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The first tetrahaloferrate spin crossover compound, 5 

[Fe(Metz)6](FeBr4)2, is reported. The FeBr4
– ions form 

ferromagnetically coupled 1D stacks and exhibit an 
antiferromagnetic order at 2.2 K, that coexists with the 
gradual spin crossover centred at 165 K. 

Designing magnetic materials with two or more potential 10 

functions resulting from different physical properties, either in 
synergy or totally un-correlated, has become a strong topic in 
chemical and materials sciences.1 Spin crossover (SCO) 
compounds have been the source of a number of multifunctional 
synthetic systems,2 as the SCO phenomenon itself, in particular 15 

with Fe(II) coordination systems for which the low-spin (LS) 
state is purely diamagnetic, gives access to concomitant drastic 
variations in magnetic, optical and dielectric responses,3 and can 
be implemented into liquid crystalline or gel phases.4 An elegant 
synthetic strategy towards multifunctional materials is to build 20 

two-network hybrid crystalline solids, and this has been 
particularly efficient with one of the networks having a 2D 
layered structure thus allowing intercalation of molecular, 1D or 
2D species.5 SCO complexes were only recently successfully 
integrated into 2D and 3D ferromagnetic magnetic oxalate 25 

anionic networks,6 using mononuclear Fe(III) complexes bearing 
chelating ligands. Fe(II) systems have so far eluded such success, 
likely because of a combination of inadequate charge, easier 
oxidation and greater sensitivity to environmental changes of the 
conditions favouring SCO. On the other hand, Fe(II) SCO 30 

complexes were successfully integrated into materials with lower 
dimensionality, as cations7 or spin component8 of Single-Chain-
Magnets, although in the latter case SCO was not maintained. 
With the goal of obtaining simpler truly molecular SCO 
compound with interesting magnetic properties at low 35 

temperatures, we have used paramagnetic tetrabromoroferrate(III) 
anions in conjunction with 1-methyltetrazole (Metz). Indeed, the 
[FeII(Ntz)6] coordination core (tz = substituted tetrazole) probably 
represents the most-widely studied type of SCO compounds, 
while providing the highest probability of occurrence of SCO.9 40 

On the other hand, tetrahaloferrate(III) ions have been widely 
used in molecular conductors10 and can interact ferromagnetically 
depending on their stacking,11 potentially resulting in 
ferromagnetic order.12 We report here the first SCO compound 
with a tetrahaloferrate(III) anion, [Fe(Metz)6](FeBr4)2 (1) and its 45 

analogue [Zn(Metz)6](FeBr4)2 (2), in which the FeBr4
– ions form 

ferromagnetically coupled 1D stacks and order 
antiferromagnetically at 2.2 K.  

 
Fig. 1 ORTEP view at 30 % probability of the structure of 1 at 296 K 50 

along the c axis. Only non-hydrogen atoms of the asymmetric unit are 
labelled.  

 Red crystals of 1 are readily obtained in high yield from the 
reaction of Metz, ferrous and ferric bromides in a 6:1:2 molar 
ratio in ethanol. The Zn(II) analogue, [Zn(Metz)6](FeBr4)2 (2) is 55 

easily obtained replacing ferrous bromide by zinc bromide. This 
simple synthetic route uses FeBr4

– ions formed in-situ from FeBr3 
in the presence of bromide anions, thus avoiding the addition of a 
pre-formed salt that would add an unwanted cation to the system. 
In addition, the presence of Fe(III) ions in solution likely prevents 60 

Fe(II) ions from aerobic oxidation, as no addition of ascorbic acid 
is required for the synthesis of 1. 
 Single-crystal X-ray analysis at room temperature reveals 1 
crystallizes in the trigonal P–3 space group with one 
[Fe(Metz)6]2+ cation and two FeBr4

– ions per cell. The 65 

asymmetric unit contains two Fe sites on special positions with 6 
and 3-fold multiplicity respectively, one Metz molecule and two 
Br atoms. The [Fe(Metz)6]2+ cation consists of Fe1 atom 
surrounded by six Metz ligands, identical by symmetry, 
coordinated through N1 with a Fe–N1 bond distance of 2.186(2) 70 

Å, indicative of a HS state.13 The resulting FeN6 octahedron is 
only slightly distorted with N–Fe–N angles of 88.88(9) and 
91.12(9)º. Each methyl group points towards another from a 
neighbouring complex, with a C2···C2’ separation of 3.354 Å. 
The FeBr4

– ion has an almost perfect tetrahedral geometry around 75 

the Fe2 atom with similar Fe2–Br1 and Fe2–Br2 bond distances, 
at respectively 2.3240(11) and 2.3437(5) Å, and Br1–Fe–Br2 and 
Br2–Fe–Br2 bond angles, at respectively 109.70(2) and 
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109.24(2)º, in accord with simple salts of this anion.14 Each 
FeBr4

