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Abstract: The complex chemistry of
Pd(OAc)2 and Cd(OAc)2 in the solid
state and in acetic acid solution has been
studied. Triclinic crystals, space group
P1Å, of a new complex [CdPd-
(CH3COO)4 ´ CH3COOH]2 were isolat-
ed from the solution. Palladium is
square-planar coordinated by acetate
ligands, with metal ± oxygen bond
lengths of approximately 200 pm, and
has cadmium at one of its free axial
coordination sites at a distance of
280 pm. Cadmium is coordinated by
acetate ligands in a trigonal-prismatic
geometry capped by palladium. UV/Vis

spectroscopy confirmed the existence of
the complex in solution as well as in the
solid state. The thermal decomposition
was characterised in detail by thermo-
gravimetry coupled with mass spectro-
metric detection of the decomposition
products and X-ray photoelectron spec-
troscopy (XPS). XPS revealed the pres-
ence of elemental Pd during thermal
decomposition at 423 K. Thermal de-

composition of the compound finally led
to partially oxidised Pd and CdO. The
application of [CdPd(CH3COO)4 ´
CH3COOH]2 as a precursor in the syn-
thesis of supported Pd catalysts influ-
enced their catalytic activity positively
in a test reaction (the total oxidation of
ethylene), in comparison with catalysts
prepared from binary palladium acetate.
Transmission electron microscopy of the
used catalysts revealed a significant
improvement in Pd dispersion in the
catalyst prepared from the complex,
compared with the material prepared
from Pd acetate.

Keywords: bimetallic acetates ´ het-
erogeneous catalysis ´ photoelectron
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Introduction

Supported palladium catalysts play an important role in
organic synthesis.[1±4] Palladium acetate serves as a chloride-
free precursor for catalysts used in hydrogenation and partial
oxidation of olefins,[5±7] but one disadvantage of its use in
catalyst preparation is its poor solubility in polar solvents. The
crystal structure of palladium acetate was determined by
Skapski and Smart in 1970 and re-investigated in 1993.[8, 9]

Palladium acetate forms a trimer in the solid state.[8, 9]

Relevant geometric parameters of palladium acetate and
cadmium acetate are given in Table 1. Three palladium atoms
are connected by bridging bidentate acetate groups. Each
palladium atom attains a square-planar coordination, which is
usually of low energy for d8 elements. The chelating effect of

bridging acetate groups is responsible for additional stabilisa-
tion.

The solubility of palladium acetate increases immediately
when cadmium acetate is added; clear orange solutions are
obtained. Two explanations may account for this effect. The
solubility may increase because the additional acetate ions act
as an isoionic additive. In this case other metal acetates should
produce the same effect. Another cause may be the complex
chemistry of palladium(ii) and cadmium(ii) in solution. In-
deed, we were able to isolate a crystalline solid from
stoichiometric Pd acetate/Cd acetate solutions. Solutions with
Na acetate or K acetate resulted in neither an increased
solubility nor complex formation.

It is well known from the literature that Pd and Cd form
alloys;[24, 25] a possible Cd promoter effect may be traced back
to such alloy formation, but it may be due to an electronic or
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Table 1. Selected bond lengths [pm] and angles [8] of [Pd(CH3COO)2]3
[8,9]

and Cd(CH3COO)2 ´ 2 H2O.[11]

[Pd(CH3COO)2]3 Cd(CH3COO)2 ´ 2H2O

Pd ± Pd 310.5 ± 320.3(1)
Pd ± O 197.3 ± 201.4(1) Cd ± O 229.7 ± 259.7(3)
Pd-O-C 127.8 ± 133.2(8) Cd-O-C 86.9 ± 122.3(5)
O-C-O 124.8 ± 128.7(11) O-C-O 118.0 ± 122.3(5)
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steric effect of Cd on the active Pd species. The modification
of the precursor through the formation of a Pd ± Cd complex
before adsorption onto the support may thus have a crucial
influence in the generation of the catalytically active Pd
species.

To establish the effect of the precursor modification on the
catalytic performance, the activation of the precursor to form
the active Pd catalyst has been characterised in detail.
Furthermore, it has been shown that the molecular structure
of the precursor is preserved upon immobilisation on the
support. Finally, a model catalytic reaction has been used to
illustrate the differences in performance of catalysts prepared
from Pd acetate and from the newly isolated complex.

Results

The unsupported Pd ± Cd complex: A microcrystalline sub-
stance was obtained from a saturated solution of palladium
acetate and cadmium acetate in glacial acetic acid. Recrystal-
lisation from acetic acid yielded rectangular single crystals of
suitable size and quality for X-ray structure analysis, which
were stable in air at room temperature. Details of the
structure determination are listed in Tables 2 and 3. The
geometric structure of the complex is shown in Figure 1.
Palladium is surrounded by four bridging bidentate acetate
ligands, forming a square. Cadmium is coordinated by six

Figure 1. Crystal structure of [CdPd(CH3COO)4 ´ CH3COOH]2, Cirius2

plot.

acetate ligands (one of which is the solvating acetic acid) in
trigonal-prismatic geometry. This is an unusual coordination
for cadmium(ii), for which octahedral arrangements are more
common.[10] One acetate ligand is unidentate (bound acetic
acid), whereas the other three acetate ligands bridge palla-
dium and cadmium. Two cadmium atoms of a monomeric unit
are linked by two acetate ligands. The Cd ± O distances of the
chelating ligands vary in the region of 230 pm; the longest
Cd ± O distance of 235.2(2) pm is observed for the weakly
bound acetic acid molecule (Cd ± O2; see Table 3). Palladium,
as the seventh ligand, caps a rectangular plane of the prism.
The only known cadmium compound with a coordination
number of seven is Cd(CH3COO)2 ´ 2 H2O.[11] The distance
between palladium and cadmium (280 pm) is much less than
the sum of the van der Waals radii (320 pm). Short metal ±
metal bond lengths are also observed in other acetate
compounds, for example dimeric copper acetate (Cu ±
Cu 264 pm).[12] The observed Pd ± O and Cd ± O bond lengths
are very similar to the distances in the binary substances. The
coordination polyhedra of the parent compounds, however,
exhibit significant distortions, as reflected in expanded bond
angles.[8]

The room-temperature 13C NMR spectrum of the binuclear
compound dissolved in D2O (spectra not shown) had two
peaks at d� 31.030 and 22.295 for chemically nonequivalent
methyl groups. The additional peaks at d� 216.210 and
179.692 were assigned to the respective carboxyl groups.
The pair of signals at relatively low chemical shifts indicated
the existence of weakly bound unidentate ligands such as
solvating acetic acid. The other set of signals represents all the
acetate ligands bridging the metal centres (either palladium ±
cadmium or cadmium ± cadmium).

