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For more than forty years, the experimental determination and analysis of
electron densities have played a fundamental role in advances in the chemical
bond concept. The present paper illustrates the application of this approach to
the field of molecular magnetism with examples that recently appeared in the
literature. Particular attention is attached to several classes of materials, purely
organic free radicals, coordination compounds and organometallic complexes,
which exhibit specific magnetic behaviors. It is shown to what extent the
electron-density analysis can shed light on bonding aspects that are closely
related to magnetic couplings. Relations between spin delocalization, spin
polarization, superexchange and the characteristics of the electron density are
described. The use of the topological theory of ‘atoms in molecules’ allows the
possible magnetic interaction pathways to be located and defined, especially
through weak intermolecular contacts. The complementarity with polarized
neutron diffraction and spin-density modeling techniques is particularly evident
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1. Introduction

Molecular-based magnetic materials have been the subject of
intense investigations and developments over the past decades
due to their potential applications in information storage
devices (Kahn, 1993). Many new exciting physical properties
have been recently discovered in this area like photo-induced
magnetization, single-molecule quantum behavior or mol-
ecular bistability (Miller & Drillon, 2001, 2002, 2003, 2004).
Such materials are based on assemblies of magnetic molecular
entities, connected via covalent bonds, coordination interac-
tions or weak intermolecular hydrogen bonds; their design
takes therefore advantage of the specificities of molecular
crystals. The resultant macroscopic magnetic properties rely
on the nature and strength of the intra- and intermolecular
interactions, whose interplay leads to isolated molecule
behaviors (high-spin clusters), low-dimensional properties
(bimetallic chains) or even three-dimensional magnetic
ordering (ferromagnets). In this context, full understanding of
the magnetic coupling mechanisms is required to conceive new
materials with enhanced properties.

Several concepts and theoretical models of magnetic
coupling have been developed and extended to molecular
systems (Anderson, 1963; Hay et al, 1975; Kahn & Briat,
1976a,b). These models are based on exchange interactions
between two paramagnetic centers A and B (typically transi-
tion-metal ions), close enough that the corresponding atomic
wavefunctions ® 4 and ®5 overlap. For large A-B separation,
like in A— L — B ligand-bridged bimetallic systems, the inter-

from the chosen examples.

actions can be mediated by a diamagnetic open-shell moiety,
acting not only as a spacer but also as a coupler; this is called
superexchange. Anderson developed a theory of super-
exchange, relying on A— L and L— B o covalent bonds, which
has been extended to molecular systems by Kahn & Briat
(1976a,b). In this latter formalism, ®, and &y are treated as
molecular orbitals partially delocalized (spin delocalization)
and overlapping on the bridging ligand L, leading to magnetic
exchange interactions. These spin carrying molecular units are
interconnected in the solid state by usually weak interactions
to give macroscopic magnetic properties. Detailed and
rigorous descriptions of these models can be found in the
literature (Kahn, 1993).

In the field of molecular magnetism, single-crystal polarized
neutron diffraction affords great possibilities for the under-
standing of the mechanisms at the atomic level (Schweizer,
1997; Gillon, 1999; Ressouche, 1999). This technique allows
reconstruction of the periodic spin-density distribution in the
material using a multipolar model or a wavefunction
approach; it has been applied to many organic free radicals
and organometallic compounds. One of the great successes of
spin-density analysis in molecular magnetism is that it has
experimentally elucidated the role played by the spin delo-
calization and spin polarization effects (see below) in the
superexchange interactions, especially in bimetallic complexes
(Gillon, 1999).

It should be emphasized that superexchange, spin deloca-
lization and spin polarization strongly rely on the covalency of
the chemical bonds along the A— L— B interaction pathway.
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The electron-density (ED) analysis (Coppens, 1997) appears
therefore as a fruitful approach to gain insights into the
interaction mechanisms in molecular magnetic materials.
Since the pioneering work of P. Coppens in 1967 (Coppens,
1967), it has become a powerful tool to investigate interatomic
and intermolecular chemical bonds in solids. The ED is usually
described using a pseudoatomic multipolar model where the
atomic density is given by (Hansen & Coppens, 1978)

Imax +

,O(l‘) = pcore(r) + PVK3IOVal(Kr) + [Z KGR](KJV) Z le:tylmj:(ef (p)7
=0 m=0

(1)

where p,...(r) and p,, (r) are spherically averaged core and
valence EDs calculated from high-accuracy wavefunctions for
ground-state isolated atoms (typically Clementi Hartree—
Fock; Clementi & Roetti, 1974). The ionic contribution to the
chemical bond is parameterized by an atomic valence-shell
population P, and a contraction—expansion k parameter
taking into account electron-shielding effects. The deforma-
tion of the valence-electron shell is projected onto real
spherical harmonics y,,,,.

