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a b s t r a c t

Supported metals prepared from H3Re3(CO)12 on c-Al2O3 were treated under conditions that led to var-
ious rhenium structures on the support and were tested as catalysts for n-butane conversion in the pres-
ence of H2 in a flow reactor at 533 K and 1 atm. After use, two samples were characterized by X-ray
absorption edge positions of approximately 5.6 eV (relative to rhenium metal), indicating that the rhe-
nium was cationic and essentially in the same average oxidation state in each. But the Re–Re coordination
numbers found by extended X-ray absorption fine structure spectroscopy (2.2 and 5.1) show that the
clusters in the two samples were significantly different in average nuclearity despite their indistinguish-
able rhenium oxidation states. Spectra of a third sample after catalysis indicate approximately Re3 clus-
ters, on average, and an edge position of 4.5 eV. Thus, two samples contained clusters approximated as
Re3 (on the basis of the Re–Re coordination number), on average, with different average rhenium oxida-
tion states. The data allow resolution of the effects of rhenium oxidation state and cluster size, both of
which affect the catalytic activity; larger clusters and a greater degree of reduction lead to increased
activity.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Oxidation states of the metals in transition metal complex cat-
alysts influence the bonding and reactivity of ligands and thereby
the catalytic properties of the complexes [1]. The oxidation states
of metals in solid catalysts exert similar influences, but they are
difficult to determine, because the metal species engaged in catal-
ysis are often minority surface species, and the metal may be pres-
ent in more than one oxidation state, making the characterization
of the active species challenging. Typical supported metal catalysts
consist of dispersed particles that are large enough to have metallic
character [2], but as the particles become smaller, approaching
nanometers in diameter, they are more strongly influenced by
the support and more likely to bear positive charges, with the cor-
responding changes in their catalytic properties. Metal atoms at
metal–support interfaces have been suggested to be positively
charged even when the metals are noble [3], including gold [4].

There is a long history of attempts to separate effects of metal
particle size and metal oxidation state in catalysis by supported
metals, but for the most part such a resolution has been difficult
ll rights reserved.
[5], in part because it is difficult to determine these properties in
supported metal catalysts that incorporate particles that are non-
uniform in size and structure [6].

Group-7 metals form stable cationic clusters in solution [7] and
on oxide surfaces [8], and they are good candidates for the prepa-
ration of supported clusters in which the metals are cationic and
present in oxidation states that depend on the treatment condi-
tions. Among the group-7 metals, rhenium is appealing because
it offers examples of molecular clusters of a given nuclearity with
the metal in different oxidation states [7,9] and because it forms
highly stable cationic clusters on surfaces exemplified by c-Al2O3

[8,10].
Our goals were to investigate rhenium on c-Al2O3, attempting

to produce extremely small clusters of various sizes incorporating
the metal in various oxidation states and to distinguish the effects
of cluster size and metal oxidation state on catalysis; the catalytic
reaction was chosen to be n-butane hydrogenolysis, a structure-
sensitive reaction that is important in the technology of hydrocar-
bon conversion [11].

Treatment with H2 of samples formed from H3Re3(CO)12 sup-
ported on c-Al2O3 has been shown to lead to the formation of rela-
tively well-defined cationic rhenium clusters [8,10]; the treatment
also removes the CO ligands from the metal frame, which Kirlin
et al. [12] showed to be strong inhibitors of cyclopropane conversion.

http://dx.doi.org/10.1016/j.jcat.2009.09.006
mailto:bcgates@ucdavis.edu
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat
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2. Experimental

2.1. Synthesis

2.1.1. Synthesis of H3Re3(CO)12

Synthesis of H3Re3(CO)12 was carried out by the method of An-
drews et al. [13]. Tetrahydrofuran (99+%, Sigma–Aldrich) was puri-
fied by refluxing over sodium. Cyclohexane (99%, EM Science) and
phosphoric acid (85%, Fisher) were degassed by sparging of N2.
Re2(CO)10 (Pressure Chemicals) and NaBH4 (98+%, Acros) were
used as received. All handling during the syntheses was carried
out with Schlenk techniques to minimize exposure to air. The
H3Re3(CO)12 was purified by recrystallization in cyclohexane and
was stored in an argon-filled glove box until it was used for the
synthesis of the supported catalysts.

2.1.2. H3Re3(CO)12 supported on c-Al2O3

Inside the glove box, the support, c-Al2O3 (Degussa, Alu C) pow-
der, which had been treated at 773 K in flowing O2 for 4 h then un-
der vacuum for 16 h, and the precursor, H3Re3(CO)12, were placed
into a flask and sealed with a rubber stopper. n-Pentane (>99%,
Fisher) (purified by sparging of N2 and dried by passage though a
column containing particles of 3A molecular sieve) was transferred
to the flask with a double-tip cannula and slurried with
H3Re3(CO)12 and c-Al2O3 for 24 h. The mixture was then evacuated
for 24 h to remove the n-pentane. The resultant sample was trans-
ferred to the glove box with exclusion of air and moisture and was
stored until used.