113Cd NMR measurements (spectra not shown) indicated
that cadmium was bound as a divalent cation in the binuclear
complex. Pure Cd(OAc)2 shifts to d� 18.56 relative to the
perchlorate standard. The cadmium tetraacetatopalladate
acetate dissolved in D2O had a single peak at d� 17.66.

A combined instrument for thermogravimetry (TG), differ-
ential thermal analysis and on-line gas analysis was used to
characterise the thermal stability of the ternary precursor in a
nitrogen atmosphere. Figures 2 and 3 display the results of this

Table 2. Crystal and structural data of [CdPd(CH3COO)4 ´ CH3COOH]2.

formula [CdPd(CH3COO)4 ´ CH3COOH]2

crystal size 0.50� 0.32� 0.14 mm
crystal system triclinic
space group P1Å

Z 1
a [pm] 855.2(1)
b [pm] 899.0(1)
c [pm] 1071.2(2)
a [8] 82.231(6)
b [8] 74.230(5)
g [8] 76.429(5)8
calculated density [g cmÿ3] 2.226
wavelength [pm] MoKa l� 71.073
temperature [K] 150� 0.5
area 38� 2q� 608
reflections 4726 measured, 4442 independent
absorption numeric correction, m� 2.60 mmÿ1

Table 3. Selected bond lengths [pm] and angles [8] with standard devia-
tions in parentheses.[28]

Cd ± O2 235.2(2) O9-Cd-O3a 133.74(7) O9-Cd-O5 84.29(8)
Cd ± O3 231.4(2) O3a-Cd-O5 79.01(7) O9-Cd-O3 146.51(7)
Cd ± O3a 229.2(2) O3a-Cd-O3 74.17(7) O5-Cd-O3 84.39(7)
Cd ± O5 230.3(2) O9-Cd-O2 88.51(8) O3a-Cd-O2 76.77(7)
Cd ± O7 240.2(2) O5-Cd-O2 138.31(7) O3-Cd-O2 120.06(8)
Cd ± O9 222.5(2) O9-Cd-O7 86.68(7) O3a-Cd-O7 130.29(7)
Cd ± Pd 280.58(4) O5-Cd-O7 142.83(7) O3-Cd-O7 83.59(7)
Pd ± O4 200.7(2) O6-Pd-O8 174.77(8) O6-Pd-O4 91.12(8)
Pd ± O6 197.8(2) O8-Pd-O10 90.48(8) O10-Pd-O4 178.82(8)
Pd ± O8 199.7(2) O8-Pd-O4 88.41(8)
Pd ± O10 200.0(2) O6-Pd-O10 89.95(8)

[a] a denotes symmetry operation ÿx, ÿy� 1, ÿz.
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thermal activation.
Three main events at
363, 458 and 497 K were
detected in the weight
loss curve for the ther-
mal decomposition of
the precursor com-
pound (Figure 2). Anal-
ysis (IMR-MS traces) of
the evolved gases (Fig-
ure 3) showed that the
first weight loss was due
to water evolution and
the desorption of weak-
ly solvating acetic acid,
which was also detected
by NMR spectroscopy,
and this loss was not
characteristic of the de-
composition of the bi-
nuclear complex. For
this reason, the 100 %
line in the TG analysis
(see Figure 2 left) was
positioned at the first
plateau above 363 K.
The observed maximum
weight loss of 48 % was

incompatible with the abstraction of all intact ligands. A
complete ligand abstraction would require a total weight loss
of 57.5 %.

From the DTA profile in Figure 2 right it was deduced that
all three events were multiple processes, as revealed by the
split or broadened peaks. The DTA curve indicated that the

low-temperature water evolution was an endother-
mic process, whereas the ligand abstraction steps at
higher temperatures were strongly exothermic
reactions. The unchanged heat capacity evident in
the DTA trace after the first endothermic water/
acetic acid evolution indicated that desorbed water
and acetic acid were extramolecular entities.

The first decomposition step of the stoichiometric
solid at 458 K comprised the abstraction of acetate
ligands in the form of acetic acid and its decom-
position products, CH4 and CO2. In an inert gas
atmosphere, a second decomposition step that was
observed at about 40 K above the main one
occurred on a different reaction pathway, as evi-
denced by the reaction products that were detected
(CO2 and water), together with the overall exother-
micity of the process. CH4 was not detected during
this final decomposition stage. A minor additional
reaction event occurred at about 570 K. The
exothermic process terminated with the evolution
of very small amounts of CO2. A weight increase of
about 1 % which appeared to end at 650 K was
detected.

The thermal decomposition of the complex was
also studied with the surface-sensitive method XPS.

This method requires careful determination of the binding-
energy scale for isolated samples such as the present complex.
In addition, X-ray-induced damage may lead to erroneous
reduction temperatures. The change in intensity of the
photoemission peaks with irradiation time was monitored.
The unsupported Pd complex did not seem to be susceptible
to complete irradiation damage, as proved in an independent
series of experiments (data not shown), in contrast to
published reports concerning supported Pd acetates.[13, 14] Pd
acetate is decomposed and reduced to Pd under X-ray
irradiation.

The carbon 1s data for a decomposition reaction sequence
are shown in Figure 4. Up to 423 K, the XP spectra consisted
of two lines of equal intensity, characteristic of methyl carbon
at 285 eV and of carboxyl carbon at 288.6 eV. The integrity of
the sample was indicated by the expected 1:1 intensity ratio in
the spectra. After treatment at 423 K, the C 1s signal intensity
had already decreased to 80 % of the initial value; this
confirmed an initial decomposition. At 473 K, above the
temperature at which the first weight loss occurred in the TG
data (458 K; see Figure 2 left), the total C 1s XPS intensity
was reduced to about 50 % of the initial value, and the signals
also showed a pronounced broadening. After treatment at
523 K, at which temperature the decomposition had already
terminated according to TG data, carboxylic carbon (289 eV)
was still detected at an intensity that had been further reduced
to 40 % of the initial value. The intensity of the aliphatic C 1s
signal at 285 eV, however, was increased after this treatment.
After annealing of the sample at 573 K, the aliphatic C 1s
signal at 285 eV was further increased in intensity, but
carboxylic species were detected only as a weak shoulder at
about 288 eV.

