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bond stretching bands appear in the Ianhspectra, being mostly
depolarized. The band for pure EtOH glass can be resolved mainly
into two, both of which are hardly affected by ions in the corresponding bond strength. A low-frequency band at 215 cm-I
appears for LiCI-nEtOH glasses, being presumably associated with
the solvent-shared ion pair. The total intensity of the hydrogen

bond stretching bands increases with increasing LiCl concentration.
This is not incompatible with the hypothesis of an additional
contribution of the charge-transfer state in which CI- ion might
participate.
Registry No. EtOH, 64-17-5; LiCI, 7447-41-8.
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A palladium cluster has been supported on X and Y zeolites of various cationic f o m by using a scheme consisting of Pd(NH3)42+
exchange into the zeolite, activation in 0 2 , and subsequent reduction with H2.Xenon has been found to be adsorbed onto
the Pd cluster much more strongly than the zeolite support. The amount of xenon adsorbed on the Pd cluster has been determined
from the xenon adsorption isotherm and then used as a sensitive probe for the study of the cluster size variation. The chemical
shift in I2,Xe NMR of the adsorbed xenon gas and transmission electron microscopy have also been used to investigate the
Pd cluster size dependence on the cation in the zeolite. The results indicate that small Pd cluster of about 1-nm size, which
is stable up to 673 K, can be prepared by anchoring on multivalent cations such as Ca2+and Y3+located in the supercage.
Otherwise, the cluster grows to the size of above 2 nm upon heating to 673 K.

Introduction
Molecular sieves X and Y zeolites are synthetic faujasite-type
zeolites which have identical aluminosilicate frameworks consisting
of sodalite cages (0.66 nm in diameter) interconnected by sixmembered oxygen rings, Le., hexagonal prisms in a tetrahedral
way, as Figure 1 shows.' Typical Si/AI ratios are 1-1.5 for X
and 1.5-3 for Y zeolites, respectively. The sodalite cage has
apertures formed by a six-membered oxygen ring (0.22 nm in
diameter), and thus most molecules larger than this cannot enter.
The larger cage formed by the interconnection of the sodalite cages
is called the supercage (1.3 nm in diameter). Its aperature is a
twelve-membered oxygen ring of 0.74 nm in diameter.
Palladium clusters supported on Y zeolites (Pd/Y) attract great
attention in basic studies of small metal clusters because of the
small cluster size, high sample homogeneity, easy accessibility for
reactant or adsorbate species, and simple preparation method.24
The chemistry in the preparation of Pd cluster within the micropores of faujasite-type zeolites is quite similar to that of Pt
clusters in general aspects. Platinum and palladium can initially
be loaded in the zeolite pores by exchanging Na+ ions with Pt(NH3),2+ and Pd(NH3)42+cations in aqueous solution, respectively. The zeolite exchanged by the Pt(NH3),Z+or Pd(NH3),Z+
is then activated in flowing O2 at temperatures above 573 K.
Reduction of this sample with H2 gives the supported metal
clusters. However, there is a considerable difference between Pd
and Pt as to the cluster size and location in the zeolite cages; i.e.,
Pd is much more sensitive to the experimental condition used for
the activation and reduction, which is probably caused by differences in their interaction energies with the c up port.^ Careful
activation in flowing O2 at temperatures in the range 573-673
K and subsequent reduction in static or flowing H2 up to 673 K
can produce Pt clusters of about I-nm size in the supercage.6
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Similarly, activation by 0,at 573-673 K is acceptable for the
preparation of small Pd clusters, giving atomically dispersed PdO
in the sodalite cage by the reduction below 420 K. However,
subsequent heating at higher temperatures either in H2 or under
vacuum in an attempt to obtain l-nm Pd clusters located in the
supercage has been known to be unsuccessful2 but leads to the
migration to form a 2-3.5-nm size agglomerate which occupies
a few adjacent supercages.'f'
There have been some efforts, in the study of adsorption and
catalysis of palladium, to prepare very small Pd clusters encaged
within a supercage. Homeyer and Sachtler9Josuggested that the
temperatures for the activation and reduction should be maintained
below 520 K to obtain the small Pd cluster in the supercage,
heating above which would result in the production of NH3 and
agglomeration of the small clusters to form larger particles.
Sachtler et al." also proposed that chemical anchoring of the Pd
clusters in the zeolite by iron cations can inhibit the cluster growth
to a certain extent. Moller and BeinI2J3proposed that similar
(1) Breck, D. W. Zeolite Molecular SieverStructure, Chemistry, and
Use; Wiley: New York, 1974.
(2) Gallezot, P. Caral. Rev.-Sci. Eng. 1979, 20, 121.
(3) Gallezot, P. In Metal Clusters; Moskovits, M. Ed.;Wiley: New York,
1986; p 219.
(4) Jacobs, P. A. In Srudies in Surface Science and Catalysis; Gates, B.
C., et al., Eds.; Metal Clusters in Catalysis; Elsevier: Amsterdam, 1986; Vol.
29, p 351.
(5) Yermakov, Y. I. Caral. Rev.-Sci. Eng. 1976, 13, 71.
(6) Gallezot, P.; Alacron-Diaz, A.; Dalmon, J.-A.; Renouprez, A. J.;
Imelik, B. J . Carol. 1975, 39, 334.
(7) Primet, M.; Taarit, Y. B. J . Phys. Chem. 1977.81, 1317.
(8) Bergeret, G.; Gallezot, P.; Imelik, B. J . Phys. Chem. 1981.85, 411.
(9) Homeyer, S. T.; Sachtler, W. M. H. J. Catal. 1989, 117, 91.
(10) Homeyer, S. T.; Sachtler, W. M. H. J . Caial. 1989, 118, 266.
(1 1) Homeyer, S.T.; Sheu, L. L.; Zhang, Z.; Sachtler. W. M. H.; Balsc,
V. R.; Dumesic, J. A. Appl. Catal. 1990, 64, 225.
(12) Moller, K.; Bein, T. In Srudies in Surface Science and Coialysis;
Jacobs, P. A., van Santen, R. A., Eds.; Zeolites: Facts, Figures, Future;
Elsevier: Amsterdam, 1989; Vol. 49, p 985.
(13) Moller, K.; Bein, T. J . Phys. Chem. 1990, 94, 845.
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TABLE I: Unit Cell Formulas of Zeolites Used as Supports and
Palladium Loading on the Zeolite in Terms of Pd Atoms per Unit Cell
of Zeolite

