
SHORT COMMUNICATION

DOI: 10.1002/ejic.200800255

A Ferromagnetically Coupled Diiron(III) Complex with a m-Phenylenediamine-
Based Ligand

Biplab Biswas,[a] Sunita Salunke-Gawali,[a] Thomas Weyhermüller,[a] Vinzenz Bachler,[a]

Eckhard Bill,[a] and Phalguni Chaudhuri*[a]

Keywords: Iron / Diferric complexes / Schiff bases / Ferromagnetism / Spin polarization

The Schiff base ligand H2L, N,N�-bis(3,5-di-tert-butylsali-
cylidene)-1,3-diaminobenzene yields a diferric complex,
[L2FeIII

2(NO3)2] (1), in which the d5 high-spin iron(III) centers
are ferromagnetically coupled through the spin polarization
mechanism.

Introduction
The last two decades have witnessed an upsurge of stud-

ies related to magnetism with an aim to understand the phe-
nomenon of exchange coupling.[1] Particularly, the designed
synthesis of multinuclear complexes[2] exhibiting ferromag-
netic exchange coupling has attracted the unabated interest
of inorganic chemists. It involves a twofold challenge:
(i) synthesis and (ii) control of the mechanism for the ex-
change coupling. Synthetic methods for both homo- and
heterodinuclear complexes are about to reach the level of
efficiency attained with mononuclear complexes.[3] A well-
known strategy for bringing about ferromagnetic interac-
tions in a compound is the so-called spin polarization of
the electronic cloud of the species linking paramagnetic cen-
ters. The spin polarization mechanism is well-established in
organic chemistry; ferromagnetic interactions are achieved
by m-phenylene linkages of organic paramagnetic centers.[4]

While the use of m-phenylene linkages to achieve parallel
spin coupling in transition-metal complexes has indeed
been successful in some cases,[2] antiferromagnetic interac-
tions have also been reported.[5] Competing superexchange
and spin polarization mechanisms and the orientation of
the magnetic orbitals relative to the bridging ligand plane
have accounted for these differences in the nature of the
overall exchange interactions.

As a continuation of our ongoing project of using m-
phenylenediamine[6] as a linker for generating dinucleating
ligands, we have prepared the ligand H2L (Scheme 1) and
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its diferric(III) complex, [L2Fe2(NO3)2] (1), which exhibits
ferromagnetic coupling through the spin polarization
mechanism. To the best of our knowledge, this is the first
example of a six-coordinate iron(III) compound in which
the spins of the two ferric centers are parallel-oriented as a
result of the spin polarization mechanism.

Scheme 1. The Schiff base ligand H2L, N�,N-bis(3,5-di-tert-butylsa-
licylidene)-1,3-diaminobenzene and its FeIII complex containing a
12-membered metallamacrocycle.

Results and Discussion

The reaction of Fe(NO3)3·9H2O with the ligand H2L in
a 1:1 ratio in methanol yields the dinuclear complex
L2Fe2(NO3)2 (1) as a dark green solid. By diffusion of hex-
ane into a dichloromethane solution of 1, X-ray quality
crystals of 1·CH2Cl2·C6H12 were obtained (Figure 1).
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Figure 1. Molecular structure of [L2Fe2(NO3)2] in 1·CH2Cl2·C6H12.
Selected bond lengths (in Å) and angles (in °): Fe(1)–O(41)
1.859(4), Fe(1)–O(1) 1.890(4), Fe(1)–N(9) 2.088(5), Fe(1)–O(93)
2.140(4), Fe(1)–O(91) 2.229(4), Fe(1)–N(49) 2.176(5), Fe(2)–O(24)
1.863(4), Fe(2)–O(64) 1.893(4), Fe(2)–N(56) 2.076(5), Fe(2)–O(103)
2.129(4), Fe(2)–N(16) 2.190(5), Fe(2)–O(101) 2.258(5), N(9)–Fe(1)–
O(93) 158.5(2), O(1)–Fe(1)–N(49) 175.3(2), O(41)–Fe(1)–O(91)
152.4(2), N(56)–Fe(2)–O(103) 154.3(2), O(64)–Fe(2)–N(16)
176.4(2), O(24)–Fe(2)–O(101) 152.8(2).

