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Abstract

The computational approaches that can be used to calculate the spin density distribution in transition metal compounds are discussed, the
characteristic trends involving spin delocalization and spin polarization mechanisms are summarized, and the characteristic shapes of the spin
density distributions around a transition metal atom are presented. Reference is also made to experimental methods to determine spin density
distributions and to incipient work in the field of high spin molecules and single-molecule magnets.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the spin density{6]. Another technique that provides
information of the spin density distribution is the polarized
The distribution of the unpaired spin density has long been neutron diffraction (abbreviated in what follows as PND).
recognized to be important in determining the NMR isotropic Such data can be fitted to a set of atomic orbitals at var-
shift of the different nuclei in paramagnetic molecyles5]. ious levels of sophistication. The validity of the method
NMR spectra, however, are only sensitive to the electron has been critically discussed and other methods are avail-
spin density at the nucleus and provide information only on able that do not introduce an a priori theoretical model to fit
that part of the spin density associated with the s orbitals. the experimental data, such as the so-called magnetic wave
The hyperfine coupling of the electron spin density with function modelind7] or the maximum entropy methd#].
nuclear spin has traditionally been detected in the EPR spec-The atomic spin density can also be determined by X-ray
tra. In that case, comparison of the isotropic and anisotropic magnetic circular dichroism (XMCD), a technique that has
hyperfine coupling is needed in order to obtain the sign been mainly employed in solid state compounds and alloys
[9], although applications to a Mn(ll)-Cu(ll) chain com-
* Corresponding author. Tel.: +34 934021269; fax: +34 934907725, Poundandadodecanuclear Mncompound have beenrecently
E-mail address: santiago@qji.ub.es (S. Alvarez). reported10,11]
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A renewed interest in the study of spin density distribu- Table 1 _ _ _ .
tion has bloomed in recent years because its understandiné?_alculated spin populat|on§ and atomic chargesfo_r[Cr(;{(?N)usmg three '
is foreseen as a useful tool for the design of ferro- or anti- different approaches, Mglllken, naFurgI bond orbital (NBQ) and atoms in
.. . . . molecules (AIM) population analysis with the B3LYP functiof20] and a
ferromagnetlc interactions between paramagnetlc cgntgrs !n[riple-{ basis sef52]
polynuclear systems. Recent accounts of spin density distri-
butions in transition metal complexes obtained through PND

[12] and NMR[13] experiments have been published, and

Mulliken NBO AIM Experimental

Atomic charge

. . . . —1.040 +Q305 +1629
an earlier review paper revised the conceptual aspects of spin ¢ _0.056 +0080 +0431
density distribution in transition metal complex#&é]. Thus, N —0.268 —0.632 —1.205
in this paper we will brlef_ly summarize the spin distribution Spin population
mechanisms, then we will discuss some practical aspects of ¢ +3304 +3007 +2772 +3250
the computation of spin densities, and finally will describe C —-0.138 —0.074 —0.030 —0.087
the main shapes that the spin distribution around the metal N +0.087 +Q073 +Q068 +Q045
atoms is expected to present. When discussing spin densitiegm.s. 0171 Q069 0296

we must note first the sign convention, since both positive and The experimental PND daf27] and the root mean square deviations are
negative values of the spin density can be found. We adopt theprovided for comparison.
usual convention that the electron density associated with a
spin aligned parallel to the applied field (up-magnetizationin less sensitive to the choice of the population analysis scheme
PND) is taken as positive, and that corresponding to antipar-than the atomic charge3dble ). The AIM approach, in
allel spin (down-magnetization in PND) as negative. spite of its higher computational demand, does not give sig-

nificantly better results as compared to experimental PND

data, as seen in the model exampleTable 1and in more
2. Computation of spin densities realistic systems found in the literat&b,26] In summary,

a fair description of the spin distribution pattern in a molecule

Several approaches can be used to calculate the spircan be expected regardless of the method of population anal-

