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Iridium clusters incorporating about six atoms each, on aver-
age, were prepared in KLTL zeolite by decarbonylation (in H; at
400°C) of iridium carbonyl clusters formed by treatment of ad-
sorbed [Ir(CO)z(acac)] in CO at 1 atm and 175°C. The supported
species were characterized by infrared and extended X-ray absorp-
tion fine structure (EXAFS) spectroscopies. The iridium carbonyls
formed from [Ir(CO),(acac)] were predominantly [HIr;(CO)11]™
with a small amount of [1r(CO),] . The synthesis chemistry of irid-
ium carbonyls in the basic KLTL zeolite parallels that in basic solu-
tions. Shifts of the vco bands of the iridium carbonyl clusters relative
to those of the same clusters in solution indicate strong interac-
tions between the clusters and zeolite cations. The decarbonylated
sample, approximated as Irg/KLTL zeolite, is catalytically active
for toluene hydrogenation at 60-100°C, with the activity being ap-
proximately the same as those of Ir, and Irg clusters supported on
metal oxides, but an order of magnitude less than that of a con-
ventional supported iridium catalyst consisting of aggregates of
about 50 atoms each, on average. The catalyst is also active for
conversion of n-hexane + H; at 340-420°C, but the selectivity for
aromatization is low and that for hydrogenolysis is high, consis-
tent with earlier results for conventionally prepared (salt-derived)
iridium clusters of about the same size supported in KLTL zeo-
lite. The zeolite-supported iridium clusters are the first prepared
from both salt and organometallic precursors; the results indicate
that the organometallic and conventional preparation routes lead to
supported iridium clusters having similar structures and catalytic
properties.  © 1997 Academic Press

INTRODUCTION

Interest in zeolite-supported metals has been heightened
by the discovery of highly selective alkane dehydrocycliza-
tion catalysts consisting of platinum clusters in zeolite LTL
(1-3); these catalysts are made conventionally from salt pre-
cursors and applied industrially for naphtha conversion (4,
5). For years, researchers have found it difficult to deter-
mine the sizes of metal clusters and particles in and on

1 To whom correspondence should be addressed.

zeolites, but recent work with Pt/LTL zeolites has shown
that in well-prepared catalysts the platinum is presentin the
form of extremely small clusters, about 5-12 atoms each, on
average (6-9), as shown by extended X-ray absorption fine
structure (EXAFS) spectroscopy and transmission electron
microscopy.

These clusters are so small as to be considered nearly
molecular in nature. There are still only a few well-
documented examples of such supported clusters, most of
them prepared from molecular and ionic organometallic
precursors, such as [Irs(CO)1,] (10-12) and [Irg(CO)1s]*~
(13, 14). These precursors on support surfaces have been
decarbonylated with the cluster frames almost intact to give
nearly uniform clusters, represented as Ir, and Irg, for ex-
ample (9-14). Irg in NaY zeolite has been reversibly recar-
bonylated, as indicated by infrared spectroscopy (15, 16).
These results demonstrate connections between molecular
and supported metal clusters (17) and suggest additional
opportunities for preparation of supported metal clusters
that are virtually molecular in character.

Almost all the supported metal clusters that have been
characterized in some depth (which, to us, implies charac-
terization by EXAFS spectroscopy) are iridium. Thus, to
meet the goal of comparing supported metal cluster cata-
lysts prepared from organometallic precursors with those
prepared conventionally from salt precursors, we have in-
vestigated iridium clusters in KLTL zeolite. Catalysts pre-
pared from salt precursors were reported recently (18, 19);
catalysts prepared from organometallic precursors are re-
ported here. The samples were characterized by infrared
and EXAFS spectroscopies and tested as catalysts for
toluene hydrogenation and n-hexane reforming.

EXPERIMENTAL METHODS

Materials

[Ir(CO),(acac)] [dicarbonyl(acetylacetonato)iridium(l),
99%, Strem] was used as received. KLTL zeolite (K: Al
atomic ratio = 1.08, Union Carbide) from a batch that was
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used in related work (18, 19) was washed with deionized
water until the pH of the solution was about 9 and then
dried at 120°C overnight. The zeolite was crushed into fine
powder, calcined at 400°C, and placed in a Braun MB-150M
N-filled glovebox. n-Hexane (>99% purity, Aldrich) and
toluene (99.7%, J. T. Baker) were degassed by sparging
of N, (99.997%, Liquid Carbonic) for 2 h before use. He
(99.995%) and CO (CP grade, 99.5%) were supplied by
Liquid Carbonic and passed through traps containing par-
ticles of Cu,O and zeolite 4A to remove traces of O, and
moisture. H, with a purity of 99.999% was generated by a
Balston H; generator (Type 75-33) and passed through the
same traps used for He.

Catalyst Preparation

Introduction of [Ir(CO),(acac)] into zeolite. The KLTL
zeolite calcined at 400°C was brought into contact with
[Ir(CO),(acac)] in degassed n-hexane in a Schlenk flask
under N,. The mixture was stirred for 2 days at room tem-
perature and dried by evacuation for 8 h at room tempera-
ture. The iridium content of the solid was calculated to be
1 wt% on the basis of results indicating that the uptake was
virtually complete during the adsorption.

Carbonylation. The KLTL zeolite-supported [Ir(CO),-
(acac)] was carbonylated by treatment in flowing CO in a
tubular reactor at 175°C for 10 h to form iridium carbonyl
clusters. The product was handled in the glovebox and char-
acterized by infrared spectroscopy and X-ray absorption
spectroscopy.

Decarbonylation. The KLTL zeolite containing iridium
carbonyl clusters was treated in flowing H, at 400°C for 2 h
to give decarbonylated iridium clusters supported in the
zeolite. The decarbonylated sample was characterized by
H, chemisorption and X-ray absorption spectroscopy.