The neutral molecule 1 contains two FeN2O4 hexacoor-
dinate cores separated by the m-phenylene spacer. The coor-
dination geometry at each iron ion is pseudo-octahedral,
consisting, for example for the Fe(2) atom, of two oxygen
atoms of a chelating nitrate ion, O(101), O(103), two phe-
nolate oxygen atoms, O(64), O(24), and nitrogen atoms
N(16) and N(56) from the m-phenylene linkers. The average
values of the Fe–N and Fe–O distances agree well with
those for high-spin ferric ions,[7] thus, the average bond
lengths are 2.13�0.06 Å for Fe–N, 1.88�0.01 Å for Fe–O
(phenoxide), and 2.19�0.06 Å for Fe–O (nitrate).

The deprotonated ligand [L]2– acts in a bis(bidentate)
fashion to generate a 12-membered metallamacrocycle
[Fe2(η2:η2-L)2]2+ unit (Scheme 1), the positive charge of
which is neutralized by two chelating nitrate monoanions,
which yields the neutral complex [L2Fe2(NO3)2] (1). The m-
phenylene linkers are almost parallel with a dihedral angle
of only 1.1° between the two benzene planes and an average
interplanar separation of 3.46 Å. Thus, an unusual nearly
perfect, face-to-face π–π stacking interaction exists between
the two aromatic rings; a ring carbon atom, for example
C(55), lies just over another carbon atom, namely the C(12)
of the other ring. Interestingly, the 1,3-positions of one ben-
zene ring cannot be superimposed on those of the other
ring. The Fe···Fe intramolecular distance is 7.90 Å, whereas
the shortest intermolecular separation between the metals
is 7.78 Å.

Inspection of the bond angles at the iron centers indi-
cates that the ideal trans-positioned angles are O(1)–Fe(1)–
N(49) [175.3(2)°] and O(64)–Fe(2)–N(16) [176.4(2)°], show-
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ing that the best equatorial planes for the iron centers are
O(91)–O(93)–O(41)–N(9)–Fe(1) and O(101)–O(103)–
O(24)–N(56)–Fe(2); the iron centers are displaced by only
0.0413 Å from these planes. These two equatorial planes are
parallel to each other with a deviation of only 0.7°. That
the iron basal planes are not perpendicular to the benzene
planes is shown by the angle 125.4° between them. The ni-
trate ions occupy cis positions, as expected, of the equato-
rial planes for the iron centers, in an asymmetric bidentate
(η2) mode, as is shown by a long [Fe(1)–O(91) 2.229(4) Å]
and a comparatively short [Fe(1)–O(93) 2.140(4) Å] bond
length.

The zero-field Mössbauer spectrum of solid 1 at 80 K
yields an isomer shift and quadrupole splitting, which are
in complete accord with the d5 high-spin nature of the ferric
centers (δ = 0.55 mms–1, ∆EQ = 1.16 mms–1).[8] The value
for the quadrupole splitting is remarkably large in view of
the fact that the d5 configuration has no valence contri-
bution to the electric field gradient. Presumably it reflects
the ionic nature of iron–nitrate bonds in contrast to the
covalence of the other ligands.

Magnetic susceptibility data measured for a polycrystal-
line sample of 1 at B = 1 T are displayed in Figure 2A as
µeff per molecule vs. temperature. At 290 K, µeff is equal to
8.39 µB (χM·T = 8.789 cm3 Kmol–1), which is identical to
the high-temperature limit expected for two magnetically
weakly interacting iron(III) ions. Upon cooling, µeff contin-
uously increases and reaches a maximum of 9.09 µB at

Figure 2. (A) Temperature dependence of the effective magnetic
moment, µeff, of complex 1 recorded at B = 1 T, and (B) isofield
measurements of the molar magnetization recorded at 1, 4, and 7 T
with data sampling on a 1/T scale (variable-temperature-variable-
field, VTVH). Inset (C) shows an isothermal magnetization mea-
surement performed at 2 K. The solid lines in panels A–C are the
result of a consistent spin Hamiltonian simulation with DFe =
0.9 cm–1, gFe = 2.0, J = +0.195 cm–1.
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about 5 K (χM·T = 10.335 cm3 Kmol–1). This magnetic be-
havior is characteristic of ferromagnetic coupling between
the adjacent iron(III) centers within the metallacycle in 1.

