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Clusters of rhodium and of iridium were synthesized in the cages
of the sodium form of the faujasite zeolite Y by decarbonylation of
zeolite-supported [Rhg(CO)16] or [1r2(CO)12] in Hy at 200 or 300°C,
respectively. Larger clusters (aggregates) of rhodiumor iridium con-
sisting of 10 to 20 atoms each on average were formed by treat-
ment of zeolite-supported [Rhg(CO)16] or [Irs(CO)16] in Hy at 250
or 300°C. The samples were characterized by extended X-ray ab-
sorption fine structure (EXAFS) spectroscopy under vacuum and
in (a) Hy, (b) propene, and (c) Ho/propene mixtures (with catalytic
hydrogenation taking place). The EXAFS data indicate that the
clusters or aggregates were intact, with the metal frames changed
undetectably in the presence of any of the gases, even during cata-
lysis and at temperatures up to 140°C. In the presence of propene
only, rhodium clusters showed changes in their X-ray absorption
near-edge spectra, but the iridium clusters did not. When propene
was present with H during catalysis, the near-edge spectra were
essentially the same as those characterizing the metal clusters (or
aggregates) in Hy only. The data are consistent with the inference
that the metal clusters, approximated as predominantly Irs or Rhg
(the latter not fully decarbonylated) are catalytically active them-
selves, as are larger aggregates of those metals.  © 1999 Academic Press

INTRODUCTION

Many of the advances in understanding of metal cata-
lysis have arisen from ultrahigh-vacuum surface science
experiments with single metal crystals. Notwithstanding
landmark advances in this understanding resulting from
investigations of surface and adsorbate structures, the pos-
sibility of complications such as corrosive chemisorption
casts doubt on the extrapolation of structures determined
under vacuum to those present during catalysis.

Recently, techniques such as scanning tunneling mi-
croscopy (STM) have begun to provide structures of
surfaces and adsorbates during catalytic reactions, even
at elevated temperatures (1-5). For example, islands of
coke on Pt (111) surfaces (1), benzene on step edges of Rh
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(111) (2), and active sites for CO oxidation on Cu (110)
surfaces (3) have been identified with STM. Infrared and
Raman spectroscopies also help to determine structures
of working catalysts; X-ray absorption spectroscopy has
provided information about changes in supported copper
particles occurring during methanol synthesis catalysis (6).
The spectroscopic methods are for the most part less than
sufficient for determining structures of catalytic species,
however, unless these species are simple and uniform
enough—i.e., nearly molecular, such as single-metal-atom
titanium complexes on supports (7, 8).

Metal clusters constitute a bridge between nearly molec-
ular species and surfaces (9, 10). Precisely synthesized
supported metal clusters have been prepared by removal of
ligands from organometallic precursors {e.g., [Ir4(CO)12],
[Irs(CO)15], [Rhs(CO)1¢], and [Rhs(CO)1s]~ (11-18)} and
shown by extended X-ray absorption fine structure
(EXAFS) spectroscopy to have almost unique and nearly
molecular structures, approximated, for example, as Iry
and Irg, on MgO (11, 12), y-Al,0O3 (13, 14), and zeolite Y
(15, 16), and clusters of rhodium approximated as Rhg in
zeolites Y and X (17, 18). Being small and nearly uniform,
these supported clusters are good candidates for structural
characterization in the working state.

In the research described here, metal clusters in the pores
of a faujasite (zeolite Y in the sodium form), identified
as predominantly [Rhg(CO)1¢], [1r4(CO)12], or [Irs(CO)16],
were treated to remove the carbonyl ligands, and the result-
ing structures were characterized by EXAFS spectroscopy
under vacuum and in the presence of (a) Ha, (b) propene,
and (c) catalytically reacting mixtures of H, and propene.
The results show that the decarbonylation of the precursor
metal carbonyl clusters led to the formation of clusters with
metal frames almost as small as those of the precursors or
to larger aggregates of metal, depending on the conditions.
The clusters as well as the aggregates were found to be in-
tact in the various gas atmospheres and during catalysis;
thus, the clusters themselves, as well as the aggregates, are
inferred to be the catalytic species for propene hydrogena-
tion.
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EXPERIMENTAL METHODS

Materials

Syntheses and sample transfers were conducted with ex-
clusion of air and moisture on a double-manifold Schlenk
vacuum line and in a Vacuum Atmospheres glovebox filled
with N, that was recirculated through traps containing par-
ticles of copper and zeolite to remove traces of O, and
moisture; typical O, and water concentrations were <2 and
1 ppm, respectively. Propene, N, H,, and He with purities
of 99.999% and CO (Puritan Bennett, UHP grade) were
also purified by passage through traps. Pentanes (Fisher,
HPLC grade) were dried over sodium benzophenone ketyl
and then deoxygenated by purging with flowing N for 2 h.
[Rh(CO),(acac)] [dicarbonylacetylacetonato rhodium (1)]
(Strem, 99%) and [Ir(CO),(acac)] [dicarbonylacetylaceto-
nato iridium (1] (Strem, 99%) were used as received. Ze-
olite Y in the sodium form was provided by the Davison
Division of W. R. Grace and Company; the Si: Al atomic
ratio was 9.6.

Sample Preparation

Preparation and handling of the air-sensitive materials
were carried out on a Schlenk vacuum line and in the
glovebox. The zeolite sample with a low water content was
prepared by flowing O, through the untreated powder at
300°C for 4 h. This treatment was followed by evacua-
tion at 300°C for 12 h; the sample was then cooled un-
der vacuum to room temperature and unloaded in the
glovebox. Zeolite-supported samples containing rhodium
or iridium were made by dissolving [Rh(CO),(acac)] or
[Ir(CO),(acac)] (60 mg/g of zeolite) in dried pentanes and
mixing the solution with zeolite that had either been evac-
uated at room temperature for 12 h or calcined. In each
preparation, the support was slurried with the precursor in
dried pentanes in a Schlenk flask under N,. After stirring
at room temperature for several days, the solvent was re-
moved by evacuation and the solid dried in vacuo (pressure
<1072 Torr) overnight. The resulting solids were stored in
the drybox. Carbonylation of the samples formed by ad-
sorption of either [Rh(CO),(acac)] or [Ir(CO),(acac)] in
the zeolite was carried out in a tubular flow reactor. Typi-
cally, 3 g of sample was loaded into the reactor and treated
in flowing CO for 12 h at 2 atm and a predetermined tem-
perature to give metal carbonyl clusters ([1r;(CO)1], 40°C;
[Rhg(CO)16], 125°C; and [Irg(CO)46], 175°C). The powder
was then unloaded in the drybox and characterized by in-
frared spectroscopy and EXAFS spectroscopy.

Infrared Spectroscopy

Transmission infrared spectra of the samples were col-
lected with a Bruker IFS-66V spectrometer with a spectral

resolution of 0.1 cm~*. Samples of the supported precursors
and samples prepared by carbonylation were pressed into
thin self-supporting wafers in the drybox and loaded into
a controlled-atmosphere infrared cell. The temperature-
controlled cell (part of a flow system) was connected to a
gas manifold allowing flow of He, H,, and CO. Each sample
was scanned 64 times and the signal averaged. The spectra
of the sample were ratioed to the spectrum of air.

