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Abstract Correlated ab initio calculations have been
performed on three dipalladium(I) complexes. These com-
pounds differ both by the metal–metal interaction and by the
metal–ligand interaction. The [Pd2Cl2(μ−H2PCH2PH2)2]
complex exhibits a σ overlap between the two binding
metallic orbitals and has no bridging ligand. In
[Pd2Cl4(μ−CO)2]2−, the leading interaction between the
two palladium involves a π overlap between the metallic
orbitals and goes through the two bridging CO ligands. In
[Pd2Cl2(μ−CO)(μ−H2PCH2 PH2)2], a single CO ligand
bridges the two palladium atoms which interact through a
hybrid σ–δ overlap. The three compounds also differ by the
metal–metal distances. Surprisingly enough, while the pal-
ladium atoms are formally d9 in all these complexes, none
of them is paramagnetic. We propose here a detailed anal-
ysis of the electronic structures of these compounds and
rationalize their chemical structures as well as the role of
back-donation in the CO bridged compounds. Finally, since
highly correlated treatments are used to describe these com-
plexes, a detailed study of the role of both non-dynamical
and dynamical correlations is performed. Concerning the
[Pd2Cl4(μ−CO)2]2− complex, this analysis has revealed that
the complex is not bound at the lowest correlated levels of
calculation and therefore dynamical correlation is alone
responsible for its binding energy.
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1 Introduction

Dinuclear transition–metal complexes have attracted the inter-
est of many organometallic and inorganic chemists. Their
potential use for the conception of new magnetic materials
or of compounds of biological interest justify this attention.
Among them, compounds containing palladium(I) atoms have
been extensively studied for their catalytic activity by ex-
perimentalists [1] On the other hand, only a few theoretical
works [2,3] have been devoted to these compounds, even
though their electronic structure is both interesting and quite
difficult to determine from theoretical descriptions.

The anti-[Pd2Cl2(μ−dppmMe)2] complex [4] (where
dppmMe is 1,1-bis(diphenylphosphino)ethane) has no direct
bridging ligand and the metal–metal distance has been mea-
sured from an X-ray diffraction study to be 2.664 Å. This
complex will be modeled as [Pd2Cl2(μ−H2PCH2PH2)2] and
will be referred to as complex 1.

Concerning the [Pd2Cl2(μ−CO)(μ−dppm)2] complex
(where dppm is bis(diphenylphosphino)methane), crystallo-
graphic data [5] show that the Pd atoms are bridged by a sin-
gle CO group and that the Pd–Pd distance is 3.19 Å. On the
basis of this Pd–Pd separation, a non-bonding metal–metal
interaction has been suggested. Our study will deal with the
model complex [Pd2Cl2(μ−CO)(μ−H2PCH2PH2)2] which
will be referred to as complex 2.

Experimental studies [1] have shown that these dipal-
ladium(I) complexes are diamagnetic, although the oxyda-
tion number of the palladium atoms is formally I, i.e., their
electronic configuration is d9. Another unusual feature is
that, even though dinuclear metal carbonyl halides preferen-
tially contain halogen rather than carbonyl bridges, the struc-
tures of CO bridged Pd(I) complexes are not consistent with
this rule. From spectroscopic and crystallographical studies,
Goggin et al. [6] found that the dianion [Pd2Cl4(μ−CO)2]2−
(that will be referred to as complex 3)is planar with the two
CO groups bridging the Pd atoms. A theoretical study [7]
of the electronic structure of this compound at the crystallo-
graphic geometry showed that a multicenter bond involving
both the CO bridges and the Pd atoms is responsible for the
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relatively short distance between the two metals. Calculations
on several isomers involving bridging chlorides are also re-
ported in ref. [7], but a strict comparison of their relative
stability is inconclusive since the corresponding entities are
not isoelectronic.

These questions are intrinsically interesting. From a the-
oretical point of view, the study of such compound is also
challenging since

1. to address the question of the diradical versus the cova-
lent character of such bonds, one should be able to treat
non-dynamical correlation effects accurately;

2. a correct theoretical description of organometallic com-
pounds also requires the treatment of dynamical correla-
tion;

3. geometry optimizations using a high level of correlation
are currently not possible.

