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Abstract

The use of [MIII(ox)3]3� (MIII�/Ru, Rh) complexes as building blocks for hybrid molecular materials is highlighted with two

different synthetic approaches. The first strategy is the combination of organic donors and [RuIII(ox)3]3� units, resulting in the

radical salt of formula TTF3[Ru(ox)3] �/0.5EtOH �/4H2O (1) which shows coexistence of paramagnetism and semiconducting

properties. The second approach is the synthesis of extended 2D bimetallic oxalato-bridged networks of general formula

[FeCp2
*][MIIRh(ox)3] in which paramagnetic layers of decamethylferricinium cations are alternated with paramagnetic bimetallic

layers.
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1. Introduction

The oxalato (ox) ligand is well known for its ability to

stabilize systems of different dimensionalities and its

efficiency to transmit magnetic interactions [1]. The use

of homoleptic [MIII(ox)3]3� complexes provides an easy

way for the preparation of oxalato complexes of the

desired dimensionality. There are several examples of

heterobimetallic oxalato-bridged compounds of dimen-

sionalities 2 and 3 which display magnetic ordering. The

2D family is formed by compounds of general formula

A[MIIMIII(ox)3] (MII�/Mn, Fe, Co, . . .; MIII�/Cr, Fe,

Ru). When A is a quaternary onium cation, the oxalato

network displays a staggered honeycomb-layered struc-

ture with the n -alkyl chains penetrating into the holes of

the anionic layer [2]. Ferromagnetic ordering is achieved

when MIII�/Cr [3], while the FeIII�/MII interaction is

antiferromagnetic, giving rise to ferrimagnets and weak

ferromagnets [4]. When the A cation is of the deca-

methylmetallocenium type [ZIIICp2
*]�, the honeycomb

alternating layers are eclipsed producing hexagonal

channels where the cations lay [5]. This system repre-

sents a good example of magnetic multilayers. The 3D

compounds have the general formulas [MII(b-

py)3][MII
2 (ox)3] or [MIII(bpy)3][ClO4][M2

II(ox)3] and crys-

tallize with cubic chiral packing. They behave as weak

ferromagnets when the spin-canting allows for non-

cancelling magnetic moments [1,6]. Bimetallic analogues

of general formula [MII(bpy)3](ClO4)[MIICrIII(ox)3]

have also been prepared. Their magnetic properties

show the same trends as in the 2D compounds with

slightly lower Tc and smaller coercive fields [7].
The cation plays an important role in the construction

of both 2D and 3D families acting as template-agent.

The introduction of cations possessing a physical

property, like magnetism or optical activity, into mag-

netically ordered oxalato layers allows for the prepara-

tion of multifunctional molecular materials [7�/10].

Organic donor molecules have also been used together

with oxalato complexes in order to combine magnetism

and conductivity in the same compound. The first

example was (BEDT-TTF)4(NH4)Fe(ox)3 �/C6H5CN, a

paramagnetic superconducting charge-transfer salt [11].

The oxalato complexes are not bridged but the overall

inorganic structure is very similar to a honeycomb
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thanks to the solvent molecules that are occupying the

hexagonal cavities. Many salts with different donors

have been obtained since then giving rise to super-

conductors [12], metals [13] and semiconductors [14]. In
some cases, the oxalato complexes form dimers

[14b,14d] and trimers [15] that permit the interactions

of the metallic centers. The combination of extended 2D

bimetallic oxalato-bridged networks with organic do-

nors has led to the preparation of the first molecular

metal ferromagnet (BEDT-TTF)3[MnCr(ox)3]. This

compound behaves as a metal down to 2 K, with no

transition to a superconducting state observed, what
could be prevented by the presence of magnetic ordering

in the oxalato layers [16].

In this paper, we report the synthesis and character-

ization of new materials based on the [RuIII(ox)3]3� and

[RhIII(ox)3]3� units with the aim of extending the work

devoted to molecular magnetism based on 4d transition

metal oxalato complexes. These 4d ions possess different

characteristics than the 3d ions: (1) more orbital
diffuseness character of the singly occupied orbitals;

(2) more covalent ligand�/metal bonds; and (3) more

important spin-orbit coupling effects. These must influ-

ence the interactions between magnetic centers. Kahn

and coworkers [17] published a pioneering work about

2D bimetallic oxalate layers of formula Nbu4[MIIR-

u(ox)3] (Nbu4�/tetrabutyl ammonium; MII�/Mn, Fe,

Cu) where a variety of magnetic behaviors was ob-
served. Our group published an extensive work about

this family employing decamethylmetalloceniums as

cations. The magnetic ordering was settled to be of

ferromagnetic nature when MII�/Fe, Co [18]. In the

present communication, we present an analogue family

substituting RuIII by RhIII. The use of this diamagnetic

4d ion represents a good opportunity to observe the

behavior of the divalent metals on the coordination
sphere imposed in the layer and to check if the layers can

be synthesized with bigger ions.

