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Abstract

The late Olivier Kahn formulated a research objective for molecular magnetism: ‘The normal trend for the molecular state is the
pairing of electrons [...] with a cancellation of the electron spins. The design of a molecule-based magnet requires that this trend be
successfully opposed.” One strategy for enforcing ferromagnetic interactions is the spin-polarization mechanism. While this mech-
anism is almost always working in organic chemistry, the application to transition metal complexes is not straight-forward. We have
established a structurally related series of trinuclear complexes bridged by modified 1,3,5-trihydroxybenzene (phloroglucinol)
ligands. The trinuclear Cu™ complexes all exhibit weak, but ferromagnetic interactions. The trinuclear V'V complex exhibits
even smaller ferromagnetic interactions, while a trinuclear Mn complex exhibits antiferromagnetic interactions. The correlation
between structural and magnetic parameters in the series of Cu complexes gives experimental insight into the spin-polarization
mechanism. The crucial parameter for an efficient spin-polarization mechanism through the bridging benzene unit seems to be
the amount of spin density in the pI" orbitals of the phenolic oxygen atoms. This spin density crucially depends on the remaining
coordination sites and on the ligand folding at the central Cu—phenolate bond. The spin transfer from the metal to the phenolate
oxygen atom occurs by two different mechanisms, namely spin-polarization and spin-delocalization, which can provide opposing
contributions. The main conclusion of this study is that for a more efficient spin-polarization through the central benzene ring the
spin density in the phenolate O pI” orbital must be maximized, which can mainly be achieved by increasing the covalency of the
metal—phenolate bond. To cite this article: T. Glaser et al., C. R. Chimie 11 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

1.1. Molecule-based magnetic materials and
ferromagnetic interactions

The considerable interest in the synthesis of mag-
netic materials based on molecular entities with its
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potential application in fields like molecular electron-
ics [1—5] started with the observation that
[Cp*,Fe] '[TCNE]~, 1, exhibits a spontaneous long-
range ferromagnetic ordering with a Curie temperature
Tc of 4.8 K [6,7]. The structure of 1 consists of chains
of alternating [Cp*zFe]Jr and [TCNE] units both
having an S = 1/2 ground state. The intra-chain inter-
action is ferromagnetic with J =413 cm™'. (All cou-
pling constants J in this manuscript are related to the
Heisenberg—Dirac—van Vleck—Hamiltonian in the

1631-0748/$ - see front matter © 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

doi:10.1016/j.crci.2008.05.016


mailto:thorsten.glaser@uni-bielefeld.de
http://france.elsevier.com/direct/CRAS2C

1122 T. Glaser et al. | C. R. Chimie 11 (2008) 1121—1136

form of H=—2JS,S,.) Below 4.8 K, weak but ferro-
magnetic dipolar interactions between the chains lead
to the observed spontaneous magnetization. This 3D
long-range magnetic order in a system constructed
from molecular building blocks initiated world-wide
research activities to prepare quasi-1D, 2D, and 3D
molecule-based magnets. Prominent examples with
Tcs above room temperature are V(TCNE), - y(CH,Cl,),
2 [8], and some members of the family of Prussian Blue
analogues like KV'[CI™(CN)], 3 [9], or V§.Viss
[Cr™(CN)glo.s6° 2.8H,0, 4 [10,11]. This last class pro-
vides a convenient approach for the design of new inter-
esting materials because the high symmetry of the M—
CN—M' exchange pathway allows the prediction of the
nature of the exchange interactions [12,13] by the use of
the Goodenough—Kanamori rules [14—18].

Another milestone in the field of molecule-based
magnets was the observation that [Mn;,O;,(O,C-
CHj3)16(OH)4], Mny, [19], exhibits a hysteresis in the
magnetization of purely molecular origin and has been
the first member of a new class of molecular materials
called single-molecule magnets (SMMs) [20—22]. In
contrast to the above mentioned molecule-based
magnets exhibiting a long-range ferromagnetic order,
SMMs possess an energy barrier for spin reversal which
causes a slow relaxation of the magnetization at low
temperatures. The energy barrier originates from
a high-spin ground state and a magnetic anisotropy of
the easy-axis type (negative zero-field splitting parame-
ter D). This magnetic anisotropy barrier results in
a magnetic bistability at low temperatures which attracts
a great deal of scientific attention [23,24] and some
reports on potential application of SMMs appeared in
the literature [23—28]. Mny, is a high-spin molecule
with an S, = 10 spin ground state which shows a zero-
field splitting D of —0.5 cm ™' resulting in an anisotropy
barrier D-S{ of ~50cm™'. While high-spin ground
states, combined with a strong negative zero-field
splitting, are necessary conditions for an SMM, they
are not sufficient. In order to reduce relaxation pathways
and to diminish interstate mixing, the ground states
should be energetically well separated, i.e. strong
exchange couplings are highly desirable. Additionally,
the serendipitous increase of the nuclearity of
polynuclear transition metal complexes by using small
ligands results in compounds with symmetries that
approach the cubic limit. In this situation, the local
anisotropies cancel each other by projecting on the
global spin ground state.

The above given summary of the two major direc-
tions in the field of molecule-based magnets, namely
long-range ordered magnets and single-molecule

magnets, clearly defines one important research objec-
tive in molecular magnetism, which is not yet realized:
synthetic strategies to building blocks which enforce
ferromagnetic interactions and/or high-spin ground
states. This objective was already formulated by the
late Olivier Kahn: ‘The normal trend for the molecular
state is the pairing of electrons [...] with a cancellation
of the electron spins. The design of a molecule-based
magnet requires that this trend be successfully opposed’
[29].

