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A series of six isostructural heterometallic trinuclear oxalate-bridged complexes of formula 
(TDbenz)2(TsO)2[MII(H2O)2{(µ-ox)MIII(ox)2}2].6H2O.2CH3OH (TDbenz = 1,3,5-tris[2-(1,3-
diazolinium)]benzene; TsO = 4-methylbenzenesulfonate; ox = oxalate; MIII = Fe, MII = Mn (1), Fe (2), Co 
(3); MIII = Cr, MII = Mn (4), Fe (5), Co (6)) have been synthesized from (NH4)3[MIII(ox)3].3H2O, the 10 

chloride salts of the divalent metal ions and the tosylate salt of 1,3,5-tris[2-(1,3-diazolinium)]benzene 
(trisamidinium). Whereas the crystal structures of compounds 2, 3, 4 and 5 have been investigated by 
single-crystal X-ray diffraction, the structures of 1 and 6 have been checked by X-ray powder diffraction. 
All six compounds are isostructural and crystallise in the Pī space group. The crystals are composed of 
discrete linear [MII(H2O)2{(µ-ox)MIII(ox)2}2]4- trinuclear bimetallic units, trisamidinium and tosylate ions 15 

and solvent molecules. The linear trinuclear unit is based on a central trans-diaquametal(II) entity 
connected to two [MIII(ox)3]3- (MIII = CrIII, FeIII) moieties through oxalate bridges. The divalent metal 
ions, surrounded by six oxygen atoms, adopt a distorted octahedral coordination geometry. The 
coordination sphere is composed of four oxygen atoms belonging to two oxalate ligands and two trans-
coordinated water molecules. One of the oxalate ions is coordinated to the central metal centre whereas 20 

the other two oxalate ligands are non-bridging. In the crystal, intermolecular hydrogen bonds involving 
oxalate ligands, solvent molecules and the counter-ions form a complex 3D network. Variable-
temperature magnetic susceptibility measurements indicate an antiferromagnetic interaction between the 
iron(III) and the metal(II) ions (J = -4.23, -6.73, -8.97 cm–1 for 1, 2 and 3 respectively) whereas this 
interaction is ferromagnetic when iron(III) is replaced by chromium(III) (J = +1.21, +2.20, +3.63 cm–1 for 25 

4, 5 and 6 respectively). Moreover, the cobalt(II) derivatives exhibit high D values (D = 29.3 cm–1 for 3 
and D = 27.4 cm–1 for 6). 

 

Introduction 
The design and synthesis of polynuclear complexes can be of 30 

interest regarding their physical properties, in particular for 
species containing active bridging ligands able to couple 
paramagnetic metallic centres.1 These species are also of interest 
since, in addition to the difference in the nature of metal centres, 
the latter may also differ by their oxidation states.2 It is worth 35 

noting that by combining various metal cations in different 
oxidation states with a variety of bridging organic ligands, an 
infinite number of polynuclear species may be designed and 
prepared.  
 Although the oxalate dianion belongs to the family of 40 

dicarboxylate type ligands, owing to the peculiar disposition of 
the O donor atoms, it can behave as a chelate. Thus, in the 
presence of transition metal cations it offers a unique mode of 
coordination based on the formation of five-membered rings. 

 Due to its symmetrical nature, the oxalate dianion leads, in the 45 

presence of appropriately chosen metallic cations, by 
polycondensation process, to an infinite variety of metalloorganic 
assemblies resulting from the bridging of metal centre by the 
dianion. For the one-to-one combination of octahedral 
tris(oxalato)metallate anionic complexes ([M1

II/III (C2O4)3]3-/4-) 50 

with M2
I/II cations, the resulting architectures are anionic in 

nature. The association of the latter with triply chelated 
tris(diimine)metal(II) complexes behaving as cationic templates 
leads to the formation of homo- and hetero-metallic homochiral 
three dimensional (10,3) type anionic coordination polymers 55 

[M1
II/IIIM2

I/II(C2O4)]n
2n-/n-.3 Otherwise, heterometallic honeycomb-

type two-dimensional (6,3) networks [M1
IIIM2

II(C2O4)3]n
n- 

incorporating a variety of cationic guests molecules between 
anionic layers such as spin transition complexes,4 paramagnetic 
decamethylferrocenium,5 organic radical cations,6 photochromic 60 

molecules,7 nonlinear optical (NLO)-active molecules,8 organic 
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π-electron donors,9 or chiral cations10 are obtained. 
 Concerning discrete oxalate-bridged polynuclear complexes, 
the majority of bimetallic species were obtained using 
(oxalato)metal complexes bearing blocking terminal ligands.11 
Another possible alternative is a combination of [M1

