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Reactions between [M(N4-macrocycle)]2+ (M ) ZnII and NiII; macrocycle ligands are either CTH)
d,l-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane or cyclam) 1,4, 8, 11-tetrazaazaciclotetradecane)
and [M(CN)6]3- (M ) FeIII and MnIII ) give rise to cyano-bridged assemblies with 1D linear chain and 2D
honeycomblike structures. The magnetic measurements on the 1D linear chain complex [Fe(cyclam)][Fe(CN)6]‚
6H2O 1 points out its metamagnetic behavior, where the ferromagnetic interaction operates within the chain and
the antiferromagnetic one between chains. The Neel temperature,TN, is 5.5 K and the critical field at 2 K is 1 T.
The unexpected ferromagnetic intrachain interaction can be rationalized on the basis of the axially elongated
octahedral geometry of the low spin FeIII ion of the [Fe(cyclam)]3+ unit. The isostructural substitution of [Fe(CN)6]3-

by [Mn(CN)6]3- in the previously reported complex [Ni(cyclam)]3[Fe(CN)6]2‚12H2O 2 leads to [Ni(cyclam)]3-
[Mn(CN)6]2‚16 H2O 3, which exhibits a corrugated 2D honeycomblike structure and a metamagnetic behavior
with TN ) 16 K and a critical field of 1 T. In the ferromagnetic phase (H > 1 T) this compound shows a very
important coercitive field of 2900 G at 2 K. Compound [Ni(CTH)]3[Fe(CN)6]2‚13H2O 4, C60H116Fe2N24Ni3O13,
monoclinic,A 2/n, a ) 20.462(7),b ) 16.292(4),c ) 27.262(7) Å,â ) 101.29(4)°, Z ) 4, also has a corrugated
2D honeycomblike structure and a ferromagnetic intralayer interaction, but, in contrast to2 and3, does not exhibit
any magnetic ordering. This fact is likely due to the increase of the interlayer separation in this compound.
{[Zn(cyclam)Fe(CN)6Zn(cyclam)] [Zn(cyclam)Fe(CN)6]‚22H2O‚EtOH} 5, C44H122Fe2N24O23Zn3, monoclinic,A
2/n, a ) 14.5474(11),b ) 37.056(2),c ) 14.7173(13) Å,â ) 93.94(1)°, Z ) 4, presents an unique structure
made of anionic linear chains containing alternating [Zn(cyclam)]2+ and [Fe(CN)6]3- units and cationic trinuclear
units [Zn(cyclam)Fe(CN)6Zn(cyclam)]+. Their magnetic properties agree well with those expected for two
[Fe(CN)6]3- units with spin-orbit coupling effect of the low spin iron(III) ions.

Introduction

In recent years considerable research has been put into the
design and elaboration of new polymetallic molecular materials
with extended structures which have intriguing properties and
potential applications in catalysis, electrical conductivity, mo-
lecular-based magnets, and host-guest chemistry.1,2 A useful
and popular approach for this purpose consists of assembling

two building blocks that frequently are transition metal com-
plexes, one with terminal ligands capable of acting as bridges
and another with empty or available co-oordination sites. A
typical example of paramagnetic ligands than can be used for
this purpose is the family of cyanometalate complexes,3 which
react with transition metal aqua complexes to afford 3D cyanide-
bridged bimetallic assemblies of Prussian-blue type.4 These
materials exhibit spontaneous magnetization at considerable high
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temperatures and interesting electrochemical, optoelectronic and
magnetooptical properties.3-5 The crystallization of the Prussian-
blue analogues, however, is very difficult and then structural
information is very limited.6 One alternative route to bimetallic
cyanide-bridged materials is that of assembling cyanometalate
building blocks [M(CN)n]m- (M ) Mo(V), W(V), n ) 8; M )
Mo(III), n ) 7; M ) Cr(III), Fe(III), Co(III), and Fe(II),n )
6) and coordinatively unsaturated metal complexes with poly-
dentate ligands blocking selected positions. This strategy favors
the crystallization and then the magneto-structural study.
Depending of the nature of the building blocks, different and
fascinating structures, that range from discrete entities to 3D
extended networks, can be obtained, some of which exhibit
interesting magnetic properties, such as magnetic ordering and
ground spin states as high asS ) 51/2.7-27