2.2. Sample treatment and catalyst testing

Treatment of samples and their testing as catalysts were carried
out with a once-though quartz tubular flow reactor. The powder
sample was held in place with a quartz frit mounted near the cen-
ter of the reactor, which was held in an electrically heated tube fur-
nace. The temperature was measured in the reactor below the frit
with a k-type thermocouple. Loading of the samples into the reac-
tor was done inside the argon-filled glove box. The reactor was
sealed on both ends with O-ring compression fittings to exclude
air and moisture, both before and after use. For catalyst testing, a
500-mg sample was mixed with 3.5 g of inert, nonporous a-
Al2O3 particles (Fisher) and was placed in the reactor downstream
of a bed of 4.5 g of a-Al2O3 particles. Samples of the catalyst that
were to be characterized later by X-ray absorption spectroscopy
(XAS) were treated in the reactor and subjected to catalytic reac-
tion conditions as stated above, but in the absence of a-Al2O3. After
catalysis these samples, still in the reactor, were flushed with flow-
ing helium and then transferred back to the argon-filled glove box
and handled in an inert atmosphere until their characterization.

2.2.1. Sample treatment
To obtain decarbonylated clusters on the support, samples

formed by adsorption of H3Re3(CO)12 on c-Al2O3 were treated in
Table 1
Sample designations.

Sample name Conditions of treatment of sample prepared from H3Re3(CO)12 sup

A Flowing H2 for 2 h at 773 K
B Flowing H2 for 2 h at 773 K followed by flowing O2 for 2 h at 423 K
C Flowing H2 for 2 h at 773 K followed by flowing O2 for 2 h at 423 K
A0 Flowing H2 for 2 h at 773 K followed by use as a catalyst for n-but
B0 Flowing H2 for 2 h at 773 K followed by flowing O2 for 2 h at 423 K
C0 Flowing H2 for 2 h at 773 K followed by flowing O2 for 2 h at 423 K

conversion for 36 h
D Flowing H2 for 2 h at 773 K followed by flowing O2 for 2 h at 423 K
flowing H2 at 773 K for 2 h (Sample A, Table 1). This treatment
has been found to produce cationic trirhenium clusters on c-
Al2O3 [8,10]. Fractions of this sample were further treated for 2 h
with a stream of helium containing O2 at a partial pressure of
10 kPa, at 423 K (Sample B, Table 1). Fractions of sample B were
then treated under reducing conditions, flowing H2 at 773 K for
2 h, giving Sample C (Table 1); such a treatment has been shown
to produce aggregates of rhenium dispersed on the support when
the precursor was ReO�4 [8]. All treatments were carried out at
atmospheric pressure (101 kPa).

2.2.2. Catalyst testing: conversion of n-butane
The catalytic conversion of n-butane was carried out at 533 K

and 101 kPa; the partial pressure of n-butane was 14.5 kPa, with
the balance being H2, and the total feed flow rate was
4.08 � 10�3 mol/s (100 ml/min at room temperature and 179 ml/
min under reaction conditions).

Samples of the effluent gas were analyzed every 25 min with an
on-line gas chromatograph equipped with an FID detector and a
Plot-Al2O3 column. Conversions were differential (<5%), determin-
ing reaction rates directly. Calculation of turnover frequencies
(TOFs) was based on the assumptions that (a) the reactor was a
plug-flow reactor and (b) all the Re atoms were accessible to reac-
tants and active. Selectivity for each of the products was calculated
as the mass ratio of the product formed to the n-butane converted.
The errors in the TOF and selectivities were calculated by propagat-
ing the errors from the following sources: masses of the catalyst,
determined both during sample preparation and loading of the
reactor; gas flow rates; errors in the GC peak areas; pressure;
and temperature.

The samples resulting from the use of samples A, B, and C for the
catalytic conversion of n-butane for approximately 36 h in the
flow reactor are referred to as samples A0, B0, and C0, respectively
(Table 1). A fraction of Sample B was treated in H2 at 533 K for
36 h, giving Sample D.

The sample notation is summarized in Table 1.

2.3. Characterization of catalysts

2.3.1. Infrared (IR) spectroscopy
IR characterization was done with a Bruker 90v/s instrument

equipped with a DTGS detector and a HgCdTe detector. Samples
in the glove box were pressed between KBr windows and placed
in a gas-tight cell (International Crystal Laboratories). Each sample
was then scanned under vacuum (1 mbar) with a spectral resolu-
tion of 2 cm�1; a minimum of 128 scans was recorded per sample.

2.3.2. XAS
2.3.2.1. Data collection. X-ray absorption fine structure (XAFS) spec-
tra were collected at beam line 10-2 at the Stanford Synchrotron
Radiation Laboratory (SSRL) at the Stanford Linear Accelerator Cen-
ter and at beam line X-18B at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory. The beam en-
ported on c-Al2O3

followed by flowing H2 for 2 h at 773 K
ane conversion for 36 h

followed by use as a catalyst for n-butane conversion for 36 h
followed by flowing H2 for 2 h at 773 K followed by use as a catalyst for n-butane

followed by flowing H2 for 36 h at 533 K
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ergy was selected by means of a double-crystal monochromator, a
Si (2 2 0) crystal with a minimum step size of 0.35 eV at SSRL, and a
Si (1 1 1) crystal with a minimum step size of 0.4 eV at NSLS. The
dimensions of the X-ray beam were in all cases approximately
1 � 12 mm. To reduce the presence of higher-energy harmonics
in the beam, the monochromator was detuned to 70%. The samples
were scanned in transmission mode with gas-filled ion chambers
used to measure the intensity of the X-rays entering and exiting
the sample. Furthermore, a reference foil (rhenium at SSRL and
hafnium at NSLS) was scanned simultaneously with the sample
to allow calibration of the energy scale.

