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This paper presents a theoretical study of palladium clusters
Pdn of low nuclearity, ranging from 1 to 9, completed by their
interactions with a carbonyl ligand (PdnCO). The simulations
were performed at the DFT (B3LYP–Lanl2DZ) level. Small
palladium clusters are deltahedral structures characterized
by a triplet ground state (Pd2 to Pd7) or a quintet ground state
for larger nuclearities (Pd8 and Pd9). Various electronic states
relatively close in energy are present. These states have close
geometries but differ by their electron density distribution. A
significant electronic population of the 5s orbital is needed to
explain the existence and cohesion of palladium–palladium
bonds. These latter are formed by the combination of sd hy-
brid orbitals and get stronger as the 5s character increases.
The relative stability of palladium clusters increases with
their nuclearity and the study of fragmentation reactions

Introduction

Metal clusters considered as molecular entities formed
by assembling a small number of atoms, ranging from a few
to several hundreds, are now an important issue in the fields
of nanotechnology and catalysis. Their defined composition
and geometry confer to specific electronic and unique ener-
getic properties of metal clusters that distinguish them
clearly from the corresponding metal bulk.[1] These proper-
ties generally vary with the size and composition of the sys-
tem. Currently, a large number of synthesis strategies of
metal clusters are known and can be grouped into two dis-
tinct categories. On the one hand, one finds physical meth-
ods such as condensation of atomic vapour and molecular
beams.[2] These usually bare clusters are produced in small
quantities and have a short lifetime. Characterizing their
structural properties and controlling their size (nuclearity)
is generally difficult. On the other hand, one finds chemical
methods such as the reduction of metallic salts in solution.
A protective sphere of ligands surrounds the metallic core
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shows a particular stability of Pd4, Pd6 and Pd9 clusters. The
adsorption of the CO ligand goes through a back-bonding
interaction favoured by a high 4d and a low 5s atomic pop-
ulation. This interaction therefore affects the metal–metal
bond and the ground state of the cluster becomes a singlet
for the first members of the series. The favoured coordination
mode is one that maximizes the back-bonding interaction,
i.e. the capped position (µ3) on a cluster’s face. However, sta-
bilization provided by the presence of one ligand at the ex-
pense of a large number of metal–metal bonds is not suf-
ficient and, in the case of larger clusters, a triplet ground
state remains.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

and stabilizes the clusters produced by these methods. The
latter allows an easier structural characterization, resting on
conventional analytical techniques such as IR and NMR
spectroscopy or X-ray crystallography.[3]

This work has focused on a detailed theoretical study of
palladium clusters with a nuclearity ranging from 2 to 9
(Pdn; n = 2–9) and on their interaction with a π-acceptor
ligand, in this case CO (PdnCO). The choice of the carbonyl
ligand is justified by the fact that it is commonly used in
the synthesis of palladium clusters.[3] In addition to this,
smaller systems (Pd, Pd2 and Pd3) may serve as models to
study the adsorption of the ligand on a vertex, an edge and
a face of palladium clusters, respectively. If a large number
of theoretical papers are already devoted to the study of
these compounds, they generally focus on the determination
of the geometry of the ground state. To this end, palladium
clusters have been simulated by a wide range of methods,
ranging from “simple” semi-empirical methods,[4,5] to the
most complex post-SCF methods,[6,7] as well as density
functional theory (DFT).[8–12] Recently, palladium clusters
with larger nuclearity were also studied by molecular dy-
namics.[13] Interactions of ligands with the metal core have
also been the subject of a series of works which include,
among others, interactions with CO,[14,15] NO,[16] S and
Cl,[17] O2

