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ABSTRACT: Zeolite HSSZ-53, which has 1-dimensional channels with 14-
ring extra-large pores, was used as a support for a molecular iridium complex
synthesized from Ir(C2H4)2(C5H7O2) and characterized with infrared (IR)
and extended X-ray absorption fine structure (EXAFS) spectroscopies and
atomic-resolution aberration-corrected scanning transmission electron
microscopy (STEM). The spectra show that Ir(C2H4)2(C5H7O2) reacted
readily with the bridging OH groups of the zeolite, leading to the removal of
C5H7O2 ligands and the formation of mononuclear Ir(C2H4)2 complexes
bonded to the zeolite by Ir−O bonds at the framework aluminum sites.
STEM images confirm the spectra, showing site-isolated iridium centers
within the zeolite channels, with no evidence of iridium clusters. The samples
constitute a highly uniform, well-defined array of essentially molecular
catalytic species in a highly uniform, confined environment, allowing precise investigations of the chemistry of the iridium
complex in the absence of solvents. IR spectra show that the supported Ir(C2H4)2 complexes were converted to Ir(C2H5)2,
Ir(CO)2, Ir(CO)(C2H4), and Ir(CO)(C2H4)2 as various mixtures of H2, CO, and C2H4 reacted with the sample. The sample was
tested as a catalyst for ethylene hydrogenation and for H−D exchange in the reaction of H2 + D2. The data, combined with
results reported for isostructural iridium complexes bonded to zeolite HY and to MgO, demonstrate how the catalytic activity can
be tuned by choice of the support, with the support being characterized as a ligand with electron-donating or electron-
withdrawing properties. The results demonstrate that the rate of ethylene hydrogenation catalyzed by the supported iridium
complexes is limited by H2 activation when the iridium is electron rich (on the MgO support), whereas the rate-limiting step is
C2H4 adsorption when the iridium is electron deficient (on either zeolite support).

KEYWORDS: supported iridium complex catalyst, zeolite HSSZ-53, IR spectroscopy, EXAFS spectroscopy,
aberration-corrected STEM, ethylene hydrogenation, H−D exchange, support effect

■ INTRODUCTION
Some of the most efficient solid catalysts consist of essentially
molecular or nanostructured metal-containing species dispersed
on supports, because they combine the advantages of high
surface area, minimal corrosion, and ease of separation from
products.1−3 Characterization of the structures and reactivities
of such catalysts is often hindered by the smallness and
nonuniformity of the supported structures, and the nonun-
iformity of the support often contributes to this nonuniformity,
especially when the supported species are so small that they are
essentially molecular and the support, as a ligand, contributes
significantly to the activity.4,5 Thus, when a research goal is to
determine the chemistry of supported molecular catalysts, the
best supports are often those with highly uniform structures,
and zeolites (crystalline aluminosilicates) are among the most
widely investigated supports in this class.6−8

Here, we report results characterizing the synthesis, structure,
reactivity, and catalytic properties of essentially molecular
iridium complexes bonded within the highly crystalline zeolite
HSSZ-53 in the aluminosilicate form.9 The framework of
HSSZ-53 consists of one-dimensional, nonintersecting channels
which have 14-ring extra-large pores with dimensions of 6.4 ×
8.7 Å (Figure 1) to facilitate ingress of the molecular precursor
(Ir(C2H4)2(acac)) (acac is acetylacetonate) used to prepare the
supported iridium complex. We chose this zeolite because it
offers the opportunity for preparation of highly uniform
supported catalysts synthesized by stoichiometrically simple
reactions. Such catalysts lend themselves to precise structure
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determinations by spectroscopy combined with atomic-
resolution microscopy, and our intent was that the catalyst be
among the best-defined solid catalysts.

■ RESULTS
Characterization of Initially Prepared Catalyst by

Infrared Spectroscopy: Formation of Ir(C2H4)2 Com-
plexes on the Acidic Sites of Zeolite HSSZ-53. The
supported catalyst was synthesized by the reaction of
Ir(C2H4)2(acac) slurried in n-pentane with zeolite HSSZ-53
powder. During the synthesis, the color of the solution changed
from orange-yellow to colorless, indicating the nearly complete
uptake of the precursor by the support. The solvent was
removed by evacuation, and the preparation conditions were
chosen to give an iridium loading of 1 wt %.
Infrared (IR) spectra in the νOH and 1300−1700 cm−1

regions characterizing the zeolite before and after the reaction
with Ir(C2H4)2(acac) are shown in Figure 2. The spectrum of
the bare zeolite in the νOH region includes bands at 3739
(assigned to the terminal silanol groups of the zeolite) and
3632 cm−1 (assigned to the acidic hydroxyl groups10). The
intensity of the 3632 cm−1 peak decreased significantly after the
reaction of Ir(C2H4)2(acac) with the zeolite, but the intensity of

the 3739 cm−1 peak remained essentially unchanged, indicating
that the precursor had reacted preferentially with the Al−O−

sites. In the 1300−1700 cm−1 region (Figure 2B), the spectrum
of the sample incorporating the supported iridium complex
includes new bands at 1366, 1537, and 1598 cm−1. These bands
are assigned to δCH, νC−C−Cs, and νCOring, respectively,
resembling those characterizing Hacac adsorbed on the
zeolite.11,12 Thus, the IR data indicate that acac ligands were
dissociated from the iridium as a result of the reaction of the
precursor with the acidic OH groups of the zeolite, forming
chemisorbed iridium complexes.
The IR spectra of this supported sample demonstrate the

presence of ethylene ligands bonded to the iridium (Figure 3a),

indicated by the bands at 3038 and 3057 cm−1 (assigned to νCH
bands of π-bonded ethylene),13−15 which nearly match those of
the precursor Ir(C2H4)2(acac).