Catalyst Characterization

H, chemisorption. H;, chemisorption was carried out
with an RXM-100 catalyst testing and characterization ap-
paratus (Advanced Scientific Design, Inc.). About 200 mg
of a sample incorporating iridium carbonyl clusters sup-
ported in KLTL zeolite was treated in H, at 400°C for 2 h
followed by evacuation at pressures <10~' Torr at 400°C
for 2 h. The sample was cooled to room temperature under
vacuum before the chemisorption experiments were car-
ried out. Adsorption isotherms were measured at 25°C and
pressures between 10 and 200 Torr. After the first isotherm
(representing chemisorption and physisorption) had been
measured, the sample was evacuated for 30 min at 25°C, and
the measurement of the second isotherm (measuring only
physisorption) was carried out. The difference between the
two isotherms represents the amount of H; irreversibly
chemisorbed on iridium.
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X-ray absorption spectroscopy. The X-ray absorption
experiments were performed on beamline 2-3 at the Stan-
ford Synchrotron Radiation Laboratory (SSRL) at the
Stanford Linear Accelerator Center, Stanford, California.
The storage ring operated with an electron energy of 3GeV,
and the beam current was 40-100 mA.

Wafers of sample for the transmission X-ray absorp-
tion spectroscopy experiments were prepared in a Ny-filled
glovebox (Vacuum Atmospheres) at the Synchrotron. The
wafers were prepared as follows: Each powder sample was
placed in a holder in the glovebox. The holder was placed
in a pressing die, and the sample was pressed into a self-
supporting wafer. After pressing, the sample in the holder
was mounted in a transmission EXAFS cell, described else-
where (20), and sealed.

Each sample was either scanned as is or treated in H;
at 400°C for 2 h before scanning. X-ray absorption data
were recorded with the sample under vacuum at approx-
imately liquid nitrogen temperature. Higher harmonics in
the X-ray beam were minimized by detuning the Si(220)
double-crystal monochromator by 15-20% at the iridium
Ly absorption edge (11215 eV).

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

EXAFS reference data. The EXAFS data were ana-
lyzed with experimentally determined reference files ob-
tained from EXAFS data for materials of known structure.
Details are given elsewhere (14). The parameters used to
extract these files from the EXAFS data are summarized in
Table 1.

Catalytic Reactions Catalyzed by KLTL
Zeolite-Supported Iridium Clusters

Toluene hydrogenation. Toluene hydrogenation cata-
lyzed by KLTL zeolite-supported iridium clusters was
carried out in a tubular flow reactor packed with catalyst
powder. The catalyst was pretreated in situ prior to the
rate measurements. Typically, 80 mg of catalyst sample
consisting of KLTL zeolite-supported iridium carbonyl
clusters was mixed with 800 mg of inert «-Al,O3 powder
and loaded into a Pyrex reactor to give a catalyst bed about
5 mm deep. The supported iridium carbonyl precursors
were decarbonylated in flowing H; at 400°C for 2 h to form
supported iridium clusters, followed by purging with He at
400°C for 0.5 h.

In a catalysis experiment, toluene was injected into the
flow system at a constant rate by an Isco liquid meter-
ing pump (Model 260D), flowing to a vaporizer held at
about 120°C. The reaction mixture consisted of H, and
vaporized toluene, which passed at atmospheric pressure
through the reactor at a total flow rate of 46 mI(NTP)/min.
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TABLE 1

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

Crystallographic data Fourier transform?

Reference
compound  Shell N r(A) Ref Ak(A™Y) Ar(A) n
Pt foil Pt-Pt 12 2.77 (21) 1.9-19.8 1.9-3.0 3
NaPt(OH)s Pt-O 6 205 (22) 14-177  05-20 3
[Ir4s(CO)12] Ir-C 3 1.87 (23) 2.8-16.5 1.1-2.0 3
Ir-O* 3 301 (23) 2.8-16.5 2.0-3.3 3
IrAlalloy  Ir-Al°P 8 258 (12) 27-12.0° 098-2.98 3

#Notation: N, coordination number; Ak, limits of forward Fourier trans-
formation (k is the wavevector); Ar, limits of shell isolation (r is the
absorber-backscatterer distance); n, power of k used for Fourier trans-
formation. O* is carbonyl oxygen.

b After subtraction of Ir—Ir contribution: N=6, r=2.98 A, Debye—
Waller factor Ac?=-0.001 A% inner potential correction AEq=
—3.3eV (12).

¢ Assuming that M was Al, a theoretical Ir-Al EXAFS function was
calculated with the FEFF4 program (24) and adjusted to agree with the
limited Ir-Al reference data obtained as described here for use of a larger
interval in k space for fitting the iridium data (12); however, M cannot be
identified with confidence, and the results given here are only illustrative.

The reactor was mounted in an electrically heated and
temperature-controlled Lindberg furnace. The effluent gas
mixture was analyzed with an on-line Hewlett-Packard
gas chromatograph (HP-5890 Series I1) equipped with a
DB-624 capillary column (J&W Scientific) and a flame ion-
ization detector. The catalytic activity was measured under
the following conditions: partial pressures Py, =710 Torr
and Pyouene = 50 Torr; temperature = 60, 80, or 100°C.

n-Hexane conversion with H,.  Reforming of n-hexane
to give benzene catalyzed by KLTL zeolite-supported irid-
ium clusters was performed in an apparatus similar to that
used for toluene hydrogenation. The powder catalyst sam-
ple (200 mg) consisting of KLTL zeolite-supported iridium
carbonyl clusters was mixed with 800 mg of «-Al,O3; and
loaded into a tubular stainless-steel reactor and treated in
flowing H; at 400°C for 2 h to form decarbonylated irid-
ium clusters on the support. The catalyst was cooled to the
reaction temperature in flowing H,. Vaporized n-hexane
was mixed with H; prior to passing through the catalyst
bed. The gas mixture at 1 atm flowed at a total rate of
22 mI(NTP)/min, with the molar ratio of H, to n-hexane
being 7. The conversion of n-hexane was measured at 340,
380, and 420°C.