Our interest was initially to investigate a series of di-
palladium(I) complexes in order to determine the nature of
the metal–metal interaction and the role of back-donation in
the CO bridges. However, since the role of non-dynamical
and dynamical correlation turned out to be crucial, a detailed
study of the methods that are able to produce accurate results
both on the geometrical structures and on the electronic prop-
erties of these complexes is presented.

Section 2 is devoted to a general presentation of the com-
pounds studied. The different theoretical approaches that are
used both for the determination of the electronic structures
and their analysis are given in Sect. 3. Finally, a detailed dis-
cussion of the results is presented in Sect. 4. The specific
effects of non-dynamical and dynamical correlation are also
discussed in this section.

2 General presentation of the complexes studied

A schematical view of the complexes 1, 2 and 3, as well as
the axes chosen, is given in Fig. 1a–1c, respectively.

Let us first concentrate on complex 1. The ligand field
removes the degeneracy of the d orbitals so that (according
to the choice of the axes) the dx2−y2 orbital of the Pd(I) atoms
is the highest occupied metal-centered orbital. Since all the
other Pd orbitals are filled, the leading metal–metal inter-
action goes through the σ overlap between the two dx2−y2

orbitals of each Pd atom.
In complex 2, the orbital of the Pd atoms which is desta-

bilized by the ligand field is a hybrid orbital involving both
the dx2−y2 and the dz2 atomic orbitals. The overlap between
the two dx2−y2 is of δ nature while there is a slight σ over-
lap between the two dz2 contributions to these orbitals. The
resulting overlap has a mixed δ–σ character. This complex
contains a single CO bridge that is expected to participate in
the metal–metal interaction. The highest occupied molecu-
lar orbital (HOMO) of free CO is a carbon lone pair desig-
nated as σCO, while the lowest unoccupied molecular orbital
(LUMO) is an antibonding orbital of π character between
the two atoms that will be designated as π∗

CO.

Fig. 1 a Schematic view of complex 1. b Schematic view of complex
2. c Schematic view of complex 3

Concerning complex 3, the highest occupied atom-
centered orbital of the Pd atom is the dxy orbital. The metal–
metal interaction goes through the π overlap between these
two orbitals. Of course, this interaction also involves the
CO bridging ligands [7]. Since the distance between them
is large enough, we can ignore the ligand–ligand interaction.
Only compatible symmetry-adapted combinations of the σCO
orbitals and of the π∗

CO orbitals can interact with the metal-
centered orbitals. Let us call σ−

CO the antibonding combina-
tion of the σCO orbitals andπ∗−

CO the antibonding combination
of the π∗

CO. These are the combinations which interact with
the Pd orbitals.

3 Theoretical approaches and tools for the
determination and analysis of the electronic and nuclear
structures

As previously explained, the palladium atoms are formally
Pd(I) and therefore exhibit a d9 electronic configuration. The
distance between the two metallic atoms seems to be large
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enough to raise the question of the ability of a single-deter-
minantal wave function to describe the Pd–Pd interaction.
Although the three compounds studied have been found exper-
imentally to be diamagnetic, a correlated description is
necessary for a full understanding of their electronic
structure, i.e., for a correct evaluation of the diradical–
covalency ratio of the metal–metal interaction. In order to
optimize the charge fluctuation in the two above-mentioned
metal-centered orbitals, a complete active space (CAS) cal-
culation restricted to two electrons in two orbitals was carried
out. Larger active spaces have also been considered and cal-
culations show that the minimal CAS, i.e., two electrons in
two orbitals is sufficient for an adequate description of all
the complexes studied. Dynamical correlation is then taken
into account through difference dedicated configuration inter-
action (DDCI) [9] calculations as explained further.

