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Oxalato-Bridged Bimetallic Networks

Antonio Alberola,[a] Eugenio Coronado,*[a] Carlos Giménez-Saiz,[a]
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A series of hybrid organic-inorganic magnets of formula p-
rad[MIICr(ox)3] [M = Mn (1), Co (2), Ni (3), Zn (4)] and m-
rad[MIICr(ox)3] [M = Mn (5), Co (6)], in which N-methylpyrid-
inium cations bearing a nitronyl nitroxide moiety in positions
3 (m-rad) or 4 (p-rad) of the pyridine ring coexist with the 2D
honeycomb-like oxalato-bridged bimetallic lattice, has been
prepared and studied by AC and DC magnetic susceptibility
measurements and EPR spectroscopy. In general, the phys-
ical properties of these magnets are not altered significantly
by the insertion of the nitronyl nitroxide radicals although
these paramagnetic molecules seem to interact weakly with
the inorganic network as demonstrated by EPR spectroscopy.
Some differences can also be observed between the p-rad
and m-rad series, i.e. m-rad derivatives have smaller values

Introduction

For more than fifteen years, magnetochemists have been
successfully surmounting the challenge of designing and
constructing new crystalline solid-state materials from mo-
lecular building blocks.[1,2] In the rational design of these
compounds, the building blocks are not merely virtual units
in which the crystal structure is subdivided in order to get
a better understanding but, rather, they are real entities
which are stable in solution and can be assembled to form
a particular crystal lattice with interesting properties. The
well-known concepts of structural coordination chemistry
provide useful design methods for the purpose of lattice
engineering, since coordination geometries are defined by
strong and highly directional bonds. Fortunately, coordi-
nation chemistry also affords the basic ingredients of mol-
ecule-based magnetic materials, i.e. spin carriers (metal
ions) and ligands through which magnetic interactions can
occur.

The homoleptic tris(oxalatometallate) anions [M(ox)3]3�

(M � CrIII, FeIII, RuIII) are rather inert metal complex ions
which can be assembled with metal cations to give extended
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for the critical temperatures and coercive fields. We also re-
port on the X-ray crystal structures and magnetic properties
of p-rad[Mn(H2O)Cr(ox)3]·2H2O (7) and m-rad[Mn(H2O)2-
Cr(ox)3]·2H2O (8), two extended oxalato-bridged compounds
with new topologies. Compound 7 is antiferromagnetic and
its structure is a 3D achiral lattice in which zigzag ferromag-
netic MnCr chains (J/k = +0.8 K) are interconnected to form
hellicoidal hexagonal channels with the cationic free radicals
residing in the free space. Compound 8, however, exhibits a
ladder-like structural pattern with competing magnetic inter-
actions and paramagnetic behaviour down to low temper-
atures.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

heterometallic systems.[3�5] The majority of the resultant
structures are composed of edge-sharing octahedra and be-
long to two categories, namely a) 2D bimetallic compounds
of formula A[M�M(ox)3] (A � quaternary onium cation,
M� � metal) with a honeycomb-layered structure[6,7] and b)
3D homometallic compounds of formulae A[M2

� (ox)3],
A[M�M(ox)3] or A[M�M(ox)3](ClO4) (A � [M(bpy)3]2�)
with a cubic chiral packing.[8,9] Since the formation of each
structural type depends on the use of a particular Am� cat-
ion, these have been considered as templating agents for the
host structure.[10] It has also been recognised that chirality
plays a crucial role in this molecular recognition process, i.e.
chiral tris(bipyridine) metal cations induce the spontaneous
resolution of 3D chiral lattices with the same configuration
as the tris(oxalatometalate) sites.[11] Cross effects (mag-
netochiral dichroism)[12] may arise from the combination of
magnetic order and chirality in 3D oxalato-based com-
pounds.[13] In general, multiproperty hybrid materials can
be synthesised from functional Am� cations which intro-
duce an additional physical property in the magnetic sys-
tem. In this context, 2D compounds containing paramag-
netic decamethylferricenium species,[14,15] NLO-active mol-
ecules[16] and organic π-electron donors have been studied.
The latter include the first examples of the coexistence of
magnetic order and metal-like conductivity in a molecular
solid.[17]

Nitronyl nitroxide (NN) radicals have become common-
place in the synthesis of purely organic magnetic materi-



E. Coronado, F. M. Romero et al.FULL PAPER
als[18] and mixed metal-radical magnets.[19�21] Cationic
NNs of the N-alkylpyridinium type were reported by
Awaga in combination with simple anionic metal
complexes.[22�26] The same nitroxide cations have also been
employed as bridging units in conjunction with the well-
known bimetallic chains based on the opba ligand.[27�29]

These studies prompted us to investigate the use of these
free radicals as functional cations in the formation of oxal-
ato-bridged extended bimetallic compounds. In a previous
communication, we reported such a hybrid magnet based
on a novel 3D achiral [MnCr(ox)3]� lattice.[30] Herein, we
extend these results to other first-row divalent metal ions.
The influence of the position of the NN fragment with re-
spect to the pyridinium ring is also discussed in this paper.