[18] or H and CHx.[19] In this work, we intend to
push further the investigation of these species by addressing
in greater detail their electronic structure. Such a descrip-
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tion should lead to a better understanding of catalytic prop-
erties. To this end, calculations of density isocontours help
to provide a better perception of the electronic reorganiza-
tion that takes place during the formation of clusters from
free atoms but also of the electronic exchange involved by
the adsorption of CO on the metal cluster. Natural popula-
tion analyses are fruitful in quantifying those effects. Fur-
ther, structural, electronic, and energetic properties are
compared and discussed with or without CO in the cluster.
Finally, the stability of palladium clusters has been ad-
dressed through a selection of fragmentation reactions that
may occur during the nucleation process. After presenting
a short survey of the methodology used and the difficulties
encountered during the optimization process, we shall re-
port and discuss the results. The discussion is further di-
vided into two parts. The first part, where we discuss the
electronic structure for the smaller clusters (Pd1–3), com-
pares bare clusters (Pdn) and monocarbonyl clusters
(PdnCO). The second part generalizes the obtained conclu-
sions to the next members of this series (n = 4–9). In this
part, we will also study the evolution of some energy prop-
erties such as relative stabilities and ligand adsorption ener-
gies with cluster size. Finally, the conclusion will summarize
the main points of our study and outline some perspectives.

Methodology and Precautions

As transition metal clusters present a great number of
electrons, which reorganize deeply the atomic electron den-
sity, we decided to simulate palladium clusters using the
density functional theory (DFT[20]) which, given the earlier
work,[11,12] seems to provide consistent results. This allows
to introduce some of the electronic correlation required to
study such systems, while maintaining a good ratio of qual-
ity to computing time. On the one hand, we opted for the
exchange–correlation hybrid functional B3LYP.[21] On the
other hand, treating metal clusters requires choosing an ap-
propriate basis set, capable of providing sufficient flexibility
to describe as faithfully as possible electronic relocation
while limiting the number of electrons and maintaining
computations in an affordable time. These reasons led us to
choose the Lanl2DZ basis set,[22–24] which deals explicitly
with electrons in the outer layers through a split valence
polarized basis set, retaining thus 18 electrons per Pd atom
(4s2 4p6 4d10), while the remaining electrons are modelled
through an effective core potential taking into account
some relativistic corrections (RECP). C. Xiao and co-
workers studied the relativistic effects on geometry and elec-
tronic structure of small Pdn species.[25] Regarding the car-
bonyl ligand, the classical extended 6-31G(d,p) basis set[26]

was used. Finally, the distribution of the electronic popula-
tion has been analyzed through the NBO natural popula-
tion analysis.[27,28] All computations and geometry optimi-
zations were carried out using the Gaussian 03 package.[29]

As the number of possible structural isomers grows expo-
nentially with the size of the cluster, it is essential to estab-
lish a strategy for exploring the different local potential en-
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ergy surfaces (PES) that we will consider. In our approach,
we have simulated the palladium clusters from a wide vari-
ety of predefined geometries based on the various sym-
metry point groups. We took care, however, to release the
full symmetry during the optimization processes in order to
allow for structural distortions and introduce any stabiliz-
ing effect, which may affect the system (for example a Jahn–
Teller effect). Another question to be raised concerns the
spin multiplicity. Because the palladium atom presents a
closed-shell electronic configuration (4d10), part of its 4d
electronic density must necessarily be promoted into the
nearest orbitals, in this case 5s, to enable the formation of
a stable metal–metal bond. Consequently, all structures
have been optimized for the various accessible spin mul-
tiples, i.e. singlet and triplet states, even quintet for the last
clusters of the series. Even though we will focus on the
ground states, a series of optimizations was carried out in
the quintet state for clusters of larger nuclearity (n = 7–9).
Let us finally note that the large number of d electrons usu-
ally leads to a wide variety of closely lying electronic states
(“low-lying states”). We must mention here that Balasubra-
manian carried out a detailed MCSCF study of such low-
lying states for the smallest palladium clusters (Pd2,[30]