III(C2O4)3]3- 5 

and  [M2
II(H2O)x]2+ with suitable auxiliary cationic and anionic 

species. However, for this type of approach based on 
multicomponent systems, the experimental tuning of the 
crystallisation conditions leading to the polycondensation 
processes is of prime importance. This has been recently 10 

described for a series of bimetallic complexes using a hydrogen 
bond donor auxiliary cation.12 Dealing with trinuclear oxalate-
bridged species, only few examples based on the use of cationic 
units such as TTF13, redox-active bipyridinium derivatives14, or 
polar species15 have been reported so far.  15 

 Here, we report on the preparation of a series of six 
heterotrinuclear complexes 1-6 composed of two different metal 
centres in the oxidation states II (Mn, Fe and Co) and III (Cr and 
Fe) interconnected by oxalate bridging ligands. The latter have 
been formed in the presence of a trisamidinium cation (TDbenz3+ 20 

= 1,3,5-tris[2-(1,3-diazolinium)]benzene) and a tosylate anion (4-
methylbenzenesulfonate) (Scheme1). Their synthesis and 
structural features are described and their magnetic properties 
discussed. 

Experimental 25 

Materials 

Except when mentioned, all chemicals were purchased from 
commercial sources and were used as received. 
(NH4)[Cr(ox)3]·3H2O was prepared following a reported 
procedure16 by replacing potassium cations by ammonium 30 

moieties. Trisamidinium tosylate were prepared following the 
literature procedures.17 Elemental analyses (C, H, N) were 
performed by the Microanalytical Service of the University of 
Grenoble. 

Synthesis  35 

Since the experimental procedure used was similar for all six 
compounds, it is only detailed for the compound 1. 
 
(TDbenz)2(TsO)2[Mn(H2O)2{(µ-ox)Fe(ox)2}2].6H2O.2CH3OH (1). 
(NH4)3[Fe(ox)3]·3H2O (85.6 mg, 0.2 mmol) and MnCl2.4H2O 40 

(19.8 mg, 0.1 mmol) were dissolved in a mixture of  water (2 mL 
and methanol (7 mL). The solution was added to an aqueous 
solution (7 mL) of (TDbenz)TsO3 (TsO= tosylate) (160 mg, 0.2 

mmol), to give a yellow-green solution. Yellow crystals were 
obtained in 62% yield after a week upon slow evaporation of the 45 

solvents. Elemental analysis calculated (%) for 
C58H80MnFe2N12O40S2 (1816.07): C 38.35, H 4.44, N 9.25; 
found: C 38.78, H 4.56, N 9.38; IR: ν = 3467 (O-H), 3134 (N–H), 
3045 and 2980 (C–H), 1703, 1662, 1650 cm−1 (C–O). 
 50 

(TDbenz)2(TOs)2[Fe(H2O)2{(µ-ox)Fe(ox)2}2].6H2O.2CH3OH (2). 
Using FeCl2.4H2O instead of MnCl2

.4H2O yields 55% of green 
crystals of 2. Elemental analysis calculated (%) for 
C58H80Fe3N12O40S2 (1816.97): C 38.33, H 4.43, N 9.25; found: C 
38.62, H 4.36, N 9.48; IR: ν = 3425 (O-H), 3114 (N–H), 3025 55 

and 2991 (C–H), 1701, 1672, 1652 cm−1 (C–O). 
 
(TDbenz)2(TsO)2[Co(H2O)2{(µ-ox)Fe(ox)2}2].6H2O.2CH3OH (3). 
Using CoCl2.6H2O instead of MnCl2.4H2O yields 75% of yellow-
green crystals of 2. Elemental analysis calculated (%) for 60 

C58H80CoFe2N12O40S2 (1820.06): C 38.27, H 4.43, N 9.23; found: 
C 38.56, H 4.65, N 9.46; IR: ν = 3468 (O-H), 3129 (N–H), 3043 
and 2996 (C–H), 1701, 1656, 1643 cm−1 (C–O). 
  
(TDbenz)2(TsO)2[Mn(H2O)2{(µ-ox)Cr(ox)2}2].6H2O.2CH3OH (4). 65 

Using (NH4)3[Cr(ox)3].3H2O instead of (NH4)3[Fe(ox)3].3H2O 
yields 78% of violet crystals of 3. Elemental analysis calculated 
(%) for C58H80MnCr2N12O40S2 (1808.37): C 38.52, H 4.45, N 
9.29; found: C 38.86, H 4.52, N 9.58; IR: ν = 3477 (O-H), 3124 
(N–H), 3035 and 2981 (C–H), 1704, 1659, 1640 cm−1 (C–O). 70 

 
(TDbenz)2(TsO)2[Fe(H2O)2{(µ-ox)Cr(ox)2}2].6H2O.2CH3OH (5). 
Using FeCl2.4H2O instead of MnCl2

.4H2O and 
(NH4)3[Cr(ox)3].3H2O instead of (NH4)3[Fe(ox)3].3H2O yields 
65% of violet crystals of 5. Elemental analysis calculated (%) for 75 

C58H80CoCr2N12O40S2 (1812.37): C 38.43, H 4.44, N 9.27; found: 
C 38.66, H 4.59, N 9.53; IR: ν = 3478 (O-H), 3126 (N–H), 3023 
and 2998 (C–H), 1703, 1646, 1623 cm−1 (C–O). 
 