sample

Pd loading

NaY
KY
CaY
YY

7.0
7.0
6.6

NaX

5.8
7 .O

YX

7.1

Analyzed by inductively coupled plasma atomic emission spectrosCOPY.

a
n

b
Figure 1. (a) Framework of the faujasite-type zeolite: (A) sodalite cage;
(B)hexagonal prism; (C) supercage. (b) Various cationic sites and their
designation in faujasite-type zeolite.'

inhibition of the Pd cluster agglomeration by Fe2+and Co3+ was
due to displacement of the Pd ammine cations from the sodalite
cage to the supercage where the Pd reduction takes place a t
relatively lower temperatures without excessive agglomeration.
Thus, the function of the multivalent cation is still controversal.
Furthermore, even the use of multivalent cations has not been
known to be completely satisfactory to obtain the 1-nm Pd cluster
a t 673 K.
One of the difficulties in the study of zeolite-supported Pd
clusters might come from a limitation in the precision of the
experimental methods used for the cluster size determination such
as transmission electron microscopy (TEM)Iet6 and extended
X-ray absorption fine structure (EXAFS).IS Here it may be
tempting to use the "Xe NMR technique, pioneered by Fraissard
and co-workers,"J* since the chemical shift of the adsorbed xenon
(14) Gallezot. P.; Mutin, 1.;
Specrrosc. Electron. 1976, I, 1.

Dalmai-lmelik, G.;Imelik, B. J . Microsc.

