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Departament de Quı´mica Inorgànica, UniVersitat de Vale`ncia, Doctor Moliner 50,
46100 Burjasot, Spain, and SerVicios Xerais de Apoio a´ InVestigación (SXAIN),
UniVersidade da Corun˜a, Edificio anexo Facultade de Ciencias,15071 A Corun˜a, Spain

Received April 24, 2002

The reaction of Ln(NO3)3‚aq with K3[Fe(CN)6] or K3[Co(CN)6] in N,N′-dimethylformamide (DMF) led to 25
heterodinuclear [Ln(DMF)4(H2O)3(µ-CN)Fe(CN)5]‚nH2O and [Ln(DMF)4(H2O)3(µ-CN)Co(CN)5]‚nH2O complexes (with
Ln ) all the lanthanide(III) ions, except promethium and lutetium). Five complexes (Pr3+−Fe3+), (Tm3+−Fe3+), (Ce3+−
Co3+), (Sm3+−Co3+), and (Yb3+−Co3+) have been structurally characterized; they crystallize in the equivalent monoclinic
space groups P21/c or P21/n. Structural studies of these two families show that they are isomorphous. This relationship
in conjunction with the diamagnetism of the Co3+ allows an approximation to the nature of coupling between the
iron(III) and the lanthanide(III) ions in the [Ln(DMF)4(H2O)3(µ-CN)Fe(CN)5]‚nH2O complexes. The Ln3+−Fe3+ interaction
is antiferromagnetic for Ln ) Ce, Nd, Gd, and Dy and ferromagnetic for Ln ) Tb, Ho, and Tm. For Ln ) Pr, Eu,
Er, Sm, and Yb, there is no sign of any significant interaction. The isotropic nature of Gd3+ helps to evaluate the
value of the exchange interaction.

Introduction

The association of 3d-4f ions in cyanide-bridged low
dimensional arrays is original and may open new perspectives
for the use of the optical properties of rare earth ions included
in magnetic molecular media.1-3 In general, little is known
about the nature of the exchange interactions of rare earth
ions either with one another or with other magnetic groups.
The major difficulties in analyzing the magnetic properties
of the 3d-4f couples arise from the fact that the ground state
of the Ln3+ ion, with the exception of Gd3+, has a first-order

angular momentum, which prevents the use of a spin-only
Hamiltonian for isotropic exchange. The joint effects of the
crystal field and orbital contribution can result in an important
anisotropy of the magnetic susceptibility and exchange inter-
actions. The crystal field splitting is usually of the order of
kT at room temperature, so that the thermal dependence of
the populations of the Stark levels has to be implicitly taken
into account. To date, the studies addressing these problems
in the case of 3d-4f molecular complexes are very scarce.4-8

Until recently, few compounds containing magnetically
coupled 3d-4f molecular complexes were available. Most
of them are Gd3+-Cu2+ 8-13 or Gd3+-radical organic* To whom correspondence should be addressed. E-mail: carme.diaz@
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systems.14-16 Among those with polycyanometalates and 4f
ions, several compounds with different dimensionality have
been reported: (a) three-dimensional polycyanometalates-
(III) (Fe, Co, Cr);17,18 (b) two-dimensional polycyanometa-
lates(III) (Cr, Fe);19,20(c) one-dimensional polycyanometalates-
(II) (Ni, Pt);21,22and (d) one-dimensional polycyanometalates-
(III) (Fe, Co, Mn).23-25 Recently, two one-dimensional
derivatives from [Cr(CN)6]3- and Gd3+, cis-[Cr(CN)4(µ-
CN)2Gd(H2O)2(DMF)4]n‚nH2O andtrans-[Cr(CN)4(µ-CN)2Gd-
(H2O)4(bpy)]n‚4nH2O‚1.5nbpy, were published by the au-
thors.26 Discrete 3d-4f molecular complexes have also been
published: (e) a trinuclear complex of formula{[Gd(DMA)3-
(H2O)4]2Fe(CN)6}‚3H2O;27 (f) dinuclear complexes of for-
mula [Ln(DMF)4(H2O)2Mn(CN)6]‚H2O (Ln ) Tb, Dy, Er),28

(g) dinuclear complexes of formula [Ln(DMF)4(H2O)nFe-
(CN)6]‚H2O (Ln ) La, Ce, Sm;n ) 4)29,30 (Ln ) Er, Yb,
Lu; n ) 3).31 Following this study of complexes with 3d-
4f ions, we tried to start with discrete complexes, because
the study of the exchange interactions, where the spin-orbit
coupling is important, may be easier in these systems than
in more extended ones.

