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Two catalysts were prepared (ca. 1 wt% Ir), one withmetal particles located on the external surface of zeolite NaY and the other
withmetal particles located inside the zeolite supercages. The two catalysts exhibited very different activities and selectivities for the
hydrogenolysis of n-butane, with the Ir inNaY catalyst much less active and less selective (53% ethane) than the Ir onNaY catalyst
(83% ethane). The differences in catalytic activity and selectivity between Ir onNaY and Ir inNaY are attributed to differences in
the size of the activemetal particle, an ensemble effect, and not to the location (encagement) of the particle.
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1. Introduction

The hydrogenolysis of ethane to produce two equiva-
lents of methane is one of the simplest catalytic reactions
involving a hydrocarbon and a supported metal, and it
has been examined in great detail [1,2]. The hydrogeno-
lysis of n-butane provides additional information con-
cerning selectivity as well as catalytic activity. It is
understood that hydrogenolysis reactions are ``structure
sensitive'', which means that activities and selectivities
can be significantly altered by slight changes in the struc-
ture of the catalytically active metal particle [3]. A full
understanding of this structure sensitivity is a desirable
goal. Zeolite supported metal catalysts are particularly
interesting, since the traditional functions of an oxide
support, viz., limiting metal particle aggregation or pro-
viding a proton source in bifunctional systems [4], are
supplemented by the size and shape selectivity enforced
by thewell-defined zeolite lattice [5^11].

The formation of iridium carbonyl clusters
(Ir4(CO)12 or Ir6(CO)16) inside the supercages of zeolite
NaY by controlled reduction (CO/H2) of an ion-
exchanged zeolite has been extensively reported [12^16].
It has recently been shown that it is possible to form these
same materials from the reduction of an organometallic
precursor that has been absorbed by the zeolite [17]. The
use of organometallic precursors allows the formation
of metal clusters and, through subsequent activation,
metal particles inside the supercages of NaY without
acidification of the zeolite.

We believed it would be of general interest to examine
the properties of two distinctly different catalysts invol-
ving zeolite NaY and Ir: one derived from Ir4(CO)12

selectively placed on the external surface of the zeolite
matrix and the other derived from Ir4(CO)12 formed
inside of the zeolite framework. Activation of these
materials in H2 at 773 K was expected to lead to two
compositionally similar catalysts which could be com-
pared on the basis of particle size and location. We have
found in the hydrogenolysis of n-butane by these cat-
alysts, the one derived from Ir4(CO)12 on NaY is much
more active and selective than the one derived from
Ir4(CO)12 in NaY. Extensive characterization of these
two systems through infrared spectroscopy of chemi-
sorbed CO, scanning transmission electron microscopy,
and X-ray absorption spectroscopy indicates that the
observed catalytic differences are caused by ensemble
effects and are not due to electronic effects or shape
selective properties imposed by the zeolite support.

2. Experimental

2.1.Catalyst preparation

The preparation of Ir4(CO)12 in NaY (ca. 1 wt% Ir)
was performed using a modified literature procedure
[17] with standard Schlenk line techniques. Typically,
20 mg of Ir(CO)2acac (acac � acetylacetonate), pre-
pared by literature methods [18] and purified by subli-
mation, was dissolved in 20 ml of dry hexane and
introduced under N2 to 1 g of zeolite NaY (LZ-Y52,
Union Carbide), which had been treated under vacuum
at 100�C for ca. 2 h. Adsorption of Ir(CO)2acac by the
zeolite was complete within 5 to 10 min as indicated by
the disappearance of the yellow color of the solution.
The infrared spectrum of the supernatant then displayed
no CO bands. After stirring the slurry for 30 min, the
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supernatant was removed by cannula and the zeolite
was dried under vacuum for 2 h (25�C). The iridium con-
taining zeolite was exposed to flowing CO for 10 to 12 h
at 25^40�C until the sharp, characteristic CO bands of
Ir4(CO)12 in NaY (2068, 1925 cmÿ1) were observed in
the infrared spectrum of the material (KBr pellet, ca.
5 mg zeolite/300 mg KBr). Attempts to extract
Ir4(CO)12 from the zeolite with refluxing chlorobenzene
or with a solution of N(PPh3)�2 Cl

ÿ/CH2Cl2 were unsuc-
cessful, confirming encapsulation of the iridium cluster.