16 This observation indicates
that the ethylene ligands remained bonded to the iridium
during the chemisorption.

Characterization of the Supported Iridium Complex
by EXAFS and XANES Spectroscopies. Further evidence of
the structure of the supported iridium species is provided by
extended X-ray absorption fine structure (EXAFS) spectra
measured at the Ir LIII edge. Results are shown in Figure 4,
which includes k1- and k3-weighted EXAFS data (k is the wave
vector) and Fourier transformed data, along with the best fits of
the data. The structural parameters obtained by fitting the data
to three candidate models are shown in Table 1 and Supporting
Information Table S1. Assessments of the candidate models
and explanations of why all but one were rejected are
summarized in Supporting Information Table S2.
As shown in Table 1, the model that gives the best fit of the

data indicates iridium bonded to two ethylene ligands and to
two oxygen atoms of the support. The evidence of the ethylene
ligands, including an Ir−C coordination number of nearly 4, is
consistent with the IR spectra. The Ir−O distance (2.10 Å) is a
typical distance for bonding of group-9 metal complexes to
oxygen atoms on the surfaces of metal oxides and zeolites.17,18

Thus, the EXAFS results bolster the IR data, demonstrating
the presence of Ir(C2H4)2 complexes bonded to the zeolite and

Figure 1. Models of zeolite HSSZ-53 framework constructed from
crystallographic data: views from the [010] (A) and [100] (B)
projections, and perspective view from the [100] projection (C). The
double-headed arrows indicate the diameters of a HSSZ-53 channel in
each projection.

Figure 2. IR spectra (absorbance) in the νOH (A) and 1300−1700-
cm−1 regions (B) characterizing the following samples: HSSZ-53
zeolite after calcination (bottom) and sample formed by reaction of
the zeolite with Ir(C2H4)2(acac) after removal of the n-pentane solvent
(top).

Figure 3. IR spectra (absorbance) in the νCH region characterizing the
sample formed by adsorption of Ir(C2H4)2(acac) on zeolite HSSZ-53
as it was treated in flowing gases at 298 K and atmospheric pressure, as
follows: (a) helium, (b) a pulse of CO in helium, (c) H2 + C2H4 for 10
min (recorded after purging of the gas-phase C2H4 from the cell with
helium), and (d) a pulse of CO in helium, followed by C2H4 for 15
min (after purging of gas-phase C2H4 from the cell with helium).
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resulting from the dissociation of the acac ligands and the
formation of two Ir−Ozeolite bonds replacing the Ir−Oacac bonds
in the precursor Ir(C2H4)2(acac). Consistent with this
conclusion, the EXAFS data give evidence of an Ir−Al
contribution with a coordination number of nearly 1 at a
distance of 2.89 Å, confirming the IR data (Figure 2A) and
showing that the iridium complex was bonded at Al sites where
acidic OH groups had been removed by the chemisorption.
The iridium in the supported complex has a formal oxidation

state of +1, and the complex is coordinatively unsaturated,
formally being a 16e− species (8e− from Ir+, 4e− from AlO2

− of
the zeolite, and 4e− from the two ethylene ligands). XANES
spectra (Supporting Information Figure S4) show that the edge
position of the freshly prepared sample is approximately 2 eV
higher in energy than that of bulk iridium metal. Moreover, the
white line intensity of the supported iridium complex is
significantly greater than that of supported Ir4 clusters

19 and of

bulk iridium metal. These comparisons confirm the presence of
cationic iridium and weigh against a detectable amount of
iridium clusters and particles incorporating zerovalent iridium
in the sample.
Consistent with this inference, there was no EXAFS evidence

of Ir−Ir contributions; attempts to include such a contribution
in the data fitting led to unsatisfactory fits (Table 1 and
Supporting Information Tables S1 and S2; details of the fitting
are shown in Supporting Information). The lack of a detectable
Ir−Ir contribution indicates the absence of iridium clusters and
consequently the presence of only isolated mononuclear
iridium complexes in the sample. The possibility that small
amounts of iridium clusters or particles too small to detect by
EXAFS or XANES spectroscopy (roughly a few percent of the
total iridium) is ruled out by the images determined by electron
microscopy, as summarized below.
The IR and EXAFS data essentially match results20 showing

how Ir(C2H4)2(acac) reacts with dealuminated HY zeolite. We
infer that the synthesis may be quite general for acidic zeolites
reacting with Ir(C2H4)2(acac). The synthesis route is even
more general: similar chemistry has been observed for
Rh(C2H4)2(acac) and Ru(C2H4)2(acac)2.

21,22

In summary, the spectroscopic data indicate the structure of
the supported iridium complex represented in Scheme 1.

Aberration-Corrected HAADF-STEM Evidence of Site-
isolated Iridium Complexes in the Zeolite. Figure 5A
shows aberration-corrected STEM images of the sample
prepared by the reaction of Ir(C2H4)2(acac) with the zeolite.
The images were recorded in the high-angle annular dark-field
(HAADF) mode, so that the intensity of the dominant
scattering mechanism that gives rise to the contrast is roughly
proportional to the square of the atomic number (Z2) of the
element.23 Thus, single Ir atoms (Z = 77) appear as bright
scattering centers (Figure 5) in the zeolite structure, which

Figure 4. Results of EXAFS analysis characterizing the sample formed by the reaction of Ir(C2H4)2(acac) with zeolite HSSZ-53. k1-Weighted (A)
and k3-weighted (B) EXAFS function (solid line) and sum of calculated contributions (dashed line) determined for the best fit model (Model I). k1-
weighted (C) and k3-weighted (D) imaginary part and magnitude of the Fourier transform of the data (solid line) and sum of the calculated
contributions determined for the best fit model (Model I in Supporting Information Table S1). The arrows in C and D indicate a constructive/
destructive feature attributed to the presence of the various shells.