Pd3
[31] and Pd4

[32]). The proximity of such states can be mis-
leading, as crossings between potential energy surfaces can
occur at various points, making optimizations somewhat
difficult. In other words, the geometry of the starting point
selects a PES, which may be different from the hypersurface
related to the ground electronic state. This often induces the
localization of a minimum that is not located on the ground
PES. We will not go into the details of this problem here,
as it will be the object of a forthcoming publication. Never-
theless, to ensure that each identified extremum belongs to
its lowest energy electronic state we have adopted the fol-
lowing strategy:
(1) a stability test of the electronic density was achieved for
an each spin multiplicity
(2) an analysis of the energy second derivative confirms
that, among all obtained extrema, the real minimum has
been attained, or eventually a first-order saddle point iden-
tified, when the transition state presents some chemical
interest.

Caution must be taken in the analysis of the results, and
this explains why some published structures and energies
may differ from one paper to another even when identical
methods and functionals are used.

Results and Discussion

To introduce the discussion, we will in this section pres-
ent the global results obtained for the bare clusters (Pdn; n
= 1–9) and their monocarbonyl complexes (PdnCO). The
stability of palladium clusters is usually discussed in terms
of binding energies ∆EB and cohesive energies ∆EC, which
are defined by Equations (1) and (2).

∆EB = –(EPdn
– n EPd) (1)
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∆EC = ∆EB/n (2)

EPdn
is the energy of Pdn cluster and EPd refers to the atomic

ground state (1S). Cohesive energies normalize the binding
information and allow an easy comparison of the stability
acquired by the various nuclearities. For the monocarbonyl
complexes, the gain in stability provided by the adsorption
of the CO ligand on the cluster ∆Eads can be calculated as
the energy difference between the complex and the isolated
partners [Equation (3)].

∆Eads = EPdnCO – (EPdn
+ ECO) (3)

Table 1. Pdn clusters and their monocarbonyl complexes (PGS: point group symmetry; SM: spin-multiplicity; ∆E are in kcal/mol).
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Table 1 collects the data for the various clusters consid-
ered in this paper. It incorporates the global minimum for
each size of bare palladium clusters as well as some close
local minima. Because the number of structural isomers in-
creases rapidly with the cluster size, we present only a few
selected structures that correspond to lowest minima. The
different clusters are given with their symmetry, ground spin
multiplicity, and cohesive energies. The energy difference
between the ground state and local minima is given in the
last column ∆Ef. Table 1 presents also the most pertinent
results obtained for the monocarbonyl complexes in their
ground state. The CO frequency being a very sensitive prop-
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erty, its variation measures the perturbation induced to the
carbonyl bond by the adsorption phenomenon. The corre-
sponding wave number reported in the Table is computed
from the optimized structure at the harmonic approxi-
mation level. Structural data such as Pd–CO and CO bond
lengths are also given. Finally the electronic population of
the antibonding π*CO orbital is also given. It is out of the
scope of this paper to publish extensively the structural data
of the studied species, they are nevertheless given in the
Supporting Information file associated to this work.

Palladium clusters with nuclearity between 2 and 9 adopt
preferentially deltahedral compact structure with a spin-
multiplicity that increases with the size of the system. The
smaller clusters with n between 2 and 7 present a triplet
ground state while the Pd8 and Pd9 are most stable in the
quintet state. These geometrical and electronic trends are
consistent with works conducted previously[8–12] but the
quintet state becomes more stable than the triplet state from
Pd8 rather than from Pd9. This may be due to the use of
another functional and another basis set, as the difference
between these two electronic states remains small for Pd8

(0.61 kcal/mol). One must point out at this stage is that
when multiple low-energy structures are obtained, the en-
ergy differences are usually very small, suggesting that at
room temperature a mixture of such structures should be
obtained, which makes it difficult to attribute a definite
structure to the cluster. Generally, the link between these
geometries is a simple movement along a normal coordinate
passing through a low energy transition state.

We will focus first on the three first palladium clusters
(Pd1–3) and analyse in some more detail their electronic
structure and binding properties while the extension of the
analysis to the larger clusters will be considered afterwards,
in the second part.

