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Infrared spectra of mass-selected homoleptic dinuclear palladium carbonyl cluster cations Pd,(CO)," (n=5—38)
are measured via infrared photodissociation spectroscopy in the carbonyl stretching frequency region. The struc-

tures are established by comparison of the experimental spectra with simulated spectra derived from density func-
tional calculations. The Pd,(CO){ cation is characterized to have two weakly semibridging CO groups with C,
symmetry. The Pd,(CO){ and Pd,(CO)I cations are determined to involve one weakly semibridging CO group.
The Pd,(CO){ cation is a CO coordination saturated cluster, which is determined to have a D,y structure with all
of the carbonyl groups terminally bonded. Bonding analysis indicates that these cluster cations each has a Pd—Pd
half bond. The Pd—Pd distance increases with the number of CO ligands.
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Introduction

Palladium is widely used as catalyst for carbon
monoxide reduction and activation in many industrial
processes. Thus, the interactions of charged and neutral
palladium metal atoms, clusters, and surfaces with car-
bon monoxide and the resulting carbonyl complexes
have received considerable experimental and theoretical
attention. Mononuclear palladium carbonyl neutrals as
well as ions have been produced in rare-gas matrices
and studied with infrared absorption spectroscopy.!™!
PdCO and PACO  were also investigated by rotational
spectroscopy and anion photoelectron spectroscopy in
the gas phase.”” The geometry and electronic proper-
ties of a single CO adsorption on neutral and charged
palladium clusters have been the subject of considerable
theoretical studies."! Experimentally, the adsorption
of a single CO molecule on charged palladium clusters
containing 3—25 metal atoms was studied by infrared
multiple photon dissociation (IR-MPD) spectroscopy,
which found that palladium clusters exhibit a variety of
binding sites for CO including a-top, bridge and hollow
positions.””! The investigations on the reactions of small
neutral and anionic palladium clusters with CO indi-
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cated that palladium clusters are able to bind multiple
CO molecules, and the maximum number of CO mole-
cules that can bind to each cluster was determined.'*!
In addition, bond dissociation energies of palladium
trimer anion carbonyls, Pd,(CO), (n=1—6) were
measured in the gas phase by the energy resolved colli-
sion-induced dissociation method.”® Although palla-
dium clusters stabilized by multiple CO ligands were
calculated at density functional theory level to investi-
gate effects of ligand coverage on properties such as
preferred coordination sites, metal-ligand binding ener-
. [27] . .
gies and structure,” "' and some dinuclear and trinuclear
palladium carbonyl cluster anions including Pd,(CO),
(n=0—4) and Pd,(CO),, (m=0—6) were studied by
anion photoelectron spectroscopy,” the electronic and
geometric structures of gaseous palladium carbonyl
clusters with multiple CO ligands are relatively un-
known.

Infrared photodissociation spectroscopy in conjunc-
tion with quantum chemical calculations offers one of
the most direct and generally applicable experimental
approaches to structural investigation of mass-selected
clusters in the gas phase.”®* Recently, this technique
is successfully employed in studying transition-metal

Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/cjoc.201200595 or from the author.

" Dedicated to the 80th Anniversary of Chinese Chemical Society.

Chin. J. Chem. 2012, 30,2131—2137

©2012 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

@WILEY

ONLINE LIBRARY 2131



FULL PAPER

Cui et al.

carbonyl ions and multinuclear metal carbonyl clusters
in the gas phase.*"™ In the present paper, mass se-
lected homoleptic dinuclear palladium carbonyl cluster
cations ranging from Pd,(CO)! to Pd,(CO); are
systematically studied by infrared photodissociation
spectroscopy. The cluster structures are assigned and
structural and bonding trends are identified by com-
parison of the experimental spectra with simulated
spectra derived from density functional calculations.