Results and Discussion

Synthesis and Characterisation: The cationic free radicals
employed in this study were 1-methylpyridinium derivatives
bearing an NN moiety in positions 4 (p-rad) or 3 (m-rad)
of the pyridine ring (Scheme 1). They were synthesised as
iodide salts by a previously described procedure.[22,23] Their
reaction with Ag3[Cr(ox)3] affords p(m)-rad3[Cr(ox)3] which
was allowed to further react with a mixture of the corre-
sponding metal cation, M2�, and [Cr(ox)3]3� to yield the
family of compounds p(m)-rad[MCr(ox)3]. From the study
of the magnetic properties of these hybrid materials (vide
infra), it became clear that they belong to the 2D type of
structure.

Scheme 1

3 p(m)-radI � Ag3[Cr(ox)3] � 3 p(m)-rad� �

[Cr(ox)3]3� � 3 AgI � (1)

3 MCl2·nH2O � 2 Ag3[Cr(ox)3] � 3 M2� �

2 [Cr(ox)3]3� � 6 AgCl � (2)

3 p(m)-rad� � 3 [Cr(ox)3]3� � 3 M2�� 3 rad[MCr(ox)3] (3)

All reactions were performed in ethanol/water mixtures.
The different products p-rad[MCr(ox)3]·nH2O [M � Mn
(1), Co (2), Ni (3), Zn (4)] can be obtained in moderate
yields by fast precipitation, provided that a high ethanol/
water ratio and rather concentrated solutions are used in
the last step. The water content was evaluated by thermog-
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ravimetric analysis for all the compounds. The same exper-
imental conditions were applied for the synthesis of the m-
rad series. In this case, however, the yields were lower and
the radical content in the final compounds (as estimated
from elemental analysis) was smaller. The deficiency of cat-
ionic radicals has to be compensated for with the absence
of some [Cr(ox)3]3� anions, thus increasing the M/Cr ratio.
This aspect was confirmed by SEM metal analyses. Adding
an excess of the free radical and/or the divalent metal re-
sulted in compounds with the correct stoichiometry, i.e. m-
rad[MCr(ox)3]·nH2O [M � Mn (5), Co (6)]. The corre-
sponding NiII and ZnII compounds could not be obtained,
however. Clearly, the more symmetric p-rad cation has a
stronger affinity for the 2D honeycomb lattice than m-rad.
It seems that the formation of the hexagonal cavities around
the pyridinium cation is partially hindered by the presence
of the bulky NN group in the m-position.

The precipitation of the manganese(ii)-containing prod-
ucts (1 and 5) can be avoided if reaction (3) is performed in
a more aqueous and/or a more dilute solution. Under these
conditions, single-crystals of the 3D p-rad[MnCr(ox)3-
(H2O)]·2H2O (7) and 1D m-rad[MCr(ox)3(H2O)2]·2H2O (8)
compounds could be obtained by slow evaporation. The re-
action conditions are therefore critical in the synthesis of
the Mn2� analogues. Due to the larger size of this cation,
the formation of complexes with the tris(oxalate) chro-
mate(iii) species is reduced and a competition between these
anions and the solvent water molecules occurs. Under less
polar and/or more concentrated conditions (kinetic con-
trol), fast precipitation occurs and the well-known 2D
phases are obtained. On the other hand, increasing the
water content and/or working with more dilute solutions
(thermodynamic control) induces the coordination of water
molecules to the Mn2� ions with a complete change in the
crystal structure.

Crystal Structures of 7 and 8: The hybrid salt 7 crystal-
lises in the monoclinic space group Cc. The conformation
of the p-rad cation (Figure 1, a) with a torsion angle of
26.6(4)° between the NN fragment and the pyridine ring is
similar to that found in other salts. The packing of the free
radicals (Figure 2) forms zigzag chains running along the z-
axis. The shortest contact between proximate radicals
within the chain is O2···C10 [x, 1� y, z � 1/2, 4.312(5) Å].
The N�O functions are well separated from each other
with a minimum intermolecular O1···O2 (x, 1� y, z � 1/2)
distance of 6.891(5) Å. This situation is special in the con-
text of magnetic materials containing nitroxide radicals,
where shorter O···O contacts of about 3.5 Å are generally
observed.

The oxalato-based inorganic lattice is also shown in Fig-
ure 2 and emphasises the role of the free radicals as di-
recting agents for the whole structure. The zigzag chain mo-
tif of the packing of NN radicals is translated to the inor-
ganic counterpart. Indeed, the 3D bimetallic network can
be viewed, in a first step, as zigzag alternating Mn�Cr
chains oriented in the same direction (continuous bonds).
A detailed picture of this 1D fragment is given in Figure 3
where the linkage between neighbouring metal ions by
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Figure 1. Molecular structure of a) p-rad and b) [Mn(H2O)Cr(ox)3]� (ellipsoids are shown at the 50% probability level; all H atoms have
been omitted for clarity); selected distances (Å), N2�O1 1.271(3), N3�O2 1.271(3)

Figure 2. View of the crystal structure of 7 along the a axis; oxalate anions have been replaced by straight rods: black [bis(bidentate)]
and white (bidentate/monodentate); dotted lines refer to hydrogen bonds, open circles � Mn, filled circles � Cr

Figure 3. View along the b axis of the oxalato-bridged MnCr ferromagnetic chains in 7; the absolute configuration of the metal centres
is also shown, open circles � Mn, filled circles � Cr

Eur. J. Inorg. Chem. 2005, 389�400 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 391
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bis(bidentate) µ-oxalate bridges can be clearly seen. In con-
trast to the classical 3D network built up from homochiral
building blocks which combine into helical chains, the chir-
ality of the metal centres follows the sequence
···∆∆ΛΛ∆∆···along the chains of 7. Two distinct bis(bident-
ate) bridges are then found, i.e. one connecting metal
centres of the same chirality [Mn1···Cr1: 5.421(3) Å] and a
second one connecting centres of opposite chirality
[Mn1···Cr1 (x, 2 � y, z � 1/2): 5.3927(16) Å].