Samples in a nitrogen-filled glove box were pressed into self-
supporting wafers and loaded into the cell, which allowed scan-
ning without exposure to air or moisture and under high vacuum
(<2 � 10�5 mbar) and at 77 K [14].

XAFS spectra in the XANES region were determined by scanning
at the smallest step size possible (0.35 eV at SSRL and 0.4 eV at
NSLS), whereas in the EXAFS region the samples were scanned
with a step size of 0.07 k (k is the wave vector), corresponding to
a total scan time of 15 min. Each reported spectrum is an average
of at least four spectra.

2.3.2.2. XANES data analysis. Data in the XANES region were pro-
cessed and analyzed by using the software package Athena [15].
The edge position of the rhenium in the sample was taken as the
first inflection point in the XAFS spectrum. To accurately determine
the edge shift of the sample, the energy scale of the XAFS spectrum
was calibrated by setting the edge position of the metal foil to the
reported value. Then a minimum of two spectra were averaged.

To allow a comparison between spectra of different samples,
the XANES spectra were normalized to account for the different
sample thicknesses. This normalization procedure is described
elsewhere [15].

2.3.2.3. EXAFS data reduction and analysis. Data reduction and anal-
ysis were carried out with the software package XDAP [16]. First, a
minimum of four scans were aligned and then averaged to improve
data quality and extend the range of data that could be analyzed.
Analysis of the data was performed by using a difference file tech-
nique; the functions used to construct the structural models and
used to minimize the error are shown elsewhere [17]. The fitting
was done in k-space and in R-space by using three k-weightings
(typically k, k2, and k3). For a model to be considered appropriate,
it was required to fit well with all k-weightings. In the fitting,
the number of fitted parameters (four per shell) did not exceed
Table 2
EXAFS parameters for best-fit models representing samples prepared from H3Re3(CO)12 su

Sample name Absorber–backscatterer pair Ne R (

Aa,b [10] Re–Re 2.1 ± 0.1 2.6
Re–O 0.9 ± 0.0 2.0
Re–O 0.6 ± 0.0 2.4

Ba,c Re–O 1.3 ± 0.1 2.0
Re–O 2.1 ± 0.1 2.5
Re–O 1.9 ± 0.0 1.7

Ca,d Re–Re 4.7 ± 0.0 2.7
Re–O 0.8 ± 0.0 2.0
Re–O 1.0 ± 0.0 2.4

a Treatments stated in Section 2.
b k-Range: 4.3–13.7 Å�1.
c k-Range: 3.5–13.6 Å�1.
d k-Range: 2.4–14.3 Å�1.
e Errors shown correspond to precisions in the EXAFS fit; the estimated accuracies are

high-Z backscatterers: N, ±10%; R, ±0.02 Å; Dr2, ±20%; DE0, ±20%.
f (Dv)2 is a measure of the quality of the fit, as defined elsewhere [19].
the number of statistically justified parameters, as determined by
the Nyquist theorem [18].

Fit quality of each model was evaluated by the value of (Dv)2, as
defined by the International XAFS Society [19]. This parameter
takes into account the number of fitted parameters and statistically
independent data points, thus allowing the comparison of models
containing different numbers of contributions and different fit
ranges. By using (Dv)2 we were able to determine whether the
addition of each new contribution to an EXAFS model improved
the fit.

Two criteria were used to determine whether an EXAFS fit was
valid: (1) that the addition of each of the shells to the model re-
sulted in a reduction of the value of (Dv)2 and (2) that the param-
eters for each shell were physically appropriate, specifically, in
terms of distances; furthermore, the value of DE0 was considered
appropriate only if �10 eV < DE0 < 10 eV; and the value of Dr2

was considered appropriate only if the magnitude was
0 < Dr2 < 1.5 � 10�2 Å�2. Discrimination between valid models
representing the same data set was carried out on the basis of
the (Dv)2 parameter; the model with the lowest values was
preferred.

Amplitude- and phase-shift functions for each of the contribu-
tions were calculated with the software FEFF7 [20]. The input for
the calculations was obtained from crystallographic data; Table 5
shows the reference compounds used in the calculations.

The value of the amplitude reduction factor S2
0 used for the data

analysis was 0.92. This was determined by fitting data characteriz-
ing H3Re3(CO)12 mixed with boron nitride.
3. Results

3.1. Formation of samples containing rhenium clusters of various sizes

IR spectra of samples formed by the adsorption of H3Re3(CO)12

on c-Al2O3, before and after treatment in flowing H2 at 773 K (Sam-
ple A), show that the clusters were completely decarbonylated dur-
ing the treatment (Supplementary material). This result is
bolstered by the absence of a multiple-scattering Re–O contribu-
tion in the EXAFS results characterizing this sample (Table 2). Fur-
thermore, the EXAFS data show that the Re–Re contribution was
essentially the same before and after the treatment, with the coor-
dination number being approximately 2, consistent with the infer-
ence that the trirhenium framework of the precursor H3Re3(CO)12

remained intact. Hence, we infer that decarbonylated Re3 clusters
pported on c-Al2O3.a

Å)e Dr2 � 10�3 (Å�2)e DE0 (eV)e (Dv)2 f

5 ± 0.00 7.4 ± 0.3 �0.9 ± 0.6 25.3
1 ± 0.00 0.2 ± 0.2 �0.9 ± 0.6
8 ± 0.01 0.5 ± 0.5 �8.8 ± 0.8

0 ± 0.01 2.3 ± 0.6 9.0 ± 0.8 2.1
0 ± 0.02 8.0 ± 1.3 1.4 ± 0.8
2 ± 0.00 1.4 ± 0.4 �3.9 ± 0.2

2 ± 0.00 7.2 ± 0.1 �3.8 ± 0.1 28.4
1 ± 0.00 0.1 ± 0.1 �9.5 ± 0.2
1 ± 0.01 2.8 ± 0.6 8.7 ± 0.4

as follows: for low-Z backscatterers: N, ±20%; R, ±0.04 Å; Dr2, ±20%; DE0, ±20%; for
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were bonded to the support after decarbonylation. These results
are consistent with earlier observations with similar samples
[8,10].