(a) Pdn and PdnCO for n Ranging from 1 to 3

In his ground state, the palladium atom presents a
closed-shell electronic configuration 4d10 (1S). In order to
make stable Pd–Pd bonds, the contribution of the 5s orbital
to the electronic density is required. From the “atom in
molecule” point of view, this would correspond to a
4d10–x5sx electronic configuration (0 � x � 1), which can
be justified from a perturbation viewpoint by the mixture
of 4d10 and 4d95s1 states. A computation shows that the
latter triplet electronic configuration lies 19.8 kcal/mol
above the ground state, which remains relatively close to the
experimental value of 21.6 kcal/mol.[10] The proximity of
those electronic configurations justifies their mixture in de-
scribing the complex electronic structure of the metal clus-
ter. The 4d85s15p1 state is located significantly higher in en-
ergy and, at first approximation, can be ignored in the elec-
tronic description of small palladium clusters. Note that the
introduction of relativistic corrections is essential to getting
consistent results.[33]
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The addition of the π-acceptor CO ligand on a palladium
atom stabilizes the system by a σ-donation π-back-donation
mechanism (“back-bonding”). The stabilization effect is
due, on the one hand, to the donation of the σ-type lone
pair of CO in the low-lying empty s orbital of Pd and, on
the other hand, to the back-donation of d electrons of Pd
into the π-type antibonding orbitals of CO. We can quan-
tify these interactions energetically and electronically by
∆Eads and the natural orbital analysis, respectively. The
theoretical data for the PdCO complex are shown in
Table 3. The energy released during the adsorption of the
CO ligand on the Pd atom is 44.56 kcal/mol (not corrected
for difference ZPVE). This value is slightly greater than that
obtained by more complex methods [CCSD(T),
QCISD(T)].[33] The intensity of back-bonding results in the
relocation of 0.3 electron from the orbital 4dXZ and 4dYZ

of the palladium atom to the π* empty orbitals of the CO.
This interaction is illustrated in Figure 1 (a) through a
graph of differential density contours. We can also see in
this figure a reduction of the electronic density along the
Pd–CO axis, which can be explained by a repulsion between
the lone pair of the carbonyl and the 4dz2–5s electrons of
palladium. The degree of interaction can be also verified by
the weakening of the C–O bond resulting from the elec-
tronic settlement of its π* antibonding orbitals. The in-
crease in C–O bond length and the decreasing in frequency
of its “stretching” are characteristics of a terminal coordi-
nation (µ1). Structural data referenced in the Table 3 are in
good agreement with the experimental data (dPd–C =
1.843 and dC–O = 1.138 Å).[34] Our results are slightly higher
(dPd–C = 1.867 and dC–O = 1.151 Å) but only more complex
methods allow reaching them.[33]

Figure 1. Differential density isocontours for the PdCO (a), Pd2

(b), Pd2CO (c), Pd3 (d) and Pd3CO (e) (1.10–3 e–/bohr3).
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Table 2. Data concerning the Pd2 dimer in its singlet and triplet states.

Bond length [Å] ν Stretch. [cm–1] ∆EB [eV] Atomic pop. [e–]

Pd2 exp. 2.4–2.5 210[35] 1.03�0.16 [36] –
3Pd2 (B3LYP) 2.53 204 0.96 4d (9.41) 5s (0.58)
1Pd2 (B3LYP) 2.76 131 0.60 4d (9.90) 5s (0.09)

Optimizing the dimer shows a ground triplet state, which
is consistent with previous DFT results.[8–12] The nearest
singlet state is located 8 kcal/mol above. The atomic popula-
tion analysis justifies this result as we can see a 5s atomic
population greater in the case of triplet state, resulting in a
larger bonding character. In fact, before bonding can occur,
a significant part of the 4d electron density must be pro-
moted in the 5s empty orbital. Indeed, the natural popula-
tion analysis estimates an occupation of 0.58e– for the 5s
orbital. The theoretical data concerning the dimer are re-
ported in the Table 2. Because the bonding character is
mainly defined from the 5s population, its increase will re-
duce the bond length, as can be seen by comparing the sing-
let (2.76 Å) and triplet (2.53 Å) states. These theoretical re-
sults are in good agreement with experiment even though
the calculated bond length is slightly longer than the experi-
mental value. Differential density curves for the dimer
ground state are included in Figure 1b. They suggest an in-
crease of the electronic density around the Pd–Pd axis with
a sd-type hybridization.