The chains are linked by a new type of oxalate bridge
(see Figure 1, b) which is simultaneously bidentate (towards
chromium) and monodentate (towards manganese). As ex-
pected, the metal-metal distance [Mn1···Cr1e (x � 1/2, 3/2
� y, z � 1/2): 5.5977(14) Å] is higher when compared with
the bis(bidentate) bridging mode. A water molecule occu-
pies the vacant position in the Mn2� coordination sphere
at a distance Mn1�O15 � 2.138(2) Å. Previous reports
concerning this unusual bridging mode are very
scarce.[31�33] In complex 7, the linkage (white rods in Fig-
ure 2) takes place between Cr(ox)3 and Mn(H2O)(ox)3 units
of opposite chirality. This results in the formation of an
achiral 3-connected decagonal network. The decagonal
units are arranged out of this plane in such a way that heli-
cal hexagonal channels are formed. Since the resultant net-
work is achiral, both types of helices are found in the struc-
ture (Figure 4).

Interestingly, the radicals are tightly bound to the inor-
ganic lattice through an extended hydrogen-bonded net-
work. Short hydrogen bonds are found between the nitro-
xide oxygen atoms and two water molecules
[Mn1�O15···O2�N3 (x � 1/2, 3/2 � y, z � 1/2): 2.733(4)
Å; O17···O1�N2: 2.800(3) Å]. The water molecules of crys-
tallisation are also linked to each other [O17···O16 (x � 1,
y, z): 2.762(4) Å] and are hydrogen-bonded to the coordi-
nated water [Mn1�O15···O17: 2.674(4) Å].

Figure 5. Molecular structure of a) m-rad and b) {Mn(H2O)2(ox)[Cr(ox)3]2} fragment (ellipsoids are shown at the 50% probability level;
all H atoms have been omitted for clarity); selected distances (Å): N2�O1 1.277(4), N3�O2 1.283(4)
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Figure 4. Perspective view along the a axis of the heterometallic
lattice of 7 showing the metal connectivity and the helical channels
formed; open circles � Mn, filled circles � Cr

The m-rad analogue 8 crystallises in the centrosymmetric
P1̄ space group. The cationic free radical (Figure 5, a) exhi-
bits a more planar conformation with a torsion angle be-
tween the NN fragment and the pyridine ring of 15.51(10)°.
The Mn2� environment is markedly different with respect
to 7 and only one oxalate anion now behaves in a bis(bid-
entate) manner with the other two (Figure 5, b) binding in
the bidentate/monodentate mode occupying trans positions
in the Mn2� coordination sphere. This situation leaves two
vacant cis positions which are occupied by water molecules.
This causes the organisation of a ladder-like chain.[34�36]
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Figure 6. Projection of the crystal structure of 8 onto the bc plane, showing the oxalato-bridged MnCr ladder-like chains, open circles �
Mn, filled circles � Cr

The steps of the ladder (Figure 6) are defined by bis(bident-
ate) bridges with an intermetallic distance Mn1···Cr1 �
5.4631(7) Å, while the bidentate/monodentate bridging
mode propagates the lateral chains in the direction of the b
axis. As expected, longer intermetallic distances
[Cr1···Mn1(�x � 1, �y, �z � 1) � 5.8370(7) Å and
Mn1···Cr1(�x � 1, �y � 1, �z � 1) � 5.9902(7) Å] are
found in this case. The chains are related by an inversion
centre and the resultant ladder is achiral.

Figure 7. Projection of the crystal structure of 8 onto the ab plane, showing the radical zigzag chains of dimers and the oxalato-bridged
ladder; oxalate anions have been replaced by straight rods: black [bis(bidentate)] and white (bidentate/monodentate); dotted lines refer
to hydrogen bonds, open circles: Mn, filled circles: Cr

Figure 8. View along the b axis of the ladder-like oxalato-bridged lattice and the zigzag nitroxide chains of 8 showing the participation
of the oxalate anions in hydrogen bonding; open circles: Mn, filled circles: Cr
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The free radicals (Figure 7) also form zigzag chains run-
ning along the b-axis. They can be viewed as chains of cen-
trosymmetric dimers with the shortest intradimer distance
of C40···C40 � 3.512(5) Å (�x, �,�z). The N�O moieties
are even more isolated than in compound 7 and their mini-
mum O···O distance in the crystal is 7.478(5) Å. Again, the
water molecules of crystallisation are linked to each
other [O3W···O4 W(�x, 1� y, 2 � z) � 2.908(5) Å]
and hydrogen-bonded to the coordinated water
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Table 1. Magnetic parameters for the series p-rad[MIIMIII(ox)3] and m-rad[MIIMIII(ox)3] (1�7): critical temperature (Tc), Weiss constant
(θ), Curie constant (C), saturation magnetisation (Msat) and coercive field at 2 K (Hcoer)

MIIMIII p-rad m-rad
Tc (K) θ (K) C (emu·K·mol�1) Msat (µB) Hcoer (G) Tc (K) θ (K) C (emu·K·mol�1) Msat (µB) Hcoer (G)