The preparation of Ir4(CO)12 on NaY (ca. 1 wt% Ir)
was performed by the addition of 1 g of dried zeolite
(vide supra) to a slurry of ca. 17 mg of Ir4(CO)12 dis-
persed in 50ml of cyclohexane. The slurry was stirred for
1 h before the solvent was removed under vacuum and
the zeolite dried under vacuum for another 2 h (25�C).
Weight percent loadings of Ir were established by ele-
mental analysis.

2.2.Catalytic studies

The zeolite supported iridium samples (ca. 250 mg)
were activated and tested on a catalyst line that includes
a gas handling system, catalytic reactor, and equipment
for analysis of the effluent [19,20]. Streams of hydrogen
(Matheson, 99.999%) and n-butane (Matheson, 99.0%)
were deoxygenated over Cr(II)/SiO2 and dried over acti-
vated molecular sieves. The Pyrex U-tube reactor con-
tained a course frit supporting the catalyst bed, which
was in contact with a thermocouple well containing an
Omega type-k chromel/alumel thermocouple. The reac-
tor was heated by a tube furnace controlled with an
Omega CN2011 temperature controller. A Packard
model 430 gas chromatograph with a flame ionization
detector was used to separate and quantify the hydrocar-
bon products (1=800 � 70, 10 wt% n-octane/Porasil col-
umn).

Prior to activation, each sample was flushed with H2
for 15 to 30 min to displace any air introduced into the
systemwhile loading the catalyst. The samples were acti-
vated by heating to 773 K (at 15 K/min) under a stream
ofH2 (40ml/min) and holding at 773K for 1 h. The sam-
ples were cooled to the appropriate temperature under a
continuous stream of H2 and n-butane was introduced
into the gas flow (H2/C4H10 � 40=4ml/min). Arrhenius
plots were constructed from data collected at tempera-
tures for which the conversion of n-butane was held
below 10% (450^575 K). Before collecting data at a new
temperature the catalyst was cleaned by heating in H2 to
773 K and holding for 1 h. The catalyst was then cooled
to the desired temperature and the process repeated.

2.3. Infrared spectroscopy

Supported samples for infrared studies were prepared
as described above and were pressed into wafers (75^
100 mg, 2 cm diameter, 3700 psi) suitable for infrared

transmittance studies. The wafers were loaded into a
temperature-controlled infrared cell (Harrick Scientific
model HTC-100), having KBr windows sealed with
Viton o-rings, which was then purged with H2. Samples
were heated to 723 K in H2 and held for 1 h. The samples
were then cooled to ambient temperatures and placed
under vacuum for ca. 1 h before being flushed with He
and sealed in a CO atmosphere for ca. 4 h. The sample
was evacuated and infrared spectra recorded with a
Perkin-Elmer 1750 FT-IR spectrometer. Background
spectra were determined from a zeolite wafer treated in
an analogous fashion.

2.4.X-ray absorption spectroscopy (XAS)

All XAS measurements were performed in a Lytle-
style catalyst cell (the EXAFS Company). The cell
allowed in situ X-ray fluorescence measurements with
an operating temperature up to 773K.Ametered flow of
H2 (Matheson, 99.999%) was passed through traps to
remove oxygen and water before entering the cell. To
avoid oxygen contamination during the experiments, the
volume surrounding the sample was continuously
purged with H2, and the shielding volume surrounding
the reactor was purged with He (Matheson, 99.995%).
Previously prepared, unactivated, catalyst samples (ca.
150 mg) were pressed into a pellet (1 mm� 10 mm). The
pellet was fastened to the sample mount of the Lytle cell,
and the cell was purged with H2 for 1 h. The temperature
was monitored with an Omega type-k chromel/alumel
thermocouple mounted directly on the sample stage.
The supported samples were activated by heating them
at 15 K/min in flowing H2 (40 ml/min) to a temperature
of 773 K and holding at that temperature for 1 h. The
samples were cooled to room temperature before mak-
ing the EXAFSmeasurements.

Fluorescence EXAFS data were taken on the Ir L3-
edge of the catalyst samples. Transmission EXAFS data
were taken at room temperature on the Pt L3-edge of the
reference compounds PtO2 and Pt metal dispersed on
Kapton tape. The thickness of the reference compounds
was approximately 4 �m as determined optically with a
microscope.

