼ m
NPTSðm� NfreeÞ

XNPTS

i¼1

vexp � vmodel

rexp

� �2

:

The terms vmodel and vexp are the model and experimental EXAFS values, respectively; rexp is the error in the experimental results; m is the number of independent data points
in the fit range; and NPTS is the actual number of data points in the fit range; Nfree is the number of free parameters.
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data are summarized in Table 1. We re-emphasize that the data
give no indication of Ir–Ir contributions (for any of the fit models
considered), consistent with the presence of site-isolated mononu-
clear iridium complexes in the absence of clusters detectable by
EXAFS spectroscopy. Furthermore, the Ir–C contribution in the EX-
AFS spectrum, with a coordination number of 4.0 at a distance of
2.06 Å, confirms the IR evidence of ethene ligands and indicates
two p-bonded ethene ligands per Ir atom. The Ir–O contribution
characterizing the metal–support interface (Table 1) shows that
on average, each Ir atom was bonded to the support via two oxygen
atoms at a distance of 2.15 ± 0.02 Å, which is a typical bonding dis-
tance for group-8 metal complexes [6] and metal clusters on oxide
supports [17]; for example, the Rh–O distance found by EXAFS
spectroscopy for the isostructural Rh(C2H4)2 complex on MgO
(formed from Rh(C2H4)2(acac)) was 2.18 ± 0.02 Å [6], and that for
the similar Ir(C2H4)2 complex bonded to dealuminated HY zeolite
was 2.17 ± 0.02 Å [3]. These distances are significantly different
from the Ir–O bonding distance in crystalline Ir(C2H4)2(acac)
(2.04 Å) [2], consistent with the inference that the acac ligands
were removed from the iridium in the adsorption process and that
the iridium became bonded to oxygen atoms of the MgO surface
rather than acac ligands.

XANES spectra (Fig. 3) show that the edge position of the freshly
prepared sample is approximately 2 eV higher in energy than that
of the iridium metal powder. This comparison indicates the pres-
ence of cationic iridium, as in the precursor Ir(C2H4)2(acac), which
is formally an Ir(I) complex incorporating the bidentate acac ligand
[2]. The edge position rules out a detectable amount of zerovalent
iridium in the supported sample—and thus rules out a substantial
number of iridium particles.

4.1.2. STEM evidence of site-isolation of MgO-supported iridium
complexes

The STEM images provide evidence of well-separated mononu-
clear iridium complexes on the MgO—in the absence of detectable
iridium clusters, as shown by a comparison of the STEM images of
the unused catalyst (Fig. 4) and that of the MgO support alone, after
dehydroxylation, as follows: Fig. 4 is a typical image of the catalyst,



Fig. 2. Results of EXAFS analysis characterizing the sample formed by the reaction of Ir(C2H4)2(acac) with MgO that had been calcined at 700 �C. EXAFS function, v (solid black
line), and calculated contribution (dotted red line): (A) k1-weighted; (B) k2-weighted; and (C) k3-weighted. Imaginary part and magnitude of the Fourier transform of data
(solid black lines) and calculated contributions (dotted red lines): (D) k1-weighted; (E) k2-weighted; and (F) k3-weighted (Dk = 3.0–12.1 Å�1). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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clearly indicating site-isolated Ir atoms on the MgO; individual Ir
atoms are indicated by the bright scattering centers. These scatter-
ing centers are not evident in the images of blank samples which
consist of the pure highly dehydroxylated MgO alone (not shown).

Because both Mg and O are light atoms, and the thickness of the
support cannot be determined from the images, it was not possible
to find STEM evidence of any defect sites on the MgO surface; thus
we cannot report any insights regarding the bonding sites for the Ir
atoms on the basis of the images.
The image shown in Fig. 4 provides clear evidence of the sur-
face of a nearly planar part of a single MgO crystal. Where Ir
atoms are evident on this surface, the loading calculated from
the image is approximately one-third of that of the sample as a
whole.

This demonstration of single-Ir-atom complexes on the MgO is
consistent with the IR and EXAFS spectra (Tables 1 and 4) indicat-
ing the presence of mononuclear iridium complexes with p-
bonded ethene ligands. This STEM result, which has been commu-



Fig. 3. Normalized XANES spectra at the Ir LIII edge characterizing the catalyst
formed from Ir(C2H4)2(acac) and MgO before and after reaction in equimolar ethene
and H2 at 25 �C and atmospheric pressure. For comparison, the spectrum of iridium
powder is also shown. The inset indicates the derivatives of spectra illustrating the
energy edge positions. (For interpretation to colors in this figure, the reader is
referred to the web version of this paper.)

