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Abstract

Today, the experimental charge density of transition metal compounds can be determined with a good degree of reliability
and analyzed with the quantum theory of atoms in molecules in order to better characterize the atomic interaction. Here, we
present a short summary of the main topological results obtained with this technique on Mn,(CO),,, Co,(CO)4(u-CO)(u-
C,0,H,), KMnO, and KCIO, compounds. To cite this article: R. Bianchi et al., C. R. Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

De nos jours, la densité de charge des composés de métaux de transition peut étre déterminée expérimentalement, avec un
bon degré de fiabilité, et analysée a I’aide de la théorie quantique des atomes dans la molécule, afin de mieux caractériser
I’interaction atomique. Nous présentons ici un court résumé des principaux résultats topologiques obtenus avec cette technique
sur les composés Mn,(CO),, Co,(CO)y(n-CO)(u-C,O,H,), KMnO, et KCI1O,. Pour citer cet article : R. Bianchi et al., C. R.
Chimie 8 (2005).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction systems in catalysis, in solid-state chemistry, and in a
large number of key biological processes. Today, the

The charge density in transition metal compounds charge density of such compounds can be determined

is of great interest owing to the importance of these with a good degree of accuracy both theoretically and

experimentally from single crystal X-ray diffraction.
_ Recently [1], an exhaustive review has been published
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often problems that are mainly connected to the large
number of two-electron integrals and relativistic effects.

On the experimental side, the technical improve-
ment of diffractometers and of new devices for data
collection at low temperature, and the development of
powerful programs based on the use of the aspherical
atoms formalism, allow to obtain experimental charge
densities with a good degree of reliability. Further-
more, the quantum theory of atoms in molecules
(QTAIM) [2] applied to experimental and theoretical
charge densities permits a quantitative characteriza-
tion of the chemical bond for many transition metal
compounds appeared in the literature.

2. Determination and topological analysis
of the experimental charge density

In the X-ray analysis of crystal structure, the inde-
pendent atom model (IAM), where the atom is consid-
ered isolated with spherical symmetry, is a rule used.
The superposition of spherical free-atom densities, each
centered at atomic positions, is called the pro-density.
The pro-density describes the major part of the charge
density of a molecule (or crystal) and only a relatively
small part of the electron density of an atom, located in
the valence shell, is involved in chemical interactions.
When atoms form chemical bonds, the valence shell
expands or contracts with variation of atomic charge
and valence density is aspherically deformed. In
this case, the spherical core and the valence defor-
mation density of each pseudo (or aspherical) atom
p is expressed by a sum of terms defined by
Cpim Rp(r) Y11,(0, ¢) (multipole expansion), where C,y,,
is a population parameter, R (r) is a radial function of
Slater type or a fixed linear combination of exponen-
tials and Y,,,,(0, @) is a surface spherical harmonic [3,4].

The VALRAY [5] and XD [6] are two programs that
apply flexible, nucleus centered, pseudo-atom multi-
pole expansions of charge densities in crystals, as
described above. The C,;,,, population parameters are
adjustable parameters that can be refined by the least-
squares method on the basis of observed structure
amplitudes. Thus at the end of refinement, the multi-
pole charge density can be analyzed using topological
methods. The last versions of the VALRAY and XD
program packages include also the calculation of an

extensive set of electrostatic properties from X-ray data:
electrostatic potentials, electric fields, charge densities
and electric field gradients etc. Moreover, they include
a procedure for a complete topological analysis of the
experimental charge density [7]. In this work all the
multipole refinements on F> were performed using the
atom-centered multipole model by Stewart [3].

The topology of the charge density, p(r), and its
Laplacian, 0?p(r), is related to chemical concepts by
the QTAIM. [2] The definition of the chemical bond is
based on the existence of a bond critical point (BCP)
along a line of maximum density (bond path), linking
the nuclei of neighboring atoms. At the BCP, the gra-
dient of density vanishes and the sign of the Laplacian
is determined by the relationship, *pgep =4, + 4 + A5
(4; <0, 4, <0 and A5 > 0 are the three non-zero eigen-
values of the Hessian matrix). The values of 4, and 4,
measure the degree of the p(r) contraction towards the
BCP, while 1, gives the p(r) contraction towards each
of the bonded nuclei. Extremes in p(r) and in O%p(r)
are labeled by giving the pair of values (w, o): w denotes
the rank that is equal to the number of non-zero eigen-
values and ¢ denotes the number of positive eigenval-
ues minus the number of the negative ones. On the basis
of the Laplacian sign, the bonding interactions have
been divided into two great categories [2]: when
[0?pgep < O the interaction is denoted as ‘shared” while
when (1*pgep > 0 the interactions are ‘closed shell’”.
In the first category fall the typical covalent and polar-
covalent bonds, in the second the ionic and the van der
Waals bonds.

