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Formation and Growth of a Ru Cluster in a Y Zeolite Supercage Probed by 12'Xe NMR
Spectroscopy and Xenon Adsorption Measurements
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Ruthenium was supported as a ruthenium4 complex ion on NaY zeolite by stirring the zeolite powder in an aqueous solution
of RuC13containing ammonia at 350 K. The formation of a Ru cluster in the zeolite supercage due to the reduction of the
Ru complex and subsequent growth of the Ru cluster upon heating in vacuum, H2.and O2were studied by the measurement
of xenon adsorption on Ru, the lBXe NMR spectrum of the adsorbed xenon, the transmission electron micrograph, and the
extended X-ray absorption fine structure of Ru. The results showed that very small Ru clusters consisting of ca. 20 Ru
atoms on average can be obtained in the supercage due to the autoreduction of the supported ruthenium species during the
evacuation of the sample under heating to 673 K, and the average number of Ru atoms per cluster gradually increased to
50 upon further heating to 823 K both in H2 and under vacuum. The xenon adsorption data indicated that the exposure
of the 20-atom cluster to 02 resulted in much more severe increase of the cluster size than that caused by H2and vacuum
at the same temperature, e.g., increasing the average number of Ru atoms per cluster to 45 after the exposure to 1 atm of
O2at room temperature and resulting in the formation of large Ru agglomerates greater than 100 nm on the external surface
of the zeolite crystal after exposure to O2 at 673 K.

Introductioo
The Ru cluster supported on NaY zeolite (Ru/NaY) has attracted much attention in the literature. In 1979, Elliott and
Lunsford' reported the preparation of a small Ru cluster ca. 1
nm in diameter by ion exchanging Ru(NH3)2+into NaY zeolite,
subsequently evacuating the zeolite sample at 673 K, and finally
reducing it in flowing H2 at 673 K. Pedersen and Lunsford*
studied the location and state of the Ru species resulting from
the Ru(NH&~+ion exchanged into NaY zeolite under various
reduction and oxidation conditions by using X-ray photoelectron
spectroscopy (XPS). Verdonck et al.3also investigated the redox
behavior of the Ru/NaY system by using various characterization
methods such as temperature-programmed reduction (TPR),
transmission electron microscopy (TEM), etc. Their results
suggested that a small Ru cluster can be prepared in the zeolite
supercage (1.3 nm in diameter, with four 0.74-nm apertures) by
the evacuation treatment at 623 K and subsequent reduction at
temperatures above 673 K. The measurement of H2 uptake by
Ru/NaY showed that more than 80% of the Ru species can be
converted to Ru(0) during the initial evacuation treatment, which
was attributed to the Ru autoreduction by the decomposition of
the NH3 ligand to H2 and N2.The chemisorption of CO on Ru
and the catalytic activity for CO methanation indicated that the
Ru cluster size can change within the zeolite crystal with increase
of the reduction temperature, but the determination of the
cluster-size change for the fine metal particles located inside
supercages was difficult due to the lack of precision in the conventional chemisorption technique and TEM. The Ru cluster
sintered very severely upon heating in 0 2 , resulting in the formation
of bulk metal particles on the external surface of the zeolite crystal.
In 1987, Shoemaker and Apple4 studied the redox behavior and
the location of the Ru cluster on NaY zeolite by using the lz9Xe
To whom correspondence should be addressed at the Korea Advanced
Institute of Science and Technology.
Yonsei University.
+