We are also presenting the results of the combination

of the trisoxalatometalate complexes with the tetrathia-

fulvalene (TTF) organic donor (salt 1).

2. The radical salt TTF3[Ru(ox)3] �/0.5EtOH �/4H2O (1)

Electrochemical oxidation of the organic donor TTF

in the presence of THA3[Ru(ox)3] (THA�/tetrahepty-

lammonium) in a mixture of organic solvents leads to

the synthesis of black crystals with general formula

TTF3[Ru(ox)3] �/0.5EtOH �/4H2O [19].

This radical salt is formed by layers of the organic

radical TTF, alternating with layers of inorganic oxalato

complexes and solvent molecules. The trisoxalato com-
plexes display a pseudohexagonal arrangement on the

ab -plane (see Fig. 1). Both D and L isomers are present

and give rise to a racemic salt. Solvent molecules

(ethanol and water) are hosted in the cavities left by

the anions, keeping them far apart. Many short inter-

molecular distances are found between anions and

solvent molecules. The organic sublattice is formed by
infinite chains and dimers of TTF. Three crystallogra-

phically independent TTF molecules are found named

A, B and C. The dimers are composed of A-type

molecules while the chains contain the other two types

following the sequence . . .BBCC. . . (see Fig. 2(a)). The

shorter intermolecular distances within the chain are

found between molecules B and C that are parallel to

each other. Two molecules of the same type are
displaced by their long axis to maximize the intermole-

cular interactions originating the zigzag form of the

chains. Two consecutive organic layers are related by a

C2-axis and translation creating a repeating pattern

. . .abab. . . (see Fig. 2(b)).

Short distances have been found between the anions

and the A-type molecules, and this is not surprising since

these dimers are placed on the cavities formed by the
non-coordinating oxygens. This closeness implies a high

degree of partial oxidation, almost �/1, on this kind of

molecules. The partial oxidation degree on each TTF

molecule has been calculated from their C�/C and C�/S

intramolecular bond distances [20]. The molecules of A-

and B-type are completely ionized, while the C mole-

cules remain neutral. This balance indicates that the

dimers are completely charged, while the chains are
composed by completely ionized molecules alternating

with neutral molecules.

Even taking into account the limitations of this

method for the estimation of the charge of organic

radicals based on bonding distances, it is clear that for

the charge balance we have around two positive charges

from the organic sublattice against three negative

charges from the anion. So, the electroneutrality in the
solid is probably achieved by the presence of a H3O�

molecule. Such a specie could not be located by X-ray

diffraction, although some candidates were found

among the O atoms located near the anions, as it has

been observed in other radical salts [11b].

We have performed conductivity measurements on

single crystals of 1 from 300 to 180 K. The plot of the

conductivity vs. T is shown in Fig. 3(a). The thermal
dependence of the conductivity is typical of a semicon-

ducting regime. At room temperature, s has a value of

1.5�/10�4 S cm�1 and decreases down to 4�/10�5 S

cm�1 when cooling. The activation energy is 61.1(1)

meV. This behavior is expected due to the charge

localization found in the organic layer.

The magnetic susceptibility of this salt has been

measured (see Fig. 3(b)). xm, presents a smooth increase
from 300 to 50 K when an exponential rise begins. This

thermal dependence has been fitted by a Curie�/Weiss

law considering two contributions, one from the RuIII

ion and a second one arising from the organic molecules.
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The equation that we have employed is:

xm�
CRu

T �URu

�
CTTF

T

in which the first term stands for the RuIII ion and the

second one for the organic molecules. The parameters

employed for the RuIII are: CRu for the Curie constant

and URu for the Weiss constant, that accounts for the

spin-orbit coupling on the RuIII ion. A prior study on

the precursor K3[Ru(ox)3] allowed us the determination

of the URu parameter (�/1.11 K) for a fixed literature

value of CRu (0.3896 emu K mol�1 [21]). The organic

term contains the Curie constant for the TTF molecules

Fig. 1. General view of the anionic layer of the TTF3[Ru(ox)3] �/0.5EtOH �/4H2O on the ab -plane. Solvent molecules are shown in empty circles.

Fig. 2. View of the organic layer on the ab -plane (a) and two consecutive organic layers (b).
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(CTTF), and the best-fit is obtained for CTTF�/0.2073(5)
emu K mol�1. The small value of the CTTF, that

corresponds to less than one unpaired electron per

formula, indicates that the charge on the TTF molecules

is either partially delocalized (as in the chain) or strongly

coupled in antiferromagnetic way (as in the dimers).