Fig. 4. High-angle annular dark-field (Z-contrast) image characterizing the unused
catalyst prepared by the reaction of Ir(C2H4)2(acac) with highly dehydroxylated
MgO that had been calcined at 700 �C. The image shows individual Ir atoms as
bright scattering centers (indicated by black circles), which are well dispersed and
present in the absence of detectable iridium clusters.
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nicated [4], is the first demonstration of the site-isolation of mono-
nuclear metal complexes bonded to a high-area support.

We emphasize that the conclusions drawn here from STEM
images are based only on images that were the first obtained in
any region of the sample, because subsequent images clearly dem-
onstrate the effects of the electron beam, which caused migration
of the Ir atoms (possibly facilitated by modification of the ligands),
formation of iridium clusters, and even subsequent breakup of the
resultant clusters into smaller clusters.

Some parts of the sample had higher loadings of Ir atoms than
that shown in Fig. 4, and the effects of the electron beam on the
iridium in the zones of high loading were more pronounced than
those pertaining to the region shown in Fig. 4. Comparable electron
beam damage of highly dispersed supported metals has been re-
ported previously [18–21].

4.2. Reactivity of MgO-supported iridium complexes in various gas
atmospheres

The reactivities of the supported iridium diethene complexes
under various conditions were characterized by IR and EXAFS spec-
tra of samples in flow-through cells and by mass spectrometric
analysis of the effluent gas stream.

4.2.1. Reaction of MgO-supported iridium diethene complexes with CO
The surface-bound Ir(C2H4)2 species were probed with a pulse

of CO injected into a helium stream flowing into the IR cell. The
surface species formed by the exchange were characterized by IR
spectroscopy, as follows: in a preliminary treatment, the surface-
bound Ir(C2H4)2 was treated in flowing helium for 1 h to purge
any weakly absorbed species from the sample. Then a CO pulse
was injected as the recording of IR spectra continued. The spectra
demonstrate the almost instantaneous formation of two bands in
the mCO region, at 2066 and 1985 cm�1, accompanied by the disap-
pearance of the bands associated with p-bonded ethene ligands (at
3034 and 3001 cm�1) (Fig. 5). These newly formed bands are as-
signed straightforwardly to the well-known iridium gem-dicar-
bonyl Ir(CO)2 [3,22–24]. Thus, we infer that CO readily replaced
the p-bonded ethene ligands. Correspondingly, the mass spectra
of the effluent gas swept from the IR cell gave evidence of ethene
fragments and ethane fragments (indicated by m/z = 26, 27, and
30, Supplementary material). Similar chemistry has been observed
with (a) iridium diethene complexes bonded to dealuminated HY
zeolite, for which the newly formed mCO bands were located at
2109 and 2038 cm�1 [3], and (b) the isostructural rhodium com-
plexes bonded to MgO indicated by bands formed at 2082 and
2004 cm�1 after the introduction of CO [6].

The full width at half maximum (fwhm) of each of the mCO bands
of Ir(CO)2 was approximately 26 cm�1, which is markedly greater
than what was observed with the iridium complexes bonded to
the dealuminated zeolite (approximately 5 cm�1) [3,25]. We infer
that because of the nonuniformity of the MgO support surface,
the ligand environments of the iridium carbonyls on MgO varied
from site to site, leading to the breadth of the IR bands. Thus, we
emphasize that the iridium complexes on MgO were not as uni-
form as those observed on the zeolite [3]. Therefore, we infer that
although the STEM images demonstrate the site-isolation of the
iridium complexes and their uniform mononuclearity on the crys-
talline part of the MgO, the bonding of these complexes to the sup-
port lacks a high degree of uniformity.

4.2.2. Reaction of MgO-supported iridium diethene complexes with H2

When the unused catalyst was treated in flowing H2 at 25 �C
and atmospheric pressure in the IR cell/flow reactor, spectra were
observed that demonstrate the decrease in intensity of the bands at
3034 and 3001 cm�1 (characteristic of the p-bonded ethene li-
gands) and the simultaneous formation of new bands at 2965,
2929, 2876, and 2860 cm�1 (Fig. 6). These new bands are assigned
to ethyl ligands, as before [26–28]. Thus, the spectra indicate that
the p-bonded ethene ligands reacted with H2 to form ethyl ligands
suggesting a step that might be important in ethene hydrogenation
catalysis, because both p-bonded ethene and ethyl ligands are
known intermediates in this reaction [3,26].