While calculations are generally performed using delo-
calized symmetry-adapted (SA) orbitals, the interpretation
of the electronic structure is much easier in localized (atom-
centered) orbitals [8]. Let us call p and m the SA linear
combinations of the atomic orbitals. The optimized bonding
and antibonding p and m orbitals have tails on the surround-
ing ligands, but are essentially of metallic character. Starting
from these orbitals one may define left and right orbitals a
and b that are metal-centered and orthogonal by the following
equations:

a = p + m√
2
, (1)

b = p − m√
2
. (2)

In a single-determinantal method, the determinant that should
be the most appropriate for the desccription of the system is

φ0 = |core · p p̄|, (3)

if p is lower in energy than m. Its physical content is given
by its expression as a function of the atom-centered orbitals

φ0 = |core · 1

2
(aā + bb̄ + ab̄ + bā)|. (4)

In this approach, it is thus clear that the weights of the
neutral valence bond (NVB) forms ab̄ and bā and ionic va-
lence bond (IVB) forms aā and bb̄ are equal. But for a system
in which the two atoms are far enough from each other (as it is
the case here), such a determinant is not adequate. An accu-
rate description of the electronic structure must reproduce
the prevalence of the NVB forms over the ionic ones. CAS
calculations are required to relax the weight of these NVB
forms. For a singlet state, the �CAS wave function involves
also another reference which is:

φ′
0 = |core · mm̄| (5)

The CASSCF procedure optimizes both the coefficients λ
and μ of the references in the singlet ψS

CAS wave function
and the molecular orbitals (MO) in order to minimize the
energy. �S

CAS can be written as

�S
CAS = λp p̄ − μmm̄, (6)

where λ and μ are positive. The weights of the neutral and
ionic VB forms are now not constrained to be equal, as can
be seen in the following expression:

�S
CAS = λ+μ

2
|core · ab̄+bā|+ λ−μ

2
|core · aā+bb̄|. (7)

The weights of the neutral and ionic VB forms can be used to
measure the covalency of a bond. Let us define the covalency
index C as the ratio of the IVB forms to the NVB:

C = (λ− μ)2

(λ+ μ)2
. (8)

For a strictly covalent bond, the two weights are identical
and the covalency will be equal to one while for a strongly
correlated bond, i.e., exhibiting a strict diradicalar charac-
ter (λ = μ), this ratio will be equal to zero. The values of
the covalent indices of the three compounds will be calcu-
lated and compared to the Wiberg indices that are evaluated
from the density matrices calculated at the density functional
theory (DFT) level.

One should note that another way of looking at the greater
or smaller diradicalar character of a bond is to evaluate the
excitation energy to the lowest triplet state. This state has
only a neutral VB structure in the spin component Sz = 1
and is given by the following expression:

�T = |core · pm| = |core · ab|. (9)

The CASSCF method that introduces the non-dynamical
correlation furnishes only a zeroth order description and, as
already observed in the study of many organometallic com-
pounds, the evaluation of dynamical correlation is also neces-
sary. We have therefore performed extensive CI calculations.
The relative position of the singlet and triplet states has been
studied using the DDCI method [9]. This CI is specially de-
signed for the treatment of energy differences between states
of the same CAS and has been successfully applied to a large
number of magnetic compounds [10–12]. The excited deter-
minants involved in the CI are all the single and all the double
excitations that imply up to one hole and two particles or two
holes and one particle. The analysis of the correlated wave
function gives several types of information. The weight of
the NVB and IVB forms as well as the occupation of the
natural orbitals (OHOMO and OLUMO for the natural HOMO
and LUMO orbitals, respectively) are of course modified by
the effect of dynamical correlation.

The calculations reported here were performed using the
MOLCAS package [13] for the CASSCF step and using the
CASDI package [14] for the CI one.