RESULTS

Characterization of Iridium Carbonyl Clusters
Supported in KLTL Zeolite

Infrared spectroscopy. The solid formed by adsorbing
[Ir(CO),(acac)] in KLTL zeolite that had been calcined at
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400°C was beige in color after removal of the solvent, with
the vco infrared spectrum 2087 sh, 2063 s, 1979 s, 1955 sh
cm~! and an unidentified band at 1776 m cm~! (Fig. 1).
The vco bands at 2063 and 1979 cm~? indicate iridium di-
carbonyls (25); thus, the adsorbed mononuclear iridium
species is formulated as [Ir(1)(CO),]/KLTL. The band at
1776 cm™! is characteristic of the KLTL zeolite itself, ap-
pearing in the spectrum of KLTL zeolite before adsorption
of [Ir(CO),(acac)].

Treatment of the zeolite-supported iridium dicarbonyl
in CO at 175°C for 10 h led to an infrared spectrum
(vco: 2093 m, 2063 s, 2037 m, 2011 m, 1985 m, 1941 m,
1920 s, 1732 m, 1708 m cm™%, Fig. 2) suggesting the for-
mation of a mixture of iridium carbonyls. Part of this
spectrum (2093, 2063, 2037, 1732, and 1708 cm™!) re-
sembles the vco spectrum of [PPN][HIrs(CO)11] [PPN is
bis(triphenylphosphine)nitrogen(1+)] in CH3OH (25) and
that reported for [HIrs(CO)11]~ supported on partially de-
hydroxylated MgO (10) (Table 2); however, the terminal
vco bands are shifted to higher frequencies and the bridg-
ing vco bands to lower frequencies relative to those of
[HIrg(CO)11]~. The strong vco band at 1920 cm™? is at-
tributed to [Ir(CO)4]™ (25, 26); the terminal vco band is
shifted to a higher frequency relative to that of [Ir(CO)4]™
in solution (Table 2). The other (weak) vco bands in
Fig. 2 are not assigned; they may be minor bands of
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FIG. 1. Infrared spectrum of the species prepared by adsorption of

[Ir(CO)z(acac)] in KLTL zeolite calcined at 400°C.
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FIG. 2. Infrared spectrum of the species formed by treatment of ad-
sorbed [Ir(CO),(acac)] in KLTL zeolite in CO at 1 atm and 175°C for 10 h.

[HIry(CO)11]~ and [Ir(CO)4]; the possibility that there
were small amounts of other iridium carbonyl species can-
not be ruled out.

EXAFS spectroscopy. The normalized EXAFS data
characterizing the carbonylated iridium species supported
in KLTL zeolite (Fig. 3A) were obtained from the aver-
age of the X-ray absorption spectra of six scans. The raw
EXAFS data show oscillations up to k (the wavevector)
equal to about 16 A,

TABLE 2

Infrared Spectra in the Carbonyl Stretching Region Charac-
terizing Molecular Clusters and KLTL Zeolite-Supported Species
Formed by Carbonylation of Adsorbed [Ir(CO),(acac)] at 1 atm
and 175°C

Sample veo (em™) Ref.
[Ir(CO),(acac)] adsorbed in 2093 m, 2063 s, 2037 m, This work
KLTL zeolite, followed by 2011 m, 1985 m, 1941 m,
treatment in CO at 1 atm 1920's,1732 m and 1708 m
and 175°C for 10 h
[HIrs(CO)11]~ on partially 2084 w, 2047 s, 2013 m, (10)
hydroxylated MgO 1880 w
[PPN][HIrs(CO);1] in CH3OH 2030 sh, 2017 s, 1990 m, (25)
1980 sh, 1812 w
Na[Ir(CO)4] in THF 2000 w, 1898 s, 1868 sh (26)
[PPN][Ir(CO)4] in THF 1892's (25)
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TABLE 3

EXAFS Results Characterizing Iridium Carbonyl Clusters Pre-
pared from [Ir(CO),(acac)] Supported in KLTL Zeolite after
Treatment in CO at 175°C and 1 atm for 10 h

10% x Inner
Coordina- Debye-Waller potential
tion num- Distance, factor, correction, EXAFS
Shell? ber, N r(A) Ac?(AY)  AEy(eV) reference
Ir-Ir 291 2.731 1.22 —-1.20 Pt-Pt
I—-CO
Ir-O* 2.46 2.961 0.50 —-0.25 Ir-O*
Ir-Cq 2.10 1.886 —-3.22 —4.57 Ir-C
Ir-Cyp 0.79 2.043 —5.33 0.50 Ir-C
Ir-Ogupport ~ 2.09 2.477 12.00 —-2045 PO
Ir-Al 0.57 1.507 3.71 10.59 Ir-Al

@ The subscripts t and b refer to terminal and bridging, respectively.

The EXAFS data analysis was performed with the Kon-
ingsberger difference file technique (27, 28) and the XDAP
data analysis software (29) on the unweighted raw EXAFS
data in k space over the range 3.54 < k < 15.91 A~* as well
as in r space (r is the distance from the absorber Ir atom)
over the range 0 <r <4 A. The data analysis procedure is
essentially the same as that stated elsewhere (14).

The structural parameters determined in the data fitting
are summarized in Table 3. The number of parameters used
to fit the data in this main-shell analysis is 24; the statisti-
cally justified number, n, calculated from the Nyquist the-
orem (30) (n=2AKAr/7 +1, where Ak=12.37 A~! and
Ar=4 A), is approximately 32. Figures 3A and B show
the goodness of fit; the raw data are compared with the
fit in both k space and r space. The residual spectrum
shown in Fig. 3C was determined by subtracting the sum
of the Ir=Ir + Ir-Osypport + I-M contributions (where M is
an unidentified metal, possibly K, Al, or Si) from the raw
EXAFS data, giving evidence of the carbonyl ligands in the
carbonylated iridium species. The residual spectrum repre-
senting the Ir-Ir contribution is shown in Fig. 3D. The Ir-M
contribution was weak, and the data are not sufficient to
identify M.