Experimental and Computational Meth-
ods

The infrared photodissociation spectra of the homo-
leptic dinuclear palladium carbonyl cluster cations were
measured using a collinear tandem time-of-flight mass
spectrometer. The experimental apparatus has been de-
scribed in detail previously.””! The cluster cations were
produced in a Smalle?/-type laser vaporization super-
sonic cluster source.”” The 1064 nm fundamental of a
Nd:YAG laser (Continuum, Minilite II, 10 Hz repetition
rate and 6 ns pulse width) was used to vaporize a rotat-
ing palladium metal target. The laser beam with 5—8
mJ/pulse is focused by a lens with a focal length of 300
mm. The palladium carbonyl complexes were produced
from the laser vaporization process in expansions of
helium gas seeded with 4%—6% CO using a pulsed
valve (General Valve, Series 9) at 4—6 MPa backing
pressure. After free expansion, the cations were
skimmed and analyzed using a Wiley-McLaren time-of-
flight mass spectrometer. The clusters of interest were
each mass selected and decelerated into the extraction
region of a second collinear time-of-flight mass spec-
trometer, where they were dissociated by a tunable IR
laser. The fragment and parent cations were reacceler-
ated and mass analyzed by the second time-of-flight
mass spectrometer.

The cations were detected with a dual microchannel
plate detector. The mass signals were amplified with a
broadband amplifier and digitized, and were transferred
to a computer. Infrared photodissociation spectra were
obtained by monitoring the fragment ion yield as a func-
tion of the dissociation IR laser wavelength. Typical
spectra were recorded by scanning the dissociation laser
in steps of 2 cm” ' and averaging over 250 laser shots at
each wavelength. The tunable infrared source used in
this study is generated by an KTP/KTA/AgGaSe2 opti-
cal parametric oscillator/amplifier system (OPO/OPA,
Laser Vision) pumped by a Continuum Powerlite 8000
Nd:YAG laser. The laser pulse energies range from 0.2
—1.5 mlJ/pulse with an approximate line width of 1
cm . The infrared laser is loosely focused by a CaF,
lens. The wavenumber of the OPO laser is calibrated by
a commercial wavemeter (Coherent, WaveMaster).

Quantum chemical calculations were performed to
determine the molecular structures and to support the
assignment of vibrational frequencies of the observed
species. Geometry optimization and harmonic vibra-
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tional frequency analysis were performed with the hy-
brid B3LYP density functional theory (DFT) method in
combination with the 6-31+G(d) basis set on C and O
atoms and the SDD basis set on Pd.”'"? A scalar rela-
tivistic effective core potential was employed for Pd that
retains 18 electrons in the valence space. The B3LYP
functional is the most popular density functional meth-
ods and can provide reliable predictions on the struc-
tures and vibrational frequencies of transition metal-
containing compounds.””! Previous theoretical studies
found that only hybrid density functionals can qualita-
tively and quantitatively predict the nature of the
sigma-donation/pi-back-donation bonding that is asso-
ciated with the Pd-CO and Pd»-CO bonds.!"”! All these
calculations were performed using the Gaussian 09 pro-
gram.P¥!

In the present study, the computed frequencies are
scaled by a factor of 0.98 and are given a 5 cm ' full
width at half-maximum (fwhm) Lorentzian line shape
for comparison to the experimental spectra. We derived
this scaling factor by calculating the average value
needed to make the experimental and calculated fre-
quencies coincide for the Pd,(CO), cluster cations
studied.

Results and Discussion

The mass spectrum of palladium carbonyl cluster
cations produced by the laser vaporization supersonic
cluster source in the m/z range of 90—500 is shown in
Figure 1. The spectrum is composed of two progres-
sions of mass peaks due to mononuclear palladium car-
bonyl cations Pd(CO)f (n=1—7) and dinuclear pal-
ladium carbonyl cations Pd,(CO)} (n=25—8). The
small mass peaks interspersed between the Pd(CO)}
peaks are due to the PdC(CO);! complexes. The most
notable feature of the spectrum is the significantly en-
hanced intensity for the Pd(CO); , Pd(CO){ and
Pd,(CO){ mass peaks, which occurs independently of
the source condition. This suggests that these complexes
are relatively more stable than other sizes. Larger mul-
tinuclear cluster cations are also observed which are not
shown in the spectrum. For each species, the isotopic
splitting of palladium can clearly be resolved with their
relative intensities matching the natural abundance iso-
topic distributions. The dinuclear carbonyl cluster
cations of interest are each mass-selected and subjected
to infrared photodissociation. When the IR laser is on a
resonance with the CO stretching of the cluster cations,
photofragmention of the cations involving the loss of
CO ligand(s) is observed.