In order to determine the geometrical structures of the
compounds, a method that correctly describes their electronic
structure, i.e., that includes both the non-dynamical and the
dynamical correlation, is necessary. In practice, there is no
single method available that has such a level of sophistication.
We have, therefore, used both DFT and CASSCF optimiza-
tion procedures. DFT calculations were performed with the
Gaussian 98 series of programs [15] using the B3LYP hybrid
functional [16,17]. Quasi-relativistic energy-adjusted pseud-
opotentials determined by Dolg et al. [18] were used to rep-
resent the Pd-like core. The 18 electrons corresponding to the
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Fig. 2 Geometrical structure of complex 1 optimized at the DFT/B3LYP
level

4s, 4p, 4d and 5s Pd orbitals were described by a (8s, 7p, 6d)
primitive set of Gaussian functions contracted to (6s, 5p, 3d).

While the CASSCF method does not produce reliable
structures as shown in Sect. 4, the DFT optimized geometries
compare quite well with experiment. In order to validate the
use of the DFT method, the binding energy of the multicen-
ter bond that appears in complex 3 has also been calculated
using both DFT and DDCI methods (see Sect. 4.2).

4 Results and discussion

The main structural parameters of the optimized geometries
are given in Tables 1, 2 and 3 and compared to X-ray data.
The main results concerning the electronic structures are re-
ported in Table 4 (for the Wiberg and covalency indices) and
Table 5 (for the CASSCF and DDCI results). This section is
organized as follows. The electronic structures are discussed
in Sect. 4.1. All the geometry optimizations were performed
at the DFT level. In order to check whether this method is rele-
vant for the determination of the geometrical structures of the
compounds studied, correlated calculations were performed
on the complex 3. The corresponding results are presented in
Sect. 4.2.

4.1 Electronic structures

Let us first concentrate on complex 1. The main geometrical
parameters optimized at the DFT/B3LYP level are reported
in Table 1 and the optimized structure is represented in Fig. 2.
These parameters compare well with the X-ray data of the
anti-[Pd2Cl2(μ−dppmMe)2] complex. A slight overestima-
tion of the optimized distances can be noted which is compa-
rable to the usual overestimation observed for DFT/B3LYP
geometry optimizations. The Pd–Pd distance is quite short,
supporting the idea of a single σ bond between the two Pd
atoms.

Concerning the electronic structure, the metal–metal inter-
action goes effectively through the σ overlap of the two
dx2−y2 orbitals, as can be seen in Fig. 3 where the HOMO and

LUMO orbitals of the complex are represented. The weights
of the two references at both CASSCF and DDCI levels of
calculation are reported in Table 5. Even if the singlet wave
function is dominated by a single determinant, the weight of
the second reference is quite substantial, showing that this
system is correlated. It should be noticed that this weight is
lowered by the effect of dynamical correlation, as is usually
observed in magnetic or correlated systems [19]. As a con-
sequence, the weight of the ionic VB forms increases. The
covalency index is 0.59 at the DDCI level, suggesting that
a correlated σ bond exists between the two Pd atoms. This
result is consistent with the non-negligible occupation of the
LUMO natural orbital (0.12 electron). Concerning the Wi-
berg indices reported in Table 4, we can see that the Pd–Pd
Wiberg bond index is the highest one (in comparison with
those of the other complexes) but it is very low compared to
the value obtained from the correlated ab initio study. Even
if the role of non-dynamical correlation is not negligible, this
system is only partially correlated and the covalency between
the Pd atoms is quite important.

Concerning compound 2, the main geometrical parame-
ters are given in Table 2 and they compare well with the X-
ray data of the [Pd2Cl2(μ−CO)(μ−dppm)2] complex. The
optimized geometry is represented in Fig. 4. The distance
beween the two Pd atoms is quite large (3.19 Å) and suggests
that there is no bonding interaction between the two atoms.