In this context, recently, we have explored the assembling
reactions between [M(cyclam)]2+ (M ) Ni(II) and Cu(II);
cyclam) 1,4, 8, 11-tetrazaazaciclotetradecane) and [Fe(CN)6]3-

building blocks.7-10 From [Ni(cyclam)]2+ two different cyanide-
bridged complexes were obtained depending on the molar ratio
of the reactants, [Fe(cyclam)][Fe(CN)6]‚6H2O 18 and [Ni-
(cyclam)]3[Fe(CN)6]2‚12H2O 2.7 The former exhibits a 1D chain
structure with alternating iron(III) sites and unexpected ferro-
magnetic coupling within the chain, whereas the latter has a
2D honeycomblike layered structure and exhibits a metamag-
netic behavior derived from ferromagnetic intralayers and weak
antiferromagnetic interlayers interactions. Furthermore, below
3 K a canted structure is formed leading to a ferromagnetic
ordering. In this paper we have carried out a deep magnetic
study on the [Fe(cyclam)][Fe(CN)6]‚6H2O 1 in order to gain
insight into its magnetic behavior in the low-temperature regime.
In addition, we report here on the magnetic properties of the
complex [Ni(cyclam)]3[Mn(CN)6]2‚16H2O 3, which is prepared
by isostructural substitution in the complex [Ni(cyclam)]3 [Fe-
(CN)6]2‚12H2O of [Fe(CN)6]3- by [Mn(CN)6]3-, a building
block with relevant anisotropy and more t2g unpaired electrons
than [Fe(CN)6]3-. Finally, the syntheses, structure and magnetic
properties of the complexes [Ni(CTH)]3[Fe(CN)6]2‚12H2O 4
(CTH ) d,l-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetrazacyclo-
tetradecane) and{[Zn(cyclam)Fe(CN)6Zn(cyclam)] [Zn(cyclam)-
Fe(CN)6]‚22H2O‚EtOH} 5 are also reported. With the former,
which exhibits a similar structure to [Ni(cyclam)]3[Fe(CN)6]2‚
12H2O, we intend to investigate the effect of bulkier substituents
on the macrocyclic ligand on the interlayer antiferromagnetic
interactions. Complex5 presents an unique structure made of
anionic linear chain containing alternating [Zn(cyclam)]2+ and
[Fe(CN)6]3- units and cationic trinuclear units [Zn(cyclam)Fe-
(CN)6Zn(cyclam)]+.
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Experimental Section

Physical Measurements.Elemental analyses were carried out at
the Centro de Instrumentacio´n Cientı́fica of the University of Granada
on a Fisons-Carlo Erba analyzer model EA 1108. IR spectra were
recorded on a MIDAC model Progress-IR spectrometer using KBr
pellets. Variable-temperature magnetic susceptibility data were collected
on powdered samples of the compounds with use of a SQUID-based
sample magnetometer on a Quantum Design Model MPMS instrument.
Data were corrected for the diamagnetism of the ligands using Pascal’s
constants. X-ray diffraction patterns of powdered samples were recorded
on a Phillips PW1700 diffractometer with a graphite monochromator
and Cu KR radiation (λ ) 1.54051 Å).

Caution! Perchlorate complexes of metal ions are potentially
explosive. Only a small amount of material should be handled with
caution.

Preparations of the Compounds.[Ni(CTH)][ClO4]2, [Ni(cyclam)]-
[ClO4]2, and K3[Mn(CN)6] were prepared by literature methods.28,29,30

Complex2 was prepared as previously we reported.7

[Fe(cyclam)][Fe(CN)6]‚6H2O 1. To an aqueous solution of
[Ni(cyclam)](ClO4)2 (0.10 g, 0.22 mmol) in 50 cm3 of water was added
a large amount of K3[Fe(CN)6] (0.73 g, 2.2 mmol). The resulting dark
brown solution kept at room temperature for several days, afforded
dark green crystals which were filtered and air-dried. Yield: 73%. Anal.
Calcd for C16H36N10O6Fe2: C, 33.32; H, 6.30, N 24.30. Found: C,
33.29; H 6.38; N 24.04. IR(KBr):ν(CN), 2151, 2125 cm-1. Although
this compound can also be prepared from K3[Fe(CN)6] and cyclam in
hydroethanolic medium the yield is very poor.

[Ni(cyclam)]3[Mn(CN) 6]2‚16H2O 3. To an ice-cooled solution of
[Ni(cyclam)](ClO4)2 (0.10 g, 0.22 mmol) in 30 cm3 of water was added
with stirring an ice-cooled solution of K3[Mn(CN)6] (0.072 g, 0.22
mmol, 0.07 g) in 15 cm3 of water. A brown precipitate was obtained,
which was filtered off, washed with water and air-dried. Yield: 70%.
Anal. Calcd for C42H104N24O16Mn2Ni3: C, 33.93; H, 6.99, N 22.61.
Found: C, 33.87; H 6.42; N 21.99. IR(KBr):ν(CN), 2116, 2139 cm-1.

[Ni(CTH)] 3[Fe(CN)6]2‚13H2O 4. To an aqueous solution of [Ni-
(CTH)][ClO4]2 (0.10 g, 0.21 mmol) in 20 cm3 of water was added K3-
[Fe(CN)6] (0.067 g, 0.21 mmol) in 15 cm3 of water with continuous
stirring at room temperature. The brown precipitate thus produced was
collected by filtration, washed with water and air-dried. Yield: 85%.
Anal. Calcd for C60H107N24O13Fe2Ni3: C, 43.45; H, 6.46, N 20.28.
Found: C, 43.33; H 6.72; N 20.38. IR(KBr):ν(CN), 2115, 2143 cm-1.
Crystals for X-ray analysis were obtained by slow diffusion of two
aqueous solutions of the reactans into a U-tube containing agarose gel.