Below 5 K, µeff drops to 8.02 µB at 2 K due to the com-
bined effects of field saturation, exchange, and single-ion
zero-field splitting. The corresponding properties of the
ground-state spin manifolds were further probed by vari-
able-temperature-variable-field (VTVH) measurements at 1,
4, and 7 T, with data sets sampled on a 1/T scale in the
range 2–290 K (Figure 2B). The curves show decent nesting
as a function of the field, which provides sensitive infor-
mation on the parameters D and J. Simulation of the
VTVH and µeff(T) data and global parameter optimization
yields the values gFe = 2, DFe = 0.9 cm–1, and J = +0.2 cm–1

for the single-ion g, axial zero-field splitting parameter, and
the exchange coupling constant (with Ĥex = –2J Ŝ1·Ŝ2),
respectively. No other parameters had to be invoked to ob-
tain excellent fits (solid lines), particularly no TIP (tempera-
ture-independent paramagnetism) was necessary, or ΘWeiss

to account for intermolecular interactions. However, since
we were not sure about possible covariances of DFe and J,
we calculated a two-dimensional error surface as a function
of the two parameters. The result, shown as a contour plot
in Figure 3, nicely demonstrates the true global solution
and rules out the presence of other local minima (the 3-D
plot is depicted in Figure S1 in the Supporting Infor-
mation). The range of confidence for the exchange coupling
constant is safely estimated to be J = +0.2 (�0.05) cm–1.

Figure 3. An error contour plot (in relative units) obtained for DFe

and J values in the range 0.5–1.2 cm–1 and 0.1–0.35 cm–1, respec-
tively.

The nature of the magnetic ground-state levels of dimer
1 was also investigated “microscopically” by Mössbauer
spectroscopy at liquid helium temperature with applied
fields of 1–7 T (Figure 4). The hyperfine patterns show large
magnetic splitting due to the presence of strong internal
fields of about 51.6 T, as expected for monomeric ferric
complexes, or ferromagnetically coupled dimers.[8] The large
splitting particularly rules out again antiferromagnetic spin
coupling, because that would generate nonmagnetic
ground-state levels, so that components with small splitting
only from the applied field would be superimposable on the
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inner part of the spectrum at v = �2 mms–1. The persistent
large splitting for all applied fields and the sharp peaks with
a clear quadrupole shift (difference between peaks 1, 2 and
5, 6) indicate an “easy axis” of magnetization. This can be
induced only by a sizeable zero-field interaction. Actually
we had to introduce a rhombic contribution to the zero-
field interaction, E/D = 0.3, to account for that magnetic
anisotropy. (As is often the case, this term could not be
resolved from the “macroscopic” SQUID magnetization
data for the powder samples shown above.) The best values
for the spin Hamiltonian parameters obtained from the cor-
responding simulations of the magnetic Mössbauer spectra
are DFe = 0.8 (�0.15) cm–1 and J = +0.25 (�0.1) cm–1,
which are in nice accord with the SQUID result. Moreover,
the magnetic hyperfine coupling constants obtained with
the usual nuclear spin Hamiltonian (Equation S1 in the
Supporting Information) for 57Fe are A/gNµN = (–21.6,
–19.4, –20.9) T. We find the anisotropy of A relatively large
for ferric ions, but this is in apparent accord with the large
(positive) quadrupole splitting and results also from the an-
isotropy in the covalent bonds of the iron atom. From the
magnetic spectra, the sign of the quadrupole interaction
and asymmetry parameter (η = 0.2) of the electric field gra-
dient tensor could also be determined (positive).