density distribution in a coordination compound. The pres- ysis employed, as compared to the experimental PND data,
ence of transition metal atoms makes it particularly useful although the NBO scheme seems to provide to most reliable
to use theoretical methods based on density functional the-results from the numerical point of viej@27].
ory due to the direct inclusion of the correlation effects Another important aspect of the calculations is the choice
[15]. The use of simple exchange-correlation functionals, of the basis set. In principle, we expect the spin density
in both the local and generalized gradient-approximation for the core orbitals to be negligible, regardless of the DFT
(GGA) formulations, provides a qualitative picture of the method and population analysis scheme used. However, even
system, although such methods predict too large a delocaliza-if not much exploration of the effect of pseudopotentials on
tion of the spin. The use of hybrid methods that combine an the calculated spin densities has been carried out, Liu has
exchange-correlation functional with some exact exchangereported calculations that show non-negligible variations in
contributions corrects this drawback. Let us consider as athe Fe spin density in iron porphyr[28]. Work in progress
benchmark case the [Nig®)s]>* complex. For this com-  in our group shows that the effects of using pseudopotentials
pound, the LDA[16,17]and BLYP[18,19]functionals give on calculated spin densities can be larger than those reported
a Mulliken spin population at the Niatom of 1.631 and 1.669, by Liu and apparently erratic. The use of pseudopotentials
respectively, whereas the value obtained with the B3[P has also been shown to affect the calculated values of
functional is 1.760, much closer to the PND experimental exchange coupling constant in polynuclear complg¢286%
value of 1.777J21]. Due to the neglect of correlation contri- Therefore, spin densities obtained with basis sets that replace
butions, the UHF method overestimates the spin localization the core electrons by pseudopotentials, as happens for most
resulting in a value of 1.902. Ressouche and Schweizer, inplane wave or numerical basis sets, should be taken with
a study of organic free radicals, also concluded that density caution. Other than that, the calculated spin densities are
functional methods are far superior than UHF for reproducing relatively insensitive to the quality of the basis set. Thus, for
the experimental spin densiti§a2]. The second important  instance, using a Mulliken analysis with a doublbasis set
choice is the population analysis scheme used to calculate thg30], the spin population of Cr in [Cr(CN)®~ is +3.150,
spin density. Usually, the Mulliken population analysis has relatively close to the value presentedable 1for a triple<
been employed, but this population analysis scheme presentdasis set (+3.304). Again, the calculated charges are much
well-known problems that can be specially seen in the cal- more sensitive than the spin density to the choice of basis
culated atomic chargegdble 1 note the highly negative  set, as seen by comparing the Mulliken charges for Cr with
charge of the Cr atom). Hence, alternative methods such asdouble¢ (+0.577) and triple= (—1.040) basis sets. We must
those based on the natural bond orbitals (NBX3] or atoms conclude that a correct description of the spin density can be
in molecules (AIM)[24] approaches are often employed. Itis obtained by using a hybrid functional, and that the choice of
worth stressing that the calculation of the spin density is much the population analysis and basis set does not play a crucial
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role to obtain a correct semi-quantitative picture of the spin opposite sign atthe atoms bonded to it, is the spin polarization
distribution. mechanism. It is the result of the exchange term introduced
Most of the spin density distribution data, both experi- by the Pauli principle, that favors the probability of finding
mental and computational, can be understood qualitatively two electrons of identical spin in the same region of space
in simple terms, by taking into account the theoretical foun- (in much the same way that Hund’s rule for atoms predicts
dations of the two electron interactions that determine the the term with the highest spin multiplicity to have the low-
spatial distribution ofx and 8 electrons in a paramagnetic  est energy). Therefore, the spin of a bonding electron pair
molecule. The main concepts are summarized in the follow- is polarized, in such a way that the positive spin is concen-
ing section. trated close to the atom that has an unpaired electron, whereas
a concentration of negative spin density is favored around
o the atoms bonded to it. This effect propagates through the
3. Spin distribution in metal complexes molecule away from the paramagnetic center, thus generat-
ing spin densities of alternating sign at rather long distances.
The net spin density at a particular AO or atom therefore
There are two mechanisms through which an unpaired d results from the combination of the two mechanisms that can

electron of a transition metal ion can place some spin den-2add up to give a positive value (when both mechanisms con-
sity at the other atoms of the molecule, as well as at its own tribute a positive spin density) or compensate in part to give
other atomic orbitals. On one hand, the molecular orbital that €ither a small positive (delocalization mechanism predomi-
hosts an unpaired electron, even if with major contribution nant) or negative (spin polarization predominant) total spin
from the metal d orbital, mixes in the atomic orbitals of the density. We must notice here that spin polarization impor-
ligands, mostly from the donor atoms. Therefore, the proba- tantly affects also the paired electrons at the paramagnetic
bility of finding the unpaired electron at a particular atomic centers, such as thgyelectrons in the Ni(ll) octahedral com-
orbital x,, is related to the square of the coefficiept with plexes with two unpaired electrons in theabitals[14], as
which that AO participates in thih singly occupied molec- ~ schematically shown i, where thex and 8 spin-orbitals

ular orbital (SOMO). Since we adopt the convention that the Of the M—L bonding orbital are mostly centered at the metal
and donor atom, respectively.