MnCr 5.7 8.0 6.13 7.74 66 5.3 7.0 6.55 7.37 17
CoCr 13.8 10.0 5.37 6.22 4400 11.3 11.0 5.24 5.17 230
NiCr 15.5 17.2 3.14 5.57 1500 � � � � �
ZnCr � 2.8 2.29 � � � � � � �

[Mn1�O2W···O3 W(x, y, z � 1) � 2.688(4) Å,
Mn1�O1W···O4 W(1 � x, 1 � y, 1 � z) � 2.653(4) Å].
The nitroxide functions are bonded to coordinated and free
water molecules [O1···O2 W(1 � x, 1 � y,1 � z) � 2.714(4)
Å; O2···O1 W(2 � x, �y, 1 � z) � 2.719(4) Å]. The free
radicals are thus held in the lattice by an intricate network
of hydrogen bonds.

A view parallel to the chains (Figure 8) shows how these
1D organic and inorganic units alternate in the solid-state
and also emphasises the role played by the oxalate anions
in stabilising additional hydrogen bonds which link the lad-
ders along the z direction.

Magnetic Properties of the Mn-Containing Hybrid Salts
(1, 5, 7�8): It is interesting to compare these CrMn bimet-
allic compounds since only the noncrystalline materials ob-
tained by fast precipitation (1 and 5) exhibit ferromagnetic
ordering. Table 1 lists the values of χT (at 300 K), magnetis-
ation (at 5 T), the coercive field and critical temperatures
for all the compounds studied in this work. At room tem-
perature, the four CrMn hybrid salts exhibit similar values
of χT which lie close to the expected values for the sum of
the isolated spins [nitroxide radical (S � 1/2), Mn2� (S �
5/2) and Cr3� (S � 3/2) cations]. On lowering the tempera-
ture, χT continuously increases (see Supporting Infor-
mation) for all the compounds, suggesting the existence of
short-range ferromagnetic interactions. Compounds 1 and
5 exhibit clear indications of ferromagnetic ordering, such
as the onset of out-of-phase AC susceptibility signals below
5.7 K and 5.3 K, respectively (Figure 9). Hysteresis loops
with very small coercive fields (66 G for 1, 17 G for 5) can
also be observed. Both features clearly demonstrate that 1
and 5 belong to the 2D structural family of mixed-metal
oxalates. In contrast, the magnetic behaviour of compounds
7�8 points to the presence of competing antiferromagnetic
interactions. Both hybrid salts exhibit a rounded maximum
in the χT vs. T curve and 7 even shows the presence of a
sharp maximum at 6 K in the χ vs. T plot, a signature of
antiferromagnetic ordering. Complex 8, however, remains
paramagnetic in the whole temperature range studied.

The magnetic properties of 7�8 can be understood by
considering the crystal structures of these hybrid metal-rad-
ical salts. All previous studies have indicated that the
MnII�CrIII exchange coupling through bis(bidentate) oxa-
late anions is ferromagnetic. Indeed, the thermal variation
(Figure 10) of the χT product for 7 (at temperatures above
the Néel point) is well described in terms of a regular AB
ferromagnetic chain model[37] with classical spins SA � 5/2
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Figure 9. a) Temperature dependence of the real and imaginary
components of the ac magnetic susceptibility of 1 (empty symbols,
operating frequency: 1 Hz) and 5 (filled symbols, operating fre-
quency: 110 Hz); b) low-field region of the hysteresis loops of 1
(solid line) and 5 (dashed line) measured at 2 K

and SB � 3/2 (Hex � �JΣSAiSBi).[38] The best-fit value for
the exchange coupling constant is J � �0.6 cm�1, a value
which is in agreement with previous observations. The anti-
ferromagnetic order is then driven by weak antiferromag-
netic interactions between the chains. These interactions are
certainly transmitted through the bidentate/monodentate
oxalate anion. The lower symmetry of this bridge decreases
the efficiency of the ferromagnetic pathway (compared with
the bis(bidentate) ligand) and the antiferromagnetic term
becomes dominant, as has been shown recently in a chro-
mium-manganese tetramer.[33] Antiferromagnetic ordering
is generated in the inorganic lattice and the radicals seem
to remain uncoupled to this magnetically ordered network,
a hypothesis which is corroborated by the presence of a
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Figure 10. Thermal variation of the χT product (open circles) for
7. The solid line represents the best-fit data for a ferromagnetic
MnCr chain with J � �0.6 K; inset: temperature dependence of χ
for the same compound

Curie tail at low temperatures. This is observed despite the
fact that the nitroxide oxygen atom is hydrogen-bonded to
the coordinated water molecule and, consequently, close to
the manganese centre [Mn1···O2 (x � 1/2, 3/2 � y, z � 1/
2) � 3.8510(27) Å]. It seems that the magnetic interaction
through this bridge is too weak to be appreciated in the
temperature range of study.

The magnetostructural correlations found for complex 7
(ferromagnetic interaction transmitted through bis(bident-
ate) oxalate anions and antiferromagnetic coupling me-
diated via the asymmetric bridge) suggest the use of a spin-
ladder chain model with competing interactions for the
analysis of the magnetic properties of 8.[39] Ferromagnetic
interactions take place in the steps of the ladder, while the
antiferromagnetic coupling propagates along the rungs, giv-
ing rise to a diamagnetic ground state. The free radicals can
be considered as an independent paramagnetic contri-
bution, as for 7. In the absence of an exact solution for this
system, the ladder chain can be approximated to a cluster-
type model of isotropic spins (Figure 11).[40] The best-fit
data for the two magnetic coupling parameters are J �
�0.8 cm�1 and j � �0.35 cm�1. As expected, the positive
interaction is of the same order of magnitude as that esti-
mated for the p-rad analogue.

