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New silica-supported bimetallic Pt–Au catalysts were prepared
using an organometallic Pt–Au cluster precursor and compared
with Pt and Pt–Au catalysts prepared by the incipient wetness im-
pregnation of chloride salts. The supported catalyst precursors were
calcined and reduced under identical conditions and the resulting
catalysts were characterized with transmission electron microscopy
(TEM), energy-dispersive spectroscopy (EDS), CO chemisorption,
and diffuse reflectance infrared Fourier Transform spectroscopy
(DRIFTS). Temperature-programmed reduction experiments were
also performed on the freshly supported precursors and after cal-
cination. The bimetallic cluster precursor yielded catalysts with
small (d≈ 2.5 nm), uniform particles that have high Pt dispersion.
EDS, CO chemisorption, and DRIFTS of adsorbed CO experiments
gave strong evidence that these particles are bimetallic. Using the
organometallic cluster precursor also caused a significant red shift
(12 cm−1) in the stretching frequency of adsorbed carbon monox-
ide relative to the traditional Pt catalyst. Catalytic performance was
evaluated with the hexane conversion reaction. Results showed that
the cluster-derived catalysts enhance the production of light hy-
drocarbons and decrease the rate of skeletal reforming reactions.
Despite the enhancement of C–C bond fission reactions, catalysts
prepared from the organometallic precursor had greatly enhanc-
ing resistance to deactivation. In contrast, the coimpregnation of
Au with Pt from chloride salts yielded catalysts with little or no
interaction between the two metals. For these catalysts, light hy-
drocarbon production decreased yet skeletal rearrangements were
not measurably affected. c© 1999 Academic Press

Key Words: platinum; gold; Pt clusters; bimetallic catalysts;
molecular precursors; hexane conversion; hydrogenolysis; cracking;
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INTRODUCTION

Since the development of “platforming” processes in the
late 1940s and the later discoveries that Pt catalyzes alkane
skeletal rearrangement reactions, Pt-based catalysts have
been extensively studied for many applications. Supported
Pt catalysts, often with a second metal or other dopants
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added, are currently being examined as emissions control
catalysts and are the mainstay for alkane conversion cata-
lysts in the petrochemical industry (1, 2). Recent discover-
ies that very small Pt particles or clusters on basic supports
catalyze the formation of aromatics from alkanes with ex-
cellent selectivity have also sparked a great deal of research
into the area of supported Pt catalysts. The addition of gold
to platinum-based alkane conversion catalysts is of particu-
lar interest. Gold by itself is catalytically inactive for alkane
reforming reactions below 400◦C (3, 4) and the study of
Pt–Au catalysts has afforded the opportunity to study the
importance of geometric effects on catalysis by Pt.

Bulk and supported Pt–Au alloys (average particle di-
ameter >10 nm) have been extensively studied as catalysts
for reactions of alkanes and cycloalkanes (4–11). Although
specific results are varied in the literature, certain conclu-
sions are generally agreed on for bulk and supported alloys:
(1) Au acts as a diluent breaking up large Pt ensembles and
(2) alloy activities and selectivities for alkane reforming
are greatly affected by the Au content of the alloy. As the
Au content of the alloy increases, the number of large Pt
ensembles decreases and the number of small ensembles in-
creases. The smallest ensembles are often described as small
islands of Pt or even single Pt atoms in a sea of Au. As the
relative numbers of large and small ensembles change on
these single-crystal alloys, the associated changes in reform-
ing selectivity have been used to rationalize particle size ef-
fects for supported Pt catalysts. Temperature-programmed
desorption (TPD) of H2 and CO studies have been used
to examine the relative contributions of electronic (ligand)
and geometric effects for these alloys. Generally, ligand ef-
fects are considered to be small and observed differences
in catalysis are explained on the basis of geometric and en-
semble size arguments.

Studies of Pt–Au films (4, 12) and alloyed single crystals
(8, 10, 12) similarly explain catalysis results in terms of geo-
metric arguments. They also provide an additional and im-
portant insight into the complexity of structure sensitivity
for bimetallic systems. Studies annealing Au on Pt(100) and
Pt(111) single crystals indicate that n-hexane conversion is
greatly affected by the gold content of the resulting alloy, in
7
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turned on and the baseline allowed to stabilize. The sample
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good agreement with the aforementioned results for sup-
ported alloys. They also show that the crystal face on which
catalysis occurs has a pronounced effect on both activity
and product selectivity (8, 10). As expressed by the authors
(10), this might account for the wide array of seemingly dis-
parate catalysis results in the literature for supported Pt–Au
catalysts.

Recent research on bimetallic Pt-based catalysts has fo-
cused on the preparation and characterization of supported
bimetallic particle catalysts with average particle diameters
<10 nm, rather than supported alloys. Most of the efforts in
preparing and characterizing supported Pt–Au catalysts
have been limited to the coimpregnation of Pt and Au salts
such as platinic and auric acids (11, 13–17). Phase separation
is a common problem with this method because Pt–Au al-
loys between 18 and 97% Pt are not thermodynamically sta-
ble (18). In addition, such wetness impregnation techniques
often yield catalysts with wide ranges of particle sizes and
compositions and varying degrees of metal interaction (11).

A different approach to the preparation of supported
metal particle catalysts is to adsorb organometallic precur-
sors (particularly molecular cluster compounds) intact on
the support and thermally remove the ligands. Past stud-
ies in this field have largely involved the use of mono-
and bimetallic carbonyl clusters as precursors (19–29). In
these studies, molecular cluster compounds were supported
on various oxide supports (e.g., silica, alumina, magnesia,
zeolites) and subsequently decarbonylated by heating un-
der vacuum or an inert atmosphere. Further studies have
shown that in some cases the structure of the metal core
remains substantially intact after ligand removal (27–29).
These well-defined metal cluster catalysts have been exam-
ined with a variety of probe reactions, the results of which
have important implications for the nature of catalytic ac-
tive sites (27–29).

Unfortunately, clusters containing both platinum and
gold that are ligated exclusively by CO are not avail-
able; however, there are many molecular Pt–Au clusters
stabilized by phosphine ligands (30–32). Some of these
phosphine-stabilized clusters have been supported and
thermalized to obtain metal particle catalysts in previous
studies (33–36). Results of these studies indicated that the
presence of phosphine residues controls the properties of
these catalysts and efficiently poisons alkane reforming re-
actions. At the same time, the hydrogenation and dehydro-
genation activity of these catalysts are relatively unaffected
by the presence of phosphorus and these catalysts may find
utility as selective dehydrogenation catalysts (36, 37).

Because of the dominance of phosphorus effects when
phosphine-stabilized clusters are used as catalyst precur-
sors, in the current study Pt–Au catalysts are derived from
a bimetallic cluster ligated exclusively by acetylide ligands.
The Pt Au (C≡CtBu) cluster is an ideal candidate for the
2 4 8

preparation of supported Pt–Au catalysts. It is one of the
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few known Pt–Au compounds stabilized by ligands that
contain only carbon and hydrogen and the Pt and Au atoms
in the cluster are in lower oxidation states (II and I, respec-
tively) than in chloride salts. Not only does the cluster dis-
solve and remain intact in a variety of organic solvents (38),
but it quickly and spontaneously adsorbs onto silica from
hexane solution. In addition, this cluster contains Pt and
Au in a ratio that falls outside the miscibility range for tra-
ditional Pt–Au alloys, offering the possibility of preparing
bimetallic particle catalysts of unique metal composition
and morphology.

METHODS

Catalyst preparation. The organometallic cluster
Pt2Au4(C≡CtBu)8 was prepared from [N(C4H9)4]2

[Pt(C≡CtBu)4] and Au(C4H8S)Cl via published proce-
dures (38). Hexachloroplatinic acid, H2PtCl6 · 6H2O, was
prepared from Pt metal (99.99%) according to a published
procedure (39). Auric acid (HAuCl4 ·H2O) was purchased
from Strem. Davisil SiO2 (35–60 mesh, BET surface area=
360 m2/g, average pore diameter= 150 Å) was washed
with high-purity Millipore distilled and deionized water
to remove the fine particles and dried under vacuum at
120◦C for 24 h prior to use. Conventional Pt and Pt–Au
catalysts were prepared by incipient wetness impregnation
and coimpregnation of the chloride precursors onto the
dried silica support. Solution concentrations were adjusted
to give the following catalysts: 1-Pt (1% Pt), Au (2%
Au), 1-(Pt+ 2Au) (1% Pt+ 2% Au), 0.15-Pt (0.15% Pt),
0.15-(Pt+ 2Au) (0.15% Pt+ 0.3% Au). The abbreviations
indicate Pt weight percentage and atomic Pt–Au ratio of
the precursors. Abbreviations are used only to refer to
catalysts that have undergone the standard activation pro-
tocol (see below). The bimetallic cluster Pt2Au4(C≡CtBu)8

spontaneously adsorbed onto silica from hexane solution.
The details of the general procedure have been previously
reported for the support of phosphine-stabilized Pt and
Pt–Au compounds (33, 37). The resulting catalyst loadings
and abbreviations are 1-Pt2Au4 (1% Pt, 2% Au) and
0.15-Pt2Au4 (0.15% Pt, 0.3% Au).

