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Oxalate-Based 3D Chiral Magnets: The Series [ZII(bpy)3][ClO4][MIIFeIII(ox)3]
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The synthesis, structure, and physical properties of the oxa-
late-based molecular magnets with the formula [ZII(bpy)3]-
[ClO4][MIIFeIII(ox)3] (ZII = Fe, Ru; MII = Mn, Fe; bpy = 2,2�-
bipyridine; ox = oxalate dianion) are presented here. All com-
pounds are isostructural and crystallize in the chiral cubic
space group P4132, and contain three-dimensional dimetallic
networks formed by alternating MII and MIII ions that are
connected by oxalate anions. These compounds exhibit

Introduction

Coordination chemistry has yielded many examples of
molecule-based magnets. The nature of the ligands, respon-
sible for promoting strong enough magnetic exchange, will
be key for the physical properties found in these novel com-
pounds. Most of these magnets are based on coordination
polymers with metal centers that are connected by short
ligands with a π-extended system such as cyanide,[1] dicyan-
amide[2–4], oxalate[5–7] and some other organic ligands.[8]

Polynuclear complexes from the oxalato ligand have been
shown to be very versatile for the construction of magnetic
materials, with one of the key reasons being the synthetic
control over the lattice dimensionality. This has been dem-
onstrated with the controlled obtention of dimers,[9] tri-
mers,[10] 1D chains,[11] and extended 2D[5,6] and 3D lat-
tices[12,13] from essentially the same building blocks. Inter-
estingly, some of these coordination polymers are anions
that form salts with a variety of molecular cations.

Bulky organic monocations promote the synthesis of
compounds with the formula [A][MIIMIII(ox)3] (A = NR4

+,
PPh4

+; MII = Mn, Fe, Co, Ni, Cu; MIII = Cr, Fe, Ru,
Rh),[5,6,14–16] formed by two-dimensional oxalate bridged
dimetallic networks. The sign of the magnetic interaction is
determined by the nature of the metals – CrIII and RuIII
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strong antiferromagnetic interactions that give rise to mag-
netic ordering as ferrimagnets or weak ferromagnets, with
critical temperatures of up to 20 K, which is twice as high as
those found for the isostructural magnets based on CrIII, as
determined by magnetic measurements and Mössbauer
spectroscopy.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

promote ferromagnetic interactions, while FeIII promotes
antiferromagnetic interactions. These materials behave as
ferromagnets with critical temperatures of up to 15 K, and
as ferri- or weak ferromagnets with critical temperatures of
up to 44 K. The combination of different trivalent metals
in the 2D lattice has given rise to materials with tunable
magnetic properties, and large hysteresis loops with coercive
fields of over 2 T.[17] On the other hand, insertion of elec-
troactive organometallic or organic molecules in these 2D
systems has yielded magnetic multilayers,[18] ferromagnetic
metals,[19,20] or photochromic magnets.[21]

Chiral octahedral complexes of the type [Z(bpy)3]2+ (bpy
= 2,2�-bipyridine) and analogs favor the formation of the
series [ZII(bpy)3][ClO4][MIIMIII(ox)3] (ZII = Ru, Fe, Co, Ni;
MII = Mn, Fe, Co, Ni, Cu; MIII = Cr),[12] formed by three-
dimensional chiral oxalate-based networks that behave as
ferromagnets, but with critical temperatures that are much
lower than those of their 2D counterparts. This has been
related to the weaker magnetic interactions present in this
case, promoted by a different relative orientation of the
magnetic orbitals and to larger metal-to-metal distances.
Most of these compounds show Tc below 3 K, with a few
exceptions that reach up to 6 K.