The system can now be bound by a CO ligand in two
ways, either in terminal mode (µ1) or in bridging mode (µ2).
The calculations were made for the two geometries in the
singlet and triplet spin-multiplicities. The results show now
that singlet states are lower than the triplet states. This phe-
nomenon is explained by the fact that the density 4d elec-
trons do not have to be promoted to a 5s orbital, as the
empty π* orbital of the CO ligand will accept them. The
complex coordinated in terminal mode µ1 appeared to be a
transition state located 27.5 kcal/mol above the µ2 bridging
mode. Only the data for the ground C2v state are shown in
Table 3. This result is consistent with the structural study
conducted by the group of V. Bertin[14] and the group of P.
Nava.[15] Comparing to PdCO, there is greater charge trans-
fer from 4d orbitals to the π* orbitals of the CO for the
Pd2CO complex. Consequently, the CO bond is weaker in
the case of the dimer complex (decrease in bond length and
increase in stretching frequency). On the other hand, the 5s
atomic population decreases in the complex compared to

Table 3. Theoretical data (B3LYP) on complex PdnCO for n = 1–3 and CO ligand.

Pd(µ1-CO) (C�v) Pd2(µ2-CO) (C2v) Pd3(µ3-CO) (C3v) CO

∆Eads [kcal/mol] –44.57 –61.72 –62.46 –
dPd–Pd [Å] – 2.69 2.76 –
dPd–C [Å] 1.87 1.96 2.03 –
dC–O [Å] 1.15 1.17 1.19 1.14
QPd [e] 0.05 0.09 0.10 –
∆QCO [e] 0.86 0.75 0.64 1.00
(4d-5s)Pd [e–] 4d (9.52) 5s (0.43) 4d (9.55) 5s (0.36) 4d (9.58) 5s (0.32) –
2 π*CO [e–] 0.31 0.56 0.74 0.00
νCO [cm–1] 2129 1959 1839 2210
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the bare dimer, which weakens the Pd–Pd bond that be-
comes longer (2.69 Å). Bonding in Pd2 requires a 4d10–x 5sx

atomic configuration, whereas binding to CO favours a 4d10

atomic configuration. The formation of metal–ligand bonds
is therefore favoured at the expense of the metal–metal
bond. The greater stabilization of the bridging complex re-
leases greater adsorption energy (61.72 kcal/mol) than the
PdCO complex, despite the weakening of the metal–metal
bond. The differential density contours for de Pd2CO com-
plex is illustrated in Figure 1 (c). It clearly shows the “back-
bonding” interaction and the conservation of the metal–
metal bond. As with the previous complex, the decrease of
electronic density in the centre of the structure is partially
due to the repulsion caused by the lone pair of the CO
ligand.

Trimers were simulated from linear and triangular geo-
metries. The latter are found to be the most stable, while
the linear structure corresponds to a transition state. As for
dimers, triplet states are located below the singlet states.
The difference in energy with the singlet state is about
6 kcal/mol. These trends are also in good agreements with
previous works.[8–12] It should be noted that a series of sim-
ilar structures relatively close in energy corresponding to
different electronic states have been identified but we do not
go into details of these different electronic states here (The
ground state corresponds to the 3B2 state while the 3B1 and
3A2 are slightly higher in energy, 0.4 and 1 kcal/mol, respec-
tively). In contrast to the singlet state (D3h), which presents
a closed-shell configuration higher in energy, the triplet D3h