Table 1. EXAFS Parameters Determined for the Best Fit
Model Characterizing the Sample Formed by the Reaction of
Ir(C2H4)2(acac) with HSSZ-53a

absorber−
backscatterer pair N R (Å)

103 × Δσ2
(Å2)

ΔE0
(eV)

goodness
of fit

Ir−Ozeolite 2.1 2.10 2.4 −4.1 5.7
Ir−C 3.9 2.01 7.1 0.38
Ir−Al 1.0 2.89 9.6 −0.50

aFit details: Range of data used in fitting: 0.5 < R < 3.2 Å, 3.84 < k <
12.06 Å−1. Error in EXAFS function: 0.0006. Notation: N,
coordination number; R, distance between absorber and backscatterer
atoms; Δσ2, disorder term relative to the reference; ΔE0, inner
potential correction relative to the reference. Error bounds
(accuracies) of the structural parameters are estimated to be as
follows: N, ±20%; R, ±0.02 Å; Δσ2, ±20%; and ΔE0, ±20%.
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consists of only light atoms: Si (Z = 14), Al (Z = 13), O (Z =
8) and H (Z = 1). The images of Figure 5 show that single Ir
atoms were isolated and well dispersed within the channels of
the zeolite. These images, and others recorded at lower
magnification (Figure 6), give no evidence of iridium clusters,
consistently indicating that the mononuclear iridium complexes
identified by IR and EXAFS spectra were isolated in the zeolite
channels and the only iridium species present in them.
Additional images of the same area shown in Figure 5A were

recorded after prolonged exposure (30 s) of the sample to the
electron beam. The images show that exposure of the sample to
the beam caused both damage to the zeolite framework24,25 and
movement of Ir atoms,26 leading to the formation of iridium
clusters. As shown in Figure 7, after 30 s of beam exposure,
significant damage to the zeolite framework had occurred.
Aggregation of the Ir atoms to form clusters occurred only in
the regions where the zeolite framework had been destroyed.
These results indicate that movement of the Ir atoms caused by
the electron beam was limited by the confinement to intact
zeolite channels,27 consistent with our inference that the
iridium complexes in the initially prepared sample were bonded
within these channels.

Reaction of Iridium Diethylene Complexes with CO:
Evidence of High Degree of Uniformity of the
Supported Complexes. The zeolite-supported iridium
diethylene complexes were probed with CO to form iridium
dicarbonyls, because the IR spectra of these species provide
evidence of the uniformity of the supported complexes. When a
20-mL pulse of CO in flowing helium was brought in contact
with the supported iridium diethylene complex, CO ligands
rapidly displaced the C2H4 ligands, as shown by the
disappearance of the IR bands at 3038 and 3057 cm−1 (Figure
3b) and the concomitant growth of new bands at 2027 and
2099 cm−1 (Figure 8a and 8b), assigned to iridium gem-
dicarbonyls.28−30 The sharp new bands, each with a full width
at half-maximum of only about 10 cm−1, indicate that the
iridium species had a high degree of uniformity.31 Furthermore,
the absence of CO bands other than those characterizing the

Scheme 1. Structural Model of Zeolite HSSZ-53-Supported
Iridium Complex (Distances in Å Determined by EXAFS
Spectroscopy)

Figure 5. HAADF-STEM (Z-contrast) images characterizing the catalyst prepared by the reaction of Ir(C2H4)2(acac) with zeolite HSSZ-53: (A) the
initially prepared catalyst and (B) the catalyst after it had been used for ethylene hydrogenation. The images show individual Ir atoms (some of them
indicated by white circles) well dispersed inside the 1-D channels of the zeolite and in the absence of detectable iridium clusters.

Figure 6. Low-magnification HAADF-STEM image characterizing the
sample prepared by the reaction of Ir(C2H4)2(acac) with zeolite
HSSZ-53. The image shows the needle-shaped crystals of the zeolite
and is consistent with the absence of iridium clusters.
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Ir(CO)2 species (Figure S1 in Supporting Information) is
consistent with the inference that the sample incorporated
mononuclear iridium species and not clusters (νCO bands
characterizing iridium clusters are expected in the region of
1800−1900 cm−1, for edge- and face-bridging CO ligands
bonded to neighboring Ir atoms32−34).
Reaction of Zeolite-Supported Iridium Dicarbonyl

Complexes with C2H4 and C2H4 + CO. To further probe
the reactivity of the iridium complexes, the quite stable
supported Ir(CO)2 was treated with flowing ethylene to
determine whether it would displace carbonyl ligands. Changes
in the IR spectra in the νCO stretching region occurred rapidly,
demonstrating that reaction indeed occurred: the initial νCO
bands at 2027 and 2099 cm−1 decreased in intensity with time,
and disappeared after 10 min, with the simultaneous growth of
two new bands, at 2041 and 2083 cm−1 (Figure 9), which are

assigned to Ir(C2H4)(CO) and Ir(C2H4)2(CO), respectively.
The assignment is based on an investigation of the isostructural
Ir(CO)2 complex supported on a similar zeolite, dealuminated
HY, as it was subjected to the same treatment conditions,35