The present work focuses on the study of the magnetic
susceptibility of 25 complexes belonging to the homologous
families [Ln(DMF)4(H2O)3(µ-CN)Fe(CN)5]‚nH2O and [Ln-
(DMF)4(H2O)3(µ-CN)Co(CN)5]‚n H2O (Ln represents all the
lanthanides(III) ions except lutetium, which is diamagnetic,
and promethium, which is radioactive; DMF) N,N′-

dimethylformamide; 1e n e 2). All these compounds are
isomorphous, and this relationship in conjunction with the
diamagnetism of the Co3+ ion allows an approach to the
nature of the coupling between the iron(III) and the lan-
thanide(III) ions. Structural characterization of [Pr(DMF)4-
(H2O)3(µ-CN)Fe(CN)5]‚H2O (1), [Tm(DMF)4(H2O)3(µ-CN)-
Fe(CN)5]‚1.25H2O (2), [Yb(DMF)4(H2O)3(µ-CN)Co(CN)5]‚
1.5H2O (3), [Ce(DMF)4(H2O)3(µ-CN)Co(CN)5] ‚H2O (4),
and [Sm(DMF)4(H2O)3(µ-CN)Co(CN)5]‚2H2O (5) complexes
is reported.

Experimental Section

Materials. All starting materials were purchased from Aldrich
and were used without further purification.

Syntheses.For the investigation reported here, we prepared two
series of dinuclear Ln3+-Fe3+and Ln3+-Co3+ complexes, where
Ln represents any ion of the 4f family, except promethium which
is radioactive and lutetium which is diamagnetic.

[Ln(DMF) 4(H2O)3(µ-CN)Fe(CN)5]‚nH2O (1 g n g 1.5). The
Ln3+-Fe3+ complexes were obtained by adding a solution of Ln-
(NO3)3‚nH2O (n ) 5, 6) (0.78 mmol) inN,N′-dimethylformamide
(DMF) (25 mL) to an equimolar solution of K3[Fe(CN)6] in water
(25 mL). The solutions were left undisturbed, and well-formed
orange crystals were obtained, for all of them, after several days
(yield ca. 70%).

[Ln(DMF) 4(H2O)3(µ-CN)Co(CN)5]‚nH2O (1 g n g 2). The
Ln3+-Co3+ complexes were obtained by the same procedure using
K3[Co(CN)6] instead of K3[Fe(CN)6]. Well-formed colorless or
light-colored crystals (depending on the lanthanide ion) were
obtained, for all of them, after several days (yield ca. 70%).

Elemental analyses (C, N, H) were consistent with the formula-
tion. Their IR spectra show a group of narrow and strong bands
between 2100 and 2200 cm-1. These bands correspond to the
stretching frequencyν(CN), and the fact that there is more than
one band indicates that the CN- ligand has more than a single
coordination mode: one mode is a bridge, and one is a terminal
ligand. There is another group of overlapped strong bands between
1600 and 1700 cm-1, corresponding to the stretching frequency
ν(CO) and confirming the presence ofN,N′-dimethylformamide
molecules.

Studies of their reactivity showed the following: (a) slow
evaporation of aqueous solutions of these heterodinuclear complexes
results in the isolation of three-dimensional (3D) complexes of
formula LnFe(CN)6‚nH2O and LnCo(CN)6‚nH2O, previously de-
scribed by Huliger et al.17-18 (b) Their reaction in aqueous solution
with 2,2′-bipyridine results in the isolation of one-dimensional (1D)
complexes of formulatrans-[M(CN)4(µ-CN)2Ln(H2O)4(bpy)]n‚
4nH2O‚1.5nbpy (M ) Co3+, Fe3+; Ln ) lathanide(III) ions; bpy
) 2,2′-bipyridine) analogous to that already reported by us, with
M ) Cr3+ and Ln) Gd3+.26

