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NaY zeolite-supported rhodium carbonyls, with the predominant
species being [Rh6(CO)16], were prepared by carbonylation of ad-
sorbed [Rh(CO)2(acac)] at 125◦C. The zeolite-supported rhodium
carbonyl clusters were treated in He or in H2 at 200, 250, or 300◦C to
remove the carbonyl ligands. When the decarbonylation took place
in He, the resultant clusters had Rh–Rh coordination numbers (de-
termined by extended X-ray absorption fine structure spectroscopy)
between 3.5 and 3.9, with hardly any evidence of Rh–C contribu-
tions, indicating that the rhodium cluster frames were nearly intact
and that decarbonylation was nearly complete. In contrast, when
the treatment took place in H2, partially decarbonylated rhodium
clusters and aggregates formed, having Rh–Rh coordination num-
bers between 3.8 and 6.7; the rhodium aggregation increased with
increasing temperature. The clusters formed by treatment in He at
200, 250, or 300◦C all had similar catalytic activities for toluene
hydrogenation. In contrast, the catalytic activities of the clusters
and aggregates (partially decarbonylated at temperatures<300◦C)
formed in the presence of H2 showed a strong dependence on treat-
ment temperature, which is explained by inhibition by the remain-
ing CO ligands and by cluster and aggregate size effects, with the
aggregates being more active than the smaller clusters. Comparison
of the data with those reported separately for rhodium clusters in
NaX zeolite shows that NaY and NaX zeolites were nearly equiva-
lent as supports. Comparison of the data with separately reported
data indicates that the rhodium clusters are approximately the same
in activity as iridium clusters of nearly the same size in NaY zeolite.
c© 1998 Academic Press

INTRODUCTION

Supported metal clusters consisting of only a few atoms
each, illustrated by the platinum clusters in zeolite LTL
[used commercially for naphtha reforming (1)], are inter-
mediate in character between molecular metal complexes
and bulk metal and might be expected to offer new cata-
lytic properties. This expectation is largely untested, as this
group of supported clusters is restricted to only a few met-
als [Ir (2–5), Pt (6), Os (7), and Ru (8)] and a few catalytic

1 To whom correspondence should be addressed.

reactions, including hydrogenation of toluene and of CO
(9–12) and hydrogenolysis of n-butane (13).

Here we extend this class of catalyst to rhodium, report-
ing the synthesis and structural characterization of zeolite-
supported rhodium clusters and their catalytic activities for
toluene hydrogenation. The results characterizing a fam-
ily of zeolite-supported metal clusters provide a basis for
comparison of the catalytic properties of rhodium clusters
with those of iridium clusters of nearly the same size on
the same support as well as a basis for comparison of the
catalytic properties of rhodium clusters of nearly the same
size on different zeolite supports.

EXPERIMENTAL METHODS

Materials

N2, He (99.999%), CO (Puritan Bennett, UHP grade),
and H2 (99.99%, generated by electrolysis of water in a
Balston generator) passed through traps containing parti-
cles of supported copper and zeolite to remove traces of
O2 and moisture, respectively. n-Pentane (Fisher, HPLC
grade) was dried over sodium benzophenone ketyl and
then deoxygenated by purging with flowing N2 for 2 h.
[Rh(CO)2(acac)][dicarbonylacetylacetonato rhodium (I)]
(Strem, 99%) was used as received. NaY zeolite (with-
out binder) [Davison Division of W. R. Grace and Co.,
Si : Al= 9.6 : 1 (atomic), average particle size= 5 µm] was
calcined at 300◦C in flowing O2 for 4 h and then evacuated
at 300◦C for 12 h prior to use.

Preparation of Supported Rhodium Catalysts

All syntheses and sample transfers were conducted with
exclusion of air and moisture on a double-manifold Schlenk
vacuum line and in an N2-filled Vacuum Atmospheres dry-
box. In each preparation, the zeolite support was brought
in contact with a pentane solution of [Rh(CO)2(acac)] to
yield a sample containing 2.3% Rh. The sample was slur-
ried in dried n-pentane in a Schlenk flask under N2 at room
temperature for several days, and then the solvent was re-
moved by evacuation and the solid dried in vacuo (pressure
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<10−3 Torr) overnight. The resulting solids were stored in
the drybox for future experiments. Samples were carbony-
lated in a flow reactor with CO at 2 atm and subsequently
decarbonylated in an EXAFS cell or in a flow reactor at
1 atm in either flowing H2 or flowing He at temperatures of
200, 250, or 300◦C for 2 h.

X-Ray Absorption Spectroscopy

To avoid air contamination, each sample to be charac-
terized by X-ray absorption spectroscopy, while still in the
drybox, was placed in a double layer of glass vials, each
sealed with a vial cap and Parafilm. The sealed samples
were placed in a glass desiccator and transported from the
University of California, Davis, to the synchrotron.