NMR spectrum of adsorbed xenon, TEM, and hydrogen chemisorption measurement. They prepared a precursor of Ru/NaY
by stirring NaY zeolite in an aqueous solution of RuC13 without
NH3. In contrast with previous
the Ru cluster was
reported to agglomerate at the external surface of the zeolite
crystal when heated in H2 rather than in OF Such controversy
over the redox behavior of Ru/NaY may be due to the difficulty
in determining the small cluster size with sufficient precision.
Recently, Ryoo et a1.5 reportadthat xenon adPorption on various
groupVII1 metal clusters supported on Y zeolite was so strong
that the adsorption became saturated at low pressures, e.g., above
6 kPa around room temperature (RT), whereas the xenon adsorption on the zeolite support under the same experimental
condition was very weak. They determined the total amount of
saturated xenon on the metal clusters present in a given sample
from the difference in the xenon adsorption isotherms, which wcrc
obtained prior to and after the chemisorption of hydrogen or
oxygen on the metal because the chemisorption of other gas
hinduedthe strong adsorption of xenon on the metal cluster. Their
result indicated that the total amount of xenon adsorption for the
saturation on the metal was very sensitive to the cluster& change
that occurred, e.g., due to the sample heating because the xenon
adsorption on the metal cluster should decrease with increase of
the cluster size under the same metal content. Such high precision
of the xenon adsorption method can be particularly useful for the
study of metal duster formation and growth on X and Y zeolites.
Their result for Ru/NaY was briefly given in a previous paper5
as an example of the application of the xenon adsorptiontechnique.
In this paper, the xenon adsorption data for Ru/NaY arc shown
in detail as a function of the temperature used for the sample
treatment under various reductive and oxidative conditions. The
result gives information on the cluster size in terms of the average
number of Ru atoms per cluster. The result is also compared with
the '%e NMR spectra, TEM, and the extended X-ray abeorption
fine structure (EXAFS) to clarify the redox behavior of Ru on
Y zeolite.
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Figure 1. Chemical shift in the IBXe NMR spectrum of adsorbed xenon
at 40.0 kpa and 296 K plotted against (0)Ru/NaY precursor and ( 0 )
NaY zeolite.

Figwe 2. Linewidth in the '29XeNMR s p e c " for xenon adsorbed on
Ru/NaY sample at 40.0 P a and 296 K plotted against the evacuation
temperature.

ExperieeaW Seetion
A ruthenium red complex ion was exchanged into NaY zeolite
with high-purity N a y , RuC13, and an aqueous solution of NH3
as described earlier.s Such a precursor of Ru/NaY was heated
under vacuum (1 X
Pa) and subsequently in flowing Hz to
obtain a small Ru cluster supported on the zeolite. The content
of Ru in Ru/NaY was determined to be 6.2 atoms per unit cell
of zeolite by the difference of UV absorption of the supernatant
solution, which oc"d due to the ion exchange of the Ru species.
The xenon adsorption measurement and the Iz9Xe NMR
spectrum were measured in situ as described earlier.5.6 Hydrogen
chemisorption on the Ru cluster was reported in terms of the
H/Ru ratio obtained by extrapolating a linear part of the volumetrically-obtained adsorption isotherm, e.g., 10-50 kPa, to zero
pressure. The experimental details for 12%e NMR and TEM were
reported earlier:*6 For EXAFS,about 0.1 g of the sample powder
was pressed into a disk 10 mm in diameter. All the sample
treatment, e.g., evacuation and Hzflow, was performed in a
specially designed Pyrex reactor that was joined to an EXAFS
cell using Kapton (Eastman Kcdak) windows for the X-ray absorption measurement.' After the sample wafer was transferred
into the cell, the cell under a H2 atmosphere was sealed off by
flame, while the other part of cell was vented with a continuous
flow of H2to the atmosphere. The EXAFS spectra were measured
at the Ru Ka edge by using Beamline 10B at the Photon Factory
of the National Laboratory for High Energy Physics (KEK-PF)
in Tsukuba, Japan.