X-ray absorption data were measured at the
National Synchrotron Light Source, located at
Brookhaven National Laboratory, Upton, New York,
on the UIUC/AT&T beamline X16C. The X16C beam-
line uses a sagitally-focusing Si(111) crystal monochro-
mator, which focuses 3.5 mrad of light into a
0.3 mm� 1 mm beam spot at the sample. The focusing
dynamically follows the energy to maintain the beam
spot profile over the scan. The initial beam intensity I0
was measured with a six-inch ion chamber containing a
1 : 1 mixture of He and N2. The fluorescence was meas-
ured with a Lytle detector filled with Ar and placed at
90� to the incident beam. Before taking data on each
sample, the energy of the beam was calibrated to the
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inflection point of the Re L3-edge threshold by using a
sample ofRemetal.

The EXAFS data analysis was performed by follow-
ing the technique of Kinkaid et al. [22,23]. The back-
ground was subtracted in k-space by using a least-
squares fit to a cubic spline function with two knots. The
Fourier-filtered, k2-weighted data were fit by non-linear
least-squares to a three-shell model to determine the
average coordination number, N, the nearest neighbor
distances, R, the change in the threshold energy, �E0,
and the Debye^Waller factor, ��2, for each shell in k-
space. A Hanning window function was used to select
the shells for analysis. Ir^Ir scattering was modeled
using the Pt^Pt scattering function taken from Pt metal.
A Pt^O absorber^scatterer pair from PtO2 was used to
model the Ir^O scattering function.

For the Ir L3 XANES data, the step height was nor-
malized by straight line fits to the pre-edge and post-edge
(> 100 eV) regions.

2.5. Scanning transmission electronmicroscopy
(STEM)

Images were obtained on a Vacuum Generators
HB501 STEM operating at 100 keV. Samples were pre-

pared by dipping a carbon grid into a vial of previously
activated catalyst and shaking off the visibly excess
material.

3. Results

3.1.Hydrogenolysis of n-butane

The catalytic activities of Ir on NaY and Ir in NaY
are summarized in table 1. Arrhenius plots were con-
structed from the reaction rate (mol n-butane/mol Ir per
min) measured at several temperatures (figure 1). Ir in
NaY and Ir on NaY were found to have similar activa-
tion energies with calculated values near 190 kJ/mol.
Comparison of the normalized reaction rates at 473 K
shows Ir on NaY is approximately 30^40 times more
active than Ir inNaY for the hydrogenolysis of n-butane.
Product selectivities for the two catalysts are shown in
figure 2. The Ir on NaY catalyst is highly selective
towards ethane, whereas Ir inNaY is only slightly selec-
tive towards ethane. Product selectivity is relatively
independent of reaction temperature for Ir onNaYwhile
product distribution becomes more random with
increased reaction temperature for Ir in NaY.

Table 1
Hydrogenolysis of n-butane a

Catalyst Ea

(kJ/mol)
Temp.

range (K)
Rate b at
473K

%Methane
at 473K

%Ethane
at 473K

%Propane
at 473K

Ir onNaY (0.8 wt%) 177 (10) 436^474 0.8 (2) 8.9 83.2 7.8
197 (5) 438^475 0.69 (8) 8.9 83.2 7.8

Ir inNaY (0.8 wt%) 186 (15) 468^519 0.021 (9) 25.7 52.5 21.6
Ir inNaY (1.7 wt%) 185 (2) 455^508 0.025 (1) 25.2 50.0 24.7

a Values in parentheses are uncertainties at one standard deviation.
b Rate � molC4/mol Ir permin.

Figure 1. Arrhenius plots for the hydrogenolysis of n-butane. Ir on
NaY (open and closed triangles, separate catalyst samples, both 0.8
wt%); Ir in NaY (open circles � 0:8 wt%, closed circles 1.7 wt%).

Rate � �mol butane reacted)/(mol Ir) permin.

Figure 2. Selectivity profiles for the hydrogenolysis of n-butane by Ir
on NaY (open symbols) and Ir in NaY (closed symbols): methane

(triangles), ethane (squares), propane (diamonds).
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Comparison of the amounts of methane relative to pro-
pane indicate hydrogenolysis of a single carbon^carbon
bond is occurring in most cases (vide infra). Ir in NaY
was found to be relatively insensitive to wt% loadings of
Ir with respect to activity (on a per Ir basis) and selectiv-
ity.