The X-ray absorption experiments were performed
on X-ray beamline X-11A at the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory,
(Upton, NY) and on beamline 2–3 of the Stanford Syn-
chrotron Radiation Laboratory (SSRL) at the Stanford
Linear Accelerator Center (Stanford, CA). The storage
ring operated at an energy of 2.5 GeV at NSLS and at an en-
ergy of 3 GeV at SSRL; the beam current was between 140
and 240 mA at NSLS and between 70 and 100 mA at SSRL.

Extended X-ray absorption fine structure (EXAFS) ex-
periments in the transmission mode were carried out with
wafers prepared in an N2-filled glovebox at each synchro-
tron. A powder sample 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 (14) and sealed. Typically, the cell was evacuated im-
mediately after removal from the glovebox.

EXAFS spectra and X-ray absorption near edge spec-
tra (XANES) were recorded for fresh and used catalysts
formed by the decarbonylation of NaY zeolite-supported
[Rh6(CO)16]. Samples were evacuated and cooled with liq-
uid N2; the sample temperature was approximately−150◦C.
Higher harmonics in the X-ray beam were minimized by de-
tuning the Si(111) double-crystal monochromator at NSLS
by 15–20% or the Si(220) double-crystal monochromator
at SSRL by 15–20% at the Rh K edge (23220 eV).

Catalytic Hydrogenation of Toluene

The hydrogenation of toluene was catalyzed by NaY
zeolite-supported rhodium in a once-through tubular flow
reactor. To ensure high gas velocities and thorough mixing
of gases, 40 mg of catalyst, initially consisting predominant-
ly of [Rh6(CO)16] in the zeolite (15), was diluted with 400 mg
of inert α-Al2O3 particles and loaded into the reactor to
give a catalyst bed about 2–3 mm in depth. The supported
rhodium carbonyl precursors were treated in flowing He or
H2 to remove carbonyl ligands; the catalyst performance
data characterize the decarbonylated (and partially decar-
bonylated) samples.

Toluene, injected into the flow system at a constant rate
by an Isco 260D liquid metering pump, flowed to a vapor-
izer held at about 140◦C. H2 flowed through the vaporizer
and was mixed with toluene; the gas mixture then passed
through the reactor (mounted in a temperature-controlled
electric furnace) at a total flow rate of 46 ml (NTP)/min.
The effluent was analyzed with an on-line Hewlett–Packard
gas chromatograph (HP-5890 Series II) equipped with a
DB-624 capillary column (J&W Scientific) and a flame
ionization detector. The catalytic activity was measured
under the following conditions: partial pressures, PH2 =
710 Torr and Ptoluene= 50 Torr; temperature= 80, 100, or
120◦C.

Used catalyst samples prepared for EXAFS analysis
were obtained by loading the reactor with 400 mg of cata-
lyst in the absence of α-Al2O3; these samples were used to
catalyze toluene hydrogenation at 100◦C for 4 h on stream.
The sealed reactor was transferred to the drybox, and the
catalyst was removed and stored for transfer to a synchro-
tron.

Hydrogen Chemisorption

Hydrogen chemisorption measurements were performed
with an RXM-100 multifunctional catalyst testing and char-
acterization instrument manufactured by Advanced Scien-
tific Designs, Inc., with a vacuum capability of 10−8 Torr.
Each catalyst sample in the drybox (prior to decarbonyla-
tion) was loaded into a U-shaped quartz tube and sealed
to prevent contamination during transfer to the chemisorp-
tion apparatus. Each sample was pretreated in flowing H2 or
He as the temperature was ramped at a rate of 3◦C/min and
held for 2 h at the temperature at which the sample had been
previously treated in He or H2 to remove carbonyl groups.
The sample was then evacuated (10−7 Torr) at the treat-
ment temperature and subsequently cooled to room tem-
perature. It is possible that evacuation of the sample at the
treatment temperature might have resulted in further de-
carbonylation of the sample if it had not already been fully
decarbonylated. Adsorption isotherms were measured at
25◦C and pressures in the range of 10–200 Torr. The amount
of hydrogen irreversibly chemisorbed was measured as the
difference between two consecutively measured isotherms
(the total adsorption and the physical adsorption), with a
30-min evacuation between measurements. Accuracy in the
determination of H/Rh values was ±0.01.

EXAFS DATA ANALYSIS

The EXAFS data were analyzed with experimentally
determined reference files obtained from EXAFS data for
materials of known structure (15), as described elsewhere
(16). The analysis methods are described elsewhere (9, 15,
17).
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RESULTS

Formation of Zeolite-Supported [Rh6(CO)16]
and Subsequent Decarbonylation

When [Rh(CO)2(acac)] was slurried with the calcined
NaY zeolite in n-pentane solution, the solution became
colorless, indicating uptake of the [Rh(CO)2(acac)]. After
removal of the solvent by evacuation, the resulting light
gray solid was characterized by a νCO infrared spectrum
with two strong bands (2082 and 2014 cm−1), consistent
with supported rhodium dicarbonyls, Rh(I)(CO)2 (18–21).
Treatment of the powder in flowing CO at 125◦C for 12 h
led to a light pink-gray solid with a νCO infrared spectrum
(2130sh, 2092s, 2067sh, 2020w, 1765s cm−1) consistent with
those reported (22–25) for [Rh6(CO)16] in NaY zeolite; this
cluster had evidently formed by reductive carbonylation
(15).