The added value of these 3D magnets is their chirality,
especially as the crystallites are chiral through self-as-
sembly, even starting from a racemic mixture of building
blocks. This family constitutes a nice example of chiral
magnets, a very sought after combination in recent
years[22–24] because of the interest in the investigation of
how chirality affects the magnetic properties: it is easy to
understand that the imposed anisotropy in such systems
will be a key factor that controls the magnetic behavior, but
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further, that these systems could also exhibit new physical
phenomena, for example, the so-called magnetochiral di-
chroism.[25]

While the dimetallic 2D magnets have been obtained
with a variety of trivalent metals, the analogous 3D systems
have only been obtained so far for CrIII. The reason is that
the synthetic conditions required for the preparation of the
3D systems are much more exigent. For instance, the pres-
ence of alkali metals in solution needs to be avoided, since
alkali metals can also form 3D networks with trivalent met-
als with the general formula [ZII(bpy)3][AIMIII(ox)3] (ZII =
Ru, Fe, Co, Ni; AI = Li, Na, K; MIII = Cr).[26] These mate-
rials have shown interesting electronic properties, such as
photoinduced energy transfer, electron transfer,[27] and spin
transition in one case, namely [Co(bpy)3][LiCr(ox)3],[28,29]

but no magnetic ordering since the paramagnetic centers
are isolated by diamagnetic alkali neighbors. In addition,
more synthetic difficulties need to be overcome, as the tri-
soxalate complexes are less stable towards ligand substitu-
tion. In this work, we present our successful extension of
this series to the [FeIII(ox)3]3–building block while searching
for increased ordering temperatures for these magnets, as
observed in the 2D analogs.

Results and Discussion

Synthesis and Structure

For the synthesis of the desired [MIIMIII(ox)3]– 3D net-
work, the possible formation of the 3D [AIMIII(ox)3]2– ana-
log, where AI is an alkali metal or a small cation such as
NH4

+, is one of the main synthetic problems to overcome.
Thus, the common A3[MIII(ox)3] salts cannot be used in
this synthesis. Bulky cations cannot be used either, since
they template the formation of the corresponding 2D
honeycomb networks. To form the 3D [MIICrIII(ox)3]– net-
work we already described the use of the silver salt
Ag3[CrIII(ox)3]. The same procedure, however, cannot be
used to prepare the MIIFeIII derivatives since the Ag3[Fe-
(ox)3] salt is unstable. Thus, we used an analogous pro-
cedure, but starting from the slightly more soluble
Tl3[Fe(ox)3] salt that allows for the precipitation of TlCl,
and for the preparation of the desired solution containing
the MII and [Fe(ox)3]3– building blocks exclusively. The mix-
ture of this solution with one containing [ZII(bpy)3][ClO4]2
yields a fine powder that must be settled before filtering.
Particle sizes are typically uniform and of the order 0.5–
3 μm.

Even under these conditions not all possible Z/MII com-
binations that may be suitable for the formation of oxalate
complexes could be obtained, as the [Fe(ox)3]3– complex is
not completely stable in solution when competing with
other cations. Because of this reason, the nature of the sol-
vent mixture and temperature are crucial to obtain pure
products, and even under such circumstances, some disor-
der between the alternating positions for trivalent and di-
valent metals in the network cannot be avoided in some
cases, as will be discussed in this paper.
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All compounds were structurally characterized by pow-
der X-ray diffraction, which indicates that all compounds
are isostructural as the salt [RuII(bpy)3][ClO4][MnIICrIII-
(ox)3] already reported.[12] The structure of these salts con-
sists of 3D oxalate-bridged dimetallic networks that host
the cations [ZII(bpy)2]2+ (Figure 1). In the anionic network,
the bidentate chelating oxalate ligands connect the metals
in an alternating way such that each MII center is sur-
rounded by three MIII centers and vice versa, to form 10-
unit rings with a (10,3) topology. In a given crystal, all me-
tal centers are of the same chirality, although crystallites of
both chiralities are obtained when starting from racemic
mixtures of the reagents, as in the compounds prepared for
this study. The cations [ZII(bpy)3]2+ of each chiral group
template the formation of the corresponding chiral net-
work, and are located in the tunnels left by the polymeric
structure. Perchlorate anions fill up the remaining holes in
the structure.

Figure 1. Projection on the bc plane of the structure of the family
of molecule-based magnets [ZII(bpy)3][ClO4][MIIMIII(ox)3]. Only
the ZII ion of the [ZII(bpy)3]2+ cations and the Cl atom of the ClO4

–

anions are drawn in the cavities.