Remarkable insights into the metal-ligand coordination
interactions have been earned from ED studies, more parti-
cularly in terms of L to M o donation and M to L m back
bonding according to the Dewar—-Chatt—-Duncanson model
(Dewar, 1951; Chatt & Duncanson, 1953). This explanation of
coordination bonds has been widely applied to metal
porphyrins for example (Lecomte et al., 1986, 1999). In addi-
tion, the 3d ED of transition metals may be described either by
multipolar expansion or as a product of atomic 3d orbitals,
whose populations can therefore be obtained from the refined
multipole parameters (Holladay et al., 1983). In the Fe, Cr, Cu
series of Tutton salts for instance (Figgis, Iversen et al., 1993;
Figgis et al.1998), good agreement was found between the 3d
orbital populations derived from the experimental ED and
those obtained from polarized neutron diffraction or crystal
field theoretical calculations.

The ‘atoms in molecules’ theory, developed by R. F. Bader
and co-workers (Bader, 1990), affords a great tool for the
detailed quantitative analysis of the ED distribution.
According to this approach, two atoms are bonded if they are
connected by a line of maximum ED, called a bond path, on
which lies a bond critical point [BCP, where Vp(rsp) = 0]. The
corresponding interatomic bond is fully characterized by the
topological properties of the ED at the BCP: p(rcp),
V2p(rep) = A + A, + A5, where A,_; are the curvatures
(eigenvalues of the Hessian) of the ED. The bond can be
further classified as closed-shell interactions for low p(rqp) and
V2p(rcp) > 0 and shared-shell interactions for high p(rqp) and
V2p(rep) <0. The ellipticity of the bond, defined as
& =1—|A;/A,|, where A; and A, are the principal curvatures
of the ED in the plane perpendicular to the bond
(A <A, <0), is a measure of the departure from cylindrical
symmetry of the ED at the BCP, and therefore indicates the
departure from purely o bond (7 character). According to the
topological formalism, the total charge density can be parti-

tioned into atomic fragments whose delimiting surfaces (or
interatomic surfaces) are defined by the zero-flux condition of
the gradient field. The integration of the ED in the atomic
basins yields topological atomic charges (Souhassou & Bles-
sing, 1999).

The ED analysis has recently been used to obtain new
insights into the interaction mechanisms of molecular
magnetic compounds; in the following, we review chosen
examples of such studies, most of them being performed in our
laboratory. The first section deals with nitronyl nitroxide free
radicals. In the second part, we focus our attention on a
coordination compound, a hydroxo-bridged Cu' complex. In
the last part, we present results on organometallic systems for
which the magnetic couplings are mediated by extended
organic bridges. The reader is encouraged to read the original
papers for more details.

2. Organic free radicals

The design of purely organic magnetic materials, and parti-
cularly of the o-nitronyl nitroxide family, whose general
formula is given in scheme (1),

has attracted much attention since the discovery of the first
genuine organic ferromagnet Nit(pNO,)Ph (7. = 0.6 K)
(Osiecki & Ullman, 1968). Nitronyl nitroxide radicals consist
of two nitroxide functions on which an unpaired electron is
delocalized in a 7* molecular orbital [SOMO: singly occupied
molecular orbital, (II)]

an

built from atomic N(2p,) and O(2p,) orbitals. Each radical
behaves as a paramagnetic S = 1/2 unit whose interactions
with neighboring radicals in the solid may lead to long-range
magnetic ordering (bulk magnetism).

McConnell proposed two models to account for such long-
range interactions by intermolecular contacts (McConnell,
1963, 1967). According to the first McConnell model, ferro-
magnetic interactions are attributed to intermolecular close
contacts between atoms carrying spin populations of opposite
sign; this follows from the simple application of Hund’s rule in
the intermolecular contact region. The second McConnell
model, which has been developed to rationalize magnetic
interactions in charge-transfer salts, relies on a mixing
between the ground state and charge-transfer states corre-
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sponding to an intermolecular spin transfer from the SOMO
of one radical to the LUMO (lowest unoccupied molecular
orbital) of a neighboring interacting radical. This process
allows both antiferromagnetic and ferromagnetic interactions,
the latter being predominant according to Hund’s rule. An
orbital description of this mechanism has been given by
Kollmar & Kahn (1993). Several experimental spin-density
analyses have revealed the transmission of magnetic interac-
tions through hydrogen bonds, for example in the
[Co(NH3)5(H,0)][Cr(CN)g] coordination compound by
Figgis, Kucharski & Vrtis (1993). However, no clear correla-
tions between magnetic properties (nature and dimension-
ality) and geometrical characteristics of the intermolecular
contacts have been found in nitronyl nitroxides, indicating that
further investigations are still needed (Deumal et al., 1999). To
fully understand these mechanisms, several ED studies of free
radicals have recently been undertaken (Yasui et al, 2000;
Pillet et al., 2001; Claiser et al., 2002; Ziessel et al., 2004). We
will discuss in the following results obtained on three nitronyl
nitroxide radicals, namely 4,5-dihydro-4,4,5,5,-tetramethyl-2-
[p-(methylthio)phenyl]imidazol-1-oxyl 3-oxide, 2-(6-ethynyl-
2-pyridyl)-4,5-dihydro-4,4,5,5-tetramethylimidazol-1-oxyl ~ 3-
oxide and an ethylene-bridged bis(imidazol-1-oxyl 3-oxide),
abbreviated as Nit(SMe)Ph (III), NitPy (IV) and D-NIT2 (V),
respectively.
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The first one is a ferromagnet under 7. = 0.3 K (Caneschi,