This sequence of events could be further substantiated by
analysis of the metal spectra displayed in Figures 5 left and 5

Figure 2. Thermal decomposition of [CdPd(CH3COO)4 ´ CH3COOH]2 under a nitrogen
atmosphere (82.2 mL minÿ1), heating rate 5 Kminÿ1, mE� 10.29 mg. Left: TG curve;
right: DTA and DTG curves.

Figure 3. IMR-MS spectra of detected
decomposition products. The data are
uncorrected for the IMR-MS cross-sec-
tions. The intensity of the acetic acid
curve was corrected for the sensitivity of
the IMR-MS machine. Heating rate
5 K minÿ1.
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Figure 4. C 1s XP spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 during
thermal decomposition. The time data indicate the duration of the total X-
ray irradiation. Each temperature window was kept constant for 30 min
before the spectra were recorded. The spectra are shifted vertically for
clarity.

right. The Pd 3d spectra in Figure 5 left, recorded at room
temperature after treatment at 323 and 373 K, revealed the
presence of divalent Pd. At 423 K, most of the Pd was reduced
to the element, with the expected binding energy of
335.5 eV.[15, 16] The broadening at higher binding energies
was evidence that some unreduced Pd remained in the
sample. This may explain why the total C 1s signal intensity
had not decreased by 50 % after this treatment step, as one

would expect from the Pd reduction. At the same time, the
Pd 3d signal integral intensity was reduced to 60 % of the
initial value.

A considerable sharpening of the peak profile of the Pd 3d
signal was observed after heat treatment at 473 K, together
with a further reduction of the Pd 3d intensity to 35 % of the
initial value. After the treatment at 523 K, the intensity of the
Pd 3d signal further decreased to about 30 % and finally, after
treatment at 573 K, to 20 % of the initial value. During this
process, the Pd 3d signal continuously shifted to higher
binding energies, and the full widths at half maximum
(FWHMs) decreased from 2.02 to 1.23 eV. The intensity
reduction and the sharpening of the FWHM were evidence
for Pd particle sintering. Interestingly, the Pd 3d5/2 to 3d3/2

intensity ratios were considerably different from the theoret-
ical value of 1.6 (see Table 4), and were especially low after
treatment at 423 and 473 K. This was additional proof of the
presence of at least two different Pd species during the first
decomposition step.

It is highly relevant (Figure 5 right) that the
Cd species was still present in its divalent
form at 423 K. The Cd acetate was signifi-
cantly decomposed to elemental Cd only
after annealing at 473 K, as evidenced by the
binding energy of 404.4 eV.[14] The broad
shoulder at about 406 eV indicating the
presence of some ill-defined Cd(OAc)2 was
consistent with the C 1s spectrum, which
showed that some carboxylates remained.
After heat treatment at 523 K, Cd metal and
Cd(OAc)2 were indicated by the signal at
404.5 eV with a shoulder at 405.7 eV. This
high-energy shoulder could not be attributed
to differential charging because such should-
ers were not observed in the signals of the
other elements. The sharpening of the
shoulder at 405.7 eV was evidence that the
Cd(OAc)2 species was much better defined
after annealing at 523 K than at 473 K. At
573 K Cd was reoxidised, as indicated by the
shift of the Cd 3d signal to higher binding
energies, while the high-energy shoulder due
to Cd(OAc)2 at 405.7 eV was completely lost.

Figure 5. XP spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 during thermal decomposition:
a) Pd 3d signals; b) Cd 3d signals. The spectra are shifted vertically for clarity.

Table 4. XPS characteristics of the Pd 3d signals of [CdPd(CH3COO)4 ´
CH3COOH]2 during the thermal treatment.

Tempera-
ture [K]

BE Pd
3d5/2 eV[a,b]

Intensity
5/2 cps

Intensity
3/2 cps

Intensity
ratio 5/2:3/2

FWHM 5/2
[eV]

300 338.5 1.788� 106 1.400� 106 1.277 1.87
323 338.5 1.705� 106 1.386� 106 1.230 2.02
373 338.5 1.648� 106 1.372� 106 1.201 2.02
423 335.5 1.049� 106 1.271� 106 0.825 1.95
473 335.8 6.082� 105 7.993� 105 0.761 1.37
523 336.4 4.184� 105 3.713� 105 1.127 1.30
573 336.4 2.333� 105 2.397� 105 0.973 1.23
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This spectrum was therefore attributed solely to the presence
of cadmium oxide. The Cd 3d signal intensity was gradually
reduced during this whole process. The strongest intensity
reduction, from 75 to 30 % of the initial value, occurred after
the treatments at 523 and 573 K. The aliphatic C 1s signal
intensity grew after the treatments at 523 and 573 K, from 45
to 70 % of the initial value. The decrease in the intensities of
the O 1s and Pd 3d XPS signals after the treatments at 523 and
573 K correlated neither directly with the decrease in the Cd
3d XPS signal intensity, nor inversely with the increase in the
aliphatic C 1s XPS signal intensity.

Figure 6 shows the intensities of the Pd 3d and Cd 3d XPS
signals after correction by atomic sensitivity factors (ASF) and
normalisation. At temperatures above 375 K, the XPS signal

Figure 6. ASF-corrected XPS intensities of Pd 3d and Cd 3d signals
normalised to the initial intensity, as a function of the temperature.

intensity of Pd decreased while that of Cd remained at a
higher higher level. These changing XPS intensities are clear
evidence that the Pd species sintered into small particles,
while Cd remained more homogeneously distributed through-
out the sample.

The IR bands observed and peak assignments[20, 21, 23] for
crystalline solid [CdPd(CH3COO)4 ´ CH3COOH]2 are listed in
Table 5. The spectrum at 298 K shows two sets of bands which
are caused by strongly bound acetate ligands and solvated
acetic acid molecules, as shown in Figure 7. The two combi-
nation modes of the deformation d(CO2) and CH3 rocking
modes resulted in IR bands at 1697 and 1667 cmÿ1 with an
intensity ratio of 4:1. The broad band at 1668 cmÿ1

Figure 7. DRIFTS spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 at room
temperature and at 423 K. Spectra are shifted vertically for clarity.

is assigned to the four bidentately bound acetate groups per
formula unit, which differ in their bridging functions (see
Table 2). The sharp band at 1698 cmÿ1 is attributed to the
unidentately bound acetic acid molecule. One set of IR bands
disappeared after treatment at 423 K because of the desorp-
tion of acetic acid, in agreement with the TG and NMR
investigations. The spectrum of the unsolvated binuclear
complex was observed after treatment at 423 K.