B +

3.1. General rules for mononuclear complexes

[dm]*
@D + T <D
[om-L1* [om-L1P

1

unpaired electron has a positive spin, its delocalizationresults  In complexes withn unpaired electrons in the valence
in a distribution of positive spin density throughout the molecular orbitals centered mainly at the metal atom, a total
molecule determined by the composition of the SOMO. The spin density of # should be expected for those molecular
resulting distribution of spin density is said to arise from a orbitals (the SOMOs). A large portion of the spins can be
spin delocalization mechanism. Summing up the spin densi-ascribed to the metal d atomic orbitals, because they present
ties of the different atomic orbitals of one atom, one obtains the major contributions to the SOMOs, although some spin
the corresponding atomic spin density. Some rules of thumb density is delocalized to the ligands and the spin population at
can be recalled at this point, deduced from our knowledge of the metalis often less than the number of electrons. The differ-
orbital interaction rules: (i) the spin density delocalization is ence between the number of unpaired electrons and the total
more important for the atoms directly bound to the paramag- spin density at the metal atom should then be taken as a mea-
netic center; (ii) the amount of spin delocalization increases sure of the degree of covalent character of the metal-ligand
with the covalent character of the metal-ligand bond; (i) the bonds, that follows the nephelauxetic series. In octahedral
delocalization of spin density far-type orbitals (e.g., those  complexes, delocalization toward the ligands is more impor-
in g orbitals of octahedral complexes) is much more impor- tant for theo-type g than for them-type bq orbitals, and the
tant than form-type ones (e.g., thegorbitals in octahedral ~ deviation of the spin density from the number of unpaired
complexes). electrons is always larger for the former. Comparison of sim-
The second way, through which the positive spin at the ilar complexes down a transition group shows that the spin
paramagnetic center may induce some spin density of thedelocalization is larger for the metals of the second and third
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transition series than for the corresponding metal of the first with the NMR data is likely to require the use of an all elec-
transition series. Exceptions to the positive spin delocaliza- tron basis set, to take into account the spin polarization of the
tion to the donor atoms correspond to complexes with the inner s electrons that is likely to have significant participation
most electronegative F or O donor atoms when the unpairedin the hyperfine coupling.
electrons are in a-type (bg) molecular orbital.

For those electron configurations with both unpaired and 3.2. Examples of dinuclear complexes
paired electrons in the metal d orbitals, the electron pairs are
spin polarized and therefore carry a small amount of net posi-  For an azido-bridged dinuclear complex, fGu-N3)2(4-
tive spin. Similarly, the formally empty d orbitals, such as the ‘Bupy)](ClO4), (4/Bupy =para—tert-butylpyridine), Kahn
ggonesin aigeg configuration, carry some positive spinden- et al. determined the spin density maps from polarized
sity due to the polarization of the electron pair in a low-lying neutron diffraction studief31]. The atomic spin densities
bonding molecular orbital centered mainly on the ligands. obtained from B3LYP calculations for the triplet st§82]
The placement of spin density at the formally empty atomic seem to overestimate the spin delocalization, giving smaller
orbitals of the metal atom due to spin polarization seems to spin densities at the copper atom. The use of the “atoms in
be more important for the d than for the s and p orbitals. It molecules” analysis proposed by Bafl&t] in model calcu-
has also been found that the importance of the spin densitylations results in better agreement with the experimental spin
at a given atomic orbital resulting from spin polarization is density than Mulliken or NBO population analysis schemes
roughly proportional to the number of unpaired electrons at in this case. The spin densities at the bridging and terminal

the metal atom. nitrogen atoms of the azido bridge have the same sign as
When the unpaired electrons at the metal atom are stronglyin the copper atoms, both from experiment and from calcu-
localized, as for}, configurations in complexes witrrdonor lations, indicating that spin delocalization toward the donor

ligands, the spin density at the metal atom can be larger thanatoms predominates over the polarization mechanism for this
the number of unpaired electrons due to spin polarization of system[14]. The sign alternation of the spin density at the
the bonding electron pairs. N2 and N3 atoms of the azido bridge is consistent with spin
As a general rule, the combination of spin delocalization polarization by the bridging nitrogen atoms. However, the
and spin polarization results in a spin density distribution spin distribution scheme may vary when changing the metal
such as that shown . The donor atoms directly attached atom, from Cu(ll) to Ni(ll) to Mn(ll). The delocalization of
to the metal carry positive spin density, and from there on the unpaired electrons at thgype orbitals toward the donor
the spin density is propagated through the bonds of the lig- atoms decreases along the series Cu>Ni>Mn, while the
and with alternating signs. Exceptions to this rule are to be spin polarization increases in the same direction, due to the
expected when delocalization is important beyond the donorincreased number of unpaired electrons. As a result, the spin
atom, a situation that occurs in the presence of important density is positive at the terminal donor atoms and positive
metal-ligand interactions involving unpaireg), electrons. at the bridging atoms for Cu and Ni, but small and negative
An example of such a situation is given by cyano ligands, for Mn.
for which mixing of the 3y metal orbital with itsw and T A study of the spin density distribution in dinuclear Cu(ll)
orbitals results in larger delocalization to the N than to the C complexes with bridging ligands having the same topology
atom and induces a net positive spin density at the nitrogen(3, where WH, X. Y and ZH can be O, S or NH) as the oxalate
atoms. Since the carbon atoms experience no spin delocalanion[33] showed that spin delocalization to the donor atoms
ization, all their atomic orbitals are spin-polarized and carry decreases with theirincreasing electronegativity, but the com-