Pd,(CO); The infrared photodissociation spec-
trum for the Pd,(CO){ cation obtained by monitoring
the loss of one CO ligand leading to formation of
Pd,(CO); is shown in Figure 2. The cations fragment
only under focused IR laser irradiation, indicating that
multiphoton absorption is necessary. The parent ions
can be depleted by about 12% at the laser pulse energy
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Figure 1 Mass spectrum of the palladium carbonyl cation com-
plexes produced by pulsed laser vaporization of a palladium
metal target in an expansion of helium seeded with carbon mon-
oxide.
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Figure 2 The experimental and simulated vibrational spectra of
the Pd,(CO){ cluster cation in the carbonyl stretching fre-
quency region. The infrared photodissociation spectrum (a) was
measured by monitoring the CO fragmentation channel leading to
formation of Pd,(CO); . The simulated spectrum (b) was ob-
tained from scaled harmonic frequencies and intensities for the
lowest energy structure calculated at the B3LYP/6-31-+G(d)/
SDD level.

of about 1 ml/pulse. The infrared photodissociation
spectrum exhibits three broad bands centered at 2139,
2153 and 2180 cm ', respectively. No bands in the low
frequency region are observed, indicating that the
Pd,(CO){ cation involves no bridge bonded carbon-
yls.

To gain further insight into the structure and spec-
trum of the Pd,(CO){ cluster cation, quantum chemi-
cal calculations using the density functional theory were
performed. Geometric optimizations were performed on
various possible structures. The most stable structure is
shown in Figure 3. The Pd,(CO){ cation was pre-
dicted to have C, symmetry with three terminal bonded
carbonyls and two equivalent very weakly semibridging
carbonyls. The computed Pd—C distances to the semi-
bridging CO group are 2.008 and 3.068 A, respectively.
The bond length of the semibridging CO carbonyl
ligands (1.136 A) is only slightly longer than that of the
terminal bonded ligands (1.133 and 1.134 A). The Pd—
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Pd bond length is predicted to be 2.770 A. The calcu-
lated infrared spectrum is shown in Figure 2(b), which
agrees well with the experimental spectrum. The ob-
served and calculated band positions are compared in
Table 1. The 2180 cm ' band is due to the stretching

Pd,(CO); (Cy, 2A
200N (€7 P4,(CO); (D20 8,)

Figure 3 Geometries and selected bond lengths for the lowest
energy structures of the Pd,(CO); (n=5—8) cluster cations
calculated at the B3LYP/6-31+G(d)/SDD level.

Table 1 Comparison of the band positions of the Pd,(CO);
(n=5—28) cluster cations measured in the present work to those
computed by density functional theory at the B3LYP/6-31+
G(d)/SDD level (IR intensities in parentheses in km/mol)

Exptl. Calcd. *
2139 2142 (850)
2153 2155 (873)
n=5 — 2157 (0)
2180 2182 (592)
— 2199 (1)
2109 2112 (616)
2140 2140 (810)
=6 - 2147 (24)
2164 2162 (342)
2175 2177 (854)
- 2190 (21)
20838 2093 (550)
2141 2135 (218), 2141 (599)
—7 2159 2154 (221)
2165 2163 (554)
2174 2174 (828)
— 2188 (14)
2118 2115 (109)
2140 2121 (684 X2)
n=38 - 2136 (0)
2164 2161 (516 X2)
217 2166 (1045)
— 2185 (0)
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“ The calculated harmonic vibrational frequencies are scaled by a
factor of 0.98.
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mode of the axial CO ligand of the Pd(CO); fragment.
The 2139 cm ' band is attributed to the antisymmetric
CO stretching vibration of the two semibridging CO
ligands. The 2153 ¢cm ' band is assigned to the anti-
symmetric stretching mode of the two equivalent CO
ligands in the Pd(CO), fragment.