Characterization of Decarbonylated Iridium Clusters
Supported in KLTL Zeolite

EXAFS spectroscopy. The normalized EXAFS data
(Fig. 4A) characterizing the decarbonylated iridium clus-
ters formed after treatment of the zeolite-supported irid-
ium carbonyl clusters were obtained from the average of
the X-ray absorption spectra of six scans. The raw EXAFS
data show oscillations up to k equal to about 16 AL

The EXAFS data analysis was carried out by essen-
tially the same procedure used for the carbonylated iridium
species. The data fitting was performed on the unweighted
raw EXAFS data in k space over the range 3.61 <k <
15.41 A~ as well as in r space over the range 0 <r < 4 A.
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FIG. 3. Results of EXAFS data analysis characterizing the iridium carbonyl clusters formed by treatment of adsorbed [Ir(CO),(acac)] in KLTL
zeolitein CO at 1atmand 175°C for 10 h: (A) raw EXAFS function (solid line) and sum of the calculated Ir=Ir 4+ Ir-C; + Ir—Cp + Ir=O* + Ir-Ogypport + 11—
M contributions (dashed line); (B) imaginary part and magnitude of Fourier transform (unweighted, Ak = 3.54-15.91 A1) of raw EXAFS function and
sum of the calculated Ir=Ir + Ir=C¢+ Ir=Cp + Ir=O* + Ir-Ogypport + I--M contributions (dashed line); (C) residual spectrum illustrating the contributions
of carbony! ligands: imaginary part and magnitude of Fourier transform (unweighted, Ak =3.54-15.91 A~?) of raw EXAFS data minus calculated
Ir=Ir + Ir-Osypport + II-M contributions (solid line) and calculated Ir—C+ Ir-Cy, + Ir-O* contributions (dashed line); (D) residual spectrum illustrating
the Ir-Ir contribution: imaginary part and magnitude of Fourier transform (unweighted, Ak =3.54-15.91 A1) of raw EXAFS data minus calculated
Ir=O* 4+ Ir=Cy + Ir=Cp + Ir=Osypport + Ir-M contributions (solid line) and calculated Ir-Ir contribution (dashed line).

The results of the EXAFS analysis confirm the presence
of Ir-Ir and Ir-support interactions; the latter include Ir—O;
and Ir-O, contributions (where s and I refer to short and
long, respectively); evidence of a weak contribution sug-
gested to be Ir-M (where M is K, Al, or Si, but cannot
be identified further) was also found. The structural pa-
rameters determined by the data fitting are summarized in
Table 4. The number of parameters used in this main-shell
analysis is 16; the statistically justified number, n, estimated
from the Nyquist theorem (30), is approximately 32. Com-
parisons of the raw EXAFS data with the fits in k space and
in r space are shown in Figs. 4A and B, respectively. The
residual spectra giving evidence of the Ir=Ir, Ir—Ogypport,
and Ir-M contributions are shown in Figs. 4C, D, and E,
respectively.

A sample of KLTL zeolite-supported iridium carbonyl
clusters was separately decarbonylated by treatment in He
(rather than Hy) at 400°C for 2 h. The EXAFS data char-
acterizing the decarbonylated iridium species indicate no
significant contributions that could be ascribed to Ir-Ir
interactions; rather, a significant Ir-Os contribution was
observed at a distance of about 2.0 A. The results show
that on removal of the carbonyl ligands from the metal
frame during the treatment in He, the iridium clusters
fragmented.

H, chemisorption. The difference between the two
adsorption isotherms resulted in a H:lIr ratio of 0.62
for the catalyst that had been decarbonylated in H, at
400°C.
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FIG. 4. Results of EXAFS analysis characterizing KLTL zeolite-supported iridium clusters formed by decarbonylation of KLTL zeolite-supported
iridium carbonyl clustersin H,at 400°C for 2 h: (A) raw EXAFS function (solid line) and sum of the calculated Ir—Ir + Ir-Os + Ir-O, 4 I-M contributions
(dashed line); (B) imaginary part and magnitude of Fourier transform (unweighted, Ak =3.61-15.41 A‘l) of raw EXAFS function (solid line) and
sum of the calculated Ir-Ir + Ir-Os+ Ir-O; + Ir-M contributions (dashed line); (C) residual spectrum illustrating the Ir—Ir contribution: imaginary
part and magnitude of Fourier transform (unweighted, Ak =3.61-15.41 A‘l) of raw EXAFS data minus calculated Ir—Os + Ir—O; + Ir-M contributions
(solid line) and calculated Ir—Ir contribution (dashed line); (D) residual spectrum illustrating the contributions of Ir-O interactions: imaginary part
and magnitude of Fourier transform (unweighted, Ak =3.61-8.0 A*l) of raw EXAFS data minus calculated Ir—Ir + Ir-M contributions (solid line)
and calculated Ir-Os + Ir—=O, contributions (dashed line); (E) residual spectrum illustrating the contributions of Ir-M contribution: imaginary part and
magnitude of Fourier transform (unweighted, Ak =3.61-8.0 A*l) of raw EXAFS data minus calculated Ir—Ir 4 Ir-O; + Ir-O, contributions (solid line)
and calculated I-M contribution (dashed line).
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TABLE 4

EXAFS Results Characterizing Iridium Clusters Formed by De-
carbonylation of Iridium Carbonyl Clusters Supported in KLTL
Zeolite in H, at 400°C

10° x Debye  Inner
—Waller potential
Coordination Distance, factor, correction, EXAFS

Shell  number,N r(A) Ac?(A?) AEq(eV) reference
Ir-Ir 4.17 2.727 1.03 —1.50 Pt-Pt
Ir=Osypport

Ir-Os 0.97 2171 1.96 —7.13 Pt-O

Ir-O, 0.80 2.700 -7.10 -10.34 Pt-O
Ir-Al 0.46 1.543 4.62 13.54 Ir-Al

Toluene Hydrogenation Catalyzed by Iridium
Clusters in KLTL Zeolite

Toluene hydrogenation was carried out with the catalyst
formed by treatment of iridium carbonyl clusters supported
in KLTL zeolite in H, at 400°C for 2 h, followed by purging
with He for 0.5 h. The toluene conversions were differential,
being less than 0.1%. [Plots of conversion versus inverse
space velocity were found to be nearly linear at conversions
less than 0.5% when the catalysts were iridium clusters on
various supports (31-33).] The activity of the catalyst de-
creased about 30-40% during an initial induction period
of about 1 h and then became almost time invariant. Thus,
the conversions indicate nearly steady-state operation fol-
lowing the induction period. The rates, calculated from the
conversions, are represented in units of moles of toluene
converted (g of catalyst - s)~* (Fig. 5). The apparent activa-
tion energy determined from the temperature dependence
of the reaction rates was found to be 6.0 kcal/mol.

