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Theoretical Studies of Ag-Ag Closed-Shell Interaction in the Silver(l) Dimer
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Density Functional Study

Jaouad El-Bahraoui, Jose Molina Molina,* and Dolores Portal Olea

Grupo de Modelizacio y Diséio Molecular, Instituto de Biotecnolog) Universidad de Granada,
Granada 18071, Spain

Receied: April 24, 1997; In Final Form: September 12, 1997

Calculations on [Ag(NHCHNH}] and [Ag(dmtp)(NQ)]. complexes have been performed at RHF, DFT
(B3LYP), and MP2 levels. Geometry optimizations have been performed on both compounds comparing the
result obtained with the different levels of theory and basis set against the available experimental X-ray data.
The existence of M-M interaction at the different levels has been studied on both complexes using the
Bader “Atoms in molecules” methodology.

Introduction subject we have presented results in médahd triazolopy-
rimidine binuclear complexe@:23

In a recent study of [Ag(dmtp)(N§)», where dmtp represents
the ligand 5,7-dimethyl[1,2,4]triazolo[1 &pyrimidine 22 we
presented a structural and RHF single-point calculation study

a few of these values being lower than twice the metallic silver in which we reached the conclusion that a direct interaction

. : between the two metal centers has been found, on the basis of
radius (2.889 A). Analogous rings are also known for Cif ) ; NTRR .
and Au((|)6 ) g g " the properties of the charge density distribution derived from

o : . P b initio MO calculation of experimental geometry. Similar
The possibility of sil Iver bonding in these compounds & . )
© POSSIDIRY Of SIverSfver bonding | S mpounas gznclusmns have been obtained for the model compound [Ag-

Metal—Metal interactions are still ambiguous in polynuclear
silver(l) compounds. In disilver(l) complexes containing an
eight-membered AgN—C—N—-Ag—N—-C—N ring, silver—
silver distances between 2.655 and 3.187 A have been found,

has been discussed in these references, concluding that the sho HCHNH ft formi ¢ timizati t th
distance between silver atoms does not necessarily mean that )2 ater performing a geometry optimization at tne
HF level. This work is a continuation of that paper in which

bond is formed. Cotton et &.in a paper on molecular orbital ; .
bap we performed a comparison between RHF, MP2, and density

calculations of the complex Agorm)z (with form = N,N"di- functional studies using both all-electron and ECPs basis sets
p-tolylformamidinato) using the SCFa«SW method, conclude on the model compound [Ag(NHCHNH)Jfor which no metat

h ignifi f i . . ) .
that no significant amount of net Agig bonding emerges metal interactions have been proposed by Cdttoithis

Furthermore similar calculations made on a Cu(l) dimer with a . has b limited to RHF and DFT in th |
short coppef-copper distance conclude that the interaction is comparison has been limited 1o an ! Inthe complex
[Ag(dmtp)(NGs)]2 in order to study the theoretical description

repulsive?® ; X ; ; :
However, studies carried out by Perrault eti%bf the of these compounds including the possible-A%g interaction.

complex Ag(dmpm}Br, (dmpm= bis(dimethylphosphine)) and
other related complexes with AgAg distances in the range
3.04-3.60 A, show that intense Raman scatterings appear Ab initio MO calculations for the model compound [Ag-
associated with the metametal stretching. Likewise, it is  (NHCHNH)], have been performed through the GAUSSIAN-
important that there are metal complexes such as [AgfpH 94 series of prograri$using restricted HartreeFock (RHF),
SOy or Ag(2-hydroxypyrimidinato2H,0,12 with silver atoms MP2(full), and density functional theofy on a SGI Power
linearly coordinated and without supporting bridging ligands, Challenger machine. Among the characteristics of this code
in which distances AgAg (3.200 and 3.302 A, respectively) for DFT methodology are the use of Gaussian basis functions,
are shorter than twice the van der Waals radius (3.4% &)is the avoidance of auxiliary functions, the implementation of large
interaction playing a substantial role in the crystal packing.  grids, and the availability of analytical first and second
Very recently studies on closed-shell interactions between derivatives?527
heavy metals have been reported on Au(l) complé%es,in In hybrid methods the exchangeorrelation energyHxc)
which the importance of including the relativistic effect in the is represented by the following general equation:
calculation is pointed out. Also a general review on such UEG HE UEG
interaction is availablé? Exc = aEx + (1 —a)Ey +ayAE + Ec™ + acAE:
A study of d9—d0 closed-shell interaction in rings, including (1)

eight-member rings, and metals such as, Ag', and Clwill . ) .
algo be availabléog Ag whereE;" is the density functional for the exchange energy