An additional straightforward criterion for the char-
acterization of chemical bond is provided by the local
charge energy density, Hgcp = Ggcp + Vgep » Where
Ggep and Viep indicate, respectively, the values of the
kinetic and potential energy density at the BCP, and
they can be estimated from the experimental p(r) using
the approximate functionals proposed by Kirzhnits [8],
Abramov [9] and Espinosa et al. [10]. A negative Hgp
value is indicative of a prevalent potential energy den-
sity on kinetic energy density and thus of a covalent
character of the interaction. On the contrary, a positive
Hpgp value reveals a prevalence of the kinetic energy
density, typical behavior of the ionic and van der Waals
interactions [11,12].

! The ‘shared’ and ‘closed-shell’ terminology are referred exclusi-
vely to the shared or not-shared valence shells of the two interacting
atoms.
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Recently, Espinosa et al. [13] proposed a classifica-
tion of the atomic interactions dividing them into three
characteristic regions: pure closed shell (region I,
B*pgep > 0, Hgep > 0), transit closed shell (region II,
?pgep > 0, Hgep < 0) and pure shared shell (region
I, O0%pgep < 0, Hgep < 0). The boundaries among
regions I, II, and III are defined by Hyep = 0 (i.e.
| Vicp|/Gpep=1) and by DzPBCP =0(i.e. |Vgcp|/Gpcp
=2). Inside the region I the bond degree parameter (BD
= Hycp/ppep) 1 an index of non-covalent interaction
and it is indicated as softening degree (SD) per charge
density unit at BCP; the weaker the interaction, the
greater the SD magnitude. In the regions II and III the
BD parameter measures the covalence degree (CD) of
any pair-wise interaction; the stronger the interaction,
the greater the CD magnitude. For example, a typical
covalent bond lies inside the region III (pure shared
shell), while an ionic bond in the region I (pure closed
shell).

Further information on the bond properties can be
obtained from the number and properties of the local
[J?p(r) maxima and minima in the valence shell charge
concentration (VSCC) of the bonded atoms: these

features depend on the chemical environment of each
atom.

3. Charge-density studies of transition-metal
compounds

The work of our group in this field began in the late
1990s with a paper on the experimental charge density
of an organic mesoionic compound (4-cyano-
imidazolium-5-olate) [14], joining different experi-
ences in the crystallographic field [15-22]. For the
4-cyanoimidazolium-5-olate a comparison was made
of the electrostatic potential between experiment and
theory for the isolated molecule. A good agreement
between experiment and theory was obtained for the
atomic charges and molecular dipole moment
(Hexp = 2-33) € A, typse 316w+ = 2.40 e A). Fig. la, b
show the Laplacian and the electrostatic potential maps,
respectively, in the molecular plane.

The results obtained for the mesoionic compound
stimulated us to direct our research towards the study
of the charge density in organometallic compounds. The
complex Mn,(CO),, was the first system studied

Fig. 1. (A) Laplacian of the charge density in the plane of 4-cyanoimidazolium-5-olate molecule. The absolute values of contours (in a. u.)
increase from the outermost one inwards in steps of 2 x 10", 4 x 10" and 8 x 10", with n beginning at -3 and in steps of 1. Positive values of [%p
are denoted by dashed lines, negative values by solid lines. (B) Multipole electrostatic potential map for molecule. The contours are at intervals
of 0.05 e A™'; solid lines positive, short dashed lines negative, large dashed line zero contour. The arrow originates at the molecular center of
mass and indicates the direction of the molecular dipole moment.
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[23,24]. The three bonding structures, proposed at that
time, are shown in Scheme 1.

Other researchers analyzed the charge density and
chemical bonding of this compound from the theoreti-
cal and experimental point of view [25]. No clear probe,
however, of the existence of a direct Mn—Mn bond was
achieved and also crossed bonds between Mn and the
CO molecules linked to the other manganese atom have
not been excluded (Scheme 1b, ¢). We collected accu-
rate X-ray data at low temperature (120 K) from a single
Mn,(CO),, crystal, carried out the multipole refine-
ment with VALRAY program and interpreted the
experimental p(r) with the QTAIM. The topological
analysis showed the presence of a bond between the
two manganese atoms and none of the hypothesized
crossed bonds were found, confirming the bonding
Scheme la.

0
e © @
_--'- / ocl'l’

oe M M CO (a)

. =
o
on—

o ¢

0

%o fo A
E ;"‘EL‘.,\

Scheme 1. Bonding structures proposed for Mn,(CO);,

The charge density (with bond paths and BCP super-
imposed) and Laplacian maps, nearly in the plane con-
taining the two Mn atoms, one axial and two equatorial
COs, are shown in Fig. 2.