The catalytic activity data for toluene hydrogenation
catalyzed by the iridium clusters supported in KLTL ze-
olite are compared in Table 5 with those reported for Irg

20

108xRate, mol/s-gram of catalyst

1 I I I 1
26 27 28 29 3.0 31

103x1/T, K

FIG.5. Arrhenius plot for toluene hydrogenation catalyzed by KLTL
zeolite-supported iridium clusters formed by decarbonylation of iridium
carbonyl clusters in KLTL zeolite in H; at 400°C for 2 h. Reaction con-
ditions: Pyojuene =50 Torr, Py, =710 Torr; total feed flow rate: 46 ml/min
(NTP); catalyst mass: 80 mg, 1 wt% Ir.
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TABLE 5

Comparisons of Rates of Toluene Hydrogenation Catalyzed by
Iridium Catalysts Supported in KLTL Zeolite and on y-Al,03 at
Ptoluene =50 Torr and Py, =710 Torr

Temperature 10% x TOF
Catalyst (°C) (molecules of toluene/Ir atom - s)?

Ire/KLTLP® 60 0.6
80 1.0

100 1.7

|r6/)/-A|203d 60 1.7
80 3.8

100 7.3

Iragyly-AlLOs" 60 13.9
80 25.3

100 50.4

2 TOF (turnover frequency) was calculated per surface Ir atom from
catalytic reaction rate data. Rates are per total surface Ir atom, with no
account taken of any effects of inaccessibility of Ir atoms associated with
the support.

b The iridium clusters in KLTL zeolite have an average nuclearity of
approximately 6, determined on the basis of the EXAFS results showing
a first-shell Ir-Ir coordination number of about 4.

¢ Irg was assumed to have 100% dispersion in KLTL zeolite.

9 Irg was assumed to have 100% dispersion on the surface of y-Al,O3
(14).

¢ Iridium aggregates were about 70% dispersed on the surface, as esti-
mated from the EXAFS data, assuming spherical particles (14).

on y-Al,O3z and for iridium aggregates (Iragg) on y-AlO3,
where the aggregates consisted of about 50 atoms each,
on average, corresponding to a dispersion of about 70%
(14). The catalytic activities are represented in Table 5 as
turnover frequencies; the values characterizing each of the
catalysts were estimated per surface atom, and the sup-
ported iridium clusters were assumed to be 100%o dispersed
on the support, with no account being taken of the possi-
bility that some of the Ir atoms were inaccessible because
of their interactions with the support. The data show that
KLTL zeolite-supported iridium clusters have about the
same activity as y-Al,Os-supported Irg clusters for toluene
hydrogenation, but the activity is an order of magnitude
less than that of Iragg/y-AlOs.

Catalysis experiments were carried out under the same
conditions with the supported iridium clusters formed after
treatment of iridium carbonyl clusters supported in KLTL
zeolite in Hy at 400°C for 2 h but without purging with He at
400°C prior to the measurements. The rate data show that
the activity of the catalyst pretreated under these conditions
was less than 10% of that of the catalyst pretreated in H;
followed by purging with He.

n-Hexane Reforming Catalyzed by Iridium
Clusters in KLTL Zeolite

n-Hexane reforming catalysis was carried out with the
Ir/KLTL zeolite formed by treatment of iridium carbonyl
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TABLE 6

Selectivities in n-Hexane Conversion Catalyzed
by Ir/KLTL Zeolite?

Reaction

Selectivity
temperature
(°C) C, C,—Cs i-Cg Benzene  Ultimate benzene
340° 0.196 0458 0.142 0.205 0.238
380° 0.478 0.309 0.029 0.194 0.200

2Reaction conditions: 1 atm total pressure, H,/n-hexane =7 (molar).
b n-Hexane conversion was 35% at 340°C.
“n-Hexane conversion was 91% at 380°C.

clusters supported in KLTL zeolite in H, at 400°C for 2 h.
At 340 and 380°C, the n-hexane conversions were about 35
and 91%, respectively; the products included C;—Cs hydro-
carbons, methylcyclopentane, hexenes, and benzene.

Selectivity for benzene is defined (34) as the amount of
n-hexane converted to benzene divided by the total amount
of n-hexane converted. Because the products include other
Cs hydrocarbons that would also react to form benzene, a
second definition of benzene selectivity, referred to as the
ultimate benzene selectivity, is also used to account for the
loss of Cg hydrocarbons resulting from hydrogenolysis (34).
The ultimate benzene selectivity is the mass of n-hexane
converted to benzene divided by the mass of n-hexane con-
verted to benzene plus light hydrocarbons (C;—Cs). Selec-
tivities for formation of the various products at 340 and
380°C are summarized in Table 6. The benzene selectivity
was about 20% in each case.

At 420°C, n-hexane was 100% converted, with 99% of
the n-hexane converted to C;—C3; hydrocarbons and 1%
converted to benzene; there were no measurable C4—Cg hy-
drocarbons other than benzene in the products.

The Ir/KLTL zeolite was found to be a stable catalyst for
n-hexane reforming (Fig. 6); it retained the same benzene
selectivity at the same conversion during 40 h of continuous
operation.