: UEG H
our group is involved in a project that studies binuclear ©f the uniform electron ga®, Ec™ is the corresponding

S e oo . ; gt HF
complexes of transition metals with biological interest; on this correlation contributio? E™ is the Hartree-Fock exchange,
and theAE terms are the gradient correction contributions to

* Author for correspondence. jmolina@goliat.ugr.es. exchange and correlation.
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TABLE 1: Selected Bond Distances (A) and Bond Angles
(deg) for [Ag(NHCHNH)] , at Different Levels of Theory

Ag-Ag Ag—N C—N N—Ag—N N—C-N

level of theory

HF/STO-3G* 2549 2.082 1.333 1745 123.54
MP2(Full)/STO-3G*  2.525 2.041 1.363 176.29 122.81
B3LYP/STO-3G* 2449 2,035 1.362 176.82 122.34
HF/Basis2 2.897 2.244 1.305 165.36 125.87
MP2(Full)/Basis2 2.793 2190 1.325 168.44 125.18
B3LYP/Basis2 2.762 2.159 1.322 169.02 125.35
HF/LANL2DZ 2978 2.184 1.323 163.64 125.88
MP2(Full)/LANL2DZ 2.885 2.145 1.356 167.14 124.86
B3LYP/LANL2DZ 2.857 2.108 1.339 167.06 125.58
ref 20 1f HF 2.832 2169 1.273 164.8 124.8
ref 20 1f MP2 2.726 2.082 1.306 168.7 124.8
ref 20 2f HF 2.867 2.171 1.303 165.7 126.3
ref 20 2f MP2 2712 2.043 1.322 169.9 125.4
experiment 2,705 2.105 1.299 168.8 124.9

A hybrid method is further qualified as self-consistent when

El-Bahraoui et al.

for a very related complex [Agform),], where (form) represents
the anion of [p-tol)NCHNH(p-tol)], are also shown for
comparison together with theoretical values form Pyy&kal20

at RHF and MP2 levels using the Stuttgart pseudopotential and
one or two f polarization functions on Ag atoms. From Table
1 the following conclusions can been extracted.

The STO-3G* basis set is not accurate at the different levels
performed, giving geometries with AgAg and Ag—N distances
very short and the corresponding-@ too large in comparison
with the experimental ones. The use of a split valence basis
set Basis2 or a full double-zeta LANL2DZ improves notably
the geometry at the RHF level, but giving Ad\g distance still
too large.

These two last basis sets Basis2 and LANL2DZ with hybrid
functional B3LYP give comparable geometrical parameters.
However the best results are shown at the B3LYP/LANL2DZ
level, which are very close to the experiment. From the above

gradient correction and RHF exchange are not simply computed consideration we can point out the importance of using the ECPs

using a converged LSD wave function (or, more traditionally,

basis set corrected for relativistic effects together with hybrid

LSD and gradient correct contributions added to a converged density functional theory in the theoretical study of transition

RHF wave function), but the SCF process is performed with
the complete density functional. The B3LYP variant is obtained
using the Becke gradient correction to exch&fged the Lee-
Yang—Parr (LYP) correlation functionat Since the LYP

functional contains both a local part and a gradient correction,

metal complexes. However, the use of Basis2 together with a
hybrid functional gives also very good results (see Table 1).
To test the validity of the results obtained from DFT, MP2 (full)
calculations with the different basis sets used have been
performed and also comparisons have been done with theoretical

only the latter contribution should be used to obtain a coherent (RHF and MP2) from Pyykket al?° (see Table 1).

implementation.
proximation

It is, however, expedient to use the ap-

AE, ~ ELYP — EYWN )

A number of tests showed that values of the three semiempirical
coefficients, appearing in eq 1, near 0.80 provide the best results,

irrespective of the particular form of the different functionals.
The values & = 0.80,ax = 0.72,ac = 0.81) determined by
Becke from a best fitting of the heats of formation of a standard
set of molecule® have been used.