In order to establish synthetic recipes for parallel
spin alignments we are exploring three different
strategies:

(1) the double exchange mechanism [30—33] in face-
sharing octahedra [34,35],

(2) the use of orthogonal magnetic orbitals [15,36,37]
(second Goodenough—Kanamori rule),

(3) the spin-polarization mechanism [38,39] in meta-
phenylene-bridged complexes [40—43], which is
the subject of the work described herein.

1.2. The spin-polarization mechanism

It is well established in organic chemistry that the
meta-phenylene linkage of organic radicals and car-
benes leads to ferromagnetic interactions, while in
the corresponding ortho- and para-phenylene linkages,
the interaction is antiferromagnetic [44—49]. This
simple, heuristic phenomenon is usually attributed to
a general mechanism termed spin-polarization and
some concepts concerning this spin-polarization will
be summarized here.

The archetype compounds are the alternant hydro-
carbons 5—7 (Scheme 1, top row) [50]. Alternant
hydrocarbons are conjugated systems in which the
atoms can be divided into two groups, starred and un-
starred, in such a way that no two atoms with like par-
ity are directly linked. If the number of atoms in the
two sets differs, the more numerous set should be the
starred one [51]. It is easy to see from Scheme 1 that
5 and 7 have four starred and four unstarred carbon
atoms, while in the meta-isomer 6 there are five starred
and three unstarred carbon atoms (Scheme 1, middle
Trow).

For the ortho- and para-phenylene-bridged diradi-
cals 5 and 7, resonance structures can be formulated
(Scheme 1, bottom row) where each carbon atom
possesses an electron octet by three c-bonds and one
m-bond (Kekulé-type structure [38]). For the meta-
phenylene-bridged diradical 6 no such resonance
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structure can be formulated (excited structures [38] or
non-Kekulé compounds [51]). At least one carbon
atom is connected to its three neighbors by single
bonds only [38]. From these resonance structures, it
is quite evident that the ortho-isomer 5 and the para-
isomer 7 possess closed-shell singlet ground states
while the meta-isomer 6 has an open-shell diradical
ground state. However, from this simple picture it is
not yet evident whether the two radicals in 6 couple
ferromagnetically (S;=1) or antiferromagnetically
($:=0).

From LCAO-MO considerations based on simple
Hiickel theory (one-electron theory), it follows that
an alternant hydrocarbon with n starred atoms and
m unstarred atoms has n —m non-bonding MOs
(NBMOs). Thus, in 5 and 7 the eight 7t-electrons are
in four bonding MOs resulting in the closed-shell
ground states, while in 6 two NBMOs are degenerate
at ‘zero’ energy each occupied by only one Tt-electron.
Application of Hund’s rule for atoms on this molecule
predicts therefore a ferromagnetic S, =1 ground state
in 6 [49,51].

A simple generalization is provided in Eq. (1) which
gives an easy way to obtain the spin ground state S, of
an alternant hydrocarbon with »n starred and m
unstarred atoms [49,52—54].

n—m

Si=— (1)

Increasing the level of theory, i.e. going from Hiickel
MO theory to many-electron MO theory at the SCF

level, a new phenomenon arises [55]. In a one-electron
theory or in closed-shell many-electron SCF MO theory
it is assumed that the two-paired electrons in one MO
with a- and B-spin share the same spatial part of
the MO. The treatment of an open-shell system by
many-electron MO theory results in a situation that
the two-paired electrons in one MO do not possess the
same spatial distribution. A simple explanation is the
following: an unpaired electron of say a-spin interacts
differently with the two-paired electrons in a bonding
MO. While the unpaired electron experiences a Cou-
lomb repulsion by both electrons in the bonding MO,
some exchange stabilization occurs for the electrons
of like spin, i.e. the a-spin electrons. This leads to dif-
ferent potentials felt by the two electrons in the bonding
MO due to the presence of the unpaired electron. Thus
the two electrons in the bonding orbital are not equal
anymore and therefore the spatial distribution and the
energy of the MOs they occupy must differ; the two
electrons are spin-polarized by the unpaired electron.

Theoretically [56], this phenomenon can be treated
in the so-called unrestricted Hartree—Fock (UHF) for-
malism, where each electron occupies a spin-MO con-
sisting of a space-part and a spin-part. In this
unrestricted approach, the two electrons of ‘one’ MO
of the restricted level may have different orbital parts
of the MO. A different method is based on the
restricted Hartree—Fock (RHF) formalism followed
by configuration interaction with excited electron con-
figurations (RHF + CI). Both treatments lead to two
major conclusions [51,56]:

(1) In contrast to Hiickel MO theory, spin density is
not only distributed at the starred atoms in alter-
nant hydrocarbons but also at the unstarred atoms.

(2) The unstarred atoms may possess negative spin
density (B-spin density) even for a wave function
describing an o-spin electron.

This treatment provides a simple picture for ex-
plaining the observed ferromagnetic S,=1 ground
state in the meta-isomer 6 as compared to the antifer-
romagnetic ground state in the ortho- and para-isomer
5 and 7, respectively: the sign of the spin density in the
bridging unit of the atoms alternates [57]. This is illus-
trated in Scheme 2 and provides the opportunity to
develop high-spin organic radicals and carbenes on
the back of an envelope.

It should be noted that the simple Hiickel picture
with two non-bonding orbitals at ‘zero-energy’ may
be misleading in that respect that it might imply that
there would be no interaction between these two
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Scheme 2.

electrons. This interpretation is not correct. There is
a strong interaction through the intervening m-orbitals,
resulting in a strong stabilization of the ferromagnetic
ground state in 6 (exchange integral K).