Ferraro, Gatteschi, Le Lirzin, Novak et al., 1995; Caneschi,
Ferraro, Gatteschi, Le Lirzin & Rentschler, 1995), NitPy
exhibits ferromagnetic interactions and an antiferromagnetic
ordering at Ty = 0.54 K (Romero et al, 1996), whereas
D-NIT?2 is characterized by intramolecular antiferromagnetic
couplings only (Ziessel et al., 2004).

2.1. Electron-density specificities of the nitroxide N—O bond

The nitroxide group is a special case of chemical bond, with
ED characteristics that differ notably from typical nitrate
(Pillet, Souhassou, Lecomte et al., 2004) and nitro bonds
(Volkov, Abramov et al., 2000; Volkov, Gatti et al., 2000;
Zhurova & Pinkerton, 2001; Kozisek et al., 2002; Kubicki et al.,
2002). From a structural point of view, the mean N—O
distances parallel the corresponding bond orders: 1.277 (1) A
for nitroxide [mean over Nit(SMe)Ph, NitPy and D-NIT?2],
1.239 (20) A for nitrate and 1.218 (13) A for nitro, with bond
orders of 1.25, 1.3 and 1.5, respectively. Fig. 1 compares the
corresponding static deformation densities. The three N—O
groups exhibit similar features: two maxima of deformation
density close to O atoms, attributed to lone pairs, and a high
polarization of the bond deformation density clearly with a
lower build-up in the nitroxide case. The position of the two
O-atom lone pairs, directed at nearly 100° from the N—O axis,
results from a high p,, character of the O-atom hybrid orbitals
(x along N—O, z perpendicular to the map planes in Fig. 1), in
contrast to the almost 120° angle and O-atom sp” formal
hybridization in carbonyl groups (Coppens & Lehmann,
1976).

From the topological point of view, the nitroxide bond
presents unusual and interesting properties. The N—O BCP is
systematically displaced towards the N atom for nitro and
nitrate, but almost centered in the bond for nitroxide with the
corresponding ED in line with the bond-order and bond-
length evolution: 2.63 < Ppiroxide < 2.78 € A3 , 2.87 < Pnitrate <
3.10e A~ and 3.14 < Pritro < 347 € A3, Contrary to nitrate
and nitro bonds, the Laplacian of the ED at the nitroxide BCP

N 1.218(13)A

N 1.23920)A

Figure 1

Static deformation density [p(calc multipolar) — p(calc spherical)] for (a) nitro in 1-phenyl-4-nitroimidazole (Kubicki et al., 2002), (b) nitrate in
Cu,(OH);(NO3) (Pillet, Souhassou, Lecomte et al., 2004) and (c) nitroxide in D-NIT?2 (Ziessel et al., 2004) groups. Contour levels +0.05 ¢ A™>, positive
contours as solid lines and negative contours dashed. (a) and (c) reproduced with permission of the authors.
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is rather small (from —3.4 to +2.78 ¢ A’S) and even positive
for Nit(SMe)Ph and NitPy. The positive sign of the Laplacian
cannot be attributed to real closed-shell interactions but
rather indicates ED depletion in the bonding region and
correlated electron redistribution towards N and O atoms,
which is in line with the presence of a single unpaired electron
in the antibonding 7™ orbital. Indeed, nitroxide bonds are
characterized by a high A; curvature along the bond path and
low A, and X, curvatures in the perpendicular directions. The
different behavior of the three N—O bond types is also
evident from the inspection of the topological atomic charges.
The nitro and nitrate N atoms are positive whereas the O
atoms carry a highly negative charge, reflecting a polarization
of the N—O bond. Contrary to this, the charge of the nitroxide
group is shared between N and O atoms [¢g(N) < 0, g(O) < 0],
consistent with a charge separation and electron redistribution
from the bonding region towards N and O atoms. Experi-
mental spin densities of nitronyl nitroxide radicals clearly
demonstrate the 7 shape of the SOMO, built from N(2p.) and
O(2p.) atomic orbitals with spin populations shared between
N and O atoms (Pontillon ef al., 1999; Romero et al., 2000). In
summary, the ED distribution and its topological features,
together with spin-density observations, clearly demonstrate
the 7™ antibonding nature of the SOMO.