Temperature-programmed reduction. In temperature-
programmed reduction (TPR) experiments, 200 mg of the
supported precursor was placed into the quartz microre-
actor and attached to the RXM-100. Argon gas from the
reference side of the TCD detector (operated at 80 mV)
was used to purge the sample; the effluent gas was passed
through a dry ice/acetone bath before entering the sample
side of the detector. After the detector baseline had stabi-
lized, the detector was briefly turned off and the gas was
switched to 1% H2 in Ar. After 3–5 min, the detector was
temperature was then ramped 15◦C/min to 700◦C while
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the detector response was monitored with an interfaced
Macintosh computer running software from Advanced Sci-
entific Designs, Inc. For the TPR of the oxidized precursors,
the samples were loaded into the microreactor, attached to
the RXM-100, and oxidized at 300◦C for 2 h (see above).
After 2 h of oxidation, the flowing gas was switched to Ar
flowing at 100 mL/min, the sample was cooled to 30◦C under
Ar flow, and the TPR protocol (as above) was followed.

Chemisorption experiments. All adsorption isotherms
were measured at 20◦C over an equilibrium pressure range
of 10–60 Torr. The chemisorption protocol was as fol-
lows. Following catalyst pretreatment, samples were cooled
10◦C/min under flowing H2 to 135◦C and evacuated for
20–60 min, until a base pressure of 1× 10−6 was reached.
The samples were then cooled to room temperature under
high vacuum and the furnace was replaced with a water
bath. A CO uptake isotherm was measured at 22± 2◦C,
the sample was then evacuated at this temperature for
10 min, and a second CO uptake isotherm was measured.
Total CO chemisorption was determined by subtracting
the physical adsorption isotherm of CO on a silica blank
that had undergone the identical standard activation and
chemisorption protocols. The strongly bound CO isotherm
was determined by subtracting the second measured CO
uptake isotherm from the first. The weakly bound CO is
the difference between the total CO chemisorption and the
strong CO chemisorption. All chemisorption calculations
were done using Advanced Scientific Designs, Inc. software.
For the CO chemisorption experiments, the dispersion
(Ptsurface/Pttotal) is equal to the ratio of adsorbed CO to total
platinum atoms (CO/Pttotal) calculated from the total and
strong CO uptake isotherms at 60 Torr on catalyst samples
assuming a CO : Pt adsorption stoichiometry of 1 : 1 (40).

Diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS). DRIFTS studies were conducted
with a Magna 750 FTIR system (Nicolet) using a DRIFTS
cell (SpectraTech) equipped with a SpectraTech accessory
that allows in situ treatments with different gases at tem-
peratures up to 900◦C. OMNIC software was used for data
processing. A liquid nitrogen-cooled MCT detector was
used for data collection. The interferograms consisted of
512 scans and the spectra were collected with a 2 cm−1 res-
olution in the absorbance format using a KBr spectrum as
the background. The silica-supported precursors were pre-
treated by the standard activation protocol on the RXM-
100 system. In some cases they had been previously used
in standard hexane conversion experiments (see below).
The samples were finely ground with an agate mortar and
pestle (important) and placed into the DRIFTS cell where
they were rereduced under a flow of H2 at 200◦C and am-
bient pressure. After reduction, the samples were cooled

under flowing nitrogen and a spectrum was recorded. The
samples were then treated with carbon monoxide at room
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temperature and ambient pressure by flowing CO through
the cell for 1.5 min. The cell was then flushed with nitrogen
for 5 min and a spectrum was collected. To best observe the
peaks corresponding to bound CO, the spectra collected be-
fore CO treatment were subtracted from the spectra after
CO treatment.

Transmission electron microscopy (TEM) and energy-
dispersive spectroscopy (EDS). Samples were prepared
for TEM by first crushing them with an agate mortar and
pestle, then dispersing about 20 mg of the powder in 2 mL
1,2-dichloroethane by ultrasonification for 30 min. Five
drops of the suspension was then dripped onto a holey car-
bon grid. Samples were examined by transmission electron
microscopy (TEM) using a Philips CM30 transmission elec-
tron microscope equipped with a LaB6 or W filament run-
ning at 300 kV. Images were recorded on photographic film
and scanned with a Microtech ScanMaker III before further
analysis. Energy-dispersive spectra were recorded using an
attached EDAX PV9900 energy-dispersive spectrometer.
Spectra were typically recorded for 200-s live time with
the sample tilted 30◦ toward the detector. Particles were
measured from TEM images using NIH Image 1.61 PPC
software. Individual particles were measured in three dif-
ferent directions and the average was used as the particle
diameter. Particle size distributions were prepared from at
least three different photomicrographs (magnification usu-
ally ≥200 kX) using at least 100 particles.

Hexane conversion. A saturated hexane (Aldrich
Chemical Co., 99+%)-in-hydrogen gas stream was pro-
duced with a two-stage hexane bubbler apparatus through
gas dispersion frits. The second stage was submerged in an
ice bath to maintain a hydrogen : hexane ratio of 16 : 1 (par-
tial pressure of hexane= 49 Torr). The gas mixture was fed
directly to the RXM-100 reaction manifold where it sub-
sequently flowed over the catalyst bed. The catalysis runs
were all conducted at 400◦C. The weight hourly space ve-
locity [WHSV= (g hexane in feed)(g Pt)−1(h−1)] of hexane
was typically between 2 and 20 h−1. Reaction products
were analyzed on stream via gas chromatography using
a Hewlet–Packard 5890A gas chromatograph operated
with a flame ionization detector. Product separation was
achieved with use of a 30-ft SP-1700-coated 80/100 Chro-
mosorb P AW-packed column (Supelco) operated at 85◦C
and column head pressure of 100 psi. Products were identi-
fied by calibrating peak retention times with known hydro-
carbons. The products were classified into five categories:
cracking (formation of C1–C5 hydrocarbons), isomeriza-
tion (2-methyl- and 3-methylpentane), hexenes, methylcy-
clopentane (MCP), and 1,6-cyclization (cyclohexane and
benzene). Yields of products were measured in mass per-
centages, and were corrected for impurities in the hexane

feed. Blank runs with plain SiO2 and Au showed no activity
under reaction conditions.
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FIG. 1. Temperature-programmed reduction profiles of the fresh

RESULTS

A series of silica-supported platinum and platinum–gold
catalysts was prepared to study the effects of gold and pre-
cursor type on catalyst activity, selectivity, and structure.
The three types of catalysts used in this study [Pt, Pt, and
Au from chloride salts, and Pt and Au from the Pt2Au4-
(C≡CtBu)8 cluster] were each studied at 1 and 0.15 wt%
Pt on silica. To make reasonable comparisons between the
traditional wetness-coimpregnated catalysts and the cata-
ts derived from the molecular precursor, the Pt : Au ratio
s 0.5 for all bim

Figures 1 and 2 show the TPR profiles for the 1% loaded
are qualitatively
etallic catalysts and activation protocols catalysts. Profiles for the 0.15% Pt catalysts
FIG. 2. Temperature-programmed reduc
supported precursors. All metal loadings are 1% Pt and 2% Au.

were identical for all catalysts. Activation conditions were
chosen to be as mild as possible based on temperature-
programmed oxidation experiments, which indicated that
ligand oxidation of the supported Pt2Au4(C≡CtBu)8 cluster
occurs primarily between 170 and 250◦C.

Temperature-Programmed Reduction

TPR experiments were performed on the supported
(nonactivated) precursors and after the oxidation step.
tion profiles of the oxidized precursors.
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similar and are not shown. Reduction of platinic acid
(H2PtCl6) on silica is observed as a large single reduction
peak centered at 235◦C, in excellent agreement with data
reported in the literature (11). We do not observe compa-
rably large hydrogen uptake peaks for supported auric acid
(HAuCl4); the hydrogen uptake of 2% auric acid on silica
is roughly 15 to 20 times smaller than that of any of the
platinum-containing catalysts. This profile is best described
as a gradual reduction that begins at approximately 130◦C
and continues throughout the course of the experiment.
The initial uptake maximizes at 220◦C and a second peak
occurs at 325◦C.