Pd,(CO){ The photodissociation spectrum for the
Pd,(CO){ cation obtained by monitoring the loss of
one CO ligand is shown in Figure 4. The dissociation
efficiency increases by a factor of about two in going
from Pd,(CO)! to Pd,(CO)! . Three bands centered
at 2109, 2140 and 2175 cm ™' can be clearly resolved in
the infrared photodissociation spectrum. In addition, a
weak shoulder at the low frequency side of the strong
2175 cm ' band can also partially be resolved at 2164
cm . As shown in Figure 3, the most stable isomer of
Pd,(CO){ is predicted to have a structure involving
five terminal CO groups and one weakly semibridging
CO group. The optimized structure of the complex has
no symmetry, but appears to almost achieve Cs symme-
try. The computed Pd—C distances to the semibridging
CO group in Pd,(CO){ are 2.003 and 2.754 A, re-
spectively. The Pd—Pd bond distance is calculated to
be 2.824 A, slightly longer than that of the Pd,(CO)¢
cation calculated at the same level of theory. The calcu-
lated infrared spectrum of the most stable Pd,(CO){
is compared to the experimental photodissociation spec-
trum in Figure 4(b). In the simulated spectrum, four
bands centered at 2112, 2140, 2162 and 2177 cm ' can
be resolved to have appreciable IR intensities, which
agree well with the experimentally observed spectrum
(Table 1). The 2109 cm ' band is assigned to the
stretching vibration of the semibridging carbonyl ligand.
The 2140 cm ' band belongs to the antisymmetric
stretching mode of the C(1)—0O(7) and C(2)—0O(8)
ligands (Figure 3). The 2175 cm ' band is attributed to
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Figure 4 The experimental and simulated vibrational spectra of
the Pd,(CO){ cluster cation in the carbonyl stretching fre-
quency region. The infrared photodissociation spectrum (a) was
measured by monitoring the CO fragmentation channel leading to
formation of Pd,(CO){ . The simulated spectrum (b) was ob-
tained from scaled harmonic frequencies and intensities for the
lowest energy structure calculated at the B3LYP/6-31-+G(d)/
SDD level.
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the antisymmetric stretching vibration of the C(4)—
0O(10) and C(6)—0(12) ligands. The 2164 cm ! band is
due to a symmetric stretching mode involving all the
carbonyl ligands.

Pd,(CO); The Pd,(CO); cation complex disso-
ciates quite efficiently. The parent ions can be depleted
by more than 30% and are able to lose up to two CO
ligands with the focused laser beam. The infrared
photodissocition spectrum of Pd,(CO); obtained by
monitoring the loss of one CO ligand is illustrated in
Figure 5. The spectrum exhibits five bands with band
positions at 2088, 2141, 2159, 2165 and 2174 cm . The
Pd,(CO); cluster cation was predicted to have a
structure involving six terminal CO groups and one
weakly semibridging CO group (Figure 3). The com-
puted Pd—C distances to the semibridging CO group
are 2.019 and 2.764 A, respectively. The Pd—Pd bond
distance is calculated to be 2.985 A, about 0.161 A
longer than that of the Pd,(CO){ cation calculated at
the same level of theory. The Pd,(CO); cation with-
out symmetry has seven CO stretching modes that all
are IR active. As listed in Table 1, six of them are pre-
dicted to have appreciable IR intensities. The calculated
spectrum is compared to the experimental spectrum in
Figure 5(b). The stretching frequency of semibridged
CO ligand is predicted at 2093 cm ', slightly higher
than the observed value. The predicted 2135 cm ' band
is mainly due to the C(1)—0O(8) ligand, while the 2141
cm ' band originates from the antisymmetric stretching
vibration of the C(3)—0(10) and C(6)—0O(13) ligands.
These two modes cannot be resolved experimentally.