Magnetic Properties

Magnetic susceptibility measurements for the [FeII-
(bpy)3][ClO4][MIIFeIII(ox)3] derivatives (MII = Mn, Fe) are
shown in Figure 2. Both compounds present a clear de-
crease in the χmT product as the temperature is decreased.
This high-temperature regime follows a Curie–Weiss law,
and gives Curie constants slightly higher than that expected
for spin-only, and large and negative Weiss constants
(Table 1), which is indicative of the presence of antiferro-
magnetic interactions between the metal centers in the net-
work, as is expected for oxalate-bridged dimetallic MII-FeIII

compounds. The variation of χm with temperature shows a
deviation from the regular paramagnetic behavior at low
temperatures for both compounds –a jump appears below
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Table 1. Magnetic parameters for the series [ZII(bpy)3][ClO4][MIIFe(ox)3].[a]

ZII MII Tc [K] θ [K] C [emuKmol–1] Cspin-only [emuKmol–1] Hcoer. [mT]

Fe Mn 20.0 –58 9.53 8.75 25
Fe Fe 9.1 –41 7.67 7.375 97
Ru Mn 17.2 –81 9.46 8.75 30
Ru Fe 7.9 –46 7.67 7.375 86

[a] Tc, ordering temperature; θ, Weiss constant; C, Curie constant; Hcoer., coercive field at 2 K.

25 K for MnII (Figure 2 bottom) and below 12 K for FeII.
After this jump, χm does not tend to saturation at very low
temperatures in either compound, showing a Curie tail
probably because of the presence of small amounts of para-
magnetic impurities. These features suggest the appearance
of a magnetically ordered regime. This was confirmed by
the temperature dependence of the AC magnetic suscep-
tibility (Figure 3), that shows, in both cases, a maximum in
χ�m that corresponds to a peak in χ��m, with Tc (when χ��m

becomes non zero) at 20.0 K for the Mn derivative and
9.1 K for the Fe derivative. Due to the nature of the short-
range interactions in both cases, the MnII derivative can be
considered to be a weak ferromagnet, and the origin for net
magnetization comes from canting between the antiferro-
magnetically aligned S(MnII) = S(FeIII) = 5/2 moments,
while the FeII derivative can be considered to be a ferrimag-

Figure 2. Thermal variation of the magnetic susceptibility χm (top)
and of the χmT product (bottom) for the salts [Fe(bpy)3][ClO4]-
[MIIFe(ox)3]; MII = Mn (circle), Fe (square).

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 2064–20702066

net, because of the non total compensation of the antiferro-
magnetically coupled spins S(FeIII) = 5/2 and S(FeII) = 2.
In this last compound, a small frequency dependence of
the AC peaks is observed, similar to those observed in the
analogous 2D network. As in these cases, such a feature
can be associated to a disorder in the magnetic 3D network
generated by partial substitution of the FeII centers by FeIII,
and vice versa. The field dependence of the magnetization
at 2 K for both compounds (Figure 4) shows an almost lin-
ear increase, and is far from saturation even at 5 T, confirm-
ing the nature of the magnetic ordering. Both compounds
show small hysteresis loops at 2 K with coercive fields of 25
(MnII) and 97 mT (FeII).

Figure 3. Frequency dependence of the in-phase (filled symbols,
χ�m) and out-of-phase (empty symbols, χ��m) AC susceptibility of
the salts [Fe(bpy)3][ClO4][MIIFe(ox)3] at 1 (circle), 10 (square) and
110 Hz (diamond); MII = Mn (top), Fe (bottom).
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Figure 4. Field dependence of the magnetization at 2 K for the salts
[Fe(bpy)3][ClO4][MIIFe(ox)3]; MII = Mn (circle), Fe (square).