As it is shown in Fig. 2b, the C-O bonds have large
negative [°pgcp (—40 e A= av.), while the Mn—Mn and
Mn-C bonds have positive (0%pgcp (0.815 and
14.0e A= av., respectively). Therefore, the C—O bonds
are classified as ‘shared’ interactions, while the metal—
metal and metal-ligand bonds belong to the ‘closed-
shell’ type and exhibit different topological features
with respect to the typical covalent bonds. The low
negative Hycp values of Mn—Mn (-0.031 hartree A=)
and Mn-C (-0.28 hartree A3 av.) bonds is also indica-
tive of their little covalent character. A preliminary
scheme was proposed for classification of the bonds
present in organometallic complexes, utilizing the few
data at disposal at that time [26-28] (see Fig. 3).

On the basis of the topological and energetic param-
eters, this scheme places the metal-metal bonds be-
tween ionic and covalent bonds, attributing to them a
peculiar ‘metallic’ feature. The Mn—C bonds can be bet-
ter described analyzing the Laplacian maxima and
minima of the Mn and C atoms: a [1*pyp maximum
was found on each C-atom pointing toward an hole in
the Mn atom, showing the ‘dative’ nature of this bond
type [24,29].

The existence of the metal-metal bond in com-
plexes with bridging ligands is another debated prob-
lem. For example, three bonding schemes have been
proposed for Co,(CO)g with a straight or curved Co—Co
bond or with the lacking of a direct Co—Co bond [30].
For this reason we have taken into account a similar
dicobalt carbonyl complex containing one bridging CO
and one bridging fy-lactonic ring, of formula
Co,(CO)4(u-CO)(u-C,0,H,) [28,31-33] (see Fig. 4a).

Two polymorphs, one orthorhombic and the other
triclinic, of this compound have been topologically ana-
lyzed, starting from the multipole-refined charge den-
sity. In both cases a direct Co—Co bond path have been
found. On the contrary, other authors [34,35] have not
found a direct metal-metal bond in their charge den-
sity studies of transition metal clusters with supported
metal-metal interactions. Furthermore, theoretical cal-
culations on Co,(CO)g and Co,(CO),, [36] agree with
our experimental results.

For the two crystal phases of the Co,(CO)4(u-CO)(u-
C,0,H,) complex, the topological properties of metal—
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Fig. 2. Experimental charge density (A) and its Laplacian (B) of Mn,(CO),, molecule, in the plane defined by Mn(1), Mn(1A) and C(3) atoms.

The contours are as in Fig. la.
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Fig. 3. Classification of bonds on the basis of topological parameters
Paces Pppcp and Hycp.

metal, metal-ligand and C-O bonds have been found
similar to those obtained in previous studies, thus sup-
porting the bond classification of organometallic com-
pounds above illustrated. The topological data derived
for the Co—Co bond are collected in Table 1; it shows
that pgcp is inversely proportional to the Co—Co bond
distance. Furthermore, it was evidenced a flat charge
density distribution around the BCP of the metal—
metal bond (see Figs. 2b and 4b) and a small preva-
lence of potential energy density (Vgzp) over the kinetic
energy density (Ggcp) (Hgep < 0, but near to 0).

The study of the two polymorphs of Co,(CO)g(u-
CO)(u-C,O,H,) has allowed to detect, even in pres-
ence of heavy atoms, the weak intermolecular interac-
tions (O--O, H---O) responsible for the two crystal
packings (see for example Fig. 4¢); in the orthorhom-

bic form, the hydrogen bonds involving the lactone
ligand are the driving forces for the crystal packing,
while in the triclinic form the O---O van der Waals inter-
actions are predominant.

The compounds so far examined have the metal
atoms in a formal zero oxidation state. It is known that
the behavior of transition metals in a high oxidation
state differs from that at zero oxidation state. For this
reason the charge density study of KMnO, has been
undertaken and compared with that of the isomor-
phous KCIO, [37], containing the non-metal CI atom
in the same chemical environment of the Mn atom. The
topological results were also rationalized using the clas-
sification recently proposed by Espinosa et al. [13].
According to this classification the K-O and CIl-O
bonds have a pure ionic and covalent character, respec-
tively. The Mn—O bonds show an intermediate behav-
ior and fall in the transit CS region (Fig. 5). These
results are also in good agreement (even on a quantita-
tive level) with those obtained from fully periodic Har-
tree—Fock and density functional calculations.