(TDbenz)2(TsO)2[Co(H2O)2{(µ-ox)Cr(ox)2}2].6H2O.2CH3OH (6). 80 

Using CoCl2.6H2O instead of MnCl2.4H2O and 
(NH4)3[Cr(ox)3].3H2O instead of (NH4)3[Fe(ox)3].3H2O yields 69 
% of violet crystals of 6. Elemental analysis calculated (%) for 
C58H80FeCr2N12O40S2 (1809.28): C 38.5, H 4.45, N 9.28; found: 
C 38.72, H 4.56, N 9.46; IR: ν = 3445 (O-H), 3214 (N–H), 3015 85 

and 2981 (C–H), 1704, 1662, 1653 cm−1 (C–O).  

Physical techniques 

IR spectra of complexes 1 and 2 (4000-400 cm-1) were recorded 
with a Bruker IFS55 spectrophotometer (KBr pellets).  
 TGA measurements have been performed on Pyris 6 TGA Lab 90 

System (Perkin-Elmer), using a N2 flow of 20 mL/mn and a heat 
rate of 4°C/ mn.  
 Powder X-ray diffraction (PXRD) diagrams were collected on 
a Bruker D8 diffractometer using monochromatic Cu-Ka 
radiation with a scanning range between 3.8° and 30° using a 95 

scan step rate of 2° mn-1.  
 Magnetic measurements were carried out on powdered 
samples of 1–6 with a Quantum Design SQUID magnetometer. 
 Variable-temperature (1.8-300 K) direct current magnetic 
susceptibility (dc) was measured under applied magnetic fields of 100 

1 T (T > 50 K) and 0.025 T (T ≤ 50 K). The susceptibility data 

 
Scheme 1. Chemical species implied in the self-assembly process 
forming the trinuclear units 1-6. 
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Table 1. Crystallographic data, details of data collection and structure refinement parameters for compounds 2, 3, 4 and 5  

Compound 2 3 4 5 
Chemical formula C29H36Fe1.5N6O20S C29H38Co0.5FeN6O20S C29H38CrMn0.5N6O20S C29H38CrFe0.5N6O20S 
M (g mol-1) 904.47 908.03 902.18 902.64 
Temperature, (K) 150(2) 293(2) 173(2) 173(2) 
Wavelength, (Å) 0.5608 0.5608 0.5608 0.71073 
Crystal system triclinic triclinic triclinic triclinic 
Space group P-1 P-1 P-1 P-1 
a(Å) 8.7415(11) 8.8522(9) 8.7134(2) 8.7301(2) 
b(Å) 15.2796(9) 15.2760(8) 15.3318(3) 15.2924(4) 
c(Å) 15.5035(16) 15.5174(12) 15.4825(4) 15.4365(4) 
a(°) 112.633(9) 112.9759(12) 112.4815(7) 112.5546(6) 
b(°) 92.380(7) 92.716(7) 92.5320(8) 92.7401(6) 
g(°) 94.048(9) 94.762(8) 94.8226(7) 94.8365(8) 
V(Å3) 1901.2(3) 1917.9(3) 1897.83(8) 1889.23(8) 
Z 2 2 2 2 
Dc (g cm-3) 1.580 1.572 1.579 1.580 
µ (mm-1) 0.383 0.394 0.606 0.633 
F(000) 934 939 933 926 
Goodness-of-fit on F2 1.069 1.070 1.028 0.999 
Final R1, wR2

 [I>2s(I)] 0.0635, 0.1166 0.0810, 0.1449 0.0435, 0.1124 0.0356, 0.0947 
R1, wR2 (all data) 0.0961, 0.1344 0.1551, 0.1702 0.0479, 0.1163 0.0392, 0.0979 
Largest diff. peak and 
hole (eÅ-3) -0.517, 0.823 -0.486, 0.478 -0.504, 1.814 -0.606, 0.748 

 
were corrected for the diamagnetism of the constituent atoms and 
the sample holder.  
Single-crystal X-ray crystallographic data collection and 
structure refinement 

X-ray diffraction measurements were performed on a Bruker 5 

Kappa CCD diffractometer for 2 and 3, operating with a Ag-Ka 
(l = 0.5608 Å) X-ray tube with a graphite monochromator. For 
compounds 4 and 5, data were collected at 173(2) K on a Bruker 
APEX8 CCD Diffractometer equipped with an Oxford 
Cryosystem liquid nitrogen device, using graphite-10 

monochromated Mo-Ka (l = 0.71073 Å) radiation.  
 Diffraction data were corrected for absorption and structural 
determination was achieved using the APEX (1.022) package. 
The hydrogen atoms were introduced at calculated positions and 
not refined (riding model).18 The structures were solved by direct 15 

methods and refined with full-matrix least-squares technique on 
F2 using the SHELXS-97 and SHELXL-97 programs within the 
WINGX interface. CCDC 888661-888664 contains the 
supplementary crystallographic data.  