When uncalcined NaY zeolite was used, the solution
containing [Rh(CO)2(acac)] was still faint yellow in color
after stirring for 2 days. After removal of the solvent,
the resulting solid was darker gray than the sample made
from the calcined zeolite. Subsequent carbonylation gave
[Rh6(CO)16], and the yield in the uncalcined zeolite was
higher than that in the calcined zeolite (15).

Treatment of the supported rhodium carbonyl clusters
in H2 at 200◦C for 2 h led to approximately 60–70% re-
moval of the CO ligands (as estimated from the infrared
band intensities). Treatment at 250◦C in H2 for 2 h led to
increased decarbonylation, and treatment at 300◦C led to
nearly complete decarbonylation. In contrast, decarbony-
lation of the supported rhodium carbonyl clusters in He
was nearly complete at only 200◦C and complete at 250◦C.
The infrared spectra of the partially and fully decarbony-
lated clusters (15) were hardly dependent on the support
pretreatment (calcination) temperature.

EXAFS Spectra of Partially and Fully Decarbonylated
Rhodium Clusters

The raw EXAFS data characterizing the decarbonylated
(or partially decarbonylated) rhodium clusters formed by
the treatment of NaY zeolite-supported [Rh6(CO)16] in He
(or in H2) at 200, 250, or 300◦C for 2 h (Samples 1–3 or
Samples 4–6, respectively) show oscillations up to values of
the wave vector k equal to about 15 Å−1, consistent with
Rh–Rh contributions and the presence of rhodium clus-
ters (Fig. 1A). Standard deviations in the EXAFS function
were less than 0.002 over the entire range of k space (about
4–16 Å−1).

The EXAFS data characterizing rhodium clusters hav-
ing few or no CO ligands, formed by treatment of zeolite-
supported [Rh6(CO)16] in He (Samples 1–3), were fitted
satisfactorily by a Rh–Rh contribution, at 2.69 Å, and Rh–
low-Z contributions, approximated as a short Rh–O (2.1 Å)

and a Rh–C contribution (1.95 Å) (Samples 1–3, Table 1).
The Rh–C contribution may indicate the presence of by-
products of decarbonylation, acac ligands, or products of
acac decomposition. Details of the Rh–low-Z contribu-
tions are presented elsewhere (15). There was no signifi-
cant change in the Rh–Rh first-shell coordination number
as a result of increasing the temperature of treatment in
He (200, 250, and 300◦C); the values are 3.8, 3.5, and 3.9,
respectively, all of which are barely distinguishable from
the value observed for the precursor (3.2) (15)—within the
expected experimental error (about ±20%) (Table 1).

In contrast, the EXAFS data representing the partially
decarbonylated rhodium clusters (Samples 4–6, Table 1),
formed by treatment of zeolite-supported [Rh6(CO)16] in
H2, were fitted satisfactorily by a Rh–Rh contribution, at
2.69 Å, and Rh–low-Z contributions, approximated as a
short Rh–O (2.1 Å), a long Rh–O∗ (3.0 Å; O∗ refers to car-
bonyl oxygen), and a Rh–C contribution (1.95 Å) (Table 1).
The clusters formed by treatment in H2 at temperatures
<300◦C were characterized by Rh–C and Rh–O∗ contri-
butions, indicating CO ligands, in agreement with the in-
frared spectra. The Rh–Rh first-shell coordination number
characterizing the sample treated in H2 at 200◦C (Sample
4) was 3.5, which is indistinguishable from the precursor
value (3.2) (Table 1), within the expected error. However,
treatment of the sample in H2 at 300◦C resulted in a signif-
icant increase in the first-shell Rh–Rh coordination num-
ber, to 7.2, indicating the formation of rhodium that we
refer to as aggregates (in contrast to the smaller clusters)—
this was fully decarbonylated (Sample 6, Table 1). Details
of the Rh–low-Z contributions are presented elsewhere
(15).

To illustrate the goodness of the EXAFS data fits, com-
parisons of the raw data and the fits in k space and in r
space (r is the distance from the absorber atom) are shown
in Figs. 1A and 1B, respectively, for the aggregates formed
by treatment of NaY zeolite-supported [Rh6(CO)16] in H2

at 250◦C. A comparison of the fitted Rh–Rh contribution
with the residual spectrum formed by subtraction of the
Rh–low-Z contributions from the raw EXAFS function is
shown in Fig. 1C. Similarly, the fitted Rh–low-Z contribu-
tions [namely, the Rh–Os (s denotes short), Rh–O∗, and Rh–
C contributions] are compared in Fig. 1D with the residual
spectrum formed by subtraction of the Rh–Rh contribution
from the raw EXAFS function. These comparisons show
that both the Rh–Rh contributions and Rh–low-Z contri-
butions were fitted satisfactorily.