3.2. Infrared spectroscopy of chemisorbedCO

The infrared spectra of CO chemisorbed on activated
Ir on NaY and Ir in NaY is given in figure 3. The spec-
trum for Ir on NaY shows a strong CO band at
2067 cmÿ1 with a shoulder near 2025 cmÿ1 while that of
Ir in NaY is much more complex (2130 (w), 2099 (sh),
2085 (vs), 2066 (s), 2060 (s), 2040 (s), 1816 (m)). The
spectrum of Ir in NaY is labelled at 2099, 2085, and
2040 cmÿ1.

3.3.X-ray absorption spectroscopy, EXAFSand
XANES

Figure 4 compares the Fourier-transformed EXAFS
data (not phase corrected) for Ir on NaY and Ir in NaY
(k-range ca. 3.5^13.0 Ðÿ1) from which the filtered data
(indicated by brackets) were taken and used for the fit-
ting procedure. The most striking feature in the radial
structure functions is the difference in the magnitude of
the first metal-shell between the two samples. The first
metal-shell for Ir on NaY is approximately three times
larger than the first metal-shell of Ir in NaY. Ir on NaY
also has a significant amount of higher shell structure
which is absent in Ir inNaY. Qualitatively, this indicates
the Ir particles of Ir onNaY are much larger and show a
greater degree of order than the Ir particles of Ir inNaY
(vide infra).

Quantitative structural parameters from the first-
shell EXAFS data of the catalystmaterial were extracted

by fitting the Fourier-filtered Ir EXAFS data, with the
phase shift and amplitude functions determined from
bulk Pt metal and PtO2 as model compounds. The
bracket in figure 4 indicates the limits of the Hanning
window function used to isolate and Fourier-filter the
first-shell data. Because of the overlap of the first metal-
shell and the low-Z shells, they were analyzed together
using a three-shell model. The Fourier-filtered data,
along with the appropriate fits and residuals, are shown
in figure 5.

The best fit to the Ir on NaY EXAFS data was
obtained using a three-shell fit with 8.7 Ir^Ir scatterers at
2.70 Ð and minimal contributions from two Ir^O scat-
terers. The best fit to the Ir in NaY EXAFS data was
obtained using a three-shell fit with 3.2 Ir^Ir scatterers at
2.68 Ð, 3.5 Ir^O scatterers at 2.55 Ð and 0.2 Ir^O scat-
terers at 2.13 Ð. Fitting results for both catalysts are pre-
sented in table 2.

The higher shell structure observed for Ir on NaY in
figure 4 indicates that three-dimensional particles of fcc
packed Ir are formed during activation. Specifically,
shells are seen at 2.51 (R1), 4.41 (R3), and 5.07 Ð (R4),
which correspond to bulk Ir metal with 12 nearest neigh-
bors at 2.715 Ð (R1), 24 neighbors at 4.702 Ð (R3), and
12 neighbors at 5.430 Ð (R4). A shell at R2 (6 neighbors
at 3.84 Ð in bulk Ir) in the radial structure function is not
readily assigned as it is obscured by the multiple scatter-
ing interactions observed at 3.29 and 3.93 Ð. By truncat-
ing the data over a slightly different k range (4^12 Ðÿ1),
the assignment of a shell at R2 is readily made (figure 6).
It is generally agreed that the presence of a shell atR2 is a
key indicator of a three-dimensional particle as opposed
to a two-dimensional particle [23,24].

The magnitude of the first metal shell can be corre-
lated with metal particle size [25^29]. Assuming a three-
dimensional particle morphology for the Ir particles of

Figure 3. Infrared spectra of CO chemisorbed onto Ir on NaY and Ir
in NaY. The spectrum of Ir in NaY is labelled with arrows at 2099,

2085, and 2040 cmÿ1.

Figure 4. Comparison of the Fourier-transformed, k2-weighted
EXAFS data for the Ir L3-edge of activated Ir on NaY and Ir in NaY
collected at 300 K (k � ca:3:0^13.0 Ðÿ1). The bracket shown in each
figure indicates the limits of the Hanning filter used to select the first

shells in the analysis.
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Ir onNaY, an average particle size of 2.0^2.5 nm is esti-
mated from the first-metal-shell coordination number.
Similar Ir particles (N � 8:5) supported on silica have
been estimated to contain 100 atoms [30]. The first-
metal-shell coordination number of 3.2 found for Ir in
NaY suggests the Ir particles formed after activation
contain 4 to 6 Ir atoms and have an average particle size
of ca. 0.8 nm [17,30b,31,32].

