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A novel heteronuclear exchange-coupled complex [CrIII{(CN)FeIII-
(5L)}3(CN)3] containing a pentadentate blocking ligand 5L was
synthesized. The X-ray structure shows that a meridional isomer
applies with inequivalent FeIII centers. The complex exhibits a
thermally induced spin crossover along with the exchange coupling.
Mössbauer spectra indicate a spin transition between S ) 1/2 and
S ) 5/2 states although a considerable amount of FeIII centers
stays high-spin at T ) 6 K. The magnetization, the magnetic
susceptibility, and the Mössbauer data were fitted in one run with
a spin crossover model taking into account exchange interactions
among all metal centers.

One of the strategies in preparing polynuclear complexes
is to utilize some building blocks [M(nL)Xm] which possess
several sites occupied by a suitable multidentate ligandnL
and one or two labile M-X bonds. The labile bond could
be replaced when the precursor is combined with a multi-
finger central block like [M(CN)6].1 The need of preparing
polynuclear complexes exhibiting a large-spin ground state
is strongly motivated by the target to synthesize molecule-
based and single-molecule magnets.2

5LH2 ) (saldpt)H2 ) N,N′-bis(1-hydroxy-2-benzylidene)-
1,7-diamino-4-azaheptane represents one of the candidates
to function as a pentadentate blocking ligand. The complex
[FeIII (5L)Cl] (see Chart 1) is high-spin,S ) 5/2 (its X-ray
structure is reported elsewhere),3 but the pyridine complex
[FeIII (5L)(py)]Cl exhibits a thermally induced spin cross-

over fromS) 1/2 to S) 5/2 states.4 The binuclear complex
[{FeIII (5L)}2(4,4′-bipy)]2+ bridged by the 4,4′-bipyridine
exhibits spin crossover as well crossing the room temperature
region.5 The manifoldness of the spin crossover in FeIII

complexes with low-symmetry coordination sphere is that
besidesS) 1/2 to 5/2 also1/2 to 3/2 and3/2 to 5/2 spin transitions
were observed.6 The saldpt ligand itself is a promising
candidate of stabilizing a great variety of spin states,
depending upon the coligand in the closing position of the
coordination sphere and the counterions in the solid state.

Copper(II) and cobalt(II) complexes of its methyl sub-
stituent (saldptm) have been well characterized elsewhere.7

There are reports onS ) 15 ground state in the complexes
[FeII(CN)6{FeIII (saldptm)}6]Cl2‚solvent.8 On the contrary, the
complexes of [FeII(CN)6{FeIII (saldpt)}6]X2 (X ) Cl, BPh4)
possess theS) 0 ground state with a very small bandwidth
owing to which many magnetically productive excited states
are thermally populated atT ) 4.2 K and higher so that the
magnetic susceptibility and magnetization follow an effective
S ) 6 state.9
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Chart 1. Structure of the Precursor [Fe(saldpt)Cl]
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We report herein about the structural and magnetic prop-
erties of a novel molecular complex compound [(NC)3CrIII -
{CNFeIII (saldpt)}3], 1.

The pentadentate ligand has been prepared by a Schiff base
condensation: a mixture of the salicylaldehyde (0.2 mol)
and 1,7-diamino-4-azaheptane (0.1 mol) in methanol (100
cm3) was boiled for 10 min, and the solution was subjected
to crowding. The yellow oily material, (saldpt)H2, resulted,
and NMR spectra agree with the expected structure.

The precursor [Fe(saldpt)Cl] has been prepared from a
solution of anhydrous FeCl3 (10 mmol) in methanol (50 cm3)
added to a solution of (saldpt)H2 (10 mmol) in methanol
(40 cm3). The mixture was stirred at 50°C for 10 min, and
then triethylamine (22 mmol) was added. The resulting
solution was stirred at 50°C for 1 h, and after cooling black
crystals precipitated. These were washed with methanol and
diethyl ether and dried in a vacuum. Elemental analysis calcd
(%) for C20H23N3ClFeO2: C 56.0, H 5.41, N 9.80, Fe 13.0,
Cl 8.27; found C 55.7, H 5.38, N 9.84, Fe 13.1, Cl 8.22.

The tetranuclear complex [(NC)3CrIII{CNFeIII (saldpt)}3]
has been obtained from a methanol solution (50 cm3) of
[Fe(saldpt)Cl] (1 mmol) combined with a water-methanol
solution of K3[Cr(CN)6]‚2H2O (0.160 mmol). In 2 days
dark crystals were separated, washed with methanol and
diethyl ether, and dried under nitrogen atmosphere.
Yield: 0.12 g (55%). Elemental analysis calcd (%) for
C66H69N15O6CrFe3: C 57.1, H 5.01, N 15.1, Fe 12.1; found
C 54.5, H 4.82, N 14.8, Fe 11.8. (Lowered C- and N-content
is ascribed to the formation of stable carbides and nitrides
when cyanides burn in a commercial C-H-N analyzer.)
Single crystals were grained to a fine powder used in physical
measurements.10

X-ray structure analysis shows that the prepared tetra-
nuclear complex possesses the molecular structure: the
central CrIII atom is coordinated by six carbon atoms from
the CN- ligands; three{FeIII (saldpt)}+ units are further
coordinated to the nitrogen atoms bearing thus a bridging
functionality (Figure 1). The meridional arrangement is
adopted. The important interatomic distances (Å) are as
follows: Cr-CNterminal ) 1.79(5)trans, 1.94(5)cis, 1.99(4)trans;
Cr-CNbridge) 2.02(3)trans, 2.15(4)cis, 2.06(3)trans; Fe-NCbridge