X-ray Absorption Spectroscopy

The X-ray absorption spectroscopy experiments were
performed on X-ray beamline X-11A at the National Syn-
chrotron Light Source (NSLS) at Brookhaven National
Laboratory (Upton, NY). The storage ring operated at
an energy of 2.5 GeV with ring currents of 140-240 mA.
Transmission EXAFS and X-ray absorption near edge spec-
troscopy (XANES) experiments were carried out with
wafers prepared in an No-filled glovebox at the synchrotron.
A powder sample in the glovebox was placed in a holder in
the glove box, which was then placed in a die and pressed
into a self-supporting wafer. The wafer was loaded into an
EXAFS cell (19) and sealed. Typically, the cell was evacu-
ated immediately after removal from the glovebox.

X-ray absorption spectra were recorded with each refer-
ence compound (Table 1) and each catalyst sample under
vacuum and at temperatures between —150 and 140°C. Fur-
thermore, each sample was scanned in the presence of var-
ious gases and under catalytic reaction conditions; details
are givenin Tables 2-5. Higher harmonicsin the X-ray beam
were minimized by detuning the Si(111) double-crystal
monochromator by 15-20% at the Rh K edge (23,220 eV)
or the Ir Ly, edge (11,215 eV).

In the EXAFS experiments, N, Hy, or mixtures of H,
and/or N, and/or propene usually passed through traps con-
taining particles of copper and activated zeolite to remove
traces of O, and moisture and then passed through the
EXAFS cell mounted in the beam line. As the gases flowed,
EXAFS data were obtained.

X-ray absorption near-edge spectra were also recorded
for rhodium foil at room temperature and for the untreated
sample formed from the zeolite and [Rh(CO),(acac)].

Propene Hydrogenation Catalyzed in an EXAFS Cell

Measurement of Catalytic Activity

Propene hydrogenation catalyzed by zeolite-supported
rhodium or iridium clusters or aggregates was carried out
at 25°C in an EXAFS cell in the laboratory (not at the syn-
chrotron). The catalysts were pretreated in situ prior to
the catalysis experiments. Typically, 100 mg of sample was
pressed into a self-supporting wafer and loaded into the
cell, as was done at the synchrotron for EXAFS experi-
ments. The precursor in each sample was decarbonylated in
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TABLE 1

Crystallographic Data Characterizing the Reference Compounds and Fourier Transform
Ranges Used in the EXAFS Data Analysis?

Crystallographic data

Fourier transform

Ref. compd Shell N R (A) Ref Ak (A™h Ar (A) n
Rh foil Rh-Rh 12 2.69 20 2.86-19.60 1.62-3.12 3
Rh foil® Rh-Rh 12 2.69 20 41-15.8 1.78-2.77 3
RhNa® Rh-Na 1 1.75 This work 1.0-20.0 0-8.0 0
Rh;0; Rh-O 6 2.050 22 2.67-15.69 0.00-2.10 2
[Ru3(CO)12] Ru-C 4 1.910 23 3.71-14.80 0.95-1.87 1

Ru-O* 4 3.050 23 3.75-14.80 1.90-3.11 2
Pt foil Pt-Pt 12 2.77 20 1.9-19.8 1.9-3.0 3
Na,Pt(OH)s Pt-O 6 2.05 24 1.4-17.7 0.5-2.0 3
[1r4(CO)15] I-C 3 1.87 25 2.8-16.5 1.1-2.0 3
I-O* 3 3.01 25 2.8-16.5 2.0-3.3 3
IrAl alloy Ir-Ald 8 2.58 16 2.7-12.0° 0.98-2.98 3

2 Notation: N, coordination number for absorber-backscatterer pair; R, distance; Ak, limits used for
forward Fourier transformation (K is the wave vector); Ar, limits used for shell isolation (r is distance); n,

power of k used for Fourier transformation.

b Room-temperature data; used to analyze in situ data for supported Rh clusters.

¢ Calculated with FEFF 4.05.%

d After subtraction of Ir—Ir contribution: N = 6, R = 2.98 A, A2 (Debye-Waller factor) = —0.001 A2,

AE, (inner potential correction) = —3.3.%8

¢ A theoretical Ir-Al EXAFS function was calculated with the FEFF program?! 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 iridium data.?

flowing H, at a set temperature. A reaction mixture contain-
ing H, and propene at atmospheric pressure passed through
the EXAFS cell (reactor) at a total flow rate of 100 ml/min
(NTP); the cell was heated with cartridge heaters, and tem-
perature was controlled within only approximately +5°C.
The effluent gas mixture was analyzed with an on-line
Hewlett-Packard gas chromatograph (HP-5890, Series 11)
equipped with a DB-624 capillary column (J&W Scientific)
and a flame ionization detector.

The volume of the cell was about 125 ml, and the gas
flow rate was about 100 ml/min, giving an average resi-
dence time of about 1 min. The dimensions of the catalyst
wafer were approximately 1 x 4 x 16 mm. The mixture of

propene, H,, and N flowed largely around the wafer (rather
than through it) and through the space between the sample
holder and the cell block. The zeolite powder is character-
ized by an average particle size of about 5 um.

EXAFS Data Analysis

EXAFS Reference Data

The EXAFS data were analyzed with experimentally de-
termined reference files (16, 17). The parameters used to
extract these files are summarized in Table 1. Details of the
preparation of the reference files are presented elsewhere
(11, 27).

TABLE 2

EXAFS Results Characterizing NaY Zeolite-Supported Rhodium or Iridium Carbonyl Clusters?

Conditions in cell during scan

EXAFS parameters

Metal carbonyl Support

cluster pretreatment®® 9% Propylene % H, Temp (°C) Backscatterer N R (A) Ac? (A?) AE (eV)
[Rhs(CO)s¢] Yes 0 0 150 Rh 33 276 0.00050 23
[Rhs(CO)¢] No 0 0 ~150 Rh 38 2.76 ~0.00020 40
[1r4(CO)12] Yes 0 0 —150 Ir 26 2.70 0.00105 2.0
[Irs(CO)1e] Yes 0 0 ~150 Ir 33 2.68 0.00155 0.44

@ Samples were scanned under vacuum. Notation: R, absorber backscatterer distance. Other terms defined in Table 1.
b If no, the support was evacuated at room temperature for 12 h (following gas treatment for samples treated in O5).
¢ If yes, the support was calcined by flowing O, over the support at 300°C, followed by evacuation at 300°C for 12 h.
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TABLE 3

EXAFS Results Characterizing NaY Zeolite-Supported Rhodium and Iridium Clusters or Aggregates®

Catalyst pretreatment conditions

Conditions during scan®

EXAFS parameters Cluster
Treatment gas/ Support Temp or
Precursor Temp (°C) pretreatment®® 9% Propene % H, (°C) Backscatterer® N R(A) Ac?(A?) AE,(eV) aggregate
H2/[Rhg(CO)16] 200 Yes 0 0 25 Rh 3.2 2.69 0.00366 3.7 Cluster
(e} 20 219 0.01500 —6.6
C 40 1.99 0.01500 —14.2
HJ/[Rhs(CO)is] 250 No 0 0 25 Rh 59 267  0.00264 61  Aggregate
(e} 08 212 0.00367 -1.2
C 1.0 187 0.00707 195
Hy/[Iry(CO)15] 300 Yes 0 0 25 Ir 3.2 2.69 0.00404 —-04 Cluster
o 13 226 0.00357 -14.0
C 27 197 0.01500 —14.5
H/[Irg(CO)16] 300 Yes 0 0 25 Ir 46 2.68 0.00493 —0.3  Aggregate
(e} 22 221 0.00031 —-3.8
C 20 1.96 0.01500 —6.1

@ Notation as in Table 2.

b If no, the support was evacuated at room temperature for 12 h (following gas treatment for samples treated in O).
¢ If yes, the support was calcined by flowing O, over the support at 300°C, followed by evacuation at 300°C for 12 h.