of the ruthenium species such as the loss of the NH3 ligand in
this temperature range. In contrast, the chemical shift difference
increased very rhpidly in the range 550-600 K, above which it
decreased again. Such a rather drastic change may be attributed
to the autoreduction of ruthenium, which was suggested in the
early w0rlc3,4~but no such phenomena were observed in the IsXe
NMR study by Shoemaker and Apple.4
In IZ9XeNMR studies on zeolite, the NMR linewidth arises.
in two ways: due to the heterogeneous line broadening coming
from macroscopic sample heterogeneity and the homogeneous line
broadening from the interaction of 12%e nuclear spins with other
speci?Io The two casea can be distiquished by the sample mixing
expenment and the line-shape measurement.loJ' In fact, the
heterogeneous line broadening was found to be insignificant for
the present case of Ru/NaY, and therefore the X t R u interaction
was responsible mostly for the Iz9XeNMR linewidth shown in
Figure 2. These data may be comparable to the result of a '29Xe
NMR study on Ni/NaY by Scharpf et a1.I2 In the case of
Ni/NaY, the liewidth increased remarkably due to the Iz9Xe
spin relaxation interacting with the paramagnetic NiZ+ ion.
Similarly, the sharp increase in the NMR linewidth oawring with
the increase of the evacuation temperature between 470 and 630
K in Figure 2 can be due to the appearance of an intermediate
Ru species with large paramagnetic susceptibility, which m a y be
a Ru(1) species suggested by Pedersen and Lunsford2 with XPS.
The NMR linewidth decreased remarkably as the evacuation
temperature was further increased to above 630 K. For example,
after the evacuation at 723 K, the chemid shift and the linewidth
were decreased to 164.0 ppm and 535.4 Hz, respctively. Subsequent reduction of this sample affected the l 2 Xe NMR data
only to a small extent (Le., by +10.0 ppm and -100.0 Hz),
probably because the ruthenium was already nearly completely
reduced to Ru(O), forming a small cluster due to the autoreduction
during the high-temperature evacuation as suggested by Verdonck
et ala3 The degree of autoreduction at 723 K indeed amounted
to more than 95% according to the H2 uptake quantity, which
was measured during the subsequent reduction by the method
described by Verdonck et al..'
Xenon Adsorption 011 the Ru Cluster. A series of Ru/NaY
samples were prepared with different reduction temperatures as
follows: first, Ru/NaY precursor was evacuated with a temperature increase from RT to 673 K at 0.1 K m i d ; subsequently,
the sample was reduced with flowing H 2 under a temperature
increase from RT to the given temperatures at 3.0 K min-' and
for 2 h at the maximum. The location of the Ru cluster in the
zeolite crystal can be probed by the IzgXechemical shift of the
Ru/NaY sample measured after the chemisorbed H was removed
by evacuating at 673 K.'*I5 That is, if the cluster is located inside
the sodalite cage (with 0.22-nmapertures), the cluster will not
be accessible to xenon (0.43 nm in diameter), affecting the
chemical shift very little. If the Ru atoms are highly dispersed
by the formation of small clusters in supercages (with 0.74-nm

Rewlts and Discussion
The E~.eurtionof Ru/NaY precursOr Probed by '%e NMR
Spectrum. In the present study, the Ru/NaY precursor was

prepared by ion exchange of a ruthenium species that resulted
from RuCl3 dissolved in an aqueous solution of ammonia. The
color of the precursor was purple, very similar to the result of
Lunsford and co-workers1.2obtained with the exchange of Ru(NH3):.'
During the initial evacuation pretreatment, the color
of the sample changed from purple to white and finally gray as
the temperature was increased to 673 K at the heating rate of
3.0 K min-I. The ruthenium species seemed to be a ruthenium
red complex ion that is similar to or identical with the one proposed
earlier? In Figure 1, the chemical shift in the Iz9XeNMR
spectrum of the xenon adsorbed at 40.0 kPa and 296 K is plotted
as a function of the evacuation temperature for the Ru/NaY
precurclor, after the sample was evacuated under heating from RT
to the given temperature at 0.8 K m i d and remaining there for
2 h. The data are also compared with those for NaY zeolite
obtained after the same evacuation treatment, so that the difference between the Ru/NaY and NaY sample obtained after
the same treatment may be used to probe the Ru species in zeolites.
The difference amounted to about 50 ppm at 370 K and then
decreased slowly to 40 ppm with the increase of the evacuation
temperature up to 550 K, probably as a result of a gradual change

9924 The Journal of Physical Chemistry, Vol. 96, No. 24, 1992
TABLE I: Difference in ‘%e NMR Chemical Shift between
Metal-Zeolite Sample and NaY Zeolite under 53.3 kPa Xenon at 296

Cho et al.

2
1.8
*o*

K

“The sample was reduced at 573 K with flowing H2after O2 activation at 583 K. The samples were reduced at b603 K, c673 K, d773 K,
and “823 K with flowing H2 after the evacuation up to 673 K under 1
x
Pa.
Xenon Pressure I kPa

Figure 4. Xenon adsorption isotherms of a Ru/NaY sample: (0)fresh;
(0)after hydrogen chemisorption, at 296 K.

