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Calcination conditions which leave Pd ions in Pd/NaY in two reproducible states have previously
been defined: Low-temperature calcination (7c = 250°C) leaves Pd(NH,)?* in supercages, but high-
temperature calcination (T¢ = 500°C) places Pd?* quantitatively in sodalite cages. It has now been
found that the processes which lead to Pd particle formation during reduction with H, are entirely
different for these two cases. Reduction of Pd ions in supercages results in the formation of primary
particles (d < 7 A) which rapidly migrate and coalesce to larger particles, whose migration is
impeded by the size of the supercage windows. Reduction of Pd ions in sodalite cages, however,
leads to the formation of isolated atoms or dimers which are trapped in these cages. Their subse-
quent release into the supercage network is an activated process. The ratio of adsorbed hydrogen to
reduced palladium, in this case, initially increases with temperature, then passes through a maxi-

mum, indicating that isolated Pd atoms are incapable of dissociatively chemisorbing H;.
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INTRODUCTION

A primary goal of recent research on
metal/zeolite systems has been to deter-
mine the conditions necessary for the for-
mation of highly dispersed metal particles
occluded in specific locations within the ze-
olite matrix. An understanding of the ele-
mentary steps involved in particle forma-
tion is prerequisite for the determination of
the most effective preparation conditions.
We have, therefore, characterized metal/
NaY catalysts with a combination of chemi-
cal (temperature-programmed reduction
(TPR), hydrogen desorption (TPD), oxida-
tion (TPO), and H, chemisorption) and
physical methods (XRD, XPS, EXAFS and
IR spectroscopy) (/-10).

The available data on Pt and Pd/NaY
systems justify the following generaliza-
tions: Metal ions migrate during calcination
to locations which provide greater electro-
static stabilization and higher coordination
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to lattice oxygen ions. The extent of migra-
tion and the location of metal ions after cal-
cination is determined by size to charge ra-
tios and degree of complexation of the
metal ion, the latter being controlled by cal-
cination temperature. Our data show that,
for Pt(NH3)3*/NaY, a calcination tempera-
ture which completely removes ammine li-
gands and leaves Pt>* ions in the super-
cages can be found (/). However, in the
case of PA(NH,)i'/NaY, it appears that
complete ligand removal places Pd?* in the
sodalite cages (10). The reducibility of
metal ions after calcination is determined
by the degree of lattice stabilization of the
ion, which is related to metal ion location.
TPR data show that the ease of reduction of
metal ions decreases in the following order:
supercages > sodalite cages > hexagonal
prisms (/, 5, 10). In addition, the resultant
particle size is dependent on the reduction
temperature and, therefore, on ion location
prior to reduction.

In Part I of this series we studied the ef-
fect of calcination temperature on ion ex-
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Pd/NaY

changed Pd(NH3);*/NaY (/0). Examina-
tion of ammine removal, relative reduc-
ibility, and subsequent H/Pd ratios as a
function of calcination temperature led to
the conclusion that calcination can produce
two different situations.

Case 1. Low-temperature calcination (7¢
< 250°C) leaves Pd(NH;)?" complexes lo-
cated in the supercages. Reduction of these
complexes yields Pd particles, the metal
dispersion increasing with increasing am-
mine removal. This finding was rationalized
in terms of a reduction mechanism involv-
ing competitive rates of nucleation and
growth. Increasing ligand removal results
in a stronger ion/lattice interaction yielding
a lower ion mobility. This provides a higher
concentration of nucleation sites and a cor-
respondingly lower rate of growth, result-
ing in the formation of smaller particles.

Case Il. High-temperature calcination
(Tc = 300°C) places Pd ions in the sodalite
cages where reduction is more difficult. Af-
ter gentle reduction, the resultant H/Pd ra-
tios are substantially lower than those
found in case I, and they do not change
with increasing calcination temperature.

The objective of the present paper is to
elucidate the processes which occur during
reduction of Pd ions in the supercages (case
[) and in the sodalite cages (case 1I). Pd/
NaY samples with three different metal
loadings will be characterized using TPD
after reduction to various temperatures. A
model describing the elementary steps of
particle formation and growth will be based
on the experimental H/Pd ratios and TPD
spectra as a function both of the reduction
temperature and of the metal loading.