( 1 5 ) Boudart, M.;Samant, M. G.;Ryoo, R. Ultromicroscopy 1986, 20,
125 and references therein.
(16) Chmelh, B. F.;de Menorval, L.-C.; Csencsits. R.; Ryoo, R.;Liu, S.
B.;Radke, C. J.: Petersen, E. E.; Pines, A. In Studies in Surface Science ond
Corolysis; Morterra, C., et al., Eds.; Structure and Reactivity of Surfaces;
Elsevier: Amsterdam, 1989; Vol. 48, p 269.

can increase linearly with the concentration of Pd clusters in the
sample. The chemical shift may be highly sensitive to the cluster
size variation on the treatment condition. But the IZ9XeN M R
method has the disadvantage that the chemical shift data may
not be used directly for the determination of the absolute cluster
size. Recently, our group reported that certain zeolite-supported
metals can adsorb xenon very strongly, and the variation of the
average cluster size among different samples can easily be determined with high precision from the amount of xenon adsorbed
on the metal cluster^.'^ By using these two precise xenon techniques, the present study aims to clarify the function of multivalent
cations for the preparation of small Pd clusters in the supercage
and thereby attempts to prepare Pd clusters of approximately 1-nm
size which are stable up to 673 K.

Experimental Section
Samples of NaY and NaX zeolites were prepared with highpurity starting materials, i.e., A1(OH)3 (Baker, Analyzed Reagent), Na2Si03.9Hz0 (Baker, Analyzed Reagent), and NaOH
(Aldrich, 99.99%), by Breck procedures.' The zeolites were
ion-exchanged with K N 0 3 (Alfa, 99.999%), Ca(N03)y4H20
(Merck, 98.5%), or Y(N03)3.5H20(Aldrich, 99.99%) solutions
containing 2.5 times excess ions at 353 K over 1 week, which was
repeated three times to increase the degree of ion exchange. Unit
cell formulas of the zeolite samples, analyzed by elementary
analysis, are listed in Table I. A stoichiometrically same amount
of Pd(NHj)z+, e.g. 7 Pd atoms per unit cell, was exchanged into
the above zeolite samples by stirring in aqueous ammonia solution
of PdC12 (Aldrich, 99%) overnight a t room temperature (RT).
These samples were filtered, thoroughly washed with doubly
distilled water and then dried in a vacuum oven a t 330 K. The
samples were activated by heating in flowing O2(>IO00 mL min-'
g-l) to 623 K at a rate of 1 K min-' and keeping at this temperature for 2 h. The 0,gas was evacuated a t RT, and the
samples were reduced in flowing H, (>200 mL min-' g-I) as the
temperature was linearly increased to 673 K over 20 h and
maintained there for 2 h. These samples were then evacuated
at 673 K for 2 h. The Pd loadings of the samples, which were
analyzed by inductively coupled plasma (ICP) atomic emission
spectrometer (JY 38 PLUS, Jobinyvon), are listed in Table I. All
the sample treatments were performed in situ in a Pyrex U-tube
flow reactor connected with an NMR tube which was equipped
with homemade vertical ground-glass vacuum stopcocks. The
NMR tube was sealed off by a flame after the sample was
transferred into the tube. Natural xenon gas (Matheson, 99.995%)
was adsorbed onto the sample for the xenon adsorption measurement and the 129XeN M R experiment.
The xenon adsorption isotherms were obtained by using a
conventional volumetric gas adsorption apparatus. The adsorption
temperature was controlled to within fO.l K by a constant-temperature circulation bath. The lz9Xe N M R experiment was
performed after the xenon gas was equilibrated with the sample
under a given pressure at 296 K. 129XeNMR spectra were also
obtained at 296 K by a Bruker AM 300 instrument operating a t
( 1 7 ) Ito, T.; Fraissard, J. In Pmc. fnr. Conf. Zeolites, 5rh 1980, 510.
(18) Fraissard, J.; Ito, T. Zeolites 1988, 8, 350 and references therein.
(19) Ryoo, R.;Cho, S.J.; Pak, C.; Kim, J.-G.; Ihm, S.-K.; Lee, J. Y.
Submitted for publication in J . Am. Chem. Soc.
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Figure 2. "Xe NMR chemical shift of xenon adsorbed on a Pd/NaY
sample (0)and NaY zeolite (A)at 400 Torr after O2activation is plotted