-

the clean Ru surface with a heat of adsorption of, e.g., AHads
60 kJ mol-’, while the nearly linear adsorption isotherm obtained
after hydrogen chemisorption is due to xenon adsorption on the
zeolite support with only ca. Aff&
23 kJ mol-’, because the
chemisorption of hydrogen hinders the relatively strong adsorption
of xenon on the Ru ~ u r f a c e .The
~ heat of adsorption of xenon
on the Ru/NaY sample has been measured at 296 K by using
the Clapeyron equation, Affad,/R = [a In P / a (1/7‘)INs, where
Ns is the total amount of adsorbed xenon measured from the xenon
adsorption isotherms at 293, 296, and 299 K. The xenon adsorption on Ru is so strong that the saturation occurred at pressures
only above 4 P a . In the case of a zeolite support that shows a
linear xenon adsorption isotherm passing through the origin like
Nay, the amount of saturated xenon on the Ru cluster can be
obtained by the intercept from the extrapolation of a xenon adsorption isotherm of clean Ru/NaY in the saturated region to
zero pressure. Since the amount of xenon adsorption for saturation
on the Ru surface can be assumed to be proportional to the total
surface area of Ru exposed to xenon, the adsorbed xenon quantity
will decrease with the increase of the cluster size under the same
Ru loading. Thus the measurement of xenon adsorption on Ru
may be used to probe the cluster size change that occurred with
the increase in reduction temperature.
Furthermore, the Ru cluster located inside the supercage can
be assumed to be nearly spherical and attached on the wall of the
zeolite framework near to the six-membered oxygen ring.5 It can
also be assumed that at the adsorption saturation the cluster
adsorbs a maximum number (Nxe)of xenon atoms that can be
in direct contact with the cluster. We have obtained Nxe for the
cluster consisting of a certain number of Ru atoms (NR,,)by using
space-filling chemical models of xenon atom and Ru cluster in
the supercage. For Ru clusters consisting of 20-60 atoms in the
supercage, Nxethus obtained is 4 because only one 0.43-nm xenon
atom can be in direct contact with the cluster in this size range
through a supercage aperture of 0.74-nm diameter. For a Ru
cluster smaller than this size range, more xenon atoms will be able
to enter the supercage containing the cluster, and therefore Nxc
will be greater than 4.5 The ratio between Nxe and NRu (or simply
Xe/Ru) thus theoretically obtained is plotted against NR,, in F i y e
5. In fact, the Ru cluster size of a given sample will have a certam
distribution. If the cluster size in supercages is very uniform, as
the above results from ‘29XeNMR and TEM indicated, the
average number of Ru atoms per cluster for a given sample can
be determined from Figure 5 by using the Xe/Ru ratio that was
experimentally obtained by the measurement of the xenon adsorption on Ru. For example, 21 Ru atoms per cluster may be
obtained from Figure 5 by using the experimental value of 0.19
Xe/Ru measured from the intercept in Figure 4. The experimental
precision for the result can be better than M%,but the accuracy
depends very much on the assumption used in this method.
Redox Behavior of Ruthenium in Nay Zeolite. The xenon
adsorption isotherm was measured as a function of evacuation
temperature after the precursor of Ru/NaY was evacuated with

-

Figure 3. Transmission electron micrograph of a Ru/NaY.

apertures), the xenon adsorption on such Ru surface will bring
about a large chemical shift. If the Ru atoms form much larger
agglomerates at the external surface of the zeolite crystal, the total
amount of the xenon adsorption on Ru will be much smaller than
the adsorption on the highly dispersed Ru sample. *29XeNMR
chemical shifts for such a sample will be very small compared with
those of the highly dispersed cluster^.^ In fact, the chemical shift
difference between Ru/NaY and NaY in Table I is nearly comparable with the result for R/NaY containing ca. 1-nm Pt cluster
in supercages. Such a result leads to the location of the Ru cluster
mostly in supercages. Table I also shows that the chemical shift
due to the Ru cluster depended considerably on the reduction
temperature, which suggests that the cluster-sizechange occurred
with the increase of the reduction temperature. However, the
chemical shift alone was insufficient to provide absolute information on the cluster size. The size of the Ru cluster may be
measured by using TEM, but all the micrographs for the Ru/NaY
samples were very similar to the one in Figure 3, showing clusters
of ca. 1 nm distributed uniformly in the zeolite crystal. No larger
clusters were detected on the external surface of zeolite crystal.
Figure 4 shows two isotherms of xenon adsorption on a Ru/
NaY sample obtained at 296 K with and without the presence
of chemisorbed hydrogen. For hydrogen chemisorption, the sample
was equilibrated with 1 atm of H2 for 30 min and subsequently
evacuated at RT before the xenon was introduced. The difference
between xenon adsorption isotherms with and without the hydrogen chemisorption is due to the amount of xenon adsorbed on
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Figure 7. Number of xenon atoms per Ru obtained by extrapolating the
xenon adsorption isotherm shown in Figure 6 to zero pressure, plotted
against the evacuation temperature.
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Figure 6. Xenon adsorption isotherms of Ru/NaY sample at 296 K
plotted for the following evacuation temperatures: (0)473 K, (0)573
K; (A) 673 K, (0)
723 K.