Results and Discussion 20 

Synthesis 

By combining [M1
III(C2O4)3]3- (M1 = Fe and Cr), M2

2+ (M2 = Co, 
Fe and Mn) with the tosylate salt of the trisamidinium cation 
(scheme1), a series of six heterotrinuclear complexes of the 
general formula (TDbenz)2(TsO)2[M2

II(H2O)2{(µ-25 

ox)M1
III(ox)2}2].6H2O.2CH3OH (M1

III = Fe, MII = Mn (1), Fe (2), 
Co (3); MIII = Cr; MII = Mn (4), Fe (5), Co(6)) have been 
obtained. Although, TDbenz3+ cation has been previously used as 
H-bond donor unit in solution19, in the solid state20, gel21 and 
liquid crystal22 phases, to the best of our knowledge, it has not 30 

been employed as a template for the generation of polynuclear 
heterometallic species in the solid state. In its unprotonated form, 
TDbenz, has been also used as a ligand for the formation of 
coordination compounds.23  
 The heterotrinuclear coordination species are of the type 35 

(M1
3+-M2

2+-M1
3+), the two terminal moieties being [M1

III(ox)3]3- 
(M1=Fe, Cr) paramagnetic complexes which are robust and stable 
in solution. The central paramagnetic metal cation (Fe, Co and 
Mn) is in the oxidation state II, the most stable in solution under 
the used conditions.  40 

 The synthesis is performed in a 7/2 methanol/water mixture for 
solubility reasons. In order to increase the solubility of the 
metallic complex in the solvent mixture, the ammonium salts of 
the tris(oxalato)metalate(III) are used. It is worth noting that, for 
other solvents ratio or when starting from the more classical 45 

potassium salts, the formation of the trinuclear species was not 
observed. Despite the complexity of the synthetic mixture 
composed of five different components ((NH4)3[M1

III(ox)3].3H2O, 
M2

IICl2.xH2O, (TDbenz)(TsO)3 and 7/2 methanol/water mixture), 
the procedure was fully reproducible and afforded, independently 50 

of the nature of the divalent (M2
II = Mn, Fe and Co) and trivalent 

(M1
III = Fe and Cr) metal ions, a series of isostructural 

compounds 1-6.  
 The examples of linear trinuclear species [M2II(H2O)2{(µ-
ox)M1III(ox)2}2]4- reported previously were obtained with counter 55 

cations possessing a rod-like shape.13-15 In contrast, in the present 
study, the tricationic unit TDbenz3+ (scheme 1) presents a disk-like 
shape with C3h symmetry and might form up to 6 H-bonds. As 
previously described for reported compounds mentioned above, 
the choice of the solvent mixture is one of the important factors 60 

allowing to control the solubility as well as the crystallisation 
kinetics of intermediates and final compounds. As stated above, 
the prediction of the formation of targeted discrete species with 
given nuclearity or extended networks with imposed 
dimensionality is next to impossible and may only be achieved 65 

through empirical strategy based on variation of crystallisation 
conditions.  
 The association of a tris(oxalate)metalate(III) entity with a 
divalent hexaaquametal(II) complexes in solution leads to 
different equilibria (Scheme 2). The first condensation step is the 70 

formation of the binuclear chiral entity [(H2O)4M2
II(µ-

ox)M1
III(ox)2]- (Scheme 2).24 Such species have recently been 

isolated in the solid state using a H-bond donor dication.12 The 
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formation of the cis or trans trinuclear entities [M2
II(H2O)2{(µ-

ox)M1
III(ox)2}2]4- would then result from the reaction of the 

binuclear species with a second [MIII(ox)3]3- complex.  

 

Scheme 2. Schematic representation of the equilibrium in solution 5 

between species of increasing nuclearity resulting from the combination 
of [MIII(ox)3]3- with [MII(OH2)6]2+.  

 
For the trinuclear complex, owing to the chiral nature of the 
terminal tris(oxalate)metalate complexes (D and L enantiomers) 10 

and starting from a racemic mixture, one would expect 3 
stereoisomers for the trans species whereas, for the cis isomer, 8 
stereoisomers can be formed. In the following, the stereochemical 
issue will not be discussed. The cis isomer has never been 
isolated so far. This is probably due to the fact that the latter is a 15 

precursor of the well-known 3D (10,3) and 2D (6,3) extended 
networks3-10 (Scheme 2) and thus is rapidly engaged in 
polycondensation processes. On the contrary, using much 
different partners in size, shape and charge (tetrathiafulvalnium,13 
4-stilbazolium14 and aminopyridinium15 cations and, herein, 20 

TDbenz3+ trication with C3h symmetry and tosylate anion), the 
exclusive formation of the trans-[M2

II{(µ-
ox)M1

III(ox)2}2(H2O)2]4- isomer in the solid state has been 
observed for several combinations of metal ions. This indicates 
the robustness of this heterotrimetallic motif, which may be used 25 

as a unit for the generation of higher nuclearity species and 
extended networks. 