IR spectroscopic investigations of interactions of carbox-
ylates with various organic compounds were reported pre-
viously.[17] Brandon and Claridge investigated heteronuclear
acetate-bridged complexes, including mixtures of palladium
acetate with various bivalent metal acetates in acetic acid, by
IR and UV/Vis spectroscopy.[23] They reported complexes
with bridging acetate groups, on the basis of their IR spectra.
The differences in symmetric and antisymmetric COÿ

2 vibra-
tional frequencies have been compared with the value
observed for sodium acetate.[18±20] When the difference is
lower than 165 cmÿ1 bridging or chelating acetate groups are
expected, whereas for differences of more than 200 cmÿ1 the
acetate should be unidentate.[21] Although such discrimination
did not remain uncriticised,[22] this rule has now been
confirmed in the case of [CdPd(CH3COO)4 ´ CH3COOH]2.
The difference in wavenumbers, n� 92 cmÿ1, between the
antisymmetric (1545 cmÿ1) and symmetric (1443 cmÿ1) COÿ

2

stretching frequencies demonstrated the existence of bridging
or chelating acetate ligands, in line with the X-ray structure
determination.

The unidentately bound acetic acid molecule was detect-
able by means of a shoulder at 1576 cmÿ1 due to the
antisymmetric CO2 vibration (n� 168 cmÿ1). After treatment
at 573 K intact Pd ± Cd complexes could no longer be
observed.

Table 5. Vibrational frequencies of [CdPd(CH3COO)4 ´ CH3COOH]2.

Bands [cmÿ1] Assignment

1697 DRIFT
Combination d(COO) and CH3 rocking
1665 DRIFT
Combination d(COO) and CH3 rocking
1549 DRIFT n(CO2) antisymmetric
1533 DRIFT n(CO2) antisymmetric
1466 DRIFT n(CO2) symmetric
1456 DRIFT n(CO2) symmetric
1405 DRIFT d(CH3)
1354 DRIFT d(CH3)
1319 DRIFT d(CH3)
1255 DRIFT d(CH3)
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Silica-supported Pd ± Cd complex : In order to substantiate
the effect of Cd addition on the catalytic performance, it is
essential to show how the ternary precursor is bound to the
substrate. UV/Vis spectroscopy was used to follow the
evolution of the molecular Pd ± Cd precursor during impreg-
nation of the catalyst. The relevant data are shown in Figure 8.
The absorption maximum due to the charge transfer between
Pd and oxygen was detected at 396 nm for pure palladium

Figure 8. A) UV/Vis spectra of a) [Pd(OAc)2]3 and b) [CdPd(CH3COO)4 ´
CH3COOH]2 in acid solutions and as crystalline solids. Spectra are shifted
vertically for clarity. B) UV/Vis spectra of a) [CdPd(CH3COO)4 ´
CH3COOH]2 and b) [Pd(OAc)2]3 supported on SiO2. Broken line: differ-
ence spectrum of a) minus 20 % of b). Spectra are normalised for
quantification.

acetate in acid solution (spectrum a, Figure 8A).[23] The UV/
Vis spectrum of [CdPd(CH3COO)4 ´ CH3COOH]2 in acid
solution (pH 1) showed this maximum absorption at 343 nm
(spectrum b, Figure 8A) due to the less distorted Pd coordi-
nation. After impregnation of an SiO2 support with the Cd ±
Pd complex, we observed an absorption maximum at 340 nm
together with a shoulder at about 400 nm for the dried solid
(spectrum a, Figure 8B), at the same wavelength as the
absorption maximum of binary palladium acetate (spectrum
b, Figure 8B), indicating that the complex was not adsorbed
entirely intact onto silica.

Comparison of the DRIFTS spectrum of the pure Pd ± Cd
complex as a crystalline solid with that of the Pd ± Cd complex
adsorbed on SiO2 revealed that they were completely differ-
ent (Figure 9), especially in that the bands at 1545, 1454, 1383
and 1246 cmÿ1 (Figure 9, spectrum c), which are characteristic

Figure 9. DRIFT spectra of CH3COOH on SiO2, and of
CdPd(CH3COO)4 ´ CH3COOH]2 supported on SiO2 and as a crystalline
solid at 423 K. Spectra are shifted vertically for clarity.

of the Pd ± Cd complex, could not be detected for the
adsorbed species. A further comparison with the spectrum
of CH3COOH on SiO2 (Figure 9, spectrum a) showed some
similarity in both spectra. Most of the spectral features that
were detected presumably arose from adsorbed acetic acid.
However, signal intensity ratios, for example the band at
1732 cmÿ1, differed and there were two bands/shoulders in the
spectrum of the adsorbed Pd ± Cd complex (Figure 9, spec-
trum b) at 1570 and 1297 cmÿ1 which were absent in the
spectrum of acetic acid on SiO2 (Figure 9, spectrum a). This
complete difference between the DRIFTS spectrum of the
adsorbed complex and that of the pure compound confirms
the DR-UV/Vis results and suggested that the complex was at
least partially decomposed upon adsorption onto SiO2.

For the supported precursor compound and the pure
precursor crystals, the Pd 3d XPS spectra before activation
are shown in Figure 10. At room temperature, the binding
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Figure 10. XP Pd 3d spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 support-
ed on SiO2 and as a crystalline solid at room temperature. Spectra are
shifted vertically for clarity.

energy of the SiO2-supported cluster was observed at 337.3 eV
(referenced to the aliphatic C 1s signal at 285 eV). The Pd 3d
signal of the unsupported material, however, was at 338.4 eV.
In addition, the Pd 3d5/2 to 3d3/2 intensity ratio of the supported
cluster was 1.9, whereas that of the unsupported material was
1.5, which is close to the theoretical value. The shift of about
1 eV in the binding energy of the supported material relative
to the unsupported cluster indicated decomposition of the
cluster and formation of oxidic Pd surface species (see

Figure 11. XP Pd 3d spectra of SiO2-supported [CdPd(CH3COO)4 ´
CH3COOH]2 during thermal decomposition. Spectra are shifted vertically
for clarity.

Table 4). This XPS finding was in accord with the DR-UV/Vis
and DRIFTS observations of a partial decomposition of the
Pd ± Cd complex upon adsorption onto SiO2.

Complete decomposition of the supported complex to
elemental Pd was observed after thermal decomposition in
ultrahigh vacuum (UHV) (Figure 11). However, in contrast
with the unsupported complex, it was detected only after heat
treatment at 573 K. This very important result indicated that
the stability of the complex towards reduction changed after
adsorption and interaction with the support.