When the sample was in the presence of H2 at higher tempera-
tures, the iridium underwent aggregation into particles, as ex-
pected for this group-8 metal on the basis of earlier results
characterizing the formation of iridium particles during the treat-
ment of Al2O3-supported Ir4(CO)12 at 500 �C in flowing H2. The



Fig. 5. IR spectra characterizing CO exchange with ethene during the CO treatment of the catalyst formed by chemisorption of Ir(C2H4)2(acac) on highly dehydroxylated MgO:
(A) change in tCH region (red line: unused catalyst; blue line: after CO treatment) and (B) change in tCO region. (For interpretation of the references to colors in this figure
legend, the reader is referred to the web version of this paper.)

Fig. 6. IR spectra in the tCH region characterizing catalysts prepared by the
chemisorption of Ir(C2H4)2(acac) on highly dehydroxylated MgO after it had been
treated in flowing H2 for 2 h: Red line: unused catalyst; blue line: after H2

treatment; green line: difference spectrum obtained by subtracting the spectrum of
the fresh catalyst from that of the treated catalyst. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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Ir–Ir coordination number in the resultant structure was found to
be approximately 9, indicating the formation of particles large
enough to be essentially metallic [29].
4.3. Ethene hydrogenation catalyzed by MgO-supported iridium
complexes

Consistent with the IR results identifying the formation of ethyl
ligands when the catalyst was in contact with H2, the MgO-sup-
ported iridium complex catalyzed ethene hydrogenation in a
once-through flow reactor under the conditions stated above. The
data show that ethene conversion decreased from an initial value
of approximately 15% to approximately 1% during a break-in peri-
od of 60 min, consistent with changes in the ligand environment of
the iridium. (The ligands on the iridium initially were ethene, as
shown by the IR and EXAFS results; therefore, the initial conversion
value of 15% was only apparent, including the contribution of eth-
ane formed from these initially present ethene ligands. Thereafter,
the catalyst operated at near steady state at a conversion of 1%
(Supplementary material). The catalyst did not show significant
deactivation during a subsequent 24-h period of operation in the
flow reactor. Thus, a steady-state turnover frequency (TOF) was
calculated by assuming that each Ir atom was part of a catalytically
active species; the TOF value was 4.7 � 10�3 ethene mole-
cules � (Ir atom � s)�1. There was no detectable activity in the ab-
sence of the catalyst, and the MgO support alone was inactive.
Therefore, we infer that the catalytic activity is attributable to
the iridium species on the MgO.
4.4. Characterization of used catalyst

4.4.1. Spectroscopic evidence of intact MgO-supported iridium
complex after use for ethene hydrogenation
4.4.1.1. XAS results characterizing nuclearity of iridium species. The
EXAFS results characterizing the catalyst after 2 h of operation un-
der the conditions stated above give no evidence of Ir–Ir contribu-
tions, demonstrating that mononuclear iridium complexes were
the predominant species in the catalyst. As in the case of the un-
used catalyst, the Ir–O coordination number representing the
bonding between the Ir atoms and the support was found to be
approximately 2.1 ± 0.4 (it was found to be 2.0 ± 0.4 for the unused
catalyst) with a bonding distance of 2.13 ± 0.02 Å (the correspond-
ing value was 2.15 ± 0.02 Å for the unused catalyst), consistent
with the lack of any aggregation of the iridium (one would expect
a decrease in the average Ir–O coordination number when clusters
formed). Moreover, XANES spectra recorded during the operation
of the catalyst as it approached steady state show a small increase
in the white-line intensity at the Ir LIII edge but almost no change
in the edge energy relative to the value characterizing the sample
in the initial state in helium (Fig. 3). These observations are consis-
tent with the lack of significant aggregation of the iridium and
point to changes in the ligand environment of the iridium as the
catalyst approached steady-state operation.
4.4.1.2. IR spectra providing evidence of mononuclear iridium spe-
cies. IR data obtained by probing the catalyst with a pulse of CO
following the ethene hydrogenation in the flow reactor after
attainment of steady state (demonstrated by the mass spectromet-
ric analysis of the catalytic reaction products) under the conditions
stated above for the unused catalyst indicate the formation of the
bands assigned to the iridium gem-dicarbonyl, Ir(CO)2 (at 2066 and
1985 cm�1), confirming the presence of mononuclear iridium com-
plexes, we infer, before the injection of CO (Fig. 7).