The TPR profile of the freshly coimpregnated platinic
and auric acid catalyst is significantly different from that
of either of the monometallic profiles. There is an initial
reduction beginning at 132◦C and peaking at 207◦C. This
peak greatly resembles the initial reduction of auric acid,
but is associated with a much larger uptake of hydrogen
than is observed for HAuCl4 on silica. The primary reduc-
tion peak that is most similar in shape and size to platinic
acid is shifted 55◦C higher. Similar observations have been
reported for these salts supported on silica, although not
at the specific Pt : Au ratio of 0.5 (11). Using the molecular
precursor Pt2Au4(C≡CtBu)8 as the source of both metals
gives a single reduction peak that begins at 175◦C, is cen-
tered at roughly 210◦C, and has a maximum signal at 232◦C.
This peak is significantly larger than the platinic acid peak.

After the oxidation step of the standard activation proto-
col (flowing O2 at 300◦C for 2 h) there are significant differ-
ences in the hydrogen uptake profiles for all of the catalysts.
Oxygen-pretreated platinic acid (Fig. 2) has two reduction
peaks. The first (75◦C) is consistent with the reduction of
a Pt oxide or oxychloride (41) and the second (236◦C with
a shoulder at ca. 180◦C) corresponds to the reduction of
unoxidized platinic acid. The codeposited platinic and au-
ric acid catalyst resembles platinic acid after the oxidation
step. There is a small peak at 73◦C from a platinum oxide
and a large peak at 234◦C associated with platinic acid re-
duction. There is also a peak at 175◦C that coincides with the
shoulder on the platinic acid peak. We do not observe large
reduction peaks for oxidized 2% HAuCl4 on silica. The re-
duction profiles of the catalysts derived from the molecular
precursor are quite different. There is a single hydrogen
uptake peak at 65◦C.

Transmission Electron Microscopy

To evaluate metal particle size, TEM experiments were
performed on catalyst samples after the standard acti-
vation protocol and after hexane conversion catalysis.
Figures 3, 4, and 5 contain the histograms of particle size
distributions measured from TEM images for all the cata-
lysts after the standard activation protocol. Particle size dis-

tributions for catalysts that had been used in the hexane
conversion reaction were not significantly different from
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FIG. 3. Particle size distributions for the (A) 1-Pt and (B) 0.15-Pt
catalysts.

those of the activated catalysts and are not shown. Re-
sults for the 1-Pt, 1-(Pt+ 2Au), 0.15-Pt, and 0.15-(Pt+ 2Au)
catalysts are consistent with previously reported results for
wetness-impregnated and -coimpregnated Pt catalysts (1).
Not all of the silica particles contained Pt [confirmed by
energy-dispersive spectroscopy (EDS)]; i.e., the metal was
inhomogeneously distributed through the support particles.
For the 0.15-Pt and 1-Pt catalysts, particle size is largely in-
dependent of metal loading. Roughly 60% of the observed
particles were smaller than 3.5 nm and both catalysts have
average particle sizes (determined from TEM images) of
about 4.5 nm.

Silica particles containing no metal were often found
for the 0.15-(Pt+ 2Au) and 1-(Pt+ 2Au) catalysts, indicat-
ing that the Au containing wetness-coimpregnated cata-

lysts was also inhomogeneously distributed on the support.
In addition, the two metals appear to be severely phase
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FIG. 4. Particle size distributions for the (A) 1-(Pt+ 2Au) and (B)
0.15-(Pt+ 2Au) catalysts. Note: Observed particles with diameters>80 nm
(>98% Au) are not included.

separated. In many cases, extremely large (ca. 100-nm-
long) particles were imaged and determined to be ≥98%
Au by EDS. For both catalysts, the energy-dispersive spec-
tra changed significantly depending on the particle sizes
present in the region being examined. Regions containing
predominantly large particles (≥10 nm) were enriched in
Au while regions containing only small particles (<4 nm)
were found to contain primarily Pt. Regions containing
both large and small particles varied in metal composition.
Energy-dispersive spectra of silica particles that contained
metal showed an approximate Pt : Au ratio of 1 : 2.

Micrographs of the Pt2Au4 catalysts, such as the one
shown in Fig. 6, are very different from those of tradition-
ally prepared bimetallic catalysts. Figure 6 also includes an

energy-dispersive spectrum from this particle using a probe
diameter of roughly 100 nm. For both Pt2Au4 catalysts, small
R ET AL.

and much more uniform particles were imaged in thin sec-
tions of the support as indicated by the histograms in Fig. 5.
Roughly 90% of the observed particles were smaller than
3.5 nm and both catalysts have average observed particle
sizes of around 2.5 nm. The metal particles were too small
to collect energy-dispersive spectra of individual particles;
however, spectra from regions of silica containing several
particles confirmed the presence of both Pt and Au in an
approximate ratio of 1 : 2. The exceptionally large particles
(d ≈ 100 nm) observed in the coimpregnated chloride salt
catalysts were never observed when the bimetallic cluster
was used as the catalyst precursor.

CO Chemisorption and DRIFTS of Adsorbed CO

Platinum availability at room temperature was mea-
sured by CO chemisorption and diffuse reflectance infrared
FIG. 5. Particle size distributions for the (A) 1-Pt2Au4 and (B) 0.15-
Pt2Au4 catalysts.
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FIG. 6. Typical high-magnification micrograph and EDS spectrum (probe diameter≈ 100 nm) of the 1-Pt2Au4 catalyst.
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TABLE 1

CO Chemisorption Data

CO/Pttotal

Catalyst Total Strong % Weak ν(C≡O) cm−1

1-Pt 0.49 0.44 8 2074
1-(Pt+ 2Au) 0.46 0.42 9 2072
1-Pt2Au4 0.76 0.52 31 2125, 2063

0.15-Pt 0.52 0.45 13 2073
0.15-(Pt+ 2Au) 0.79 0.68 14 2072
0.15-Pt2Au4 1.3 0.88 32 2125, 2063

Fourier transform (DRIFT) spectra of bound CO were
recorded (Table 1, Fig. 7). Total CO uptakes at 60 Torr
were determined by subtracting a blank silica CO uptake
isotherm from the total measured CO uptake isotherm.
The quantity of strongly bound CO was determined by
measuring a second isotherm after evacuation; the weakly
bound CO is the difference between the total and strongly
bound CO. The designation of strongly bound CO is an ar-
bitrary (42) one as all chemisorption is reversible (43). In
this case, strongly bound CO has been designated as that
which remains bound to the catalyst after 10 min of evac-
FIG. 7. DRIFT spectra of the C≡O stretching region for carbon
monoxide adsorbed to the 1-Pt, 1-(Pt+ 2Au), and 1-Pt2Au4 catalysts.
R ET AL.

uation at room temperature with a diffusion pump (P ≈
1–4× 10−7 Torr). Control experiments with the Au sam-
ple showed no strong CO adsorption; however, there was a
small amount (<0.03 CO/Autotal) of weakly bound CO when
the silica blank was subtracted. CO chemisorption data for
the 0.15-Pt and 1-Pt catalysts were also used to calculate an
average metal particle diameter using the Advanced Sci-
entific Designs, Inc. Chemisorption Analysis Version 4.06
software package. Calculations were made from the total
and strongly bound CO values and averaged. The average
particle diameter for both the 0.15-Pt and the 1-Pt catalysts
was calculated to be 3.6 nm.

For the higher loaded 1-Pt and 1-(Pt+ 2Au) catalysts,
there are no major differences in CO binding characteris-
tics, in terms of both total and strongly bound CO. The lower
loaded 0.15-Pt catalyst has slightly higher CO chemisorp-
tion values than the 1-Pt catalyst; however, 0.15-(Pt+ 2Au)
binds considerably more CO than the other chloride salt-
based catalysts. All of the wetness-impregnated catalysts
have 85–90% of the total CO uptake as strongly bound CO,
in agreement with previously reported CO chemisorption
data for Pt–Au catalysts on silica (16). Catalysts prepared
from the organometallic cluster have significant differences
in CO adsorption compared with the wetness-impregnated
catalysts. In both series of catalysts (1 and 0.15% Pt), the
cluster-derived catalysts bind significantly more CO than
either of the salt-based catalysts. For the 0.15-Pt2Au4 cata-
lyst, the value for total CO uptake exceeds unity relative
to the number of moles of Pt in the catalyst. An intriguing
property of the cluster-derived catalysts is that they bind
significantly less CO as evacuation time or temperature
is increased. The original CO uptake isotherms can be
regenerated by rereducing the catalyst at 200◦C for 1 h. This
behavior is observed only with the cluster-based catalysts.