1.3. Applications of the spin-polarization mechanism
to transition metal complexes

This concept was applied to transition metal com-
plexes by using various bridging units. Pyrimidine 8
has been frequently used as an m-phenylene bridging
unit. Mitsubori et al. synthesized dinuclear vanadyl
complexes with variously substituted pyrimidines as
bridging units and they obtained ferromagnetic interac-
tions between the two V' ions with coupling constants
of 1-2cm™! [58,59]. In an extension they used these
substituted pyrimidine rings for the preparation of 1D
Cu" coordination polymers and they obtained again
ferromagnetic couplings between the Cu' ions [60].
Lloret et al. used pyrimidine for the preparation of
a 2D Co" network. The ferromagnetic interactions
between the Co" ions through the pyrimidine bridging
units over two dimensions lead to a ferromagnet with
a Curie temperature Tc of 8.2 K [61]. Additionally
they could show by using the para-isomer pyrazine 9
that the interactions between the Co" ions are
antiferromagnetic.

While these reports seem to show that the spin-
polarization mechanism, originally developed for
organic radicals and carbenes, can be adapted in coordi-
nation chemistry, the first drawback becomes evident in

(0] N OH
T
N_ N

the coupling constants, which are tremendously lower in
comparison to the pure organic molecules. However,
more irritating is the larger number of reports, where
a bridging pyrimidine unit 8 facilitates antiferromag-
netic couplings in Cu" [62—67], Mn" [62,67], Fe"
[68,69], Co" [62,67—70], Ni" [62,67], and Ti'" [71]
complexes.

The same holds true for the Cz-symmetric p3-
bridging ligand 1,3,5-triazine 10, which may be
regarded as the triangular extension of the 1,-bridging
ligand pyrimidine 8. Hendrickson and coworkers used
2,4,6-trihydroxy-1,3,5-triazine (cyanuric acid) 11 and
the corresponding thiol analogue trithiocyanuric acid
12 to prepare trinuclear Ti"' complexes. The coordina-
tion sphere of the Ti'"" ions is saturated by cyclopenta-
dienyl ligands. Interestingly, the cyanuric acid 11
bridged compounds show antiferromagnetic couplings
[72], while the trithiocyanuric acid 12 bridged com-
plexes exhibit ferromagnetic couplings [73].

To the best of our knowledge, the first meta-
phenylene bridging unit, which is not comprising nitro-
gen donor atoms as part of the benzene ring, was
reported by Oshio using the resorcinol (1,3-dihydroxy-
benzene)-based ligand 13 [74,75]. The dinuclear Fe!l
Fe™™ complex was reported to have a ferromagnetic
coupling of J = +0.62 cm™'. However, the dinuclear
Cu" complex showed antiferromagnetic interactions.

/ N N N \\
_N N_ /
= HO OH 7
\ /N N \
13

In a systematic study [76], McCleverty, Ward, and
coworkers have been able to correlate the exchange
couplings in dinuclear Mo complexes of extended

HS . _N._ _ SH
N
Y
Y N._ N
OH SH
1 12

polypyridyl and polyphenol ligands with the bridging
topology by the spin-polarization mechanism [77—82].
In their classical paper they used extended polypyridyl-
type ligands as bridges between two Mo' complex
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fragments [77]. Depending on the relative orientation
of the substitution they have shown that the coupling
in 14 is ferromagnetic while it is antiferromagnetic in
15. The intuitive spin-polarization picture provided in
Scheme 3 easily allows a prediction of this coupling
behavior. It should be noted that the spin densities in-
dicated in 14 and 15 are taken as provided in the clas-
sical paper [77]. As described in more detail below we
prefer to draw the spin densities on the coordinating ni-
trogen atoms in the same direction as the spin on the
metal atom due to the prevalence of spin-delocalization
in this bond as compared to spin-polarization. How-
ever, either kind of drawing results in the same overall
coupling. The coupling in 15 was established as
J=—16.5cm ', while the ferromagnetic coupling in
14 is again quite low at J = +0.4 cm ™' [77].
Hereupon they extended their bridging units to dihy-
droxobenzene units, namely 1,3-dihydroxy- and 1,4-di-
hydroxybenzene (Scheme 4). Using Mo" complex
fragments bound to these bridging units they observed
again in agreement with the spin-polarization mecha-
nism antiferromagnetic interactions in the 1,4-para-iso-
mer 16 and ferromagnetic coupling in the meta-isomer
17 [79]. The coupling constants in these Mo" complexes
are stronger in comparison to the Mo'-polypyridyl
complexes: J=—40cm ' in the para-isomer 16 and
J=+49cm ! in the meta-isomer 17. In the contents
of this account, the first application of 1,3,5-
trihydroxybenzene (phloroglucinol) should be high-
lighted, which they used as bridging ligand for three
MoV complex fragments in 18. Interestingly, the
coupling constant increases from 17 to 18 to
J=+72cm ! [79]. They extended their studies to

.0
Mo
(0]

16

|
Mo

17

O/©\0,MO

naphthalene-based dihydroxy systems where also the
exchange interactions could be rationalized by the
spin-polarization mechanism [81].

Parallel to our efforts to employ phloroglucinol as
bridging unit in trinuclear complexes of first-row tran-
sition metal ions, Journaux and coworkers developed
bridging units based on 1,3-diaminobenzene and
1,3,5-triaminobenzene. The amino function allows
the attachment of chelating arms directly at the nitro-
gen donor atoms. Two of the N-functionalized ligands
19 coordinate two Cu" ions in a meta-phenylene fash-
ion resulting in the formation of a metallacyclophane
[83]. This bridging unit results in a ferromagnetic cou-
pling of /= +8.4 cm™'. The oxamate units of the li-
gand allow the coordination of a second metal ion to
each unit, resulting in polynuclear complexes with in-
teresting magnetic behavior [84—88]. The use of 1,3-
diaminobenzenes bearing other N-substituents also re-
sulted in dinuclear Cu'"" complexes with ferromagnetic
interactions [89,90]. Especially interesting in the context
of this account is the use of a ps-extended version with
a 1,3,5-trisoxamate benzene bridging ligand, which al-
lows the synthesis of a trinuclear Cu complex with a cou-
pling constant of J = +5.8 cm ™" [91].