state shifts to a distorted C2v geometry (65.5° for the apex
angle) due to a Jahn–Teller effect. The electronic ground
state is 3B2, as confirmed by K. Morokuma’s group.[37] The
natural population analysis shows that atoms located at the
base of the isosceles triangle are characterized by a 5s pop-
ulation less important (0.57e–) than the atom located at the
top (0.68e–). This electronic asymmetry is reflected in struc-
tural parameters by introducing a bond length longer at the
base (2.76 Å) than the sides of isosceles triangle (2.55 Å).
The differential density contours for the ground state is
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shown in Figure 1 (d). The electronic density increases at
the centre of the structure and around the bond axis while
a decrease is seen on the bond axis.

For the interaction between the trimer and the CO li-
gand, we can achieve an analysis similar to the dimer. The
singlet state, with a lower 5s population and longer Pd–Pd
bond lengths, is the ground state. However, the interaction
wins in intensity and the variation of structural and elec-
tronic parameters is even more important than for the
Pd2CO complex. Results for Pd3CO are listed in Table 3
while differential density contours are shown in Figure 1
(e). Here also, the complex was simulated in its various co-
ordination modes (terminal µ1, bridging an edge µ2 or cap-
ping a face µ3). The results show that µ3, with a C3v sym-
metry, corresponds to the most stable structure as in this
coordination mode the back-bonding interaction is fav-
oured. A notable difference from the previous complex is
the adsorption energy, which is quite similar to Pd2CO.
This is probably because, in this case, three metal–metal
bonds are weakened while only one such bond is involved
in Pd2CO.

(b) Pdn and PdnCO for n Ranging from 4 to 9

When the clusters size increases, the optimizations can
lead to a relatively large number of structural isomers. For
this reason, only the global minimum for each nuclearity
and some local minima close in energy are shown in
Table 1. From the structural viewpoint, planar structures
are much higher in energy than the three-dimensional struc-
tures and never correspond to stable minima. All structures
are in a triplet ground state, except for Pd8 and Pd9, where
a quintet ground state appears. Palladium clusters being
characterized by open-shell configurations, a decrease of
symmetry by a Jahn–Teller effect can stabilize the system.
These results are in good agreement with previously re-
ported DFT results. As a reminder, higher spin-multiplicit-
ies are expected when the cluster size increases.[11,12]

The most stable structure for Pd4 is a distorted tetrahe-
dron with a C3v symmetry. Our results predicted that the
linear, square and rhomboid planar structures of Pd4 would
be significantly higher in energy compared to the tetrahe-
dral arrangement for both triplet and singlet multiplicities.
Extensive calculations at the multireference configuration
interaction with single and double excitations (MRSDCI)
level[32] confirm this point. Minima with the lowest energy
for the three following nuclearities (Pd5–7) adopt bipyrami-
dal configurations. The most stable structure for Pd5 is a
trigonal bipyramid with a D3h symmetry. Unexpectedly, we
found another trigonal bipyramid slightly higher in energy
but with a C2v symmetry (0.39 kcal/mol). The square-py-
ramidal structure is about 2.6 kcal/mol higher than the
ground state. These structures were confirmed in the work
of K. Morokuma and co-workers at DFT level.[38] Note
that at this level, it is difficult to determine the ground state
of Pd5 because the relative energy ordering of electronic
states differs substantially from one level of theory to an-
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other. A large scale of CASSCF and MRSDCI calculations
on electronic states of Pd5 reveal that there are several low-
lying electronic states of different geometries for Pd5.[39]