4 The samples were scanned under vacuum.

¢ For rhodium samples, an additional long Rh-O contribution was fitted (typical values: N =1.7, R=3.0 A, Ac? = —0.004 A%, AE; = —10eV).
f Additionally, a long Ir-O contribution (typical values: N =0.5, R=2.8 A, Ac? = —0.003 A%, AE; = —20eV) and an Ir-Al contribution (typical
values: N=0.1, R=15 A, Ac? = —0.002 A2, AE, = 20 eV) were fitted.

TABLE 4

EXAFS Results Characterizing NaY Zeolite-Supported Rhodium and Iridium Clusters or Aggregates in the Presence of H,?

Catalyst pretreatment conditions Conditions during scan®

EXAFS parameters Cluster
Treatmentgas/  Temp Support Temp or
Precursor (°C)  pretreatment®® 9% Propene % H, (°C) Backscatterer®’ N R(A) Ac? (Az) AE, (eV) aggregate
H,/[Rhg(CO)16] 200 Yes 0 6 25 Rh 29 271 0.00316 -34 Cluster
(e} 06 228  —0.00340 —20.0
C 34 201 0.01500 —14.4
H,/[Rhg(CO)16] 250 No 0 6 25 Rh 53 268 0.00295 5.6 Aggregate
(e} 16 212 0.00561 —4.5
Cc 0.7 195 0.00036 —115
Ha/[Ir4(CO)12] 300 Yes 0 6 25 Ir 33 270 0.00420 1.6 Cluster
(e} 15 226 0.00498 —14.2
C 29 198 0.01500 -16.7
Ha/[1rs(CO)16] 300 Yes 0 6 25 Ir 46  2.69 0.00509 0.44 Aggregate
(e} 09 223 0.00049 —-34
C 30 197 0.01500 —6.9

@ Notation as in Table 2.

b If no, the support was evacuated at room temperature for 12 h (following gas treatment for samples treated in O).
© If yes, the support was calcined by flowing O, over the support at 300°C, followed by evacuation at 300°C for 12 h.

9 The samples under vacuum were scanned.

€ For rhodium samples, an additional long Rh—O contribution was fitted (typical values: N = 1.7, R = 3.0 A, Ac? = —0.004 A% AE, = —10 eV).
f Additionally, a long I--O contribution (typical values: N = 0.5, R=2.8 A, Ac? = —0.003 A2, AE; = —20 eV) and an Ir—Al contribution (typical

values: N = 0.1, R=15A, Ac? = —0.002 A2, AEq = 20 eV) were fitted.
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TABLE 5

EXAFS Results Characterizing NaY Zeolite-Supported Rhodium and Iridium Clusters or Aggregates in the Presence of Propene?

Catalyst pretreatment conditions Conditions during scan®

EXAFS parameters Cluster
Treatmentgas/  Temp Support Temp or
Precursor (°C)  pretreatment®® 9% Propene % H, (°C) Backscatterer*’ N R(A) Ac? (Az) AEg (eV) Aggregate
H./[Rhg(CO)16] 200 Yes 6 0 25 Rh 32 267 0.00361 6.2 Cluster
O 1.0 226 0.00241 —16.7
Cc 36 202 0.01500 —15.6
H./[Rhg(CO)16] 250 No 6 0 25 Rh 54 265 0.00343 8.3 Aggregate
(@] 13 211 0.00307 —5.3
Cc 0.7 195 —0.00173 -9.8
Ha/[Irs(CO)12] 300 Yes 3 0 25 Ir 38 267 0.00499 3.2 Cluster
O 12 221 0.00244 —34
C 33 197 0.01447 -10.8
Ha/[1r6(CO)16] 300 Yes 6 0 25 Ir 47 266 0.00530 2.0 Aggregate
O 12 222 0.00241 —14
C 27 199 0.01042 -75

@ Notation as in Table 2.

b If no, the support was evacuated at room temperature for 12 h (following gas treatment for samples treated in O5).

© If yes, the support was calcined by flowing O, over the support at 300°C, followed by evacuation at 300°C for 12 h.

9 When the sample was not under vacuum, the balance of the gas phase was N,.

€ For rhodium samples, an additional long Rh—O contribution was fitted (typical values: N = 1.7, R= 3.0 A, Ac? = —0.004 A2, AE, = —10 eV).
f Additionally, a long Ir-O contribution (typical values: N = 0.5, R=2.8 A, Ac? = —0.003 A%, AE, = —20 eV) and an Ir—Al contribution (typical

values: N = 0.1, R= 1.5 A, Ac?2 = —0.002 A2, AE, = 20 eV) were fitted.

Data Characterizing Zeolite-Supported Rhodium
Carbonyls and Iridium Carbonyls

Details of the analyses of the EXAFS data characteriz-
ing the supported iridium carbonyl clusters and rhodium
carbonyl clusters are presented elsewhere (16, 17). The un-
certainties in the EXAFS parameters are estimated to be
approximately the following (where M is Rh or Ir): M-M
first-shell coordination numbers, £20%; M-M near-neigh-
bor distances, +1%; M-low-Z scatterer coordination num-
bers, £50%; M—low-Z scatterer distances, +10%. Because
of the relatively large uncertainties in the M—low-Z param-
eters, the low-Z scatterers cannot all be identified with con-
fidence.

Data Characterizing Decarbonylated Samples
Formed from Rhodium Carbonyls

EXAFS data from two to six scans were averaged for
each sample. The normalized EXAFS functions were ob-
tained from the averaged X-ray absorption spectra by a
cubic spline background subtraction and normalized by di-
vision by the edge height (e.g., Fig. 1A). In the intermediate
and higher ranges of the wave vector k (8 <k <12 A‘l),
there are strong oscillations characteristic of metal-metal
interactions in each sample, consistent with the presence of
metal clusters or particles.

No attempt was made to smooth the EXAFS data; a
difference file technique (28, 29) was used to extract the
EXAFS parameters. EXAFS data characterizing clusters

formed by decarbonylation in the presence of H, were fitted
with Rh—-Rh, Rh—Ogypport, Rh—C, and Rh—-O* contributions
(where O* refers to carbonyl oxygen). Furthermore, when
the sample contained aggregated rhodium, second and third
Rh-Rh shells were fitted, at distances of about 3.8 and
4.65 A, respectively. The number of parameters used to fit
the data in these main-shell analyses was 16 or 24. The statis-
tically justified number n was estimated to be approximately
33 for each sample; the estimate is based on the Nyquist
theorem (30), n=(2AkAr/m)+1, where r is the metal-
scatterer distance, and Ak and Ar, respectively, are the k
and r ranges used in the forward and inverse Fourier trans-
formations (Ak and Ar are about 10 A~*and 5 A, respec-
tively). Details of the method are presented elsewhere (17).