For these salts the atomic charges have been esti-
mated by performing an integration over the topologi-
cal atomic basins. The charge of about +2 e has been
found both for Mn and CI atoms and the ionic radius,
estimated with the distance of the BCP from the nucleus
(0.85 A for Mn) agrees with the Mn?* ionic radius of
literature (0.80 A) [38]. The charge of + 2 e on manga-
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Fig. 4. (A) Scheme of the Co,(CO)4(u-CO)(u-C,0,H,) molecule. (B) Laplacian of the experimental charge density in the Co,(u-CO) plane and
(C) in the y-lactonic plane (an H---O interaction is evidenced for the triclinic phase). The contours are as in Fig. la.

Table 1

Co—Co distances and pgcp in some organometallic compounds
Compound Co-Co (A) Prcp (€ A References
C0,(CO)4(n-CO)(u-C,0,H,) orthorhombic 2.4222(3) 0.76(6) [32]
Co,(CO)4(u-CO)(u-C,O,H,) triclinic 2.4402(2) 0.46(2) [33]
Co,(CO),,As(Ph); 2.528(8) 0.252(3) [34]
Co,(CO)4(AsPh;), 2.6430(2) 0.204(11) [26]

nese is also in agreement with the corresponding result
from the electron spectroscopy experiment on potas-
sium permanganate [39]. A lower charge (nearly + 1 e)
has been found in a theoretical study on MnO," anion
[40]. Furthermore, the experimental average VSCC radii
are 0.75 A for Cl, 0.42 A for Mn, 0.65 A for K and
0.48 A for O atoms. A similar VSCC radius value has
been obtained for the manganese atom in the

Mn,(CO),, complex, despite its different formal oxi-
dation state.

We have also taken into account the debated topo-
logical characterization of the metal-metal bond. Our
experimental and theoretical topological results on
metal-metal bonds, together with those reported in the
literature, are summarized in [41] and in Fig. 6. For
comparison the topological indicators of the ionic NaF
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experimental and theoretical data, respectively.
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Fig. 6. Bond Degree (BD = Hycp/ppcp Where the units of H are
kJ mol™" per atomic unit volume and units of p are e A=) as a func-
tion of |Vgep|/Gpep. Dots in transit CS zone refers to theoretical
values in bulk metals; triangles represent both theoretical and expe-
rimental values for metal-metal bonds in organometallic complexes
[41].

and of the covalent C,H are also reported. In the same
Figure the theoretical topological parameters of bulk
metals are illustrated [42,43].

The metal-metal bonds lie in the transit CS region,
with topological features intermediate between typical
covalent and ionic bonds for both polynuclear com-
plexes and bulk metals. They have positive 0%pgcp, low
Prceps alittle CD and a flat charge density in the valence
region. The index of flatness fis defined as

F=p""pyee

where p™" is the absolute minimum of p(r) and p™* is
the maximum p(r) found among BCPs [44]. f Ap-
proaches unity for metals and goes to zero for non-
metals (e.g., for alkaline metals f= 0.89-0.95 and for

alkaline earth metals = 0.64-0.75). For the Co—Co-C
rings in the two Co,(CO)4(u-CO)(u-C,0,H,) polymor-
phs, the ratio f between the p™" of the ring CP and the
Pep of the Co—Co bond is 0.97 av., while for the lac-
tone ring (all covalent bonds) it is 0.21 av. Unfortu-
nately, no data are available at the present for ring or
cage critical points of other organometallic complexes.

Thus, using the topological parameters now at our
disposal, we can conclude that the metal-metal bond
in the polynuclear complexes has the same nature as
in the bulk metals. Differently, other authors, on the
basis of some topological parameters at the BCP (in
particular Hgp < 0) and of ‘common chemical sense’,
classify the metal-metal bond as a ‘genuine covalent
bond’ [29,45]. We think instead that the metal-metal
bond in complexes has its own unique features, similar
to those of bonds in bulk metals.

4. Conclusions

The multipolar refinement, based on low tempera-
ture diffraction data, supplies accurate charge density
distributions. The QTAIM is a useful tool to analyze
the multipolar charge density and to well characterize
the intra and inter-molecular bonds even in presence of
first-row transition metals. In particular, for some orga-
nometallic compounds it has contributed to the long-
debated discussion on the existence of a direct metal—
metal bond and to the nature of this bond.

We have applied tentatively the classification pro-
posed by Espinosa et al. to several interatomic bond
types and it seems a powerful mean for evidencing the
charge density features of bonds. In particular this clas-
sification together with the topological parameters of
metal-metal bonds has allowed to recognize the unique
features of these bonds.

Another tool at our disposal is the analysis of VSCC
maxima and minima of bonded atoms. For example, it
has allowed to associate the metal-ligand bond to a
‘dative’ bond. However, the analysis of this bond is still
is in progress.

Note added in proof

A QTAIM analysis of Ru;(CO),, was published in
the meantime (G. Gervario, R. Bianchi, D. Marabello,
Chem. Phys. Lett. 407 (2005) 18.
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