TEM images of the black catalysts after oxidation of
ethylene are displayed in Figure 12. The particulate metals
detected by TEM in the two catalysts that were investigated
differed greatly in particle size and particle size distribution.
The decomposition of the binary palladium acetate precursor
generally led to agglomerated particles, as shown in Figure 12
top. Very few isolated particles were found that were as small
as 5 nm. Figure 12 bottom shows the highly dispersed particles

Figure 12. TEM micrographs spectra of a) [Pd(CH3COO)2]3 and
b) [CdPd(CH3COO)4 ´ CH3COOH]2 on SiO2 after the IMR-MS investiga-
tions.
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obtained from the Pd ± Cd precursor. Particles of the isolated
Pd clusters varied in size around 2 nm, and were therefore
somewhat smaller than the smallest particles formed from the
binary palladium acetate precursor.

We chose the total oxidation of ethylene to test the activity
of catalysts derived from the ternary precursor
[CdPd(CH3COO)4 ´ CH3COOH]2 in comparison with a cata-
lyst made from the conventional binary precursor
[Pd(CH3COO)2]3. SiO2 supports (BET surface area
159 m2 gÿ1) were impregnated with solutions of each com-
pound in glacial acetic acid and dried under vacuum. The BET
surface areas were 133 and 130 m2 gÿ1 for supported Pd
acetate and Pd ± Cd acetate, respectively, after these pretreat-
ment steps. The samples were activated by heating them in
flowing N2 to 425 K in order to decompose the acetate ligands.
This process was monitored through the evolution of frag-
ments of m/z 44. The formation of CH4 as a fragmentation
product of acetic acid was detected for both catalysts (data not
shown).

At 425 K, a flow of ethylene and a small flow of oxygen
were added, while the sample was being heated to 573 K. The
results of the conversion are discussed in light of the IMR-MS
responses, which are presented for CO2 and for CH4 in
Figure 13. H2O formation was found to follow the CO2 profile
exactly, and therefore it is not shown.

The formation of CO2 started over both samples at 473 K
(Figure 13A), indicating a similar activity with respect to the
light-off temperature. With respect to the amount of CO2

produced, the two catalyst materials showed very different
behaviour. The CO2 intensity increased for the Pd ± Cd/SiO2

sample in a stepwise fashion, in contrast to the Pd/SiO2

sample, for which a monotonic increase was observed. Keep-
ing the temperature of the reactor at 573 K for 30 min resulted
in a massive decrease in CO2 evolution for Pd ± Cd/SiO2

(Figure 13A, inset) The pure Pd/SiO2 catalyst formed CO2

continuously, even after the reactor had been cooled to 523 K
(Figure 13B). Figure 13C shows CO2 formation during a
second period of heating to 573 K. The Pd ± Cd/SiO2 catalyst
again formed large amounts of CO2, in contrast to the Pd/SiO2

sample, which was completely inactive during the second
heating cycle.

Discussion

The unsupported Pd ± Cd complex : The short metal ± metal
distance in the Pd ± Cd complex may suggest an interaction
between Pd and Cd. 113Cd NMR spectroscopy revealed that
pure Cd(OAc)2 shifted to d� 18.56 relative to the perchlorate
standard, whereas cadmium tetraacetatopalladate showed a
single peak at d� 17.66. The shift relative to the binary
compound was probably induced by Pd2� in the close
neighbourhood. However, the cationic bonding of the Cd
centre as revealed by NMR spectroscopy is a strong indication
of the absence of a chemical bond between Cd and Pd, despite
the short crystallographic interatomic distance. In addition,
XPS revealed that both metals were in their divalent state. A
metallic bond can thus be excluded. It is thought more likely
that the short metal ± metal distance results from compression
of the nonbonding metal centres by the chelating ligands.

It may be concluded that, because of the short metal ± metal
distances in [CdPd(CH3COO)4 ´ CH3COOH]2, a Pd ± Cd alloy
phase, such as reported by Nowotny and co-workers, results
from activation at higher temperatures and acetate ligand
decomposition.[24, 25] Differential scanning calorimetry meas-
urements (data not shown) did not reveal any effect in the
decomposition temperature interval compatible with forma-
tion of an alloy. In addition, no powder X-ray diffraction

Figure 13. IMR-MS spectrum of the oxidation of ethylene with [Pd(CH3COO)2]3 and [CdPd(CH3COO)4 ´ CH3COOH]2 on SiO2. A) Formation of CO2 in the
temperature range 308 ± 573 K (heating rate 0.5 K minÿ1). B) Formation of CO2 in the temperature range 573 ± 373 K (cooling rate 5 Kminÿ1). C) Formation
of CO2 in the temperature range 373 ± 573 K (heating rate 5 K minÿ1).
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evidence was found to support the existence of alloy particles
with dimensions larger than 0.5 nm. Furthermore, from XPS
intensity considerations (Figure 6), we may conclude that Pd
is sintered into particles, whereas the Cd species remains more
homogeneously distributed after thermal decomposition.
Formation of an alloy between Pd and Cd under these
conditions is therefore excluded; the observed Cd promoter
effect cannot arise from such a process.

The interpretation of the mass spectra in the present form is
only possible because the IMR-MS technique produces
signals from the molecules described without fragmentation
reactions. Therefore any decomposition of acetic acid is not a
consequence of the ionisation but occurs during decomposi-
tion of the solid. The results in Figures 2 and 3 show that
complete ligand abstraction is a complex process. It is
incomplete in the sense that metallic Pd and Cd are not
obtained, as has been proved independently by XPS.

Desorption of water and acetic acid was detected at 370 K.
Weakly coordinated acetates were detected by solution NMR
spectroscopy. Therefore, it is concluded that the dissolved
solid contained additional acetic acid to the nominal stoichi-
ometry determined from the X-ray structure. This is com-
pletely in accord with the observations in the TG/TDA-IMR-
MS experiment.

The first stage of decomposition of the complex at 460 K
yields acetic acid, methane and CO2, indicating that a
cleavage of the ligand molecules occurs during decomposi-
tion. The simultaneous ligand abstraction together with the
cleavage of the C ± C bonds occurs very rapidly, as is seen from
the sharp peaks in Figures 2 and 3.