Structural description  

All compounds were obtained as crystalline materials. For 2, 3, 4 

and 5, the crystal structure was determined by single crystal X-30 

ray diffraction methods. The XRPD analysis of polycrystalline 
samples revealed that all compounds including 1 and 6 are 
isomorphous and present the same diffraction pattern in 
agreement with the one simulated using the single crystal data for 
2-5 (Fig. 1).  35 

 

 
Fig. 1: Comparison of the simulated and observed PXRD patterns. Top: 
(a) simulated for 3 (b) powdered recorded for 3 (c) simulated for 2 (d) 

powdered recorded for 2 (e) powdered recorded for 1. Bottom: (a) 40 

simulated for 5 (b) powdered recorded for 5 (c) simulated for 4 (d) 
powdered recorded for 4 (e) powdered recorded for 6. Discrepancies in 

intensity between the observed and simulated patterns are due to 
preferential orientations of the microcrystalline powders.  

 45 

 
 Compounds 1-6, of general formula 
(TDbenz)2(TsO)2[MII(H2O)2 {(µ-ox)MIII(ox)2}2].6 H2O.2 CH3OH 
(MII = Mn, Fe and Co and MIII = Fe and Cr) crystallize in the Pī 
space group. A summary of the crystallographic data is listed in 50 

Table 1. In the following, due to their isomorphous character, 
only the structure of 3 will be described in detail. 
The asymmetric unit contains half a trimer, one trisamidinium 
cation, one tosylate anion and solvent molecules in general 
position (Fig. 2). The cobalt atom, displaying a distorted 55 

octahedral geometry, is located on an inversion center and is 
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Fig. 2. A portion of the crystal structure of the heterotrinuclear complex 
3 (Fe-Co-Fe) showing the bridging of two Fe(III) and Co(II) cations by 
two oxalate units. The same arrangements are observed for 1, 2 and 4-6. 

coordinated to four oxygen atoms from two [Fe(ox)3]3- units and 
two water molecules occupying the axial positions. Two types of 
oxalato ligands (bridging and terminal) are present in the 
structure. The Co-Owater distance is 2.057(5) Å while the two Co-
Ooxalate bond distances are 2.107(4) Å for Co-O1 and 2.092(4) Å 5 

for Co-O2. The presence of the bridging oxalate causes a 
deformation of the octahedral geometry of both terminal Fe(III) 
centres. The Fe-O distances are slightly longer for the bridging 
oxalate (2.023(4) Å and 2.052(3) Å) than for the terminal ligand 
(1.982(4) Å and 1.993(4) Å). 10 

 The shortest intramolecular M(III)-M(II) and intermolecular 
M(III)-M(III) distances are 5.418 Å and 11.271 Å respectively 
for 2, 5.452 Å and 10.325 Å for 3, 5.407 Å and 12.591 Å for 4 
and 5.368 Å and 10.216 Å for 5. These values are slightly higher 
than those observed for analogous oxalate trimeric clusters.13-15 15 

 

Fig. 3. A portion of the crystal structure of 3 showing the H bonding 
patterns between the tricationic Tdbenz3+ and monoanionic TsO- counter 
ions. The same interaction mode is observed for 1, 2 and 4-6. 

 The organic parts of the structure consist of one TDbenz3+ 20 

trication and one tosylate anion. The C-N bond distances for the 
cyclic amidinium moiety are in the 1.300(6)-1.313(7) Å range 

with the N–C–N angles of 112.5(4), 111.9(4) and 112.1(5)°. The 
aromatic moiety and the five-membered rings cationic part are 
not coplanar but tilted by 33.27°, 15.88°, and 23.27°. These 25 

values are close to those observed for analogous H bonded 
networks containing the trisamidinium component.21 The cationic 
and anionic parts behave as H-bond donor and acceptors 
respectively and form (2+2) dimers, as already observed with 
amidinium based organic H bonded networks.24 Indeed, they are 30 

interconnected through H-bonding interactions between the 
amidinium N atoms and the oxygen atoms of the tosylate anion 
(dN3···O15 = 2.77 Å and dN6··· O13 = 2.76 Å) (Fig. 3).  
In marked contrast with the other reported trinuclear species,13-15 
in this series of compounds, the charge neutrality is insured by 35 

the simultaneous insertion of both a cation (TDbenz3+) and an 
anion (TsO-). The association of an organic anion with the 
discrete heterotrinuclear anionic complex in the same solid is 
unprecedented. It is definitely surprising owing to the 
electrostatic repulsion between these two species. Nevertheless, 40 

as emphasized in Fig. 3, the tosylate anions are involved in a 
dimeric H bonded unit, which appears as the effective cationic 
supramolecular counter-part of the anionic trinuclear complex.  