Fig. 7. IR spectrum characterizing the catalyst prepared by the reaction of
Ir(C2H4)2(acac) with highly dehydroxylated MgO after ethene hydrogenation
catalysis (under conditions stated in the text) for 2 h in a flow reactor followed
by injection of a pulse of 10 vol% CO in helium (5 mL) into helium flowing at
atmospheric pressure at a rate of 100 mL/min (after flow of helium for 1 h). The
spectrum was recorded after the gas-phase CO had been purged from the flow
system, as shown by mass spectrometric analyses of the product stream.
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4.4.2. STEM evidence of site-isolated iridium complexes
The spectroscopic characterization of the used catalyst demon-

strates that the nuclearity of iridium complex catalyst did not
change significantly during the operation. However, it is known
that iridium, like other group-8 metals, is characterized by a ten-
dency to be reduced and aggregated into clusters and ultimately
into metallic particles [26]. The STEM images of the used catalyst
demonstrate that most of the iridium remained as site-isolated
mononuclear species, but these images also provide evidence of
the first steps of the process of cluster formation, as follows: the
STEM images (Fig. 8) obtained for the MgO-supported iridium cat-
alyst after it had functioned for 2 h at steady state (as demon-
strated by mass spectra of the product stream) under the
conditions stated above show that the bright scattering centers
representing individual Ir atoms on MgO were still present. Thus,
we infer that site-isolated mononuclear iridium complexes were
Fig. 8. High-angle annular dark-field (Z-contrast) image characterizing highly
dehydroxylated MgO-supported iridium complex catalyst after use for ethene
hydrogenation under the conditions stated in the text. The catalyst had functioned
for 2 h in the flow reactor and was treated in flowing helium for 1 h before
recording of the image. The image shows individual Ir atoms as bright scattering
centers together with a few clusters consisting of 2–4 Ir atoms as shown in close-up
images I, II, and III.
still present on the support. However, the images also demonstrate
the presence of a few iridium clusters consisting of only 2–4 atoms
each (with the shortest Ir–Ir distances ranging from 2.7 to 3.8 Å)
present together with the mononuclear iridium species (Fig. 8).
The data are not sufficient to provide evidence of bonds between
the Ir atoms in all of these clusters; however, the Ir–Ir distance
of 2.7 Å characterizing some of these structures is short enough
to be consistent with Ir–Ir bonds; this is a typical bonding distance
in small iridium clusters [26]. Thus, these images appear to demon-
strate the very first stages of cluster formation from the supported
iridium complexes. The cluster formation may have been induced
by the reactive atmosphere in the catalytic reactor, but we do
not fully exclude the possibility of some beam damage during
the scan of the sample.

The data are not sufficient to determine a quantitative estimate
of the fraction of the Ir atoms that might be present in clusters, but
the qualitative result is clear: the iridium was predominantly pres-
ent in site-isolated mononuclear iridium complexes in the used
catalyst.
5. Discussion

5.1. Site-isolation of supported iridium complexes

Fundamental understanding of catalysis by supported metal
complexes requires a detailed understanding of their structures
and how they change during catalysis. Such a depth of understand-
ing has not often been attainable, because the available spectro-
scopic techniques provide only average structural information,
and the available microscopic techniques have lacked the resolu-
tion necessary to determine the nuclearity of metal-containing
species as small as single-metal-atom species.

The images presented here show that STEM—under favorable
circumstances—can determine the nuclearity even of such small
species, and specifically can determine whether the metal com-
plexes are truly site-isolated and whether they are present in the
absence of metal clusters, which are known to form facilely when
the metals are of group 8.

Observation of single metal atoms on a support by STEM is not
new; there are examples of STEM images showing isolated individ-
ual metal atoms [20], together with metal clusters ranging in
nuclearity from a few atoms to thousands of atoms, as shown,
for example, in reports of iron oxide-supported gold catalysts
[30], of TiO2-supported gold catalysts [31], and of Al2O3-supported
palladium catalysts [19].

But our images are the first to demonstrate the site-isolation of
supported metal complexes in the absence of any higher-nuclear-
ity metal species. The EXAFS and IR results complement the STEM
results and provide evidence of the ligands on the iridium. We
stress that the images had to be recorded quickly to avoid changes
in the structures of the supported species by the electron beam.
5.2. Degree of uniformity of supported iridium complexes

STEM images characterizing the sample prepared by the reac-
tion of Ir(C2H4)2(acac) with MgO clearly illustrate the site-isolation
of the iridium complexes. However, the broad mCO bands (with
fwhm values of approximately 26 cm�1) characterizing the species
formed by exchange of p-bonded ethene ligands with CO indicate
that the degree of uniformity of these iridium complexes is not
nearly as great as that of the analogous iridium complexes sup-
ported on dealuminated zeolite [3]. Therefore, we conclude that
even as highly crystalline a support as our highly dehydroxylated
MgO does not meet a high standard of uniformity as a support;
the zeolite is far superior in this regard [3,25].
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5.3. Reactivity of supported iridium complexes

The analogous zeolite-supported iridium complexes [3] were
found to be approximately 15 times more active for ethene hydro-
genation than our MgO-supported sample under the same condi-
tions. Although the EXAFS and IR data indicate that MgO- and
dealuminated HY zeolite-supported iridium complexes [3] have
closely similar structures (with the anchored species, before catal-
ysis, identified as Ir(C2H4)2), their catalytic activities are signifi-
cantly different. We infer that the different activities are
attributable to differences in the ligands bonded to the metals—
and the supports are ligands [17,32–34].