Figure 4. Mössbauer spectra of solid 1 recorded at 4.2 K with ap-
plied fields of 1, 5, and 7 T. The solid lines are obtained from spin
Hamiltonian simulations as described in the text.

The zero-field splitting parameter, DFe, for iron(III) in 1
is larger than the ferromagnetic exchange coupling con-
stant, J, of the dimer. This means that competing zero-field
and exchange interactions mix the total spin manifolds, and
thus, as such Stotal and MS, total are no longer good quan-
tum numbers. Therefore we refrain from describing our sys-
tem as having an Stotal = 5 ground state. The mixing of
levels with crossings and avoided crossings for fields applied
to our dimer in different directions is shown in several level
plots given in the Supporting Information. We also note
that a field-dependent magnetization measurement per-
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formed at 2 K shows saturation at the level expected for an
isolated ground state with Stotal = 5 (Figure 2, inset C), but
that should not be misinterpreted; since two weakly coupled
or uncoupled spins of SFe = 5/2 exhibit the same behavior.
In summary, the magnetic SQUID and Mössbauer mea-
surements of 1 show unambiguously the ferromagnetic ex-
change interaction between two iron(III) centers with J =
+0.2 (�0.05) cm–1.

Stabilization of ferromagnetically coupled ground states
is achieved through mechanisms dominated either by spin
polarization or orthogonal magnetic orbitals. As the short-
est intermolecular separation between iron centers in com-
plex 1 is 7.78 Å, spin coupling devoid of any intervening
atoms can be neglected. In other words, spin coupling oc-
curs through the atoms joining the iron centers in the re-
sulting metallacycle. As the iron basal planes are not per-
pendicular to the spacer m-phenylene rings and the intra-
molecular metal separation is as long as 7.90 Å, the ferro-
magnetic coupling observed in 1 cannot be attributed to
the mechanism based on orbital symmetry. The remaining
possibility, that is spin polarization effects, is thus the most
probable mechanism for the spin coupling in 1.

The spin polarization mechanism predicts a sign alter-
nation of spin densities on adjacent bridging atoms of the
ligand. We used the experimental geometry of 1 and per-
formed density functional theory (DFT) calculations for the
S = 5 high-spin state. We applied the Gaussian 03 suite of
programs[9] and the unrestricted B3LYP[10] DFT scheme as
activated by the Gaussian method keyword UB3LYP. The
Fe and the directly attached O and N atoms were described
by means of the triple zeta valence and polarization func-
tion (TZVP) basis set.[9,11] Thus, for all atoms directly in-
volved in coordination, a rather flexible basis set has been
used. The remaining C and H atoms have been treated by
means of the split valence polarization (SVP)[9,11] and split
valence (SV)[9,11] basis sets, respectively. For discussing the
spin-density distribution, the atomic Mulliken spin densities
have been considered (Figure 5). The largest spin density is
computed for the iron atoms. The spin densities at the imine
nitrogen atoms have the same sign as those at the iron atom,
indicating spin delocalization toward the donor atoms.
Given the topology (1,3-substitution) of the bridges, the
spin densities at both iron atoms have the same sign, thus
resulting in a net ferromagnetic exchange. The very weak
nature of the coupling results from various competing ex-
change coupling paths arising from the highest number of
unpaired electrons (five) possible for a transition-metal cen-
ter and the path length of the intervening atoms involved.

Figure 5. Spin-density distribution in the bridging atoms of 1 for
the S = 5 state.
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Conclusion

In summary, this work reports an unprecedented ferro-
magnetic spin coupling operating at a distance of 7.90 Å
between two high-spin ferric centers through the spin polar-
ization mechanism.