Complete ligand abstraction requires a second step in an
inert gas atmosphere at about 40 K above the main decom-
position reaction. As Figure 3 shows, the absence of water of
hydration and the higher reaction temperature seem to result
in a different reaction path from that of the first decom-
position step. The presence of reaction products CO2 and
water in the absence of gas-phase oxygen, together with the
overall exothermicity of the process, indicates that additional
reactions must also take place which do not form gas-phase
products and that consume carbon. The formation of carbona-
ceous deposits on Pd0 is a probable reaction and is proved to
occur by the strong increase of the C 1s XPS signal. Carbon
may also be dissolved in metallic Pd to form an interstitial
compound, as shown by McCauley.[24]

A minor additional reaction event occurred at about 570 K.
The exothermic process terminated with the evolution of very
small amounts of carbon dioxide. In addition, a weight
increase of about 1 % was detected which appeared to end
at 650 K. The carbon dioxide evolution between 495 K and
approximately 570 K may be explained by the decomposition
of the remaining carboxylic species which was detected by
XPS. The weight increase of 1 % which terminated at 650 K
may be attributed to the oxidation of Pd species by the
residual oxygen impurities (<5 ppm) in the carrier gas,
nitrogen.

The integrity of the sample during the heat treatment to
423 K is confirmed by the detection of the expected 1:1
intensity ratio of the aliphatic and carboxylic C 1s XPS signals
(Figure 4). The successive broadening of the C 1s, Pd 3d and

Cd 3d lines with a further increase in temperature to 375 K
indicates differential charging effects which arise from the
desorption of H2O and acetic acid. This desorption is evident
from the observed decrease in the FWHM of the O 1s signal
and by the TG experiment. A significant loss of the total C 1s
intensity is observed in the XPS spectra after treatment at
473 K (Figure 4). The FWHMs of all elements, except oxygen,
decrease at the same time. Additionally, the binding energy of
the O 1s signal shifts to higher energies while the signal
intensity decreases. These combined effects are evidence for
the decomposition of the Pd ± Cd complex. The reduction in
the FWHM of all elements except O can be explained by the
formation of metallic Pd, as shown by the low binding energy
of this signal (Figure 5 left). At 523 K, we still observed the
presence of residual carboxylic carbon together with an
initial surface segregation of carbon, as demonstrated
by the increased intensity of the C 1s signal at 285 eV
(Figure 4). This species originates from carbonaceous depos-
its, the existence of which is also deduced from the decom-
position products detected in the TG/TDA ± IMR-MS experi-
ment.

The Pd 3d spectra in Figure 5 left, recorded at room
temperature after treatment at 323 K and 373 K, revealed the
presence of divalent Pd. Their tailing to lower binding
energies must be due to partial decomposition in the X-ray
beam. Differential charging cannot account for this effect
because a comparable tailing was not observed in any other
signal. Loss of water of hydration and solvating acetic acid
leads to a general broadening of all XPS signals except O 1s
(as expected), but not to tailing. At 423 K, most of the Pd is
reduced to the element, with the expected binding energy of
335.5 eV.[16, 26] The broadening to higher binding energies is
evidence that some unreduced Pd remained in the sample.
The Pd binding energy is insensitive to the formation of
interstitial carbon that is not a carbide. Unfortunately, there-
fore, we cannot directly deduce the presence of interstitial
carbon from XPS. It is highly relevant (Figure 5 right) that the
Cd species is still present in its divalent form at 423 K. The
complex is separated at that temperature into elemental Pd
particles and Cd acetates. A spatial segregation of Pd from the
Pd ± Cd complex crystals may be deduced from the decrease
in the Pd 3d intensity and the sharpening of the peak profile
which were observed after heat treatment at 473 K. Metallic
Pd therefore appears to be segregated to the surface of the
decomposing crystals.

The Cd acetate is decomposed to elemental Cd, as
evidenced by the binding energy of 404.4 eV after annealing
at 473 K (Figure 5 right). After treatment at 523 and 573 K,
Cd was reoxidised, as indicated by XPS. This observation is in
agreement with the weight loss estimations. The segregated
Pd metal disappeared from the surface, which was covered by
carbonaceous species, as indicated by the reversal of the
relative intensities of the aliphatic C 1s and Pd 3d signals in
the spectra recorded after treatment at 423 and 473 K (see
Figures 4 and 5 left). At 573 K, a strong increase in intensity of
the 285 eV aliphatic C 1s signal was detected, from which it
may be concluded that carbonaceous species are deposited on
the surface of the Pd particles. This deposition may occur by
exsolution of interstitial carbon in Pd, after which the Pd also
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became oxidised. In the UHV environment of the XPS
apparatus, the only source of oxygen available was the
remaining acetate ligands, which may have acted as oxidising
agents. Consistently, the carboxylic C 1s XPS signal could no
longer be detected after this treatment step (Figure 3).

The XPS analysis shows that a mixture of carbon, Pd oxide
and Cd oxide is present after pure thermal activation in inert
atmosphere. The Pd oxide seems to have been formed from an
reduced intermediate Pd species. It may be suggested that,
prior to exsolution, interstitial carbon prevented the instanta-
neous reaction of the freshly reduced Pd particles with
oxidising species. As a consequence, it seems appropriate to
activate catalysts based upon this complex in a reducing
atmosphere of a hydrocarbon. XPS analysis also clearly shows
the absence of any Pd ± Cd alloy as the ligands are removed
from the two constituents at quite different reaction temper-
atures.

The temperature window of the catalyst activation ends
below 520 K at which temperature all catalytic activity should
be developed. Generally, a low activation temperature and a
high thermal stability of the active metal towards sintering is
desirable in order to maintain maximal Pd dispersion. The
activation temperature of 425 K for the supported catalyst
(vide supra) is lower than indicated in Figure 2, probably
because of the dispersion of the precursor, the presence of
reductive gases and the modification of the heating pro-
gramme.

The relevance of the heating programme to the decom-
position temperature, which indicates the operation of kinetic
influences on the gas ± solid-state reactions involved in the
ligand abstraction/destruction processes, was studied in a
series of TG experiments with variable heating rates (data not
shown). The dependence of the temperatures of maximum
decomposition rate on the heating rate fitted well to a
logarithmic relationship from which we obtained isothermal
conversion temperatures for the three main weight loss steps
at 342, 438 and 488 K. It is concluded that low heating rates,
and eventually a holding interval at about 440 K, would be
suitable for minimising the thermal load on the Pd clusters
during activation. Between the second and third decomposi-
tion steps, a clear plateau was discernible at low heating rates,
which confirms the interpretation of the change in the
reaction pathway of the acetate decomposition, that has
already been deduced from the data of Figure 3.