increasing temperature. The adsorption isotherms are shown in
Figure 6. The samples after evacuation at temperatures above
673 K indicated a sharp increase in the xenon adsorption initially
with the pressure increase and then subsequently almost linear
increase with the same slope for N a y . Such a result after the
evacuation was very similar to the xenon adsorption isotherm of
the Ru/NaY sample obtained after subsequent reduction, which
agrees with the autoreduction of Ru during the high-temperature
evacuation as suggested by Verdonck et al.' There was also a close
similarity between the high-temperature evacuated Ru/NaY and
the reduced Ru/NaY in the point of the chemical shift and the
linewidth of the '29Xe NMR spectrum as discussed above.
The amount of xenon adsorption for the saturation on Ru
clusters was determined by extrapolation of the adsorption isotherms in Figure 6 to zero pressure. The result obtained after
the initial evacuation treatment is shown in Figure 7 as a function
of the evacuation temperature. The result indicates that autoreduction to a Ru cluster did not take place significantly until 570
K. The autoreduction occurred mostly between 600 and 670 K,
after which the surface area of Ru exposed to xenon seemed to
decreased because of the growth of the Ru cluster size under
excessive heating. F i i 8 shows the average number of Ru atoms
per cluster obtained by the above xenon adsorption method. The
average number of Ru atoms per cluster was 19 after the precusor
was evacuated at 673 K and subsequently reduced with H2at 623
K. The number was increased to 48 when the sample was further
heated in H2up to 823 K. These data manifest the early results
of Verdonck et al.3 by providing very precise quantitative information on the cluster size.
Figure 9 shows that the cluster size can be affected by the rate
of temperature increase used for evacuation treatment. That is,

Temperature / K

Figure 8. Average number of Ru atoms per cluster plotted against the
sample heating temperature, reduced at 600 K after evacuation of
Ru/NaY precursor at 673 K: (0)under vacuum; (0)in Hz. The two

data sets are given for different sample batches.
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TABLE Ik Hydrogen CbemiSOrptioa Data for Ru/NaY h p k at
296 K

w
21
32
38
56

H,/Ruc
0.41
0.41
0.39
0.44

H,/Rub
0.90
0.90
0.82
1 .oo

1

Rnd
0.46
0.46
0.48
0.44

‘The average number of Ru atoms per cluster determined by the
xenon adsorption method used in the present work. bHydrogen chemisorption was determined by extrapolating the total adsorption isotherm
between 10 and 50 kPa to zero pressure. CReversiblychemisorbed H
per Ru. dRH (H,/Ru)/(H,/Ru).
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Figure 10. Number of xenon atoms per Ru obtained by extrapolating
the xenon adsorption isotherm to zero pressure plotted against the O2
treatment, for the Ru/NaY sample reduced after heating in 1 atm of O2
for 1 h.