Experimental Section
H2L: To a solution of 1,3-diaminobenzene (1.08 g; 10 mmol) in
methanol (50 mL) was added 3,5-di-tert-butylsalicylaldehyde
(4.65 g; 20 mmol) with stirring. The resulting mixture was heated
under reflux for 2 h to yield a yellow precipitate, which was col-
lected by filtration and recrystallized from acetone/water (9:1).
Yield: 5.0 g (90%). M.p. 181–183 °C. EI-MS: m/z (%) = 540 (100)
[M]+, 525 (62.5) [M – CH3]+, 497 (13.6) [M – C(CH3)]+. 1H NMR
(CD2Cl2, 400 MHz): δ = 1.34 (s, 18 H, tBu), 1.47 (s, 18 H, tBu),
7.26–7.49 (m, 8 H, Ar), 8.75 (s, 2 H, HC=N) ppm. IR (KBr): ν̃ =
3450, 2956, 2906, 2869, 1621, 1572, 1467, 1439, 1390, 1361, 1273,
1251, 1148, 965, 879, 770, 684, 643 cm–1.

Complex 1, [Fe2L2(NO3)2]: A methanol solution of Fe(NO3)3·9H2O
(0.40 g, 1 mmol, 40 mL) and H2L (0.54 g; 1 mmol) was heated un-
der reflux for 1 h and yielded a green solution. On cooling, a green
microcrystalline solid separated out. X-ray quality crystals in 75%
yield grew over two days from a dichloromethane/hexane (2:1) solu-
tion. CH2Cl2·C6H12 (C79H108N6O10Cl2Fe2) (1484.3): calcd. C
63.92, H 7.33, N 5.66, Fe 7.52; found C 64.6, H 7.0, N 5.7, Fe 7.7.
MS-ES (pos.) (CH2Cl2): m/z (%) = 1250.7 (100) [M – NO3]+, 594–
5 (≈ 90) [M – 2(NO3)]2+. MS-ESI (neg.) (CH2Cl2): m/z (%) = 1374.8
(100) [M + NO3]. UV/Vis (CH2Cl2): λmax (ε, –1 cm–1): 635
(11.4�103), 367 (32.0�103) nm. IR (KBr): ν̃ = 2959, 2902, 2868,
1609, 1577, 1534, 1483, 1462, 1424, 1384, 1272, 1254, 1175, 964,
870, 849, 834, 781, 748, 693, 539 cm–1.

Crystal Data for a 1·CH2Cl2·C6H12: Formula:
C79H108Cl2Fe2N6O10, fw = 1484.31, T = 100(2) K, monoclinic,
space group P21/c, a = 30.004(3) Å, b = 20.167(2) Å, c =
13.5983(9) Å, β = 90.951(6)°, V = 8227.1(13) Å3, Z = 4, Dc =
1.198 Mg/m3, µ (Mo-Kα) = 0.474 mm–1. Data were corrected for
Lorentzian and polarization effects. No absorption correction;
82051 reflections were collected, of which 10735 [R(int) = 0.1418]
were considered as unique. The structure was solved by direct
methods with SHELXS-97 and refined by using the full-matrix le-
ast-squares method on F2 using SHELXL-97.[12] The hydrogen
atoms were located from a difference synthesis and refined with
isotropic thermal parameters. Hexane and dichloromethane solvent
molecules in 1 were found to be severely disordered. There are two
positions in the asymmetric unit which are occupied by a mixture
of these two solvents. Position 1 was refined with an 0.5 occupation
of hexane (C201–C206) and two split positions of CH2Cl2 with
occupancies of 0.31 (C200) and 0.19 (C215). The disorder of posi-
tion 2 was treated with an 0.5:0.5 occupation of hexane (C301–
C306) and dichloromethane (C300). C–Cl and C–C distances were
restrained to be equal within errors, and equal displacement pa-
rameters were refined for the corresponding atoms by using the
DFIX, SADI, and EADP instructions of SHELXL-97. A total of
47 restraints was used. Refinement of 911 parameters with 47 re-
straints with anisotropic thermal parameters for all non-hydrogen
atoms gave R1[I�2σ(I)] = 0.0754, R1 (all data) = 0.1517 and good-
ness-of-fit on F2 = 1.067.

CCDC-676360 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the
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Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Details of the magnetic SQUID and Mössbauer spectroscopic
measurements together with the spin Hamiltonian simulations are
given.
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