The [RuII(bpy)3]2+ derivatives show, as expected, an anal-
ogous magnetic behavior, with magnetic parameters very
similar to those of the [FeII(bpy)3]2+ counterparts (see
Table 1). The critical temperatures, however, are slightly
lower for these derivatives. As mentioned before, this effect

Figure 5. Frequency dependence of the in-phase (filled symbols,
χ�m) and out-of-phase (empty symbols, χ��m) AC magnetic suscep-
tibility for the salts [Ru(bpy)3][ClO4][MIIFe(ox)3] at 1 (circle), 10
(square) and 332 Hz (diamond); MII = Mn (top), Fe (bottom).

Eur. J. Inorg. Chem. 2005, 2064–2070 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2067

of the templating cation on the magnetic properties was
also observed in the CrIII derivatives, and works here in the
same direction. The AC magnetic susceptibility measure-
ments (Figure 5) show ordering temperatures at 17.2 K for
MnII and 7.9 K for FeII. The MnII salt shows a small maxi-
mum in χ�m after the peak, unseen in the rest of materials.
This feature has no frequency dependence and no clear ori-
gin. As seen before, the FeII salt shows a small frequency
dependence of the peaks. Both compounds show hysteresis
loops below Tc, with coercive fields and field dependence
of the magnetization at 2 K, which is almost identical to
those of their [FeII(bpy)3]2+ counterparts. The weaker mag-
netic exchange when going from [FeII(bpy)3]2+ to [RuII-
(bpy)3]2+ has been explained in terms of the different size
of the cations, which leads to larger unit cells, and therefore
larger intermetallic distances; an effect that obviously influ-
ences the magnetic properties.

Mössbauer Spectroscopy

Mössbauer spectra of [Fe(bpy)3]ClO4[MnFe(ox)3] were
taken at 100 and 6 K (Figure 6). At 100 K, the spectrum
consists of three different doublets whose estimated param-
eters, isomer shift, δ, and quadrupole splitting, Δ, (Table 2),
are typical of low-spin (LS) FeII in a [Fe(bpy)3]2+ complex,
of high-spin (HS) FeIII within the anionic oxalate net, and
of HS FeII in the same oxalate net. This HS FeII is certainly
due to impurities in the sample. Incorporation of FeII into
the anionic network was already observed in similar
[Fe(bpy)3][Mn2(ox)3] compounds.[32] The spectrum at 6 K
(Figure 6) shows a doublet due to LS FeII in the [Fe-
(bpy)3]2+ complex (Table 2), a sextet with broad peaks at-
tributed to HS FeIII and a third set of low-intensity peaks.
The HS FeIII contribution is a sextet because the relaxation
frequency of the corresponding Fe spins strongly decreases
between 100 K and 6 K, and becomes significantly lower
than the Larmor period of the nuclear moment. This is a
strong indication that the [MnFe(ox)3]– net is magnetically
ordered at 6 K, which is in agreement with the Tc value
deduced from magnetization data. It should be noted that
LS FeII in the [Fe(bpy)3]2+ complex remains unaffected by
the internal magnetic field.

Figure 6. Mössbauer spectra at different temperatures for the salt
[Fe(bpy)3][ClO4][MnFe(ox)3].
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Table 2. Estimated parameters from the Mössbauer spectra of [Fe(bpy)3][ClO4][MnFe(ox)3] at different temperatures.[a]

T [K] Fe site δ [mms–1] Δ, Δ�, ε Bhf [T] η Θ [°] Φ %
[mms–1]

100 [Fe(bpy)3]2+ 0.37 0.33 – – – – 51
[FeIII(ox)3/2] 0.46 0.72 – – – – 40
[FeII(ox)3/2]– 1.26 2.33 – – – – 9

6 [Fe(bpy)3]2+ 0.37 0.35 – – – – 41
[FeIII(ox)3/2](1) 0.50 –0.06 47.6 – – – 31
[FeIII(ox)3/2](2) 0.50 0.01 41.6 – – – 17

[FeII(ox)3/2]– 1.29 –1.69 8.5 1 90 0 11

[a] δ, isomer shift relative to metallic α-Fe at 295 K; Δ, quadrupole splitting in the paramagnetic state; Δ� and ε, quadrupole interaction and
quadrupole shift in the magnetically ordered state for FeII and FeIII, respectively; Bhf, magnetic hyperfine field; η, asymmetry parameter; Θ
and Φ, angles between Bhf and the main axis Vzz of the electric field gradient and between Bhf and the main axis Vxx; %, percentage of
the total area corresponding to each subunit. Estimated errors are �0.02 mms–1 for δ, Δ, Δ� and �0.2 T for Bhf. Values of Θ, Φ and η,
kept constant during the fitting procedure, are those corresponding to the best final adjustments.