The supported Pd ± Cd complex : The red shift in the UV/Vis
absorption maximum of the binuclear complex relative to that
of Pd acetate (Figure 8A) is in agreement with the in-plane
geometry of the Pd ± Cd complex determined by X-ray
structure analysis. This geometry leads to a destabilisation
of the dx2ÿy2 orbital relative to that in the out-of-plane
distorted Pd complex. The position of the maximum absorp-
tion in the UV/Vis spectrum of the impregnated Pd ± Cd/SiO2

catalyst is very similar to that of the complex in solution. The
shoulder at 400 nm, however, proves that partial decomposi-
tion occurs upon interaction with the SiO2 surface. The
broken line in Figure 8B is the difference spectrum of
supported Pd ± Cd acetate minus that of supported Pd acetate.
This calculation shows that the binuclear complex is decom-

posed upon interaction with the SiO2 support, during either
impregnation or drying of the catalyst. A quantitative
estimate, with the assumption that the absorption coefficents
do not change upon interaction with the support, points to
20 % decomposition of the Pd ± Cd complex.

This decomposition is confirmed by DRIFTS (Figure 9),
which produces a completely different spectrum after adsorp-
tion on SiO2. Three bands are detected at 1732, 1570sh and
1297 cmÿ1 in the DRIFT spectrum of the adsorbed Pd ± Cd
complex, which are observed neither in the spectrum of the
pure complex nor in that of acetic acid on SiO2. This
observation also points to a partial decomposition of the
Pd ± Cd complex, as already demonstrated by UV/Vis spec-
troscopy.

The Pd 3d spectra of the pure and the supported precursor
compound (Figure 10) also indicate a partial decomposition
of the supported Pd ± Cd complex, of which the binding
energy is about 1 eV lower than that of the unsupported
complex. This shift in binding energy (BE) may arise from the
exchange of acetate ligands for surface oxygen ions (for Pd
3d5/2 of PdO, BE� 337.5 eV) or from X-ray-induced decom-
position as reported for supported Pd acetate. Exactly such an
observation was made for Pd acetate supported on SiO2. In
contrast to the unsupported complex, elemental palladium
was only detected after thermal decomposition of the
supported sample at 573 K in UHV (Figure 11). The much
higher decomposition temperature, compared with the un-
supported complex, may also point to ligand exchange. It may
be concluded that the decomposed, oxidic Pd surface
complexes can only be reduced at higher temperatures than
the pure Pd ± Cd acetate. Consequently, pure palladium
acetate adsorbed on SiO2 is reduced to its metallic state after
UHV decomposition at the relatively high temperature of
523 K, as shown by XPS. The difference of 150 K between the
decomposition temperatures observed for the supported Pd ±
Cd complex and for the unsupported material is therefore in
line with the partial decomposition of the complex upon
adsorption and drying, detected by UV/Vis and DRIFTS. It is
suggested that this higher stability towards reduction of the Pd
species generated from the Pd ± Cd precursor has a strong
influence on the evolution of the active catalyst material; in
particular, particle growth and sintering may be prevented
during the activation or the catalytic action. This hypothesis
was proved correct by TEM investigations of the used
catalysts.

TEM of the used catalyst materials is illustrated in
Figure 12. Decomposition of palladium acetate generally led
to agglomerated particles, as shown in Figure 12 top. Only a
very few small particles were observed. Pd particle sizes
obtained from the Pd ± Cd precursor varied in the region of
2 nm (Figure 12 bottom), which was somewhat smaller than
the smallest particles formed from the binary palladium
acetate precursor. Sintering seemed to be prevented in the
case of the Pd ± Cd precursor because of its higher thermal
stability and a particular surface dilution of the Pd species by
CdO, which was shown by XPS. Conversely, the higher
dispersion of the Pd species obtained from the Pd ± Cd
complex may support their stability towards reduction, as
demonstrated by XPS.
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The formation of CO2 started at 473 K over both samples, as
Figure 13A shows. The similar light-off temperature, how-
ever, does not indicate similar catalytic activity, as proved by
the much higher amount of CO2 produced over the Pd ± Cd
catalyst than over the Pd-containing material. The reduction
of the supported PdII to a metallic phase took place after
treatment at 573 K, as XPS measurements showed (see
Figure 11). Keeping the temperature of the reactor at 573 K
for 30 min resulted in a massive decrease in CO2 evolution
over the Pd ± Cd catalyst. This reversible catalyst deactivation
is most probably connected with the Pd ± Cd decomposition at
this temperature that has been detected by XPS. Sintering
into small Pd particles occurred during the decomposition/
activation phase. The catalyst prepared from pure palladium
acetate was also reduced to its metallic state, but extensive
sintering during activation led to the evolution of large
particles, as shown by TEM, and therefore to low catalytic
activity. Figure 13C exhibited CO2 formation during a second
period of heating to 573 K. The catalyst prepared from Pd ±
Cd containing small Pd particles again shows catalytic activity
above the light-off temperature, whereas the catalyst con-
taining large Pd particles prepared from palladium acetate
remained at a low level of catalytic activity.

Conclusion

Palladium acetate and cadmium acetate in glacial acetic acid
form the very stable complex compound [CdPd(CH3COO)4 ´
CH3COOH]2, which was characterised by TG and by UV/Vis,
IR, NMR and XPS spectroscopy. Elucidation of the crystal
structure of the binuclear complex has shown a remarkable
coordination of palladium which can be described as sixfold
with one unsaturated axial position. The metal ions in the
complex are in their divalent state, as shown by XPS and 113Cd
NMR spectroscopy; this excludes the possibility of a pre-
formed metal ± metal bond.

The major advantage of this precursor compound for
catalyst preparation is the enhancement of the poor solubility
of palladium acetate in acetic acid by formation of this Pd ± Cd
complex. The action of cadmium acetate as an isoionic
additive can be excluded, because the solubility of palladium
acetate is not significantly changed by addition of other
acetates, such as those of Na and K.

The coordination sphere around the Pd atom can be
described as a tetragonal bipyramid with one missing axial
ligand. For this geometric reason, it is expected that, upon
reaction of the complexes with the ligand system of a solid
surface (for example, silica with hydroxyl groups), a direct
Pd ± surface bond may formed with the ternary compound but
not with the binary Pd acetate. The formation of the surface
bond may be supported electronically by the presence of one
other metal (Cd) in the coordination sphere of the Pd centre.
The suggested formation of a direct Pd ± surface bond (for
example, in a ligand-exchange reaction with the participation
of a neighbouring hydroxyl group and desorption of a water
molecule) may be of great importance during activation of the
catalyst, in which the acetate ligands are removed. With the
ternary compound the cluster-to-substrate anchor may not be

affected during this activation. With the binary Pd acetate,
however, it is unavoidable that the cluster-to-substrate bond,
which supposedly occurs through acetate ligands, is destroyed
during activation. The consequence may be that the resulting
ligand-free Pd clusters remain fixed to the surface when they
originate from the ternary precursor, but are mobile on the
surface and can agglomerate easily when they originate from
the binary compound. In addition, the readily soluble ternary
precursor will be highly dispersed after the impregnation
because the ligand exchange reaction will be complete.
Precipitation of unconverted Pd acetate may occur easily
and give rise to large Pd particles after activation. Each effect
will lead to a different degree of dispersion of the activated Pd
on the support and thus affect the ratio of reactive metal
surface area exposed per unit surface area of support.