whereby the initial νCO bands at 2038 and 2109 cm−1 were
shifted to 2054 and 2087 cm−1, respectively (Table 2). In
agreement with the assignment, the total area under these two
new bands was found to be approximately 50% of the area of
the two νCO bands characterizing the respective Ir(CO)2
species, indicating that each iridium species incorporated only
one CO ligand in the HSSZ-53 sample. Furthermore, the IR
spectra in the νCH stretching region characterizing HSSZ-53-
supported Ir(CO)2 in a stream of C2H4 at 298 K and 1 bar
show the appearance of a band at 3092 cm−1 (Figure 3d), a
clear indication of the formation of ethylene ligands π-bonded
to the iridium.
The percentages of Ir(CO)(C2H4)2 and Ir(CO)(C2H4)

species formed from this treatment were approximately 10
and 90, respectively, estimated on the basis of the peak area
ratio in the IR spectra.36 In contrast to this result, the data
characterizing the isostructural Ir(CO)2 complex supported on
HY zeolite35 show that a much higher percentage of
Ir(C2H4)2(CO), approximately 40, was formed in the identical
treatments (Table 2).
Figure 10 shows IR spectra in the νCO stretching region

recorded when the zeolite HSSZ-53-supported iridium
dicarbonyl complex was brought in contact with a stream of
C2H4 + CO (2:1 molar ratio) at 298 K and 1 bar. The νCO
bands at 2027 and 2099 cm−1 remained almost unchanged in
intensity, indicating that the Ir(CO)2 complex was quite stable
when CO was present in the gas phase. This result is contrasted
with that observed with the isostructural Ir(CO)2 complex
supported on zeolite HY, for which the initial νCO bands at
2038 and 2109 cm−1 characterizing the iridium dicarbonyl
quickly shifted to 2087 and 2111 cm−1 in the presence of
flowing C2H4 + CO;35 these bands were assigned35 to new
species: Ir(C2H4)2(CO) and Ir(C2H4)(CO)2, respectively, on
the basis of transient IR, EXAFS, and XANES data.
In contrast to the behavior of the zeolite HSSZ-53- and

zeolite HY-supported samples, the isostructural Ir(CO)2
complex supported on MgO showed no reactivity with
C2H4.

35 The results, summarized in Table 2, show clear
evidence of the effect of the supportas a ligandon the
reactivity of the isostructural iridium complexes.

Figure 7. HAADF-STEM (Z-contrast) image characterizing the
catalyst prepared by the reaction of Ir(C2H4)2(acac) with zeolite
HSSZ-53. The image is of the same region shown in Figure 5A after
exposure of the sample to the electron beam for 30 s. The image
shows the deterioration of the zeolite framework as a result of the
irradiation and give evidence of small iridium clusters in some regions,
the formation of which is inferred to have been caused by the electron
beam. Colored views of the boxed region (a−c) in the image are
shown on the right.

Figure 8. IR spectra (absorbance) in the νCO stretching region
characterizing zeolite-supported Ir(C2H4)2 in flowing helium (a); after
contact with a pulse of CO (20 mL at 298 K and 1 bar) in flowing
helium at 298 K (b); and after treatment in flowing C2H4 + H2 at 298
K and 1 bar for 30 min followed by a pulse of CO (20 mL at 298 K
and 1 bar) in flowing helium at 298 K (c).

Figure 9. IR spectra (absorbance) in the νCO stretching region
characterizing changes in the sample initially consisting of Ir(CO)2 on
HSSZ-53 zeolite as it was present initially (a) and after it had been
exposed to flowing C2H4 at 298 K for periods of 1 (b) and 10 min (c).
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Catalytic Hydrogenation of Ethylene. The performance
of the zeolite HSSZ-53-supported Ir(C2H4)2 complex as a
catalyst was evaluated in a tubular packed-bed plug-flow reactor
at 298 K and 1 bar as it was in contact with flowing H2 + C2H4
(2:1 molar ratio). The data were used to determine the initial
rate of the catalytic reaction (measured as the turnover
frequency, TOF, the rate per Ir atom), as described
previously.19 The zeolite support alone lacked a measurable
catalytic activity under the conditions of the experiment. The
catalyst deactivated over time reflecting changes in the ligand
environment of the iridium and accumulations of hydrocarbons
on the support surface, as evidenced by IR spectroscopy
(Supporting Information Figures S2 and S3).

Catalytic Reaction of H2 with D2: H−D Exchange. In
the H−D exchange experiment, mixtures of H2, D2, and C2H4
(molar ratio H2/D2/C2H4 = 1:1:1, diluted in helium) flowed
through a bed initially containing the zeolite HSSZ-53-
supported Ir(C2H4)2 complex catalyst at 298 K and 1 bar.
The concentration of HD in the product was measured by mass
spectrometry, and fractional conversions relative to equilibrium
were measured as described previously.19

A comparison of catalyst performance data for ethylene
hydrogenation and H−D exchange characterizing the sup-
ported iridium catalysts initially in the form of Ir(C2H4)2
complexes is shown in Table 2. Results are presented for
catalysts on each of the following supports under identical
reaction conditions: dealuminated HY zeolite (zeolite HY),19