EXAFS spectra characterizing Sample B give no evidence of Re–
Re contributions (Table 2); thus we infer that O2 treatment led to
cluster fragmentation and the formation of mononuclear rhenium
species. These EXAFS data are consistent with those obtained for c-
Al2O3-supported samples prepared from methyltrioxorhenium,
showing the presence of Re–O contributions at 1.72 Å and at
approximately 2.00 Å [21]. The latter distance matches that of typ-
ical metal–Osupport contributions for a variety of metals and sup-
ports [22], consistent with the inference that the mononuclear
rhenium species were bonded to the c-Al2O3.

EXAFS data characterizing Sample C show the presence of a Re–
Re contribution with a coordination number of 4.5 (Table 2), corre-
sponding, on average, to clusters of about 10 atoms each (assuming
a hemispherical model of the clusters and hcp packing). Thus,
treatment of the initially site-isolated mononuclear rhenium spe-
cies in flowing H2 led to the formation of larger clusters than those
present initially. This result nearly matches that of Fung et al. [8],
Table 3
Edge shift values characterizing the Re LIII edge of the samples prepared from
H3Re3(CO)12 supported on c-Al2O3 before and after use as catalysts in the conversion
of n-butane.

Sample name Edge shift (eV)a Ref.

A 5.0 ± 0.4 [11]
B 4.5 ± 0.4 This work
C 6.9 ± 0.4 This work
A0 4.5 ± 0.4 This work
B0 5.6 ± 0.4 This work
C0 5.8 ± 0.4 This work

a Edge shift relative to that of metallic rhenium (10,535 eV). Errors correspond to
the minimum energy grid size for each of the synchrotrons.

Fig. 1. Catalytic activities of samples containing supported rhenium species of various s
sample initially containing mononuclear rhenium species (Sample B); (.) sample initiall
(no Re) (for comparison, the TOF calculation was performed by arbitrarily assuming tha
1 wt% Re).
who treated and characterized a sample prepared from NH4ReO4

supported on c-Al2O3. This comparison suggests that the species
formed by fragmentation of the Re3 frame underwent aggregation
more or less in the same way as the species formed from Fung’s
perrhenate precursor. The EXAFS parameters characterizing these
samples are similar to each other, but, within error, not the same
(Table 2); we lack sufficient information to interpret the
differences.

The three forms of the supported samples made from
H3Re3(CO)12 were characterized by X-ray absorption edge shifts
(relative to rhenium metal) which indicate that the rhenium in
each sample was cationic (Table 3). The edge shift values show that
the rhenium in the sample containing the mononuclear species
(Sample B; characterized by a Re–O contribution at 1.72 Å) was
present in a higher oxidation state than the rhenium in the other
samples before their use as catalysts; the least oxidized rhenium
was observed in the sample containing the larger clusters; it was
characterized by the smallest edge shift (among the samples char-
acterized before catalytic testing), relative to that of rhenium metal
(Table 3).

3.2. Catalytic performance of samples with various rhenium cluster
sizes

3.2.1. Cluster size affects catalytic properties for the conversion of
n-butane

The sample incorporating clusters approximated as Re3 (Sample A)
was tested as a catalyst for n-butane conversion, as were the
samples incorporating mononuclear rhenium species (Sample B)
and larger rhenium clusters (Sample C). The catalytic activity of
each sample as a function of time on stream (TOS) is shown in
Fig. 1.

During the 36 h of testing in the flow reactor, Sample C was con-
sistently the most active of the three catalysts. During the first five
hours of operation, the activity of this catalyst (measured
izes: (h) sample initially containing clusters approximated as Re3 (Sample A); (s)
y containing larger rhenium clusters (Sample C); (�) sample containing only c-Al2O3

t the number of active sites was equal to that in 500 mg of the catalyst containing
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by the TOF) decreased from (1.66 ± 0.05) � 10�2 s�1 to (1.38 ±
0.04) � 10�2 s�1, thereafter remaining essentially unchanged.

Sample A was characterized by an initial TOF of
(7.3 ± 0.2) � 10�3 s�1; the activity increased with time on stream,
to a value of (1.12 ± 0.03) � 10�2 s�1 after approximately 36 h,
when the run was stopped. Sample B was the one with the lowest
catalytic activity (with a TOF value of (7.4 ± 0.2) � 10�3 s�1 when
the reaction was stopped); however, the activity of this sample also
increased during operation (Fig. 1).