DISCUSSION

Iridium Carbonyl Clusters in KLTL Zeolite

Infrared spectroscopy. The infrared spectrum charac-
terizing the surface-bound iridium carbonyl species formed
by treatment of the mononuclear iridium dicarbonyl pre-
cursor in KLTL zeolite indicates the formation of a mix-
ture of iridium carbonyls, possibly including [HIr,(CO)11]~;
however, the shifts relative to those of this cluster anion are
so large as to make the suggested assignment only tentative.
If the suggested assignments are correct, then the shifts of
the terminal vco bands of [HIry(CO)11]™ and [Ir(CO)4]™
in KLTL zeolite to higher frequencies relative to those of
[HIry(CO)11]~ and [Ir(CO)4]™ in solution (Table 2) can be
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FIG.6. n-Hexane dehydrocyclization catalyzed by KLTL zeolite-

supported iridium clusters in a flow reactor: evidence of catalyst stability.
Reaction conditions: Ph-pexane =95 Torr, Py, =665 Torr; total feed flow
rate: 22 mI(NTP)/min; catalyst mass: 200 mg (1 wt% Ir).

interpreted as a consequence of electron withdrawal from
the metal framework by surface cations such as AP+ and
Si**, resulting in decreased backbonding resulting from the
interaction between the d orbital of the iridium atom and
the antibonding orbital of the CO ligand.

The shifts of the bridging vco bands of the clusters ten-
tatively identified as [HIry(CO)11]~ in KLTL zeolite to
lower frequencies (1732 and 1708 cm™1) relative to those
of [HIry(CO)11]~ in solution (1800 cm™?, Table 2) are con-
sistent with strong interactions of the oxygen atoms of the
bridging CO ligands with surface cations (35), leading to
weakened C—O bonding and decreased C—O stretching fre-
quencies. The appearance of two bridging vco bands (at
1732 and 1708 cm™Y) (instead of one) characterizing the
surface-bound iridium species is suggested to be a result of
interactions between the surface cations and the bridging
CO ligands with different orientations (36).

Shifts of the terminal vco bands to higher frequen-
cies and of the bridging vco bands to lower frequencies
in the infrared spectra of supported metal carbonyl clus-
ters have been reported by numerous investigators (17,
37), and such shifts have been interpreted (38, 39) as ev-
idence of adduct formation, whereby, for example, CO lig-
ands of [(CsHs)Fe(CO),]. interact with Lewis acids such as
Al(C,Hs)s.

Adsorbed organometallic compounds have been used to
probe properties of metal oxide surfaces, with the vco shifts
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of the adsorbed metal carbonyls being easily measured in-
dicators of the strength of the bonding of the adsorbed
species with surface cations (35, 40, 41). Relative to the vco
bands of [HIr,(CO)11]~ adsorbed on partially dehydroxy-
lated MgO (10), the terminal and bridging vco bands of
the clusters suggested to be [HIrs(CO)11]~ in KLTL zeolite
are shifted to higher frequencies and lower frequencies, re-
spectively. These results suggest that cluster anions interact
more strongly with the zeolite than with partially hydroxy-
lated MgO.

EXAFS spectroscopy. The EXAFS data characterizing
the iridium carbonyl clusters supported in KLTL zeolite
show an average first-shell Ir-Ir coordination number of
2.9, indicating iridium carbonyl clusters having a (nearly)
tetrahedral metal framework, consistent with the sugges-
tion that the clusters are [HIrs(CO)11] .

The EXAFS results indicate a total Ir—C coordination
number of 2.9 and an Ir-O* (O* refers to carbonyl oxygen)
coordination number of 2.5. The apparent discrepancy in-
dicated by the difference in the coordination numbers for C
and O* has been explained (13) as a result of multiple scat-
tering effects which lead to an underestimation of the Ir-O*
coordination number for bridging CO ligands. On the basis
of the more reliable Ir-C coordination number, we esti-
mate that there were approximately three carbonyl ligands
bonded to each iridium atom in the sample, on average. The
suggested structural model is in close agreement with the
structure of the anionic tetrairidium cluster, [HIrs(CO)11] ™,
which, in the crystalline state, has a tetrahedral metal frame
and 10 terminal and one bridging CO ligand per cluster (26);
there are three carbonyl ligands associated with each irid-
ium atom.

Therefore, on the basis of the EXAFS data, we infer
that the product formed from the mononuclear iridium
dicarbonyl precursor in KLTL zeolite was predominantly
[HIry(CO)11]7; this result is consistent with the infrared
data, which show that a small amount of [Ir(CO)4]~ was
also present in the sample.

Surface-Mediated Synthesis of Iridium Carbonyl Clusters

Surface-mediated syntheses have been reported for a
number of iridium carbonyl clusters (42). Neutral com-
pounds, including [Irs(CO)1,] and [Irg(CO)16], and anions,
including [HIr4(CO)11] ™, [1rs(CO)15)°~, and [Irg(CO)2]% ",
have been prepared from mononuclear iridium dicarbonyl
precursors on various metal oxide and zeolite supports, in-
cluding MgO (10, 25), y-Al,O3 (11, 14, 41), NaY zeolite
(15), and NaX zeolite (43). The synthesis chemistry on the
surfaces parallels the solution chemistry of iridium carbonyl
clusters, provided that the surfaces have acid-base proper-
ties comparable to those of the solutions (42).

KLTL zeolite is basic, and the basicity of this support is
recognized as important in affecting the state and catalytic
properties of the metal in the pores (34). Basic zeolites are
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media for the formation of anionic metal carbonyl clusters,
including [HIrs(CO)11]~ and [Irs(CO)15]%>~ in NaX zeolite
(43) and [Ptg(CO)15]*~ and/or related platinum carbonyls
in NaY zeolite and in some zeolite samples made basic by
addition of alkali hydroxides (44-46). Synthesis of Chini-
Longoni cluster anions (47), [Pt3(CO)g]>~ in zeolite LTL
was reported by Besoukhanova et al. (48). The structures
of the platinum carbonyls in zeolite LTL, however, are less
than well known; it is regarded as likely that mixtures were
present in some of the reported samples (44). Mojet and
Koningsberger (49) prepared platinum clusters (5-6 atoms
in average nuclearity) from a salt precursor in KLTL zeolite
that, on exposure to CO at room temperature, formed car-
bonylated species suggested on the basis of EXAFS data to
be [Pt(CO),]; stabilized by the zeolite pore walls.