Pd,(CO); The Pd,(CO){ cation is the largest
dinuclear cluster complex observed in the mass spec-
trum, suggesting that it is the coordination saturated
cluster. The Pd,(CO){ cation dissociates quite effi-
ciently via loss of one and two CO ligands with moder-
ate laser energy. The infrared photodissocition spectrum
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Figure 5 The experimental and simulated vibrational spectra of
the Pd,(CO); cluster cation in the carbonyl stretching fre-
quency region. The infrared photodissociation spectrum (a) was
measured by monitoring the CO fragmentation channel leading to
formation of Pd,(CO){ . The simulated spectrum (b) was ob-
tained from scaled harmonic frequencies and intensities for the
lowest energy structure calculated at the B3LYP/6-31 +
G(d)/SDD level.
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of Pd,(CO){ obtained by monitoring the loss of one
CO ligand is shown in Figure 6. The spectrum recorded
via monitoring both fragmentation channels is essen-
tially the same. The spectrum exhibits four bands at
2118, 2140, 2164 and 2174 cm . Density functional
calculations predict that the Pd,(CO){ cluster cation
has a ground state with D,q symmetry (Figure 3). The
calculated infrared spectrum is compared to the experi-
mental spectrum in Figure 6(b). The experimental spec-
trum agrees with the calculated spectrum except that the
calculated band positions are slightly lower than the
observed values. This indicates that the Pd—CO bond-
ing is overestimated while the Pd—Pd bonding is un-
derestimated. The DFT/B3LYP calculations are ex-
pected to give relatively poor prediction on Pd,(CO)y
with weak Pd-Pd bonding. The 2140 cm ' band is as-
signed to the doubly degenerate antisymmetric stretch-
ing mode (e) involving either the C(1)—0(9) and C(5)
—O(13) ligands or the C(2)—O0O(10) and C(8)—0O(16)
ligands, while the 2118 cm ' band is due to the anti-
symmetric stretching mode (b;) involving all these four
ligands. The 2164 cm ' band is attributed to the doubly
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Figure 6 The experimental and simulated vibrational spectra of
the Pd,(CO){ cluster cation in the carbonyl stretching fre-
quency region. The infrared photodissociation spectrum (a) was
measured by monitoring the CO fragmentation channel leading to
formation of Pd,(CO)F . The simulated spectrum (b) was ob-
tained from scaled harmonic frequencies and intensities for the
lowest energy structure calculated at the B3LYP/6-31+ G(d)/
SDD level.

degenerate antisymmetric stretching mode (e) involving
either the C(3)—O0O(11) and C(6)—0(14) ligands or the
C(4)—0(12) and C(7)—0O(15) ligands, while the 2174
cm ' band is the antisymmetric stretching mode (b,)
involving all these four ligands.

As discussed above, the dinuclear Pd,(CO) (n=
5—~8) cluster cations are produced and experimentally
detected. Although the Pd,(CO){ cation is the most
intense dinuclear ion product observed in the mass
spectrum, the Pd,(CO){ cation is the CO coordination
saturated cluster. Thus, the maximum number of bound
CO molecules defined as the saturation limit is deter-
mined as eight for Pdj . The reaction rates of neutral
and negative palladium clusters versus CO have been
studied using a fast flow reactor.”>**! The saturation
limit for Pd, was determined to be only five. The
neutral palladium dimer is well known to have a 3Zu+
ground state with a (core) (1,)* (65)* (8)" ()" (84)* (5"
(csg)1 electron configuration.”™ ! The Ty, Og, Mg and J,
orbitals are combinations of atomic d orbitals which are
mainly nonbonding. The doubly occupied o, molecular
orbital is Pd—Pd o bonding, which is composed of Pd
d, orbitals (Figure 7). The singly occupied o, MO is the
corresponding antibonding orbital. Another singly oc-
cupied 6, MO is a bonding orbital composed mainly of
Pd 5s atomic orbitals. Accordingly, the neutral palla-
dium dimer has a formal Pd—Pd single bond. Remov-
ing one electron from the Pd, HOMO o, orbital forms
the Pdi cation, which has a %, ground state with a Pd
—Pd half bond. The removal of one o, electron reduces
the Pd—CO repulsion in the o space, and enhances the
CO to metal ¢ donation in the cluster cations. In con-
trast, the addition of an ¢ electron increases the o repul-
sion interaction and reduces the CO to metal o donation
in the cluster anions.

All of the Pd,(CO) (n=5—8) cluster cations are

C

Gy Gg

g
Figure 7 3D contours of the doubly occupied and singly occu-
pied 6 symmetry molecular orbitals of the’S," ground state Pd,
molecule.

Table 2 Bonding characters of the Pd,(CO); (n=5—8) cations

b Group charge® Net spin ¢

Structure AE(CO)* AEy(nCO) Pd—Pd bond length/A
Pdl Pd2 Pdl  pg2
PA,(CO)! (C»lA) 11.7 (12.9) 273 2.770 035¢  0.65¢ 0.55¢ 0.45¢
Pd,(CO)! (Cy.2A) 6.3 (7.0) 238 2.824 038  0.62¢ 0.6le 0.3%
Pd,(CO)! (C1.2A) —0.3(0.4) 203 2.985 053 047 038¢ 0.62¢
Pd,(CO) (DssBy) 0.8 (1.7) 17.9 3.306 0.50e  0.50c  0.50e 0.50¢