MgO,19 and zeolite HSSZ-53.
Spectroscopic Characterization of Working Catalyst

for Ethylene Hydrogenation. IR experiments characterizing
the working catalyst (initially zeolite HSSZ-53-supported
Ir(C2H4)2 complex) were conducted under the same conditions
stated above for catalytic ethylene hydrogenation (flowing H2 +
C2H4, 2:1 molar ratio) with 30 mg of the catalyst sample in an
IR cell serving as a flow reactor. The data show changes in the
ligand environment of the iridium depending on the reactive
gas atmosphere. Contact with this reactant stream led to the
rapid disappearance of the bands at 3038 and 3057
cm−1(Figure 3c), characterizing the π-bonded ethylene ligands,
and the concomitant growth of bands at 2860, 2874, 2930, and
2960 cm−1, ascribed to ethyl ligands on iridium (Figure S2 in
Supporting Information).37,38 These results are consistent with
those characterizing the isostructural Ir(C2H4)2 complex
supported on dealuminated zeolite HY, but they are contrastedT
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Figure 10. IR spectra (absorbance) in the νCO stretching region
characterizing changes in the sample initially consisting of Ir(CO)2 on
HSSZ-53 zeolite as it was present initially (a) and after it had been
exposed to flowing CO + C2H4 at 298 K for 30 min (b).

ACS Catalysis Research Article

dx.doi.org/10.1021/cs300139p | ACS Catal. 2012, 2, 1002−10121007



with those characterizing the isostructural iridium complex
supported on MgO, in which the π-bonded ethylene ligands
were found to be highly stable even after 2 h of contact with H2
(Table 2). The results suggest that, once the sample
incorporating the zeolite support had been brought in contact
with H2, the initial π-bonded ethylene ligands were rapidly
hydrogenated to form ethyl ligands; this point is addressed
further in the Discussion section.
Spectroscopic and STEM Characterization of the Used

Catalyst. After 30 min on stream during ethylene hydro-
genation catalysis in the IR cell, the gas-phase C2H4 and H2
were purged with helium, and a pulse of CO (20 mL) in helium
was injected into the cell. The IR spectra show the immediate
appearance of the two νCO bands, at 2027 and 2099 cm−1,
characterizing the Ir(CO)2 speciesand no evidence of other
νCO bands that would indicate iridium clusters (Figure 8c).32−34

Consistent with the IR spectra, HAADF-STEM images of the
used catalyst show isolated Ir atoms and no evidence of clusters
(Figure 5B). Thus, the spectra and images indicate that no
aggregation had occurred, and the mononuclear iridium
complexes are inferred to be the true catalyst under our
reaction conditions.

■ DISCUSSION

Formation of Highly Dispersed Mononuclear Iridium
Complexes in 1-D Zeolite Channels. Zeolite HSSZ-53 is a
highly crystalline material, as indicated by X-ray crystallographic
data,9 with a structure incorporating parallel nonintersecting
channels corresponding to crystals with needle-like structures
(Figure 6). The zeolite has a Si/Al ratio of 23, and is essentially
free of amorphous species which are, for example, created in the
dealumination processes of dealuminated Y zeolite.39,40

With this structure, when zeolite HSSZ-53 is viewed from the
[010] projection (Figure 1), the contrasting overlap of the
zeolite framework and the 14-ring channels creates unique
alternating bright and dark regions in the images (Figure 5),
and these provide a unique opportunity for distinguishing
heavy metal atoms in the channels from the zeolite framework
elementsand therefore the opportunity to image catalytic
sites within the channels. In contrast, attempts to image the 3-
dimensional zeolite Y have been limited by its complicated
framework structure and by its sensitivity to the electron
beam.41,42

Taking advantage of the structure of HSSZ-53, we prepared
supported iridium complexes that the IR and EXAFS spectra
identify and show to be highly uniform. The STEM images of
the initially prepared sample demonstrate that these complexes
were site-isolated and well separated within the one-dimen-
sional channels, an almost ideal array of individual catalytic
sites.27 The images recorded after prolonged (30-s) exposure to
the electron beam give no evidence of aggregation of the
iridium without destruction of the zeolite frame (in contrast to
the behavior of the isostructural complexes on MgO, which
underwent rapid aggregation to form clusters under the
influence of the electron beam26), thereby demonstrating
another advantage of the channel-confined catalytic species: a
high degree of site-isolation and stability.
This sample is the first that incorporates well-defined metal

complexes anchored in one-dimensional zeolite channels. In
contrast, earlier attempts to prepare such samples in the 12-ring
zeolites mordenite and HSSZ-42 were stymied by the restricted
transport of the precursors Ir(C2H4)2(acac) and Rh-

(C2H4)2(acac) (with critical diameters of 4 × 6 Å) in the
narrow channels (7.0 × 6.5 and 6.4 × 6.4 Å, respectively).43

These advantages of the zeolite HSSZ-53-supported iridium
complexes allow a precise assessment of their reactivity and
catalytic properties, as summarized in the following paragraphs.

Influence of Support on Electronic Properties of
Isostructural Iridium Complexes. Differences in reactivities
with CO and C2H4 were observed for the zeolite HY- and
HSSZ-53-supported Ir(CO)2 complexes, and they both were
found to be more reactive than the isostructural complex
supported on MgOthe carbonyl ligands in this complex were
not replaced under our conditions by C2H4, either in a pure
stream or in a mixture of C2H4 with CO (Table 2).35 We
suggest that the different reactivities of the iridium complexes
on these supports may be explained by the different electron
withdrawing/donating properties of the zeolites.
When a CO ligand is bonded to an electron-deficient metal

atom, the C−O bond is strengthened as a result of the increase
in electron density transferred from CO to the metal through σ
donation, which leads to blue-shifts in the νCO frequencies; in
contrast, when the metal is electron-rich, π back-donation from
the metal to CO dominates, which weakens the C−O bond and
causes a red-shift of the νCO bands.44 In comparison with the
νCO frequencies characterizing the Ir(CO)2(acac) precursor in
tetrahydrofuran solution (2002 and 2082 cm−1),45 those
characterizing the supported Ir(CO)2 complexes on zeolites
HY and HSSZ-53 are blue-shifted, whereas those characterizing
the MgO-supported Ir(CO)2 are red-shifted (Table 2). These
results demonstrate that, as supports, both zeolite HY and
HSSZ-53 are electron-withdrawing ligands, whereas MgO is an
electron-donating ligand.46 The data of Table 2 lead to the
following qualitative comparison of the electron densities of the
iridium in the complexes on the three supports: Ir/HY < Ir/
HSSZ-53 ≪ Ir/MgO.