2.2. Importance of conjugation and aromaticity in the
interaction mechanisms

Besides the specific behavior of the two nitroxide groups,
spin polarization, which is characterized by spin populations of
alternating sign on the organic backbone neighboring the
nitroxide functions, plays a major role in the magnetic
coupling of nitronyl nitroxide free radicals. Spin polarization
results from the mixing between the SOMO, HOMO (highest
occupied molecular orbital) and LUMO frontier orbitals. It is
conveniently described in terms of configuration interaction
and mixing between the ground state and simply excited states
As discussed above, the SOMO corresponds to an antibonding
7" orbital delocalized on the two nitroxide groups. For typical

O-+-H BCP

e

g

Figure 2

Intermolecular contacts along the ¢ crystallographic axis of Nit(SMe)Ph
(Pillet ez al., 2001). The total electron density is plotted at the 0.03 e A~?
level. The H---O BCP [do...z = 2.506 (4) A, p(rcp) = 0.03 ¢ A~ 1 is
indicated by the arrow.

nitronyl nitroxides, the HOMO and LUMO are mainly delo-
calized on the substitution R fragment (I). Accordingly, it is
expected that a highly conjugated R group might yield effi-
cient spin polarization by mixing between the symmetry-
adapted SOMO, LUMO and HOMO.

The topological properties of the ED in Nit(SMe)Ph show
high conjugation effects from the nitroxide groups to the
thiomethyl moiety (IIT) with ED, Laplacians and ellipticities at
the BCPs along the conjugation path higher than for single
bonds, which correlates well with spin polarization evidenced
by polarized neutron diffraction. This conjugated backbone
corresponds also exactly to the location of the LUMO as
derived by Pontillon et al. (1999) from theoretical DFT
calculations [depicted in (VI)].

—_—% -

SOMO

LUMO

(VD

The situation is more complex in NitPy for which the R
fragment is a pyridine ring substituted by an ethynyl function
(IV). As for Nit(SMe)Ph, high conjugation occurs from the
ethynyl to the N—O groups, assisted by the pyridine N atom.
This latter exerts a polarization of the pyridine ED, the C—N
bonds withdrawing ED from the other pyridine C—C bonds.
For NitPy, experimental spin densities show spin polarization
on the pyridine ring and the ethynyl function (Romero et al.,
2000), in agreement with the ED derived conjugation scheme.
In the bis-radical D-NIT2 (V), the bridging ethylene function
presents also a high s character and therefore electron
conjugation spread between the two nitronyl rings, in line with
a dihedral angle of less than 2°. Correlatively, high spin
polarization with alternating spin signs on the four bridging C
atoms might be expected and has been discussed by Ziessel et
al. (2004) from solid-state NMR spectroscopy.

2.3. Interradical contacts and interaction pathways

Nitronyl nitroxide radicals exhibit macroscopic magnetic
properties, resulting from long-range interaction in the solid.
The ED distribution has been used in all three discussed
examples to define possible interradical interaction pathways.
In the atoms-in-molecules framework (Bader, 1990), the
presence of a bond path, with a corresponding BCP and an
interatomic surface are definite clues for the existence of a
chemical bond. Fig. 2 presents the total ED of Nit(SMe)Ph
along the crystallographic ¢ axis, where a weak C—H.--O
hydrogen bond connects one nitroxide function to the thio-
methyl group of a symmetry-related radical (cell translation
along c). The observed bridge of ED is clear evidence that the
radicals are not isolated in the crystal. This contact is further
characterized by a bond path and a BCP with rather low ED
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[o(rcp) =0.03 ¢ A’S]. Similar weak hydrogen bonds have been
pointed out by topological analysis in the other crystal direc-
tions. In NitPy, several interradical C—H..--O and
C—H-: N hydrogen bonds, involving both nitroxide func-
tions, have been located by Claiser et al. (2002), with ED at the
BCPs higher than for Nit(SMe)Ph. In contrast, no significant
interradical hydrogen bonds have been observed in D-NIT2,
which accordingly behaves as an isolated biradical in the solid
state.

2.4. Electron-density distribution and interaction mechan-
isms

From the joint analysis of spin and electron densities, one
can postulate interaction mechanisms. In Nit(SMe)Ph, the
experimental spin density evidences the localization of the
unpaired electron in the 7* SOMO as well as spin-polarization
effects on the phenyl ring and the bridging C atom. The
topological analysis of the ED indicates a conjugated scheme
from N—O to the S atom, which corresponds also to the
localization of the LUMO. The methyl C atom of the thio-
methyl group carries a significant spin population and a
negative charge (qcp, = —0.2 €), opposite to the other methyl
groups of the radical ({gcn,) = +0.3 ¢). This methyl group is
also involved in an interradical C—H---O hydrogen bond.
The magnetic properties of Nit(SMe)Ph can therefore be
explained according to the second McConnell mechanism by a
SOMO to LUMO spin and electron transfer through a
hydrogen bond, (VI).