D.n symmetry restricted geometry optimizations were carried
out for [Ag(NHCHNH)},, and geometry optimizations were
performed taking the complete structure of [Ag(dmtp)@Ne
with the originalC; symmetry. STO-3G#®2 LANL2DZ,3*and
Basis2 (means 3-2158o0n Ag and 6-31G* for C, N, H) basis
sets have been used through the calculation. The LANL2DZ
basis set uses D%on the first row and Hay and Wadt's large-
core quasirelavistic effective core potential (LANE2Dasis set
on the Ag atom.

Result and Discussion

1. Calculation on [Ag(NHCHNH)],. Studies of Ag-Ag
interaction have been performed on [AQ(NHCHNH)Y Cotton
et al., using the SCF-%-SW method! from an analysis of the
corresponding molecular orbitals, they concluded that no
significant amount of net AgAg bonding emerges. In a
previous research on that compléxwe proposed that a
significant metat-metal interaction emerges from the topological
analysis of the charge density studied from the RHF/STO-3G*
and LANL2DZ wave functions. In this work a comparison of
calculations at the RHF, MP2, and DFT levels with STO-3G*,
Basis2, and LANL2DZ is presented. Full geometry optimization
of [Ag(NHCHNH)], keepingD2, symmetry is performed at the
different levels. The results are shown in Table 1, including
the selected optimized geometrical parameters of [Ag(NHCH-
NH)]. at different levels of the theory. Experimental values

The results obtained from MP2 are in general agreement with
the B3LYP with the basis sets used and with the experimental
results. The agreement between our theoretical results is very
good for N~Ag—N and N-C—N angles and AgN distance.

The main difference came from the Ad\g distance. Our data
are also in agreement with the RHF and MP2 results from ref

In general it is necessary to point out the importance of the
good theoretical description of the ligand and the usefulness to
include polarization functions.

Taking into account that the STO-3G* calculations show a
very poor geometry, the following discussion about the metal
metal interaction is performed with the Basis2 and LANL2DZ
basis sets at the RHF, DFT, and MP2 levels.

The topology of the electronic charge densitfr), as pointed
out by Bade#8 is a faithful mapping of the chemical concepts
of atoms, bonds, and structure. The principal topological
properties are summarized in terms of its critical points
(CPs)38:39 The nuclear positions behave topologically as local
maxima inp(r). A bond critical point (BCP) is found between
every pair of nuclei, linked by a chemical bond, with two
curvatures negative and one positive. The ring critical points
(RCPs) are characterized by a single negative curvature.

Each (3:-1) CP generates a pair of gradient p&thshich
originate at CP and terminate at neighboring attractors; this
gradient path defines a line through the charge distribution
linking the neighboring nuclei along whigh(r) is a maximum
with respect to any neighboring line. Such a line is referred to
as an atomic interaction liré:3°

The presence of an atomic interaction line in such an
equilibrium geometry satisfies both the necessary and sufficient
condition that the atoms be bonded together. The Laplacian of
o(r), V2o(r), determines two extreme situations, wheres
locally concentratedV?o(r) < 0) at a BCP unambiguously
related to a covalent bond, showing that a sharing of charge
has taken place. However, in a closed-shell interaction a value
of V2o(r) > 0 is expected, such as found in noble gas repulsive
states, in ionic bonds, in hydrogen bonds, etc.
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TABLE 2: Charge Density p; (efag®), Laplacian of the Charge DensityV?p, (e/as®), Curvatures (41, 4», 43) (e/a®), Ellipticities e,
and Local Energy Density E4(r)