as a function of the activation temperature, respectively.
83.0 MHz for 129Xewith 0.5-s relaxation delay. The chemical
shift was referenced with respect to the N M R signal of xenon in
the bulk gas phase extrapolated to zero pressure. For TEM, a
suspension of the sample powder (about I-"
size) in methanol
(Aldrich, spectrophotometric grade) was dropped onto a microporous carbon grid and allowed to dry. Transmission electron
micrographs of the thin edge of zeolite crystal were obtained with
a JEM 2000-EX (JEOL) apparatus operating a t 200 keV.

Results and Discussion
Application of r29XeN M R for the Study of PdlNaY Preparation Procedures. Xenon-129 is a nucleus suitable for N M R
study since it has a nuclear spin of
a relatively high natural
abundance (26.44%), and a relatively high NMR sensitivity (1.33
compared with 13C). It is chemically inert in most cases. Its
physical interaction with other species, through the collision or
the van der Waals com lex formation, brings about very large
chemical shifts. The l 2 Xe chemical shift of adsorbed xenon is
very sensitive to the physicochemical environment of the zeolite
cageIs and therefore serves as a useful probe for studying cluster
formation and growth in zeolite. In Figure 2, the chemical shift
in IDXe NMR of the xenon adsorbed on a Pd/NaY sample after
O2activation is plotted at 400 Torr as a function of the activation
temperature. The chemical shift begins to decrease a t ca. 470
K, which suggests that some species having an interaction with
xenon begin to disappear from the supercage. Thus, such a
decrease in the chemical shift agrees with the evolution of ammonia
and water during the activation treatmentas Figure 2 also shows
that the same treatment of NaY zeolite in O2gives significantly
smaller values of 129XeN M R chemical shift. The chemical shift
difference between the supported Pd and zeolite sample comes
from a net effect of the activation treatment. Their chemical shift
difference becomes negligible above 600 K, which indicates
completion of the activation treatment. Since xenon atoms can
enter only the supercage, this result indicates that Pd2+ ions
migrate from the supercage into smaller cages during the O2
activation or it has very little interaction with xenon if it remains
in the supercage. However, the latter assumption may be excluded
by judging from large chemical shift values obtained in the 129Xe
NMR spectrum of the Y zeolites exchanged by Mg2+,Ca2+,Ba2+,
and Ni2+.20-21Such a migration of Pd2+ into the sodalite cage

B

(20) Ito, T.;Fraissard, J. J . Chem. Soc., Faraday Trans. I 1987,83, 451.
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Figure 3. Iz9XeNMR spectra of (a) NaY zeolite, and Pd/NaY sample
which have been prepared by reduction with heating to 673 K over (b)
2 h, (c) 5 h, and (d) 20 h, after the same activation treatment at 623 K,
respectively. All the spectra are obtained at a xenon pressure of 400 Torr
and 296 K.

TABLE II: '%e NMR Chemical Shift from Pd/YX !&"le
Prepared by Various Treatments, under Xenon Pressure of 400 Torr
at 296 K

treatment
method
evacuation at 623 K
evacuation at 623 K, reductionC
activation, reductionC
activation, reductionc