{[Zn(cyclam)Fe(CN)6Zn(cyclam)][Zn(cyclam)Fe(CN)6]‚22H2O‚
EtOH} 5. To a solution of cyclam (0.097 g, 0.48 mmol) in 15 cm3 of
ethanol was added Zn(NO3)2‚6H2O (0.14 g, 0.48 mmol) in 10 cm3 of
ethanol and then an aqueous solution of K3[Fe(CN)6] (0.1 g, 0.3 mmol).
A yellow precipitate was obtained, which was filtered-off, washed with
ethanol and air-dried. Yield: 85%. Anal. Calcd for C44H102N24O23Zn3-
Fe2: C, 35.63; H, 6.88, N 22.67. Found: C, 35.79; H 6.78; N 23.12.
IR(KBr): ν(CN), 2110, 2123 cm-1. Yellow needles-like crystals suitable
for X-ray analysis were obtained by slow evaporation of the filtrate.
IR spectra and X-ray powder diffractograms clearly indicate that crystals
and polycrystalline samples of5 are the same compound.

Crystallography. The intensity data for suitable crystals of com-
pounds4 (very thin brown plate) and5 (brown-yellow plate) were
collected at 203 K and 223 K, respectively, on a Stoe Image Plate
Diffraction System31 using Mo KR graphite monochromated radiation.
Image plate distance 70 mm,φ scans 0-200°, step∆φ ) 1°, 2θ range
3.27-52.1°, dmax - dmin ) 12.45-0.8 1 Å. The structure was solved
by direct methods using SHELXS-97.32 The refinement and all further

calculations were carried out using SHELXL-97.33 The crystal of
compound4 diffracted very poorly, only out to 40° in 2θ (average
I/σ(I) ca. 1.5). The CTH molecules were also disordered. For compound
5 the H-atoms of the cyclam rings were included in calculated positions
and treated as riding atoms using SHELXL-97 default parameters. For
4 only the zinc, iron and N-atoms were refined anisiotropically and no
H-atoms were included, while for5 all the non-H atoms were refined
anisotropically, using weighted full-matrix least-squares onF2. Crystal
data and details of the data collection and refinement for4 and5 are
summarized in Table 1.

Results and Discussion

As indicated elsewhere, when a large excess of [Fe(CN)6]3-

with regard to [Ni(cyclam)]2+ is used, the NiII ion of the [Ni-
(cyclam)]2+ unit is substituted by FeIII and the compound [Fe-
(cyclam)][Fe(CN)6]‚6H2O 1 is obtained. Its structure8 consists
of neutral polymeric linear chains of alternated [Fe(cyclam)]3+

and [Fe(CN)6]3- ions, in which two CN- groups of each
[Fe(CN)6]3- unit in transpositions bridge two iron (III) atoms
(see Figure 1). From the same building blocks, [Fe(CN)6]3- and
[Ni(cyclam)]2+, but using a 1:1 molar ratio the complex [Ni-
(cyclam)]3[Fe(CN)6]2‚12H2O 2 is formed. It exhibits a cor-
rugated 2D honeycomblike structure,7 in which each [Fe(CN)6]3-

is coordinated through cyanide bridges to three [Ni(cyclam)]2+

in a fac arrangement, whereas each [Ni(cyclam)]2+ cation is
linked to two [Fe(CN)6]3- units in trans positions (see Figure
1). Water molecules occupy the interlayer space and are linked
to terminal CN- groups of the [Fe(CN)6]3- units and to other
water molecules by hydrogen bonds. The isostructural substitu-
tion of [Fe(CN)6]3- by [Mn(CN)6]3- in 2, leads to [Ni(cyclam)]3-
[Mn(CN)6]2‚16 H2O 3. The IR spectra and X-ray diffraction
patterns of2 and3 (Figure 2) are very similar, almost identical,
indicating that these complexes have the same two-dimensional
framework, although the interlayer spacing may be different.

Compound4 was prepared from [Ni(CTH)]2+ and [Fe(CN)6]3-

building blocks. Crystals of4 were not of enough quality as to
solve the structure with high degree of accuracy (R ) 0.13).
Nevertheless, at this level of solution there is not any doubt
about the more relevant features of this compound. Thus, its
structure is very similar to that of2 and consists of corrugated
2D honeycomblike layers and water molecules between layers.
In the crystals, layers align alonga axis with an interlayer
separation of ca. 10.03 Å, which is longer than that observed
for 2 of 8.968 Å. The increase of the interlayer spacing in4 is
likely due the presence of bulkier substituents, methyl groups,

(28) Curtis, N. F.; Swann, D. A.; Waters, T. N.J. Chem. Soc., Dalton
Trans. 1973, 1963.