3.2.2. Influence of rhenium cluster size on product distribution in n-
butane conversion catalysis

The products of n-butane conversion were methane, ethane,
propane, and propylene; product distribution data are shown in
Fig. 2. In all cases, the principal product was methane, indicating
that the dominant reaction was hydrogenolysis. Sample C was
the catalyst with the highest selectivity for methane (Fig. 2C); for
example, the methane selectivity at the end of the run was
65.1 ± 1.2 wt%. Sample A was characterized by a selectivity for
methane of 60.1 ± 0.5 wt% (Fig. 2A). Sample B was characterized
by a methane formation selectivity of 57.8 ± 1.2 wt% (Fig. 2B).
The selectivity for methane (and the other products) of Sample C
did not change, within error, with TOS. Methane selectivity of Sam-
ple A increased during the first 3 h of the experiment and then
slowly decayed until the experiment was stopped. In contrast,
the methane selectivity of sample B was characterized by an initial
period of rapid decay (5 h), followed by a slower monotonic decay
for the remainder of the experiment.

Formation of ethane and propane as products of n-butane con-
version, which constitute the second and third most abundant
products with each of the catalysts, provides evidence beyond that
provided by the formation of methane of the occurrence of hydro-
genolysis as the dominant reaction. Sample A (the catalyst initially
containing clusters approximated as Re3) was more selective for
ethane than the other samples; the catalyst with the lowest selec-
tivity for ethane was Sample C. The catalyst with the highest selec-
tivity for propane formation was Sample B, and the least selective
was Sample A.

Propylene was observed as a product with each of the catalysts,
but the selectivities were low: 1.3, 1.7, and 1.9 wt% for Samples A,
B, and C, respectively. These results show that the catalysts had
some activity for dehydrogenation or (more likely) cracking of n-
butane (the cracking reaction would be expected to have led to
the formation of methane and propylene).

3.3. Structural changes of catalysts resulting from operation

3.3.1. EXAFS evidence of changes in the environment of clusters
approximated as Re3 without significant changes in cluster nuclearity

EXAFS data characterizing Sample A0 (Fig. 5, which before catal-
ysis contained clusters approximated as Re3), give no evidence of
any change, within error (the overall error bound is taken to in-
clude the sum of the bounds in the precision and the accuracy—
for each EXAFS model), of the cluster nuclearity, as shown by the
Re–Re coordination number (Table 4). This result is consistent with
earlier observations of the lack of change in the cluster nuclearity
after the use of the sample as a catalyst for methylcyclohexane
conversion at 723 K [10], in contrast to the changes in the Re–Re
distance observed after the latter conversion; the data representa-
tive of sample A0 indicate no significant change in the correspond-
ing distance (R = 2.64 Å) (see Table 5).

Nonetheless, there were detectable changes in the EXAFS data
resulting from exposure of the sample to catalytic reaction condi-
tions. The coordination number of the Re–O contribution at a rela-
tively short distance (1.98 Å)—associated with bonding of rhenium
to the support—decreased from 0.9 before catalysis to 0.3 after
catalysis; the Re–O distance characterizing this contribution re-
mained unchanged, within error. The coordination number charac-
terizing the longer Re–O contribution, however, increased from 0.6
to 1.2 during catalysis; thus, the overall Re–O coordination number
remained constant, within the error of the EXAFS models (which
includes both the precision and the accuracy). Simultaneously,
the distance characterizing the latter contribution decreased from
2.48 Å initially to 2.39 Å after catalysis. This change is an indication
that the rhenium–support interaction became stronger as catalysis
took place. In summary, the data show that although the use of the
sample containing the clusters approximated as Re3 did not lead to
a change the average cluster nuclearity, it did lead to a change in
the environment surrounding the clusters.
3.3.2. Retention of average cluster size in sample incorporating larger
rhenium clusters during catalysis of n-butane conversion

EXAFS parameters characterizing Sample C0 (Table 4; plots in
Supplementary material) indicate that the Re–Re coordination
number (5.1) remained the same—within the error of the EXAFS
fits (including both accuracy and precision)—as that in the sample
before use as a catalyst (Sample C). Although the cluster size re-
mained essentially unchanged during catalysis, the longer Re–O
contribution changed markedly, being characterized by a signifi-
cantly increased coordination number (Tables 2 and 4).

These results are contrasted with the usual pattern observed
with supported group-8 metal clusters, whereby an increase in
the metal–oxygen coordination number is usually accompanied
by fragmentation of the clusters, leading to a lower metal–metal
coordination number [23].
3.3.3. Formation of clusters from mononuclear rhenium species under
catalytic reaction conditions and in H2

When Sample B was used as a catalyst for 36 h at 533 K (pro-
ducing Sample B0), rhenium clusters formed, as shown by a Re–
Re shell with a distance of 2.72 Å that was not present in the spec-
trum of unused Sample B. The corresponding coordination number
was 2.3, which matches (within error) that of Sample A0, inferred to
contain Re3 clusters, on average. This comparison indicates that
clusters that can be approximated as trirhenium, on average,
formed during catalysis and were stable. The difference in Re–Re
distances characterizing Samples A0 and B0 suggests that the clus-
ters in Sample A0 are characterized by stronger Re–Re bonds.

Prior to catalysis, Sample B was characterized by a Re–O contri-
bution at 1.72 Å (Table 4), but, after catalysis, this contribution was
no longer detectable. Moreover, the coordination number of the
Re–O shell at 2.00 Å decreased from 1.3 to 0.8 after catalysis. The
changes in the Re–Re and Re–O shells are consistent with the typ-
ical behavior of supported group-8 metals [23], whereby cluster
formation is accompanied by a decrease in the number of M–O
bonds. As for the sample containing the larger clusters, the Re–
Re distance representative of this sample is similar to that in
metallic rhenium.