The electronic structure obtained at both CASSCF and
DDCI levels of calculation is dominated by a single refer-
ence. It is interesting to note that here again the weight of
the second reference is not negligible suggesting a corre-
lated bond. In contrast to what is expected from the Pd–Pd
distance, there is a multicenter bond involving both the Pd
atoms and the bridging CO ligand. The HOMO and LUMO
orbitals are represented in Fig. 5. Surprisingly enough, the
HOMO results from an antibonding interaction between the
Pd atoms. The bonding interaction with the π∗

CO is responsi-
ble for the stabilization of the symmetry-adapted antibonding
combination. In contrast, the LUMO orbital results from the
bonding interaction between the two Pd atoms and is desta-
bilized by an antibonding interaction with the σCO. The σ
donation and π back-donation of the CO bridge explain this
quite unusual energetic ordering of the orbitals. The weights
of the neutral and ionic VB forms are given in Table 5 and can
be compared to those of the other complexes. It can be noted
that this system is the least correlated one, in contrast to what
is expected. This bond happens to be the most covalent one
(C = 0.67) and the occupation of the natural LUMO orbital
is the lowest, although it is non-negliglible. Concerning the
Wiberg index, the corresponding value is the lowest (in com-
parison with the other complexes). This result is in complete
contradiction with the analysis of the correlated wave func-
tion. The incoherence of this value in this case is attributable
to the definition of the Wiberg index itself. Indeed, the Wiberg
index is an overlap population and is therefore proportional
to the overlap between the orbitals of the concerned atoms.
In the case considered, the two atoms are spatially far apart
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Fig. 3 HOMO and LUMO CASSCF orbitals of complex 1

and their interacting orbitals produce a hybrid δ–σ overlap
which is probably very small.

The fairly long Pd–Pd distance deserves some discussion.
The bonding interaction between the orbitals of the Pd atoms
and the π∗

CO is favored when the angle Pd–C–Pd is larger,
since the σ overlap between the orbitals involved on the Pd
atoms and those of the bridging CO increases. This inter-
action therefore increases as the separation between them
increases. However, the dppm bridges constrain the two Pd
atoms to stay quite close. The resulting geometrical confor-
mation is a compromise between a linear situation in which
the σ overlap between the Pd orbitals and the π∗

CO would
be maximal and a minimal steric hindrance with the external
dppm bridges. The strong participation of the CO group in
the correlated wave function is in agreement with the quite
long CO bond distance, reflecting the importance of the back-
donation.

The optimized geometrical parameters of compound 3 are
given in Table 3 and it is represented in Fig. 6. One should
note that the DFT optimized geometry is puckered while the
crystallographic one is planar. The geometry of this com-
plex in solution is known to be puckered as well [6], and
we can reasonably think that the planarity of the crystal is
due to packing effects and to the Madelung field. The Pd–Pd
distance is a little longer than the crystallographic one and
is comparable to the value in compound 1. For this specific
compound, we performed correlated calculations in order to
better understand the electronic structure and to validate the
use of the DFT method for geometry optimization (this will
be discussed in Sect. 4.2).

Concerning the electronic structure, both CASSCF and
DDCI calculations reveal here again the prevalence of a sin-
gle reference in the singlet wave function. The weight of the
second reference is however large enough to consider that
the system is correlated. This result is also corroborated by
the substantial occupation of the natural LUMO orbital. The
HOMO and LUMO orbitals are represented in Fig. 7. The
HOMO confirms the multicenter bond already observed by
Kostic and Fenske [7] and constituted of an antibonding inter-
action between the two Pd atoms and a bonding interaction
with the π∗−

CO. The LUMO results from a bonding interaction

between the Pd atoms and an antibonding interaction be-
tween the metal-centered orbitals and the σ−

CO orbitals. The σ
donation andπ back-donation are responsible for thisunusual
electronic structure. The covalence (0.61) of the Pd–Pd bond
is intermediate between those of the two other complexes. It is
interesting to note that the presence of two bridging CO does
not increase the strength of the interaction between the two
Pd atoms, despite what is expected. The overlap between the
π∗−

CO and the metal-centered orbitals is probably less impor-
tant here than in the previous complex, due to the smaller
value of the Pd–C–Pd angle. The Pd–Pd Wiberg index is
here also too small to account for the binding character of
the interaction showing that this index is not appropriate for
the description of multicenter bonds. Finally when looking
at the weight CCAS of the references in the correlated wave
function, we see that this weight is the lowest one compared
to the two other complexes, thereby highlighting the very
important role of dynamical correlation in this complex, as
discussed in Sect. 4.2 devoted to the geometrical structures.