The present work is the first report of the preparation of
iridium carbonyls in zeolite LTL. Treatment of iridium di-
carbonyls in KLTL zeolite in CO at 175°C led to formation
of [HIry(CO)11]™; in contrast, treatment of iridium dicar-
bonyls in NaX zeolite under the same conditions led to
formation of [Irg(CO)15]>~ (43). The straight, narrow pores
of KLTL zeolite could present steric limitations affecting
the size of metal carbonyl clusters that can form in the
pores; consistent with this statement, there is no evidence
of the bulky [Irg(CO),,]>~ in any zeolite, although it forms
on metal oxide surfaces (10).

The formation of [Ir(CO),]~ along with [HIrs(CO)11]~
in KLTL zeolite is indicative of the zeolite’s strong basicity.
The evidence of the need for strong basicity for the for-
mation of this anion was reported by Angoletta et al. (26),
who observed that [Ir(CO),]~ formed in strongly basic so-
lutions but not weakly basic solutions. Consistent with this
chemistry, Kawi and Gates (25) inferred that [Ir(CO)4]~
formed as an intermediate in the surface reaction lead-
ing to [HIry(CO)11]~ on MgO; the results of the present
work suggest that [Ir(CO)4]~ could have formed in KLTL as
an intermediate as well; presumably, it was not completely
converted into [HIrs(CO)11]~. Much remains to be learned
about KLTL zeolite as a synthesis medium for metal car-
bonyls, including identification of the source of hydrogen,
which is suggested to be surface OH groups.

Preparation of Decarbonylated Iridium Clusters
in KLTL Zeolite

Preparation of KLTL zeolite-supported iridium clusters
with high dispersions has been reported by Triantafillou
et al. (18, 19), who used an iridium salt precursor,
[Ir(NH3)sCI]Cly; the average iridium cluster size, deter-
mined by EXAFS spectroscopy, varied from about 7 to
20 A, depending on the zeolite K : Al atomic ratio (which
varied from 0.34 to 1.56). The data characterizing the irid-
ium clusters in the sample with a K: Al atomic ratio of 1.08
indicate that the clusters were extremely small, with aver-
age nuclearities of 4-6 atoms.
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In the present work, the K: Al ratio was also 1.08, and
iridium clusters nearly as small as the smallest ones ob-
served by Triantafillou et al. were prepared, now from
organometallic precursors. The results of the EXAFS anal-
ysis reported here show a first-shell Ir—Ir coordination num-
ber of about 4 (Table 4), consistent with the presence of oc-
tahedral Irg clusters in the zeolite pores. The lack of peaks
in the Fourier transform corresponding to higher-shell Ir—Ir
contributions indicates that there was no significant sinter-
ing of iridium to form larger clusters or crystallites inside
or outside of the zeolite pores. Therefore, we infer that
the clusters formed from the iridium carbonyl precursors
in KLTL zeolite were nearly uniform and nearly molecular
in character, having an average nuclearity of about 6.

The hydrogen chemisorption result indicates that the
chemisorption on these small iridium clusters in KLTL zeo-
lite is markedly less than that on (metallic) iridium particles
(50). Triantafillou et al. (19) observed H: Ir ratios as low as
0.30 and 0.63 for KLTL zeolite-supported iridium clusters
modeled as Ir4 and Irg, formed by reducing the iridium salt
precursors in H; at 300 and 500°C, respectively. The latter
value is in good agreement with the value (0.62) reported
here. Similar low H: Ir ratios have been observed for ex-
tremely small iridium clusters modeled as Ir, and formed by
decarbonylation of [HIry(CO)11]~ supported on MgO (51).

Triantafillou et al. (18) had also reported an H: Ir ratio
of 2.6 for KLTL zeolite-supported iridium clusters with nu-
clearities of about 4 and 6 atoms, respectively; however,
these ratios resulted from measurements of only single ad-
sorption isotherms representing both chemisorption and
physisorption and, therefore, giving high values of the H : Ir
ratios.

Triantafillou et al. (18) concluded on the basis of trans-
mission electron microscopy that their 4- to 6-atom iridium
clusters, formed by reduction of the salt precursor in H; at
500°C, were present predominantly in the zeolite pores. As
there is no evidence of clusters larger than approximately
6-atom clusters in our samples, we suggest that they were
also present predominantly in the zeolite pores.

Lack of Retention of Metal Framework of Iridium
Carbonyl Clusters during Decarbonylation
in KLTL Zeolite

Decarbonylation of supported tetrairidium or hexairid-
ium carbonyl clusters with (near) retention of the metal
frame has been reported to give Irs and Irg on MgO (10,
12, 13), Irg and Irg on y-Al,O3 (11, 14), Iry and Irg in NaY
zeolite (15, 52), and Ir4 in NaX zeolite (53). These results
demonstrate that there is some generality to the approach
of preparing structurally well-defined metal clusters by de-
carbonylation of metal carbonyl precursors.

In the present work, the KLTL zeolite-supported irid-
ium carbonyl clusters, predominantly [HIr,(CO)11]~, were
decarbonylated to give clusters that are approximated on
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the basis of the EXAFS data as Irg. Thus, we infer that the
tetrairidium clusters were not simply decarbonylated, but
instead were decarbonylated, possibly with slight aggrega-
tion to form a mixture of clusters that are represented, on
average, as hexairidium clusters.