Similarly, treatment of the sample initially containing mononu-
clear rhenium species (Sample B) in flowing H2 for 36 h at 533 K
led to the appearance of a Re–Re contribution. As for the sample
used as a catalyst, the Re–O contribution at 1.72 Å disappeared,
and the coordination number of the Re–O contribution at 2.00 Å
decreased slightly (Table 4). The clusters in Sample D are inferred
to have been larger, on average, than those formed during catalysis,
as the corresponding Re–Re coordination number (4.1) is signifi-
cantly greater than that characterizing the used catalyst (2.3). This
result suggests that the absence of n-butane in the H2 treatment
and/or (more likely) the higher H2 partial pressure applied when
H2 was used alone led to an increase in the rate of cluster forma-
tion and/or growth.



Fig. 2. Selectivity data characterizing each of the catalyst samples during the conversion of n-butane at 533 K: (A) sample initially containing clusters approximated as Re3

(Sample A); (B) sample initially containing mononuclear Re species (Sample B); (C) sample initially containing larger rhenium clusters (Sample C). Selectivities are shown for
methane (�), ethane (N), propane (s), and propylene (h).
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Table 4
EXAFS parameters characterizing best-fit models representing samples formed from H3Re3(CO)12 supported on c-Al2O3 after use for n-butane conversion or treatment in H2.a

Sample name Absorber–backscatterer pair Nf R (Å)f Dr2 � 10�3 (Å�2)f DE0 (eV)f (Dv)2 g

A0a,b Re–Re 2.4 ± 0.1 2.64 ± 0.00 8.7 ± 0.7 0.3 ± 2.2 45.1
Re–O 0.3 ± 0.1 1.98 ± 0.00 3.7 ± 0.8 0.3 ± 2.2
Re–O 1.2 ± 0.2 2.39 ± 0.00 6.3 ± 0.7 7.6 ± 0.7

B0a,c Re–Re 2.2 ± 0.1 2.72 ± 0.00 5.3 ± 0.5 �3.5 ± 0.2 31.1
Re–O 0.8 ± 0.0 2.04 ± 0.00 �0.3 ± 0.5 �9.7 ± 0.2
Re–O 2.5 ± 0.0 2.47 ± 0.00 6.8 ± 0.7 0.9 ± 0.2

C0a,d Re–Re 5.1 ± 0.1 2.73 ± 0.00 6.7 ± 2.0 �4.0 ± 0.1 67.3
Re–O 0.9 ± 0.0 2.02 ± 0.00 0.6 ± 0.5 �8.5 ± 0.2
Re–O 1.4 ± 0.0 2.46 ± 0.01 7.1 ± 0.7 1.5 ± 0.3

Da,e Re–Re 3.9 ± 0.1 2.73 ± 0.00 6.4 ± 0.2 �4.7 ± 0.3 26.1
Re–O 1.1 ± 0.0 2.02 ± 0.00 1.0 ± 0.4 �9.2 ± 0.2
Re–O 2.8 ± 0.1 2.47 ± 0.01 9.5 ± 0.4 �0.2 ± 0.7
Re–O 1.9 ± 0.3 3.25 ± 0.02 6.0 ± 0.8 7.4 ± 1.6

a Treatments stated in Section 2.
b k-Range: 2.4–13.2 Å�1.
c k-Range: 2.3–13.5 Å�1.
d k-Range: 2.4–13.4 Å�1.
e k-Range: 2.4–13.5 Å�1.
f Errors shown correspond to precisions in the EXAFS fit; the estimated accuracies are as follows: for low-Z backscatterers: N, ±20%; R, ±0.04 Å; Dr2, ±20%; DE0, ±20%; for

high-Z backscatterers: N, ±10%; R, ±0.02 Å; Dr2, ±20%; DE0, ±20%.
g (Dv)2 is a measure of the quality of the fit, as defined elsewhere [19].

Table 5
Reference compounds used for the calculation of EXAFS amplitude and phase-shift
functions.

Compound Absorber–backscatterer pair N R (Å)

ReAl [29] Re–Al 8 2.49
Re3(O–i-Pr)9

a [7] Re–Os 2 1.91
ReO2 [29] Re–Ol 2 2.11
Rhenium metal [29] Re–Re 12 2.74

a O–i-Pr represents isopropoxide.

Fig. 3. XANES spectra characterizing the sample initially containing clusters
approximated as Re3, before (—; Sample A) and after (– – –; Sample A0) use as a
catalyst for the conversion of n-butane. Each spectrum was calibrated relative to the
reference metal (rhenium or hafnium; see text) that was scanned simultaneously.
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3.3.4. Evidence of changes in environment of Re3 species without
changes in rhenium oxidation state

The XAFS edge shift characterizing Sample A0 (Table 3) matches,
within error, that of the sample before use as a catalyst (Sample A),
a result that indicates that the rhenium did not undergo a signifi-
cant change in oxidation state as a result of its exposure to catalytic
reaction conditions. XANES spectra characterizing Samples A and
A0 (Fig. 3) show a significant increase in the white-line intensity
after use, symptomatic of changes in the coordination environment
of the Re atoms. This qualitative information is in accord with the
EXAFS results showing significant changes in the Re–O contribu-
tions. Notwithstanding the changes in the coordination environ-
ment, there was no detectable change in formal oxidation state
of the rhenium—as shown directly by the edge position (Table 3)
and indirectly by the sum of coordination numbers representing
all the Re–O contributions (Table 4).