a negative spin density. bined spin density at the Cu and donor atoms is practically
constant and the spin density at the terminal ligands is practi-
* * + cally independent on the substitution pattern of the bridging
* ligand. An exception to this behavior is found in the bisimida-
/ \ zole and bipyrimidine bridges, in which a significant amount
M——N + of spin density is delocalized throughout the aromatic rings.

On the other hand, when the donor positions are occupied

2_ by NH groups, the spin density at the donor atom is sig-

nificantly affected by the orientation of the hydrogen atom,

It must be borne in mind that spin density data com- increasing with the angle (3) The spin densities at the cen-

ing from NMR experiments results from the hyperfine cou- tral carbon atoms of the bridging ligands are rather small
pling of the electronic and nuclear spins and is reflects only and negative (less than 0.01 in absolute value, compared to
unpaired electrons at the ns orbitals, which are the only onesvalues between 0.06 and 0.12 at the donor atoms), indicating
that do not have a node at the nuclear position. Therefore, wethat the spin delocalization and spin polarization mechanisms

should not expect good quantitative agreement between theapproximately cancel out. It is worthy of note that the anti-
calculated and experimental NMR atomic spin densities. Fur- ferromagnetic character of the exchange coupling in these
thermore, comparison of only s atomic orbital spin density dinuclear complexes increases with decreasing spin density
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at the copper atoms. Relationship between spin density atthe In a Ti(IV) complex with diquinone radical ligands, spin
metal atoms and exchange coupling constants have also beedelocalization works in the opposite direction compared to

analyzed for cyano-bridged dinuclear complepd. typical complexes in which the unpaired electrons are sitting
H at the metal atoms. Here, the unpaired electrons belong to the
\\ ligands and the formally®Ti atom obtains significant spin
density by delocalization, according to PND experiments and

L w Y\ L

DFT calculationg35].
\Cu/ Cu/ calculationg35]
L/ \x z\/ \L

H

4. Spin density shapes

In the last decades, much research has been devoted to the
elucidation of the shape of the electron density of molecules,

A combined PND and DFT study of the bimetallic chain both from theory and from X-ray diffraction data. However,
compound [MnNi(NQ)4(en)], whose repeat unit is shown the contributions from the core, bonding and non-bonding
in 4, allowed us[34] to (a) calibrate the ability of the com- valence electrons to the total electron density cannot be
putational method to match the experimental results, (b) testsorted out. Since the electron density comes mostly from the
the performance of different population analysis schemes, core electrons, specially for heavy atom systems, information
(c) study the effect of modeling the chain by a binuclear from valence electrons (those responsible for the chemical,
complex on the calculated spin densities and (d) analyze Optical and magnetic properties) has to be inferred from the
the changes in spin density distribution on going from a analysis of the Laplacian of the electron den§4]. On the
mono- to a dinuclear complex. Very good agreement, even other hand, there is an increasing interest in finding exper-
atthe quantitative level, was obtained between the calculatedmentally the shape of the probability distribution of indi-
atomic spin densities and the corresponding PND values. InVidual electrons or pairs of electrons, in an attempt to verify
contrast with what was found for the azido-bridged com- whether the shape of the molecular orbitals obtained from the-
plex discussed above, the results were somewhat poorer witHPrY is just a consequence of the use of atomic orbitals as basis
the AIM population analysis than with the NBO or Mul- functions and not a fundamental property of matter subject
liken schemes, with the latter giving the best match between {0 experimental validation. In the most recent attempt in such
experiment and theory. The nitrito-bridged chain was mod- direction, Itatani et al. have reported the “photograph” of the
eled by a binuclear complex in two different ways, either glone pair molecular orbital of pby means of tomographic
by saturating the pending bonds (represented by stripes inimaging, using high harmonics generated from intense
4) with protons, or by just disconnecting the coordination femtosecond laser pulses focused on aligned molecules
bonds between the monomer and the rest of the chain, leavind361-
the corresponding nitrito groups as terminal ligands. It was  In contrast to the electron density, the spin density distri-
found that both models yield good agreement with experi- bution maps the tridimensional shape of the single occupied
ment, although the un-protonated model gave slightly better molecular orbitals (SOMOs). Therefore, the shape of the spin
results. In contrast, these two models are not so good in calcu-density, obtained very easily from calculations, can in princi-
lating the exchange coupling constant, resulting in being too Ple be determined also experimentally through the techniques
ferromagnetic for the protonated model and a bit too antifer- mentioned above, even if currently the theoretical approach
romagnetic for the nude model, consistent with the fact that 9ives a more detailed description, while the experimental data
the missing metal atoms in these models are weaker Lewistypically offers resolution at the atomic scale only or is given
acids than the proton. Comparison of the atomic spin densitiesas @ contour plot in a section of the molecule. For that rea-
in this complex with those in the mononuclear parent com- Son, it is timely to discuss the basic shapes to be expected