To summarize, the results show that Samples 1, 2, 3,
and 6 were fully or almost fully decarbonylated, whereas
Samples 4 and 5 were only partially decarbonylated. Sam-
ples 1, 2, 3, and 4 are represented as clusters consisting of
about 6 atoms each, on average. Samples 5 and 6 are rep-
resented as aggregates consisting of about 10 atoms and 50
atoms each, on average, respectively.
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FIG. 1. Results of EXAFS analysis characterizing the sample formed by treatment of [Rh6(CO)16] supported in NaY zeolite (calcined at 300◦C)
in H2 at 250◦C: (A) Raw EXAFS function (solid line) and sum of the calculated Rh–Rh+Rh–Os+Rh–C+Rh–O∗ contributions (dashed line). (B)
Imaginary part and magnitude of Fourier transform (unweighted,1k= 4.1–14.6 Å−1) of raw EXAFS function (solid line) and sum of the calculated Rh–
Rh+Rh–Os+Rh–C+Rh–O∗ 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, 1k= 4.1–14.6 Å−1) of raw EXAFS data minus calculated Rh–Os+Rh–
C+Rh–O∗ contributions (solid line) and calculated Rh–Rh contribution (dashed line). (D) Residual spectrum illustrating the Rh–low-Z interactions;
imaginary part and magnitude of Fourier transform (unweighted, 1k= 4.1–10 Å−1) of raw EXAFS data minus calculated Rh–Rh contribution (solid
line) and calculated Rh–Os+Rh–C+Rh–O∗ contributions (dashed line).

Rh K-edge XANES

The Rh K-edge XANES data characterizing the samples
formed by treatment of [Rh6(CO)16] in NaY zeolite (cal-
cined at 300◦C) in He or H2 (Samples 3 and 6, Table 1) are
shown in Fig. 2. Comparison of the data representing these
two samples shows that the clusters formed in He at 300◦C
(Sample 3, Table 1) are more electron deficient than the
aggregates formed in H2 at 300◦C (Sample 6, Table 1), as
evidenced by the white-line intensities.

Toluene Hydrogenation Catalysis

Rhodium cluster catalysts. In a blank experiment with
the reactor packed with only inert α-Al2O3 particles, the
conversion of toluene and H2 at 100◦C and 1 atm was
negligible. But when the toluene+H2 mixture passed

through a bed containing decarbonylated (Samples 1–3,
Tables 1 and 2) or partially decarbonylated rhodium clusters
(Sample 4), the effluent contained methylcyclohexane, in-
dicating the occurrence of catalytic hydrogenation.

Each catalyst underwent slow deactivation following an
induction period of about 2 h, as illustrated by the typical
results of Fig. 3. The samples containing decarbonylated
(Samples 1–3) or partially decarbonylated rhodium clusters
(Sample 4) showed a steady deactivation over a period of
about 4 days, after which the catalyst had lost about 90%
of its initial activity. The reported rates were found by
extrapolating the data to zero time on stream, excluding the
induction period (Fig. 4). The rates were determined from
differential conversions less than about 2%, and they are
represented as turnover frequencies in units of [molecules
of toluene converted (Rh atom · s)−1] (Table 2). Evidence
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TABLE 1

EXAFS Results Characterizing Rhodium Clusters Supported on NaY Zeolite or NaX Zeolite Formed by Decarbonylation
of [Rh6(CO)16] or [Rh6(CO)15]2−, respectively, in He or H2

a

Support preparation conditionsb Conditions of sample treatment EXAFS parametersc,d

Zeolite support/
sample number Treatment gas Temp. (◦C) Time (h) Treatment gas Temp. (◦C) Time (h) N R (Å) 1σ 2 (Å2) 1E0 (eV)

NaY/1 O2 300 4 He 200 2 3.8 2.68 0.00376 2.9
NaY/2 O2 300 4 He 250 2 3.5 2.69 0.00399 4.1
NaY/3 O2 300 4 He 300 2 3.9 2.68 0.00391 4.4
NaY/4 O2 300 4 H2 200 2 3.5 2.68 0.00445 6.6
NaY/5 O2 300 4 H2 250 2 4.6 2.68 0.00476 5.7
NaY/6 O2 300 4 H2 300 2 6.7 2.68 0.00348 5.3
NaX/7 — 25 — He 200 2 2.6 2.65 0.00384 12.6
NaX/8 — 25 — He 250 2 — — — —
NaX/9 — 25 — He 300 2 2.6 2.65 0.00423 7.2
NaX/10 — 25 — H2 200 2 3.6 2.69 0.00643 12.7
NaX/11 — 25 — H2 250 2 — — — —
NaX/12 — 25 — H2 300 2 6.2 2.65 0.00422 5.0

a Notation. N, Rh–Rh coordination number; R, absorber (Rh)-backscatterer distance; 1σ 2, Debye–Waller factor; 1E0, inner potential correction.
b Samples evacuated at treatment temperature for 12 h (following gas treatment for samples treated in O2).
c Details of EXAFS analysis and fitting of data characterizing NaY zeolite samples given elsewhere (15).
d Details of EXAFS analysis and fitting of data characterizing NaX zeolite samples given elsewhere (17).

that the conversions were differential is illustrated by the
data of Fig. 5. The turnover frequencies were calculated on
the basis of the assumption that all the rhodium atoms were
surface atoms and therefore accessible. This assumption in-
volves neglect of any blockage of rhodium atoms by the sup-
port.