Considering the 100 K spectrum, the third set of low-
intensity peaks observed at 6 K is most likely due to the HS
FeII impurities in the oxalate net. These FeII atoms are also
magnetically ordered. However, as previously shown,[14]

their contribution cannot be fitted assuming a simple mag-
netic sextet. In fact, the quadrupole hyperfine interaction
cannot be treated as a perturbation of the magnetic hyper-
fine interaction. The position and relative intensities of the
absorption lines of the magnetically ordered HS FeII atoms
therefore have to be calculated by solving the complete
Hamiltonian for the hyperfine interactions in both the ex-
cited and ground nuclear states of the 57Fe nuclei. In the
present work, this calculation was performed following the
procedure described by Ruebenbauer and Birchall.[30] The
best fit was obtained assuming that the angle between Bhf

and the main axis of the electric field gradient, Vzz, is Θ =
90, and between Vxx and Bhf is Φ = 0. The final values
obtained for the fitted parameters, δ, Bhf, the asymmetry
parameter η, and Δ� = e2QVzz (where e is the electron
charge and Q is the 57Fe nuclear quadrupole moment at the
14.4 keV level), are given in Table 2. The estimated parame-
ters obtained are indeed consistent with a HS FeII atom
and similar to those reported for compounds containing
[FeII(ox)3/2]– units.[14,31] The random substitution of MnII

by these FeII impurities within the oxalate network gives
rise to different environments for the HS FeIII atoms. Dif-
ferences in the magnetic exchange interactions, which corre-
spond to distinct environments, may be large enough to be
observed as a distribution of Bhf. This distribution, approxi-
mately described by two sextets, whose parameters are sum-
marized in Table 2, explains the broadness of the observed
peaks due to the HS FeIII atoms in the oxalate layers and
the small frequency dependence of the χ�� peak observed in
the AC susceptibility data.

The relative areas estimated for LS FeII and HS FeIII

change significantly between 100 K and 6 K. This fact had
already been observed in [Fe(bpy)3][MII

2(ox)3] (M = Mn,
Fe) compounds that also contained HS FeII impurities.[32]

It may be explained by the different temperature depen-
dence of the Debye–Waller factors for LS FeII and HS FeIII.
Considering that the values of these factors are closer at the
lowest temperatures, the relative areas estimated at 6 K are
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a better approximation to the relative amounts of the dif-
ferent Fe species in the sample. This implies that the HS
FeII impurities that substitute MnII in the oxalate layers are
approximately 10% of the total Fe in the present [Fe-
(bpy)3][ClO4][MnFe(ox)3] sample; a value similar to those
reported for the [Fe(bpy)3][MII

2(ox)3] salts.[32]

The Mössbauer spectra of [Fe(bpy)3][ClO4][FeFe(ox)3] at
294 K and 100 K (Figure 7) consist of three doublets attrib-
uted to LS FeII in [Fe(bpy)3]2+, HS FeIII and HS FeII in the
inorganic network (see estimated parameters for [Fe(bpy)3]-
[ClO4][FeFe(ox)3] and [Fe(bpy)3][ClO4][MnFe(ox)3] in
Table 2 and Table 3). At 6 K, the spectrum shows that the
HS FeIII and HS FeII atoms in the inorganic network have
a slow relaxation, which is consistent with the magnetic or-
dering of these Fe species and in agreement with the mag-
netic data. As in the case of [Fe(bpy)3][ClO4[MnFe(ox)3],
LS FeII in [Fe(bpy)3]2+ remains unaffected by the internal