The XANES data (figure 7) suggests the Ir particles
of activated Ir in NaY and Ir on NaY are electronically
similar, since the intensities and position of the white
lines are the samewithin 5%.

3.4. Scanning transmission electronmicroscopy
(STEM)

STEM images for activated Ir on NaY and Ir in NaY
are given in figure 8. The STEM image of Ir on NaY
shows the presence of highly dispersed Ir particles which
are roughly 2 nm in diameter. The STEM of Ir inNaY is
relatively barren, indicating the occlusion of small Ir
particles inside the zeolite. No regions containing large
Ir particles (> 3 nm)were observed for Ir inNaY.

4.Discussion

4.1.Catalyst characterization

4.1.1. Particle structure
The infrared spectra of CO chemisorbed on the acti-

vated catalysts shows the Ir particles of Ir on NaY
(2067 cmÿ1 ) and Ir in NaY (2085, 2066, 2060,and 2040

A

B

Figure 5. Fourier-filtered data (1.8^3.2 Ð), solid line, with correspond-
ing fits, broken line, and residuals, dashes, for (A) Ir onNaY and (B) Ir

inNaY.

Table 2
EXAFS fitting results for Ir onNaYand Ir inNaY

N a R b (Ð) �E0
c ��2 d

Ir onNaY Ir^Ir 8.74 2.70 1.25 ÿ0:0019
Ir^O 0.78 2.53 ÿ3:29 ÿ0:0027
Ir^O 0.07 2.08 ÿ7:00 ÿ0:0089

Ir inNaY Ir^Ir 3.23 2.68 8.30 ÿ0:0032
Ir^O 3.57 2.55 ÿ1:78 ÿ0:0099
Ir^O 0.20 2.13 ÿ9:68 ÿ0:0077

a Average coordination number.
b Nearest neighbor distance.
c Relative absorption energy.
d RelativeDebye^Waller factor.

Figure 6. Fourier-transformed, k2-weighted EXAFS data for the Ir
L3-edge of Ir onNaY (k range 4^12Ð ÿ1).

Figure 7. Comparison of the XANES data for the Ir L3-edge of Ir on
NaY (dashed line) and Ir inNaY (straight line).
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cmÿ1) to be highly dispersed, as indicated by the domi-
nance of high-frequency terminal carbonyl groups [33].
The more complicated spectra exhibited by Ir in NaY
could well reflect a distribution of Ir environments
within the zeolite or possibly interactions between the
carbonyls and the zeolite walls [34,35].

The EXAFS data of Ir on NaY is very similar to
EXAFS studies of highly dispersed Ir supported on
either alumina or silica [36,37]. Both types of Ir particles

show a large first-metal-shell feature as well as higher
metal-shell structure. Depending upon the method of
preparation, first-metal-shell coordination numbers of 6
to 11 are commonly reported for Ir particles formed on
amorphous supports. The Ir^Ir bond distance of 2.70 Ð
and the low Debye^Waller factor found for the Ir parti-
cles of Ir on NaY agree with reported literature values
for Ir supported on silica and alumina as well. A three-
dimensional, fcc close packed model is proposed for the

Figure 8. STEM images (X � 2� 106) of activated (A) Ir onNaYand (B) Ir inNaY.
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Ir particles of Ir on NaY based upon the higher shell
structure seen in the Fourier-transformed EXAFS data.
This conclusion is consistent with reports of Ir on amor-
phous supports where it was concluded that the particles
aremore nearly spherical than ``raft-like'' [24].

Similarly, the EXAFS data of Ir in NaY resembles
the EXAFS data reported for other Ir particles dispersed
within zeolites [17,30b,31,32]. A comparison of fitting
results is provided for the Ir particles of Ir in NaY with
the highly dispersed, zeolite supported Ir particles
described by Gates (table 3). The Ir particles of Ir in
NaY are quite similar to those reported by Gates, which
were formed via the decarbonylation of Ir4(CO)12,
Ir6(CO)16 and Ir4(CO)ÿ11 encaged within zeolites NaY
and NaX in H2 at 573 K. The Ir particles formed from
the reduction of an ion exchanged KLTL zeolite were
found to be of comparable size aswell to that of the parti-
cles reported in this study. The systems summarized in
table 3 all show a low first-metal-shell coordination and
a significant interaction of Ir centers with the support.
These particles are best described as 4 to 6 Ir atom clus-
ters.