METHODS
Bl. Sample Preparation

Three different batches (2, 4, and 7 wt%)
of Pd supported on NaY were prepared by
ion exchange. The exchanges were per-
formed by adding a dilute solution (0.01 M)
of [Pd(NH;)4]J(NO»), (Strem Chemicals, Lot
No. 19167) dropwise to a NaY (Linde LZY-
52) slurry (1 g/200 ml) at room temperature.
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B2. Calcination Procedure

The calcination procedure established for
Pt by Gallezot et al. (11) was shown to re-
move ammine ligands without autoreduc-
tion of Pd (/0) and was used in this study.
All samples were calcined under a high flow
(180 ml/min) of pure O, in a packed bed
reactor at atmospheric pressure. The tem-
perature was ramped at 0.5°C/min from
room temperature to either 250 or 500°C
and then held at this temperature for 2 hr.
The flow was then switched to Ar (22 ml/
min) and the catalyst was cooled to RT in
preparation for temperature-programmed
studies.

B3. Temperature-Programmed
Reduction/Desorption

TPR procedure. The apparatus used for
TPR and TPD has been described in detail
elsewhere (10). Samples consisting of 150
mg of 2 wt% Pd/NaY were used for all TPR
spectra. TPR was performed after calcina-
tion to 250 or 500°C and after reoxidation of
a reduced sample at 100°C for 1 hr. The
samples were cooled to —80°C in Ar; then
the flow was switched to 5% H./Ar (flow
rate 25 ml/min). The temperature was
ramped from —80 to 350°C at 8°C/min.

TPD procedure. Calcined samples were
reduced under a 5% H,/Ar flow (25 mi/min)
with a temperature ramp of §°C/min to the
respective reduction temperature, then
held in the H,/Ar flow at this temperature
for 15 min. H, consumption during reduc-
tion was monitored; this number was used
in calculating the H/Pd® ratios (assuming
reduction of Pd?** to Pd®. This method
eliminates errors due to weighing and keeps
the experimental error of the H/Pd® values
within 10%.

Hydrogen chemisorption prior to TPD
followed a standardized procedure: the
sample was allowed to cool to room tem-
perature in the H,/Ar flow and then held in
this flow for 15 min to ensure complete cov-
erage. The sample was then purged in an Ar
flow (22 ml/min) at room temperature for 20
min to guarantee complete destruction of
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F1G. 1. TPR spectra of 2 wt% Pd/NaY samples after
the following pretreatment conditions: (A) calcined to
250°C; (B) calcined to 500°C; (C) calcined to 500°C,
reduced to 350°C, reoxidized to 100°C.

the Pd hydride phase (/2). Finally, the sam-
ple was cooled to —80°C in preparation for
the TPD, which was performed in an Ar
flow (22 ml/min) with a temperature ramp
of 8°C/min from —80 to 700°C.

RESULTS
Cl. TPR

Figure 1 shows the TPR profiles for re-
duction of three well-defined Pd species.
Spectrum A of a sample calcined to 250°C is
typical for Pd(NHs), ions in supercages.
Spectrum B of a sample calcined to 500°C is
characteristic of naked Pd?* ions in the so-
dalite cages, primarily in the SI' sites. In
both cases we refer to our previous paper
and Gallezot’s data for the identification of
the Pd species (10, 13). Spectrum C of the
sample used in spectrum B, after reoxida-
tion at 100°C for 1 hr, characterizes reduc-
tion of PdO particles. In situ mass spectro-
metric analysis during reduction of spectra
B and C confirms that substantial amounts
of water are desorbed only in the case of
spectrum C. In Table 1 the positions of the
TPR peak maxima are given for the three
different loadings after calcination to 250 or
500°C. It can be seen that, in the case where
Tc = 250°C, the reduction rate maxima oc-
cur at the same temperature, irrespective of
the metal loading. For the case where T¢c =
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TABLE 1
Pd Loading TPR peak maxima (°C)
Tb = 250 Tb = 500
2.0 153 190
4.3 149 167
6.7 150 150

500°C, however, the reduction rate maxima
shift to lower temperatures with increasing
Pd loading.