Data Characterizing Decarbonylated Samples
Formed from Iridium Carbonyls

EXAFS data from two to six scans were averaged for each
sample. The normalized EXAFS functions were obtained as
stated above (e.g., Fig. 2A). Inthe intermediate and higher k
ranges (8 < k < 16 A~1), oscillations characteristic of metal-
metal interactions were found for each sample.

Using methods described elsewhere (14, 16), the EXAFS
data characterizing clusters formed by decarbonylation in
H,were fitted with Ir-Ir, Ir-C, Ir-Al, and two IO contribu-
tions. The number of fitting parameters in these main-shell
analyses was 20; the statistically justified number is approx-
imately 36 for each sample.
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FIG. 1. Results of EXAFS analysis characterizing the sample formed by treatment of [Rhg(CO);¢] supported in zeolite Y in H, at 250°C: (A) Raw

EXAFSfunction (solid line) and sum of the calculated Rh—Rh + Rh-O; + Rh—-C + Rh-O* contributions (dashed line). (B) Imaginary partand magnitude
of Fourier transform (unweighted, Ak =4.1-14.6 A‘l) of raw EXAFS function (solid line) and sum of the calculated Rh—-Rh + Rh-O; + Rh-C + Rh-0O,
contributions (dashed line). (C) Residual spectrum illustrating the Rh—Rh contribution; imaginary part and magnitude of Fourier transform (unweighted,
Rh-Rh phase and amplitude corrected, Ak =4.1-14.6 A‘l) of raw EXAFS data minus calculated Rh—-Os + Rh-C + Rh-0Oy contributions (solid line)
and calculated Rh—Rh contribution (dashed line). (D) Residual spectrum illustrating the Rh-low-Z backscatterer interactions; imaginary part and
magnitude of Fourier transform (unweighted, Ak =4.1-10 A‘l) of raw EXAFS data minus calculated Rh—Rh contribution (solid line) and calculated

Rh-O; + Rh-C + Rh-0O, contributions (dashed line).1

RESULTS

Infrared Evidence of Formation of Zeolite-Supported Rho-
dium Carbonyl Clusters and Iridium Carbonyl Clusters

When [Rh(CO),(acac)] in n-pentane solution was
brought in contact with the uncalcined or calcined zeolite,
the infrared spectra of the solid matched those (17) indicat-
ing rhodium dicarbonyls (31-34). Treatment of the sample
formed from [Rh(CO),(acac)] in uncalcined or in calcined
zeolite in flowing CO at 125°C for 12 h gave a spectrum
consistent with [Rhg(CO)16] (35-37); details are given else-
where (17).

Similarly, the precursor [Ir(CO),(acac)] in n-pentane so-
lution in contact with calcined zeolite gave samples with

spectra indicative of iridium dicarbonyls (38, 39). Treat-
ment of the sample in CO at 40 or 175°C for 12 h gave
samples with infrared spectra consistent with [Irs(CO)1;]
or [Irg(CO)16] (both isomers (40)), respectively.

EXAFS Evidence of Zeolite-Supported Rhodium
Carbonyls and Iridium Carbonyls

The EXAFS data (not shown) characterizing the sam-
ples formed from the uncalcined and from the calcined ze-
olite containing [Rh(CO),(acac)] under vacuum at about
—150°C, following treatment in CO, show oscillations up to
k values of about 16 A~1, consistent with Rh-Rh contribu-
tions (Table 2).
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Results of EXAFS analysis characterizing the sample formed by treatment of [Ir,(CO);,] supported in the calcined zeolite in H, at 300°C:

(A) Raw EXAFS function (solid line) and sum of the calculated Ir-Ir 4+ Ir-Os + Ir-C + 1-O; + Ir-Al contributions (dashed line). (B) Imaginary part
and magnitude of Fourier transform (unweighted, Ak =4.1-14.6 A‘l) of raw EXAFS function (solid line) and sum of the calculated Ir-Ir + I-O; + I-C
+ Ir=O, + Ir-Al contributions (dashed line). (C) Residual spectrumi illustrating the Ir—Ir contribution; imaginary part and magnitude of Fourier transform
(unweighted, Ir-Ir phase- and amplitude-corrected, Ak = 4.1-14.6 A‘l) of raw EXAFS data minus calculated Ir-Og + Ir--C + Ir-O, + Ir—=Al contributions
(solid line) and calculated Rh-Rh contribution (dashed line). (D) Residual spectrum illustrating the Ir-low-Z backscatterer interactions; imaginary
part and magnitude of Fourier transform (unweighted, Ak =4.1-10 A‘l) of raw EXAFS data minus calculated Ir-Ir contribution (solid line) and

calculated I-Os + I-C + I-O; + Ir—Al contributions (dashed line).

The EXAFS data (not shown) characterizing the
samples formed from the calcined zeolite containing
[Ir(CO),(acac)], following treatment in CO at 40 or 175°C,
show oscillations up to k values of about 16 A%, consis-
tent with Ir—Ir contributions. The fits of the Ir-Ir first-shell
contributions are presented in Table 2; additional fitting pa-
rameters are not presented; such results are available for
similar samples (16).

EXAFS Evidence of Partially Decarbonylated
Rhodium Clusters and Aggregates

The EXAFS data characterizing the decarbonylated
rhodium clusters scanned under vacuum and formed by

treatment of the calcined zeolite-supported [Rhe(CO)16]
in H, at 200°C for 2 h or by treatment of the uncalcined
zeolite-supported [Rhg(CO)4¢] in H; at 250°C for 2 h show
oscillations up to k values equal to about 16 A2, consistent
with Rh-Rh contributions and rhodium clusters or aggre-
gates, respectively, in the zeolite (Fig. 1).

The EXAFS data characterizing the sample formed by
treatment of the calcined zeolite-supported [Rhg(CO)1¢] in
H, at 200°C for 2 h were fitted satisfactorily by a Rh—-Rh
contribution, at 2.67 A, and Rh-low-Z contributions, ap-
proximated as a short Rh-O (2.1 A), Rh—-O* (3.0 A), and
Rh-C (1.97 A). The Rh-Rh first-shell coordination number,
3.3, is nearly equal to that of the rhodium carbonyl pre-
cursor. These results suggest that partially decarbonylated
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clusters formed with almost no change in the metal frame-
work nuclearity. Therefore, we infer that the clusters were
approximately hexarhodium, on average. The partially de-
carbonylated clusters had significantly fewer CO ligands
than the metal carbonyl precursor, as shown by infrared
spectroscopy (17).

To illustrate the goodness of the fits, comparisons of the
raw data and the fits in k space and in r space are shown in
Figs. 1A and 1B, respectively, for the clusters formed by the
treatment of zeolite-supported [Rhs(CO)16] in H, at 200°C.
A comparison of the residual spectrum formed by sub-
traction of Rh-low-Z contributions from the raw EXAFS
functions with that of the fitted Rh—Rh contribution is
shown in Fig. 1C. Subtraction of the Rh-Rh contribution
from the EXAFS function gives a residual spectrum that
includes any metal-support interactions as well as higher-
shell Rh—Rh contributions. Because the infrared data show
that the clusters were not fully decarbonylated, the residual
spectrum was fitted for Rh—Ogypport, RN-C, and one Rh-O*
contributions. The sum of the contributions is compared
with the appropriate residual spectrum in Fig. 1D. These
comparisons show that both the Rh—Rh and Rh-low-Z con-
tributions were fitted satisfactorily; however, the data are
not sufficient to identify the low-Z scatterers with confi-
dence (17).