The apparent activation energies determined from the
temperature dependencies of the turnover frequencies
(Fig. 6) were found to be about 11 kcal/mol for catalysis
by the fully decarbonylated rhodium clusters (Samples 2
and 3, Tables 1 and 2), whereas the value was found to be
about 5 kcal/mol for catalysis by partially decarbonylated

FIG. 2. XANES characterizing NaY zeolite-supported sample form-
ed from [Rh6(CO)16] treated in He at 200◦C (to give rhodium clusters)
(solid line) or in H2 at 300◦C (to give rhodium aggregates) (dashed line).

clusters formed in H2 (Samples 4 and 10, Tables 1 and 2)
or the almost fully decarbonylated clusters formed in He
(Sample 1, Tables 1 and 2).

Rhodium aggregate catalysts. The supported rhodium
aggregates (Sample 5 and 6, Tables 1 and 2) were found
to be more active catalytically than the supported clusters.
The values in Table 2 are reported per total Rh atom; thus
the rates characterizing the rhodium aggregates are not
turnover frequencies because not all the Rh atoms were
surface atoms, as shown by the EXAFS results (Table 1).
Therefore, this comparison of the clusters and aggregates

FIG. 3. Toluene hydrogenation catalyzed by rhodium clusters formed
by treatment of [Rh6(CO)16] supported in NaY zeolite (calcined at 300◦C)
in H2 at 250◦C. Reaction conditions: Ptoluene= 50 Torr, PH2 = 710 Torr,
temperature= 80◦C.
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FIG. 4. Toluene hydrogenation catalyzed by rhodium clusters formed
by treatment of [Rh6(CO)16] supported in NaY zeolite (calcined at 300◦C)
in H2 at 250◦C showing reaction rate at time on stream of zero. Reaction
conditions: Ptoluene= 50 Torr, PH2 = 710 Torr, temperature= 80◦C.

understates the difference in their activities per exposed
Rh atom. Because all the catalysts had high rhodium dis-
persions [a Rh–Rh first-shell coordination number of about
7 corresponds to a dispersion of about 80% (26)], it follows
that a comparison based on turnover frequencies would not
lead to a significantly different conclusion from that just
stated. Thus, the data show that the aggregates (Samples 5
and 6, Table 2) are characterized by turnover frequencies
at least an order of magnitude greater than those of the de-
carbonylated (Samples 2 and 3) or partially decarbonylated
rhodium clusters (Samples 1 and 4, Table 2).

The apparent activation energies of the reaction cata-
lyzed by the rhodium aggregates are approximately equal

FIG. 5. Differential conversion of toluene catalyzed by rhodium clus-
ters formed by treatment of [Rh6(CO)16] supported in NaY zeolite (cal-
cined at 300◦C) in H2 at 250◦C. Reaction conditions: Ptoluene/PH2 = 50/710,
temperature= 80◦C.

FIG. 6. Arrhenius plot for toluene hydrogenation catalyzed by
rhodium clusters formed by treatment of [Rh6(CO)16] supported in NaY
zeolite (calcined at 300◦C) in H2 at 200 (closed circles), 250 (open cir-
cles), or 300◦C (triangles). Reaction conditions: Ptoluene= 50 Torr, PH2 =
710 Torr; total feel flow rate, 46 ml (NTP)/min; catalyst mass= 40 mg, Rh
content of catalyst, 2.3 wt%.

to the apparent activation energies of the reaction catalyzed
by the fully decarbonylated rhodium clusters. These values
are nearly twice that characteristic of the reaction catalyzed
by the partially or nearly fully decarbonylated clusters—
and the low values characteristic of the less than fully de-
carbonylated clusters might be evidence of an intraparticle
transport limitation related to blockage of the pores by the
relatively large [Rh6(CO)16] molecules.

EXAFS Spectra of Used Catalysts

Used, nearly fully decarbonylated cluster catalysts. The
raw EXAFS data characterizing the nearly fully decarbony-
lated rhodium clusters that had been used as catalysts at
100◦C for 4 h (Sample 1, Table 2) show oscillations up to
values of k equal to about 16 Å−1, consistent with Rh–
Rh contributions. Because the used catalyst formed by the
treatment of supported [Rh6(CO)16] in He at 200◦C is ex-
pected [on the basis of a lack of significant νCO bands (15)]
to have incorporated few if any CO ligands, a Rh–O∗ con-
tribution was not fitted. However, an additional Rh–O con-
tribution (without multiple scattering) was fitted, at about
2.9 Å. The used catalyst was characterized by a Rh–Rh
first-shell coordination number of 3.4 (Table 3), which is
indistinguishable from that of the precursor (3.2).