C2. TPD

Figure 2 shows the TPD spectra of sam-
ples, all of which contain 2 wt% Pd and
have been calcined to 250°C and then re-
duced to temperatures which are different
for each sample. H, consumption during re-
duction was monitored and in all cases cor-
responds to complete reduction of Pd?*.
Previously, it has been shown that the peak
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F1G. 2. TPD spectra of 2 wt% Pd/NaY samples after
calcination to 250°C and reduction to various tempera-
tures.
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Fic. 3. H/Pd® ratios obtained after calcination to
250°C plotted against the respective reduction temper-
atures for three weight-loading Pd/NaY samples: +, 2
wt%; @, 4 wt%; A, 7 wt%.

at T = 350°C in these TPD spectra is due to
the decomposition of NH} ions which are
formed during reduction of the Pd(NH;)2*
ions left after calcination at 250°C (10). This
peak must, therefore, be disregarded when
the amount of desorbed H, is calculated.
The most distinctive features of this series
of TPD spectra is the presence of two max-
ima for desorption of H,. The low-tempera-
ture peak has a maximum at 100°C and the
high-temperature peak at 210°C. The TPD
spectra of the 4 and 7 wt% samples are sim-
ilar in appearance and peak positions and
are not shown here. The H/Pd® ratios calcu-
lated from the TPD spectra for the 2, 4, and
7 wt% samples are plotted as a function of
the reduction temperature in Fig. 3.

The TPD spectra of the 2 wt% Pd sample
after calcination to 500°C and reduction to
various temperatures are given in Fig. 4.
Peaks at T = 350°C, due to decomposition
of NHY ions, are, of course, absent from
these spectra. Therefore, total integration
of the spectra in Fig. 4 provides all H, de-
sorbed from which the H/Pd® ratios are
then calculated. As in the previous case,
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the TPD spectra for the higher loading sam-
ples are similar and are not shown. The H/
Pd® ratios for the 2 and the 7 wt% samples
are displayed in Fig. 5 as a function of the
reduction temperature.

DISCUSSION
DI1. Reduction Processes of Pd in NaY

Spectra A and B in Fig. 1 are the TPR
profiles characteristic for reduction of Pd
ions in supercages and in sodalite cages,
respectively. The distinct differences in
these two spectra suggest different reduc-
tion processes for Pd ions in these two loca-
tions. The sharp, symmetric TPR peak pro-
file in spectrum A and its position at a lower
temperature suggest a rather low activation
energy and a uniform barrier for reduction
of Pd ions in the supercages. A higher acti-
vation energy for reduction of Pd ions in
sodalite cages is suggested by the peak po-
sition of spectrum B. The broad, asymmet-
ric shape of this TPR peak is indicative of a
nonuniform reduction process. In addition,
the dependence of the peak positions on the
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F1G. 4. TPD spectra of 2 wt% Pd/NaY samples after
calcination to 500°C and reduction to various tempera-
tures.
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Fi1G. 5. H/Pd® ratios obtained after calcination to
500°C plotted against the respective reduction temper-
ature for three weight-loading Pd/NaY samples: A, 2
wt%; @, 7 wt%.

metal loading is relevant: Table 1 shows
that for Pd ions in the supercages, the re-
duction rate maximum does not change
with metal loading; but for Pd ions in the
sodalite cages the peak does shift to lower
temperatures with increasing Pd concentra-
tion. A drastically lower peak temperature
is characteristic of spectrum C in Fig. 1,
which has been attributed to reduction of
PdO particles. These results can be ratio-
nalized by considering elementary princi-
ples of thermodynamics and their impli-
cation for the reduction processes for the
three cases.

Case I: Pd ions in supercages. Previous
data suggest that metal ion reduction and
particle formation are concerted processes
for reduction of Pd ions in the supercages
(10). The metal-metal bond formation ob-
viously provides a strong thermodynamic
driving force for reduction. The fact that
varying the metal load has no apparent ef-
fect on the activation barrier (TPR peak
maxima given Table 1) is in conformity with
facile particle formation.

Case II: Pd ions in sodalite cages. In this
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case, the data suggest that reduction uses a
different pathway. X-ray analysis of Pt/
NaY and Pd/NaY has shown that reduction
of the metal ions in sodalite cages leaves
initially reduced Pt or Pd atoms trapped in-
side these cages (11, 14). For isolated at-
oms or pairs of two atoms, the enthalpy
contribution due to metal-metal bond for-
mation will obviously be either absent or
drastically lower than when larger clusters
are formed, e.g., in the supercages. The
lower enthalpy of ions, which are stabilized
in small zeolite cages in conjunction with
the higher enthalpy of forming isolated at-
oms or pairs, thus implies a less exothermic
or even endothermic reduction process. Its
main driving force is, presumably, the
strong interaction of the protons with the
oxygen ions of the cage wall. As is often the
case in chemistry, a lower driving force im-
plies a lower reaction rate and a higher acti-
vation energy.