pounds indicates that the atomic spin densities in the chainaround the metal atom in transition metal complexes, which
model are practically the sum of those in the mononuclear iS the object of this section. To that end, we show here the

precursors. spin densities of complexes with the simplest ligand (the
o-donor hydride) in tetrahedral and octahedral geometries
having selected electron configurations. Then we will show a
couple of examples of di- and polynuclear systems in which
these simple patterns are reproduced.

We start by looking at mononuclear complexes with only
one unpaired electron. In an octahedral complex with the
t% electron configuration, in which the unpaired electron is
strictly located in a metal d orbital because interaction with
the orbitals of ther-donor ligands is forbidden by symmetry,
the shape of the electron density naturally reproduces that

3
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Fig. 1. Representation of the isodensity surfaces (cutoff of 0.02) of the spin density distribution for octahéalyaind d (b) complexes calculated using a
gaussian orbital basis set. The same representation fo? tresd calculated with a plane waves basis set (c) is also shown. Gray shapes correspond to positive
spin densities.

of a d orbital Fig. 1a). The d orbital shape appears also in a
complex with the} €3 configuration Fig. 1b), supplemented
with positive spin density regions around at the ligands’ posi-
tions, an expected result due to the mixing of metal and
ligand contributions in thegmolecular orbitals. The shape
of the spin density at the selected cutoff valueFag. 1,

with empty regions between the positive spin accumulations
centered at the metal and ligands, point to the existence of
minima.in the spin density distribution along the metal-ligand
bonds. In other words, the spin density distribution corre-
sponding to antibonding SOMOs present (31) critical
points akin to those that the total electron densities show
for chemical bond¢24] (see discussion for thg ] case
below).

At this point it is appropriate to ask whether the d-orbital Fig. 2. Representation of the isodensity surface (cutoff of 0.02
shape of the spin density is just an artifact associated with electron/boht) of the spin density distribution for a tetrahedr8labmplex
the use of an orbital basis set. Such question can be answere#ith o-donor ligands. Gray shapes correspond to positive spin densities.
by calculating the spin density distribution of the same com-
pound using plane waves instead of orbitals as a basis se
[38]. A recently reported resulR9] clearly confirms that the
four-lobed shape (shown for our simplified modeFigy. 2)

Ehe metal and (d) spin density minima along these bonds. In
addition, in this case we can also observe an asymmetry in the

I . ) ._lobes of the metal spin density resulting from the hybridiza-
is independent of the type of basis functions used. Such SPiNtion of d and p orbitals that minimizes the metalligand
distribution stems therefore from the principles of quantum antibonding character of the SOM®)(

mechanics and should be amenable to experimental determi-
nation.
In the case of a tetrahedral compound with one unpaired
electron, having the4e3 electron configurationHig. 2), all
the features discussed for the two previous cases show up: (a
a four-lobe orbital shape centered at the metal atom, (b) no
spin density at the ligands that are in the nodal plane, (c) pos-
itive spin density at the ligands that interact io"away with 5 6
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0.02
0.01
0.005

0.005 ~ X

0.06
0.10

(a)

(b) Ni /H
Fig. 3. Representation of the isodensity surface (a) and contour map (b) of the spin density distribution for an octhbedalest witha-donor ligands.
Gray shapes of the isodensity surface correspond to positive spin densities (cutoff of 0.01 used); the following isodensity lines are plotrtbur the:
0.10, 0.06, 0.05, 0.04, 0.03, 0.02, 0.01, 0.005 and 0.000 (dashed line). Minute negative values of the spin density are found between the two zero lines

The next group of configurations to consider are those in these d orbitals do not mix with those of thedonor ligands
which only the e orbitals (strictly speakingy & the octa-

because the metal-ligand bonds are in their nodal surfaces
hedral case) are partially occupied. For the octahedral casg6). The vertices of such a spin octahedron are directed to