4.2 Geometrical structures

This subsection is exclusively devoted to the complex 3 and
deals with the level of correlation required for an adequate

Fig. 4 Geometrical structure of complex 2 optimized at the DFT/B3LYP
level
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Table 1 Structural parametersa of the model complex [Pd2Cl2
(H2PCH2PH2)2] 1 optimized at the DFT/B3LYP level of calculation
and X-ray data for anti-[Pd2Cl2(dppmMe)2]

DFT/B3LYP X–rayb

Pd1–Pd2 2.696 2.664(1)
Pd1–Cl1 2.436 2.401
Pd2–Cl2 2.436 2.420
Pd1–P1 2.307 2.297
Pd2–P4 2.307 2.294
Pd1–P3 2.301 2.297
Pd2–P2 2.301 2.294
P1–C1 1.873 1.839
P4–C2 1.873 1.862
P2–C1 1.866 1.849
P3–C2 1.866 1.861

P1(3)–C1(2)–P2(4) 103.6 106.5–105.9
Cl1(2)–Pd1(2)–Pd2(1) 177.1 177.5–177.0
P1–Pd1–P3 180.0 175.5
P2–Pd2–P4 180.0 173.4

Cl1–Pd1–Pd2–Cl2 15.4 –
P1–Pd1–Pd2–P2 29.4 –
P1–P2–P3–P4 −45.5 –
aDistances are in Å and angles in degrees
bRef. [4] (Standard deviations are available only for Pd1–Pd2)

Table 2 Structural parametersa of the model complex [Pd2Cl2(μ-
CO)(H2PCH2PH2)2] 2 optimized at the DFT/B3LYP level of calcu-
lation and X-ray data for [Pd2Cl2(μ−CO)(μ−dppm)2]

DFT/B3LYP X-rayb

Pd1–Pd2 3.193 3.190(4)
Pd1(2)–Cl1(2) 2.447 2.427(1)–2.445(1)
Pd1(2)–C3 2.020 1.971(4)–1.974(4)
Pd1(2)–P1(2) 2.355 2.340(1)–2.335(1)
Pd1(2)–P3(4) 2.355 2.341(1)–2.336(1)
C3–O3 1.194 1.184(5)

Cl1(2)–Pd1(2)–C3 178.6 174.8(1)–178.8(1)
P1(2)–Pd1(2)–P3(4) 174.7 171.33(4)–171.48(4)
Pd1(2)–C3–O3 127.8 125.27(5)–126.79(5)
P1(2)–Pd1(2)–C3 90.7 86.5(1)–86.1(1)
P3(4)–Pd1(2)–C3 90.7 85.8(1)–87.1(1)
Pd1–C3–Pd2 104.4 107.93(5)

Cl1–Pd1–Pd2–Cl2 0.0 –
C1–C3–O3–C2 180.0 –
aDistances are in Å and angles in degrees
bRef. [5]

description of geometrical structures of correlated compounds.
Of course, one of its objects is to check the ability of the DFT
method to describe correctly the electronic structure of cor-
related compounds and therefore to produce accurate geo-
metrical structures. The very good agreement between the
geometrical parameters optimized for the other complexes
and the X-ray data comforted us in thinking that DFT geom-
etry optimizations can reasonably be used for the description
of the compound studied. Moreover, although the DFT does
not take the effect of the non-dynamical correlation explic-
itly into account, the prevalence of a single determinant and
the inclusion of correlation through an exchange-correlation
functional lead to a correct description of such systems.