The present finding, that the position of
the TPR peak maxima decreases with in-
creased loading, also agrees with the con-
cept that ions are reduced inside the small
cages. When assuming a homogeneous dis-
persion of metal ions throughout the zeolite
after calcination, it follows that the 2, 4,
and 7 wt% metal loadings correspond to
0.4, 0.9, 1.4 Pd ions per sodalite cage.
Therefore, in the low-loading regime, the
chance for two Pd ions to occupy the same
sodalite cage is small, but in the high-load-
ing case it is obvious that a significant frac-
tion of the sodalite cages will contain two
Pd ions, one presumably occupying the SI
site (/4) and the other in the SII' position.
There is evidence in the literature for pairs
of, e.g., La ions, coupled via a hydroxyl
bridge, in sodalite cages (15). Reduction of
a pair of Pd ions, leading to formation of a
Pd-Pd bond, is thermodynamically, much
more favorable than formation of an iso-
lated atom, which can interact with its cage
wall only by van der Waals forces. Again,
the process which is more favorable ener-
getically should occur at a lower tempera-
ture. The asymmetric TPR peak profile is
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then tentatively ascribed to the simulta-
neous presence of two reduction processes,
viz. isolated Pd ions and ion pairs, both in
sodalite cages. The observations are in con-
formity with this model: the TPR peak is
located at lower temperature for higher
metal loadings (see Table 1).

Case lI1: Reduction of PdO. IR spectros-
copy has demonstrated that reduction of Pt
ions in Y zeolites is accompanied by forma-
tion of zeolite protons, as expected (/, /6).
It is generally agreed that the same will be
true for reduction of Pd ions, and this has
been confirmed by the absence of H-O pro-
duction during reduction of a Pd/NaY sam-
ple calcined to 500°C. Reoxidation at low
temperature after reduction of Pd particles
in supercages should yield PdOQ. However,
Gallezot et al. reported that reoxidation of
small Pd particles in Y-type zeolite can
result in the formation of Pd ions (/4). Our
recent data show that this redispersion into
ions is temperature dependent and occurs
in two steps: formation of PdO is followed
by its reaction with zeolite protons yielding
H,O and Pd>* ions (/7). After gentle reox-
idation at 100°C TPR displays a characteris-
tic peak at very low temperatures (spec-
trum C). That this peak is, indeed, due to
reduction of PdO follows from mass spec-
trometric analysis, which shows that a sub-
stantial amount of H,O is produced during
this reduction. Virtually no H,O is detected
during spectrum B. The peak position of C
is also in agreement with thermodynamic
expectation, since formation of H,O largely
contributes to the “‘driving force’ of the
reduction process.

D2. Particle Growth Processes

The large differences between reduction
of Pd ions in supercages (case I) and in so-
dalite cages (case II) are not only evident
from the TPR data; even more striking dif-
ferences emerge from the dependence of
the metal dispersion on the reduction tem-
perature. The H/Pd® ratios are plotted in
Fig. 3 and Fig. 5 against the reduction tem-
perature. From these figures it is obvious
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that the particle migration and growth pro-
cesses are vastly different.

Case 1: Pd ions in supercages. As very
few supercages will contain more than two
Pd ions, it is visualized that reduction will
initially result in small ‘‘primary’’ particles.
As these will be smaller than the apertures
between supercages, their migration is not
impeded by the zeolite structure. Migrating
primary particles with diameters d < 7 A
can thus easily coalesce to larger particles.
Secondary particles (d = 7 A) are unable to
pass through the windows which separate
supercages from each other; therefore,
these trapped particles should be more sta-
ble at higher reduction temperatures than
the primary particles. Support for this
model is found in the characteristic shape
of the curve in Fig. 3, showing H/Pd° vs
reduction temperature for the 2 wt% sam-
ple. It is obvious that a steep drop is fol-
lowed by a much slower decrease in disper-
sion. Evidently, two growth mechanisms
are operative: first the fast disappearance of
the primary particles, then a much slower
growth due to some high activation energy
process. For samples with higher metal
loading the first process of particle coales-
cence is even faster, so that the first steep
drop in H/Pd® is no longer observed.