Influence of Support on Reactivity and Catalytic
Activity of Iridium Complex. Figure 11 shows the catalytic
performance data for ethylene hydrogenation and H−D
exchange reactions, plotted as a function of the electron
deficiency of the supported Ir(C2H4)2 complex as indicated by
the νCO frequencies of the carbonylated species (as explained in
the preceding section, the νCO frequencies of the carbonylated
complexes indicate the electron deficiency of the iridium
complexes). The data show a strong correlation between the
electron density on the iridium and the catalytic performance,
with the rate of ethylene hydrogenation increasing almost
linearly with the νCO frequencies of the carbonylated
complexes, as the Ir atom becomes more electron deficient.
Although the catalytic activity for H−D exchange (measured by
the conversion) increased dramatically when the support was
switched from the electron-donating MgO to the electron-
withdrawing zeolite (Table 2 and Figure 11), it did not follow
the same linear trend as shown for the ethylene hydrogenation
activity (measured by reaction rate). We suggest that these
observations may indicate the differences in the abilities of the
iridium complexes to activate H2 and C2H4, as discussed in the
following sections.
Our recent investigation demonstrated,19 on the basis of

time-resolved IR and EXAFS data, that the rate of ethylene
hydrogenation catalyzed by the supported iridium ethylene
complex is controlled by its ability to simultaneously activate
both reactants, H2 and ethylene. Our data, in agreement with
the previous results, provide further evidence of how the
supports affect the reactivity of the iridium complex with H2
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and C2H4. The data show the following: (a) when in contact
with H2, the π-bonded ethylene ligands are facilely converted to
ethyl when the support is zeolite HSSZ-53, whereas they are
stable as ethylene when the support is MgO; (b) the H−D
exchange reaction catalyzed by zeolite HSSZ-53-supported
iridium complexes is much faster than that catalyzed by the
MgO-supported complexes; and (c) the catalytic activity for
ethylene hydrogenation when the support is zeolite HSSZ-53 is
an order of magnitude higher than when the support is MgO.
These observations are consistent with the inference19 that the
reaction rate can be significantly increased as a result of
increasing the H2 activation rate, when the support is switched
from the electron-donating MgO to the electron-withdrawing
zeolite.19 However, there had been a lack of evidence to fully
elucidate the rate limiting step when H2 activation is no longer
rate limiting (when iridium is electron deficient). The data
presented here provide basis for such an elucidation, as
discussed below.
In the absence of C2H4, the activities for H−D exchange

catalyzed by the isostructural Ir(C2H4)2 complexes on zeolite
HY and on HSSZ-53 are extremely high (Table 2), with the
conversions reaching the equilibrium value that could not be
lowered by either decreasing the catalyst sample mass or
decreasing the reactant flow rate within the ranges allowed by
our apparatus. However, when C2H4 was cofed with H2 + D2
(with ethylene hydrogenation occurring), the H2 dissociation
was faster whereas the rate of ethylene hydrogenation was
lower for the zeolite HSSZ-53-supported iridium complex than
for the zeolite HY-supported complex. This comparison is
explained by the differences in the competitive adsorption of
the two reactants. As shown by the IR data (Table 2)
characterizing the carbonylated iridium complex in flowing
C2H4, the interaction between the iridium and gas-phase C2H4
is weaker when the support is zeolite HSSZ-53 than when it is
zeolite HY (only approximately 10% of the complexes were in
the form of Ir(CO)(C2H4)2 when the support was zeolite

HSSZ-53, whereas approximately 40% was in this form when
the support was zeolite HY).
The inference that the competitive adsorption of the two

reactants influences the rate-limiting step is supported by the
mass spectra characterizing the effluent gas flowing from the
reactor when the catalyst was in contact with a stream of C2H4
+ D2 (under conditions of ethylene deuteration), showing that
the major product of the reaction was C2H4D2, with only
negligible formation of C2H3D3 and C2H2D4 (Figure S5). This
result points to a migratory insertion as the likely rate-
determining step, with the simultaneous adsorption of C2H4
and activation of D2 (or H2) playing a role in the catalysis.47

The weaker affinity of the iridium complex on zeolite HSSZ-53
for ethylene ligands accounts for the higher activity for H2
dissociation when both reactants compete for bonding
positions on the same catalytic sites. Thus, the observation
that the rate of ethylene hydrogenation catalyzed by the zeolite
HSSZ-53-supported iridium complex is lower than that
catalyzed by the zeolite HY-supported complex, together with
the inference that the zeolite HSSZ-53-supported iridium
complex interacts more weakly with C2H4, suggests that the
rate of the reaction catalyzed by the electron-deficient iridium
complexes (on zeolite supports) is limited by adsorption of
C2H4, not by H2 activation.
In summary, the results presented here, together with results

reported previously, indicate that the rate of ethylene
hydrogenation catalyzed by the isostructural Ir(C2H4)2
complexes is limited by the H2 dissociation when the iridium
is electron rich (on the MgO support), whereas the rate-
limiting step is C2H4 adsorption when the iridium is electron
deficient (on the zeolite supports).