The addition of Au via wetness coimpregnation has only
a small effect on the DRIFT spectrum of adsorbed carbon
monoxide (Table 1, Fig. 7), decreasing the C≡O stretch by
about 2 cm−1. Values of ν(C≡O) for the lower loaded cata-
lysts (Table 1) were similar. The DRIFT spectra of both the
1-Pt2Au4 and 0.15-Pt2Au4 catalysts indicated a CO stretch
that is red shifted about 12 wavenumbers relative to the
Pt catalysts. In addition, the cluster-derived catalyst has a
weak band at about 2124 cm−1 due to CO weakly bound
to Au (16). A comparable band was not observed for the
Au sample using the DRIFTS protocol described under
Methods.

Hexane Conversion Catalysis

The hexane conversion reaction was chosen to evalu-
ate the performance of the catalysts because a wide ar-
ray of products can be formed (see below) and because
platinum–gold catalysts have been extensively studied for

this reaction (4–11). All experiments were run with the use
of a microflow reactor thermostated at 400◦C with a 1 : 16
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TABLE 2

Catalyst Activity for Total Hexane Conversiona

Catalyst Total activityb TOFc

1-Pt 47 (5) 0.1
0.15-Pt 49 (5) 0.1

1-(Pt+ 2Au) 45 (8) 0.1
0.15-(Pt+ 2Au) 63 (9) 0.09

1-Pt2Au4 51 (5) 0.1
0.15-Pt2Au4 50 (7) 0.06

a Catalysis at 400◦C and 16 : 1 H2 : hexane ratio at ambient pressure.
b Activity in millimoles of hexane consumed per mole of Pt per second.

Standard errors in the slope determined from least-squares analysis are
in parentheses.

c Turnover frequency in moles of product per mole of surface Pt per sec-
ond with standard errors in parentheses. For Pt and Pt+ 2Au, the average
of the weakly and strongly bound CO fractions was used to determine
the fraction of available surface platinum. For Pt2Au4, only the strongly
bound fraction of CO was used.

hexane : H2 mixture at ambient pressure. Control experi-
ments with blank silica and with Au showed no conversion
of hexane under the reaction conditions. All catalyst ac-
tivity measurements (Table 2) were made between 30 and
70 min on stream with total hexane conversions below 10%.
Plots of conversion versus inverse space velocity were lin-
ear for conversions below 10% and were used to determine
catalyst activity.

Catalyst selectivities (reported in mass percent) were
calculated from the fraction of hexane converted to a
given product classification divided by the total fraction
of hexane converted. The major product classifications
used hereafter are cracking (C1–C5 hydrocarbons), isomer-
ization (2-methylpentane and 3-methylpentane), hexenes,
methylcyclopentane (MCP), and 1,6-cyclization products
(benzene and cyclohexane). No measurable production of

FIG. 8. Selectivity-versus-conversion profile for the 1-Pt catalyst.
Hex, hexenes; Iso, isomerization (2- and 3-methylpentane); MCP, methyl-

cyclopentane; 1,6 cyc, 1,6-cyclization (benzene and cyclohexane); Cra, light
hydrocarbons. Lines are drawn to help see the trends.
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FIG. 9. Selectivity-versus-conversion profile for the 1-(Pt+ 2Au)
catalyst. Hex, hexenes; Iso, isomerization (2- and 3-methylpentane); MCP,
methylcyclopentane; 1,6 cyc, 1,6-cyclization (benzene and cyclohexane);
Cra, light hydrocarbons. Lines are drawn to help see the trends.

dimethylbutanes was ever observed. For all of the catalysts,
the ratio of 2-methylpentane (2-MP) to 3-methylpentane
(3-MP) was found to be 2.0–2.1 for conversions between 5
and 15%. Selectivity-versus-conversion profiles for the 1%
catalysts are shown in Figs. 8, 9, and 10. The profiles for the
0.15% loaded catalysts are similar and are not shown.

For all catalysts in this study, hexenes are the dominant
product at very low conversion (<2%) and hexene selec-
tivity rapidly drops as conversion increases. MCP is also
rapidly produced at conversions below 10%; however, se-
lectivity for MCP production increases with conversion,
plateaus, and then decreases at high conversions (>20%).
Simultaneously, selectivity for cracking, isomerization, and
1,6-cyclization products increases with conversion of hex-
ane. The 1-Pt and 0.15-Pt catalysts are relatively unselec-
tive for any one product class. At conversions above 15%
each of the product classes (except hexenes) ranges from

FIG. 10. Selectivity-versus-conversion profile for the 1-Pt2Au4 cata-
lyst. Hex, hexenes; Iso, isomerization (2- and 3-methylpentane); MCP,

methylcyclopentane; 1,6 cyc, 1,6-cyclization (benzene and cyclohexane);
Cra, light hydrocarbons. Lines are drawn to help see the trends.
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about 20 to 30% of the total products. The coimpregna-
tion of Au with Pt in the 1-(Pt+ 2Au) and 0.15-(Pt+ 2Au)
catalysts decreases selectivity toward cracking products and
increases selectivity for 1,6-cyclization and isomerization
products, in agreement with literature reports (9–11). The
cluster-derived catalysts, on the other hand, have selectivi-
ties significantly different from that of either of the wetness
impregnates catalysts. The 1-Pt2Au4 and 0.15-Pt2Au4 cata-
lysts both have higher selectivity for cracking products and
lower selectivity for 1,6-cyclization.

To make more meaningful selectivity comparisons be-
tween catalysts with different activities and dispersions, we
have evaluated the rates of the cracking, 1,6-cyclization,
1,5-cyclization, and isomerization reactions on the lower
(0.15% Pt) loaded catalysts. The 1,5-cyclization activity is
the sum of production of MCP and methylpentanes as they
are assumed to come from the same five-member ring sur-
face intermediate (1). Similar to the plots for total catalyst
activity, plots of production of a given product class versus
inverse space velocity were prepared for each of the these
four product classes. All of these plots were linear at conver-
sions below 15% and their slopes give the specific activity
of a catalyst for that class of reaction. This specific activity is
the rate of production (in millimoles per second) of a given
product class per mole of Pt in the catalyst. Data from the
three 0.15% loaded catalysts are compiled in Table 3, which
also includes rates corrected for Pt availability (TOFs).

There are significant differences in the distribution of
cracking products from the cluster-derived catalysts relative
to the catalysts prepared from salts, regardless of the cata-
lyst loading. Figure 11 shows the molar light hydrocarbon
distributions for the 1% loaded catalysts at 10% conversion.
The distribution of light hydrocarbons does not change sig-

TABLE 3

Specific Activities of the 0.15% Loaded Catalysts

Product class 0.15-Pt 0.15-Pt+ 2Au 0.15-Pt2Au4

Catalyst activitya

1,6-cyclization 14 (1) 19 (2) 6.6 (0.6)
Total MCP+MPs 25 (3) 35 (3) 24 (2)
Isomerization (2-MP+ 3-MP) 9.3 (0.9) 12 (1) 7.8 (0.3)
Cracking 9.5 (0.7) 8 (1) 20 (1)

Turnover frequencyb× 103

1,6-cyclization 29 (2) 26 (3) 8 (1)
Total MCP+MPs 51 (7) 48 (4) 27 (2)
Isomerization (2-MP+ 3-MP) 19 (2) 16 (2) 9 (1)
Cracking 20 (1) 11 (2) 23 (2)

a Activity in millimoles of product per mole of Pt per second with stan-
dard errors in parentheses.

b Turnover Frequency in moles of product per mole of surface Pt per
second with standard errors in parentheses. For Pt and Pt+ 2Au, the aver-
age of the weakly and strongly bound CO fractions was used to determine

the fraction of available surface platinum. For Pt2Au4, only the strongly
bound fraction of CO was used.
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FIG. 11. Light hydrocarbon distributions at 10% conversion for the
1-Pt, 1-(Pt+ 2Au), and 1-Pt2Au4 catalysts.

nificantly at other conversions and there are no major dif-
ferences between the cracking product distributions of the
1 and 0.15% loaded catalysts. The molar light hydrocar-
bon distributions for the chloride salt-based catalysts are
very similar, with methane being the dominant product. For
the cluster-derived catalyst, however, C3 hydrocarbons are
the predominant cracking product and the methane frac-
tion is less than half of the methane fraction of the tra-
ditional catalysts. It is also noteworthy that, for all of the
catalysts, there is relatively little production of isobutane
or isopentane, the expected products of hydrogenolysis of
2- and 3-methylpentane (44–46). The production of isobu-
tane and isopentane has previously been used as a measure
of the extent of secondary reactions (44). The small quan-
tities of these molecules indicate that the methylpentanes
do not undergo further reaction at the conversions used in
this study.