The same conclusions on localization of the unpaired
electron in the SOMO and spin polarization over the ethynyl-
bridged pyridine ring are valid for NitPy. A conjugation
scheme, corresponding to the location of the LUMO, is spread
over the pyridine ring and the ethynyl function. An inter-
molecular C—H---O hydrogen bond between a nitroxide
group and the ethynyl function, together with the spin popu-
lation observed on the involved ethynyl H atom, indicate a
SOMO to LUMO spin and electron transfer as for
Nit(SMe)Ph. As concluded by Romero et al. (2000) and by
Claiser et al. (2002), NitPy fulfils the conditions for an inter-
molecular magnetic coupling according to the second
McConnell mechanism (VII), which might explain the
observed ferromagnetic interactions.

SOMO

LUMO
(VI
At 0.54 K, NitPy undergoes an antiferromagnetic transition
that could result from additional C—H---O and C—H---N
interradical contacts in the solid (Claiser et al., 2002).
Compared to the two previous examples, the behavior of
D-NIT2 appears rather simple. An efficient intraradical =&

delocalization scheme through the bridging C—C double
bond connects the two radicals, responsible for the anti-
ferromagnetic coupling. No strong intermolecular contacts
have been located that could overcome this coupling, leading
to purely molecular magnetic properties, without long-range
interactions.

3. Coordination complexes

The understanding of the superexchange interactions taking
place between transition-metal ions coupled by a diamagnetic
unit has raised considerable interest from a fundamental point
of view. According to the models developed for oxides
(Anderson, 1963; Goodenough, 1963) and extended to mol-
ecular complexes (Kahn & Briat, 1976a,b), the covalent bonds
between the coupled transition metals and the diamagnetic
bridging group play a fundamental role. Simple hydroxo-
bridged copper(II) dimers have been the subject of particular
attention, a simple empirical linear relation between the J
exchange parameter and the Cu—O—Cu bridge angle has
been derived by Crawford et al. (1976). Several experimental
ED studies have been devoted to coordination compounds
exhibiting indirect exchange interactions, among other Cu"
complexes: copper hydroxonitrate Cu,(OH);(NO3) (Pillet,
Souhassou, Lecomte et al., 2004), azurite Cus3(CO3),(OH),
(Belokoneva et al., 2001), dioptase Cu(SigO15)-6H,O (Belo-
koneva et al.,2002) and transition-metal monoxides: MnO and
CoO (Jauch & Reehuis, 2002, 2003).

3.1. [Cuy(OH)3(NO3)]1, an example of a hydroxo-bridged
copper(ll) complex

[Cu,(OH)3(NO3)] is a typical layer copper hydroxide whose
crystal structure can be described as a two-dimensional
triangular array of Cu atoms in two different Jahn-Teller
distorted octahedral environments (Fig. 3) (Effenberger,
1983). Cul is surrounded by four hydroxo groups in the basal
plane [(Cul—Oyue) = 1.9650 (8) A] and two nitrate ions in
the axial directions [(Cul—O,ya) = 2.3959 (8) A], whereas
Cu2 is coordinated by five hydroxo and one nitrate ion
[(Cu2—Opaeal) = 1.9948 (7), (Cu2—O,ya) = 23454 (7) Al.
According to the specific layer structure, [Cu,(OH);NO;] is
the archetype of Heisenberg antiferromagnetic (S = 1/2)
interactions on a triangular lattice with weak interlayer
couplings (Drillon et al., 1995; Laget et al., 1998; Massobrio et
al., 1999, 2001). This in-plane triangular geometry certainly
leads to magnetic frustration effects. Among the planes, four
different Cu- - -Cu exchange pathways (J1-4 in Fig. 3) can be
isolated with intermetal distances from 3.03661 (5) to
32323 (2) A; two of them involve two hydroxo ions whereas
the other two rely on one hydroxo and one nitrate ion.