3.3.5. Aggregation accompanied by partial reduction of mononuclear
rhenium species on the support

A comparison of the edge position shift (Table 3) characterizing
Sample B0 relative to that of Sample B indicates that the rhenium
underwent reduction during catalysis, consistent with its aggrega-
tion to form small clusters as demonstrated by the appearance of a
Re–Re contribution in the EXAFS spectra and the decrease in the
Re–O contributions (Table 4). Notwithstanding this reduction, the
edge shift characterizing the used catalyst (5.8 eV, Table 3) indi-
cates that the rhenium remained cationic. Furthermore, the larger
edge shift indicated by the spectrum of this sample relative to that
of Sample A0, which contained clusters of roughly the same average
size (4.5 eV, Table 3), shows that the rhenium in the clusters
formed from Sample B was more highly oxidized than the rhenium
in Sample A0. XANES spectra of Sample B0 (Fig. 4) show there was a
large decrease in the white-line intensity and of the edge position
characterizing Sample B as it was used for the conversion of n-bu-
tane (thereby being transformed into Sample B0). Such changes are
consistent with the changes in the environment surrounding the
rhenium species, specifically, the growth of rhenium clusters and
the reduction of the rhenium as well as a decrease in the number
of Re–O contributions, as demonstrated by the EXAFS data (Table 4).

Furthermore, the differences in white-line intensity characteriz-
ing Samples B0 and D suggest that the presence of n-butane in the
treatment gas and/or the change in H2 partial pressure affected the
nature of the clusters, consistent with the EXAFS data (Table 4)
showing that the average rhenium clusters were much larger in
the latter sample.

3.3.6. Oxidation of larger rhenium clusters under catalytic reaction
conditions shown by XANES

The edge shift of Sample C0 relative to that of Sample C (Table 3)
indicates that the clusters were oxidized under catalytic reaction



Fig. 5. EXAFS data characterizing supported Sample containing clusters approxi-
mated as Re3 after use as a catalyst for the conversion of n-butane, Sample A0

(data, —; best-fit model, – – –): (A) k1-weighted EXAFS function in k-space; (B)
imaginary part and magnitude of k1-weighted EXAFS function in R-space; and (C)
imaginary part and magnitude of k3-weighted EXAFS function in R-space.

Fig. 4. XANES characterizing the sample initially containing mononuclear rhenium
species; before (—; Sample B) and after (– – –; Sample B0) use as a catalyst [spectra
are calibrated relative to the reference metal (rhenium or hafnium; see text) that
was scanned simultaneously]; and after treatment at 533 K for 36 h in flowing
H2 (– � � –; Sample D). (The energy scale representing the spectra of the sample
initially containing mononuclear species after 36 h under H2 flow at 533 K was not
calibrated; thus, the shift indicated in the plot is arbitrary.)
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conditions, with the edge shift increasing from 4.5 eV for the latter
to 5.6 eV for the former. The edge shift of Sample C0 matches within
error that of Sample B0 (formed from mononuclear species), a result
that suggests that rhenium in similar oxidation states was present
in these samples containing clusters of markedly different average
sizes.

4. Discussion

4.1. Reducibility of rhenium on c-Al2O3

The data provide evidence of the resistance of supported rhe-
nium clusters to reduction to the zerovalent form, consistent with
the observations reported [24] for supported samples prepared
from perrhenate precursors; the latter samples required tempera-
tures exceeding 773 K to convert the rhenium into a metallic form.
The results are consistent with the oxophilic nature of rhenium,
and they are contrasted with observations of supported noble met-
als, which readily form zerovalent aggregates when subjected to
reducing conditions, even at temperatures as low as 373 K, for
example, for the formation of clusters from zeolite-supported rho-
dium complexes [25]. Supported complexes of noble metals can
even be reduced (autoreduced) in the absence of added reducing
agents at low temperatures, as exemplified by the formation of
supported gold clusters on TiO2 from mononuclear species bonded
to the support [26].

Thus, the supported rhenium samples offer the benefits of
retention of high dispersions during catalysis at high temperatures.
The resistance of rhenium to reduction may explain in part why it
is used with group-8 metals in industrial catalysts, such as in the
RePt catalysts used for naphtha reforming [27].

4.2. Control of rhenium cluster size and oxidation state

The results presented here indicate that the samples tested as
catalysts for n-butane hydrogenolysis, a classic structure-sensitive
reaction [11], contained extremely small rhenium clusters, with
the rhenium being cationic. Two of our samples, A0 and B0, were
found to contain clusters of similar average size, approximated as
Re3 (on the basis of EXAFS data), but to incorporate rhenium in sig-
nificantly different average oxidation states, as indicated by the
XAFS edge positions. The sample in which the rhenium in the final
form was in the higher average oxidation state (Sample B0) is the
one that, before being subjected to catalytic reaction conditions,
contained mononuclear rhenium species, whereas the sample in
which the rhenium was in a lower average oxidation state—but
still cationic—was the one that contained clusters approximated
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as Re3 before and after use as a catalyst (Samples A and A0). As a
catalyst for the conversion of n-butane, the latter was more than
50% more active (at the end of the catalytic reaction test) than
the former.