This model is further supported by the
TPD spectra in Fig. 2. The reader is re-
minded, that the high-temperature part of
the spectra in Fig. 2 is due to decomposi-
tion of residual ammonia for the samples
which had been calcined at low tempera-
ture. Only the low-temperature part of
these TPD spectra is indicative of hydrogen
desorption and particle size. This part of
the TPD spectra reveals two hydrogen de-
sorption peaks for samples reduced at low
temperature. The area under the first (low
temperature) TPD peak (Tm.x = 100°C) re-
mains constant for low reduction tempera-
tures, but decreases at high Ty. Con-
versely, the second TPD peak (Th. =
210°C) decreases rapidly at low reduction
temperatures and is absent for TR = 300°C.
It is tempting to assume that this peak cor-
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responds to hydrogen desorption from the
primary particles; their number decreases
as the reduction temperature is increased.
Hydrogen adsorption is stronger on the pri-
mary than on the secondary particles be-
cause the metal atoms of the former entities
have a high degree of coordinative unsatu-
ration, and their electronic properties differ
from those of bulk metals. Chou and Van-
nice found that the heat of adsorption of H,
remains constant for Pd particle sizes rang-
ing from 10,000 to 30 A but increases
sharply as the particle size decreases fur-
ther (18). It is also interesting to note that a
similar bimodal particle-size distribution
was found by SAXS for a Pd/NaY catalyst,
which had been calcined and reduced to
277°C (19).

The mechanism of particle formation and
growth starting from Pd ions in supercages
can now be summarized as follows: Pd ions
migrate to an activated nucleus where they
are reduced, forming primary particles.
These migrate through the supercage net-
work until they either contact another pri-
mary particle or a secondary particle. Once
all the primary particles are used up, fur-
ther growth of the secondary particles oc-
curs via a different mechanism, possibly in-
volving Ostwald ripening or local collapse
of the zeolite matrix.

Case II: Pd ions in sodalite cages. The
plot of H/Pd® vs reduction temperature af-
ter T, = 500°C is shown in Fig. 5. At this
point, it should be stressed that the disper-
sion data are expressed in terms of reduced
Pd, calculated from the hydrogen consump-
tion during reduction. The striking differ-
ence between the shape of this curve and
the H/Pd® curve in Fig. 3 evidently shows
that the mechanisms of reduction and parti-
cle migration are totally different in both
cases. We previously quoted data showing
that reduction of ions inside sodalite cages
initially yields either isolated atoms or very
small clusters (presumably dimers). Their
escape from the small cages through the O
ring (d = 2.2 A) is likely to be difficult, as
the atomic diameter of a Pd atom (d = 3.4
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A) is much larger than the rigid model diam-
eter of the cage window (d = 2.2 A). Only
lattice vibration at elevated temperature
permits the escape of these atoms or pairs.

This model is supported by TPD data and
H/Pd° ratios as a function of reduction tem-
perature, if it is assumed that isolated Pd
atoms in sodalite cages are unable to disso-
ciatively chemisorb H,. Several authors ob-
served that reduced metal atoms trapped in
sodalite cages are incapable of chemisorb-
ing H,. Gallezot et al. used SAXS and H;
chemisorption to examine a Pt/NaY sample
with the majority of reduced Pt atoms
trapped in sodalite cages. The X-ray data
indicated nearly atomic dispersion, but H/
Pt was only 0.25 (11). Kubo et al. also re-
ported a case where the largest Pt particles
in Pt/NaY which could be detected by elec-
tron microscopy had a size of 15 A, but the
particle size calculated from H, chemisorp-
tion was 1300 A (20). In another paper, Gal-
lezot et al. say that isolated Pd atoms in the
sodalite cages were unable to chemisorb H,
(13). Although the steric difficulty of hydro-
gen molecules to pass through the Og ring
might contribute to this, we do not believe
that this is decisive in this case, because Pd
ions in sodalite cages can be reduced with
H, at elevated temperatures. It is possible
that dissociative chemisorption of H; re-
quires an ensemble of two or more atoms.
This seems reasonable in view of theoreti-
cal calculations showing that dissociation
of H, on isolated Ni atoms has a prohibi-
tively high activation barrier (42 kcal/mol)
@n.