) 2.19(3)trans, 1.96(3)cis, 2.08(3)trans.
The Mössbauer spectra (Figure 2 and Supporting Informa-

tion) show two different kinds of the coexisting FeIII centers
whose ratio alters with temperature in favor of the high-
spin states. The first doublet possessesδ ) 0.1 andEQ )
2.3 characteristic for FeIII in theS) 1/2 state at the octahedral
geometry.12 The second doublet withδ ) 0.3 andEQ ) 0.7
refers to FeIII in theS) 5/2 state. This HS state doublet shows
small asymmetry which can be assigned to distribution, as
indicated by X-ray structure data. The deconvoluted area
fractions show that atT ) 14 K the high-spin mole fraction
is still considerable:xHS ) AH/(AH + AL) ) 0.53 as seen in
Figure 3.

The magnetic susceptibility on cooling increases; its
inverse shows an overall ferromagnetic deviation from
linearity at low temperature. The effective magnetic moment
for 1 gradually decreases on cooling from the value ofµeff

) 9.0 µB at T ) 300 K to the value ofµeff ) 6.5 µB at T )
5 K (Figure 3). There seems to be a plateau at ca. 10 K,
with a second one around 100 K. The field dependence of
the magnetization shows that the saturation limit overreaches
the value ofMmol/NA ) 3.0 µB for a single CrIII center.
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Figure 1. X-ray structure of1 (hydrogen atoms omitted for clarity).

Figure 2. Representative Mo¨ssbauer spectra of1.
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For the involvement of the exchange interaction, four
reference states are to be considered, i.e., LLL, HLL, HHL,
and HHH where L is the low-spin and H is the high-spin
center of FeIII . All these states can be characterized by a
common spin Hamiltonian involving the isotropic exchange
and the Zeeman term

Using gCr ) gFe(HS) ) 2.0 we are left with three free
parametersJL(Cr-FeLS), JH(Cr-FeHS), andgL(FeLS).

The evaluation of the matrix elements, energy levels, and
the magnetic functions for exchange coupled clusters is
described elsewhere.13 Each of these states forms an energy
band: 32 levels forSLLL ∈ 〈0, 3〉, 96 levels forSHLL ∈ 〈0, 5〉,
288 levels forSHHL ∈ 〈0, 7〉, and 864 levels forSHHH ∈ 〈0,
9〉. The barycenters of these bands are separated by a gap of
∆1(HLL-LLL), ∆2(HHL-HLL), and ∆3(HHH-HHL), re-
spectively. The isotropic exchange Hamiltonian is incapable
of determining these relative positions.

There are two supporting pieces of external information:
(i) the magnetization data show that not only the LLL is
present atT ) 4.5 K; (ii) the Mössbauer data show a pres-
ence of ca. 50% the local high-spin state at this tempera-
ture. Of several hypotheses two models were tested numeri-
cally: (i) A model which comprises two sublattices was
tested. In the first one, there are all iron centers in the high-
spin state. In the second sublattice, the molecules undergo a
three-center spin crossover with temperature LLLf HLL
f HHL f HHH (the assumption of two sublattices is quite
common in treating systems with incomplete quenching of
the spin crossover at low temperature); (ii) HLL and HHL
coexist at low temperature (then∆1 is very negative and∆2

small) and undergo the spin crossover HLLf HHL f HHH.

In order to characterize the spin crossover,14 the Ising-
like model was extended to the three-center case (Supporting
Information). Notice, the spin-crossover parameters (∆1, ∆2,
∆3, the effective degeneracy ratioreff, and the intermolecular
cooperativenessj) are independent of the magnetic exchange
and they could be fixed on the Mo¨ssbauer data alone. A very
gradual spin transitionxHS vsT is assigned to the Boltzmann
distribution among LLL, LLH, LHH, and HHH reference
states which disfavors a complete transition to the HHH
entities. Some more recent data on dinuclear and polynuclear
complexes show that the spin crossover in them could be
much more gradual than in the mononuclear counterparts; a
broad plateau is a characteristic feature of them.15 Three sets
of experimental data (Mo¨ssbauer data, susceptibility, and
magnetization) were fitted simultaneously yieldingJL/hc )
+16.4 cm-1, JH/hc ) -11.0 cm-1, gL ) 2.39,∆2/k ) 46 K,
∆3/k ) 172 K.16 For ∆1 negative enough the LLL state is
lifted above the accessible thermal population and the first
transition step does not occur; only the first plateau, the
second step, the second plateau, and the third step can be
seen.

In conclusion, the synthesized tetranuclear complex
[(NC)3CrIII{CNFeIII (saldpt)}3] is the first T-shaped structured
spin crossover system as characterized by the X-ray structure
analysis, Mo¨ssbauer spectra, magnetization, and magnetic
susceptibility measurements. A heterometallic cyanide-
bridged compound with magnetic exchange interplays with
a spin transition.
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Figure 3. Mössbauer-data high-spin mole fraction (top left), temperature
dependence of the effective magnetic moment (top right), and field
dependence of the magnetization atT ) 4.5 K (bottom). Solid lines: guide
for the eye.

Ĥspin ) p-2[-J1(SBCr‚SBFe1) - J2(SBCr‚SBFe2) - J3(SBCr‚SBFe3)] +

µBBp-1(gCrSBCr + gFe1SBFe1+ gFe2SBFe2+ gFe3SBFe3)
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