The catalysts were also tested for their resistance to de-
activation using initial conversions of ca. 10%. Plots for the
1% Pt catalysts are shown in Fig. 12; the 0.15% Pt catalysts
are similar. The chloride salt-based catalysts have very sim-
ilar deactivation properties and lose much of their activity
within the first several hours of catalysis. After undergoing
hexane conversion catalysis overnight, the activity observed
for the traditional catalysts was primarily dehydrogenation
activity; only a small fraction of the products after 10 h on
stream were cracking, isomerization, or cyclization prod-
ucts. The bimetallic cluster, on the other hand, showed an
initial small drop in activity but had significantly increased
resistance to deactivation processes, retaining ca. 85% of its
initial activity after 15 h on stream. Selectivities did not ap-
preciably change during overnight catalysis runs for either
of the cluster-based catalysts.

Because many alkane conversions are often considered

to be hydrogen controlled, an attempt was made to eval-
uate the relative amounts of hydrogen on the surfaces of
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FIG. 12. Catalyst deactivation during hexane conversion catalysis for
the 1-Pt, 1-(Pt+ 2Au), and 1-Pt2Au4 catalysts. Catalyst masses were ad-
justed to so that initial conversion was ≈10% conversion of hexane.

the catalysts under the reaction conditions. One means of
accomplishing this, suggested by Paál and co-workers (47,
48), is by examining the product ratio of MCP to total 1,5-
cyclization products (MCP+MPs) from the reaction data.
Plots of the the MCP/(MCP+MPs) ratio versus conver-
sion for the 0.15% loaded catalysts are in Fig. 13. Over the
entire conversion range studied, the cluster-derived cata-
lyst always had a higher MCP/(MCP+MPs) value than
the traditionally prepared catalysts, suggesting that there
is less available surface hydrogen on the cluster-derived
catalysts.
FIG. 13. MCP/(MCP+MPs) fraction versus conversion for the 0.15-
Pt, 0.15-(Pt+ 2Au), and 0.15-Pt2Au4 catalysts.
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DISCUSSION

This study reports the first attempt to prepare supported
Pt–Au catalysts from a bimetallic molecular precursor that
does not contain phosphine ligands. Supported Pt and Pt–
Au catalysts from chloride salts with the same Pt : Au ra-
tio as in the Pt2Au4(C≡CtBu)8 cluster have been prepared
and characterized. On the whole, with the activation con-
ditions used in this study, there is relatively little evidence
for interaction between Pt and Au when the catalyst is pre-
pared by coimpregnating platinic and auric acids. Using the
bimetallic cluster as the sole metal source yields a uniform
bimetallic catalyst that is composed of small supported par-
ticles. Further, the particles prepared via this route have
a unique morphology or phase and the resulting catalysts
have significantly enhanced selectivity for producing lighter
hydrocarbons from hexane. Despite this increased rate of
C–C bond scission, the cluster-derived catalysts have vastly
superior resistance to deactivation under the hexane con-
version reaction conditions

Temperature-Programmed Reduction

To compare our results with those previously reported
for supported Pt–Au catalysts and to examine activation
procedures for the cluster-based catalysts, temperature-
programmed reduction experiments were preformed both
before and after the oxidation step of the standard activa-
tion protocol. TPR experiments on the supported chloride
precursors reported here are in good qualitative agreement
with those reported previously for supported Pt–Au cata-
lysts (11). The addition of Au to Pt via wetness coimpreg-
nation of chloride salts does not have a great effect on the
hydrogen uptake profile of the supported precursors. The
primary reduction peak is shifted roughly 50◦C to higher
temperatures and there is a small broad peak at slightly
lower temperature than the reduction peak for Pt (Fig. 1).
Similar such peaks have been attributed to the possible for-
mation of a Pt–Au alloy in previous studies (11). The shift
in reduction temperature of platinic acid might also be due
to the presence of other ions on the support, rather than
an interaction between Pt and Au. Similar shifts in the re-
duction temperature of hexachloroplatinate have been ob-
served when the potassium salt is used (rather than the acid)
as the metal precursor (49). Reduction of the cluster pre-
cursor produces a significantly larger hydrogen uptake peak
(175–235◦C) than is observed using chloride salts. The size
of this peak is attributed to the destruction of the precur-
sor acetylide ligands. Highly volatile ligand residues (e.g.,
methane) can pass through the dry ice/acetone trap (see
Methods) and make quantitative interpretation of peak
areas observed with the TCD detector impossible for the
cluster-based catalysts.
There are important differences observed between the
catalysts after the oxidation step (Fig. 2). The platinic acid
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catalyst has two peaks (75 and 236◦C) attributed to the
reduction of a Pt oxide or oxychloride (41) and from unox-
idized platinic acid, respectively. After the oxidation step,
the TPR profile of the wetness-coimpregnated catalyst most
resembles overlaying the reduction profiles of oxidized pla-
tinic acid and supported auric acid. It generally has the
same features as oxidized platinic acid, although the Pt ox-
ide/oxychloride peak is much smaller for the codeposited
catalyst. We attribute the shoulder at 180◦C on the pri-
mary reduction peak (unoxidized platinic acid) to the re-
duction of auric acid. The small peaks at higher tempera-
tures (>300◦C) in the profile of the coimpregnated catalyst
are not present in the TPR profile of the platinic acid cata-
lysts. We cannot rule out that these might arise from the
formation of an alloy, but they may also be due to continu-
ing reduction of auric acid.

The single reduction peak observed in the reduction pro-
file of the cluster-derived catalyst is consistent with the re-
duction of an oxidized platinum species or a species with
a platinum species of low coordination (49). There are no
indications of intact cluster remaining on the support af-
ter the oxidation step of the standard activation protocol.
This could possibly be caused by the lower initial oxida-
tion states of the metals in the molecular precursor or to
the nature of the cluster ligands. It is not appropriate to
make strong conclusions about the ultimate catalyst based
on TPR profiles. The TPR experiment is considerably dif-
ferent from the reduction step in the activation protocol and
any conclusions drawn from these experiments may or may
not have relevance to the real catalyst. Rather, these TPR
experiments are being used to compare the relative homo-
geneity (or inhomogeneity) of the cluster-derived catalysts
to the traditionally prepared catalysts and literature prece-
dent and to look for obvious evidence of phase separation
in the cluster-derived catalysts. When chloride salts are used
as catalyst precursors, we see evidence for phase separation
of Pt and Au after the oxidation step. This is not surpris-
ing given the large miscibility gap between the two metals
and given that oxygen is well known to sinter metals on
silica (1, 50–52). In addition, both chloride salt-based cat-
alysts are relatively nonuniform, having both platinic acid
and platinum oxide peaks. When the bimetallic cluster is
used as the sole metal source, the oxidation step of the ac-
tivation protocol yields a much more uniform catalyst in
which there is no readily apparent segregation of the two
metals.

Characterization of the Activated Catalysts

Platinic acid catalysts. Characterization data for the
traditionally prepared 0.15-Pt and 1-Pt catalysts indicate
that the only major difference between the catalysts is
the amount of metal present. Particle size distribution his-

tograms (Fig. 3), CO chemisorption data (Table 1), and the
characteristic stretch of the C≡O bond for carbon monox-
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ide adsorbed to the catalyst surface (Table 1) are all the
same within the errors of the measurement for the two Pt
catalysts. The DRIFT spectra of CO bound to the cata-
lyst surfaces are in good agreement with other reports of
Pt-based catalysts on silica (16, 53, 54). The observed val-
ues of ν(C≡O) for the 1-Pt and 0.15-Pt catalysts (2074 and
2073 cm−1, respectively) are consistent with CO linearly ad-
sorbed on Pt. The presence of bridging carbonyls was not
detected on any of the catalysts in this study, the absence
of which has been previously reported for Pt catalysts on
silica (16, 53). The similarity of the DRIFTS, chemisorp-
tion, and TEM data for 1-Pt and 0.15-Pt suggests that the
formation of Pt metal particles is not greatly affected by the
percentage loading of metal. This conclusion is consistent
with literature reports (1); at these loadings, metal disper-
sion is expected to be independent of metal loading (55)
and Pt crystallite size is expected to be determined by the
structure of the support (1).

For both of the Pt catalysts, some sintering and parti-
cle agglomeration have occurred. Most of the large imaged
particles (d> 15 nm) were generally rectangular or peanut
shaped, suggesting formation from two nearby smaller par-
ticles. Presumably, this particle growth is due to a combi-
nation of the deposition technique and the preoxidation
of the catalyst. Sintering is known to be severe at elevated
temperatures in the presence of oxygen, but less so in hydro-
gen (1, 50–52). Because particle size distributions did not
change appreciably after several hours of hexane conver-
sion catalysis (in hydrogen at 400◦C), the hydrogen treat-
ments used are much less likely to be the primary cause of
the observed sintering.