19

The above given examples indicate that the concept
of spin polarization, which almost always works in or-
ganic chemistry to predict ferromagnetic interactions

Mo .
o}
Mo = {Mo"(O)(Tp*)Cl}
Mo
o ¢}
|
Mo
18

Scheme 4.
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and to rationally develop new high-spin compounds,
cannot be applied in a straight-forward manner to tran-
sition metal complexes.

Several theoretical investigations were performed to
get insight into the question why the concept of spin-
polarization cannot be applied that simply to transition
metal complexes [63,67,92,93]. Karafiloglou already
showed for organic diradicals that not only the spin
polarization, but also exchange and superexchange
interactions contribute to the overall coupling [56].
Analogously, Cano et al. emphasized the contribution
of both spin-polarization and spin-delocalization in
transition metal complexes [94]. This was also demon-
strated by Bencini et al. for the meta-isomer 17 and the
para-isomer 16. They showed that the orientation of
the magnetic orbital on each metal site relative to
the plane of the bridging benzene ring is crucial for
a ferromagnetic or an antiferromagnetic contribution
of the superexchange interaction as well as of the
spin-polarization mechanism [82].

Takano et al. investigated dinuclear Cu" and Mn"
complexes with a bridging pyrimidine ligand using
DFT and post-Hartree—Fock methods [92]. They con-
cluded that superexchange interactions leading to anti-
ferromagnetic interactions are more important in
meta-phenylene-bridged transition metal complexes as
compared to meta-phenylene-bridged organic carbenes
and radicals. Finally, ferromagnetic interactions are pro-
posed in pyrimidine-bridged dinuclear Cu" complexes
if the pyrimidine-nitrogen donor of one Cu' center is
coordinated equatorially and the pyrimidine-nitrogen
donor of the other Cu" center is coordinated axially. An-
tiferromagnetic interactions were proposed if both ni-
trogen atoms are coordinated equatorially [67].

In order to obtain more experimental insight into
the spin-polarization mechanism in transition metal
complexes, we summarize here a series of trinuclear
complexes which are bridged by the meta-phenylene
bridging unit phloroglucinol. Based on the nature of
the remaining coordination sphere, the influence of
the electron-density on the metal ions and on the
spin-polarization mechanism can be studied. Addition-
ally, this series allow us to correlate the relative orien-
tation of the magnetic orbitals to the plane of the
bridging benzene ring to the experimentally observed
exchange coupling.

2. 1,3,5-Trihydroxy-bridged trinuclear complexes
with first-row transition metal ions

We have reacted the parent phloroglucinol with
numerous first-row transition metal complex fragments

in order to obtain trinuclear phloroglucinol-bridged
complexes in analogy to the formation of 18. Despite
the variation of the reaction conditions and the co-
ligands on the transition metal complex fragments we
have not been able to isolate a pure sample of a trinu-
clear complex. In this respect, it should be noted that
the preparation of 18 required the chromatographic
separation of mono-, di-, and trinuclear phloroglucinol
complexes [79]. We attribute these problems to a lower
thermodynamic and a kinetic stability of a phenolate
first-row transition metal ion bond due to lower
covalency in comparison to a bond of a phenolate to
a second- or third-row transition metal ion. We had
to overcome these problems by attaching pendant
arms with additional coordinating groups in the
2,4,6-position of phloroglucinol, thereby enhancing
the stability by use of the chelate effect. An analogous
approach was used by Abrahams et al. with azophenyl
groups in 2,4,6-position [95].

The ligand preparation is based on the condensation
of 2,4,6-trisacetyl-1,3,5-trihydroxybenzene with three
equivalents of N,N-dimethylethylenediamine which
affords the trisimine ligand H;L in reasonable yields.
The reaction of H;L with Cu'! ions under basic condi-
tions yielded a green solution that is typical of Cu'-
phenolato complexes. In order to complete the pre-
ferred penta-coordination of the three copper ions,
three equivalents of a bidentate chelate ligand were
added: the use of bipyridine (bpy) resulted in the isola-
tion of [L(Cu"(bpy));1(BF,); (20(BF,);) and the use
of salicylaldehyde (Hsal) provided [L(Cu"(sal))s]
(21) [40].

- HO OH
NN
P
~
HaL

Fig. 1 shows the molecular structure of the trinu-
clear trication 20°" and illustrates the ability of the li-
gand L~ to bridge three metal ions. Each of the three
copper ions is coordinated by one phenolato oxygen
donor and two nitrogen donors of the ligand L*~,
and two nitrogen donors of bpy. The coordination



T. Glaser et al. | C. R. Chimie 11 (2008) 1121—1136 1127

Fig. 1. Molecular structure of the trication 20 [40].

geometry of the three copper ions is square pyramidal,
however, two copper ions show considerable distor-
tions towards trigonal bipyramidal.

The temperature-dependent magnetic susceptibility
measurements on 20(BF,); and 21 revealed an increase
of the effective magnetic moment (u.g) with decreasing
temperature indicating ferromagnetic interactions be-
tween the three Cu"! ions. We have simulated the experi-
mental data using a full-matrix diagonalization approach
of the appropriate spin-Hamiltonian (Eq. (2)). The best fit
results in J = + 1.96 cm ™! for 20(BE,); and J = + 3.31
cm ' for 21 [40]. Thus, the phloroglucinol bridging
unit is able to propagate ferromagnetic couplings in trinu-
clear Cu" complexes. However, the magnitude of the
coupling is not comparable to the strong couplings ob-
tained for organic radicals and carbenes.