Table 3 Structural parametersa of the complex [Pd2Cl4(μ-CO)2]2− 3
optimized at the DFT/B3LYP level of calculation and determined by
X-ray data

DFT/B3LYP X-rayb

Pd1–Pd2 2.750 2.697(3)
Pd1–C1 2.033 1.994(9)
Pd1–Cl1 2.445 2.372(4)
C1–O1 1.167 1.140(10)

Pd1–C1–Pd2 85.1 85.2(3)
C1–Pd1–C2 90.3 –
Cl1–Pd1–Cl3 93.4 –
Cl1–Pd1–C1 88.1 –
Pd1–C1–O1 137.1 –

C1–Pd1–Pd2–C2 148.4 –
aDistances are in Å and angles in degrees
bRef. [6]

Table 4 Covalency indices C calculated at the DDCI level for the Pd–Pd
interaction and Wiberg bond indices W evaluated from NBO analysis
on the three complexes studied

Complex 1 2 3

C(Pd1–Pd2) 0.59 0.67 0.61
W (Pd1–Pd2) 0.325 0.069 0.153
W (Pd1(2)–P1(4)) 0.453 0.382 –
W (Pd1(2)–P3(2)) 0.442 0.382 –
W (Pd1(2)–Cl1(2)) 0.250 0.265 0.302
W (Pd1(2)–Cl3(4)) – – 0.302
W (Pd1(2)–C1(2)) – – 0.522
W (Pd1(2)–C2(1)) – – 0.522
W (Pd1(2)–C3) – 0.534 –
W (P1(4)–C1(2)) 0.921 0.908 –
W (P2(3)–C1(2)) 0.897 0.908 –
W (C1(2)–O1(2)) – – 2.030
W (C3–O3) – 1.861 –

It is interesting to note that a geometry optimization of
this compound at the CASSCF level leads to four separated
fragments, namely two CO molecules and two PdCl−2 anions.
In order to see whether complex 3 is bound and at what level
of calculation it should be described, we have performed non-
correlated and correlated calculations. Unexpectedly, this
complex can be optimized at the RHF level of calculation.
The corresponding geometry is relatively close to the DFT
one. However, when calculating the energies of the separated
fragments (at the ROHF level for the PdCl−2 fragments and
at the RHF level for CO), it turns out that the molecule is not
bound, i.e. the sum of the energies of the fragments is lower
than the energy of the optimized geometry of the complex.
The separated fragments are bound only by the multicen-
ter bond that goes through the bridging CO. The appearance
of a well in the potential energy surface at the RHF level
is a pure artefact that is due to the incorrect dissociation of
the single-determinantal wave function which constrains the
weights of the NVB and IVB forms to be equal. Even if the
dissociation energy is lower than the artefactual energy well,
the optimization procedure that maintains this wave function
along the dissociation parameter cannot dissociate properly.
When using the CASSCF procedure, the weight of the NVB
forms is increased and the system can dissociate properly.
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Table 5 Main results obtained at the CASSCF and DDCI levels of correlation for the three model complexes

Complex 1 Complex 2 Complex 3
CASSCF DDCI CASSCF DDCI CASSCF DDCI

	Ea 38.0 52.0 43.0 50.0 50.0 77.0
λb 0.947 0.9913 0.971 0.9953 0.957 0.9924
μb 0.321 0.1293 0.238 0.0972 0.290 0.1239
Cc

CAS 1.00 0.89 1.00 0.89 1.00 0.86
NVBd 0.804 0.630 0.731 0.597 0.777 0.629
IVBd 0.196 0.370 0.269 0.403 0.222 0.377
Oe

HOMO 1.794 1.896 1.887 1.900 1.832 1.893
Oe

LUMO 0.206 0.116 0.113 0.099 0.168 0.105
aEnergy difference (kcal mol−1) between the singlet ground state and the first triplet excited state
bValues of the coefficients of the main determinants in the ground state wave function
cWeight of the renormalized references of the CASSCF in the ground state wave function
dWeights of the neutral (NVB) and ionic (IVB) forms in the ground state wave function
eOccupations of the HOMO and LUMO natural orbitals