The mean particle diameters calculated from TEM data
for the Pt catalysts (4.5 nm) are in reasonable agreement
with the average particle diameters calculated from CO
chemisorption experiments (3.6 nm); however, the average
particle diameters calculated from TEM experiments are
somewhat larger. This implies that there are some smaller
particles that are not adequately imaged with the instru-
ment used. Because it is difficult to obtain good contrast
between the metal particles and the support, small particles
can only be imaged in very thin sections of the sample. Since
the smallest particles are observable only in the thinnest
sections of the TEM samples (rather than in the bulk of
the samples), particle size distributions may slightly under-
estimate the contributions of these particles to the average
particle diameter throughout the catalyst. A larger parti-
cle size discrepancy between microscopy and chemisorp-
tion data has been reported in a previous study of silica-
supported Pt and Pt–Au catalysts (11). The discrepancy
was similarly attributed to nonnormal size distributions ob-
served by TEM in which the observation of a few large par-
ticles substantially increased the average particle diameter
calculated from micrographs. Hence, microscopy data pro-

vide a general framework of what types of particles might
be present in the catalyst and approximate the relative
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numbers of those particles. This highlights the importance
of comparing microscopy data with bulk characterization
data (such as chemisorption) to obtain an accurate repre-
sentation of the catalyst as a whole.

Coimpregnated chloride catalysts. Results for the coim-
pregnated 1-(Pt+ 2Au) and 0.15-(Pt+ 2Au) catalysts
(Fig. 4) indicate that, relative to the monometallic Pt cata-
lysts, metal particle size is more dependent on the metal
loading. Omitted from the histograms for these catalysts
are some exceptionally large particles, often with dimen-
sions exceeding 100 nm. Particles of this size are pure Au (or
highly enriched in Au to the point where Pt is undetectable)
and are comparable to the dimensions of the pores on the
support. This is an indication that Au is highly mobile on the
support and may be able to completely fill some of the pores.
This mobility is presumably caused by the oxidation step in
the standard catalyst activation protocol (see above). The
histograms for these catalysts are also somewhat misleading
because the composition of individual particles is unknown.
For the 1-(Pt+ 2Au) catalyst, Pt dispersion measured by
CO chemisorption is only slightly lower than for the 1-Pt
catalyst, suggesting that the larger particles contain primar-
ily Au and the smaller particles are primarily Pt. As with the
monometallic Pt catalysts, the contribution of the smallest
particles is probably underrepresented by the histograms.

These observations and conclusions also apply to the
0.15-(Pt+ 2Au) catalysts; however, there is an important
difference in the CO chemisorption data. This catalyst has
significantly more Pt available for CO binding than the
other chloride salt catalysts (Table 1). One possible cause is
that the smaller particles observed are bimetallic in nature
and have significant amounts of surface Pt. This is unlikely
for a traditionally coimpregnated catalyst because Au-rich
alloy surface compositions have lower workfunctions than
Pt-rich alloys or pure Pt (18). Consequently, alloys of Pt
and Au would be expected to be surface enriched in Au
rather than Pt (18). Surface composition of Pt–Au alloys is
known to change with adsorption of CO, however, and it
cannot be ruled out that the addition of CO could bring Pt
to the surface of small alloy particles. A second, more plau-
sible explanation for the differences in CO chemisorption
is that the presence of Au affects Pt particle size by prevent-
ing larger Pt particles from forming. The energy-dispersive
spectra collected during TEM experiments and particularly
the catalysis results (see below) tend to argue in favor of the
latter explanation. Energy-dispersive spectra varied widely
from region to region but, in general, Pt was observed pri-
marily in regions containing the smallest particles and Au
was present when larger particles were imaged. Some of the
variation might also be attributed to the metal concentra-
tions and EDS count rates used in the study and to the fact
that Pt and Au have closely overlapping peaks.
The similarity of the DRIFTS and catalysis data for the 1-
(Pt+ 2Au) and 0.15-(Pt+ 2Au) catalysts also suggests that
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the active particles are very similar for the two coimpreg-
nated catalysts, despite the lower dispersion of the former.
The presence of Au in the coimpregnated Pt+ 2Au cata-
lysts causes no measurable increase in the amount of weakly
bound CO that could be attributed to CO bound to Au and
there is no evidence for CO adsorbed to Au in the DRIFT
spectra of these catalysts. One possible explanation is that,
in the 1-(Pt+ 2Au) catalyst, Au is coating some Pt, ren-
dering a large portion of the active metal inaccessible to
substrate molecules.

The presence of active (non-“cherry pit”) bimetallic par-
ticles certainly cannot be excluded on the basis of the TEM
and chemisorption data; however, no strong evidence was
found to suggest that there are important interactions be-
tween the two metals for the chloride salt-based catalysts.
In previous studies of silica-supported Pt–Au catalysts pre-
pared from platinic and auric acids, bimetallic particles
have been characterized with high-resolution electron mi-
croscopy and EDS (11). In these studies, the authors exam-
ined Pt-rich catalysts (1% Pt coimpregnated with 0.3 and
0.7% Au) on a nonporous silica and concluded that bimetal-
lic particles were formed with one of the coimpregnated
catalysts but not the other. Since such relatively small differ-
ences in Au loading may determine whether or not bimetal-
lic particles are formed, it is not surprising that no strong
evidence for bimetallic particles is found with a much higher
Au loading (2%). In addition to having a much more porous
support than in the above study, activation conditions in this
study include a high-temperature (300◦C) oxidation step.
Similar to the results reported here for the coimpregnated
catalysts, Sachdev and Schwank also observed a wide range
of particle sizes with varying degrees of Pt–Au interaction
(11) and the authors succinctly highlighted the complexities
of these samples and the difficulty of preparing bimetallic
Pt–Au particle catalysts.

Cluster-derived catalysts. Using the bimetallic cluster as
the sole metal source yields a catalyst with much more uni-
form and highly dispersed particles than either the mono-
or bimetallic catalysts prepared via wetness impregnation
methods. The micrograph in Fig. 6 is typical of the sam-
ples imaged and the histograms in Fig. 5 show very few
particles larger than 3.5 nm. Additionally, the exceptionally
large (d≈ 100 nm) Au particles that are present in the tradi-
tionally prepared bimetallic catalyst were not observed for
these samples. Micrographs of the Pt2Au4 catalysts contain
a few larger particles (5–20 nm) that probably form during
the oxidation portion of the standard activation protocol
(see above). Histograms of the catalysts do not change ap-
preciably after several hours of hexane conversion catalysis
(400◦C with flowing hydrogen), so sintering processes un-
der hydrogen do not appear to be important for the cluster-
derived catalysts.
Chemisorption data support the TEM data, with large
values of strongly bound CO indicating high Pt dispersion
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(Table 1). The cluster-derived catalysts have significantly
larger weak CO uptakes than the traditionally prepared
catalysts. The 1-Pt2Au4 catalyst has somewhat lower CO
uptakes than the 0.15-Pt2Au4 catalyst, despite having a
nearly identical particle size distribution. This could be due
to the inability to image some very small particles in the
lower loaded catalyst, but it may also result from the longer
evacuation time required for the higher loaded catalyst to
achieve the base pressure used in the chemisorption experi-
ments.

DRIFT spectra of the Pt2Au4 catalysts (Table 1, Fig. 7)
show that the C≡O stretch for linearly bound Pt-C≡O is red
shifted 10–12 cm−1 relative to the chloride-based catalysts;
a new band at 2124 cm−1 is also observed. This 2124 cm−1

band, which is due to CO weakly bound to Au (16), is of
particular interest because it is strong evidence for intimate
contact between Pt and Au in the Pt2Au4 catalysts. The
presence of this band clearly indicates that the large CO
uptakes by the cluster-derived catalysts (>1 CO per Pt) are
due to CO weakly bound to Au. When the cluster is used
as the metal source, some CO is adsorbed to Au and bound
strongly enough to remain after the nitrogen purge. Two
possible motifs for CO binding to Au support this model. A
very small (d≈ 10-20 Å) mono- or bimetallic particle would
be expected to have surface Au atoms with low coordina-
tion numbers and therefore might be able to bind CO. In
such a particle, Au could conceivably bind CO directly or
it could be bound to the particle on Pt sites and quickly
migrate or “spillover” to Au atoms.