3
H= —2.](81S2 + st3 + 81S3) + Z[g,,LLBS,B] (2)

i=1

3. Trinuclear first-row transition metal triplesalen
complexes

3.1. Design of the triplesalen ligand

In order to meet the two necessary requirements for
SMMs, we have designed the ligand triplesalen C
(Scheme 5) [96] which combines the phloroglucinol
bridging unit A for ferromagnetic couplings and thus
high-spin ground states with the coordination envi-
ronment of a salen ligand B which is known to estab-
lish a pronounced magnetic anisotropy by its strong

OH /\
—N  N=
OH HO
HO OH
A B

=
O

I
OH N]
OH IN
(o
N
~ H OH
OH NS

HO
N
K/N§;©
Cc

Scheme 5.

ligand field in the basal plane [97—99]. A well studied
example is the Jacobsen catalyst [(salen’)Mn"™ClI]
(H,salen’ = (R,R)-N,N'-bis(3,5-di-tert-butylsalicylidene)-
1,2-cyclohexanediamine) [100] which is a Mn™ (S = 2)
species with a zero-field splitting of D = —2.5 cm™'
[97,101,102]. In this respect, it is interesting to note
that already dimeric Mn"" salen complexes behave as
SMMs [103,104] and can be used as building blocks
for the rational synthesis of other SMMs and single-
chain magnets (SCM) [105—109].

The requirement for a successful synthesis was a dif-
ferentiation of the reactivity of the two amine functions
of the ethylene diamine component. Based on the work
by Elias and coworkers we used 1,2-diamino-2-meth-
ylpropane. The sterically more crowded amino func-
tion does not react with ketones while the sterically
less crowded amino function does react with ketones
and aldehydes [110]. In this respect we have been
able to synthesize triplesalen ligands with different ter-
minal substituents (Scheme 6) [96,111].

We have shown in a series of trinuclear nickel tri-
plesalen complexes that variation of the terminal sub-
stituents in triplesalen ligands provides a control of
the electronic communication between the metal salen
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subunits [111]. Additionally, a severe ligand folding
was observed in [(talen'™®"2)Nis] resulting in an overall
bowl-shaped molecular structure.

While the square-planar coordinated Ni" ions in these
trinuclear triplesalen complexes are diamagnetic, we have
been able to synthesize, crystallize, and characterize the
following triplesalen complexes with paramagnetic ions:
[(talen)Cu3] (22) [41,42], [(talen”®2)Cull] (23) [42],
[(talen™©2)Cul] (24) [42], [(talen®2)(VIV=0),] (25)
[43], and [(talen™°?){Mn™(DMSO),},](ClO4); (26
(C104)3) [112].

3.2. Structural properties of the trinuclear triplesalen
complexes

The molecular structure of 23 is provided as a gen-
eral example for the molecular structures of the trinu-
clear triplesalen complexes in Fig. 2. The triplesalen

Fig. 2. Molecular structure of 23 in crystals of 23-CHCl; [42].

ligand acts as a triple tetradentate ligand, connecting
three salen-like coordination compartments by the
meta-phenylene coupling unit phloroglucinol. In the
trinuclear Cu complexes, the Cu" ions are coordinated
square-planar by the N,O, coordination environment
of a salen-like ligand compartment. In 25, the V'V
ions are square-pyramidally coordinated where the
basal plane comprises the N,O, donor set of a salen-
like ligand compartment and the apical position is oc-
cupied by the vanadyl oxygen atom. In the trinuclear
Mn™ complex 26>, the Mn™ ions are six-coordinate
in an axially elongated octahedral coordination polyhe-
dra. The basal plane is provided by the N,O, donor set
of the salen-like coordination compartment while the
axial positions are occupied by oxygen atoms of coor-
dinated DMSO solvent molecules.

While the drawing in Fig. 2 might imply that the tri-
plesalen complexes are planar molecules, the view pro-
vided in Fig. 3 indicates that the compounds exhibit
severe distortions of the metal salen units. It is interest-
ing to note that the degree of the ligand folding de-
pends not only on the exact nature of the ligand but
also on the metal ion used. We have been able to crys-
tallize 23 as three different solvates, each exhibiting
a different kind of ligand folding (23-hexane,
23-CH,Cl,, and 23-CHCl;; the exact composition
including the crystal solvent molecules is more com-
plex; the given description is only used for a simple
differentiation of the three solvates of 23).

As described in Section 1, an important geometrical
parameter influencing the spin-polarization mechanism
was recognized to be a rotation of the plane of the
magnetic orbitals relative to the plane of the meta-
phenylene bridging unit [82]. The interactions between
the metal ions are propagated through the oxygen atoms
of the bridging phloroglucinol unit. Therefore, a geomet-
ric parameter describing the different degrees of ligand
folding should consider the bonding of the oxygen p
orbitals with the metal ions. Therefore, we used the
parameter ¢ introduced by Cavallo and Jacobsen [113].
The bent angle ¢ is defined by ¢ =180° — Z(M—
Xno—XRr) (Xno = midpoint of adjacent N and O donor
atoms, Xg = midpoint of the six-membered chelate ring,
containing the N and O donor atoms). By this definition
the angle ¢ describes mainly the folding distortion and
only minor effects of the helical distortion (Scheme 7).
The values for these bent angles are provided in Table 1.