We, therefore, will further assume that
particles in supercages are capable of
chemisorbing H,, but particles in sodalite
cages are not. The increase in H/Pd® with
reduction temperature at low temperatures
(T = 350°C) in Fig. 5 is then indicative of
the activated release of reduced Pd from
the sodalite cages. An activated escape of
reduced Pd atoms from the sodalite cages
has been observed before by Gallezot ef al.
They used benzene hydrogenation as a
probe reaction on Pd/NaY catalysts that
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were calcined and reduced so as to leave
the majority of metal atoms trapped in so-
dalite cages (22). The rate per unit mass of
Pd increased with increasing reduction tem-
perature passing through a maximum at
350°C, similar to the present curve. Analo-
gous behavior was also found for Pt/NaY
catalysts using both benzene hydrogenation
and H, chemisorption (23). The increase in
Pd available for chemisorption outweighs
any loss in dispersion due to particle ag-
glomeration until 7g = 350°C. At this point
the majority of Pd has been released from
the sodalite cages. Upon further raising the
reduction temperature, traditional particle
migration and agglomeration behavior con-
trol the change of H/Pd® ratio.

The TPD profiles in Fig. 4 add further
support to this conclusion. For low reduc-
tion temperatures (Tx = 350°C) the TPD
spectra are broad and not well-defined, but
for Tg = 350°C the TPD profiles display the
same low-temperature desorption peak,
which has been observed (Fig. 2) and attrib-
uted to the existence of secondary parti-
cles. In fact, the TPD spectra for T =
500°C are identical for both the T = 250°C
and T¢ = 500°C cases.

It should be mentioned that the samples
with the same metal loading, which were
calcined at different temperatures but re-
duced at the same temperature, show dif-
ferent metal dispersions [compare, e.g., for
2 wt% Pd (T¢ = 250°C, T = 350°C) H/Pd°
= 64%, but for 2 wt% Pd (T¢ = 500°C, Tx =
350°C) H/Pd® = 78%]. This reflects the sig-
nificant difference in mechanism by which
metal particles are formed, either exclu-
sively from ions in supercages or with par-
ticipation of isolated Pd atoms escaping
from sodalite cages. In either case nuclea-
tion and growth at low temperature lead to
very small ‘“primary’’ Pd particles in super-
cages. Before they reach the critical size
defined by the apertures between super-
cages, they can move rather freely at reduc-
tion temperatures near 230°C; coalescence
of such primary particles with each other is
assumed to be responsible for the initial
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steep decrease in dispersion shown in Fig.
3, and for the formation of ‘‘grape-shaped”
particles, observed by Gallezot et al. (14).
However, when primary particles are ex-
posed to a shower of Pd atoms which es-
cape from sodalite cages into supercages, a
new route is open for the particles to reach
the critical size, where they become
trapped in their supercages. In the absence
of these atoms, primary particles with sizes
Jjust below the critical dimensions of the
cage window can only grow by coalescence
with similar particles; i.e., they will double
in size and often form ‘‘grapes’ connected
through necks between two adjacent super-
cages. When exposed to a shower of atoms
escaping from the sodalite cages, the pri-
mary particles can reach the critical size by
simply trapping one or two atoms. As a
consequence, the trapped particles in su-
percages will be smaller, and formation of
grape-shaped particles will be improbable.
This model is consistent with our earlier
findings with bimetal/zeolite systems,
where Pt nuclei are growing by trapping
Cu ions (24) or Re atoms (25). It is also
conceivable that some Pd atoms which
leave sodalite cages will collide with
each other and form additional nuclei,
thus further increasing the metal disper-
sion.

CONCLUSIONS

The processes leading to Pd particle for-
mation during reduction with H, strongly
depend on the location of the Pd ions,
which is controlled by the calcination con-
ditions. When Pd ions are left in the super-
cages, primary Pd particles are easily
formed. They migrate and coalesce to form
secondary particles at higher temperatures.
Reduction of Pd ions in the sodalite cages
produces isolated Pd atoms or very small
clusters inside these cages. Pd atoms are
released into the supercage network at
higher temperatures, where they form sec-
ondary particles either through migration
and coalescence or by trapping Pd atoms as
they leave the sodalite cages.
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