The differences in the ligand environments of the MgO- and
zeolite-supported samples are confirmed by a comparison of the
split between the symmetric and antisymmetric mCO bands of the
complexes formed by the treatments of the samples with CO
[35,36]. The split characterizing the MgO-supported complex (cal-
culated as 81 cm�1 for mCO bands of 2066 and 1985 cm�1, Fig. 5) is
higher than that characterizing the zeolite-supported complex
(calculated as 70 cm�1 for mCO bands of 2108 and 2038 cm�1 [3]).
The greater split indicates stronger backbonding between the me-
tal and the CO, thus a higher electron density on the metal [35,36].
Higher electron density on the Ir atoms in the MgO-supported
complexes corresponds to a weaker bonding of reactants (e.g., eth-
ene) to the metal as reflected by the tCH bands of the p-bonded
ethene present in the unused iridium complexes on these sup-
ports: the frequency is centered at 3021 cm�1 for p-bonded ethene
coordinated to zeolite-supported iridium complexes [3] and at
3034 cm�1 for p-bonded ethene coordinated to MgO-supported
iridium complexes. We infer that the bonding strength between
the iridium and the reactants is closer to the optimum for ethene
hydrogenation to occur at high rates [37] in the zeolite-supported
complexes than that in the MgO-supported complexes, but with-
out more information about the reaction intermediates and mech-
anism we cannot provide further insight into the catalyst
comparison.

Moreover, isostructural MgO-supported rhodium complexes
(with the anchored species, before catalysis, identified as
Rh(C2H4)2) were found to have an activity approximately 3 times
greater than that of the iridium complexes on the same support
[6]. A similar trend in activity differences between rhodium and
iridium clusters was reported [32–34,37,38]; Argo et al. [32–34]
showed that MgO-supported Rh6 clusters are more active than
MgO-supported Ir6 clusters for ethene hydrogenation in the pres-
ence of H2 at 330 mbar and C2H4 at 130 mbar and 0 �C.

5.4. Identification of catalytically active sites

Although our IR and EXAFS results do not provide evidence of a
substantial number of iridium clusters after the ethene hydrogena-
tion reaction, the STEM images of the used catalyst (Fig. 8) indicate
a few clusters consisting of only 2–3 Ir atoms each, indicating that
the cluster formation had just started. Earlier results characterizing
zeolite-supported mononuclear iridium complexes [3] and clusters
[32–34] indicate that both mononuclear iridium complexes and
iridium clusters are catalytically active for ethene hydrogenation,
with the activities being roughly the same [39]. Thus, we infer that
the catalytically predominant species in our catalyst were the
mononuclear iridium complexes, even at the end of the flow-reac-
tor experiment, as indicated by the (average) information provided
by the spectroscopic techniques.

The STEM images presented herein show the very earliest
stages of aggregation of the iridium, illustrating the unique value
of STEM, resolving even the smallest metal species present in the
catalyst and thus providing potentially crucial detailed under-
standing of supported metal catalysts, which our spectroscopic
techniques are not sensitive enough to detect. Combining this
unique capability of STEM with the capabilities of the spectro-
scopic techniques provides excellent opportunities for elucidating
the separate roles of metal complexes and metal clusters in catal-
ysis, by monitoring the structures present with various feed com-
positions and by correlating the structures with the catalytic
properties.

6. Conclusions

Mononuclear iridium complexes with ethene ligands were pre-
pared by the reaction of Ir(C2H4)2(acac) with highly dehydroxylat-
ed MgO. STEM images demonstrate the site-isolation of these
iridium complexes, which were initially present in the absence of
any iridium clusters or particles. Probing the structure of the sup-
ported iridium complexes with CO (leading to the formation of
Ir(CO)2 species) and determination of mCO IR spectra showed that
the supported iridium complexes had a lower degree of uniformity
than their zeolite-supported analogues (reported previously [3]).
STEM images of the ethene hydrogenation catalyst after it had
functioned in a flow reactor for 2 h showed that the mononuclear
complexes were still the predominant species, in agreement with
the EXAFS and IR results characterizing the used catalyst.
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