The particle sizes estimated from EXAFS suggests
the Ir particles of Ir on NaY should be located on the
external surface of the zeolite while the Ir particles of Ir
in NaY are small enough to reside in the zeolite super-
cage. These conclusions have been confirmed by STEM
images, which show highly dispersed, ca. 2 nm particles
supported on the external surface of the zeolite are pres-
ent for Ir onNaY, whereas very few observable features
are present for Ir inNaY.

4.1.2. Particle electronic state
The similarity of the absorption threshold resonance in
the XANES data for the Ir L3-edge obtained for these
systems indicates the Ir particles of Ir in NaY and Ir on
NaY have very similar electronic states. X-ray absorp-
tion edge studies have proven useful in the examination
of the electronic structure of supported metal catalysts,
as the absorption threshold resonance can be directly
related to the electron population of the outer d orbitals
of the metal [38]. Variation in the electronic structure of
the metal with changes in particle size is expected, as
highly dispersed metals have a greater amount of sup-
port interactions. However, the difference is often slight
and frequently not above the limits of uncertainty of the
XANES measurements [38]. A change in the absorption

threshold resonance with metal particle size has been
observed for Ir particles supported onMgO [39], but not
for Ir particles supported on alumina and silica. Thus,
XANES does not rigorously exclude the possibility of
electronic differences between Ir onNaY and Ir inNaY,
but the results do indicate that such differences, if pres-
ent, are rather subtle.

The infrared spectrum of chemisorbed CO is often
used as a probe of the electronic state of a supported
metal particle [35]. The stretching frequency of the CO
band is used as an indirect measure of the metal particle
electron density, as this is believed to be directly related
to the ability to donate electrons to the CO �� level. It
should also be realized that the location and intensities
of the CO bands will also be highly sensitive to the mor-
phology of the metal particle in addition to its electronic
state. The infrared spectra for chemisorbed CO reported
in this study do not appear to give significant insights
regarding the electronic nature of the supported iridium
particles. The Ir particles of Ir inNaYcannot be assigned
as either electron rich or electron deficient with respect
to the Ir particles of Ir on NaY, as the former exhibits
CO bands that are both higher in wavenumber and lower
in wavenumber than the CO band at 2067 cmÿ1 seen for
the latter.

We have been unable to show that anymajor electron-
ic differences exist between the metal particles in these
two systems. In contrast, we have been able to show that
dramatic differences exist concerning the size and mor-
phology of the Ir particles found in Ir onNaY in compar-
ison to Ir in NaY. We therefore believe the catalytic
differences exhibited by these two systems are the result
of structural effects rather than electronic effects.

4.2.Hydrogenolysis of n-butane

An important aspect of the hydrogenolysis data is the
mass balance of the various products arising from C^C
bond cleavage. For hydrogenolysis reactions using Ir in
NaY, mass transfer limitations could significantly com-
plicate the interpretation of the data, especially the selec-
tivity of the catalyst, since secondary reactions of the
hydrocarbon are more likely to occur when intraparticle
diffusion rates in the zeolite lattice approach the reaction
rate. For the butane system, however, the conditions
used in this study yield equal molar amounts of methane
and propane (figure 2). Thus, the secondary conversion
of ethane to methane or of propane to methane and
ethane can be discounted, and the kinetic parameters
measured can be assumed to be intrinsic ones.

The activation energies calculated for Ir on NaY and
Ir in NaY are similar to other reports of the hydrogeno-
lysis of n-butane by supported Ir [40^47]. The high activ-
ity and selectivity to ethane exhibited by Ir on NaY is
typical for highly dispersed Ir particles [40] and is consis-
tent with the structural description provided for the Ir
particles in this system. The low selectivity towards

Table 3
Comparison of Ir in NaY EXAFS fitting results with other highly dis-

persed (ca. 1 wt%) Ir/zeolite catalysts

Catalyst N Ir^Ir N Ir^O (total) Treatment Ref.

Ir inNaY 3.2 3.77 773K,H2 this work
[Ir6]/NaY 3.6 2.86 573K,H2 [17]
[Ir4]/NaX 3.0 3.05 573K,H2 [32]
Ir/KLTL 3.2 3.7 573K,H2 [31]

4.2 1.9 773K,H2
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ethane exhibited by Ir in NaY is typical of large (3^
4 nm) Ir particles [40], a situation which is not consistent
with the structural description deduced for the Ir parti-
cles of Ir in NaY. In addition, while the selectivity of n-
butane hydrogenolysis is known to be sensitive to the Ir
particle size, the reaction rate, expressed on a per surface
iridium basis, was found to be independent of this
parameter over a particle size range of 1 to 7 nm
(determined by electron microscopy) [40]. Again, this is
inconsistent with the observed activities as Ir on NaY
was found to bemuchmore active than Ir inNaY.