Then, the paramagnetic response observed from the

organic layer should arise from crystallographic defects,

as it has been observed in other TTF derivatives radical
salts [22].

3. Hybrid 2D bimetallic compounds

We have synthesized 2D bimetallic MII�/RhIII oxa-

lato-bridged networks interleaved by decamethylferrici-

nium cations of general formula [FeCp2
*][MIIRh(ox)3]

(MII�/Mn, Fe, Co, Ni, Cu, Zn). All these materials

were obtained as microcrystalline powders and the salt

[FeCp2
*][MnRh(ox)3] was also obtained as single crys-

tals. As detected by X-ray powder analysis, these

compounds are isostructural and possess the same unit

cell than the published [FeCp2
*][MnFe(ox)3] [5]. This is

the first example of this type of magnetic multilayer

systems where the NiII derivative has been synthesized.
The structure of these materials present the well

known eclipsed honeycomb bimetallic layers that are

achiral with the [FeCp2�]� cations intercalated between

the inorganic layers [5].

Magnetic measurements have been performed. The

plot of xmT vs. T is shown in Fig. 4. The data have been

fitted by a Curie�/Weiss law xm�/C /(T�/U) between

300 and 150 K. The magnetic parameters are shown in
Table 1. We should state that the RhIII ion has a spin

S�/0, and so it is diamagnetic, and that the FeIII ion

from the [FeCp2
*]� shows high C -values between 0.5

and 0.9 [23], due to its high single ion anisotropy. Below

150 K, the experimental points diverge from the

calculated ones, what can be due to different phenom-

ena like zero field splitting and spin-orbit coupling of the

FeII, CoII and NiII ions, or the Jahn-Teller distortion

typical of the CuII. When compared to other salts of

these divalent metal ions, we observed that in this series

the magnetization of the sample decreases at higher

temperatures and more abruptly, what indicates in this

case the presence of weak antiferromagnetic interactions

between the paramagnetic metals through the ox�/Rh�/

ox bridges. The observed Curie constants agree, within

experimental error, with the calculated ones that arise

from the sum of the spins of the MII ions and the spin of

the FeIII from the organometallic cations. Measure-

ments of the magnetization as a function of the applied

magnetic field confirm this behavior.

Fig. 3. (a) Plot of the conductivity vs. T and (b) thermal dependence of the fitting of the xmT product for the radical salt 1 under an applied field of 2

T.

Fig. 4. Plot of the xmT product vs. T for the family [FeCp2
*][MIIR-

h(ox)3] (MII�/Mn (m) Fe (j), Co ("), Ni ('), Cu (%), Zn (k)).
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4. Conclusions

Here we report the results obtained when using

[MIII(ox)3]3� (MIII�/Ru, Rh) complexes to construct

novel hybrid organic/inorganic molecular materials by

different approaches. The preparation of the radical salt

1 has yielded an inorganic layer constituted by

[RuIII(ox)3]3� units, that have not dimerized, sur-

rounded by solvent molecules that isolate them and

avoid magnetic interactions. The resulting paramagnetic
salt shows also semiconducting properties due to the

arrangement of the TTF molecules. More radical salts

of this kind are being synthesized in order to explore the

structural and magnetic effects that can arise from the

combination of organic donors and 4d transition metal

ions.

The second synthetic strategy has originated a new

inorganic/organometallic family. In this case, the
[RhIII(ox)3]3� units are connected to first row transition

divalent metal ions giving rise to extended bimetallic

networks. The use of a slightly bigger trivalent ion has

not affected the construction of the network, and has

helped in the preparation of the NiII derivative that

could not be obtained when using A�/[ZCp2
*] (Z�/Fe,

Co) and MIII�/Cr, Fe or Ru. In addition, short-range

weak antiferromagnetic interactions have been observed
through the diamagnetic RhIII bridges.

The combination of the extended bimetallic oxalato

networks with organic donors leads to the preparation

of radical salts like (BEDT-TTF)3[MnCr(ox)3]. The use

of the RhIII ion instead of CrIII in the inorganic layer has

allowed the synthesis of a paramagnetic analogue of

formula (BEDT-TTF)3[MnRh(ox)3] [24]. This radical

salt will permit us to check the influence of the magnetic
ordering in the bimetallic oxalato network over the

metallic properties observed in the Cr derivative.

5. Supplementary material

Crystallographic data (excluding structure factors) for
the structure reported in this paper have been deposited

with the Cambridge Crystallographic Data Centre as

supplementary publication no. CCDC 201318. Copies of

the data can be obtained free of charge on application to

CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(fax: �/44-1223-336-033; e-mail: deposit@ccdc.cam.

ac.uk).
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