Magnetic Properties of the Co-Containing Hybrid Salts (2
and 6): At room temperature, the value of χT for 2 (Figure
S2a, see Supporting Information and the corresponding
footnote on the first page of this article) is 5.88
emu·K·mol�1. Subtraction of the radical and chromium(iii)
contributions leads to a reasonable value of 3.63
emu·K·mol�1 per cobalt(ii) centre. On lowering the tem-
perature, χ increases and eventually reaches saturation at a
high value of 16.8 emu·K·mol�1 at 2.1 K, suggesting ferro-
magnetic ordering at low temperatures. Confirmation of the
magnetic order (Figure 12) is provided by the observation
of an out-of-phase signal in the AC susceptibility measure-
ments below TC � 13.8 K. Magnetisation hysteresis loops
can be observed below this temperature with very high co-
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Figure 11. Top: 8-spin ring cubane model adopted for the spin-
ladder chain; bottom: thermal variation of the χT product (open
circles) for 8; the solid line represents the best-fit data (J � �0.8
cm�1; j � �0.35 cm�1)

ercive field values (Hcoer � 4400 G at 2 K) compared with
those previously reported for CoCr oxalato-bridged 2D
magnets. Saturation is almost reached in a 5 T field with a
magnetisation value of 6.2 µB.

Compound 6 exhibits (Figure S2b, Supp. Inf.) a room-
temperature χT value of 5.52 emu·K·mol�1. Taking into ac-
count the contributions of the radical and chromium(iii)
centres, a value of 3.27 emu·K·mol�1 per cobalt(ii) centre
can be calculated. This is close to the expected value for a
free Co2� ion showing orbital degeneracy. χ increases con-
tinuously on cooling and undergoes saturation with a value
of 17.2 emu·K·mol�1 at 2 K. Compounds 2 and 6 show a
similar thermal dependence in the DC susceptibility. The
AC data, however, show clear differences between the p-rad
and m-rad derivatives. The latter orders ferromagnetically
at TC � 11.3 K and exhibits a rounded maximum in the
thermal dependence of the in-phase component. This is in
contrast to the extremely sharp peak observed for the p-rad
analogue (6). Also, field-dependent studies show a much
smaller coercive field (Hcoer � 230 G at 2 K) compared with
that in 2. The different magnetic behaviour of both com-
pounds may be ascribed to the presence of metal defects
and/or disorder in the m-compound which push the TC to
lower temperatures. The differences in coercive field values
may also be explained in terms of a different morphology
of the samples: The p-rad derivative (2) has an unusually
large particle size (8 µm) compared with the other com-
pounds (the particle size of 6 is 250 nm).

Magnetic Properties of the Ni-Containing Hybrid Salt (3):
The value of χT at 300 K for 3 (3.53 emu·K·mol�1) is
slightly higher than the sum of the paramagnetic contri-
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Figure 12. a) Temperature dependence of the real and imaginary
components of the ac magnetic susceptibility of 2 (empty symbols)
and 6 (filled symbols); operating frequency: 110 Hz; b) low-field
region of the hysteresis loops of 2 (empty symbols) and 6 (filled
symbols) measured at 2 K

butions of the different spin carriers (Figure S3, Supp. Inf.).
χ increases considerably upon cooling, indicating the pres-
ence of a ferromagnetically ordered phase at low tempera-
tures. The onset of an out-of-phase signal in the AC suscep-
tibility (Figure 13) measurements below TC � 15.5 K pro-
vides further evidence of magnetic order. Again, magnetis-
ation hysteresis loops were observed with very high coercive
field values (Hcoer � 1500 G at 2 K) compared with those
previously reported for NiCr oxalato-bridged 2D magnets.
Saturation is almost reached in a 5 T field with a magnetis-
ation value of 5.6 µB.

Magnetic Properties of the Zn-Containing Hybrid Salt (4):
This product exhibits room-temperature χT values that lie
close to the sum of the calculated contributions for isolated
CrIII and free radical units. χT remains practically constant
(Figure 14) upon cooling down to 10 K. Below this point,
χT increases constantly upon decreasing the temperature,
indicating that an intermolecular ferromagnetic interaction
between radicals may also be present. In the absence of
structural characterisation, it is difficult to ascribe this be-
haviour to particular intermolecular contacts so that an in-
teraction between the free radical and the chromium(iii)
centres cannot be ruled out. The field dependence of the
magnetisation shows typical Brillouin behaviour. As quoted
in Table 1, saturation is not reached in a 5 T field.
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Figure 13. a) Temperature dependence of the real and imaginary
components of the ac magnetic susceptibility of 3; operating fre-
quency: 110 Hz; b) low-field region of the hysteresis loops of 3
measured at 2 K