'29XeNMR
chemical shift,
Tact, K" Trd, K b
ppm
623
623

613
623
613

97.4
101.8
387.5
427.1

"Activation in flowing O2 at a heating rate of 1 K min-I.
bReduction with H2up to a given temperature over 20 h. 'The samples were subsequently evacuated at 673 K for 2 h, respectively.
agrees with other results reported previo~sly.'*~*~~
Figure 3 shows 129XeN M R spectra obtained at 400 Torr and
296 K from NaY zeolite and a Pd/NaY sample which have been
reduced with various heating rates up to 673 K after the same
activation treatment. A substantial increase in the chemical shift
has occurred due to the xenon-cluster interaction in the reduced
Pd/NaY sample. There also appears a change in the chemical
shift and the line shape due to the heating rate variation in the
reduction. Rapid heating to 673 K over 2 h yields an asymmetrically broad NMR signal, which indicates heterogeneity of
the sample, whereas slower heating gives a better sample homogeneity with a larger chemical ~ h i f t . 2 ~Sufficiently
3
slow heating,
e.g. longer than over 5 h to 673 K, is required to obtain good
sample homogeneity. Furthermore, the chemical shift increase
from Figure 3b to 3d indicates that slower heating gives better
dispersion of Pd (therefore a smaller cluster), in agreement with
(21) Scharpf, E. W.; Crecely, R. W.; Gates, B. C.; Dybowski, C. J. Phys.
Chem. 1986, 90,9.
(22) Zhang, Z.; Sachtler, W. M.H.;Chen, H.Zeolites 1990, 10, 784.
(23) Suh, D. J.; Park, T.-J.;
Ihm, S.-K.; Ryw, R. J . Phys. Chem. 1991,
05
7161
--,..."..
(24) Yang, 0. B.; Woo,S. I.; Ryoo, R. J . Coral. 1990, 123, 375.
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Figure 4. Xenon adsorption isotherms obtained from synthetic NaY (0)
and NaX (0)zeolites at 296 K.

previous results,u since the chemical shift of *%XeNMR increases
linearly with respect to the number of targets with the xenon atoms
adsorbed in zeolite supercage.26 The chemical shift values listed
in Table I1 indicate that other schemes used for the Pd cluster
preparation such as direct evacuation and direct reduction of
Pd(NH3),2+-exchanged Y zeolite can yield much larger cluster
sizes. This result agrees that direct evacuation without O2activation causes autoreduction and migration of Pd, which results
in the formation of much larger agglomerates in supercages or
on the external surface of ~eolite.~'
Relation between the Chemical Shft in IBXe NMR and Xenon
Adsorption Isotherm. Figure 4 shows xenon adsorption isotherms
obtained from our high-purity NaY and NaX zeolites at 296 K.
Both the adsorption isotherms are linear in the given pressure
range, which indicates that the xenon adsorption on the zeolite
fits for a very weak adsorption following Henry's law. Thus, the
concentration of the adsorbed xenon increases proportional to the
pressure under the present experimental condition. The concentration of the adsorbed xenon can be related with the chemical
shift in i29XeNMR of xenon by

6 = 60 + 6 , p + 6 9 2 + ...

Figure 5. Chemical shift in IBXe NMR of adsorbed xenon on NaY ( O ) ,
Pd/NaY (0),and Pd/NaY chemisorbed with oxygen ( 0 )at 296 K and
Pd/NaY calculated by eq 2 with a value of 6w = 3000 ppm (A).
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where p is the concentration of the adsorbed xenon, 6 is the
chemical shift of xenon gas relative to the bulk gas a t p = 0, 6o
is a term taking into account various interactions between xenon
and the zeolite surface, and 6, and 62 are proportionality constants,
respectively. The first-order term with respect to p is due to a
binary xenon-xenon interaction, and the higher order terms are
due to higher order interactions between xenon which are important only at very high p. Since p increases linearly with the
pressure for the NaY zeolite, the chemical shift of xenon also
increases linearly with the xenon pressure, as Figure 5 shows, in
good agreement with previous results.26.28
Figure 6 shows a xenon adsorption isotherm obtained from a
Pd/NaY sample. The xenon isotherm of the Pd/NaY is initially
steep, progressively oblique, and then linear with the pressure
increase. After O2 was equilibrated with the Pd/NaY sample
(25) Homeyer. S.T.; Sachtler, W.M.H. In Studies in Surfuce Science
a d COtalysS; Jacobs, P. A., van Santen, R. A., Eds.;zeolites: Facts, Figures,
Future; Elsevier: Amsterdam, 1989; Vol. 49. p 975.
(26) de Menorval, L.-C.;
Fraissard, J.; Ito, T. J. Chem. Soc., Furaduy
Trans. I 1982, 78,403.
(27) Reagan, W:J.; Chester, A. W.;Kerr, G. T.J . Cutul. 1981, 69, 89.
(28) 110, T.; Fraissard, J. J. Chem. Phys. 1982, 76, 5225.