(29) Bosnich, B.; Tobe, M. L.; Webb, G. A.Inorg. Chem.1965, 4, 1109.
(30) Lower, J. A.; Fernelius, W. C.Inorg. Synthesis1949, 2, 213.
(31) Stoe Cie 2000.IPDS Software. Stoe & Cie GmbH: Darmstadt,

Germany.
(32) Sheldrick, G. M. “SHELXS-97, Program for Crystal Structure De-

termination”Acta Crystallogr.1990, A46, 467.
(33) Sheldrick, G. M.SHELXL-97; Universität Göttingen: Göttingen,

Germany, 1999.

Table 1. Crystallographic Data for4 and5

4 5

chemical formula C60H116Fe2N24Ni3O13 C44H122Fe2N24O23Zn3

formula weight 1669.60 1663.47
space group A 2/n A2/n
a, Å 20.462(7) 14.5474(11)
b, Å 16.292(4) 37.056(2)
c, Å 27.262(7) 14.7173(13)
R, deg 90 90
â, deg 101.29(4) 93.94(1)
γ, deg 90 90
V, Å3 8912(4) 7914.8(11)
Z 4 4
λ, Å 0.71073 0.71073
Fcalcd,g cm-3 1.244 1.396
µ, mm-1 1.003 1.332

a R) ∑||Fo| - |Fc||/∑|Fo|. b Rw ) (∑[w(Fo
2 - Fc

2)2])/∑[w(Fo
2)2])1/2.

w ) q/[σ2(Fo
2) + (a*P)2 + b*P + d + e*sin(θ)].
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on the macrocycle. Furthermore, each layer is shifted also along
b axis with respect to the neighboring layers in order to relieve
steric crowding, giving rise to a ABAB... layer sequence.
Relevant bond distances and angles are gathered in Table 2.

From [Zn(cyclam)]2+ and [Fe(CN)6]3- building blocks com-
pound 5, a Zn3Fe2 system, was obtained. For cyanide-bridged
M3M′2 systems containingtrans MII-macrocyclic complexes,
when coordination positions on the MII ion are fully saturated,
three different structures are possible depending on the arrange-
ment of MII-macrocyclic units around the M′ ion. Thus, a facial
arrangement leads to a corrugated 2D honeycomblike structure,
like that of 2-4, whereas a meridional arrangement leads to
either a 2D flat brick wall-like layer12 or a double chain stair-
like structure15 (Figure 1). Nevertheless, if the MII of the
macrocyclic-complex unit can exhibit two coordination numbers,
five and six, a new structural type, that of5, can be obtained.
Its unique structure consists of polymeric anionic chains of
alternating [Zn(cyclam)]2+ and [Fe(CN)6]3- units along the
crystallographicc axis, cationic trinuclear entities, [Zn(cyclam)-
Fe(CN)6Zn(cyclam)]+, water molecules and a molecule of
ethanol. A perspective view of a chain and a trinuclear cation,
with the atom labeling scheme, is given in Figure 3, whereas
selected bond lengths and angles are gathered in Table 2. Within

the chains, similar to those observed for 1 and K[Cu(cyclam)]-
[Fe(CN)6]‚4H2O,9 two CN- groups of each [Fe(CN)6]3- unit
bridge two Zn(II) atoms with an FeIII ‚‚‚ZnII distance of 5.349
Å. The Zn(II) ion, which is located on a center of symmetry,
assumes an axially distorted octahedral ZnN6 coordination
polyhedron, with the nitrogen atoms of the cyanide bridging
groups occupying the axial positions. The iron center in the
[Fe(CN)6]3- unit, as usual, adopts a minimally distorted
octahedral environment. The Fe-C-N and Zn-N-C bond
angles for bridging cyanide groups of 176.6(3)° and 158.3(3)°,
respectively, indicates that chains are slightly deviated from
linearity.

Trinuclear units are made of two [Zn(cyclam)]2+ units linked
to a minimally distorted octahedral [Fe(CN)6]3- unit in trans
positions, leading to an Fe(III)‚‚‚Zn(II) distance of 5.053 Å.The
Fe-C-N and Zn-N-C bond angles for bridging cyanide
groups of 177.6(3)° and 158.7(3)° are very similar to those
observed for the chain. The ZnN5 chromophore exhibits a
square-pyramidal geometry wit aτ factor value of 0.001 (τ )
0 for a square-pyramid andτ ) 1 for trigonal bipyramid).34 In
this description, the nitrogen atoms of the macrocyclic ligand
occupy the basal positions, whereas the nitrogen atom of the
cyanide bridging group occupies the axial position at a longer
distance. Chains, trinuclear units, water and ethanol molecules
are joined by an extended network of hydrogen bonds involving
the NH groups of the macrocyclic ligands, nitrogen atoms of
terminal cyanide groups, water and ethanol molecules.