surement may not be used for the determination of the size of the
very small Ru cluster in supercage, Le., the cluster consisting of
less than ca. 50 Ru atoms.
The amount of xenon adsorption for saturation on Ru decreased
drastically with the increase of the heating temperature in 1 atm
of O2and subsequent reduction in H2as Figure 10 shows. Thus
heating in O2resuited in a rather drastic increase in the cluster
size as compared with heating in H2or under vacuum at the same
temperature. The average number of Ru atoms per cluster, as
determined by the xenon adsorption method, changed from 20
to 44 by contact of the sample with air at RT and subsequent
reduction with H2 at 673 K. After heating in O2at 673 K, the
Ru agglomerate with a size of 150 X 20 nm appeared on the
external surface of zeolite crystal.’ Such an increase in the Ru
cluster size agreed with the increasing peak intensity in the Fourier
transform of the EXAFS spectrum at the nearest Ru-Ru atomic
distance (i.e., 0.265 nm) as Figure 11 shows. Precise structural
information for the cluster can be given in Table I11 by curve
fitting the inverse Fourier transform of the data in Fqure 11 in
the range 0.20-0.28 nm. However, the coordination number (CN)
of 1.08 for the nearest Ru-Ru pair for the fresh Ru/NaY sample
in Table I11 is much too small for the 20 Ru atoms per cluster
that was obtained by the xenon adsorption method. The accuracy
*
tion of such a small Ru cluster size in the zeolite
for the detarmna
cage may be evaluated by further works. The contraction of the
Ru-Ru bond distancx in the small Ru cluster can also be indicated
by Table 111, as it was attributed to the decrease of the Ru cluster
size in H2atmaphere.l’J* However, the bond length of Ru-Ru
in the sample that was reduced at 673 K after heating at 473 K
under I atm of O2was very similar to that of 150 X 20 nm Ru
metal partide supported on zeolite. Thus the redox behavior of
our supported ruthenium on NaY zeolite agreed very well with
that found by Verdonck et al.’ and also by Perdersen and
Lunsford? but not by Shoemaker and Apple.‘ Their difference
may come from the difference in the sample preparation method.
In fact, the chemical shift in Table I can be much larger than the
result of Shoemaker and Apple when extrapolated to the same

Figure 11. Fourier transforms of EXAFS spectra at Ru Ka d g e for
Ru/NaY (-) prepared in situ, Ru/NaY (-- -) rereduced after the exposure to air at RT, and Ru/NaY (-%) heated in O2at 423 K.
TABLE Ilk EXAFS Pvllwtcr Vahw for RdNaY sample
Ru-Ru coordination
AI? X 102,
treatment
CN
R?A
A2
reduced at 623 K, after the
1.08 (h0.87) 2.58
0.4
evacuation at 673 K (in situ)
rereduced at 673 K after the
7.97 (h1.14) 2.58
0.5
exposure to air
rereduced at 673 K after heated
9.28 (k0.66) 2.63
0.3
in O2 in 473 K
rereduced at 673 K after heated 12.0
2.65
in O2at 673 K’
‘The reference material was the Ru/NaY sample reduced at 673 K
after heating at 673 K in O2which contained rod-shape Ru metal with
the size of 150 X 20 nm at the external surface of zeolite crystal as
shown Figure 9(c) of ref 5. R is a coordination distance between Ru
and Ru. Ad is the difference between I? values for the dispersed Ru
metal catalyst and the Ru reference.

Ru content and xenon pressure.

Coachmion
The behavior of the Ru cluster supported on NaY zeolite under
various reductive and oxidative conditions agreed with the earlier
results re rted by Verdonck et al.’ and by Perdersen and
Lunsford.401n the present study, however, there was a great
improvement for the cluster size determination as a function of
the experimental condition by using the xenon adsorption method
to obtain the average number of Ru atoms per cluster. Due to
this xenon adsorption technique, the cluster size change under the
redox condition became very clear up to the level of the number
of atoms per cluster. The xenon adsorption method will also be
useful for the study of various catalytic reactions occurring over
Ru/NaY as function of the average number of Ru atoms per
cluster.
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Catalytic Activity and Structural Analysis of Polymer-Protected Au-Pd Bimetallic
Clusters Prepared by the Simultaneous Reduction of HAuCi, and PdCi2
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Department of Industrial Chemistry, Faculty of Engineering, and Department of Chemistry, Faculty of Science,
The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan (Received: June 3, 1992;
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The colloidal dispersions of the poly(N-vinyl-2-pyrrolidone)-protectedgold/palladium bimetallic clusters were prepared by
simultaneous reduction of HAuC14and PdCl2 in the presence ofpoly(N-vinyl-2-pyrrolidone). The bimetallic clusters were
relatively uniform in size (e.g., 1.6 nm in average diameter) and were used as a catalyst for the selective partial hydrogenation
of 1,3cyclooctadiene at 30 OC under 1 atm of hydrogen. The initial rate of the hydrogenation depended on the metal composition
of the cluster catalyst, and the maximum catalytic activitieswere achieved at Au/Pd = 1/4. The catalytic activities of the
mixtures of the monometallic Au and Pd clusters were higher than those expected for the two kinds of the monometallic
clusters without reciprocal actions. The structurcs of the bimetallic clusters were studied using extended X-ray absorption
fine structure (EXAFS).The structural parameters were determined by fitting the experimental data for the two absorption
edges simultaneously using improved computer program. As a consequence of this improvement, the coordination numbers
of Au atoms around the Pd atom and of Pd atoms around the Au atom could be determined with greater confidence. The
EXAFS data of the Au/Pd( 1/4 and 1/1) bimetallic clusters prepared by simultaneous reduction indicate that the surface
of the particle entirely consists of palladium atoms and the core of gold atoms (an Au core structure).