Despite a significant amount of study concerning the
hydrogenolysis of n-butane by Ir [40^49], themechanism
which leads to the high selectivity towards ethane dis-
played by small Ir particles is not understood.
Comparison of the activation energies for a series of
alkanes led to the suggestion that Ir particles adsorb n-
butane in a ``C2 unit'' mode by adsorption at two adja-
cent carbon atoms and that as particle size changed so
did the preferred mode of C2 unit adsorption [40]. Single
crystal studies have led to the suggestion that small Ir
particles display a large selectivity to ethane as the result
of a mechanism involving a sterically demanding metal-
locyclopentane intermediate that forms at single Ir cen-
ters [43].

Our initial goal in this study was to exploit the shape
selectivity of the zeolite support to perhaps disfavor the
formation of a metallocyclopentane or a certain C2 unit
mode of adsorption. However, the dramatic loss of cat-
alytic activity for the Ir in NaY system suggests we are
actually observing the results of an ensemble effect.
Previous studies have indicated that a minimum number
of adjacent, catalytically activemetal atoms are required
to efficiently catalyze the hydrogenolysis of hydrocar-
bons [50,51]. This minimum ensemble of atoms is the
number of atoms required to abstract H atoms from the
hydrocarbon, provide an adsorption site for the olefinic
intermediate, break the C^C bond, and hydrogenate the
resulting surface species to form lower molecular weight
hydrocarbons. It has been reported that the chemisorp-
tion of ethane involves ca. five contiguous metal atoms
[51,52], while the complete hydrogenolysis of ethane
requires a larger ensemble of ca. 12 metal atoms [51^54].
Similarly, the complete hydrogenolysis of n-butane is
reported to require ca. 20^24 metal atoms [54], but the
partial hydrogenolysis (breaking a single C^C bond)
should not require an ensemble substantially larger than
that required for the hydrogenolysis of ethane. Although
the absolute number of atoms required in such an ensem-
ble, and whether or not the ensemble size is element spe-
cific, is open to debate, it is noted that the suggested
ensemble of 12 metal atoms is twice as large as the 4^6
metal atom particles of Ir in NaY and is much smaller
than the 100metal atom particles of Ir onNaY. This esti-
mate of critical ensemble size lends support to the idea
that the hydrogenolysis of n-butane by Ir in NaY is
ensemble size limited.

There is a large body of literature that suggests
electronic effects, both inherent in the metal particle
and induced by the support [55], play a dominant role in
reactions catalyzed by supported metals. Gates has
observed that very small Ir particles supported on MgO
have lower activity in propane hydrogenolysis com-
pared to larger Ir particles [56]. Gates has also observed
that small Ir particles supported on various oxides have
lower activity in structure insensitive reactions
(hydrogenation) compared to larger Ir particles [57]. It
was noted that the small Ir particles interacted with H2
more strongly than did larger Ir particles and that this
was probably due to electronic differences between the
two [57]. While electronic differences between Ir on
NaY and Ir in NaY may be responsible for some of the
catalytic differences observed in these systems, our fail-
ure to detect such differences leads us to conclude that
structural factors are more important than electronic
ones.

5. Conclusions

Two heterogeneous catalysts have been prepared,
one derived from Ir4(CO)12 supported on zeolite NaY
and one derived from Ir4(CO)12 supported in NaY. The
two catalysts behaved quite differently in a structure sen-
sitive reaction, the hydrogenolysis of n-butane, with Ir
onNaY displaying a greater activity and selectivity than
Ir in NaY. Extensive characterization of these two sys-
tems by IR, STEM, and EXAFS has revealed two struc-
turally different systems with the Ir particles of Ir on
NaYmuch larger andwith a greater degree of order than
the Ir particles of Ir in NaY. XANES has demonstrated
negligible differences exist between the electronic states
of the Ir particles in these systems. In contrast to the
large body of literature which has focused on the
electronic properties of zeolite supported metal cat-
alysts, we are compelled to argue the catalytic differ-
ences exhibited by these two systems are based upon
ensemble effects and not electronic or encagement
effects.
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