Magnetic Properties. As indicated above, in a previous
paper8 we reported the temperature dependence of theøMT

(34) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Riju, J.; Verschoor, G.
C. J. Chem. Soc., Dalton Trans. 1984, 1349.

Figure 1. Scheme of the crystal structures of1 and2 (top) and a plot
of 2D flat brick wall-like layer and double chain stair like arrangements
(bottom).

Figure 2. Powder X-ray diffractiograms (top) and IR spectra (bottom)
for 2 and3.
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product per Fe2 unit for 1, in the temperature range 2-295 K
and under an applied magnetic field of 1 T. To gain insight
into its magnetic behavior at very low temperature, we have
studied the temperature dependence of theøMT product under
a magnetic field of 50 G (Figure 4), thus preventing the
compound from magnetic saturation. In the high-temperature
range, the thermal behavior of theøMT product per Fe2 is the
same as that observed at 1 T. Thus, as the temperature is
lowered, theøMT product steadily increases from room tem-
perature, with a value of 1.06 cm3mol-1K, until reaching a
maximum of 3.8 cm3mol-1K at about 6 K, and then sharply
decreases to 1.7 cm3mol-1K upon cooling to 2 K. This behavior
is consistent with a ferromagnetic intrachain interaction and
antiferromagnetic interchain interactions, which are responsible
of the decrease oføMT at very low temperature. TheøMT product

at room temperature is significantly larger than the spin-only
value of 0.75 cm3mol-1K expected for two isolated low-spin
iron(III) ions (S ) 1/2), assumingg ) 2.0, probably because
of an orbital contribution to the magnetic moment of the low-
spin iron(III) ions.

The unexpected ferromagnetic interaction between the Fe-
(III) ions along the chain can be rationalized on the basis of the
axially elongated octahedral geometry (D4h) of the low spin Fe-
(III) ions of the [Fe(cyclam)]3+ unit. In this geometry, the
unpaired electron is located on the dxy orbital of B2g symmetry
(see Figure 4). Thus, the interaction between this magnetic
orbital and dxz and dyz (t2g) magnetic orbitals on the almost
perfect octahedral Fe(III) ion of the [Fe(CN)6]3- unit leads to
zero overlap and then to a ferromagnetic interaction. The delta
dxy-dxy interaction is much more reduced in magnitude and
then a global ferromagnetic interaction is observed. Noteworthy,
a similar unexpected ferromagnetic coupling has been also
observed between Cr(t2g3) ions in the compound catena-cyano-
(phthalocyaninato) chromium(III).35

Antiferromagnetic interchain interactions through an intricate
network of hydrogen bonds leads to an antiferromagnetic
ordering at 5.5 K, which is supported by the maximum in the
in phase ac magnetic susceptibility at 5.5 K and by the maximum
in the M vs T curve (Figure 5). This maximum broadens and
shifts to lower temperatures as the magnetic field increases and

(35) Schwartz, M.; Hatfield, W. E.; Joesten, M. D.; Hanack, M.; Datz, A.
Inorg. Chem.1985, 24, 4198.

Table 2. Bond Lengths [A] and Angles [deg] for4 and5

Complex4

Fe(1)-C(29) 1.70(5) Fe(1)-C(32) 1.81(7)
Fe(1)-C(30) 2.00(4) Fe(1)-C(33) 2.03(4)
Fe(1)-C(31) 1.93(3) Fe(1)-C(34) 1.91(4)
Ni(1)-N(1) 2.11(3) Ni(1)-N(4) 2.03(3)
Ni(1)-N(2) 2.07(3) Ni(1)-N(7) 2.11(5)
Ni(1)-N(3) 2.05(2) Ni(1)-N(8) 2.17(5)
Ni(2)-N(5) 2.15(3) Ni(2)-N(5)i 2.15(3)
Ni(2)-N(6) 2.10(4) Ni(2)-N(6)i 2.10(4)
Ni(2)-N(9) 2.11(3) Ni(2)-N(9)i 2.11(3)

C(29)-Fe(1)-C(32) 175(3) C(34)-Fe(1)-C(30) 176.0(14)
C(31)-Fe(1)-C(33) 171.0(17) N(4)-Ni(1)-N(2) 177.5(14)
N(3)-Ni(1)-N(1) 177.0(16) N(7)-Ni(1)-N(8) 177.2(16)
N(9)-Ni(2)-N(9)i 179(2) N(6)i-Ni(2)-N(5) 175.8(13)
N(6)-Ni(2)-N(5)i 175.8(13)
i ) -x + 1/2, y, -z + 1/2

Complex5

Zn(1)-N(1) 2.084(5) Zn(1)-N(2) 2.108(5)
Zn(1)-N(3) 2.100(5) Zn(1)-N(4) 2.089(5)
Zn(1)-N(5) 2.078(3) Zn(2)-N(6) 2.098(5)
Zn(2)-N(7) 2.071(4) Zn(2)-N(8) 2.365(3)
Fe(1)-C(16) 1.913(7) Fe(1)-C(17) 1.948(4)
Fe(1)-C(18) 1.931(8) Fe(1)-C(19) 1.932(3)
Fe(2)-C(20) 1.945(4) Fe(2)-C(21) 1.934(7)
Fe(2)-C(22) 1.939(7) Fe(2)-C(23) 1.952(3)