Introduction
Metal clusters composed of two kinds of metal elements are
of interest in catalysis. Bimetallic clusters such as Cu-Ru,'
CU+,~ and Cu-Rh3 dispersed on a carrier, commonly silica or
alumina with high surface area, have been studied extensively for
the industrial applications. The bimetallic clusters revealed
different effects, such as the catalytic activity, selectivity, and
stability. However, the colloidal dispersions of bimetallic clusters
in a homogeneous solution have been little investigated. Recently,
we have reported the preparation and the structural analysis by
extended X-ray absorption fine structure (EXAFS) of the Pd/Pt
bimetallic colloids$ Liu et al.5 reported the preparation and XPS
characterization of the Au/Pd bimetallic colloids. Esumi et a1.6
prepared the Pd/R bimetallic colloids in organic solvent by solvent
extraction-reduction.
The analysis of EXAFS appears very promising for structural
studies of noncrystalline as well as crystalline materials. The
method is especially interesting for the colloidal dispersions of
bimetallic clusters, since it is difficult or almat impossible to obtain
structural information on such clusters by other methods. From
an analysis of EXAFS data, one can get information on the
number and type of neighboring atoms about a given absorber
atom and on the interatomic distances.
The colloidal dispersions of noble metals, protected by polymers,
can be prepared by reducing the noble metal ions in the refluxing
solution of alcohol or alcohol/water containing water-soluble
polymers such as poly(viny1 alcohol) and poly(N-vinyl-2pyrrolidone).' The colloidal dispersions thus obtained are stable
and composed of fine metal particles from 1 to 3 nm in average

diameter with narrow size distributions. They work as catalysts
with high activity and selectivity for the hydrogenation of olefins:
selective partial hydrogenation of diene to monoene?JO the
light-induced hydrogen generation from water,11J2and so on.
We have recently reported in a series of papersl3-l5that the
colloidal dispersions of the bimetallic clusters can be prepared by
refluxing the alcoholic solution containing two kinds of noble metal
salts in the presence of poly(N-vinyl-2-pyrrolidone). EXAFS
analysis has clearly shown that the Pd/Pt(4/1) bimetallic clusters
prepared under nitrogen, which is the most active catalyst for the
selective partial hydrogenation of 1,3-cyclooctadieneto cyclooctene
in a series of Pd/Pt bimetallic clusters, have a core composed of
FY atoms and the surface layer entirely composed of Pd atoms.4
In the present paper, the colloidal dispersions of the polymer-protected gold/palladium bimetallic clusters are prepared
by simultaneousreduction. The catalytic activity of the bimetallic
clusters is examined for the selective partial hydrogenation of
1,3-~yclooctadieneto cyclooctene and compared with that of the
mixtures of the monometallic clusters. The structure determination is performed by the experimental data of the EXAFS
associated with the L3-edge of gold and the K-edge of palladium.
In determining the structural parameters, the EXAFS data for
the two edges are fitted separately and simultaneously, and then
both results are compared. Here we describe the determination
of the structure of the Au/Pd( 1/4) and Au/Pd( 1/ 1) bimetallic
clusters.
ExperimentalSection
Repuatiaa of the Au/Pd Bimetallic Clusters by Si"s

Reduction. The colloidal dispersions of the Au/Pd bimetallic
clusters protected by polymers were prepared by an alcohol-reduction method. Solutions of tetrachloroauric acid (0.033 "01
in 25 mL of water) were prepared by dissolving the corresponding
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