level of theory or V2p; A A2 A3 € Eq(r)
Ag—Ag (CP)
HF/Basis2 0.021 0.069 —0.020 —0.019 0.108 0.035 —0.004
MP2(Full)/Basis2 0.041 0.101 —0.035 —0.033 0.170 0.061 —0.006
B3LYP/Basis2 0.033 0.080 —0.028 —0.027 0.136 0.061 —0.009
HF/LANL2DZ 0.018 0.747 —0.013 —0.013 0.102 0.0136 —0.001
MP2(Full)/LANL2DZ 0.036 0.124 —0.028 —0.027 0.180 0.049 —0.002
B3LYP/LANL2DZ 0.027 0.095 —-0.021 —-0.019 0.136 0.062 —0.001
Ag—N (CP)
HF/Basis2 0.064 0.326 —0.072 —0.067 0.466 0.084 —0.003
MP2(Full)/Basis2 0.092 0.473 —0.114 —0.107 0.694 0.064 —0.006
B3LYP/Basis2 0.077 0.392 —0.090 —0.084 0.567 0.073 —0.004
HF/LANL2DZ 0.077 0.336 —0.090 —0.084 0.509 0.076 —0.018
MP2(Full)/LANL2DZ 0.105 0.435 —0.130 —0.122 0.689 0.063 —0.021
B3LYP/LANL2DZ 0.090 0.377 —0.108 —0.101 0.587 0.070 —0.023
Ag—N—Ag (CP)
HF/Basis2 0.008 0.036 —0.005 0.013 0.028
MP2(Full)/Basis2 0.015 0.057 —0.009 0.026 0.040
B3LYP/Basis2 0.011 0.044 —0.007 0.018 0.032
HF/LANL2DZ 0.009 0.032 —0.005 0.012 0.025
MP2(Full)/LANL2DZ 0.015 0.058 —0.008 0.026 0.040
B3LYP/LANL2DZ 0.012 0.044 —0.006 0.019 0.032

Furthermore, Bader defined a local electronic energy density,
Eq(r), as a functional of the first-order density matrix

Eq(r) = G(r) + V() 3

whereG(r) andV(r) correspond to a local kinetic and potential
energy density, respectivel§. The sign ofEq(r) determines
whether accumulation of charge at a given poirg stabilizing
(E4(r) < 0) or destabilizingE4(r) > 0). Thus, a value oE4(r)

< 0 at a BCP shows a significant covalent contribution and,
therefore, a lowering of the potential energy associated with
the concentration of charge between the nuclei. Also, very
recently, Grimm# has found for some saturated and unsaturated
hydrocarbons a linear correlation between the bond energies, (a)
the local electronic energy densi4(r) andp(r) at the position

of the BCP.

Calculations of the CP on the charge density have been
performed by the Extreme progrdhfrom the corresponding
wave function.

The numerical results have been summarized in Table 2, in
which the charge densify, the Laplacian of the charge density
V2p(r), the corresponding curvatures, and the elliptieitfor
the BCPs at different levels are shown. Figure 1 shows the
contour map of the electron charge denspyr) (a), and its
Laplacian (b) for the [Ag(NHCHNH)] eight-membered plane.
As shown in Figure 1, the charge density shows local maxima
only at the position of the nuclei. (31) BCPs exist between
the two Ag atoms and between the Ag and each of its nitrogen-
bonded atoms, and BCPs can be found betweeiNOC—H,
and N-H atoms. Two RCPs are also found on the plane (b)
marked as stars in the figure. The contour representations of
o(r) for the different levels are completely equivalent, and only Figure 1. Contour plot of the (a) charge densip) @nd (b) Laplacian
the representation for B3LYP/Basis2 is shown. Figure 1b shows of the charge densityWp) for compound GHsAg2N. at B3LYP/
the contour of the Laplacian of the charge density in the same Basis2-
plane; the thin lines denote positive Laplacian values, and the between the two Ag atoms can be found, giving a value of the
thick ones denote negative Laplacian values. As can be seerdensity charge between 0.02 and 0.0dy%the corresponding
in Figure 1b, a region of negative Laplacian values can be values for the Ag-N BCPs are between 0.06 and 0.hg/
located through the ligand denoting a covalent region (sharedshowing that theo(r) of the Ag—Ag CP is larger than one-
interaction). The region between the two Ag atoms and that third of the value between the metalitrogen BCP for the
between the Ag and all of its nitrogen-bonded atoms are of different levels of calculation. Both types of BCPs show values
positive Laplacian regions showing closed-shell interactions. As of V2p(r) positive, but the value of the AgAg CP is very small
shown in Table 2 for the different levels of calculation, a BCP in comparison with the AgN values. The ellipticity for the
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TABLE 3: Selected Bond Distances (&) and Bond Angles (deg) for [Ag(dmtp)(N§)]. at Different Levels of Theory

distance expt 3-21G LANL2DZ angle exgb 3-21G LANL2DZ
RHF

Ag—Ag 3.058 3.025 3.118 N3Ag—N4 162.3 167.901 164.142
Ag—N3 2.210 2.404 2.404 N3Ag—O1 90.4 98.596 87.359
Ag—N4 2.250 2.839 2.578 N3Ag—02 108.7 115.874 102.896
Ag-01 2.749 2.582 2.762 N4Ag—O1 87.5 77.432 81.174
Ag—02 2.816 2.469 2.553 N4Ag—02 81.7 70.935 77.649
N—O1 1.234 1.317 1.288 GiAg—02 443 52.384 48.789
N—02 1.225 1.301 1.287 OIN-02 117.3 116.971 117.642
N—03 1.198 1.230 1.237