Used, partially decarbonylated cluster catalysts. The
EXAFS data characterizing the partially decarbonylated
rhodium clusters (Sample 4, Table 2), after catalysis at
100◦C for 4 h, show oscillations up to values of k equal
to about 16 Å−1, consistent with Rh–Rh contributions
(Fig. 7A). The averaged data were fitted satisfactorily by
a Rh–Rh contribution, at 2.69 Å, and Rh–low-Z contri-
butions, approximated as a short Rh–O (2.1 Å), a Rh–O∗
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TABLE 2

Toluene Hydrogenation Catalyzed by Rhodium and Iridium Clusters Supported in NaY
Zeolite and NaX Zeolite

Approximate Reaction Apparent H/Rh from
Zeolite support/ cluster temperature 104×TOF activation energy chemisorption
sample numbera NRh–Rh nuclearityb (◦C) (s−1) (kcal/mol) data

NaY/1 3.8 6 80 0.8 5.1 0.16
100 1.0
120 1.7

NaY/2 3.5 6 80 2.1 11.5 0.15
100 5.0
120 11

NaY/3 3.9 6 80 1.0 13.8 0.17
100 3.0
120 7.5

NaY/4 3.5 6 80 2.9 4.8 0.10
100 3.8
120 5.8

NaY/5 4.6 6–10 80 43 9.1 0.40
100 85
120 160

NaY/6 7.5 50 80 36 9.9 0.45
100 79
120 150

NaX/7 2.6 ≤6 80 3.0 10.4 0.12
100 9.0
120 13

NaX/8 — ≤6 80 2.8 11.7 0.11
100 10
120 15

NaX/9 2.6 ≤6 80 3.0 11.6 0.15
100 9.0
120 16

NaX/10 3.6 6 80 0.7 5.0 0.14
100 1.1
120 1.4

NaX/11 — 6–10 80 2.4 7.9 0.16
100 4.3
120 7.5

NaX/12 6.2 20 100 70 — 0.39

NaYc 6 60 2.5d 11.2d —

a See Table 1.
b See Ref. (27).
c Ref. (2); catalyst sample contains NaY zeolite-supported Ir6 clusters formed from [Ir6CO16].
d Reactant partial pressures were the same as in this work.

(3.0 Å), and a Rh–C contribution (1.95 Å) (Table 3). These
results are consistent with the infrared data (15) showing
that the CO ligands were not completely removed at 200◦C
in H2, as the catalytic reaction took place at lower tempera-
tures and a lower H2 partial pressure than those used in the
partial decarbonylation process. The used catalyst is charac-
terized by a Rh–Rh first-shell coordination number of 3.9,
which is barely distinguishable from that of the precursor
(3.2) within the expected error (Fig. 7B).

Characterization of Decarbonylated Rhodium Clusters
by Hydrogen Chemisorption

The data representing chemisorption of hydrogen on sup-
ported rhodium clusters and aggregates are summarized in
Table 2. The amount of hydrogen chemisorbed per Rh atom
of the clusters formed by decarbonylation in He (Samples
1–3) was nearly the same for each sample, just as the Rh–
Rh first-shell coordination numbers were nearly the same
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TABLE 3

EXAFS Results Characterizing Rhodium Clusters Supported on NaY Zeolite or NaX Zeolite Formed by Decarbonylation
of [Rh6(CO)16] or [Rh6(CO)15]2−, Respectively, in He or H2, and Subsequently Used to Catalyze Toluene Hydrogenationa

Support preparation conditionsb Conditions of treatment of sample EXAFS parametersc

Zeolite support/
sample number Treatment gas Temp. (◦C) Time (h) Treatment gas Temp. (◦C) Time (h) N R (Å) 1σ 2 (Å2) 1E0 (eV)

NaY/1 O2 300 4 He 200 2 3.4 2.66 0.00433 2.2
NaY/4 O2 300 4 H2 200 2 3.9 2.67 0.00482 6.9
NaX/10 — 25 — H2 200 2 3.7 2.71 0.00665 17.8
NaX/12 — 25 — H2 300 2 6.2 2.65 0.00422 5.0

a Notation as in Table 1.
b Samples were evacuated at treatment temperature for 12 h (following gas treatment for samples treated in O2).
c Results of EXAFS analysis and fitting of data characterizing NaX zeolite samples given elsewhere (17).

for these samples (Table 2). The amount of irreversibly ad-
sorbed hydrogen per Rh atom increased with increasing
decarbonylation temperature when the samples were de-
carbonylated in H2—as the decarbonylation temperature
increased, the amount of adsorbed CO decreased and the
average cluster or aggregate size increased. The data repre-
senting the (almost) fully decarbonylated samples (Samples
1–3 and 6) show that the H/Rh ratio increased with increas-
ing cluster or aggregate size indicated by the EXAFS data
(Table 2). A comparison of the results characterizing the
decarbonylated clusters (Samples 1–3) with those charac-
terizing the partially decarbonylated clusters (Sample 4)
shows less hydrogen uptake on the latter, consistent with
the presence of CO.