0.00

Xenon Pressure (Torr)
Figure 6. Xenon adsorption isotherms of Pd/NaY sample:
sample; (0)after oxygen chemisorption at 296 K.

( 0 ) fresh

at 1 atm for 30 min and subsequently evacuated at R T under 1
X
Torr, the sample gives a linear-type adsorption isotherm
that passes through the origin as if it did not contain any Pd
~ 1 u s t e r . IThe
~ chemical shift in the '29Xe N M R spectrum has
also been decreased by the oxygen chemisorption, as shown in
Figure 5 . A similar decrease in xenon adsorption has occurred
by hydrogen chemisorption. Such results can be explained by
inhibition of xenon-cluster interaction due to the chemisorbed
hydrogen or oxygen on the Pd cluster surface. These results
suggest that the pressure linear increase comes from the xenon
adsorption on the zeolite support, and the additional sharp increase
appearing at low pressures comes from a strong xenon adsorption
on the Pd cluster surface. Namely, the xenon adsorption isotherm
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Figure 7. Xenon adsorption isotherm from Pd/NaY ( 0 )can be divided
into two isotherms: one on the zeolite support (solid) and the other on
the metal cluster (dashed).

Figure 8. Xenon adsorption isotherms of variow zeolites at 296 K: ( 0 )
Nay; (m) KY; (0)Cay; (0)YY; (A) NaX; (A) YX.
1.20

of the Pd/NaY sample can be divided into two xenon adsorption
isotherms: an isotherm for the zeolite support and one for the
metal cluster, as shown in Figure 7. The amount of xenon
adsorbed strongly on the Pd cluster surface, which is nearly
saturated above 50 Torr, equals the difference of the adsorption
isotherms obtained respectively before and after the hydrogen or
oxygen chemisorption. It can more easily be obtained by extrapolating a high-pressure linear part of the xenon adsorption
isotherm from the Pd/NaY to zero pressure. The quantity of
xenon saturation on Pd clusters will be proportional to the total
surface area of Pd exposed to xenon. Therefore, this quantity will
have an inverse relation with the Pd cluster size for samples with
same Pd content.
With the assumption that xenon can exchange very rapidly
between Pd cluster and zeolite support, the chemical shift in "Xe
N M R of the adsorbed xenon gas can be expressed as

+ nsupfisup
nPd + nsup

nPdsPd

6=

(2)

where nPdand sPd denote the amount and the chemical shift of
xenon adsorbed on the cluster and hup
and dsup are those on the
support, respectively. With a value of spd= 3000 ppm, a very
good fit has been obtained for the experimental values, as shown
in Figure 5 . The assumption of a rapid exchange in '29Xe NMR
spectroscopy can be good at low xenon
and therefore
the fitting has been made to obtain the best fit at low pressures.
The discrepancy at higher pressures seems to come mainly from
a decrease in the xenon-exchange efficiency due to a diffusional
hindrance by highly concentrated xenon.
Effect of Cation on Palladium Cluster Size. Figure 8 shows
the xenon adsorption isotherms from several zeolite samples that
have been used as support for the preparation of Pd clusters. The
xenon adsorption isotherms obtained from the zeolite supports
with univalent cations, e.g. N a y , NaX, and KY, are linear in the
given pressure range, whereas the supports with multivalent
cations, Le. CaY and YX, give a xenon adsorption isotherm with
curvature at low pressures. Such a curvature seems to come from
strong interaction between the xenon atom and the multivalent
cation. A similar curvature caused by impurities or structural
(29) Cheung, T. T. P.; Fu, C. M.; Wharry, S.J . Phys. Chem. 1988, 92,
5 170.
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Figure 9. Xenon adsorption isotherms obtained from YX zeolite (a),

fresh Pd/YX sample (0).and Pd/YX with chemisorbed hydrogen (A),
at 296 K.

defects was also found in xenon adsorption isotherms of some
commercial zeolites.30 It may look unusual that the xenon adsorption isotherm of YY appears nearly linear but this can be
explained as follows: trivalent cations, e.g. La3+and Ce3+, in the
Y zeolite after complete dehydration do not occupy the ion-exchange site located in the supercage at ambient temperature,
whereas some of the trivalent cations exist in the supercage in the
case of the X zeolite.' Since Y3+ ions in the YY support occupy
only sites I, 1', and 11' in smaller cages, the xenon atoms that can
enter only the supercage will hardly interact with the Y3+ ions,
(30) Ryoo, R.;Pak, C.