3.3. Magnetic properties of the trinuclear complexes

We have measured the temperature dependence of
the magnetic susceptibility of all trinuclear complexes
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b 23+«hexane

Fig. 3. Side-view on the molecular structures of (a) [(talen)Cu}] (22)
[41,42], (b)—(d) [(talen'B*)Cull] (23) [42], (e) [(talen’ ™) (VIV=0),]
(25) [43], and () [(talen™® ) {Mn(DMSO), },]** (26°*) [112] close
to perpendicular to the central phloroglucinol unit to illustrate the vary-
ing degrees of ligand folding.

helical
distortion

Ay
—

folding
distortion

=

Scheme 7.

and fitted the temperature dependence of p.g vs. T us-
ing the spin-Hamiltonian in Eq. (2). We have deter-
mined the coupling constant J for the triplesalen
complexes 20—26>" (Table 1). For the trinuclear Mn™
complex 26°" we added a term in the spin-Hamiltonian
accounting for the zero-field splitting of the
S, =2 Mn'! (Eq. (3)). In order to obtain a meaningful
value for the coupling constant in this trinuclear Mn™
complex, we also measured the VIVH (variable tem-
perature—variable field) magnetization data for 26>
at 1 T, 4T, and 7 T. The simultaneous fitting of the
Uegr VS. T and the VTVH data allowed the analysis of
both J and D for complex 26°".

H= Z[ ( Si(Si+1 ))} 3)

While all coupling constants for the trinuclear Cu"
complexes exhibit ferromagnetic interactions, the
same holds true for the trinuclear V'V=0 complex
25, but not for the trinuclear Mn™ complex 26" Inter-
estingly, the different solvates of the trinuclear Cu com-
plex 23 exhibit different coupling constants.

4. Discussion

The zeroth-order description for meta-phenylene-
bridged diradicals corresponds to a localization of the
unpaired electron, i.e. the spin density, in pI° orbitals
of the benzylic carbon atoms. By switching on the
interaction, as described in Section 1, the strong stabi-
lization of the ferromagnetic ground state occurs. Our
discussion for the phloroglucinol-bridged trinuclear
complexes is based on the argument that the higher
the spin density in the related phloroglucinol O pr
orbitals is, the stronger the stabilization of the ferro-
magnetic ground state will be. In other words, an
efficient spin-polarization in phloroglucinol-bridged
transition metal complexes requests a preferable high
spin-density in the pl orbitals of the coordinating
oxygen atoms. The first simple conclusion is therefore
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Table 1
Selected structural and magnetic properties of the trinuclear triplesalen complexes®
Ref. (pcenl/dega (plerm/dega Si j/cm—l,b
20(BF,); [40] n.a. n.a. 172 +1.96
21 [40] n.a. n.a. 172 +3.31
22 [41,42] 172 +1.52
Cul 17.0 2.0
Cu2 7.5 1.2
Cu3 12.1 3.1
23-Hexane [42] 172 +1.08
Cul 20.7 6.8
Cu2 16.4 8.3
Cu3 22.0 10.4
23-CH,Cl, [42] 172 +1.17
Cul 244 7.5
Cu2 18.4 29
Cu3 16.7 8.5
23-CHCl; [42] 12 +1.55
Cul 30.2 8.6
Cu2
Cu3
24 172 +1.02
Cul
Cu2 n.d. n.d.
Cu3
25 [43] 172 +0.44
V1 33.8 12.8
V2 29.6 16.7
V3 36.9 10.1
26" [112] 2 —(0.30 £0.05)
Mnl D =-(4.0+04)cm ™!
Mn2 29.7 —20.0
Mn3

2 Definition of the bent angles for the central phenolate units (¢°*™) and the terminal phenolate units (¢'“™). ¢ = 180° — £ (M—Xyno—Xg) With
X~o = midpoint of adjacent N and O donor atoms, Xg = midpoint of the six-membered chelate ring containing the N and O donor atoms.

® Errors are £0.10 cm ™" if not provided otherwise.
¢ n.a. = not applicable; n.d. = not determined.

that the spin-polarization of phloroglucinol-bridged
transition metal ions can never be as high as for or-
ganic radicals because the main spin-density is local-
ized on the transition metal ion and the O pl orbital
possesses only a small fraction of the spin-density.
Therefore, the remaining fundamental issue concerns
the mechanism of the spin transfer from the paramagnetic
metal ion onto the ligand, i.e. in our case onto the phlor-
oglucinol oxygen atom. It is important to note that the
spin transfer from a transition metal ion to its ligating
atoms is more complex than that assumed in a simple (re-
stricted) MO diagram [94]. This description implies that
the covalent overlap of a magnetic (singly occupied) d or-
bital with the p orbitals of the ligand atoms leads to a de-
localized molecular orbital, where the unpaired electron

and hence the spin-density is partially transferred from
the metal ion onto the ligands. Therefore, the spin-
density on the coordinating ligand atoms is of the same
sign as the spin-density on the transition metal ion
(spin-delocalization mechanism).

The open-shell treatment described in Section 1
must be applied also to transition metal complexes.
This results in a splitting of the d manifold. The d or-
bitals with spin-up (a-spin) electrons are energetically
stabilized in comparison to the d orbitals with spin-
down (B-spin) electrons. This is the basis for the
usually applied UHF scheme or unrestricted calcula-
tions based on density functional theory (DFT). The
magnitude of the splitting of spin-up and spin-down
d orbitals depends obviously on the number of
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unpaired electrons. The larger the number of unpaired
electrons the stronger is this exchange stabilization
(spin-polarization). Understanding the spin transfer
from the metal to the ligand atoms becomes more com-
plicated by going from the restricted scheme (simple
MO diagram as described above) to an unrestricted
treatment implying spin-polarization.