(tgg configuration,Fig. 3a), the spin density has the form the edge centers of the molecular tetrahedron, providing a
of an octahedron with empty faces, that can be easily under-nice example of the relationship between these two Platonic
stood as a combination of the shapes of the tyorbitals figureg[37]. If we look at the finer details by plotting the iso-

that have lobes in the direction of the six ligands (i.e., of density surface of a much smaller value of the spin population
the six vertices of the octahedron). Because of the significant(Fig. 4b), we can detect the existence of small pear-shaped

delocalization of the gelectrons onto the ligands, positive regions of negative spin density at the ligands that must be
spin density appears at the donor atoms and, again, minimaattributed to spin polarization.
in the spin density distribution appear approximately at the

Let us focus now on those cases in which all the orbitals
midpoint of the metal-ligand bonds. The octahedral shape of a t, set are occupied with unpaired electrons, i.e., the octa-

of spin density in the@configuration and the cubic form of  hedral Eg and tetrahedral“e} configurations. In the first case
that of the gg has been noted previously by [#9]. The fact (Fig. 5a), in which the 44 orbitals do not interact with the
that spin delocalization presents a gap along the metal-ligando-donor ligands, the spin density of th% tconfiguration
bonds is associated with the presence of nodal planes in thds concentrated along the directions of the lobes of those
metal-ligand antibondinggeorbitals and can be best appre- orbitals, i.e., from the center to the faces of the octahedron,
ciated in the corresponding contour pl&id. 3b). resulting in the shape of the dual of the octahedron, a cube,
Similarly, the spin density distribution of a tetrahedral e ~ with holes at the face centers. These holes correspond to the
ion (Fig. 4a) has the shape of an undistorted octahedron, sincedirections of intersection of the nodal planes of the thgge t

(a) (b)

Fig. 4. Representation of two isodensity surfaces of the spin density distribution for a tetraRexnaimlex witha-donor ligands. Gray shapes correspond to
positive spin densities. The cutoff values used for these drawings were 0.02 (a) and 0.0005 (b).
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(c)

Fig. 5. Representation of the isodensity surface of the spin density distribution for an octaffe@airdl b) and a tetrahedral domplex witho-donor
ligands (c). Gray shapes correspond to positive, dark shapes to negative spin densities. The cutoff values used for these drawings were @B, @10007 a
respectively.

orbitals, for which the probability of finding the unpaired tribution of the spin density should be expected. In the case
electrons is zero. One has to look at much smaller valuesof the octahedral complex with ES configuration, the iso-
of the spin densityKig. 5b) to detect two subtle effects, the density surfaceNig. 6a) has indeed approximately the shape
appearance of negative spin at the ligand atoms due to spirof a sphere centered at the Mn atom, even if somewhat flat-
polarization, and the existence of a non-negligible spin along tened in the directions of the metal-ligand bonds. It is nice
the nodal metal-ligand directions introduced by the polar- to see how the combination of the octahedral shape ofSthe e
ization functions used in the calculations. In a tetrahedral spins fig. 3a) and the cubic shape of tr%lbnes Fig. 5a)
compound with the related"8 configuration, the shape of  discussed above results in the nearly spherical shape of the
the electron denSity distribution is again apprOXimately that spin density for aa?es Configuration_ The loss of Sphericity
of a CUbe, even if Significantly dlStOfteElg &) Four ver- is magniﬁed if we look at a lower density Surfaﬁg_ a)),
tices of the spin cube appear along the metal-ligand bondsresulting in nearly a cube with pits in the faces, combined with
and the remaining four point to the centers of the tetrahedral the appearance of small positive spin density at the ligands
faces. However, the SOMOs have smaller probabilities inthe due to delocalization of theyerbitals. It is also interesting
direction of the metal-ligand bonds, as seen in the orbital tg observe again that there is a region between the metal and
hybridization schematized &) the Spin densities are smaller ||gand atoms in which no Spin density can be found at the
in those directions than in the directions of the faces, and the|OW cutoff value chosen, nice|y revea"ng the nodes of the
spin cube appears squeezed along the former four vertices agntibonding g orbitals, as discussed above for tHecdse.
can be appreciated fig. 5. This shape can be understood In a & tetrahedral complex % configuration), the
as derived from that of the’s configuration (se€ig. &) sphericity is also lost in parE{g. &), due to flattening along
by removing the spin density corresponding to the e orbitals, ihe metal-distance bonds. However, the spin density at the
which are directed to the centers of the tetrahedral edges, thU?rigands is in this case negative, given the formally non bond-
producing the marked pits along those directions. - ing character of the metal d orbitals consistent with ah sp
We can conclude our selection of characteristic shapespypyigization. Hence, the predominance of spin polarization
of the metal spin densities with those systems in which all f he jigands’ lone pairs over spin delocalization is respon-
five valence d orbitals bear an unpaired electron. For ?he-d sible for their net negative spin density. The flattening of the
electron configuration in a free metal atom, a spherical dis- sphere along the bond directions, much more pronounced
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(©)