Fig. 5 HOMO and LUMO CASSCF orbitals of complex 2

However, as already noticed for the two other complexes,
the weight of the NVB forms, compared to the IVB ones is
exagerated by the CASSCF wave function which represents
only a zeroth-order description of such systems. The inclu-
sion of dynamical correlation through the DDCI algorithm
restores a correct ratio of the IVB versus NVB forms. The in-
crease of the IVB forms is due to the inclusion of dynamical
polarization effects [8]; these favor the occurrence of dou-
ble occupancies of the metal-centered orbitals and therefore
lead to a more covalent bond. Such a qualitative change of
the geometrical structures observed at the CASSCF versus
dynamically correlated methods has already been observed.
For instance, the potential energy well in the F2 molecule is
increased by almost 1 eV when adding to the CAS, the singly
excited determinants on all the references [20,21]. The most
famous case concerns the Cr2 molecule which is bounded by
1.47 eV experimentally [22] and 1.49 eV at the CAS + sec-
ond-order perturbation theory level [23] while the potential
energy curve is repulsive at the CAS(12,12) SCF level.

The fragmentation energy (energy difference between the
molecule at its equilibrium geometry and two CO groups and
two PdCl−2 anions in their frozen geometry) has been calcu-
lated at the DFT and DDCI levels. The potential well is esti-
mated to be 50 kcal mol−1 at the DDCI level of correlation

Fig. 6 Geometrical structure of complex 3 optimized at the DFT/B3LYP
level

Fig. 7 HOMO and LUMO CASSCF orbitals of complex 3

and 53 kcal mol−1 at the DFT level. It is interesting to note
that the two values compare very well, demonstrating the rel-
evance of the DFT method for the geometry optimization of
such complexes.

5 Conclusion

Three different complexes of dipalladium atoms have been
studied. One of the ambiguities of these complexes is
due to the apparent contradiction between the electronic
configuration of the Pd atoms that are formally d9 and their
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diamagnetic character. The Wiberg bond index and the cova-
lency index of the Pd–Pd bond have been evaluated in order to
discuss this specific point. Their geometrical and electronic
structures have been determined using both DFT and highly
correlated ab initio calculations. While DFT calculations fur-
nish reliable geometrical structures and energies, they do not
provide any indication concerning the magnitude of the dira-
dicalar character of the bonds involved. A full understanding
of the electronic structures of these complexes requires the
use of correlated methods. For this purpose, DDCI calcula-
tions that are generally used for the description of magnetic
compounds have been carried out. This study has shown that

1. all complexes are dominated by a single reference deter-
minant which, since the total number of electron is even,
results in the pairing of all electrons. However, the wave
function is partially correlated in all cases and the role of
non-dynamical correlation is crucial to obtain a suitable
zeroth-order description. The role of dynamical corre-
lation turns out also to be very important and a correct
estimate of a covalency index requires extended CI cal-
culations.

2. these complexes differ by the Pd–Pd distance, the Pd–Pd
orbital overlap and the number of bridging ligands. While
the Pd–Pd interaction in compound 1 results in a through-
space σ bond, compounds 2 and 3 contain a multicenter
bond that goes through the bridging CO groups. Unex-
pectedly, compound 2 for which the distance between the
two Pd atoms is the largest appears to be the most cova-
lent complex, while compound 1 which exhibits a direct
σ bond is the most diradicalar.

3. Wiberg indices are too small and do not account for the
binding character of the Pd–Pd interaction, whether it is
through space or through bond. Moreover, the resulting
bond order is in complete contradiction with the cova-
lency indices determined at a more correlated level of
treatment. This last index reproduces correctely the cir-
culation of the electrons between the atoms involved in
the bond and their binding interaction.

4. in the complexes studied, the geometrical structures are
such that a strong bonding interaction between the Pd
atoms prevents them from being paramagnetic. The bridg-
ing CO are responsible for a through-bond interaction
that would not take place in Cl-bridged compound for a
hypothetical isoelectronic complex. In compound 2, this
interaction is favored by the opening of the Pd–C–Pd
angle which results in a larger distance between the Pd
atoms.

5. the determination of the geometrical structure of
compound 3 is quite difficult. The DFT method furnishes
both a reliable geometry and a correct estimate of the
binding energy. While the HF method converges on a

spurious suspended well (although qualitatively in
agreement with experimental data) , the CASSCF method
dissociates the complex into four separated fragments.
Finally, it has been found that dynamical correlation only
is responsible for its binding character.
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