Manuscript in preparation.
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Figure 10. Transmission electron micrographs of (a) Pd/NaY, (b) Pd/YY, (c) Pd/CaY, and ( 4 Pd/YX.

and therefore a nearly linear-type isotherm will be obtained from
the YY zeolite.
Figure 9 shows xenon adsorption isotherms obtained from
Pd/YX and YX, respectively. After hydrogen chemisorption,
Pd/YX gives nearly the same xenon adsorption isotherm as that
of the YX zeolite. For such a zeolite support giving a curved xenon
adsorption isotherm unlike our N a y , it is difficult to obtain the
saturation quantity of xenon on the Pd cluster from an intercept
in a direct extrapolation of xenon adsorption isotherm to zero
pressure. Instead, the saturation quantity of xenon on the Pd
clusters has been determined by extrapolating the difference
between the xenon adsorption isotherms obtained from the sample,
respectively, before and after the hydrogen chemisorption in a
sufficiently high-pressure region, e.g. above 50 Torr, to zero
pressure. The xenon saturation quantities obtained from the
various zeolite-supported Pd samples in this way and calculated
in terms of xenon atoms per palladium atom (Xe/Pd) are listed
in Table 111, together with the cluster size obtained by TEM and
the chemical shift change (at 400 Torr xenon) caused by hydrogen
chemisorption. Both the xenon saturation quantity and the
chemical shift change indicate that the size of Pd clusters supported
on YX and CaY zeolites is much smaller than that of others. A
few transmission electron micrographs of the samples are shown
in Figure 10. All the results from TEM, 129XeNMR spectroscopy, and xenon adsorption agree with each other. The
Pd/NaY-Ca sample in Table 111 was prepared by ion exchange
of Ca2+into Pd/NaY listed in the first row. This sample shows
much smaller values of the Xenon saturation quantity and the
chemical shift change than Pd/CaY does. The values from
Pd/NaY-Ca are rather closer to those from Pd/NaY, which
shows that there is no appreciable change in the cluster size from
Pd/NaY to Pd/NaY-Ca since Ca2+ has been exchanged after
preparation of the Pd cluster.
It was discussed above that xenon can be attracted by multivalent cations, e.g. Ca2+ and Y3+, in the supercage. Also, the
chemical shift of xenon adsorbed on the zeolite containing these
cations is considerably higher than that of NaY and KY. The
chemical shift of xenon can be exdained bv the adsomtion and
polarization of xenon in the zeolitd pore. Iiwill then bk possible
to attribute their relatively strong interaction to the polarization
of xenon due to the electric field created by the multivalent cation.
This means that the xenon can be anchored (i.e., adsorbed) on

TABLE IIk Amount of Xenon Adsorbed on Pd under Saturation,
Decrease in *%e NMR Chemical Shift Caused by Hydrogen
Chemisorption on the Sample, and Average Cluster Sizes by TEM
chemical shift
saturation quantity difference,* cluster size:
sample
(Xe/Pd) X IO2
ppm
nm
Pd/NaY
2.4
1 1 1.9
2
Pd/KY
2.2
70.4
2
Pd/CaY
6.0
270.1
1
Pd/YY
2.7
85.1
2
Pd/NaX
2.7
163.6
2
Pd/YX
5 .O
300.7
1
PdlNaY-Ca"
1.9
129.8
"Obtained by extrapolating the difference between the xenon adsorption isotherms respectively before and after the hydrogen chemisorption in the high-pressure region above 50 Torr (e.g., 50-400 Torr)
under the
to zero pressure. The estimated error range is f0.4 X
present experimental condition. *Difference in lBXe NMR chemical
shifts obtained respectively before and after the hydrogen chemisorp
tion, under 400 Torr xenon. CDetermined by TEM. "Exchanging
CaZ+into Pd/NaY.