– ion forms hydrogen bonds with a tetrazole aromatic 
hydrogen of three neighbouring [Fe(Metz)6]2+ complexes, with a 
Br2···H1 distance of 3.811(4) Å (Fig. S2). The two FeBr4

– in the 
cell have their Fe2–Br1 bond parallel to the c axis, in opposite 5 

directions, with a Fe···Fe separation of 7.489 Å and a Br2···Br2 
short contact of 4.472 Å (Fig. S3). The FeBr4

– ions are stacked 
along the c axis in a perfectly eclipsed conformation (Fig. S3), 
with a Fe···Fe separation of 6.9577(1) Å. There are rather short 
Br1···Br2 and Br1···Fe2 contacts between these stacked FeBr4

– at 10 

respectively 4.431 and 4.634 Å (Figs. S3 and S4). A similar 
structure is obtained at 104 K, with no change in space group but 
with a reduction of both a and c axes, resulting in a cell volume 
decrease of 6.2%. This reduction likely involves both the normal 
thermal contraction and the effect of the SCO occurring at the 15 

Fe1 site. Indeed, the Fe1–N1 bond distance has decreased by 
8.4% at 2.003(2) Å, now typical of a LS state.13 The Fe···Fe 
separation along the FeBr4

– stacks is reduced, to 6.7980(14) Å, 
with shorter Br1···Br2 and Br1···Fe2 contacts, at respectively 
4.287 and 4.474 Å. The inter-stack Fe···Fe separation is also 20 

reduced, to 7.337 Å. The Zn(II) analogue 2 is isostructural to 1 at 
room temperature, with very similar stacking of the FeBr4

– ions 
(see Table S1 and Fig. S5). 

 
Fig. 2 χT vs. T plot for compounds 1 (full circles) and 2 (empty circles) 25 

showing the process of SCO in 1 and a similar ferromagnetic signature 
down to 6 K for both 1 and 2. Inset: low-temperature in-phase as 
susceptibility of 1 at 15 Hz. 

 Magnetic properties of both compounds were determined in 
the range 1.9-250 K and are sketched in Figure 2 as a χT vs. T 30 

plot, χ being the molar magnetic susceptibility. The value of χT 
at 250 K for compound 1, at 12.0 cm3mol-1K, agrees with that 
expected for one Fe(II) ion in the S = 2 HS state and two Fe(III) S 
= 5/2 spins (11.75 cm3mol-1K). A decrease of χT is observed 
upon cooling from about 210 K reaching a minimum at around 35 

120 K at 8.84 cm3mol-1K, value in accord with only two Fe(III) S 
= 5/2 spins (8.75 cm3mol-1K). Clearly this decrease corresponds 
to the almost complete thermal SCO exhibited by the Fe1 site, 
and centred at ca. 170 K. Indeed, compound 2, in which this site 
is occupied by a diamagnetic Zn(II) ion, exhibits similar χT 40 

values, at 8.79-8.86 cm3mol-1K, from 250 down to about 115 K. 
The gradual SCO behaviour of 1 is similar in shape to that of the 
BF4

– or ClO4
– derivatives, but it occurs ca. 100 K higher in 

temperature.9 Moreover, the presence of a single Fe(II) 
crystallographic site in 1 results in a complete SCO, as opposed 45 

to the 50% SCO associated with the presence of two Fe sites of 
these other derivatives with tetrahedral anions.9,14 Below 120 K, 
both compounds 1 and 2 exhibit a similar increase of χT, 
indicative of the presence of ferromagnetic interactions, to reach 
a maximum value of 10.38 cm3mol-1K at 6 K. Below 6 K, a sharp 50 

decrease is then observed, to reach 6.09 cm3mol-1K at 1.9 K for 1. 
The increase of χT can reasonably be ascribed to a ferromagnetic 
coupling of the paramagnetic FeBr4

– ions in the stacked chains 
along the c axis.11 The drop below 6 K, associated with a marked 
maximum at 2.40 K in χ’ (inset in Fig. 2) likely corresponds to an 55 

antiferromagnetic order of the FeBr4
– ions. 

 
Fig. 3 The molar heat capacities of 1 showing a broad hump associated 
with the SCO. Full/empty symbols: relaxation/DSC data. Inset: Excess 
heat capacities associated with the SCO in 1. The full line is a fit to the 60 

domain model of Sorai (see text and SI). 