To explain the magnetic couplings in [Cu,(OH)3(NO;)], two
mechanisms could be invoked: by direct overlap of the Cul
and Cu2 d orbitals (direct exchange) or by superexchange
through the bridging O atoms. The ED distribution and its
topological analysis in the Cu- - -Cu interaction pathways bring
some information on the Cu—O chemical bonding that can
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help our understanding of the magnetic interactions. The Cul
and Cu2 deformation densities reflect the populations of the
atomic 3d orbitals due to the assumed Dy, crystal field
(although the real symmetry is lower). Under Dy, point
symmetry, the d orbitals split into four levels according to
a14(d;2), big(dyoy2), bay(d,,) and ey(d,,.d,.), which agrees with
the populations derived from the modeled ED (Table 1). The
dyy, d,, d,, and d. orbitals are fully occupied whereas d,._,. is
only partly filled; Cul(d,._,:) and Cu2(d,-_,:) are therefore the
Cu magnetic orbitals. A similar observation has been made by
Massobrio et al. (1999, 2001) from DFT calculations. If
superexchange interactions occur, significant Cu—O o overlap
should be effective; hence the characterization of the Cu—O
bond is fundamental. The ionic contribution to the Cu—O
chemical bond is estimated from the topological charges which
show a topological electron transfer from both Cu (gcy =
+1.0, gcwz = +0.94 ¢) to the hydroxo (qoy = —0.39 ¢) and
nitrate ions (gno, = —0.76 €). On the other hand, the ED of the
O and Cu atoms clearly overlap in the Cu—O region indi-
cating a significant covalent character (Fig. 4), the overlap
being more pronounced in the basal Cu—OH directions than
in the axial Cu—OH and Cu—ONO, ones. The mean EDs
at the corresponding BCPs are (pcy_o,, ) =0.58 and

Cul(d

()

Figure 3

(a) Two-dimensional copper triangular lattice of the [Cu,(OH);NO;]
structure. J1,4 are the coupling constants corresponding to the four
different Cu---Cu exchange pathways. (b) Orientation of the Cu d,._,.
atomic orbitals corresponding to J1,4 (Pillet, Souhassou, Lecomte et al.,
2004).

Table 1

Populations of the Cu 3d atomic orbitals in Cuy,(OH)3(NOs) (in %).
de_y d.. dy d.. d,.

Cul 16.8 (6) 19.8 (5) 21.0 (5) 209 (5) 215 (6)

Cu2 14.4 (5) 21.3 (5) 19.8 (5) 21.0 (5) 23.5 (6)

(bcu—o,. ) =024 e A= with associated Laplacians  of
(Vpcu—o,. ) =87 and (Vpcu_o, ) =31e A7

The ED topology of the four Cu- - -Cu pathways consists of
BCPs located in all the Cu—O bonds; no BCP lies directly in
the Cu- - -Cu direction. Accordingly, the ED distribution does
not show any evidence for a direct chemical bond between Cu
atoms, but rather indirect interaction through the O atoms.
The Cul(dy_,.) and Cu2(d,._,.) magnetic orbitals are
furthermore well oriented for efficient Cu—O o overlaps (Fig.
3b). All these observations, significant covalency of the Cu—O
bonds, occupancy of the 3d orbitals, orientation of the d,._.
orbitals and absence of direct Cu---Cu bonding interactions
are consistent with a superexchange mechanism mediated by
the basal O atoms. The ED distribution does not however
allow discussion of the sign and amplitude of the corre-
sponding exchange interactions.

Weak interlayer exchange couplings have been observed
from magnetic measurements that are correlated to three
O- - -H hydrogen bonds between the nitrate and hydroxo ions.
In these regions, bridges of ED connect the layers with ED at
the BCPs corresponding to medium-strong hydrogen bonds
that could possibly mediate the magnetic interactions.

4. Organometallic compounds

There has been considerable interest in the magnetic prop-
erties of A— L— B polymetallic complexes in which the A and
B paramagnetic transition metals are connected by an
extended L diamagnetic bridge like pyrimidine, oxalato,
oxamato. In this class of compounds, the magnetic properties
are due in most cases to superexchange interactions assisted
by the organic bridge. In that context, low-dimensional

(a) (b)

Figure 4

Total electron density in (a) the Cu2.--Cu2 (J1 in Fig. 3) and (b)
Cul- - -Cul (J2 in Fig. 3) exchange pathways. The electron density is only
plotted for a fragment of the structure witha 0.5 e A3 isocontour (Pillet,
Souhassou, Lecomte et al., 2004).
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compounds with chain or layer topology represent model
systems. In particular, infinite bimetallic Mn"-Cu'" chains
have been the subject of numerous studies, the high magnetic
moment per (Mn"—ligand—Cu") unit allowing intense
coupling, despite the large Mn—Cu separation along the chains.
Understanding the exact nature of the chemical bonding in the
A—L—B unit appears fundamental to better explain the
superexchange mechanism in such materials. Several ED
studies have been undertaken on polymetallic complexes, with
the aim of describing in detail the chemical bonding of the
pertinent magnetic units. Yasui et al. (2002) analyzed the
behavior of pyrimidine-bridged copper [Cu(NOs3),(H,0),-
(pm),], iron and cobalt complexes [MCl,(pm),] (M = Co, Fe).
Pillet, Souhassou, Mathoniere & Lecomte (2004) studied an
oxamato bridged Mn—Cu ferrimagnetic chain.