The shift in the stretching frequency of carbon monox-
ide bound to the cluster-derived catalysts is also consistent
with the formation of very small bimetallic particles. A va-
riety of electronic, geometric, and particle size arguments
have been previously invoked to explain shifts of this mag-
nitude (12 cm−1) in the CO stretch for both alloys and sup-
ported metal particle catalysts (8, 56, 57). An integral part of
these arguments is the contribution of dipole coupling be-
tween adsorbed CO molecules on a metal particle. Briefly,
as the surface becomes saturated with CO, the character-
istic ν(C≡O) blue shifts as coupling between the adsorbed
dipoles (CO molecules) increases. Hence, smaller particles
and particles in which Pt is diluted by Au (geometric effect)
would both be expected to have red-shifted C≡O stretches.
Additionally, there is the possibility of an electronic effect.
Increased surface electron density would increase the back-
donation of electron density from Pt to antibonding C≡O
orbitals, thus weakening the C≡O bond and red-shifting
ν(C≡O) (58). Increased electron density at the surface of
the particles could be due to the exposure of different crys-
tallographic planes (56) or possibly to an electronic dona-
tion from Au to Pt. These dipole coupling, geometric, and
electronic effects depend greatly on surface coverage of

the adsorbate and cannot be properly evaluated and dis-
cussed without a careful surface coverage study (56). Such
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a study is currently underway for this and the analogous
Pt–Cu system, the results of which will be the subject of a
later publication (59).

Hexane Conversion Catalysis

Table 2 shows the activities of the catalysts for conver-
sion of hexane to products. All activity measurements were
made between 30 and 70 min on stream. The relative activi-
ties of the chloride catalysts are generally consistent with Pt
dispersion measured by CO chemisorption. It is interesting
that the two cluster-derived catalysts have nearly identi-
cal total activities despite having different carbon monox-
ide uptakes. Given that the particle size distributions for
these two catalysts are also nearly identical, the activity data
support the conclusion that the lower CO uptakes by the
1-Pt2Au4 catalyst result from the evacuation immediately
prior to the chemisorption experiment (see above).

Results for all the catalysts (Tables 2 and 3, Figs. 8–13)
are generally consistent with standard models for alkane
reforming by metals (1). The trends in hexane selectivity
(initial production of olefins followed by a rapid decrease
in hexene selectivity) observed for all of the catalysts are
consistent with a rapid equilibrium in which olefin produc-
tion is under thermodynamic control. We have provided a
more detailed explanation of this argument and included
calculations using these experimental reaction conditions
in a previous publication (37) and do not repeat them here.
Similar calculations and the conclusion of a thermodynam-
ically equilibrated dehydrogenation of hexane were also
recently reported (44).

Methylcyclopentane is also rapidly produced at conver-
sions below 10%; however, selectivity for MCP production
increases with conversion, plateaus, and then decreases at
high conversions (>20%). Simultaneously, selectivity to-
ward cracking, isomerization, and 1,6-cyclization products
increases with conversion of hexane. The production of
methylpentanes is consistent with the cyclic mechanism
(rather than the bond shift mechanism) in which the sub-
strate molecule undergoes 1,5-cyclization to form a five-
membered ring intermediate on the metal surface. This in-
termediate can then desorb, yielding MCP, or further react
by ring opening to yield 2-MP or 3-MP (1, 5, 60). The contri-
butions of the two mechanisms cannot be definitively eval-
uated without proper labeling studies (5, 60); however, this
conclusion as to the dominance of the cyclic mechanism is
strongly supported by the observed 2-MP/3-MP ratio which
was always close to the statistical value of 2 expected for
this mechanism.

The selectivity profiles for the traditional wetness-impre-
gnated catalysts shown in Figs. 8 and 9 are also consistent
with this mechanism. Figure 8 shows that the platinum cata-

lyst 1-Pt is relatively unselective for any one product class.
This observation is also supported by the specific activity
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data for the 0.15-Pt catalyst (Table 3), in which production
rates for cracking, isomerization, and 1,6-cyclization prod-
ucts are similar. Measurement of the rate of MCP produc-
tion in the same manner as was used for the other product
classes was not possible because plots of MCP fraction ver-
sus inverse space velocity were not linear. This is consistent
with the selectivity-versus-conversion profiles and the pre-
viously described mechanism in which MCP production is
linked to methylpentane production. Therefore, the total
of MCP+MPs was used to estimate the total rate of 1,5-
cyclization and included the result as one of the specific ac-
tivities in Table 3. In doing this, the following assumptions
have been made based on the cyclic mechanism for hexane
isomerization described above: (1) the bond shift mech-
anism does not appreciably account for the production of
2-MP and 3-MP by these catalysts (1); (2) ring enlargement,
i.e., conversion of MCP to cyclohexane or benzene, is not
a viable reaction pathway (48); and (3) further reaction of
MCP or methylpentanes (e.g., cracking) does not apprecia-
bly occur. The last assumption is supported by the lack of
significant production of isopentane or isobutane by any of
the catalysts (44–46).

The selectivity profile for the 1-(Pt+ 2Au) catalyst in
Fig. 9 indicates that the coimpregnation of Au with Pt de-
creases selectivity for cracking reactions. The data for the
0.15-(Pt+ 2Au) catalyst (Table 3) also indicates that the
production of light hydrocarbons is slower than the skele-
tal rearrangement processes (1,6-cyclization, MCP and MP
production via 1,5-cyclization) or reforming reactions. Fur-
ther, when the specific activity data are corrected for Pt
dispersion (TOF data), there is essentially no difference
in the rates of these skeletal rearrangements on the 0.15-
Pt and 0.15-(Pt+ 2Au) catalysts. The rate of production of
light hydrocarbons, on the other hand, decreases by about
45%. These results are consistent with a previously de-
scribed model for Au affecting Pt particle size. Studies with
supported Pt on silica and single-crystal studies with Pt–Au
alloys suggest that hydrogenolysis (terminal C–C bond scis-
sion cleavage to yield methane) reactions are structurally
demanding and require the largest ensemble sizes (1). If the
average Pt particle size decreases from the coimpregnation
of Au, the reactions requiring the largest ensembles (termi-
nal hydrogenolysis) would be most affected and those reac-
tions requiring smaller ensembles (1,5- and 1,6-cyclization)
would be less affected. The catalysis results here suggest
that Pt particles formed in the presence of Au are not small
enough to have a significant effect on these less demanding
reactions. The importance of particle surface morphology
in determining catalyst selectivity should also be stressed.
Work by Somorjai and co-workers has shown that, for both
pure Pt and Pt–Au annealed alloy catalysts, changing the
Pt crystallographic plane has large effects on product selec-

tivity for hexane reforming reactions (8–10). Hence, differ-
ences in catalyst selectivity might also be partially attributed
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to differing distributions of surface planes as particle sizes
and morphologies change.

The catalysts prepared from the bimetallic Pt2Au4

(C≡CtBu)8 cluster have the opposite effect of adding Au via
traditional coimpregnation. The selectivity profile in Fig. 10
(1-Pt2Au4) shows enhanced selectivity for the production of
light hydrocarbons relative to 1-Pt. In contrast, the coim-
pregnation of Au with Pt from chloride salts decreased
selectivity for light hydrocarbon production. The turn-
over frequencies from the specific activity data (Table 3)
show that this shift in selectivity is not due to a significant
enhancement in the rate of light hydrocarbon production
by the 0.15-Pt2Au4 catalyst. Rather, the 1,5-cyclization, iso-
merization, and 1,6-cyclization processes are much slower
on the cluster-derived catalysts than on the traditional
chloride-based catalysts.

The data from the cracking product distributions (Fig. 11)
suggest that the mechanism of cracking is very different for
the traditional versus cluster-derived catalysts. Product dis-
tributions for the 1-Pt and 1-(Pt+ 2Au) catalysts show a
large propensity for methane production, with >30% (by
moles) of the light hydrocarbons being methane. For this to
occur, successive terminal carbon abstraction (hydrogenol-
ysis) reactions must be occurring on the adsorbed substrate.
These reactions most likely occur on the largest platinum
particles that are present in the traditionally prepared cata-
lysts (1). On these particles, once the hydrocarbon is bound
(probably in an end on fashion) and C–C bond fission
occurs, the molecule continues to react via this terminal
carbon abstraction mechanism. The lack of production of
isobutane and isopentane (Fig. 11) indicates that these hy-
drogenolysis processes do not occur as further reactions of
2-MP or 3-MP (44–46). If the conclusion is drawn from the
absence of isobutane and isopentane that further reactions
of MCP and MPs are negligible, then the high production
of methane (relative to the other light hydrocarbons) must
be due to consecutive terminal carbon abstraction events
on individual substrate molecules on at least some of the
metal particles.