The EXAFS data representing partially decarbony-
lated rhodium aggregates (characterized by infrared spec-
troscopy (17)) supported on uncalcined NaY zeolite and
formed by treatment of [Rhg(CO)46] in H, at 250°C for 2 h
were fitted satisfactorily by a Rh—Rh contribution, at 2.67 A,
and Rh-low-Z contributions, approximated as a short Rh—
O (2.1 A), Rh-0* (3.0 A), and Rh—C (1.97 A). The Rh-Rh
first-shell coordination number, 5.9, is considerably larger
than the value characterizing the rhodium carbonyl precur-
sor (3.8); the EXAFS data also indicate second- and third-
shell Rh—Rh contributions (at distances of 3.8 and 4.68 A,
respectively). Thus, these results indicate that rhodium ag-
gregates formed in the uncalcined zeolite, having approxi-
mate nuclearities of 15-20 atoms, on average (41). Infrared
spectra (17) show that these aggregates have significantly
fewer CO ligands than the clusters described in the pre-
ceding paragraph. The k-range used in the fitting and the
standard deviations in the EXAFS function characterizing
each decarbonylated sample were typically 4.2-14.7 A1
and 0.002, respectively. The EXAFS parameters estimated
in the data fitting are given in Table 3.

To summarize, the data show that treatment of calcined
zeolite-supported [Rhg(CO)46] in H, at 200°C led to the
formation of clusters consisting of approximately 6 atoms
each, on average. The clusters had significantly fewer CO
ligands than the precursor rhodium carbonyl. Henceforth,
we refer to the sample containing supported rhodium clus-
ters to contrast it to the sample formed by treatment of
uncalcined zeolite-supported [Rhg(CO)16] in H, at 250°C,

which incorporated rhodium entities having 15-20 atoms
each, on average, with few CO ligands, which we refer to as
aggregates.

EXAFS Evidence of Iridium Clusters

The EXAFS data representing the samples scanned un-
der vacuum at —150°C and formed by treatment of the cal-
cined zeolite-supported [Ir4(CO);2] in H, at 300°C for 2 h or
by treatment of the calcined zeolite-supported [Irs(CO)15]
in H, at 300°C for 2 h show oscillations up to values of k
equal to about 16 A%, consistent with iridium clusters or
aggregates (Fig. 2).

Because infrared spectra indicate that the iridium clus-
ters (or aggregates) had been fully decarbonylated (15, 16),
we represent the EXAFS data with Ir-Ir first-shell and Ir—
low-Z contributions not including Ir—O*. The Ir scatterers
are identified with confidence, but the low-Z scatterers are
not; candidates include O, Al, Si, Na, and C (the O and C
from possibly unconverted acac ligands, products of decar-
bonylation, and/or traces of residual solvent).

The averaged data representing the sample formed by
treatment of the calcined zeolite-supported [Ir4(CO)15] in
H;at 300°C for 2 h were fitted satisfactorily by the Ir-Ir con-
tribution and others approximated as a short Ir-O (2.1 A),
long I-0O (2.8 A), I-C (1.97 A), and (a tentatively identi-
fied) Ir-Al (1.5 A). The k-range used in the fitting and the
standard deviations in the EXAFS function for each decar-
bonylated sample were typically 4.2-14.6 A~* and 0.002,
respectively. The EXAFS parameters determined in the
fitting are summarized in Table 3. The Ir-Ir first-shell co-
ordination number, 3.2, is slightly larger than that of the
precursor iridium carbonyl (2.6). This result suggests that
some of the iridium may have aggregated to form clusters
having nuclearities greater than four atoms, with most still
being Iry. Thissample is referred to as containing supported
iridium clusters.

Comparisons of the data and the fits in k space and in
r space are shown in Figs. 2A and 2B, respectively, for
the clusters formed by treatment of zeolite-supported
[Ir4(CO)12] in H, at 300°C. Comparison of the residual spec-
trum formed by subtraction of Ir-low-Z contributions from
the EXAFS function with that of the fitted Ir-Ir contribu-
tion is shown in Fig. 2C. The residual spectrum was fitted
with an I—Osypport, @ long I—0O, and an I—C contribution.
The sum of the contributions is compared with the appro-
priate residual spectrum in Fig. 2D; the comparison shows
that the Ir—Ir and Ir-low-Z contributions were fitted satis-
factorily.

The data representing the sample formed by the treat-
ment of the calcined zeolite-supported [Irs(CO)16] in H at
300°C for 2 h were fitted satisfactorily by an Ir-Ir contribu-
tion and others approximated as a short Ir-O (2.1 A), long
Ir-O (2.8 A), I-C (1.97 A), and (a tentatively identified)
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Ir-Al (1.5 A). The EXAFS parameters are summarized in
Table 3. The Ir-Ir first-shell coordination number (4.6) is
significantly larger than that of the precursor iridium car-
bonyl (3.3), indicating some aggregation of the iridium, with
the resulting aggregates having about 10 atoms each, on av-
erage (41).

To summarize, when calcined zeolite-supported
[Iry(CO)12] was decarbonylated in H;, at 300°C, the Ir-Ir
first-shell coordination number increased from 2.6 to 3.2,
indicating that the metal may have aggregated slightly to
form clusters having about four atoms each, on average.
When [Irg(CO)16] was decarbonylated under the same
conditions, aggregates of about 10 atoms each, on average,
formed, as shown by an increase of the Ir-Ir first-shell
coordination number from 3.3 to 4.6.

0.4
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EXAFS Characterization of Supported Metal Clusters
and Aggregates in Various Atmospheres

The following section includes EXAFS results represent-
ing the several samples in various atmospheres. For brevity,
only a few results are stated in addition to the parameter
values given in tables.

Partially decarbonylated rhodium clusters or aggregates
were scanned at room temperature in the presence of 6%
H, in N,. The data representing the rhodium clusters, now
expected to include adsorbed hydrogen, were fitted satis-
factorily by a Rh—Rh contribution, atabout 2.71 A, and Rh-
low-Z contributions (Table 4; Figs. 3A and 3B). The data
characterizing rhodium aggregates indicate first-, second-,
and third-shell Rh—Rh contributions (Table 4; Figs. 4A and
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FIG. 3. Comparison of the X-ray absorption data characterizing supported rhodium clusters formed by treatment of [Rhg(CO);6] supported in
the calcined zeolite in H; at 200°C: (A) Magnitude of Fourier transform (k®-weighted, Rh—-Rh phase- and amplitude-corrected) of EXAFS data
characterizing sample with gas flowing through the cell containing H, and propene in N, carrier gas with compositions of (0% H,, 6% propene) (solid
line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line). (B) Scaled imaginary part and magnitude of Fourier
transform (k%-weighted, Rh-Rh phase- and amplitude-corrected) of EXAFS data characterizing sample with gas flowing through the cell containing
H; and propene in N, carrier gas with compositions of (0% H,, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,,
0% propene) (dashed line). (C) XANES characterizing sample with gas flowing through the cell containing H, and propene in N, carrier gas with
compositions of (0% H,, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line).
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FIG. 4. Comparison of the X-ray absorption data characterizing supported rhodium aggregates formed by treatment of [Rhg(CO);6] supported
in the uncalcined zeolite in H, at 250°C: (A) Magnitude of Fourier transform (k®-weighted, Rh—-Rh phase- and amplitude-corrected) of EXAFS data
characterizing sample with gas flowing through the cell containing H, and propene in N, carrier gas with compositions of (0% H,, 6% propene) (solid
line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line). (B) Scaled imaginary part and magnitude of Fourier
transform (k-weighted, Rh-Rh phase- and amplitude-corrected) of EXAFS data characterizing sample with gas flowing through the cell containing
H, and propene in N, carrier gas with compositions of (0% H,, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% Ho,
0% propene) (dashed line). (C) XANES data characterizing sample with gas flowing through the cell containing H, and propene in N, carrier gas with
compositions of (0% H;, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line).