Figure 14. Thermal variation of χT for compound 4 measured in
a 0.1 T field

EPR Spectroscopy: The magnetic transitions of the differ-
ent compounds can be monitored by EPR spectroscopy. At
room temperature, the EPR spectrum (Figure 15) of the
paramagnetic derivative p-rad[ZnCr(ox)3] (4) can be viewed
as the sum of the contributions of the different spin carriers
in the lattice. An asymmetric signal can be observed with a
maximum at g � 4.1. This signal is characteristic of the
[Cr(ox)3]3� fragment with a zero-field splitting of the
ground state.[41] In the g � 2.0 region, the expected free
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Figure 15. EPR spectra of p-rad[ZnCr(ox)3] (4) at different tem-
peratures

radical signal is superimposed with a weak contribution
which originates from the chromium(iii) centres. This fea-
ture is relatively broad (g � 2.057; ∆Hpp � 560 G) com-
pared with previously reported salts based on p-rad (dipolar
broadening). On lowering the temperature, the signal con-
tinuously broadens and becomes more asymmetric. At
3.2 K, the peak-to-peak width ∆Hpp is equal to 1130 G. A
nitroxide impurity can be seen in the whole-temperature
range at g � 2.005.

On the other hand, the EPR spectrum at room tempera-
ture (Figure 16) of p-rad[MnCr(ox)3]·H2O (1) shows a
single line centred at g � 1.996 with a peak-to-peak width
∆Hpp � 350 G. The asymmetric signal of the chromium(iii)
moiety and the characteristic peak of the free radical are
not observed. On lowering the temperature, the intensity of
the signal increases and broadens to a peak-to-peak width
value of 900 G at 7.6 K. Below the critical temperature, the
signal splits into two components centred at g � 1.44 and
g � 4.52 G. These features parallel the previously reported
data for [FeCp*2][MnCr(ox)3]. In this case, however, the

Figure 16. EPR spectra of p-rad[MnCr(ox)3]·H2O (1) at different
temperatures
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free radical does not show an intrinsic signal, indicating ex-
change interactions between the two magnetic sublattices.

The temperature dependence (Figure 17) of the EPR
properties of the antiferromagnetic compound p-
rad[Mn(H2O)Cr(ox)3]·2H2O (7) was investigated to allow
comparison with the 2D ferromagnetic isomer p-
rad[MnCr(ox)3]·H2O (1). The experiment was performed on
a collection of single crystals. At room temperature, the
EPR spectrum of 7 also shows a single line centred at the
same g-value (1.996) with a peak-to-peak width ∆Hpp �
420 G. On lowering the temperature, the intensity of the
signal increases, reaches a maximum around 12 K. It then
decreases and broadens to a peak-to-peak width value of
560 G at 7.9 K. Below the Néel temperature the signal de-
creases dramatically, as expected for an antiferromagnetic
ordered phase. A very weak anisotropic signal remains at
low temperature which can be ascribed to the radical contri-
bution and possible traces of chromium(iii).

Figure 17. EPR spectra of p-rad[Mn(H2O)Cr(ox)3]·2H2O (7) at dif-
ferent temperatures

The EPR spectrum (Figure S4) of p-rad[CoCr(ox)3]·
2H2O (2) at room temperature is essentially featureless. The
presence of the orbitally degenerate Co2� cation induces a
fast spin relaxation at high temperatures. Below 60 K, a
broad and asymmetric feature appears at g � 1.54. On
decreasing the temperature further, the signal becomes
more intense and shifts slowly upfield. Below TC, the main
feature is accompanied by a small hump at very low fields
which can be attributed to ferromagnetic resonance.

The temperature dependence of the EPR spectrum (Fig-
ure S5) for p-rad[NiCr(ox)3]·H2O (3) is similar to that ob-
served for 1. Only one broader signal (∆Hpp � 1230 G)
centred at g � 2.049 can be detected in the paramagnetic
regime (the sharp line at g � 2.005 can be ascribed to a
nitroxide impurity representing less than 0.01%). This is
again an indication of the exchange interaction between the
free radical and the magnetic network. At temperatures
close to TC, the main feature becomes anisotropic and a
low-field component appears. This signal shifts downfield
at a high rate (700 G/K) when decreasing the temperature,
indicating the rise of the internal field in the solid.
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As expected, the systematic study of the EPR spectra re-

veals drastic changes which occur close to TC for all the
magnetically ordered compounds. In general, the shift of
the radical resonance below the ordering temperature could
be used to monitor the strength of the internal magnetic
field. This has been the case in hybrid metal-radical layered
systems of the brucite type[42] or in the family of com-
pounds [FeCp*2][MM�(ox)3]. In our case, however, the rad-
ical is not merely a spectator since it couples with the
anionic lattice by exchange interactions. Compared with the
decamethylferricenium derivative, where most of the spin
density is located in the iron centre and hence sandwiched
by Cp* molecules, the nitroxide radical is less protected
from the surroundings and it can readily interact with the
neighbouring spin carriers.