Figure 7. Mössbauer spectra at different temperatures for the salt
[Fe(bpy)3][ClO4][FeFe(ox)3].
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Table 3. Estimated parameters from the Mössbauer spectra of [Fe(bpy)3][ClO4][FeFe(ox)3] at different temperatures.[a]

T [K] Fe site δ [mms–1] Δ, Δ�, ε Bhf [T] η Θ [°] Φ %
[mms–1]

294 [Fe(bpy)3]2+ 0.28 0.33 – – – – 38
[FeIII(ox)3/2] 0.38 0.57 – – – – 28
[FeII(ox)3/2]– 1.17 1.69 – – – – 34

100 [Fe(bpy)3]2+ 0.37 0.33 – – – – 28
[FeIII(ox)3/2] 0.45 0.57 – – – – 26
[FeII(ox)3/2]– 1.28 2.24 – – – – 46

6 [Fe(bpy)3]2+ 0.37 0.34 – – – – 25
[FeIII(ox)3/2](1) 0.49 0.11 48.1 – – – 20
[FeIII(ox)3/2](2) 0.49 0.23 52.6 – – – 4
[FeII(ox)3/2]–(1) 1.29 1.84 6.2 0.8 90 0 46
[FeII(ox)3/2]–(2) 1.29 2.10 – – – – 5

[a] Parameters as defined in Table 2.

magnetic field. The relative areas estimated for HS FeIII and
FeII at 6 K suggest that in [Fe(bpy)3][ClO4][FeFe(ox)3],
there is an excess of HS FeII that could replace HS FeIII in
random positions in the oxalate layer. This disorder may be
responsible for the observation of a distribution of Bhf for
HS FeIII, again approximated by two magnetic sextets with
large peak widths, as in [Fe(bpy)3][ClO4][MnFe(ox)3].
Furthermore, the same disorder may explain why accept-
able fits of the 6 K spectrum could only be obtained if a
doublet corresponding to paramagnetic HS FeII was con-
sidered in addition to the main magnetically ordered contri-
bution of this Fe species (Table 3). In fact, the disorder re-
sulting from the presence of excess HS FeII may be associ-
ated with the existence of small fractions of these ions that
experience rapidly fluctuating Bhf even at temperatures
lower than Tc (although still close to Tc).

Conclusions

In this paper we have demonstrated that 3D chiral mol-
ecular magnets based on dimetallic oxalate complexes can
be prepared from the [Fe(ox)3]3– building block given the
right synthetic conditions and with the use of different [ZII-
(bpy)3]2+ complexes (ZII = Fe, Ru) as templating cations.
The salts [ZII(bpy)3][ClO4][MIIFeIII(ox)3] (MII = Mn, Fe)
are isostructural to the [Cr(ox)3]3–-based ferromagnets and
are of identical stoichiometry, while the different sign and
strength of the magnetic exchange promoted by the pres-
ence of FeIII instead of CrIII yields quite different magnetic
properties. As these compounds exhibit strong antiferro-
magnetic interactions, they behave as ferrimagnets (MII =
Fe) or weak ferromagnets (MII = Mn) with critical tempera-
tures in the range 7–20 K, which are much higher than
those observed for the analogous ferromagnets, in which
the ordering only occurred close to 2 K. This fact must be
important in the future studies that investigate the interplay
between magnetism and chirality.

Another consideration that needs to be stressed is the
effect of the nature of the [ZII(bpy)3] complex on the mag-
netic properties. With the same crystal structure, the dif-
ferent sizes of the cations promote an enlargement of the
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unit cell parameters by 0.2 Å. Such small differences are
enough to provoke a change of a few degrees in Tc, as seen
in this and other cases. This suggests that hydrostatic pres-
sure should also be able to affect the magnetic properties in
these materials. Thus, magnetic measurements under pres-
sure are in progress.

Experimental Section
Synthesis: The complexes [ZII(bpy)3]2+ (ZII = Ru, Fe) were pre-
pared according to literature methods.[33,34] The precursor salt
Tl3[Fe(ox)3]·nH2O was prepared by metathesis from the corre-
sponding potassium salt.[35] All other materials and solvents were
commercially available and used without further purification.