4B). Results for the samples consisting of decarbonylated
iridium clusters or aggregates, scanned at room tempera-
ture in 6% H, in N, are summarized in Table 4, Figs. 5A
and 5B, and Figs. 6A and 6B.

These results show that the presence of H; in the gas
phase (and presumably atomic hydrogen adsorbed on the
metal) did not substantially affect the framework structures
of the supported clusters or aggregates of either iridium or
rhodium, as shown by the lack of significant changes in the
metal-metal first-shell coordination number resulting from
the introduction of H..

Similar conclusions follow from the results characterizing
the samples scanned at room temperature in the presence
of 6% propene in N, (Table 5). Comparison of the param-
eters fitting the Rh—Rh contributions of clusters (or aggre-

gates) in propene (Table 5) and those of the same clusters
(or aggregates) in H; (Table 4) shows a slightly shorter Rh-
Rh bonding distance (by about 0.04 A) in the presence of
propene. The shorter Rh—Rh distance is also evident from a
comparison of the imaginary parts of the Fourier transforms
of the raw EXAFS data (Figs. 3B and 4B). The imaginary
part of the Fourier transform representing clusters or ag-
gregates in propene is generally shifted slightly to shorter
distances relative to that characterizing the clusters or ag-
gregates in Ha.

The data representing the decarbonylated iridium clus-
ters or aggregates scanned at room temperature in propene
(Figs. 5A and 5B and Figs. 6A and 6B, respectively) were
fitted satisfactorily with an Ir—Ir contribution and Ir-low-
Z contributions (Table 5). Comparison of the parameters
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FIG.5. Comparison of the X-ray absorption data characterizing supported iridium clusters formed by treatment of [Iry(CO);,] supported in
the uncalcined zeolite in H; at 300°C: (A) Magnitude of Fourier transform (k%-weighted, Ir-Ir phase- and amplitude-corrected) of EXAFS data
characterizing sample with gas flowing through the cell containing H, and propene in N, carrier gas with compositions of (0% H,, 6% propene) (solid
line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line). (B) Scaled imaginary part and magnitude of Fourier
transform (k%-weighted, Ir—Ir phase- and amplitude-corrected) of EXAFS data characterizing sample with gas flowing through the cell containing H,
and propene in N, carrier gas with compositions of (0% H;, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0%
propene) (dashed line). (C) XANES data characterizing sample with gas flowing through the cell containing H, and propene in N; carrier gas with
compositions of (0% H,, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line).

fitting the Ir—Ir contribution characterizing the clusters (or
aggregates) in propene and those characterizing the same
clusters (or aggregates) in H; shows a slightly shorter Ir-Ir
distance (by about 0.03 A) in the former. This result is sup-
ported by the imaginary parts of the Fourier transforms of
the raw EXAFS data (Figs. 5B and 6B). These results are
qualitatively in agreement with the results stated above for
rhodium.

Supported Metal Clusters and Aggregates in the Presence
of Reacting H, and Propene

With propene and H, flowing through the EXAFS cell
in a 1:1 molar ratio at 25°C and catalytic hydrogenation
of propene occurring, the partially decarbonylated clusters

and aggregates of rhodium were characterized by EXAFS
spectra fitted by a Rh—Rh contribution and Rh-low-Z con-
tributions (Table 6). The data representing the rhodium
aggregates indicate both second- and third-shell Rh—-Rh
contributions (at distances of about 3.8 and 4.68 A, respec-
tively). The k-range used in the fitting and the standard de-
viations in the EXAFS function were typically 4.2-14.7 A~*
and 0.002, respectively. The data indicate no significant dif-
ferences between the Rh—-Rh first-shell coordination num-
ber and bonding distance characterizing the rhodium clus-
ters (or aggregates) in the presence of H,/propene (Table 6;
Figs. 3A and 4A) relative to those of the same clusters (or
aggregates) in H, only (Table 4; Figs. 3A and 4A).
Similarly, with propene and H, flowing through the
EXAFScellina4:1,a1:1, oral:4 molar ratio at 25°C
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Comparison of the X-ray absorption data characterizing supported iridium aggregates formed by treatment of [Irs(CO)16] supported

in the uncalcined zeolite in H, at 300°C: (A) Magnitude of Fourier transform (k%weighted, Ir—Ir phase- and amplitude-corrected) of EXAFS data
characterizing sample with gas flowing through the cell containing H, and propene in N, carrier gas with compositions of (0% H,, 6% propene) (solid
line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line). (B) Scaled imaginary part and magnitude of Fourier
transform (k%-weighted, Ir-Ir phase- and amplitude-corrected) of EXAFS data characterizing sample with gas flowing through the cell containing H;
and propene in N, carrier gas with compositions of (0% H,, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0%
propene) (dashed line). (C) XANES data characterizing sample with gas flowing through the cell containing H, and propene in N, carrier gas with
compositions of (0% H;, 6% propene) (solid line), (2% H,, 2% propene) (dotted-dashed line), and (6% H,, 0% propene) (dashed line).

and catalytic hydrogenation of propene occurring, the par-
tially decarbonylated clusters and aggregates of iridium
were characterized by Ir-Ir and Ir-low-Z contributions
(Table 6). The data indicate no difference between the
IrIr first-shell coordination number and bonding distance
characterizing the iridium clusters (or aggregates) catalyz-
ing propene hydrogenation (Table 6; Figs. 5A and 5B and
Figs. 6A and 6B) and those clusters (or aggregates) in H,
only (Table 4). There was no observed effect of changes
in the propene partial pressure on the Ir-Ir first-shell
coordination number or bonding distance characterizing
the iridium clusters as long as H, was present in the gas
phase. These results indicate the lack of change in clus-
ter or aggregate size or framework structure during cata-
lysis.

X-Ray Absorption Near Edge Data

Near edge data are shown for supported rhodium (or
iridium) clusters and aggregates in the presence of Hy,
propene, or Hy/propene (Figs. 3C, 4C, 5C, and 6C); data
are shown in Fig. 7 for the sample formed from NaY zeolite
and [Rh(CO),(acac)], for the NaY zeolite sample contain-
ing [Rhe(CO)16], and for the sample formed by subsequent
treatment of the former sample in H, at 200°C. Because the
sample formed from the zeolite and [Rh(CO),(acac)] had
not been carbonylated or otherwise treated, the rhodium
is inferred to have been in the initial +1 oxidation state.
The XANES spectrum of the [Rh(CO);(acac)]-containing
sample has only one broad peak, but the spectrum of the
[Rhg(CO)16]-containing sample shows a sharp peak (or
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TABLE 6
EXAFS Results Characterizing NaY Zeolite-Supported Rhodium and Iridium Clusters or Aggregates in the Presence of Propene + H;?