Fig. 6. Representation of the isodensity surface of the spin density distribution for an octahedral high(spimd b) and a tetrahedral domplex with
o-donor ligands (c). Gray shapes correspond to positive, dark shapes to negative spin densities. The cutoff values used for these drawing<O@&r@@ 02, 0
0.02, respectively.

than in the octahedral analogue, is the result of significant can be clearly appreciatefig. 7a), combined with the nega-
hybridization of the4 orbitals (se&) that decrease the proba- tive spin at the vanadyl oxo atom due to spin polarization and
bility of the corresponding unpaired electrons in those regions the positive density at the atoms coordinated to Cu(ll) due to
of space. The negative spin at the ligands due to polarizationspin delocalizatiorj41]. A similar system with Cr(lll) and
is larger in the é% thaninthe étg case shown above, consis- Ni(ll) centers shows also the spin density shapes described
tent with the coexistence of e-spin delocalization gnrsiiin above for simpler models with the same electron configura-
polarization in a @ ion. tions (Fig. 7). Another example can be found in a dinuclear
Some scattered examples existinthe literature in which the complex in which two Cr(lll) ions are connected through
spin shapes just discussed can be recognized, although theseery long bridges, that show nicely the cubic spin density
come mostly from computational studies, since PND spin dis- expected for théb configuration Fig. 8), together with the
tribution maps are usually shown only as contour plots in one spread of positive and negative spin densities throughout the
molecular plane, notin a tridimensional perspective. Thus, in  system of the bridging ligan@?2].
a vanadyl-copper(ll) dinuclear complex assembled through  Other depictions of spin densities at metal centers that can
hydrogen bonds, the shapes of the two orthogonal d orbitalsbe found in the literature correspond to hydrogen-bridged

Fig. 7. Representation of the spin density distribution for hydrogen-bonded assemblies of a vanadyl and a Cu(ll) complexes (a) and Cr(llIyangMxds
(b). White shapes correspond to positive, dark shapes to negative spin densities. Reproduced fddinvRéfpermission from the Royal Society of Chemistry.
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ligands and the shape of an sp hybrid at the N atoms of the
bridging cyanides. The coexistence of positivend negative

ar spin density at the same metal atom is another remarkable
feature of the complex electronic structure of §og.

As for the first compound reported to present SMM behav-
ior, an acetato Mgp compound,*>>Mn NMR spectroscopy
[45], polarized neutron diffractiorid6] and XMCD [11]

Fig. 8. Spin density distribution for a dinuclear Cr(lll) complex with along ~ studies confirm the description of ifs= 10 ground state as
bridging ligand. White shapes correspond to positive, dark shapes to neg-resulting from spin moments of the inner four ftnions
ative _spin densit_ies. Reproduced from R@R] with permission from the (S= 3/2) antiparallel to those of the eight outer ¥rions
American Chemical Society. _ . .

(§=2). Complementary information fro?C NMR spec-
troscopy demonstrates that significant spin delocalization can

Cu(ll) complexeq39] and to the excited triplet state of the be found at the methyl groups of the acetato ligands, amount-

dinuclear Pt(Il) complex with pyrophosphato briddés] ing to some 1.6% of the total spin density of the mole¢4ig.
that nicely reveals the metal-metatharacter of the HOMO ~ The spin density distribution in a F&MM with §=10 has
and LUMO. been studied by PNIM8], although the strong asymmetry

Among polynuclear transition metal complexes, much observed in the magnetic moments of the different Fe(lll)
attention is being paid recently to systems with high total ions is not substantiated by the calculated spin density map
spin, the most interesting ones being those exhibiting single [49]. For the same compound, a 0.3% of the unpaired electron
molecule magnet (SMM) behavior. The reported spin density density in the FgBrg cluster was estimated to reside at the
maps for those compounds can be easily understood by superBr atoms, according to &Br NMR study[50]. A full spin
imposing the shapes expected for mononuclear complexesdensity map, obtained via DFT calculations, has also been
as discussed above, and nicely reflect the existence of ferroreported recently for an fe SMM compound51].
or antiferromagnetic interactions. A large spifi=39/2)
molecule with the MpMog metal core has been shown to
provide a whole catalog of spin shagddd] in its spin den- 5. Conclusions
sity map Fig. 9). Besides the characteristic features of this
map that can be interpreted as resulting from the interplay  The spin density distribution throughout a molecule of a
between spin delocalization and spin polarizafib4], one paramagnetic coordination compound can be obtained from
can identify the shape of a,dorbital at each Mo atom, thatof ~ experimental techniques such as NMR spectroscopy, polar-
the p orbitals of the C and N atoms of cyanide bridges, nearly ized neutron diffraction or X-ray magnetic circular dichro-
spherical spin distributions around the Mn(ll) ions, the shape ism, and can also be estimated to a good approximation by
of an s hybrid orbital of the O atoms of a terminal methanol means of theoretical calculations. The use of hybrid density