The light hydrocarbon distribution for the 1-Pt2Au4 cata-
lyst (Fig. 11), on the other hand, is fairly symmetric about
the production of C3 hydrocarbons; i.e., the mole fraction
of methane is roughly the same as that of n-pentane and
the mole fraction of ethane is roughly the same as the mole
fraction of butane. In addition, the cluster-derived catalysts
have a slight propensity for C–C bond fission near the cen-
ter of the molecule rather than at the C1–C2 bond, in good
agreement with literature reports for nonhydrogenolytic
cracking by Pt (1). This indicates that cracking reactions
occurring on the cluster-based catalysts are single C–C
bond fission events and that the successive terminal carbon
abstractions (hydrogenolysis) that occur on the chloride-

based catalysts are not major contributors to the overall
light hydrocarbon production. This suggests that, on the
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cluster-derived catalysts, the C6 hydrocarbon is bound with
the adsorbing C–C bond parallel to the surface (as opposed
to an end-on adsorption for the traditional catalysts) and
that, after the initial C–C bond rupture, there is not a great
deal of further bond fission. This change is mechanism is
also consistent with the reduced activity for 1,6-cyclization.
Several studies on various monofunctional supported Pt
catalysts, especially on basic zeolites, have correlated ben-
zene production with increased terminal hydrogenolysis
and attributed both to end-on adsorption sites (44, 61,
62).

Because the light hydrocarbon distributions are differ-
ent for 0.15-Pt and 0.15-Pt2Au4, the similarity in the cor-
rected rates of light hydrocarbon production between the
two may be coincidence. It is noteworthy, however, that
the enhanced cracking selectivity by Pt2Au4 catalysts is in
direct contrast to the diminished hydrogenolysis selectivity
observed when Au is coimpregnated with Pt in the Pt+ 2Au
catalysts. This may be due to the formation of a unique
metal particle morphology from the organometallic metal
source. Further, the reduction in the specific rates for the
other product classes suggests that this unique morphology
might be characterized by having very small Pt ensembles
or even “isolated” Pt atoms surrounded by Au. This conclu-
sion is also consistent with the previously mentioned parti-
cle size and ensemble effect arguments for Pt catalysts and
Pt–Au alloys in which isomerization, cyclization, and (ter-
minal) hydrogenolysis reactions are all considered to be
structure sensitive. It may not be possible to make a strong
correlation between the Pt2Au4 catalysts and single-crystal
work, however. For Pt–Au alloy crystal surfaces, both activ-
ity and selectivity depend greatly on both the exposed crys-
tallographic plane and the Au content. Although the results
for the Pt2Au4 catalysts are generally consistent with some
previous studies of supported Pt catalyst and single-crystal
work, the properties of these new catalysts may be unique
to a particle morphology that is not attainable by methods
other than the decomposition of the organometallic cluster.

It is interesting and perhaps somewhat counterintuitive
that the cluster-derived catalysts, which favor cracking re-
actions, have greatly improved resistance to deactivation,
as shown in Fig. 12. Given the shift away from terminal hy-
drogenolysis for the cluster-derived catalysts, it is possible
that polyunsaturated coke precursors may not be able to
form on the surface of the Pt2Au4 catalysts. Another possi-
bility suggested by the observation of CO weakly bound to
Au in the DRIFT spectra of the Pt2Au4 catalysts is that
the Au provides additional sites for the transfer of car-
bonaceous deposits or for storing hydrogen. Given the rich
chemistry of dihydrogen activation by molecular (ligand
stabilized) Pt–Au cluster compounds in solution and in the
solid state (30, 33, 63), it seems likely that hydrogen would

be partially transferred to the Au in these new cluster-
derived particle catalysts. This might provide additional and
R ET AL.

readily available surface hydrogen to rapidly hydrogenate
coke precursors.

One means of evaluating surface hydrogen under the re-
action conditions, suggested by Paál and co-workers (47,
48), is by examining the ratio of MCP to total 1,5-cyclization
products (MCP+MPs). Briefly, Paál and co-workers’ ar-
gument is that this fraction of MCP is determined by the
available surface hydrogen. When more surface hydro-
gen is available under catalysis conditions, greater pro-
duction of methylpentanes is expected because the con-
version of MCP to 2- or 3-methylpentane requires 2 eq of
H. Thus, as the production of methylpentanes increases, the
MCP/(MCP+MPs) ratio is expected to decrease. This frac-
tion is shown over a wide range of conversions in Fig. 13.
Surprisingly, the Pt2Au4 catalysts have a larger value for this
ratio over the entire conversion range, implying that there
is actually less surface hydrogen available on the cluster-
derived catalysts. This conclusion is supported by hydrogen
chemisorption results that indicate reduced hydrogen up-
takes (relative to CO uptakes) for cluster-derived catalysts
(64). This result is also consistent with slower rates of cy-
clization and isomerization by the cluster-derived catalysts
as these reactions (kinetically) require hydrogen to occur
(47). In the case of small Pt clusters prepared on various ze-
olite supports, the MCP/(MCP+MPs) ratio has also been
correlated with the electron richness of the metal surface,
measured by ν(C≡O) of CO bound to the catalyst sur-
face (44); the higher MCP/(MCP+MPs) fraction for the
cluster-derived catalysts does indeed correlate to a lower
C≡O stretching frequency. This suggests that the red shift
may be due to an electronic effect or to the preparation
of a more electron-rich surface when the cluster is used.
The greatly improved resistance to deactivation appears
to arise from the unique morphology (including its elec-
tronic and geometric properties) that is prepared when the
Pt2Au4(C≡CtBu)8 cluster is used as the catalyst precursor.

Often associated with the possible effects of differing
amounts of surface hydrogen, differences in quantities and
types of surface carbon may be important in determining
the catalytic properties of the different catalysts. Surface
carbon is well known to affect hydrocarbon reactions on
metal surfaces (2, 60, 65), and the composition and quan-
tity of surface carbon are often controlled by hydrogen (47).
One possibility is that the particle morphology prepared us-
ing the cluster precursors slows the deposition of carbon or
alters the carbon deposited during hexane conversion cata-
lysis. Consequently, differences in catalysis between the tra-
ditional and cluster-derived catalysts might also be partially
attributed to differences in the quantity and type of adsor-
bates on the metal surfaces (e.g., hydrogen, carbon) during
catalysis.

Another conceivable cause of the differences between

the traditionally prepared and cluster-derived catalysts is
the presence or absence of chloride in the resulting catalysts.
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The presence of chloride has been shown to have significant
effects on hydrocarbon conversion catalysis; however, these
effects are often associated with the strengthening of acid
sites used in the bifunctional mechanism (2) rather than
catalysis by metals. Further, the relatively small differences
between the Pt and Pt+ 2Au catalysts argue against resid-
ual chloride being the primary factor in determining cata-
lytic properties for the chloride-containing catalysts. The
traditionally prepared Au-containing catalysts have more
than twice the chloride content (prior to activation) of the
monometallic Pt catalysts, yet there are only small differ-
ences in catalytic results (decreased hydrogenolysis activity,
Table 2). If the bifunctional mechanism becomes important
with additional chloride, enhanced activity for several re-
actions (particularly isomerization), would be expected as
would significant production of dimethylbutanes (2). These
effects are not observed for the chloride-containing cata-
lysts; however, it cannot be ruled out that some of the dif-
ferences between the traditional and cluster-derived cata-
lysts partially result from the presence of residual chloride
in the standard catalysts.

SUMMARY

This article describes the preparation and characteriza-
tion of Pt–Au catalysts prepared by adsorption and thermal
decomposition of bimetallic molecular clusters. Using the
Pt2Au4(C≡CtBu)8 cluster, small and uniform bimetallic Pt–
Au particles have been prepared. These particles are out-
side of the normal bulk miscibility range for Pt–Au alloys
and have high Pt dispersions. These new particles have a
unique morphology that was not attainable via traditional
impregnation methods with chloride salts and comparable
activation conditions. This unique morphology appears to
have an electron-rich bimetallic surface in which both Pt
and Au are able to participate in the binding of substrates
such as carbon monoxide.

In catalytic testing with the hexane conversion reaction,
the new catalysts were found to have high activity for the
production of light hydrocarbons. This result is in striking
contrast to the diminished production of light hydrocarbons
found when Au was coimpregnated with Pt using chloride
salts. This shift in selectivity coicides with a shift in the dis-
tribution of light hydrocarbons. The traditionally prepared
catalysts produce methane as the dominant light hydrocar-
bon by successive terminal carbon abstractions of some sub-
strate molecules. The cluster-derived catalysts catalyze only
one C–C bond scission event per substrate molecule. Fur-
ther, the particles formed using this method have greatly
enhanced resistance to deactivation during hexane con-
version catalysis, despite greater selectivity for light hy-
drocarbon production. These differences in catalysis may

result from the unique particle size, composition, and mor-
phology that arise from the intimate contact between the
Pt-Au BIMETALLIC CATALYSTS 383

two metals when the bimetallic cluster is used as the metal
source.
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