Catalyst pretreatment conditions Conditions during scan®
EXAFS parameters Cluster
Treatmentgas/  Temp Support Temp or
Precursor (°C)  pretreatment®® 9% Propene % H,; (°C) Backscatterer™ N R (A) Ac? (Az) AEy (eV)  aggregate
H,/[Rhs(CO)16] 200 Yes 2 2 25 Rh 35 271 0.00357 —43 Cluster
(@) 07 229 —0.00291 —20.0
C 36 202 0.01500 —14.4
H,/[Rhs(CO)16] 250 No 2 2 25 Rh 55 267 0.00345 55 Aggregate
(@) 15 210 0.00384 —45
C 07 197 —0.00125 —14.6
Ha/[1r4(CO)12] 300 Yes 24 0.6 25 Ir 38 267 0.00515 3.6 Cluster
(0] 13 226 0.00386 -9.1
C 32 200 0.01500 —14.5
Ha/[1r4(CO)12] 300 Yes 15 15 25 Ir 36 268 0.00506 2.8 Cluster
(0] 14 225 0.00408 —-9.9
C 33 199 0.01500 —14.7
Ha/[1r4(CO)12] 300 Yes 0.6 24 25 Ir 35 268 0.00368 —4.1 Cluster
(0] 14 226 0.00363 -17.2
C 29  2.00 0.01255 —20.0
Ha/[1rg(CO)16] 300 Yes 2 2 25 Ir 47  2.69 0.00519 0.8 Aggregate
(@) 11 222 0.00155 -3.1
C 32 198 0.01500 —74

@ Notation as in Table 2.

b If no, the support was evacuated at room temperature for 12 h (following gas treatment for samples treated in O,).

¢ If yes, the support was calcined by flowing O, over the support at 300°C, followed by evacuation at 300°C for 12 h.

9 When the sample was not under vacuum, the balance of the gas phase was N».

¢ For rhodium samples, an additional long Rh—O contribution was fitted (typical values: N = 1.7, R= 3.0 A, Ac? = —0.004 A2, AE, = —10 eV).

f Additionally, a long Ir-O contribution (typical values: N = 0.5, R= 2.8 A, Ac? = —0.003 A%, AE, = —20 eV) and an Ir-Al contribution (typical
values: N = 0.1, R=1.5A, Ac2 = —0.002 A% AE, = 20 eV) were fitted.

shoulder) with less intensity preceding a broader peak (or filling in of the valley between the sharp and broad peaks,
shoulder) at higher energy than the broad peak observed indicating a small increase in the oxidation state of the
for the former sample (Fig. 7A). Partial decarbonylation of metal (Fig. 7B). Therefore, it is expected that the spectra of
the [Rhg(CO)46]-containing sample in H; results in some samples containing both reduced and cationic rhodium will

X-ray Absorption
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FIG.7. (A) Comparison of the XANES data characterizing the sample formed from the zeolite and [Rh(CO),(acac)] (solid line) and NaY zeolite-

supported [Rhg(CO);6] (dashed line). (B) Comparison of the XANES data characterizing NaY zeolite-supported [Rhg(CO);6] (solid line) and the
sample formed by subsequent partial decarbonylation in H, at 200°C (dashed line).
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TABLE 7

EXAFS Results Characterizing NaY Zeolite-Supported Rhodium Aggregates in the Presence of Propene + Hz?

Catalyst pretreatment conditions

Conditions during scan®

EXAFS parameters
Treatment gas/ Temp Support Temp
Precursor (°C) pretreatment®¢ % Propene % H, (°C) Backscatterer®' N R (A) Ac? (Az) AE (eV)

H./[Rhg(CO)16] 250 No 0 0 Liquid Rh 5.9 2.67 0.00264 6.1
N, (0] 0.8 212 0.00367 -12
C 1.0 1.87 0.00707 195
H./[Rhg(CO)16] 250 No 0 100 60 Rh 55 2.69 0.00309 3.8
0] 0.8 2.10 0.00616 4.4
C 0.9 1.92 0.00268 0.2
H./[Rhe(CO)16] 250 No 10 90 60 Rh 5.9 2.69 0.00343 2.8
©) 0.6 213 0.00352 0.7
C 0.7 1.95 0.00116 —3.6
H./[Rhg(CO)16] 250 No 10 90 100 Rh 6.2 2.69 0.00402 25
©) 0.5 2.10 —0.00190 —8.7
C 0.6 1.97 —0.00331 —20.0
H./[Rhg(CO)16] 250 No 10 90 140 Rh 6.3 2.68 0.00473 31
©) 11 2.06 0.00282 10.4
C 1.7 1.95 0.00467 —74

@ Notation as in Table 2.

b If no, the support was evacuated at room temperature for 12 h (following gas treatment for samples treated in O,).

¢ If yes, the support was calcined by flowing O, over the support at 300°C, followed by evacuation at 300°C for 12 h.

9 When the sample was not under vacuum, the balance of the gas phase was N.

€ For rhodium samples, an additional long Rh—O contribution was fitted (typical values: N = 1.7, R = 3.0 A, Ac? = —0.004 A2, AE, = —10 eV).

f Additionally, a long Ir=O contribution (typical values: N = 0.5, R= 2.8 A, Ac? = —0.003 A2, AE, = —20 eV) and an Ir—Al contribution (typical

values: N = 0.1, R=1.5A, Ac? = —0.002 A2, AE, = 20 eV) were fitted.

exhibit some filling in of the valley between the sharp and
broad peak.

EXAFS Data Measured at Temperatures up to 140°C

Partially decarbonylated rhodium aggregates were char-
acterized by in situ EXAFS spectroscopy at temperatures
of 60, 100, or 140°C; the gas flowing through the cell con-
tained 10% propene in H, (Table 7). The data were fitted
satisfactorily by a Rh—Rh contribution and Rh-low-Z con-
tributions (Table 7; Fig. 8). There was no detectable effect of
temperature on the Rh-Rh first-shell coordination number
or Rh-Rh distance, but the Debye-Waller factor increased
with increasing temperature, as expected. The k-range used
in the fitting and the standard deviations in the EXAFS
function for each sample were typically 4.2-14.6 A~'and
0.002, respectively.

Effect of Contaminant Oxygen

Rhodium clusters were exposed to a gas mixture con-
taining propene, Hy, and N, when the propene was fed
without passing through the usual trap. The EXAFS data
(not shown) include almost no oscillations for values of
k>10 AL, Data analysis gave no evidence of a metal-
metal contribution near 2.7 A. These results indicate that
the clusters had oxidatively fragmented.