(a)

(b)

Fig. 9. Molecular structure (a) and spin density of $/39/2 ground state of a Miviog complex (b). Dark and light spheres represent Mn and Mo atoms,
respectively; sticks represent bonds to N, C and O atoms. The carbon atoms of the methanol ligands are omitted for clarity. In the spin densitgmdap, clea
dark regions indicate positive and negative spin populations, respectively). Reproduced with permission ffd4j.Ref.
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functionals seems to provide the most cost effective means[10] G. Champion, M.-A. Arrio, P. Sainctavit, M. Zacchinga, M. Zan-
for such calculations, whereas the method used for popula- ~ grando, M. Finazzi, F. Parmigiani, F. Villain, C. Matheérg, C.
tion analysis (Mulliken, NBO or AIM) does not seem to have Cartier dit Moulin, Monats. Chem. 134 (2003) 277, .

L . [11] R. Moroni, C. Cartier dit Moulin, G. Champion, M.A. Arrio, P.
6'13|gn|f|cant|nfluer.1f:e 9” the resu'lts..The u§e pfpseUdODOten' Sainctavit, M. Verdaguer, D. Gatteschi, Phys. Rev. B 68 (2003)
tials, though, modifies in a quantitatively significant way the 64407.
calculated spin density distribution, although at present time [12] M. Gillon, in: J.S. Miller, M. Drillon (Eds.), Magnetism: Molecules
there seems to be neither a clear explanation nor systematic to Materials, vol. 1, Wiley/VCH, Weinheim, 2001, pp. 357-
trends for such an effect. 378.

E | f the interplay bet . larizati d [13] F. Kohler, in: J.S. Miller, M. Drillon (Eds.), Magnetism: Molecules
xamples or the interplay between spin polarization an to Materials, vol. 1, Wiley/VCH, Weinheim, 2001, pp. 379-430.

s_pin_delgcalization in determining_ the SP"? density distribu- [14] 3. cano, E. Ruiz, S. Alvarez, M. Verdaguer, Comments Inorg. Chem.
tion in dinuclear complexes are given, which can be mostly 20 (1998) 27.

understood as the superposition of the spin densities of thel15] W. Koch, M.C. Holthausen, A Chemist's Guide to Density Functional
hypothetical mononuclear parents Theory, 2nd ed., Wiley/VCH Verlag, Weinheim, 2001.

Th ¢ ti Vsi fth h f spin d it [16] J.C. Slater, The Self-consistent Field for Molecules and Solids, vol.
e sysiematic analysis O € shapes of spin densities 4, McGraw-Hill, New York, 1974.

around a transition metal atom indicate that these can appeaf;17] s H. vosko, L. Wilk, M. Nusair, Can. J. Phys. 58 (1980) 1200.
as spheres, cubes, octahedra, tetrahedra or four-lobed shapgsg] A.D. Becke, Phys. Rev. A 38 (1988) 3098.

depending on the electron configuration of the metal, in a pre-[19] C. Lee, W. Yang, R.G. Parr, Phys. Rev. B 37 (1988) 785.
dictable way. Small deviations from such ideal figures can be [29] A.D- Becke, J. Chem. Phys. 98 (1993) 5648.

L . [21] G.S. Chandler, G.A. Christos, B.N. Figgis, P.A. Reynolds, J. Chem.
understood by taking into account delocalization effects. An Soc., Faraday Trans. 88 (1992) 1961,

advantage of studying spin density distributions compared to22] . Ressouche, J. Schwizer, in: W. Linert, M. Verdaguer (Eds.),
electron densities is that the large part of the electron density ~ Molecular Magnets: Recent Highlights, Springer, New York, 2003,
corresponding to the atomic cores do not mask the unpaired  pp. 119-137.

valence electrons. A remarkable finding is that in specific [23] A-E- Reed, L.A. Curtiss, F. Weinhold, Chem. Rev. 88 (1988) 899,

if ired elect iding i tal at [24] R.F.W. Bader, Atoms in Molecules: A Quantum Theory, Oxford
cases, even I an unpaired electron resiaing in a metal atom University Press, Oxford, 1990.

is delocalized toward a ligand, a region of zero spin density [25] m. Gillon, C. Mathongre, E. Ruiz, S. Alvarez, A. Cousson, O. Kahn,
appears along the metal-ligand bond. J. Am. Chem. Soc. 124 (2002) 14433.
[26] J.J. Novoa, P. Lafuente, M. Deumal, F. Mota, in: J.S. Miller,
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