 

Fig. 4. A portion of the structure of the supramolecular zig-zag chains of 45 

trimers showing the hydrogen bonding network formed by the alternating 
assemblies of the trisamidinium cations in the bc plane 

 The trinuclear complexes form zig-zag type chains along c axis 
(Fig. 4) through intermolecular hydrogen bonds involving the 
oxalate oxygen atoms and the lattice water molecules. In the 50 

anionic chain, the water molecule O2w bridges two adjacent 
trimers through H bonds to terminal oxalate oxygen atoms 
(dO2w···O7 = 2.83 Å, dO2w···O8 = 2.90 Å). The water molecule, 
coordinated to the central Co atom of one trinuclear complex, is 
hydrogen bonded to a crystallization water molecule (dO1w···O3w = 55 

2.74 Å) (Fig. 4). 
 The organic cations form a supramolecular H-bonded network 
perpendicular to the anionic chains of trimers (Fig. 4). The 
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interconnection of the anionic and cationic chains through H 
bonds between the water molecule and the oxalate moiety 
(dO2w···N1 = 2.79 Å) leads to a 2D hydrogen-bonded network with 
alternate arrangements of trisamidinium cations and dimetallic 
trinuclear units in the bc plane (Fig. 5). 5 

 

Fig. 5. The packing of 2 showing the alternating trimers and 
trisamidinium cations. 

Thermal stability  

The thermal stability of the polycrystalline compounds 1-6 was 10 

determined by thermogravimetric analysis (TGA) under nitrogen 
flow (Fig. 6). The analysis of trinuclear complexes 1-3 revealed 
that these compounds are stable up to 150 °C, with a first weight 
loss of 9.3 % for 1, 9.4 % for 2 and 9.2 % for 3 between 30-150 
°C corresponding to the removal of 6 water and 2 methanol 15 

solvent molecules (calc.: 9.45%, 9.47% and 9.47% for 1, 2 and 3 
respectively). Above 160 °C, compounds 1-3 undergo a gradual 
decomposition. 
 

 20 
 

Fig. 6: TGA traces for compounds 1-6  
 
 In marked contrast, the thermal analysis performed on 
compounds 4-6 revealed a thermal stability up to 300 °C. The 25 

first weight loss of 10.9 % for 4, 11.5 % for 5 and 11.2 % for 6 
taking place between 30-200 °C corresponds to the removal of 8 
water molecules (6 crystallisation molecules and 2 coordinated to 
MII ions) and 2 methanol molecules (calc.: 11.5 %, 11.49 % and 

11.47 % for 4, 5 and 6 respectively). Above 300 °C, compounds 30 

4-6 decompose rather rapidly.  
 The higher thermal stability of compounds 4-6 compared to 
compounds 1-3 is in agreement with the inertness of the 
chromium(III) octahedral complexes compared to their iron(III) 
analogues. In contrast, for a given peripheral atom, the nature of 35 

the central metal(II) ion only slightly influences the thermal 
stability of the complex. 

Magnetic Properties 

The dc magnetic properties of 1-6 have been investigated in the 
2-300 K temperature range. The thermal variations of the cMT 40 

product, cM being the molar magnetic susceptibility per trinuclear 
unit, are shown in Fig. 7 and 8.  

 

Fig. 7. (a) Temperature dependence of cMT of 1 (Δ), 2 (□) and 3 (○). The 
inset emphasizes the low temperature behaviour. The solid lines are the 45 

best-fitted curves (see text). The dotted lines in the inset are the 
theoretical curves showing the magnetic behaviour of 1-3 in the absence 
of intermolecular interactions. (b) Field dependence of the magnetization 
(M) of 1 (Δ), 2 (□) and 3 (○) at T = 2.0 K. The solid lines are presented as 
eye-guides. The solid line in the inset shows the simulation of the 50 

experimental data for the compound 3 using the same fit parameters 
obtained from the fit of the magnetic susceptibility (VPMAG package). 

 
 For compounds 1-3 (Fig. 7), the cMT values at room 
temperature [12.03 (1), 10.23 (2) and 10.33 cm3 mol-1 K (3)] are 55 

slightly below those expected for the sum of the corresponding 
three non-interacting magnetic centres [FeIII: cMT = 4.37 cm3 K 
mol−1 with S = 5/2 and g = 2.0; MnII: cMT = 4.37 cm3 K mol−1 
with S = 5/2 and g = 2.0; FeII: cMT = 3.63 cm3 K mol−1 with S = 2 
and g = 2.2; CoII: cMT = 2.48 cm3 K mol−1 with S = 3/2 and g = 60 
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2.3]. For 1, the cMT value decreases monotonically as the 
temperature is lowered. Nevertheless, the evolution of the 
decreasing rate is not monotonic: it increases down to 20 K, then 
it decreases between 20 K and 5 K before increasing sharply at 
low temperature. For 2, the evolution is similar except that the 5 