Propene Hydrogenation Catalyzed by Zeolite-Supported
Rhodium and Zeolite-Supported Iridium

Catalytic activity data characterizing rhodium or iridium
clusters (or aggregates), obtained for the hydrogenation

08
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FIG.8. Comparison of the X-ray absorption data characterizing sup-
ported rhodium aggregates formed by treatment of [Rhg(CO)s6] in the
calcined zeolite in H, at 250°C: Magnitude of Fourier transform (k°-
weighted, Rh—-Rh phase- and amplitude-corrected) of EXAFS data char-
acterizing sample with gas flowing through the cell containing 90% H, and
10% propene at temperatures of 60°C (solid line), 100°C (dotted-dashed
line), and 140°C (dashed line).
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TABLE 8

Catalysis of Toluene Hydrogenation by Rhodium or Iridium Clusters Formed from [Rhg(CO)16]
or [Ir4(CO)12] in Calcined NaY Zeolite

Propene : H; molar ratio?

Catalyst pretreatment 0.29 . 1.08 . 4'13
Conversion Conversion Conversion
Precursor Gas Temp (°C) Time (h) of propene of propene of propene
[Rhs(CO)16] H, 200 0.29 0.24 0.16
[Ir4(CO)12] H, 300 0.19 0.14 0.05

 Total flow rate of gas was 100 mI(NTP)/min. Gas was 3% (H; -+ propene) in a balance of N,.

of propene at 25°C taking place in the EXAFS cell, are
summarized in Table 8. The propene conversions in the
presence of rhodium ranged from 16 to 29%; conversions in
the presence of iridium ranged from 5 to 19%. Steady-state
operation was observed after 2 h on stream. Conversion in
the absence of catalyst was negligible.

DISCUSSION

Effect of Adsorbates on the Structures of Supported
Metal Clusters and Aggregates

Structures of supported metal clusters and aggregates in
the presence of H, or propene. The data show that the
metal frameworks of the clusters and aggregates remained
intact in the presence of H, or propene, but metal-metal
distances may have changed by about 0.04 and 0.03 A
upon adsorption of propene rather than hydrogen. As
these values are close to the expected uncertainty in bond-
ing distance (about 0.03 A), it might be argued that the
changes are not significant. However, we do no rule out
the possibility that they are significant, because the shifts
observed in the positions of the imaginary parts of the
Fourier transforms characterizing the clusters in the pres-
ence of H, and of propene (Figs. 3B, 4B, 5B, and 6B), which
roughly indicate bonding distances, without exception in-
dicate the stated changes in the metal-metal bonding dis-
tances and because the differences in Rh—-Rh and Ir-Ir
bonding distances are similar to those seen in the results
of Gallezot (42, 43), whose measurements of radial elec-
tron distributions showed that the Pt—Pt bonding distance
in platinum aggregates in zeolite Y decreased from 2.77 A
with hydrogen adsorbed to 2.71 A with benzene adsorbed.
Chemisorption of hydrogen decreases the electron density
between metal atoms and allows metal-metal bonds to re-
lax (44).

Evidence of propene adsorption. The metal-low-Z scat-
terer contributions do not provide accurate enough data
to identify adsorbates on the clusters or aggregates, but
the near-edge data give evidence suggesting adsorption of
propene on rhodium. The Rh K-edge XANES regions char-

acterizing both rhodium clusters and aggregates show small
changes in the absorption edge upon addition of propene to
the EXAFS cell in the absence of H; (Figs. 3C and 4C). The
changes observed (increased absorption at energies higher
than those of the sharp peak or shoulder) for both clusters
and aggregates suggest that adsorbed propene withdraws
electron density from the rhodium.

Structures of supported clusters and aggregates during
catalysis. The EXAFS data characterizing the rhodium
and iridium clusters and aggregates during catalysis showed
no changes in the metal framework structures. Thus, the
data confirm the unsurprising conclusion that the supported
metal aggregates are catalytically active species, and they
also lead to the inference that the supported clusters of each
metal themselves are also catalytically active. The near-
edge data indicate that when H; was present in the gas
phase, regardless of the presence of propene or of the clus-
ter or aggregate size, the spectrum of the working catalyst
was nearly the same as that of the same catalyst with only
H, present (Figs. 3C, 4C, 5C, 6C). These results, combined
with the EXAFS data indicating that the metal-metal dis-
tances in the working catalysts almost exactly match those
of the same catalysts in the presence of H, while not match-
ing those in the presence of propene, suggest that hydrogen
was the predominantly adsorbed species during catalysis.

The data confirm the assumption made earlier that the
clusters are catalytically active species and support the dis-
cussion of the effects of cluster size and support on catalytic
performance presented elsewhere (45 and references cited
therein).

Catalysis of Propene Hydrogenation by Supported
Clusters and Aggregates

When mixtures of propene and H; in N similar to that
used in the EXAFS experiments flowed through the EX-
AFS cell, they were catalytically converted into propane,
with a typical conversion being about 20% under condi-
tions matching those of the EXAFS experiments (Table 8).
These results confirm the implicit assumption above that
the EXAFS data recorded with the propene/H, mixture
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characterize catalysts in the working state. The data show
that most of the gas in the cell was propene + H; (in Ny)
rather than product propane.

As the conversions were relatively low, the composition
of the gas phase did not depend significantly on the position
within the cell. Furthermore, estimates of mass transfer re-
sistance within the catalyst wafer indicate that there were
no large concentration gradients (46). These results show
that the composition of the entering gas phase roughly rep-
resented that throughout the catalyst in the cell, and, thus,
we infer that the EXAFS data provide information about
the structure of the sites responsible for catalysis in a nearly
uniform environment. The catalysis data support the infer-
ences drawn above about the catalytically active species.

Strengths and Limitations of EXAFS Data
Characterizing Working Catalysts

The EXAFS data provide good evidence of the metal
framework structures, even at temperatures as high as
140°C; this information demonstrates the stability of the
supported clusters and aggregates under catalytic reaction
conditions. The data characterizing the low-Z scatterers
are, however, of relatively low quality and not sufficient
for identification of adsorbed species. Even with the small-
est and most nearly uniform clusters, it does not seem to be
feasible to determine structures of adsorbed species with
the EXAFS technique as we have used it.

The EXAFS data obtained at the higher temperatures
(up to 140°C, Table 7) show that rhodium aggregates were
stable under these conditions. However, the amplitude of
the EXAFS oscillations and the signal to noise ratio were
quite low at the highest temperature, corresponding to the
increasing Debye-Waller factors with increasing tempera-
tures (Table 7); these changes are expected, indicating the
increased disorder at higher temperatures.

Because the quality of the data characterizing the metal
framework structuresis greatest at the lowest temperatures,
in situ EXAFS spectroscopy is expected to be of most value
for highly active catalysts, which can be investigated in the
working state at low temperatures.

CONCLUSIONS

The EXAFS data show that the zeolite-supported metal
clusters and aggregates (rhodium or iridium) were stable at
room temperature in the presence of H,, of propene, and of
propene/H, with catalytic hydrogenation occurring. These
supported clusters, like the aggregates, are inferred to be
catalytically active for propene hydrogenation. Rhodium
aggregates retain their metal frameworks during catalysis
at temperatures as high as 140°C. The EXAFS data indi-
cate a lack of changes in metal framework structures under
the observed conditions (except when O, contaminant was
present), but they are not sufficient to provide evidence

of adsorbate structures. The EXAFS data seem to indicate
shorter metal-metal distances with propene in contact with
the metal surfaces, but this suggestion is in doubt because
the apparent changes in distance are nearly the same as the
experimental uncertainty.
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