N(5)-Zn(1)-N(1) 99.3(2) N(5)-Zn(1)-N(4) 99.0(2)
N(1)-Zn(1)-N(4) 95.66(16) N(5)-Zn(1)-N(3) 97.1(2)
N(1)-Zn(1)-N(3) 163.45(14) N(4)-Zn(1)-N(3) 84.23(17)
N(5)-Zn(1)-N(2) 97.16(19) N(1)-Zn(1)-N(2) 84.74(17)
N(4)-Zn(1)-N(2) 163.55(14) N(3)-Zn(1)-N(2) 90.74(14)
N(7)-Zn(2)-N(7)ii 180.00(16) N(7)-Zn(2)-N(6) 85.20(14)
N(7)ii-Zn(2)-N(6) 94.80(14) N(7)-Zn(2)-N(6)ii 94.80(14)
N(7)ii-Zn(2)-N(6)ii 85.20(14) N(6)-Zn(2)-N(6)ii 180.00(17)
N(7)-Zn(2)-N(8) 91.11(16) N(7)ii-Zn(2)-N(8) 88.89(16)
N(6)-Zn(2)-N(8) 88.07(17) N(6)ii-Zn(2)-N(8) 91.93(17)
N(7)-Zn(2)-N(8)ii 88.89(16) N(7)ii-Zn(2)-N(8)ii 91.11(16)
N(6)-Zn(2)-N(8)ii 91.93(17) N(6)ii-Zn(2)-N(8)ii 88.07(17)
N(8)-Zn(2)-N(8)ii 180.0 C(16)-Fe(1)-C(18) 180.000(1)
C(16)-Fe(1)-C(19)i 90.00(13) C(18)-Fe(1)-C(19)i 90.00(13)
C(16)-Fe(1)-C(19) 90.00(13) C(18)-Fe(1)-C(19) 90.00(13)
C(19)i-Fe(1)-C(19) 180.0(3) C(16)-Fe(1)-C(17)i 90.02(18)
C(18)-Fe(1)-C(17)i 89.98(18) C(19)i-Fe(1)-C(17)i 89.74(14)
C(19)-Fe(1)-C(17)i 90.26(14) C(16)-Fe(1)-C(17) 90.02(18)
C(18)-Fe(1)-C(17) 89.98(18) C(19)i-Fe(1)-C(17) 90.26(14)
C(19)-Fe(1)-C(17) 89.74(14) C(17)i-Fe(1)-C(17) 180.0(4)
C(21)-Fe(2)-C(22) 180.000(1) C(21)-Fe(2)-C(20) 89.46(18)
C(22)-Fe(2)-C(20) 90.54(18) C(21)-Fe(2)-C(20)iii 89.46(18)
C(22)-Fe(2)-C(20)iii 90.54(18) C(20)-Fe(2)-C(20)iii 178.9(4)
C(21)-Fe(2)-C(23) 89.60(11) C(22)-Fe(2)-C(23) 90.40(11)
C(20)-Fe(2)-C(23) 91.21(14) C(20)iii -Fe(2)-C(23) 88.79(14)
C(21)-Fe(2)-C(23)iii 89.60(11) C(22)-Fe(2)-C(23)iii 90.40(11)
C(20)-Fe(2)-C(23)iii 88.79(14) C(20)iii -Fe(2)-C(23)iii 91.21(14)
C(23)-Fe(2)-C(23)iii 179.2(2)
i ) -x + 3/2, y, -z + 1/2; ii ) -x + 2, -y + 1, -z + 1; iii ) -x + 3/

2, y, -z + 3/2

Figure 3. A perspective view of a anionic chain and a trinuclear cation
with the atom labeling scheme (top) and a view of the ionic chains
and trimers in the ac plane (bottom).
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finally disappears forH > 1 T. This behavior points out the
existence of a field-induced transition from an antiferromagnetic
ground state to a ferromagnetic state and so1 is a metamagnet
with a critical field of 1 T. The (M/Nâ) vs H curve at 2 K is
sigmoidal and typical of a metamagnet and, as expected, forH
> 1 T it exhibits hysteresis (Figure 5). The value of magnetiza-
tion at the maximum applied field of 5 T is 2.1 Nâ, which agrees
well with the expectedS) 1 value of 2.0 Nâ (with gFe1 ) gFe2

) 2.00) for the saturation magnetization of two ferromagneti-
cally coupled low spin Fe(III) ions. At 2 K and applied fields
lower that the critical field, the magnetization vs H curve
exhibits a very small hysteresis loop with a remnant magnetiza-
tion of 0.003 Nâ and a coercitive field of 50 G. This fact points
out the existence of a net magnetic moment in the antiferro-
magnetic phase, more likely due to spin canting of the local
Fe(III) spins, which is responsible of the out-of-phase signal,
ø′′ac, in the ac dynamic susceptibility vsT plot (Figure 5).