B3LYP
Ag—Ag 2.886 N3-Ag—N4 164.1
Ag—N3 2.303 N3-Ag—O1 87.4
Ag—N4 2.602 N3-Ag—02 102.9
Ag—01 2.552 N4-Ag—O1 81.1
Ag—02 2.762 N4-Ag—02 776
N—O1 1.287 O+Ag—02 48.8
N—02 1.288 OEN-02 117.6
N—03 1.238

Ag—Ag CPs is also very small, showing a radial symmetry
distribution of thep(r) along the Ag-Ag axes. However the
of the Ag—N CP is larger, showing somebonding character.
Two symmetrically equivalent RCPs have been found for the
two Ag—N—C—N—Ag rings, showing very smalp(r) and
V2o(r) on those points (see Table 2). The existence of the
different mentioned CPs and, more specifically, the BCP and
zero flux surface in the gradient vector of the charge density,
which separates the basis of the two Ag atoms, is indicative of
metal-metal bonding, taking into account that all topological
analyses have been performed on a minimum of the potential
energy surface. , , o Figure 2. Theoretical Pluto presentation obtained for compounds
From the above-mentioned topological analysis, it is clear jagdmtp)(NOy)]. at the B3LYP/3-21G level.
that a metatmetal interaction should exist between the two

Ag atoms, and studying the local energy dengigfr) at the  |arge and the AgO; and Ag-O; ones too short. There are
BCP can show whether the accumulation of the charge at this 550 substantial deviations in the description of the bond angles.
pointis stabilizing E«(r) < 0) or (_Jlestabll!zmg a(r) > 0); Ta_ble The LANL2DZ basis set corrects the above deficiency in the
2 shows the local energy density for different BCPs at different geometry description to a large degree, giving a geometry very

levels of calculation. : L .
close to the experiment. Nevertheless a small deviation still
The values of the local energy densky(r) at the Ag-Ag remains in the description of the Aghg, Ag—Na, and Ag-Nq

bond is negative and comparable to those of-Agbonds (see distances. DFT calculation on [Ag(dmtp)(M{® has been

Table.2). However_, the valugs eXPeCted forIC BCPs are performed at the B3LYP/3-21G level. Attempts to do optimiza-
negative and large in comparison with the-A8g and Ag—N ! . . !

. . _tion at the B3LYP/LANL2DZ have always given different grid
BCPs, showing the covalent nature of the bond. The negatlveproblems However the result obtained at the B3LYP/3.21G
values of the energy density for the Agg and Ag-N BCPs level is the one that gives the better average geometry compared

how th ilizing nature of the interaction and the small . .
EOSaIetnteci?;argcter?)f tﬁteusee boontdse teraction and the sma with X-ray data. All the above results show the importance of

2. Calculation on [Ag(dmtp)(NO3)],. Theoretical studies including electron correlation and relativistic effects in the study
on [Ag(dmtp)(NQ)]. have also been performed with a special of the heavy metal complexes.
focus on Ag-Ag interaction. For this complex experimental ~ The experimental AgAg distance for the [Ag(dmtp)(N§)2
crystallographic geometry is available from a previous paper, complexis 3.058 A, smaller than twice the van der Waals radius
in which a single-point calculation on the experimental geometry (3.44 A), so metatmetal interaction should play an important
was performed. In the current work, full geometry optimization role in the geometry description of the complex. We are going
of the complex is presented starting from the experimental to study the Ag-Ag interaction using the topological analysis
geometry and keeping th& symmetry, at the RHF/3-21G, of the charge density following the Bader methodology. Table
RHF/LANL2DZ, and B3LYP/3-21G levels of theory; we are 4 shows numerical results for selected CPs of [Ag(dmtp}{INO
not able to use larger levels of theory due to the size of the at the different levels studied, in which the valuesp%?o(r),
system. curvatures, and for the different CPs are presented. Figure 3