4.1. [Cu(NO3)»(H,0),(pm),], a pyrimidine-bridged copper
chain complex

The crystal structure of [Cu(NO;),(H,O),(pm),] (Fig. 5)
consists of Cu' ions in an octahedral CuN,O, environment of
two pyrimidine groups and two water molecules in the basal
plane [dcy_~ = 2.031 (2), dcy_o,,, = 2.011(2) A] and two
nitrate ions in the axial directions [dcy_o _, = 2.340 (2) Al.
The Cu octahedra are furthermore bridged by the pyrimidine
groups to make infinite parallel chains [Cu---Cu =
5737 (5) A].  [Cu(NOs),(H,0),(pm),]  presents  anti-
ferromagnetic couplings (/ = —25cm™') that have been
attributed to superexchange mediated by the pyrimidine along
the chains without interchain magnetic interactions (Yasui et
al., 2001). From extended Hiickel calculations, Mohri et al.
(1999) proposed an interaction model based on overlap
between the Cu(d,._,.) orbital and the pyrimidine molecular
orbitals. Yasui et al. (2002) analyzed in detail the corre-
sponding ED distribution, using high-resolution X-ray
diffraction and multipolar modeling, to corroborate this
mechanism. The Cu electron deformation density (Fig. 6)
indicates a preferential occupancy of the d,,, d,., d,, and d,.
atomic orbitals and a lower occupancy of the d.._,. due to the
Dy, crystal field exerted by the coordinating ligands. From the

Figure 5
Molecular structure of [Cu(NOs;),(H,O),(pm),]. Reproduced with
permission from Yasui et al. (2002). Copyright (2002) Taylor and Francis.

multipole parameters, the authors derived 3d orbital popula-
tions of 1.8 to 1.9 e for the d,,, d,., d,. and d.. orbitals and
1.28 ¢ for the d,._,.. According to these populations, d,._,. is
the Cu atomic magnetic orbital. The model deformation
density exhibits also high peaks close to N and O atoms, which
correspond to the lone pairs directed towards the Cu atom and
result in efficient o overlap with the symmetry-adapted d,._.
magnetic orbital, in agreement with the model of Mohri et al.
(1999). A topological analysis of the ED distribution could
further characterize the bonding interactions and magnetic
mechanism in [Cu(NO;),(H,0),(pm),].

4.2. [MnCu(pba)(H,0);]-2H,0, a ferrimagnetic chain
compound

The crystal structure of [MnCu(pba)(H,0);]-2H,O, where
pba stands for 1,3-propylenebis(oxamato) can be described as
infinite parallel Mn—pba—Cu chains (Fig. 7) connected to
each other by hydrogen bonds (Pei et al, 1987). So
[MnCu(pba)(H,0);]-2H,O exhibits a magnetic behavior
typical of ordered bimetallic chains, with one-dimensional

Figure 6

Model deformation density of [Cu(NOs),(H,0),(pm),]. Contours as in
Fig. 1. Reproduced with permission from Yasui et al. (2002). Copyright
(2002) Taylor and Francis.
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antiferromagnetic interactions (/ = —23.4cm™') and weak
interchain couplings. These properties have been investigated
by polarized neutron diffraction measurements using a spin-
density multipolar model by Baron et al. (1997), the negative
and positive spin populations derived for Cu [—0.75 (2) pg]
and Mn [+4.93 (3) ug] are characteristic of the anti-
ferromagnetic interactions along the chains. In addition, spin
densities have been observed on the oxamato moiety with
positive contributions on the O atoms connected to Mn atoms
and negative populations on all the other atoms. Baron et al.
(1997) and Kahn er al. (1997) have thus explained the
magnetic interactions between Mn and Cu by a spin
delocalization mechanism through the oxamato bridge.

The ED distribution of [MnCu(pba)(H,0);]-2H,O allows
one to obtain further insights into the intrachain interactions.
These are first characterized by high topological electron
transfer from both metals (gc, = +1.56, gnp, = +1.45 €) to the
oxamato bridge (goxamato = —1.54 €) which undergoes in turn a
charge polarization with positive inner C atoms ({gc) = 1.12 ¢)
and negative coordinating N and O atoms (g = —1.15, {go) =
—0.88 ¢). In addition to the electron-transfer contribution,
high overlap between the Cu 3d atomic orbitals and the
molecular orbitals of the oxamato moiety is evidenced by high
ED at the corresponding Cu—O [p(rcp) = 0.62 ¢ A’3] and
Cu—N [p(rcp) = 0.74 ¢ A=%] BCPs. The covalency is even

c4

Figure 7

Chain structure of [MnCu(pba)(H,0);]-2H,0 and local coordinate
systems for Mn and Cu atoms. Thermal displacement ellipsoids are
plotted at the 50% probability level. H atoms and non-coordinated water
molecules are omitted for clarity (Pillet, Souhassou, Mathoniére &
Lecomte, 2004).