The temperature dependence of theøMT product per Mn2Ni3
unit in the range 2-300 K for 3, under an applied field of 0.1
T, is shown in Figure 6. TheøMT product increases smoothly
from room temperature until 25 K and then sharply with
decreasing temperature, reaching a maximum value of 20.5
emu.mol-1K at 16 K. Below this temperatureøMT decreases
on cooling to 2 K. This behavior is consistent with an intralayer
ferromagnetic interaction between Mn(III) and Ni(II), due to
the strict orthogonality of the magnetic orbitals of the Mn(III)
(t2g4) and Ni(II) (t2g6eg2), and antiferromagnetic interlayers
interactions. TheøM vs T plot (inset of Figure 6) exhibits a
maximum at 16 K, which clearly indicates that interlayers
interactions lead to an antiferromagnetic ordering. This is also
supported by the absence of an out-of-phase signal in theac

susceptibility vsT curve (see below). As for2, the (M/Nâ) vs
H curve at 1.9 K (Figure 6) is sigmoidal and typical of a
metamagnet with a critical field of 1 T. At 2 K and applied
magnetic fields upper than the critical field, the compound
behaves as a typical ferromagnet and, consequently, the (M/
Nâ) vs H curve exhibits hysteresis loop with a remnant

Figure 4. øMT vs T (top) and electronic configuration of the metal
centers (bottom) for1.

Figure 5. M vs T (top), M vs H (bottom) andø′′ac vs T (inset-bottom)
for 1.

Figure 6. øMT vs T (øM vs T, inset) atH ) 0.1 T (top), M vs H
(bottom) and hysteresis curve (inset-bottom) for3.
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magnetization of 0.46 Nâ per Ni3Mn2 unit and a very significant
coercitive field of 2900 G, which is typical of hard ferromagnets
(inset Figure 6). On increasing temperature to 5 K, the remanent
magnetization and coercitive field decrease to 0.35 Nâ and 1000
G, respectively, as expected. When the compound is placed at
2 K under a magnetic field of 5 T and then the field is switched
off, the field-induced magnetization remains constant with the
time, indicating a good memory effect for this material. If in
these conditions, the magnetic field is switched on at 100 G
and the magnetic susceptibility is measured from 2.0 K to room
temperature (Figure 7), theøMT product increases linearly with
increasing temperature, reaching a maximum value of 90
emu‚mol-1K at about 9 K. This behavior clearly indicates that
the compound is magnetically saturated in the 2-9 K temper-
ature range. Above 9-10 K, øMT rapidly decreases and the
compound is going into the antiferromagnetic phase. This
behavior is very well observed in the in phase,ø′ac, and out-
of-phase,ø′′ac, ac dynamic susceptibilities vs. temperature plots
(Figure 7). Theø′ac curve shows only one signal with maximum
at 16K, which is due to the antiferromagntic ordering. Conse-
quently, theø′′acvsT plot does not exhibits any signal. However,
when3 is placed within an applied magnetic field of 4 T and
then the field is switched off, theø′ac curve exhibits two signals,
one due to the antiferromagnetic ordering at 16 K and a new
one with a maximum at 11 K due to a ferromagnetic ordering.
Theø′′ac vs T plot exhibits a maximum, which is not frequency
dependent, at 11 K, thus confirming the ferromagnetic nature
of the magnetic ordering. The above results clearly point out
that if the compound is placed in a magnetic field higher than
the critical field (in the ferromagnetic phase) and then the field
is switched off, the compound will exhibits a field-induced
magnetization belowTc ) 11 K.

All these magnetic data confirm that3 has essentially the
same metamagnetic character of2. However, the isostructural
substitution of [Fe(CN)6]3- by [Mn(CN)6]3- leads to important
differences. First, TN moves from 7.7 K in210 to 16 K in 3 as

a consequence of the increase of the magnetic exchange
interaction as the number of t2g electrons increases. In keeping
with this, the same isostructural substitution in the compound
[K{Mn(3-MeOsalen)}2{Fe(CN)6}]n

36 promotes an increase in
TN from 9.2 to 16 K. Second, and more important, the
coercitivity dramatically increases from2 to 3 due to the
magnetic anisotropy of the Mn(III) ion, with an orbitally
degenerate3T1g ground state, which prevents the domains from
rotating freely when the field is applied.