DISCUSSION

Metal Clusters in Faujasites

The Rh–Rh first-shell coordination number of the clus-
ters formed by decarbonylating the zeolite-supported
sample containing predominantly [Rh6(CO)16] in He at

FIG. 7. Comparison of the X-ray absorption data characterizing rhodium clusters formed by treatment of [Rh6(CO)16] supported in NaY zeolite
(calcined at 300◦C) treated in H2 at 200◦C prior to catalysis (solid line) and after catalysis (dashed line). (A) Raw EXAFS functions. (B) Imaginary
part and magnitude of Fourier transform (unweighted, 1k= 4.1–14.6 Å−1) of raw EXAFS functions.

300◦C (3.5) was approximately the same as that of pure
[Rh6(CO)16] (4.0) and that of the sample containing this
precursor (3.2). This comparison indicates that the prepa-
ration was successful in giving small rhodium clusters that
were not much different in nuclearity, on average, from
the precursor. Thus, the best-prepared sample is modeled
rather well as supported Rh6, although it was not exclusively
Rh6, just as the precursor was not exclusively [Rh6(CO)16].

As shown elsewhere (17), when uncalcined NaX zeolite
was used instead of NaY zeolite, rhodium clusters having
few if any CO ligands were formed by treatment of the
samples that initially contained largely [Rh6(CO)15]2−; the
decarbonylation treatment was in He at 200, 250, or 300◦C.
The Rh–Rh first-shell coordination numbers characterizing
the clusters in these samples were only about 2.6 (Table 1,
Samples 6 and 8) (17). The low Rh–Rh first-shell coordi-
nation numbers characterizing the decarbonylated clusters
relative to that of the precursor rhodium carbonyls (3.6)
are consistent with the formation of raft-like structures or
highly distorted octahedra (17); it is also possible that the
clusters in NaX zeolite fragmented when decarbonylated.
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The results for each of the rhodium-in-zeolite samples
parallel those of Kawi et al. (3), who decarbonylated NaY
zeolite-supported [Ir6(CO)16] to form clusters that were
modeled as predominantly Ir6.

These metal-in-zeolite samples provide opportunities to
compare (a) the catalytic activities of rhodium and iridium
clusters of nearly the same size on the same support and
(b) the activities of supported rhodium clusters of nearly
the same size on different supports. However, the data do
not allow the most fundamental comparison of the effects of
the support or the metal, because the metals in the zeolites
might have been distributed nonuniformly in the supports
and because the transport of reactants and products in the
narrow zeolite pores might have influenced the catalytic
reaction rates. The evidence is as follows:

(1) The uncalcined NaY zeolite sample containing
[Rh(CO)2(acac)] was darker gray than the calcined NaY
zeolite sample containing [Rh(CO)2(acac)]. Furthermore,
carbonylation of the former gave a higher yield of
[Rh6(CO)16] than carbonylation of the latter, and the for-
mer decarbonylated sample was darker than the latter.
These results suggest that the distributions of rhodium in
the two zeolites were different; we suggest the rhodium in
the uncalcined zeolite was concentrated near the crystallite
surfaces.

(2) Decarbonylation of these samples in He at 200◦C
gave rhodium aggregates in the uncalcined zeolite charac-
terized by a Rh–Rh first-shell coordination number of about
7 (15) and gave rhodium clusters in the calcined zeolite char-
acterized by a Rh–Rh first-shell coordination number only
3.3. Thus, we infer that the clusters formed in the former
were less resistant to aggregation than those formed in the
latter, and the resistance to aggregation is correlated with
the concentration gradient of the rhodium-containing pre-
cursors suggested in the preceding paragraph. The degree
of aggregation of the rhodium in the decarbonylated sam-
ples might be explained in terms of the local concentration
of the precursors in the zeolite pores or the water content
of the zeolite.

(3) The extent of aggregation of rhodium in the un-
calcined zeolites varied from sample to sample, whereas
rhodium in the calcined zeolites was always stable to aggre-
gation under mild conditions (15, 27).

(4) The Thiele modulus for toluene hydrogenation cata-
lyzed by NaY zeolite-supported rhodium clusters is esti-
mated (27) to be about 0.2, whereas the value for the
supported rhodium aggregates is estimated to be about
2 (27). We stress that these estimates are rough. These
estimates imply that the intraparticle transport influence
was almost negligible (the effectiveness factor was nearly 1)
when toluene hydrogenation was catalyzed by clusters and
that the effectiveness factor was only slightly less (rough-
ly 0.8) when the reaction was catalyzed by the aggreg-
ates.