“ Energy (after zero point energy correction, in kcal/mol) to dissociate one CO from Pd,(CO);} (n=>5—8) cations to form the most

stable structure of Pd,(CO);=, . The values without zero point energy correction are listed in parentheses. ° Averaged energy per CO to
remove all CO from Pd,(CO); (n=5—8) to form Pd,"(*Z,)+nrCO. ¢ Group charge. ¢ Net spin populations on the Pd atoms. For the

numbering of the atoms, please see Figure 3.
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characterized to have Pd-Pd bonded structures. The n=
5—7 cluster cations each involves weakly semibridging
carbonyl ligand(s), whereas all the carbonyl ligands in
the n=28 cluster cation are terminal bonded. The ob-
served CO stretching frequencies of the Pd,(CO)! (n

=5—23) cluster cations fall in the range of 2080*218(%

cm ', very close to the free CO absorption at 2143 cm .

This suggests that metal to CO = back bonding is weak
in the Pd,(CO) cation system. Bonding analysis in-
dicates that there is essentially no metal to CO m back
donation. The interaction between Pdj and CO in-
volves CO to metal ¢ donation as well as electrostatic
bonding that has been observed in “non-classical” tran-
sition metal carbonyl cation systems.”’ ™! As listed in
Table 2, the Pd—Pd bond length increases from 2.770
Ain Pd,(CO)! t03.306 A in Pd,(CO)y . The natural
orbital analysis indicates that these cations each has a
doubly occupied ¢ bonding orbital formed by two Pd 4d
orbitals. The singly occupied molecular orbitals are
weakly Pd-Pd antibonding in character. Thus, the Pd—
Pd bonds in these Pd,(CO)/ cluster cations can be
regarded as a half bond. On the basis of electron count-
ing rule, the n=>5—7 cluster cations are coordination
unsaturated, while the =28 cluster cation is saturated
with both Pd centers having the 18 electron configura-
tion.

The optimized structures of the n=5—7 complexes
are different from the corresponding neutrals. The most
stable structures predicted for the Pd,(CO), (n=2—7)
neutral complexes show at least one CO ligand occupy-
ing a bridging position between the two metallic cen-
ters.””) These neutral complexes all have a singlet
ground state derived from the 12g+ singlet excited state
of Pd,, which corresponds to a bond between two Pd
4d"5s° atoms. The interaction between two 4d'°5s” at-
oms would presumably form a weak bond.”’ Since the
oy MO is an ¢ antibonding orbital composed of Pd 5s
atomic orbitals, the 3 > to 12{ promotion (corre-
sponding to [(cyu)1 (cg)l] to [(ow) (cg)o] excitation) re-
duces the o electron density between the two Pd atoms,
and hence favors the bridge bonding.

The calculated CO binding energies (dissociate one
CO from Pd,(CO)f (n=5—28) cations to form the
most stable structure of Pd,(CO);_,) are listed in Table
2. The binding energies of the n=7 and 8 complexes
are much lower than those of n=5 and 6 complexes,
suggesting that the n=7 and 8 complexes are very
weakly bound complexes.

Conclusions

Homoleptic dinuclear palladium carbonyl cluster
cations of the form Pd,(CO) with n=>5—=8 are pro-
duced via a laser vaporization supersonic cluster source
in the gas phase. The cations are each mass-selected and
their infrared spectra are measured via infrared photo-
dissociation spectroscopy in the carbonyl stretching
frequency region. Density functional calculations at the

2136 www.cje.wiley-vch.de
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B3LYP/6-31 + G(d)/SDD level have been performed
and the calculated vibrational spectra are compared to
the experimental data to identify the gas-phase struc-
tures of the clusters. The Pd,(CO)J cation is charac-
terized to have two weakly semibridging CO groups
with C, symmetry. The Pd,(CO){ and Pd,(CO)+
cations are determined to involve one weakly semi-
bridging CO group. The Pd,(CO){ cation is a CO
coordination saturated cluster, which is determined to
have a D,q4 structure with all of the carbonyl groups ter-
minally bonded. Bonding analysis indicates that these
cluster cations each have a Pd—Pd half bond. The Pd—
Pd distance increases with the number of CO ligands.
The results provide important new insight into the
structure and bonding mechanisms of palladium car-
bonyl clusters.
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