B3LYP calculations for Pd6 show a distorted octahedron
ground state with a D4h symmetry. The determination of
the ground state for Pd6 is unquestionable as other geome-
tries are significantly higher in energy. This is confirmed by
other DFT studies.[8–12] For Pd7, the most stable structure
seems to be the distorted pentagonal bipyramid with a C2

symmetry. The other structures like capped octahedron and
the bi-capped trigonal bipyramid remain very close in en-
ergy. At this level, any deltahedral structure leads to a mini-
mum. However, it is more difficult to link these minima on
a reaction pathway as they often refer to different electronic
states. In addition to the DFT results, a molecular dynamic
study confirms the energetic sequence of our structures
listed in Table 1 for Pd7.[40] Pd8 and Pd9 adopt three-dimen-
sional structures in the quintet state. For Pd8, optimizing
the lowest energy structure leads to a structure with a Cs

symmetry while the global minimum calculated for the Pd9

adopts a configuration with distorted double octahedrons
fused with one face. This spin-multiplicity is confirmed in
other DFT studies for Pd9 but there is a doubt for Pd8. As
it is the case for Pd5, Pd8 seems to present several low-lying
electronic states. The use of another functional or another
basis set can change the ordering in the sequence of struc-
tures listed in Table 1. For example, the BP-86 functional
used by the group of P. Nava[11] leads to a triplet ground
state with a D2d symmetry, which corresponds to our third
structure for the Pd8 in the Table 1. The difference in energy
calculated for these two structures at B3LYP level is very
low, only 0.61 kcal/mol.

Regarding the stability of palladium clusters, it can be
studied in several ways. The most common is to study the
evolution of cohesive energy as given be Equation (2),
which depends on the size of the cluster. This evolution is
shown in Figure 2 (a). As logically expected, we find that
the cohesive energy increases with the cluster size. However,
this increase is not constant and is attenuated with the clus-
ter size, tending at limit to an asymptotic behaviour. It can
be explained by the fact that the sphere of coordination of
palladium atoms tends to a limit as the cluster nuclearity
increases. Optimizations with molecular dynamics were car-
ried out for sizes up to 40 atoms[13] and show that the limit
of the cohesive energy is far from being achieved with a
nuclearity of 9. The stability of a cluster with a given nu-
clearity n can also be compared to its closest neighbours
(Pdn–1 and Pdn+1) through fragmentation reactions. These
reactions correspond either to the loss of one palladium
atom (A) or to the transfer of one atom to another cluster
(B).

Pdn � Pdn–1 + Pd ∆EA (A)

2 Pdn � Pdn–1 + Pdn+1 ∆EB (B)

These reactions bring information about the nuclearities
requiring the most important fragmentation energy; it
therefore reflects the system stability. The energies ∆E of
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Figure 2. Graphs showing the evolution of energetic properties with
the size of palladium clusters: evolution of cohesive energy ∆EC

(a), fragmentation energies for reactions A and B (b).

reactions A and B can be visualized on the graph in Fig-
ure 2 (b). The theoretical results show a particular stability
for Pd4 and, to a lesser extent, for Pd6 and Pd9. Finally, in
contrast to the loss of one palladium atom (A), certain
transfers of atoms (B) seem favoured (∆E � 0) and are
without doubt at the origin of cluster nucleation by conden-
sation in the gas phase.