■ CONCLUSIONS

The molecular iridium complex catalyst supported on the
highly crystalline zeolite HSSZ-53 is the first example of a well-
defined metal complex anchored in one-dimensional zeolite
channels. This highly uniform supported molecular catalyst is
ideally suited for elucidation of its chemistry. The data
presented here, together with results characterizing isostructural
Ir(C2H4)2 complexes on HY zeolite and on MgO, show the
influence of the supports as ligands controlling the electronic
properties of the iridium complexes and influencing their
reactivities with gas-phase CO, C2H4, and H2 as well as their
catalytic activities for ethylene hydrogenation and H−D
exchange in the reaction of H2 + D2. The results identify the
rate-limiting steps in ethylene hydrogenation catalysis: H2
activation on the electron-donating MgO and C2H4 adsorption
on the electron-withdrawing zeolites.

■ EXPERIMENTAL METHODS

Materials and Sample Preparation. Standard methods
were used for sample synthesis and handling with the exclusion
of moisture and air. H2 was supplied by Airgas (99.999%) and
purified by passage through traps containing reduced Cu/Al2O3
and activated zeolite 4A to remove traces of O2 and moisture,
respectively. Helium (Airgas, 99.999%) and ethylene (Airgas,
99.99%) were purified by passage through similar traps. CO
(Matheson, 99.999%), in a 10% mixture in helium, was purified
by passage through a trap containing activated γ-Al2O3 particles
and zeolite 4A to remove any traces of metal carbonyls from
the high-pressure gas cylinders and moisture, respectively.
Deuterium (99.8% D2) was purchased from Cambridge Isotope

Figure 11. Correlation between rate of catalytic ethylene hydro-
genation (A) and H2/D2 exchange activity in the presence of C2H4 (B)
of the supported iridium complex on various supports and the
frequency of νCO bands when the iridium complex had been
carbonylated by treatment with a pulse of CO (20 mL) in helium at
298 K (a higher νCO frequency indicates that the iridium complex is
more electron deficient).
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Laboratories. The aluminosilicate HSSZ-53 zeolite, synthesized
as described elsewhere,9 was calcined in flowing, dry O2 as its
temperature was increased at a constant rate from room
temperature to 723 K over 5 h followed by a soak at 723 K for
an additional 1 h, after which the O2 flow to the reactor was
stopped and the reactor evacuated at 723 K for an additional 1
h. After calcination, the zeolite was isolated and stored in an
argon-filled glovebox (MBraun, with H2O concentrations <0.5
ppm and O2 concentrations <5 ppm) until it was used. n-
Pentane solvent (Fisher, 99%) was dried and purified by
column chromatography (Grubbs apparatus, MBraun SPS) in
the presence of argon.
The precursor Ir(C2H4)2(C5H7O2) was synthesized as

described elsewhere.16 To prepare the zeolite-supported
iridium complex, Ir(C2H4)2(C5H7O2) and the calcined zeolite
powder in a Schlenk flask were slurried in dried n-pentane that
was initially at ice temperature. The stirred slurry was warmed
to room temperature, and, after 1 day, the solvent was removed
by evacuation for 1 day, so that all the iridium remained in the
zeolite. The resultant solid, containing 1.0 wt % iridium, was
stored in the argon-filled glovebox.
IR Spectroscopy and Mass Spectrometry. A Bruker IFS

66v/S spectrometer with a spectral resolution of 2 cm−1 was
used to collect transmission IR spectra of powder samples.
Approximately 30 mg of solid sample in the glovebox was
pressed into a thin wafer and loaded into a cell that served as a
flow reactor (In-situ Research Institute, Inc., South Bend, IN).
The cell was sealed and connected to a flow system that
allowed recording of spectra while the reactant gases flowed
through the cell at reaction temperature. Each spectrum is the
average of 64 scans.
The effluent gas was analyzed by mass spectrometry (Balzers

OmniStar).
Ethylene Hydrogenation Catalysis in a Flow Reactor.

Ethylene hydrogenation catalysis was carried out in a
conventional laboratory once-through tubular plug-flow reactor
that was nearly isothermal. The catalyst powder (30 mg),
diluted with 10 g of inert, nonporous α-Al2O3, was loaded into
the reactor in a glovebox and transferred to the flow system
without exposure to air. In the catalytic reaction experiments,
the feed C2H4 partial pressure was 200 mbar and the feed H2
partial pressure was 400 mbar, with the balance being helium.
The feed flow rate was 100 mL/min and the pressure was
atmospheric. The temperature was 298 ± 1 K.
Products were analyzed by online gas chromatography with

an HP-6890 gas chromatograph equipped with a 50 m × 0.53
mm DB-624 capillary column (J & W Scientific) and a flame
ionization detector. The effluent gas from the reactor was
sampled every 12 min for analysis. The ethylene conversions
were less than 5%, and the reactor was approximated as
differential.
H−D Exchange Experiments. Measurements were carried

out in a plug-flow reactor the same as that used for ethylene
hydrogenation. The catalyst (30 mg), mixed with 5 g of
particles of inert, nonporous α-Al2O3, was loaded into the
reactor in a glovebox and transferred to the flow system without
exposure to air. The feed C2H4, H2, and D2 partial pressures
were each 200 mbar, and the balance was helium. The total
flow rate was 100 mL/min. The pressure was atmospheric and
the temperature 298 ± 1 K. Mass spectra of the gases
introduced into the flow system and of the effluent stream
flowing from the reactor were measured with an online Balzers
OmniStar mass spectrometer running in multi-ion monitoring

mode. Specifically, changes in the signal intensities of H2 (m/z
= 2), D2 (m/z = 4), HD (m/z = 3), CO (m/z = 28), C2H4 (m/
z = 26, 27, and 28), C2H6 (m/z = 26, 27, 28, and 30), C4H8
(m/z = 41 and 55), C4H10 (m/z = 43 and 56), C2H4D2 (m/z =
32), C2H3D3 (m/z = 33) and C2H2D4 (m/z = 34) were
recorded. The reported intensity values were corrected by
subtracting background intensities recorded while the reaction
mixture bypassed the flow reactor.