A further advantage of this precursor compound is the
small size of the catalytically active Pd particles which are
formed during activation. Sintering seems to be avoided by a
dilution effect by CdO species. However, we still have no
evidence on whether this dilution effect also occurs in a
catalyst which is prepared by sequential impregnation of
cadmium acetate and palladium acetate.

The formation of a Pd ± Cd alloy, proposed to be the active
catalyst, must be excluded. Metallic Pd or Pd-containing
interstitial carbon is suggested to be the active catalyst.
Cadmium plays the important role of a structural promoter.
The catalyst formed from the supported binuclear complex is
more active in the formation of CO2 from ethylene than that
formed from the binary palladium acetate, as IMR-MS
measurements have shown. The catalyst activity is referenced
to the mass of Pd in the samples, so the different activities
observed reflect the different degrees of Pd dispersion. From
the improved reactivity of the material derived from the Pd ±
Cd complex, we conclude that the active surface area is the
decisive factor in its behaviour in catalysis.

Experimental Section

[Pd(CH3COO)2]3 (286 mg, 0.425 mmol) and Cd(CH3COO)2 ´ 2H2O
(259.3 mg, 0.973 mmol) were dissolved in glacial acetic acid (4.64 g) at
338 K. The clear orange solution obtained was evaporated, and an orange
cystalline solid was isolated which was recrystallised from acetic acid. The
supported precursor was prepared by incipient wetness impregnation by
adding 0.5 g of the acid solution to SiO2 (2.13 g) with vigorous stirring at
300 K. The sample was dried in vacuum at 300 K for 2 h.

TG was performed on an FSC 5200 thermogravimetric balance (Seico).
The measurements were taken under an argon atmosphere (gas flow
100 mL minÿ1) with a sample weight of about 10 mg.

UV/Vis spectra were obtained on a Perkin-Elmer spectrophotometer,
model 555. For solutions, cuvettes with an optical pathlength of 1 cm were
used. The spectra were measured against glacial acetic acid (Fluka) as
reference. To investigate solids, a diffuse reflectance attachment was used
with pure SiO2 as reference.

NMR spectra were measured on a 400 MHz instrument (JEOL). The pure
solids were dissolved in D2O. 13C NMR investigations were performed at
100.40 MHz, using TMS as external standard. 113Cd resonances were
observed at 88.55 MHz with cadmium perchlorate as external standard.

The DRIFTS measurements were conducted under a helium atmosphere
(gas flow 50 mL minÿ1) on a Bruker IFS 66 spectrometer with a DRIFTS
unit (Graseby/Specac P/N 19900) and an in-situ cell (Graseby/Specac P/
N 19930).



Parameter Effects on Pd Catalysts 1458 ± 1469

Chem. Eur. J. 1998, 4, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1469 $ 17.50+.25/0 1469

XPS investigations were performed on an LHS 12 MCD (Leybold) instru-
ment with a magnesium anode (power 14 mA� 168 W, pass energy
108 eV). The samples were suspended in hexane and deposited on a gold
foil. Spectra were recorded at room temperature after the samples had
been heated for 30 min at given temperatures and at nitrogen pressure
1 bar. The resolution of the equipment was determined from the Ag 3d5/2

signal to be 1.2 eV. The binding energies of the sample are referred to the Si
2p peak at 103.6 eV for SiO2 and to the C 1s peak at 285.0 eV for CH3

groups as standards.

IMR-MS measurements were executed on an Atomika 1500 spectrometer.
The ion ± molecule reactions occurred in an octupole reaction chamber,
with xenon and krypton as primary ions. A quadrupole mass detector was
used in combination with suitable ion-extraction optics. Further details
have been reported in the literature.[27]

TEM investigations were performed on a Philips CM 200 FEG microscope
equipped with energy dispersive X-rays (EDX). The total magnification for
Figure 11 was � 405 000 at 200 k eV. The supporting grids gave rise to the
intense Cu and weak Mg EDX signals.

For the ethylene oxidation, C2H4 (99.95 % grade; Linde) was used. SiO2

(600 mg; BET specific surface area 159 m2 gÿ1) was impregnated with a
solution (0.5 g) of [Pd(CH3COO)2]3 (291.5 mg in 4.6 g glacial acetic acid). A
portion (36.4 mg) of the dried sample was placed in the centre of a quartz
tube reactor (diameter 8 mm), which was filled with quartz wool (hourly
space velocity (hsv)� 51.5 hÿ1; BET surface areas 133 and 130 m2 gÿ1 for
supported Pd acetate and Pd ± Cd acetate, respectively). During activation,
the reactor was flushed with nitrogen (200 mL minÿ1), and the temperature
was ramped with a heating rate of 0.5 K minÿ1. The temperature was kept
constant at 428 K for 30 min. At this temperature (after a time on stream, t,
of 250 min), C2H4 was added to the atmosphere at a flow rate of
25 mL minÿ1, then oxygen was added at a flow rate of 4 mL minÿ1 at
428 K and t� 260 min. At t� 280 min, the reactor was heated to 573 K at a
rate of 0.5 K minÿ1. The temperature of the reactor was kept constant at
573 K for 30 min, reduced to 373 K (5 K minÿ1), then kept constant for
10 min before the reactor was reheated to 573 K.

The Pd ± Cd/SiO2 sample was treated as described above for the Pd/SiO2

catalyst. A portion (55 mg) of the Pd ± Cd/SiO2 sample was used
for the experiment, which was conducted under similar conditions (hsv�
34.1 hÿ1).

[CdPd(CH3COO)4 ´ CH3COOH]2 : UV/Vis (acetic acid): dmax� 343 nm;
UV/Vis (on SiO2): dmax� 340 nm; 13C NMR: d� 31.030, 22.295 (CH3),
216.210, 179.692 (COO);113Cd NMR: d� 17.66.
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