In Figure 2 the Pluto structure of the optimized complex at shows the contour gf(r) in the eight-membered ring molecular
the B3LYP/3-21G is shown. The numerical results are pre- plane (a) and the contour 8?p(r) (b). From Figure 3a, BCPs
sented in Table 3, in which the main geometry parameters arecan be found between both Ag atoms; also BCPs between the
shown in comparison with the experimental ones. Ag and N atoms are found. Two RCPs are located in the eight-

From Table 3 we can point out that both basis sets give good membered ring (AgN—C—N—Ag—N—C—N). From Figure
structures. The AgAg distances are well predicted; however, 3b, negative values of thé?p(r) can be located on the network
the 3-21G structure gives significant deviation for the same of the ligand, showing the covalent character of the different
parameters. For example, the A, distance is predicted too  bonds. The space surrounding the-A4g and Ag—-N BCPs
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Figure 3. Contour plot of the (a) charge densip) @nd (b) Laplacian

(b)

of the charge density#@pr) for compound [Ag(dmtp)(N)]. at B3LYP/

3-21G.

TABLE 4: Charge Density p (efas®), Laplacian of the
Charge Density V2p, (efag®), Curvatures (A1, 42, 43) (e/ag®),
Ellipticities €, and Local Energy DensityEq(r)

Pr Vzpr }.1 12 13 € Ed(r)
RHF/3-21G

Ag—Ag 0.013 0.056 —0.013 —0.009 0.079 0.322—0.003
Ag--*N3 0.046 0.198 —0.046 —0.044 0.290 0.044-0.003
C--*N3 0.336 —0.861 —0.745 —0.657 0.541 0.133-0.66
Ag—O1 0.029 0.125-0.030 —0.029 0.185 0.029
Ag—02 0.037 0.162-0.040 —0.039 0.242 0.028

ring 0.005 0.030 —0.003 0.009 0.024

RHF/LANL2DZ

Ag—Ag 0.011 0.050 —0.008 —0.007 0.065 0.240-0.001
Ag--*N3 0.045 0.228 —0.050 —0.048 0.326 0.054-0.021
C--*N3 0.334 —0.858 —0.713 —0.623 0.478 0.145-0.396
Ag—O1 0.018 0.091-0.016 —0.015 0.124 0.072
Ag—02 0.028 0.156 -0.031 —0.029 0.216 0.074

ring 0.004 0.016 —0.002 0.006 0.011

B3LYP/3-21G

Ag—Ag 0.011 0.050 —0.008 —0.007 0.065 0.240—0.001
Ag--*N3 0.045 0.228 —0.050 —0.048 0.326 0.054—0.002
C--*N3 0.334 —0.858 —0.713 —0.623 0.478 0.145-0.354
Ag—O1 0.018 0.091-0.016 —0.015 0.124 0.072
Ag—02 0.028 0.156 —0.031 —0.029 0.216 0.074

ring 0.004 0.016 —0.002 0.006 0.011

shows a small but positive7?p(r), indicating closed-shell

interaction. The numerical values pfr) in the Ag—Ag BCP
is between one-third and one-fourth the value of the-NgBCP
(see Table 4) as found for the model compound. The value of Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W,;
V2p(r) for Ag—Ag BCP is positive but very small (0.05ag?);
however, the values for AgN BCPs are around 0.2 &P,
showing an important ionic character in the A bonds.
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The values of the local energy densky(r) at the Ag-Ag
bond are negative and comparable to those of-Ngbonds
(see Table 4). However, the values of the-IC BCP are
negative and large in comparison with the-Afyg and Ag—N
BCPs, showing the covalent nature of the bond. The negative
values of the energy density for the Adg and Ag—N BCPs
show the stabilizing nature of the interaction and small covalent
character of these bonds.

Conclusion

From the calculation presented in this paper, we can conclude
that the use of the hybrid RHF, DFT methodology could be
suitable for geometry optimization on the study of binuclear
transition metal complexes using at least a split valence basis
set or a quasirelativistic corrected pseudopotential basis set.
These results are also in general agreement with the MP2
calculations. This shows the importance of taking into account
the correlation and relativistic effect in the theoretical description
of these systems. lItis also necessary to point out the importance
of including polarization functions in the description of the
ligands.
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