the multivalent cation more or less. If so,similar anchoring activity
of the cations may exist for a mobile Pd species, which is produced
during the reduction treatment, thus inhibiting the migration of
Pd into large agglomerates. As shown above, the cluster size
reduction by multivalent cations such as Fe2+ and Co3+ was
previously attributed to "a chemical anchoring effect"11*3'*32
or
fixation of the Pd species in the supercage. Because the multivalent
cations studied in the present study are not the same as those in
the previous s t ~ d i e s , ~ Lcare
' ~ - must
~ ~ be taken to extend our results
to other zeolites. However, there has been almost no effect of
Y3+for the Pd cluster size reduction with our YY zeolite support.
The Y3+cation in both the cases of YY and YX zeolites occupies
the ion-exchange sites in the sodalite cage. Their difference is
that YX (which exhibits a cluster size reduction effect) has the
Y3+ion in the supercage whereas YY does not. Therefore, at least
(31) Tzou, M. S.; Jiang, H. J.; Sachtler, W. M. H. Appl. Cutul. 1986,20,
231.
(32) Jiang, H. J.; Tzou, M. S.; Sachtler, W. M. H. Appl. Curul. 1988,39,
255.
_
_-.

(33) Tzou, M. S.; Teo, B. K.; Sachtler, W. M. H. J . Cotul. 1988,113,220.
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in such a case, the chemical anchoring effect is responsible for
the cluster size reduction.
If the number of the adsorbed xenon atoms per Pd cluster (2)
can reasonably be assumed, it will be possible to obtain the average
number of Pd atoms per cluster (N), as explained below. The
number 2 may be assumed to be the maximum number of xenon
atoms that can be in contact with the surface of a metal cluster
located in the supercage, which can be obtained by using geometrical models of the xenon atom, Pd cluster, and NaY zeolite.
The Z value thus obtained is approximately 4 for the cluster
consisting of 26-55 Pd atoms in the supercage because only one
xenon atom of 0.43-nm size can be in contact with the cluster
through a supercage aperture of 0.74 nm in diameter. The average
number of Pd atoms per cluster can be obtained by N = Z M / G ,
where M is the total number of Pd atoms in the sample, and G
is an experimental value for the number of xenon atoms corresponding to the strong adsorption on the Pd clusters. The number
of Pd atoms per cluster obtained in this way for Pd/CaY sample
is N ic: 4 Xe/cluster + 6.0 X lo-* Xe/Pd (in Table HI) = 67,
which is not significantly different from the 50-60 atoms that may
just fill in a supercage in the case of Pt/NaY.19 For Pd/NaY,
Pd/KY, Pd/YY, and Pd/NaX samples, N exceeds the size of a

supercage so much that the 2 value of 4 will fail to predict it.

Conclusion
Saturation of xenon adsorption on the Pd cluster supported on
X and Y zeolites can occur at room temperature because the
cluster has a considerably strong attraction with xenon. A difference between the xenon adsorption isotherms obtained respectively from the zeolite-supported Pd sample before and after
the hydrogen chemisorption is the total number of xenon adsorbed
on the Pd clusters. Because this total number of xenon is proportional to the total surface area of Pd clusters exposed to xenon,
it can be used as a probe to determine a relative difference of the
cluster size among various samples. Relative magnitude of the
cluster size can be compared between samples of different metals,
e.g. Pt and Pd, supported on Y zeolite. Our finding on a decrease
in the cluster size due to anchoring on Ca" and Y3+can be a good
example of application of the xenon adsorption method introduced
here.
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Feynman's path integral formulation of quantum mechanics, supplemented by an approximate pseudopotential to account
for exchange, is used to determine the vertical ionization potentials of Na3-Na6. Results are in good agreement with both
the trends and the quantitative results of earlier work. We observe that the amount of discretization necessary to obtain
converged energies is greater than that needed to obtain qualitatively correct information regarding the nature of the correlated
wave function.

Introduction
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