Figure 8
Total electron density along the chain of [MnCu(pba)(H,0)s] - 2H,O with

an isocontour of 0.25 ¢ A™3 (Pillet, Souhassou, Mathoniere & Lecomte,

2004).

more pronounced for the Cu—N bond. By comparison to the
promolecule (independent-atom model), an increase of ED of
as much as +0.17 and 0.22 e A~ occurs in the Cu—O and
Cu—N bonds, respectively. On the other hand, the topological
properties of the Mn—O bonds correspond to closed-shell
interaction with lower covalency [{o(rcp)) = 0.37,+0.10 e A
with respect to the promolecule]. This difference of behavior is
particularly evident from inspection of Fig. 8.

The Cu 3d orbital populations, derived from the multipole
parameters of the Cu deformation density, are 24.6 (3)% for
the d,,, d,., d., orbitals and 11.1 (3) and 16.5 (3)% for the
d.._,. and d.. orbitals, respectively, in agreement with the
CuN,0O5 pyramidal environment. According to Hund’s rule,
the d.. orbital is likely to be partly filled by spin-up and spin-
down electrons, whereas d,._,» can accept one single-spin
electron and represents therefore the Cu atomic magnetic
orbital.

The topological properties of all BCPs of the oxamato
bridge show characteristic features of conjugation effects:
short bond lengths, high EDs, high Laplacians and high
ellipticities; this electron conjugation is necessary to mediate
the interactions along the chain according to the super-
exchange mechanism proposed by Baron ef al. (1997). Indeed,
the Cu d,._,. orbital is o overlapping with the corresponding
molecular orbital of the oxamato bridge. Since this latter
presents high electron conjugation, spin can be transferred
from the Cu atom to the oxamato group by spin delocalization
(Baron et al., 1997). According to the stronger Cu—N overlap,
this phenomenon is expected to be more efficient through the
N atom. A similar argument holds for the Mn atom but with a
lower effect due to lower Mn—O overlap in agreement with
the lower Mn-bridge spin delocalization discussed by Kahn et
al. (1997).

The magnetic behavior of [MnCu(pba)(H,O);]-2H,0
presents a departure from one-dimensional antiferromagnetic
exchange coupling at very low temperatures (below 2.3 K). As
shown in Fig. 9, bridges of ED connect the chains by hydrogen
bonds with ED values at the corresponding BCPs from 0.15 to

04--06

b

Figure 9

Total electron density in the interchain region of MnCu(pba)-
(H,0)3-2H,0 with an isocontour of 0.1 ¢ A~>. The interchain hydrogen
bonds (O1---04, O2.--06 and O4---O6) are given in the insert (Pillet,
Souhassou, Mathoniére & Lecomte, 2004).
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030e A~ and indicate medium-strong hydrogen bonds.
These contacts might be involved in the interchain magnetic
couplings.

5. Conclusions

Even if polarized neutron diffraction is at present one of the
most widely used and powerful techniques for investigating
magnetic interaction mechanisms in molecular solids, analysis
of the experimental electron-density distribution gives valu-
able insights into bonding aspects that can be related to
magnetic couplings.

In transition-metal-containing systems, the electron defor-
mation density at the metal site allows derivation of the 3d
orbital populations whose anisotropy reflects the lift of
degeneracy due to the crystal field. From the inspection of the
3d orbital populations, the atomic magnetic orbital can be
defined; this is particularly evident in elongated octahedral
copper(II) complexes where the Cu(d,._,.) orbital carries the
unpaired electron. In addition, the topology of the electron-
density distribution allows discrimination between direct or
indirect Metal- - -Metal bonding by the spatial distribution of
bond paths and bond critical points. In the case of hydroxo-
bridged copper(II) dimers for instance, the absence of a BCP
in the Cu- - -Cu direction is direct evidence of indirect coupling
mediated by the bridging hydroxo and nitrate ions.

The ED analysis is also very efficient in locating inter-
molecular contacts like hydrogen bonds. Indeed, the presence
of a bond path on which lies a bond critical point in the
intermolecular region indicates a bonding interaction, usually
weak, that can mediate magnetic couplings in the solid. This
approach has been used for locating possible interradical,
interplane and interchain contacts in most of the compounds
described above.

All the results discussed here are related to purely organic
materials or first-row transition-metal complexes. Many rare-
earth or second-row transition-metal complexes exhibit
interesting magnetic properties and are nowadays more and
more designed. The investigation of the electron-density
distribution of molecular magnetic complexes containing such
heavy elements is a real challenge that has already been
attempted (Claiser et al., 2004). The results obtained are
encouraging but need very accurate diffraction experiments
and, in the case of rare-earth complexes, very accurate scat-
tering factors.
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