The influence of an open-shell system for the treat-
ment of the spin-transfer from metal to ligand atoms
(spin polarization vs. spin delocalization) complicates
the simple analysis by a qualitative MO diagram. Fig-
gis et al. studied experimentally the interplay between
spin-delocalization and spin-polarization for the spin
transfer from the metal ion to the ligand atoms by po-
larized single-crystal neutron diffraction [114—120]. It
becomes evident that the sign of the spin-density
depends on the d” electron configuration on the metal
and of the nature of the o- and m-binding characters
of the ligand. An important result was the determina-
tion of the anisotropy of the metal—ligand covalency.
Furthermore, the sign of the spin-density can and usu-
ally does vary for different orbitals of the same atom.

The covalent interaction of a filled ligand orbital
with a magnetic orbital on the metal usually leads to
a positive spin-density on this ligand orbital due to
spin-delocalization. On the other hand, the covalent in-
teraction of a filled ligand orbital with an empty metal
orbital (e.g. the 4s/4p orbitals for a 3d metal) usually
leads to a negative spin-density in these ligand orbitals
due to spin polarization. (The two electrons of the do-
nor MO are spin-polarized in that respect that the prob-
ability of the a-spin electron to be close to the metal
ion is higher than that of the B-spin electron.) Depend-
ing on the strength of the covalent interaction and the
o- and m-characteristic of the ligands the sum of the
spin-densities of an individual ligand atom can there-
fore be positive, negative, or cancel each other close
to zero. However, related to the Cu''—OPh system dis-
cussed here, it is important to summarize that - and
7-donor ligands usually obtain an overall positive
spin density if the transition metal ion possesses elec-
trons in the e, orbitals.

We want to apply these principles to understand the
observed couplings in our trinuclear phloroglucinol-
bridged complexes.

In the study of the trinuclear nickel triplesalen com-
plexes [111] we established a communication between
the nickel salen subunits which can be influenced by
the choice of the terminal substituents of the phenol
moieties. As the electronic communication between
the three metal ions is mediated by the central metal-
phenolate bonds (bonds a in Scheme 8), the

I
(0] N
bond b\J\M/
bonda— =/ \
(0] N

Scheme 8.

strengthening of these bonds would increase the interac-
tion between the metal ions. An indirect handle for influ-
encing the central metal-phenolate bonds a is provided
by a variation of the strengths of the terminal metal phe-
nolate bonds (bonds b in Scheme 8). In accordance with
Pauling’s electroneutrality principle a weakening of the
terminal bonds b (less charge donation of the terminal
phenolates) strengthens the central bonds a (more charge
donation of the central phenolates), and vice versa [121].
In this respect, we found that the introduction of ter#-bu-
tyl groups in [(talen’®")Ni3] leads to stronger bonds
b and weaker bonds a as compared to those of
[(talen)Niz]. On the other hand the use of the nitro
groups in [(talenN®?)Ni3] resulted in weaker bonds
b and thus stronger bonds a. However, we envisioned
a second modulating effect induced by the ligand folding
which opposes the electronic control described above.
The degree of ligand folding, which shows the strongest
effect at the central phenolate units, increases in the
order [(talen™°2)Ni3] < [(talen)Nis] < [(talen’®"2)Nis].

To better understand the spin-polarization mechanism
in phloroglucinol-bridged complexes, we analyzed the
trinuclear Cu' triplesalen complexes with respect to the
terminal substituents and to the ligand folding. This pro-
vides experimental insight into the influence of the orien-
tation of the magnetic orbitals on the spin-polarization
properties.

Figgis et al. studied the spin-density in divalent hexa-
aqua complexes of the first transition metal row. They
found that for the Jahn-Teller distorted Cu" complex
the spin-density of the coordinating water oxygen atoms
in the basal plane exhibits positive spin-density [119].
This confirms that in Cu" complexes with 7t-donor
ligands the spin-delocalization mechanism prevails the
spin-polarization mechanism. This spin-delocalization
was experimentally demonstrated by Kahn and
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coworkers, using polarized neutron diffraction
[122,123]. In this respect, increasing the covalency of
the bonds a should increase the spin-density on the phe-
nolate oxygen atom.

In the hypothetical limit of a frozen ligand folding
irrespective of the nature of the terminal substituents,
the tert-butyl substituents in 23 strengthen the bonds
b, resulting in weaker bonds a. On the other hand,
introduction of the nitro substituent in 24 decreases
the strength of bond b and therefore increases the
strength of bond a. The overall ferromagnetic coupling
should therefore follow the trend 24 > 22 > 23. How-
ever, the experimental trend is 22 ~ 23-CHCl; >
23-CH,Cl, > 23-hexane > 24 (Table 1). This fact is
again attributed to an opposing effect introduced by
the varying degree of ligand folding.

In a rigorous coplanar orientation of the CuN,O,
plane and the plane of the phloroglucinol (coplanarity
of the xy-plane of the salen subunit and the x’y’-plane
of phloroglucinol, Scheme 9a) the magnetic
Cu d,>_y» orbital and the O p. orbital (the 7t orbital
with regard to the O—C""**™ bond) are orthogonal
and the overlap integral is zero (Scheme 9a). Thus,
no spin delocalization occurs by this bonding pathway.

Folding at the central Cu"—phenolate bond (non-
coplanarity of the xy and the x’y’ planes, Scheme 9b)
results in a non-orthogonal overlap of the O p,s orbital

with the magnetic Cu d,»_,» orbital and therefore to

Scheme 9.

a direct delocalization of spin-density into the O p,: or-
bital. The higher spin-density in the O p, orbitals
should result in a stronger spin-polarization through
the central benzene ring as compared to the coplanar
arrangement described above. As the ligand folding
is higher in the ferz-butyl derivative 23 this ligand fold-
ing opposes the effect by the terminal substituents.
This is corroborated by the fact that the 23-CHCly
with the strongest ligand folding has the highest J
value in the solvates of 23.