 The molar heat capacity (Cp) of 1 was determined from 
differential scanning and semi-adiabatic relaxation calorimetry 
for the temperature ranges 120-330 K and 0.3-130 K, 
respectively. We associate the broad hump covering 130-220 K 65 

(Fig. 3) to the thermal signature of a gradual SCO, in good 
agreement with the magnetic data. The excess enthalpy and 
entropy associated with the SCO in 1 were deduced by 
integration of the excess heat capacity (inset in Fig. 3) and arise 
to 13.1 kJmol-1 and 77.8 Jmol-1K, respectively. These figures are 70 

rather large, in particular the excess entropy well above the 
electronic component Rln5, which is often taken as an indication 
of the cooperativeness of the SCO phenomenon. Nevertheless, 
reproducing the experimental data with the so-called domain 
model15 gives a domain size n of 1.47, in agreement with a 75 

poorly-cooperative system15,16 and thus with the shape of 
magnetic and thermal signature of the SCO in 1.  
 The low-temperature heat capacity is characterized by an 
applied-field dependent contribution, whose most prominent 
feature is a lambda-like peak centred at TN ≅ 2.2 K for zero-field 80 

(Fig. 4). This feature indicates a phase transition to long-range 
magnetic order, nicely corroborating the magnetic data. The fact 
that the peak is not affected by fields lower than B0 = 0.5 T points 
to antiferromagnetic ordering. Larger fields gradually decouple 
the magnetic interactions and for, e.g. B0 = 7 T in Fig. 4, the 85 

experimental Cp is satisfactorily modelled with the Schottky heat 
capacity (solid line), which results from summing the 
contributions of two non-interacting Fe(III) ion spins. At high 
temperatures, the experimental Cp is dominated by non-magnetic 
contributions arising from thermal vibrations of the lattice, which 90 
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can be modelled with the Debye function (dashed line) yielding a 
value of θD = 43.4 K for the Debye temperature, which is in the 
range of values observed for this class of molecular compounds.17 
By subtracting the lattice contribution from the zero-field Cp, we 
are left with the tail of the magnetic ordering heat capacity (Cm) 5 

that has a characteristic T −2 dependence at high temperatures 
(empty markers for T > 3 K). On the other side of the peak, we 
note an upward curvature below 0.5 K, which can be understood 
as an excess Cp added on top of the zero-field peak data. As 
indicated in Fig. 4 (empty markers for T < 0.5 K), we have used a 10 

linear-T extrapolation, as would be appropriate for the spin-wave 
contribution for an isotropic 1D antiferromagnet.18 The resulting 
low values for the excess Cp, combined with its slight dependence 
on the applied field, suggests that this feature originates from the 
splitting of residual HS Fe(II) ions by the internal ordering field. 15 

Finally, associating the spin-wave extrapolation to Cm, we obtain 
the zero-field magnetic entropy, using Sm(T) = ∫Cm(T)/TdT. The 
inset of Fig. 4 shows that Sm(T) beautifully tends at high T to the 
full content corresponding to two Fe(III) S = 5/2 spins, i.e. 
2xRln(2S+1) = 3.58R, corroborating our initial hypothesis that the 20 

ordering involves Fe(III) spins solely. 

 
Fig. 4 The molar heat capacity of 1, normalized to the gas constant R and 
collected for the indicated applied fields. Plotted also are: Schottky 
contribution for B0 = 7 T (solid line), spin-wave linear-T extrapolation and 25 

zero-field Cm ∝ T −2 (both as empty markers), obtained by subtracting the 
lattice contribution (dashed line) from the total zero-field heat capacity. 
Inset: Zero-field magnetic entropy of 1. 

 The aforementioned experiments evidence that ferro- and 
antiferromagnetic interactions are both contributing in the Fe(III) 30 

magnetic ordering process. We can push further our analysis by 
making use of the recent theoretical work by Ito et al.11 that sheds 
light by predicting ferromagnetism for the direct d-d exchange 
interaction along the same 1D chain topology as in 1. According 
to their model, we envisage J/kB = 0.22 K for such an intrachain 35 

coupling. Next, from the value of 2.2 K as the temperature for the 
ordering process between the chains, we can estimate the 
interchain coupling J’ by using the Oguchi’s model,19 obtaining 
|J’|/|J| ≈ 0.6, and therefore J’/kB ≈ −0.13 K on basis of the above. 
 In summary, we have shown that using simple 40 

tetrabromoferrate(III) ions formed in-situ allows the isolation of 
the first spin crossover (SCO) compound with paramagnetic 
tetrahaloferrate ions. In this original material, the spin crossover 
phenomenon of the cationic sublattice coexists with a magnetic 

order of the anionic sub-lattice. The strategy can certainly be 45 

expanded to many spin crossover systems based on a cationic 
complex, and could thus open a synthetic path to a whole new 
range of multifunctional spin crossover-based materials.  
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