[ZII(bpy)3][ClO4][MIIFeIII(ox)3] (ZII = Fe, Ru; MII = Mn, Fe):
MIICl2 (1.56 mmol) was added in excess to a water solution
(10 mL) of Tl3[Fe(ox)3]·nH2O (0.3 g, 0.31 mmol). After stirring for
10 min, a white precipitate of TlCl was removed by filtration. DMF
(20 mL) was added to this green solution, which then turned yellow,
and this mixture was added dropwise to a DMF (15 mL) solution
of [ZII(bpy)3][ClO4]2 (0.4 mmol). After stirring for 30 min, the mix-
ture was cooled down to 5 ºC overnight. The product was isolated
by filtration with use of a vacuum, washed thoroughly with meth-
anol and acetone, and dried at room temperature.

FeMnFe: Yield 61% (183 mg). C36H24ClFe2MnN6O16 (998.70):
calcd. C 43.30, H 2.42, N 8.42; found C 43.18, H 2.30, N 8.35.

FeFeFe: Yield 55% (165 mg). C36H24ClFe3N6O16 (999.61): calcd. C
43.36, H 2.42, N 8.41; found C 42.95, H 2.11, N 8.10.

RuMnFe: Yield 75% (235 mg). C36H24ClFeMnN6O16Ru (1043.92):
calcd. C 41.42, H 2.32, N, 8.05; found C 41.20, H 2.22, N 7.99.

RuFeFe: Yield 80% (251 mg). C36H24ClFe2N6O16Ru (1044.87):
calcd. C 41.38, H 2.32, N 8.04; found C 40.93, H 2.12, N 7.80.

Structural Characterization: X-ray powder profiles were collected
with a Siemens d-500 X-ray diffractometer (Cu-Kα radiation, λα =
1.54184 Å) at 293(2) K. Samples were grounded and mounted on
a flat sample plate. Typically, profiles were collected as step scans
over a 12 h period in the 2 � 2θ � 60 range with a step size of
0.02. The powder diffraction profiles indicate that all compounds
are isostructural and show analogous patterns to the simulated pro-
file[36] from the atomic positional parameters of the published crys-
tal structure of [Ru(bpy)3][ClO4][MnCr(ox)3],[12] which has the cu-
bic space group P4132 (see Supporting Information). Indexation
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of the main reflections[37] gave the unit cell parameters shown in
Table 4.

Table 4. Crystallographic data for the salts [ZII(bpy)3][ClO4]-
[MIIMIII(ox)3].

ZIIMIIMIII a [Å] V [Å3]

FeMnFe 15.39(3) 3645(1)
FeFeFe 15.33(2) 3603(1)
RuMnFe 15.48(4) 3709(1)
RuFeFe 15.44(4) 3681(1)

Magnetic Measurements: Magnetic susceptibility measurements
were performed on polycrystalline samples with a Quantum Design
MPMS-XL-5 susceptometer equipped with a SQUID sensor. The
susceptibility data were corrected from the diamagnetic contri-
butions as deduced by using Pascal’s constant tables. DC data were
collected in the range 2–300 K with an applied field of 0.1 T, and
hysteresis loops were collected between –5 and +5 T at 2 K. AC
data were collected in the range 2–30 K with an applied alternating
field of 0.395 mT at different frequencies in the range 1–997 Hz.

Mössbauer Spectroscopy: 57Fe Mössbauer measurements were re-
corded in transmission mode with a conventional constant acceler-
ation spectrometer and a 25-mCi 57Co source in Rh matrix. The
velocity scale was calibrated by using an α-Fe foil at room tempera-
ture. Isomer shift values are given relative to this standard. Spectra
were collected with the absorbers between 296 K and 5 K. Low-
temperature measurements were obtained with a flow cryostat
(temperature stability 0.5 K). The spectra were fitted to Lorentzian
lines by using a non-linear least-squares fitting method as described
previously.[38]
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