X-ray Absorption Spectroscopy. Ir LIII-edge X-ray
absorption spectra were recorded at beamline X18-B at the
National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. The storage ring electron energy and ring
currents were 2.8 GeV and 200−300 mA, respectively. A Si
(111) double-crystal monochromator was used, which was
detuned to 80% of maximum intensity to reduce the
interference of higher harmonics present in the X-ray beam.
In an N2-filled glovebox at NSLS, the powder catalyst sample

was pressed into a wafer, mounted in a cell,48 and maintained
under vacuum (10−5 kPa) at liquid nitrogen temperature during
the data collection. The mass of each sample (approximately
0.3 g) was chosen for optimal absorption measurements at the
Ir LIII edge (11215 eV), giving an X-ray absorbance of
approximately 2.0 calculated at an energy 50 eV greater than
the absorption edge. Spectra were collected in transmission
mode by use of ion chambers mounted on each end of the
sample cell. For calibration purposes, measurement of the
absorption of a platinum foil, placed after the sample, was
carried out simultaneously.

EXAFS Data Analysis. The X-ray absorption edge energy
was calibrated with the measured signal at the Pt LIII edge of
the platinum foil that was scanned simultaneously with the
sample; the edge was taken to be the inflection point at 11564
eV. The data were normalized by dividing the absorption
intensity by the height of the absorption edge.
The EXAFS data were analyzed with the software ATHENA

of the IFEFFIT49,50 package and the software XDAP,
developed by Vaarkamp et al.51 Each spectrum subjected to
analysis was the average of two to four consecutively recorded
spectra. ATHENA was used for edge calibration, deglitching,
and data normalization. XDAP was used for background
removal, normalization, and conversion of the data into an
EXAFS (χ) file. A “difference-file” technique52 involving
analysis of individual shells was applied with XDAP for
determination of optimized fit parameters. Each spectrum was
processed by fitting a second-order polynomial to the pre-edge
region and subtracting this from the entire spectrum. The
functional that was minimized and the function used to model
the data are stated elsewhere.52 The background was subtracted
by using cubic spline routines. Reference backscattering phase
shifts were calculated with the software FEFF753 from
crystallographic data. Ir(C2H4)2(C5H7O2)

16 was used as a
standard for Ir−O, Ir−C, and Ir−Clong contributions; Ir−Al
alloy54 was used as a standard for Ir−Al contributions, and
iridium metal54 was used for Ir−Ir contributions. These
contributions were selected as candidates for the EXAFS
analyses because they were all considered plausible on the basis
of reports of similar supported organometallic complexes and
clusters.18 Iterative fitting was done in R (distance) space with
the Fourier-transformed EXAFS (χ) data until optimum
agreement was attained between the calculated k1- and k3-
weighted EXAFS data and each candidate model.
The error in the data was calculated as the root-mean-square

of the value obtained by subtraction of smoothed χ data from
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the background-subtracted experimental χ values. Goodness of
fit values were calculated with the software XDAP, as follows:
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Here the terms χmodel and χexp are the model and experimental
EXAFS values, respectively; σexp is the error in the experimental
results; ν is the number of independent data points in the fit
range; NPTS is the actual number of data points in the fit
range; and Nfree is the number of free parameters. The number
of parameters used in the fitting was always less than the
statistically justified number, computed according to the
Nyquist theorem:55 n = (2ΔkΔr/π) + 1, where Δk and Δr,
respectively, are the k (wave vector) and r (interatomic
distance) ranges used in the fitting.
Aberration-Corrected STEM Imaging. Images were

obtained with a JEOL JEM-2100F electron microscope at the
University of California, Davis. The microscope was equipped
with a FEG, operating at 200 kV, with a CEOS hexapole probe
(STEM) aberration corrector. The images were captured by a
HAADF detector with a collection semiangle of 75−200 mrad
and a probe convergence semiangle of 17.1 mrad. The imaging
dose was approximately 105 e− Ǻ−2. Prior to imaging of the
sample, the aberration corrector was aligned with a Pt/Ir on
holey carbon standard sample (SPI supplies) until atomic
resolution of the metal particles was achieved and the lattice
spacing of the metals in the standard sample were confirmed.
Sample Handling for Electron Microscopy. To

minimize the exposure to air and moisture, powder samples
in the argon-filled glovebox were loaded onto a lacey carbon
film, 300-mesh copper grid (Ted-Pella). The grid was placed
into an Eppendorf tube that was sealed with Parafilm. Still in
the glovebox, each Eppendorf tube was placed into a stainless-
steel Swagelok tube sealed with O-rings for transfer to the
microscope. There, an argon-filled glovebag (Glas-Col) was
purged five times with ultrahigh-purity argon (Praxair, grade
5.0), and the TEM grid was loaded onto the TEM holder under
a blanket of flowing argon in the glovebag. The TEM holder
was then inserted into the nearby microscope under a flow of
argon, with any exposure to air lasting less than 5 s.
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