Catalytic Activity of KLTL-Supported Iridium
Clusters for Toluene Hydrogenation

The catalytic activity of Ir/KLTL zeolite formed by treat-
ment of iridium carbonyl clusters in KLTL zeolite in H; at
400°C is three to four times less than that of Irg/y-Al,O3 for
toluene hydrogenation and an order of magnitude less than
that of Iragg/y-Al,O3 (Table 5). The Iragy/y-Al,O3 catalyst
was a conventional supported metal catalyst, incorporating
nonuniform particles of iridium that are regarded as large
enough to be nearly metallic in character (32). Considering
thattheiridiumclustersin KLTL have an average nuclearity
of approximately 6, nearly the same as that of Irg/y-Al,Os3,
we conclude that the catalytic properties of the supported
iridium clusters and those of the supported iridium aggre-
gates are significantly different from each other, with the
catalytic activity of the clusters being markedly less than
that of the aggregates. Similar results have been reported
characterizing catalytic activities of supported iridium clus-
ters,suchas Irson y-Al,0O3 (33) and Irsand Irg on MgO (32);
all of the supported clusters are less active for toluene hy-
drogenation than supported iridium catalysts with metallic
character. It was also reported (54) that Iry/MgQO is less ac-
tive than Irag/MgO for cyclohexene hydrogenation. Thus,
all the data are consistent with the conclusion (32, 55) that
the concept of structure insensitivity (56, 57) in metal catal-
ysis, which has been shown to be valid for supported metals
in the size range larger than about 10 A, does not extend to
smaller clusters such as Irs and Irg on metal oxide or zeolite
supports. The causes of the deviation from the pattern of
structure insensitivity are not yet elucidated (14, 32, 33).

A summary of the data allowing a comparison of the
catalytic activities of supported iridium cluster catalysts
(Table 7) shows that the activity increases in the or-
der Irg/MgO < Irg/KLTL zeolite < Irg/y-Al,O3. Likewise,
Irs/MgO has been shown less active than Iry/y-Al,O3
(Table 7). These data indicate a preliminary pattern of the
support effects on the catalytic activity of iridium clusters.
The effects are small, however, and more data are needed to
elucidate their nature; in particular, the comparison stated
here does not take account of differing degrees of hydrox-
ylation of the supports.

The data show that the Ir/KLTL catalyst that had been
pretreated in H, at 400°C but without purging with He at
the same temperature is about 90% less active than the
Ir/KLTL catalyst pretreated in H; followed by purging with
He. The results suggest that hydrogen might have been
strongly adsorbed on the Ir atoms during the pretreatment
and might thus have inhibited the catalysis by hindering the
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TABLE 7

Comparisons of Catalytic Activities of Supported Iridium Clus-
ters and Supported Iridium Aggregates for Toluene Hydrogena-
tion at Temperature = 60°C, Pyoluene = 50 Torr, and Py, = 710 Torr

10° x TOF

Catalyst (molecules of toluene/Ir atom - s)®° Ref.
Irs/MgO 0.63 (32)
Irsly-Al,O4 1.58 (33)
Ires/MgO 0.25 (32)
Ire/KLTL 0.64 This work
|I'5/)/-A|203 1.72 (14)
Itagely-AlLO5° 13.9 (14)

2 TOF (turnover frequency) was calculated per surface Ir atom from
catalytic reaction rate data. Rates are per total surface Ir atom, with no
account taken of any effects of inaccessibility of Ir atoms associated with
the support.

b Supported Ir, and Irg clusters were assumed to have dispersions of
100%.

Iridium aggregates were about 70% dispersed on the surface, esti-
mated from the EXAFS data, assuming spherical particles (14).

adsorption of toluene molecules on the catalytic sites. Such
an effect of hydrogen was also suggested by Xu et al. (32),
who showed decreased toluene hydrogenation rates for Ir,
and Irg supported on MgO that had been treated in H; at
300°C relative to those measured for similar catalysts that
had been pretreated only in He at 300°C. This suggestion,
however, is in need of critical examination; there are too
few data to rule out other possibilities, such as changes in
the morphology of the iridium clusters resulting from the
different treatments.

The apparent activation energy characterizing toluene
hydrogenation catalyzed by Ir/KLTL zeolite was found to
be 6.0 kcal/mol, which is approximately 50% lower than the
value reported for toluene hydrogenation catalyzed by Ir,
and Irg clusters supported on y-Al,O3, MgO, and NaY zeo-
lite (14, 32, 33); this activation energy is also approximately
50% lower than the values reported for supported Ir, Pt,
and Pd catalysts consisting of metallic particles on metal
oxide supports (58, 59). Thus, we suggest that the catalytic
activity of Ir/KLTL zeolite for toluene hydrogenation might
have been influenced by transport of the reactants or prod-
ucts in the narrow pores of the KLTL zeolite. Consequently,
the reaction rates reported for toluene hydrogenation may
be less than the intrinsic rates.

Catalytic Performance of KLTL-Supported Iridium
Clusters for n-Hexane Reforming

The Ir/KLTL catalyst was found to be low in selectivity
for n-hexane aromatization to form benzene, as is typical of
iridium catalysts; the selectivity for hydrogenolysis is cor-
respondingly high. The results are qualitatively consistent
with those reported by Triantafillou et al. (18, 19), who pre-
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pared their Ir/KLTL catalysts from salt precursors (in con-
trast to the organometallic precursor used in the present
work); however, the conversions observed in thiswork were
greater than most of those observed by Triantafillou et al.
(18, 19), and so the comparison is inexact.

CONCLUSIONS

Iridium carbonyls, predominantly [HIrs(CO)11]~ with a
small amount of [Ir(CO)4]~, were formed in KLTL zeo-
lite by treatment in CO at 175°C of mononuclear iridium
dicarbonyls formed by adsorption of [Ir(CO),(acac)]. De-
carbonylation of the supported iridium carbonyl by treat-
ment in H;, at 400°C resulted in clusters with an average
nuclearity of about 6 atoms each, on average, as deter-
mined by EXAFS spectroscopy. The Ir/KLTL catalyst is
active for toluene hydrogenation with turnover frequen-
cies at 60 to 100°C slightly less than those observed for Iry
and Irg clusters supported on MgO and on y-Al,O3, but an
order of magnitude less than those characterizing conven-
tionally prepared supported iridium catalysts consisting of
particles of about 50 atoms each, on average, which, in con-
trast to the clusters, are nearly metallic in character. The
Ir/KLTL catalyst is also active for the reaction of n-hexane
with H; at 340 to 420°C, but it is unselective for aromatiza-
tion and selective for hydrogenolysis, as is typical of iridium
generally.
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