The temperature dependence of theøMT product per Fe2Ni3
for 4 is given in the Figure 6. As can be observed in this figure,
the øMT decreases with decreasing temperature reaching a
minimum at about 60 K. Such a magnetic behavior is charac-
teristic of a low-spin octahedral iron(III) system with spin-
orbit coupling of the2T2g ground term. In fact, when theøMT
product between 60 K and room temperature for compound5,
whose magnetic properties are essentially due to isolated iron-
(III) ions of the [Fe(CN)6]3- units, is subtracted from theøMT
vs T curve for4, the resultingøMT remains almost constant in
this temperature range with the value expected for three isolated
Ni(II) ions. This result confirms that the magnetic behavior of
4 in the high-temperature range is due to spin-orbit coupling
effects. Below 60 K theøMT continuously increases on cooling
to 2 K, thus indicating a ferromagnetic exchange interaction
between Fe(III) and Ni(II) ions within the layer, as a conse-
quence of the strict orthogonality of their magnetic orbitals.
Noteworthy, in this case does appear neither a maximum in the
øM vsT curve nor an out-of-phase signal in the ac susceptibility,

(36) Re, N.; Gallo, E.; Floriani, C.; Miyasaki, H.; Matsumoto, N.Inorg.
Chem. 1996, 35, 5964.

Figure 7. øMT vs T (top) andøac vs T (bottom) for3.

Figure 8. øMT vs T for 4 (top) and a plot of the difference inøMT
between4 and 5 in order to eliminate the spin-orbit contribution
belonging to the LS FeIII ions (bottom).
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which would indicate antiferromagnetic and ferromagnetic
orderings above 2 K, respectively. This behavior may be due
to the increase in the interlayers separation for4 when compared
to 2, which may be promoted, at least in part, by the methyl
groups of the macrocyclic ligand.

For 5, øMT steadily decreases with decreasing temperature
reaching a value of 1.0 emu‚mol-1K at 10 K (Figure 8). This
behavior is due to the spin-orbit coupling effect of the low
spin iron(III) ions. In fact, the difference inøMT between room
temperature and 10 K, is just twice that observed for the linear
chain compound K[Cu(cyclam)][Fe(CN)6]‚4H2O,9 which con-
tains only one hexacyanoferrate(III) unit. Below 10 K,øMT
decreases sharply, which may be due to the combined effect of
the intrachain and interchain exchange interactions.

Concluding Remarks

The 1D linear chain compound, [Fe(cyclam)][Fe(CN)6]‚6H2O
1, exhibits a metamagnet behavior with a Neel temperatureTN

) 5.5 K and a critical field at 2 K of 1 T, where the
ferromagnetic interaction operates within the chain and the
antiferromagnetic one between chains. The unexpected ferro-
magnetic interaction between iron(III) ions along the chain can
be rationalized on the basis of the axially elongated octahedral
geometry of the low spin FeIII ions of the [Fe(cyclam)]3+ unit,
leading to orthogonality between the dxy magnetic orbital of
this unit and the dxz and dyz magnetic orbitals of the almost
perfect octahedral [Fe(CN)6]3- unit. Noteworthy, at 2 K andH
< 1 T this compound exhibits a net magnetic moment, which
is likely due spin canting of the iron(III) local spins. The
isostructural substitution of [Fe(CN)6]3- by [Mn(CN)6]3- in [Ni-
(cyclam)]3[Fe(CN)6]2‚12H2O 2, leads to [Ni(cyclam)]3[Mn-
(CN)6]2‚16 H2O 3, which exhibits a corrugated 2D honeycomb-
like structure a metamagnet withTN ) 16 K and a critical field
of 1 T. However, the isostructural substitution of [Fe(CN)6]3-

by [Mn(CN)6]3- leads to important differences. First,TN moves

from 7.7 K in 2 to 16 K in 3 as a consequence of the increase
of the magnetic exchange interaction as the number of t2g

electrons increases. Second, and more important, the coercitivity
dramatically increases from2 to 3 due to the magnetic
anisotropy of the Mn(III) ion, with an orbitally degenerate3T1g

ground state, which prevents the domains from rotating freely
when the field is applied.

Although complex [Ni(CTH)]3[Fe(CN)6]2‚13H2O 4 also has
a corrugated 2D honeycomblike structure and ferromagnetic
intralayer interaction, however in contrast to2 and 3, does
exhibits neither a maximum in theøM vs T curve, which would
indicate an antiferromagnetic ordering, nor an out-of-phase
signal in the ac susceptibility indicative of a ferromagnetic
ordering. This behavior may be due to the increase in the
interlayers separation for4 when compared to2.

The fact that the [Zn(cyclam)]2+ unit can accept one or two
nitrogen atoms of the bridging cyanide groups in axial positions,
leading to ZnN5 and ZnN6 chromophores, allows the formation
of a new structural type in5. Its unique structure consists of
polymeric anionic chains of alternating [Zn(cyclam)]2+ and
[Fe(CN)6]3- units along the crystallographicc axis and cationic
trinuclear entities, [Zn(cyclam)Fe(CN)6Zn(cyclam)], that com-
pensate charge. Their magnetic properties agree well with those
expected for two isolated [Fe(CN)6]3- unit with spin-orbit
coupling effect of the low spin iron(III) ion.
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