Conclusion

The ability of cationic nitronyl nitroxide type free radicals
to act as countercations of oxalato-bridged bimetallic com-
pounds has been studied in this work. Hybrid materials
which combine nitroxide free radicals and ferromagnetic
layers with similar magnetic properties as those previously
observed in the quaternary onium analogues
[AR4][MCr(ox)3] (A � N, P) have been obtained. The
syntheses of the latter proceed in high yield by fast precipi-
tation in aqueous solutions due to the nonpolar character
of the tetrabutylammonium or tetraphenylphosphonium
cations. In our case, the presence of the radical moiety con-
fers high polarity on the cation, solvation becomes more
effective and precipitation of the extended compound is
hindered. This is particularly the case for M � Mn (and
also Zn) since the tris(oxalate)chromate(III) ligand has a
lower affinity for this larger cation. Working in concen-
trated conditions and in less polar solvents (ethanol/water
mixtures) invariably affords the hybrid 2D magnets as fine
powders (kinetic control) while performing the syntheses in
more dilute aqueous solutions (thermodynamic control)
yields new heterodimetallic oxalato-based lattices which re-
sult from partial occupation, by water molecules, of the vac-
ant positions of the divalent metal. We have shown that the
size and shape of the free radical determines the geometry
and dimensionality of these novel hybrid materials: p-rad
stabilizes a 3D achiral network of hellicoidal hexagonal
channels, while m-rad acts as countercation to a ladder-like
anionic structure. The influence of the free radical in the
structure of the inorganic host is made possible by the for-
mation of hydrogen bonds which involve adventitious sol-
vent molecules.

This family of compounds, in which ferromagnetic layers
coexist with free radical species, can be considered as multi-
functional hybrid magnets such as those based on the para-
magnetic decamethylferricinium cation [FeCp*][MIIMIII(ox)3].
As was observed in this previously reported example, the
paramagnetic cation (in this case, the nitronyl nitroxide free
radical) has little influence on the ordering temperatures
but has a marked effect on the coercive field values, al-
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though this effect can be correlated with other features such
as the particle size. Both magnetic parameters (critical tem-
peratures and coercive fields) are similar to those found in
other families of 2D oxalate-based magnets with low TC

(around 5 K) and Hcoer values for the Mn-containing com-
pounds and higher ordering temperatures (11�15 K) for
the Ni and Co complexes. The most important difference
between the two families of hybrid magnets is that whereas
the two magnetic sublattices are quasi-independent in
[FeCp*][MIIMIII(ox)3], a sizeable interaction between the
free radicals and the inorganic layers has been indicated by
EPR spectroscopic studies in the present case.

Further work on this topic will be directed towards the
preparation of nitronyl nitroxide cationic free radicals based
on tetraalkylammonium salts which can be more efficient
templates of the 2D hexagonal oxalate-based network.

Experimental Section

General Procedure for the Preparation of Hybrid Magnets 1�6:
Ag3[Cr(ox)3] (0.08 mmol) was added to a solution of the cationic
free radical (prepared as the iodide salts p-radI or m-radI)
(0.25 mmol) in EtOH (5 mL, 96%) and H2O (1 mL). After 30 min
stirring, AgI was removed by centrifugation. In a separate beaker,
a solution of [M(H2O)n]Cl2 (M � Mn, Co, Ni, Zn) (0.25 mmol) in
EtOH (5 mL, 96%) and H2O (1 mL) was allowed to react with
Ag3[Cr(ox)]3 (0.17 mmol). After stirring for 30 min, AgCl was re-
moved by centrifugation. The two supernatant solutions were
mixed and the precipitated green powder was collected by centri-
fugation.

p-rad[MnCr(ox)3]·H2O (1): Yield: 121 mg (75%). IR (KBr): ν̃ �

1631 (CO), 1373 (NO), 1143 cm�1 (NO). C19H21CrMnN3O15

(638.3): calcd. C 35.75, H 3.32, N 6.58; found C 35.23, H 3.24,
N 6.02.

p-rad[CoCr(ox)3]·2H2O (2): Yield: 107 mg (65%). IR (KBr): ν̃ �

1626 (CO), 1377 (NO), 1137 cm�1 (NO). C19H23CoCrN3O16

(660.3): calcd. C 34.56, H 3.51, N 6.36; found C 34.36, H 3.21,
N 6.16.

p-rad[NiCr(ox)3]·H2O (3): Yield: 98 mg (61%). IR (KBr): ν̃ � 1623
(CO), 1377 (NO), 1139 cm�1 (NO). C19H21CrN3NiO15 (642.1):
calcd. C 35.54, H 3.30, N 6.54; found C 35.73, H 3.37, N 6.61.

p-rad[ZnCr(ox)3] (4): Yield: 102 mg (64%). IR (KBr): ν̃ � 1629
(CO), 1384 (NO), 1137 cm�1 (NO). C19H19CrN3O14Zn (630.7):
calcd. C 36.18, H 3.04, N 6.66; found C 37.15, H 3.63, N 7.21.

m-rad[MnCr(ox)3]·H2O (5): Yield: 96 mg (55%). IR (KBr): ν̃ �

1653 (CO), 1383 (NO), 1139 cm�1 (NO). C19H21CrMnN3O15

(638.3): calcd. C 35.75, H 3.32, N 6.58; found C 36.14, H 3.51,
N 6.76.

m-rad[CoCr(ox)3]·H2O (6): Yield: 94 mg (69%). IR (KBr): ν̃ � 1628
(CO), 1377 (NO), 1137 cm�1 (NO). C19H21CoCrN3O15 (642.3):
calcd. C 35.53, H 3.30, N 6.54; found C 35.13, H 3.48, N 6.37.