As for smaller clusters, a CO ligand has been added and
the structures simulated for the various coordination modes
in their singlet, triplet and quintet electronic states. Only
the most stable state found for each nuclearity is listed in
Table 1 together with their main physicochemical character-
istics. For small clusters, Pd2CO to Pd5CO, singlet states
are found to be the most stable. For these, the favoured
coordination mode is one that promotes the back-bonding
interaction, i.e. the capped position (µ3) on a cluster’s face.
For larger nuclearities (Pd6CO to Pd9CO), the triplet and
quintet states become more stable, favouring vertex coordi-
nation. This is because the presence of one ligand is no
longer sufficient to offset the stability of the cluster triplet
state. To summarize the situation, it is more advantageous
for the system to maintain a higher spin state in ways that
promote the metal–metal bonds at the expense of lowering
metal–ligand bonds rather than switching to a singlet state
which would promote the stabilizing interaction with only
one ligand at the expense of a large number of metal–metal
bonds. To sum up the dual influence to palladium clusters
vs. ligands: The singlet state promotes the metal–ligand
bond and disadvantages the metal–metal bond while the
triplet state promotes the metal–metal bond and disadvan-
tages the metal–ligand bond. This problem will off course
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not arise when ligands saturate the cluster and the ground
singlet state should occur. The addition of the CO ligand
to the cluster induces deformations of the metal skeleton.
This could lead to a deltahedral structure, differing from
the bare cluster. This is particularly the case for Pd6, where
the bare cluster presents an octahedral ground state while
the addition of the CO ligand leads to a capped trigonal
bipyramid. These two structures can be easily connected by
a single normal mode of vibration. Heptamers present sim-
ilar trends as the bare clusters present a pentagonal bipy-
ramidal ground state while the capped octahedron become
the ground state for the monocarbonyl cluster. Note finally
that low coordination modes (µ1 and µ2) are expected with
the increasing number of ligands. This can be proven exper-
imentally[3] and theoretically.[15] Regarding the CO ligand,
its physicochemical characteristics, bond length (dPd–CO)
and stretching vibration (νCO), are consistent with the coor-
dination mode and are generally independent of the number
of palladium atoms in the clusters. This CO stretching fre-
quency may thus be considered as a good probe of the
structural binding of the ligand to the cluster.

Conclusions

The objective of this work is a theoretical study of palla-
dium clusters Pdn of low nuclearity, ranging between 1 and
9, and their interactions with the carbonyl ligand (PdnCO).
The interaction between the CO ligand and the palladium
monomer, dimer and trimer serves to simulate its adsorp-
tion on a vertex, an edge and a face of the palladium clus-
ter, respectively. These simulations were conducted using
the DFT (B3LYP–Lanl2DZ) approach and have proven to
be reliable and comparable to others described in the litera-
ture. The step-by-step building of small palladium clusters
led us to a series of conclusions, which may be summarized
as follows:
(1) Small palladium clusters (Pd2 to Pd7) are characterized
by a triplet ground state. The smaller ones present all
deltahedral structures, with distortions more or less impor-
tant due to the Jahn–Teller effect. For larger nuclearities,
the ground spin-multiplicity becomes more important, and
Pd8 and Pd9 have a quintet ground state.
(2) The study has highlighted the presence of various elec-
tronic states relatively close in energy. These states are char-
acterized by quite similar geometries but differ in their elec-
tron density distribution. This last point pinpoints the fact
that the energy in a series of structural isomers will neces-
sarily be influenced by the choice of the method (the func-
tional and the basis set), so prudence encourages the study
of metal clusters by considering, for a given nuclearity, all
low-lying minima rather than focusing solely on the global
minimum.
(3) A significant electronic population of the 5s orbital, un-
occupied in the atom ground state (1S–4d10), is needed to
explain the existence and cohesion of palladium–palladium
bonds. The latter are formed by the combination of sd type
hybrid orbitals and will get even stronger as the 5s character
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increases. This results in a shortening of the bond length
with an increase in the average 5s population.
(4) The relative stability of palladium clusters increases with
their nuclearity, and the study of fragmentation reactions
shows a particular stability of Pd4, Pd6 and Pd9 clusters.
(5) The adsorption of the CO ligand on palladium clusters
goes through a back-bonding interaction. In order to pro-
mote this interaction with the ligand, a high 4d population
and a low 5s population will be necessary. This interaction
therefore affects the metal–metal bond, and the ground
state of the cluster becomes a singlet. The favoured coordi-
nation mode is one that promotes the back-bonding inter-
action, i.e. the capped position (µ3) on a cluster’s face. How-
ever, stabilization provided by the presence of one ligand at
the expense of a large number of metal–metal bonds is not
sufficient and, in the case of larger clusters, a larger number
of ligands is required.
Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates of the various structures presented in
Table 1.
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