Stability of Supported Clusters during Catalysis

The EXAFS data characterizing the used and unused
supported cluster catalysts show that they were stable dur-
ing catalysis. Thus, the comparisons of the catalysts based
on the EXAFS parameters representing the fresh catalysts
are well founded.

Similarly, because the Rh–Rh first-shell coordination
numbers characterizing fresh and used clusters in NaX
zeolite were nearly equal (17, 27), we infer that these clus-
ters were also stable during catalysis.

Toluene Hydrogenation Catalyzed by Supported Clusters

Thus, we have the opportunity to compare the per-
formance of rhodium clusters of nearly the same size as
catalysts supported in zeolites with the same framework
structure and different compositions, NaY and NaX. Fur-
thermore, because iridium clusters consisting of approxi-
mately 6 atoms each, on average, have also been synthesized
in NaY zeolite, we have the opportunity to compare the ac-
tivities of rhodium and iridium clusters of nearly the same
size in the same support, NaY zeolite. We emphasize, how-
ever, that the caveats stated above related to mass transport
and nonuniform distribution of metal in the zeolites apply
to all these samples, making the comparisons of the prop-
erties of rhodium and iridium clusters less fundamentally
sound than one would ideally prefer.

Near lack of support effect. The data (Table 2) show that
the activities varied by a factor of only about 2 as the sup-
port changed from NaY to NaX zeolite. We regard these
activities as indistinguishable from each other within the ex-
pected errors. The important conclusion is that the support
effect is small.

The apparent activation energies characterizing the re-
action in the presence of the zeolite-supported rhodium
catalysts (Table 2) are indistinguishable from each other
within experimental error, consistent with the nearly equal
activities referred to in the preceding paragraph. The re-
sults thus suggest that the influence of intracrystalline mass
transport may not have been significant in these catalysts, in
agreement with the rough estimates of effectiveness factors
stated above. These apparent activation energies are sim-
ilar to those observed for reaction catalyzed by supported
platinum (28); we might thus suggest that the mechanism of
toluene hydrogenation on the supported rhodium clusters
is similar to that on larger metal aggregates, with the rate
limiting step being the first insertion of hydrogen.

Effect of cluster size on catalytic activity. Lin and
Vannice (29, 30) presented data indicating that the hydro-
genation of arenes catalyzed by supported platinum is struc-
ture insensitive. Boudart and Sajkowski (31) presented data
indicating that hydrogenation of cyclohexene catalyzed by
supported rhodium is structure insensitive—the turnover
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frequencies for reactions catalyzed by supported rhodium
clusters or aggregates having Rh–Rh first-shell coordina-
tion numbers of about 5 or greater were independent of
the cluster or aggregate size and the support. However,
the clusters or aggregates investigated by these researchers
were larger on average than the clusters investigated in this
work (Samples 1–3), and size effects may become important
for the smallest clusters, even for structure-insensitive reac-
tions (2, 32). The rhodium supported in NaY zeolite or NaX
zeolite shows a strong dependence of turnover frequency
on cluster or aggregate size. The activities of decarbony-
lated rhodium clusters are much less than those of rhodium
aggregates (Samples 5 and 6) (Table 2).

The cluster/aggregate size issues are complex and un-
explained (32). As the XANES data show that the clus-
ters are somewhat electron deficient, it seems plausible
to suggest that differences in catalytic activity between
supported metal clusters and aggregates may be a conse-
quence of the support’s role in withdrawing electron den-
sity from the clusters, rather than simply an effect of cluster
size.

Comparison of catalytic activities of supported rhodium
and iridium clusters. Data characterizing the activities of
clusters approximated as Ir6 in NaY zeolite have been re-
ported (2). Because the conditions of the rate measurement
made for clusters of iridium in NaY zeolite almost over-
lap the conditions of the rate measurements made in this
work, they provide an opportunity to determine the effect
of a change in the metal on catalytic properties—without
substantial changes in the support or the metal cluster
size.

The activities of the iridium clusters in NaY zeolite for
toluene hydrogenation at 60◦C (2) are slightly greater than
those of supported rhodium clusters in the same zeolite
measured at 80◦C. The apparent difference may be indis-
tinguishable from the errors in the data, and more results
are needed to bolster the comparison.

CONCLUSIONS

Rhodium clusters were formed in NaY zeolite cages by
decarbonylation of [Rh6(CO)16]. Treatment in He gave de-
carbonylated clusters with metal frames about as small as
those of the precursor, and treatment in H2 at 200◦C gave
only partially decarbonylated clusters with nearly the same
metal frame. The rhodium clusters in NaY zeolite are cata-
lytically active for toluene hydrogenation, with the activity
being nearly the same as that of rhodium clusters of al-
most the same size in NaX zeolite, demonstrating that the
support effect is small. The supported rhodium clusters are
markedly less active than larger rhodium aggregates and
similar in activity to supported iridium clusters of nearly
the same size.
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