Preparation of 7�8: The cationic free radical (p-radI or m-radI)
(100 mg, 0.26 mmol) was added to a suspension of Ag3[Cr(ox)3] in
EtOH (5 mL). After 30 min stirring, AgI was filtered and a solution
of Mn(ClO4)2·6H2O (32 mg, 0.088 mmol) in a minimum amount
of water was added to the filtrate. The resultant green suspension
became clear after addition of H2O (2 mL) and the mixture was
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left undisturbed in the dark. Green single crystals suitable for X-
ray structure analysis appeared within a few hours.

p-rad[MnCr(ox)3(H2O)]·2H2O (7): Yield: 94 mg (60%). IR (KBr):
ν̃ � 1630 (CO), 1376 (NO), 1140 cm�1 (NO). C19H25CrMnN3O17

(674.3): calcd. C 33.84, H 3.74, N 6.23; found C 33.73, H 3.75,
N 6.14.

m-rad[MnCr(ox)3(H2O)2]·2H2O (8): Yield: 96 mg (62%). IR (KBr):
ν̃ � 1634 (CO), 1378 (NO), 1139 cm�1 (NO). C19H27CrMnN3O18

(692.4): calcd. C 32.96, H 3.93, N 6.07; found C 32.78, H 3.86,
N 6.19.

Physical Measurements: All magnetic measurements were carried
out on powdered samples with a Quantum Design MPMS-XL-5
SQUID magnetometer. Variable temperature susceptibility meas-
urements were carried out on polycrystalline samples in the
2�300 K temperature range at a magnetic field of 0.1 T. Diamag-
netic contributions were corrected with Pascal’s constants. Iso-
thermal magnetisation measurements were collected in the H �

0�5 T field range at 2 K. The hysteresis studies were performed
between 5 and �5 T, at 2 K, cooling the samples at zero field.
AC measurements were performed at different frequencies with an
oscillating magnetic field of 0.395 mT. The ESR spectra were re-
corded on powdered samples in the X-band region (ν � 9.47 GHz)
with a Bruker E500 ELEXSYS spectrometer equipped with a he-
lium cryostat in order to study the thermal dependence in the tem-
perature range 300�3 K. IR transmission measurements of pressed
KBr pellets were recorded at room temperature with a Nicolet Ava-
tar 320 FT-IR spectrophotometer in the range 4000�400 cm�1.
CHN elemental analyses were carried out with a CE instruments
EA 1110 CHNS analyser on samples dried under vacuum. Therm-
ogravimetric measurements were carried out with a Mettler Toledo
TGA/SDTA 851e apparatus.

X-ray Crystallographic Studies: X-ray diffraction data of 7 and 8
were collected at room temperature with a Nonius KappaCCD dif-
fractometer using a graphite-monochromated Mo-Kα radiation
source (λ � 0.71073 Å). The Denzo and Scalepack[43] programs
were used for cell refinements and data reduction. The structures
were solved by direct methods using the SIR97[44] program with
the WinGX[45] graphical user interface. The structural refinements
were carried out with SHELX-97.[46] All nonhydrogen atoms were
refined anisotropically. A multiscan absorption correction, based
on equivalent reflections, was applied to the data using the program
SORTAV[47] (Tmax./Tmin. 0.8972/0.5899 for 7 and 0.995/0.898 for 8).
H atoms of water molecules were found from difference maps and
were positionally refined with geometric restraints (O�H 0.82 Å
and H···H 1.30 Å) and with Uiso(H) � 1.2Ueq(O). The remaining
H atoms were placed in calculated positions and refined using a
riding model with C�H � 0.97 Å and Uiso(H) � 1.2Ueq(C). All
nonhydrogen atoms were refined anisotropically. Crystallographic
data are summarised in Table 2.
CCDC-149375 and -236227 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (internat.) �44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk).

Supporting Information (see also the footnote on the first page of
this article): Figures S1�S3 show χT vs. T plots for compounds
1�3 and 5�6. Figures S4 and S5 show, respectively, the EPR spec-
tra of p-rad[CoCr(ox)3]·2H2O (2) and p-rad[NiCr(ox)3]·H2O (3) at
different temperatures.
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Table 2. Crystal data and structure refinement for 7�8

Compound 7 8

Empirical formula C19H25CrMnN3O17 C19H27CrMnN3O18

Molecular mass 674.36 692.38
a (Å) 11.343(2) 8.7890(2)
b (Å) 14.311(2) 11.5290(2)
c (Å) 16.928(10) 14.4980(3)
α (°) 90 89.1000(8)
β (°) 104.14(3) 82.2150(9)
γ (°) 90 70.8690(9)
Z 2 2
d (Mg·m�3) 1.681 1.673
Crystal system monoclinic triclinic
Space group Cc P1̄
Crystal dimensions 0.61 � 0.19 � 0.12 0.32 � 0.12 � 0.05
(mm)
T (K) 293(2) 225(2)
Θ Range 4.68 � 2Θ � 61.24 2.84 � 2Θ � 57.42
Reflections collected 11092 34160
Independent reflections 6821 7040
Data/restraints/ 6821/2/402 7040/14/408
parameters
Final R indices R1 � 0.0309, R1 � 0.0507,
[I � 2σ(I)] wR2 � 0.0603 wR2 � 0.1058
R indices (all data) R1 � 0.0463, R1 � 0.1391,

wR2 � 0.0642 wR2 � 0.1417
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Ensling, P. Gütlich, Chem. Eur. J. 2000, 6, 552�563.
[16] P. G. Lacroix, I. Malfant, S. Benard, P. Yu, E. Riviere, K. Nak-

atani, Chem. Mater. 2001, 13, 441�449.
[17] E. Coronado, J. R. Galán-Mascarós, C. J. Gómez-Garcı́a, V.
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