decreasing rate reaches zero between 8 K and 5 K with a cMT 
value of 4.77 cm3 mol-1 K before increasing again at low 
temperature. Finally, for 3, the cMT product exhibits a rounded 
minimum of 6.33 cm3 mol-1 K at 22 K then increases slightly to 
reach 6.42 cm3 mol-1 K at 5.0 K and then steeply decreases at low 10 

temperature.  
 In all three cases, the initial decrease of the cMT product is the 
signature of the antiferromagnetic exchange interaction between 
the metal(II) ion and the terminal iron(III) centres through the 
oxalate bridge. This is in line with the low value of the cMT 15 

product at room temperature. The spin structure resulting from 
such an interaction is said to be irregular because the energy of 
the low-lying states does not vary monotonically with its spin 
value.25 As a direct consequence of these irregular spin structures, 
a minimum of the cMT product is expected when the temperature 20 

is lowered before it increases again towards the value expected 
when only the ground state is populated (inset of Fig. 7a). In the 
case of 3, this minimum is clearly seen but the expected increase 
at low temperature remains modest because of (i) the moderate 
value of the exchange interaction and (ii) the occurrence of zero-25 

field splitting (ZFS) and/or intermolecular antiferromagnetic 
interactions which induce the observed decrease at low 
temperature. For 1 and 2, these latter phenomena prevent the 
observation of the expected minima.  

 30 

Fig. 8. (a) Temperature dependence of cMT of 4 (Δ), 5 (□) and 6 (○). The 
inset emphasizes the low temperature behaviour. The solid lines are the 
best-fitted curves (see text). (b) Field dependence of the magnetization 

(M) of 4 (Δ), 5 (□) and 6 (○) at T = 2.0 K. The solid lines are only eye-
guides 35 

 For compounds 4-6 (Fig. 8), the thermal evolution of the cMT 
is much simpler. At room temperature, the cMT values [8.26 (4), 
7.56 (5) and 6.28 cm3 mol-1 K (6)] are rather close however 
slightly above those expected for the sum of the corresponding 
non-interacting metal atoms [CrIII: cMT = 1.87 cm3 K mol−1 with 40 

S = 3/2 and g = 2.0]. Upon cooling, cMT of 4-6 increases 
continuously to reach values of 16.06 (4), 15.51 (5) and 11.15 (6) 
cm3 mol-1 K at 2.0 K. These observations are indicative of a 
ferromagnetic exchange interaction between the metal(II) ion and 
the terminal chromium(III) centres through the oxalate bridge. 45 

The values reached at 2 K are below those expected for S = 11/2 
(4), 5 (5) and 9/2 (6) ground states resulting from the 
intramolecular ferromagnetic coupling between two CrIII ions and 
the corresponding high spin MII ion within the CrIII

2MII linear 
triad. This indicates that some low spin excited states with are 50 

still populated at this temperature because the exchange 
interaction is relatively modest for these compounds. 
 The M versus H plots for 1-3 and 4-6 at 2.0 K, M being the 
molar magnetization per trinuclear unit, are shown in Fig. 7b and 
8b respectively. The magnetization values for 1-6 are consistent 55 

with those expected for antiferromagnetic [M (at 5 T) = 4.8 (1), 
5.4 (2) and 5.6 (3) Nb] or ferromagnetic [M (at 5 T) = 10.3 (4), 
9.2 (5) and 7.3 (6) Nb] exchange interaction between the metal 
ions in the corresponding trinuclear compound.
Les paramètres requis sont manquants ou erronés.60 

Les paramètres requis sont manquants ou erronés. 
 To quantify these observations, the analysis of the magnetic 
susceptibility data of compounds 1, 2, 4 and 5 was carried out by 
full-matrix diagonalization26 of the isotropic spin Hamiltonian for 
a trinuclear model by using eq. (1): 65 

 
H = –J(SMII · SM1III + SMII · SM2III) + zj<Sz>Sz  

           + gMIISMII B + gMIII(SM1III + SM2III)B 
(1) 

 
where J and zj are the intra- and intermolecular magnetic 
coupling parameters respectively, and gMII and gMIII are the Landé 
factors of the MnII and CrIII ions. The zj takes into account weak 70 

intermolecular interactions within the mean field approximation. 
It can be set to zero to simulate the magnetic behaviour of an 
isolated heterotrinuclear complex (insert of Fig. 7a).  
 The least-squares fit parameters of the experimental data are 
given in Table 2. The fitted curves closely follow the 75 

experimental data of 1, 2, 4 and 5 in the whole temperature range. 
(Fig. 7a and 8a). 
 The fit of the magnetic data by using eq. (1) gave poor results 
for 3 and 6. So, in order to take into account the local axial zero 
field splitting (ZFS) of the cobalt(II) ion27 in these compounds, 80 

the following Hamiltonian was used:  
H = –J(SCo · SM1III + SCo · SM2II) + DCoSzCo