Moreover, the former sample—and a third sample, Sample C0

(incorporating more than about 10 Re atoms per cluster, on aver-
age)—incorporated rhenium in oxidation states that were indistin-
guishable from each other after the catalysts had been used for
approximately 36 h, although the average cluster sizes in these
samples were significantly different from each other (Table 4), as
were their catalytic activities (Fig. 1). Sample B0 was found to have
the lowest catalytic activity of any of the supported rhenium cata-
lysts reported here.
Fig. 6. Relationship between catalytic activity and XAS parameters indicative of cluster s
containing clusters approximated as Re3 (Sample A0); (s) sample initially containing mo
rhenium clusters (Sample C0).
After catalysis, the sample containing the larger clusters (Sam-
ple C0) was inferred to incorporate rhenium in clusters with
roughly the same average nuclearity as in the sample before catal-
ysis (as shown by the indistinguishable Re–Re coordination num-
bers), and this sample was characterized by the highest catalytic
activity of any tested in this work.

These results demonstrate effects of the reaction environ-
ment on the catalyst structure and activity and provide a basis
for deconvolution of the effects of rhenium cluster size and oxi-
dation state on the activity. Thus, supported group-7 metals
such as rhenium provide a significant opportunity to separate
the effects of metal cluster size and metal oxidation state in
catalysis.
ize and degree of oxidation of rhenium for each of the samples: (h) sample initially
nonuclear rhenium species (Sample B0); and (.) sample initially containing larger
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The formation and growth of clusters in the sample initially
containing mononuclear rhenium species (Sample B) under cata-
lytic reaction conditions is contrasted with the lack of cluster
growth in the samples initially containing clusters approximated
as Re3 (Sample A, formed directly by decarbonylation of the sample
formed from H3Re3(CO)12 supported on c-Al2O3)—these are the
samples showing the greatest resistance to reduction of any we
tested.

Fung et al. [8] observed behavior consistent with that reported
here, but they did not report any evidence of the structures of the
rhenium species after catalysis or any comparison between their
clusters formed from H3Re3(CO)12 and clusters originating from
mononuclear precursors made from H3Re3(CO)12.

The behavior of the larger rhenium clusters under highly reduc-
tive catalytic reaction conditions when the clusters became oxi-
dized as the reaction proceeded without any significant change
in average apparent cluster size (as shown by the Re–Re coordina-
tion number) is contrasted with that of group-8 metals, for which
oxidation is not expected to occur in a H2-rich atmosphere and for
which oxidation is typically accompanied by cluster fragmentation
[28].

4.3. Resolution of effects of rhenium cluster size and rhenium oxidation
state on catalytic activity

4.3.1. Influence of rhenium cluster size on catalytic activity for
n-butane hydrogenolysis

As stated above, the EXAFS data show that the average rhenium
cluster sizes in two samples, B0 and C0, were significantly different
from each other; thus, because the rhenium oxidation states were
nearly the same and the catalytic activities differed significantly,
we infer that the differences in activity should be attributed pri-
marily to the differences in average cluster size. The data indicate
that the activity increases as the cluster size increases, at least in
the size range of our experiments. The relationship is shown sche-
matically in Fig. 6.

This inference agrees qualitatively with observations made with
catalysts incorporating larger particles of group-8 metals; for
example, increases in the average size of ruthenium particles led
to increased activity for hydrogenolysis of cyclohexane [11]. There
were no measurements of the ruthenium oxidation states in those
samples, but the authors inferred that the particles were metallic.

4.3.2. Influence of rhenium oxidation state on catalytic activity for n-
butane hydrogenolysis

Similarly, the XAFS edge positions characterizing two of the
used samples, A0 and B0, indicate that the rhenium was in different
oxidation states, although the average cluster sizes were essen-
tially the same; thus, we attribute the significant difference in cat-
alytic activity to the effect of the rhenium oxidation state. The
greater catalytic activity for n-butane hydrogenolysis is attributed
to the more highly reduced rhenium. We might suggest that the
higher electron density in the rhenium frame might lead to a stron-
ger bonding of the reactants to the catalytic sites and a more effi-
cient activation of the adsorbed reactants in the more highly
reduced catalyst; calculations at the density functional level would
be helpful in testing this suggestion.

4.3.3. Dynamic behavior of catalysts explained by influence of rhenium
cluster size and oxidation state

Although no structural information characterizing the catalysts
in intermediate stages of the catalytic testing are available, the
changes in the activity of the various samples can be explained
by taking into account the effects of cluster size and oxidation
state. As Sample C was tested, the catalytic activity decreased, con-
comitant with an increase in the degree of oxidation of rhenium
(without a significant change in average cluster size), consistent
with the inference stated above that more reduced clusters are
more active and that as the clusters become oxidized the catalytic
activity decays.

When Sample B was tested, the cluster size increased as did the
degree of reduction of the rhenium; both effects are consistent
with the increase in activity of this sample.

In summary, the data support the inference that both the size of
the metal clusters and the oxidation state of the metal significantly
influence the catalytic properties of supported rhenium for n-bu-
tane conversion.
5. Conclusions

The data provide evidence of the catalytic activity of nearly uni-
form c-Al2O3-supported rhenium clusters prepared by the reduc-
tion of mononuclear rhenium species and by decarbonylation of
a sample prepared from H3Re3(CO)12. The oxidation state of rhe-
nium in clusters formed from the mononuclear species depends
on the treatment conditions rather than the initial size of the rhe-
nium species. The characterization of a family of catalysts shows
that the metal oxidation state and the average size of the metal
cluster each affects the catalytic activity and selectivity; activity
and selectivity for methane formation increase with increasing
cluster nuclearity, and there is a separate effect of increasing cata-
lytic activity and increasing methane selectivity with increasing
reduction of the rhenium.
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