On the other hand, the interaction of oxygen orbitals
with the metal 4s and 4p orbitals should result in neg-
ative spin-density by the spin-polarization mechanism
and it is difficult to estimate the variation on this path-
way by the ligand folding.

We have performed DFT calculations for the quartet
ground state on simplified models in order to quantify
these qualitative considerations. The ligand folding
was mimicked by rotation of the CuN,0, planes either
along the central O—N vector or along the Cu—O vec-
tor. We have used several model geometries. In all
cases, ligand folding opens a direct bonding pathway
between the Cu d,»_y orbital and the O p. orbital.
This is evidenced by an increased positive spin-density
in the O p, orbital. However, a close inspection of the
atomic spin-densities of the central benzene ring and of
the distribution of the spin-densities in the p,/, py, and
py orbitals demonstrates that not only the spin-
delocalization but also the spin-polarization is in-
creased due to the ligand folding. The spin-densities
for two similar model structures are shown in Fig. 4.
The structure in Fig. 4a shows an increase of the abso-
lute atomic and p, spin densities of alternating sign in
the central benzene ring while for the slightly changed
geometry in Fig. 4b an overall increase of positive

Fig. 4. Spin-density plots for structural models of [(talen)Cu}].
While there are only small differences in the ligand folding panel
(a) shows mainly spin polarization and panel (b) shows mainly
spin delocalization on the central benzene ring [reproduced from
Ref. [42] with permission/copyright Wiley-VCH].
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spin-densities at all carbon atoms can be observed.
These findings are consistent with the theoretical stud-
ies summarized in Section 1 [56,82,94], which reveal
that both spin-polarization and spin-delocalization con-
tribute to the overall coupling between the transition
metal ions. Thus, assigning the experimentally ob-
served stronger ferromagnetic coupling in the molecu-
lar structures exhibiting stronger ligand folding to spin-
polarization or spin-delocalization is not justified.

In the trinuclear V'Y complex 25 the magnetic
orbitals are of the d,, type. The local environment of
the V phenolate bond is more distorted due to the
vanadyl group, which pulls the V out of the basal plane
by ~0.7 A. In combination with the ligand folding at
the central phloroglucinol oxygen bond this opens var-
ious bonding pathways between the O pI* orbital and
the metal d orbitals. This leads to strong opposing
spin-delocalization and spin-polarization effects. The
spin-polarization due to the overlap of the magnetic or-
bital with the phenolate orbitals is opposed by the spin-
polarization due to very strong interactions of the O pZ'
orbital with the empty d._p and d,/d,. orbitals
(Scheme 10). The strengths of these bonding interac-
tions have been demonstrated by electronic absorption
spectroscopy. These bonding interactions of the occu-
pied ligand p orbital with the empty metal d orbitals

Scheme 10.

lead to a polarization of this bonding in that respect
that positive spin-density is induced at the metal site,
whereas negative spin-density is induced on the ligand
atom. This conflicting spin-delocalization and spin-
polarization effect leads to the overall small observed
coupling of J = +0.44 cm ™' [43].

An interesting case is the trinuclear Mn— complex
26", The d* electronic configuration should enable co-
valent interactions of filled ligand orbitals with mag-
netic o- and T-orbital. However, this simple MO
description is not straight-forward. Figgis et al. already
pointed out that in the isoelectronic Cr'" ion the spin
density on the oxygen atom should be negative [119].
The increase of covalency going from Cr'' to Mn™
should provide some more spin delocalization in the
Mn complex resulting in competing spin-polarization
and spin-delocalization pathways. This conflicting
mechanism may explain the very low coupling con-
stant observed in 26°" of only J = —0.30 em ! [112].

111

5. Conclusion

The spin-polarization mechanism is a straight-for-
ward recipe in organic chemistry to construct high-
spin molecules. The application of this mechanism to
transition metal complex is not straight-forward. The
strengths of the exchange coupling are orders of mag-
nitudes lower in transition metal complexes and anti-
ferromagnetic couplings prevail. Our investigation on
a series of structurally related trinuclear complexes
with a bridging phloroglucinol unit found that an effi-
cient spin-polarization in phloroglucinol-bridged com-
plexes requires the full spin-density in the pI" orbitals
of the phenolate oxygen atoms. However, in transition
metal complexes the spin-density is mainly localized
on the metal atoms and therefore, the interaction
must be smaller than in the organic counterparts. Addi-
tionally, the possibility of multiple bonding pathways
between the ligand orbitals and empty or filled metal
orbitals results in complicated competitions between
spin-polarization and spin-delocalization contributions.
These opposing spin-delocalization and spin-polariza-
tion effects are another reason for the diminished cou-
pling in meta-phenylene-bridged transition metal
complexes.

The main conclusion is that for a pronounced posi-
tive spin-density in the p orbital of the phenolate ox-
ygen atom, the covalency of the metal—phenolate bond
must be increased. This conclusion is corroborated by
the oxamate benzene ligand system 19 and its ps-ex-
tended version. In the trinuclear Cu'" complex the cou-
pling constant was determined to be +5.8 cm™" [91].
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The m-orbitals of the amide donor are energetically
higher than the phenolate donor orbitals. This results
in a better overlap of these ligand orbitals with the
Cu" d orbitals, and hence, a stronger covalency of
the metal ligand bond. This should provide a stronger
spin-delocalization into the N pZ* orbitals, which results
finally in a stronger coupling through the benzene ring
by spin-polarization.

This research has established a useful starting point
for investigating future applications of the spin-polari-
zation mechanism of transition metal complexes. The
design, synthesis, and characterization of ligands of
the second generation based on the phloroglucinol
backbone are the focus of continuing studies by our
research group.
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