2                    

        + gCoSCoB +  gMIII (SM1III + SM2III)B 
(2) 

where J is the intramolecular magnetic coupling parameter, DCo is 
the axial magnetic anisotropy parameter of the CoII ion, and gCo 
and gMIII are the Landé factors of the CoII and MIII ions, 
respectively. This Hamiltonian does not include the 85 

intermolecular interactions because both parameters, zj and DCo 
are strongly correlated leading to a possible overparametrization 
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of the system. Thus, the calculated DCo value should be 
considered as an upper limit. In order to further verify these DCo 
values, we reproduced the M vs. H behaviour for 3, using the 
VPMAG package,26 with the same fit parameters obtained from 
the fit of the magnetic susceptibility (inset of Figure 7b). 5 

 For all compounds, the fitted curve matches the experimental 
data in the whole temperature range (Fig. 7a and 8a). The 
parameters extracted from the fit of the experimental data are 
gathered in Table 2. The fits were carried out in both cases 
keeping fixed g(FeIII) = 2.00 (1, 2 and 3) and g(CrIII) = 2.00 (4, 5 10 

and 6). 
 
Table 2: Best-fit magnetic parameters for compounds 1-6 

compound fit J a / cm–1 q b / K D c/ cm–1 gMII
d gMIII

d Re (´ 105) 
1  1 -4.23 –0.25 - 2.00 2.00 2.9 
2 1 -6.73 –0.32 - 2.32 2.00 3.2 
3  2 -8.97 - 29.3 2.30 2.00 5.1 
4  1 +1.21 –0.14 - 2.00 2.00 6.9 
5  1 +2.20 0.057 - 2.18 2.00 2.3 
6  2 +3.63 - 27.44 2.22 2.00 5.7 

a Intramolecular magnetic exchange coupling. b q  i s the Weiss factor 
defined as q  = zjS(S + 1)/3k. c Axial magnetic anisotropy parameter. d 15 

Landé factors. e Agreement factor R = ∑[(cMT)exp - 
(cMT)calcd]2/∑[(cMT)exp]2. 

 
 The nature and amplitude of the exchange interaction found in 
compounds 1-6 is comparable to those found in the previously 20 

described dinuclear and trinuclear complexes.11-15 It thus appears 
that the coordination environment of each metal ion and the 
geometry of the bridging ligand have a stronger influence on the 
exchange interaction than the overall symmetry of the cluster. 
This statement underlines the local nature of the phenomena that 25 

drive the exchange interaction in these systems. 
 The large and positive D values observed for the cobalt(II) 
derivatives 3 and 6 are comparable to the values reported for 
other cobalt(II) complexes28 but significantly higher than those 
previously published for a trinuclear complex for which this 30 

parameter was evaluated.15 In any case, this value has to be 
considered as an upper limit. The crystal structures of the three 
trinuclear compounds show an important tetragonal distortion 
from the ideal octahedral geometry. This breaks the degeneracy 
of the triplet orbital state 4T1g into 4Eg and 4A2g decreasing the 35 

orbital contributions.29 The difference in magnitude for the D 
value observed between complexes 3 and 6 and the previously 
reported one15 cannot be solely attributed to the slightly different 
distortion observed in this latter case since, as shown using the 
angular overlap model (AOM),28a subtle angular modifications of 40 

the cobalt(II) environment can strongly influence the value of D 
as well. 
 Finally, despite the recent publication of the first examples of 
mononuclear cobalt(II) single-molecule magnets (SMMs) 
exhibiting positive D values,28b,30 we did not observed slow 45 

magnetic relaxation effects typical of SMMs for compounds 3 
and 6. However, the high absolute value of D may be used to 
design new SMMs in properly engineered systems.31  

Conclusions 
In this contribution, we have shown that combining [MIII(ox)3]3- 50 

(M = Fe and Cr) building blocks, [MII(H2O)x]2+ (M = Fe, Co and 

Mn) labile complexes, C3h shaped tricationic unit and tosylate 
anion in a water/methanol mixture leads to the formation of a 
series of 6 isostructural heterotrinuclear complexes. For these 
compounds, the linear trans-trinuclear complexes are associated 55 

with the H-bonded disk-shape cation and a tosylate anion. The 
linear trinuclear complexes may be used as starting species for 
the design and formation of higher nuclearity complexes or 
extended networks. Work along these lines are currently under 
investigation.  60 

 In addition, the magnetic coupling between the two trivalent 
metal ions and the high spin Mn(II), Fe(II) and Co(II) ions across 
the oxalate bridges leads to large spin ground states, which, 
together with the large magnetic anisotropy of some of these 
metal ions, opens the possibility for observing slow magnetic 65 

relaxation effects typical of SMMs in this type of compounds as 
previously described only in one other oxalate-bridged system.32 
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