X-ray Structure Determination. Crystal data and details on the
data collection and refinement are summarized in Table 1. Suitable
crystals of [Pr3+-Fe3+] (1) (irregular, yellow, dimensions 0.35×
0.20 × 0.10 mm3), [Tm3+-Fe3+] (2) (block, yellow, dimensions
0.50 × 0.50 × 0.30 mm3), [Yb3+-Co3+] (3) (block, colorless,
dimensions 0.50× 0.45 × 0.35 mm3), [Ce3+-Co3+] (4) (block,
colorless, dimensions 0.60× 0.50× 0.40 mm3), and [Sm3+-Co3+]
(5) (block, colorless, dimensions 0.37× 0.26× 0.20 mm3) were
used for the structure determination. X-ray data were collected using
a Bruker SMART CCD area detector single-crystal diffractometer
with graphite monochromatized Mo KR radiation (λ ) 0.71073
Å) by the æ-ω scan method at 173(2) K. A total of 1271 frames
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of intensity data were collected for each compound. The first 50
frames were recollected at the end of data collection to monitor
for decay. In each case, the crystals used for the diffraction studies
showed no decomposition during data collection. The integration
process yielded a total of 16540 reflections for1, 19939 for2, 19416
for 3, 20583 for4, and 20841 for5, of which 7514 [R(int) )
0.0435], 7432 [R(int) ) 0.0201], 7317 [R(int) ) 0.0414], 7533
[R(int) ) 0.0372], and 7499 [R(int) ) 0.0325], respectively, were
independent. Absorption corrections were applied using the SAD-
ABS32 program (maximum and minimum transmission coefficients,
1.000 and 0.436 for1; 1.000 and 0.701 for2; 1.000 and 0.503 for
3; 1.000 and 0.494 for4; 0.6327 and 0.4558 for5). The structures
were solved using the Bruker SHELXTL-PC33 software by direct
methods and refined by full-matrix least-squares methods onF2.
Hydrogen atoms were included in calculated positions and refined
in the riding mode, except for those of water molecules that were
located on residual density maps but then fixed their positions and
refined in the riding mode. For1, convergence was reached at a
final R1 ) 0.0313 [for I > 2σ(I)], wR2 ) 0.0710 [for all data],
359 parameters, with allowance for the thermal anisotropy for all
non-hydrogen atoms. The weighting scheme employed wasw )
[σ2(Fo)2 + (0.0183P)2] andP ) (|Fo|2+2|Fc|2)/3, and the goodness
of fit on F2 was 0.953 for all observed reflections. For2,
convergence was reached at a final R1) 0.0262 [forI > 2σ(I)],
wR2 ) 0.0585 [for all data], 352 parameters, with allowance for
the thermal anisotropy for all non-hydrogen atoms. The weighting
scheme employed wasw ) [σ2(Fo)2 + (0.0159P)2 + 5.1914P] and
P ) (|Fo|2+2|Fc|2)/3, and the goodness of fit onF2 was 1.199 for
all observed reflections. For3, convergence was reached at a final
R1 ) 0.0388 [for I > 2σ(I)], wR2 ) 0.0951 [for all data], 360
parameters, with allowance for the thermal anisotropy for all non-
hydrogen atoms. The weighting scheme employed wasw ) [σ2(Fo)2

+ (0.0332P)2 + 9.1711P] and P ) (|Fo|2+2|Fc|2)/3, and the
goodness of fit onF2 was 1.144 for all observed reflections. For4,
convergence was reached at a final R1) 0.0322 [forI > 2σ(I)],
wR2 ) 0.0846 [for all data], 351 parameters, with allowance for
the thermal anisotropy for all non-hydrogen atoms. The weighting
scheme employed wasw ) [σ2(Fo

2 + (0.0533P)2 + 0.5369P] and

P ) (|Fo|2+2|Fo|2)/3, and the goodness of fit onF2 was 1.001 for
all observed reflections. For5, convergence was reached at a final
R1 ) 0.0317 [for I > 2σ(I)], wR2 ) 0.0976 [for all data], 382
parameters, with allowance for the thermal anisotropy for all non-
hydrogen atoms. The weighting scheme employed wasw )
[σ2(F0

2) + (0.0533P)2 + 5.3848P] and P ) (|F0|2+2|Fc|2)/3, and
the goodness of fit onF2 was 1.110 for all observed reflections.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications CCDC-
175800 (1), CCDC-175801 (2), CCDC-175802 (3), CCDC-175803
(4), and CCDC-178105 (5). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, U.K. (Fax: (+44)1223-336-033. E-mail: deposit@
ccdc.cam.ac.uk.)

Physical Measurements.Magnetic data were collected on a
powdered sample, for all the compounds, with a superconducting
quantum interference device (SQUID) magnetometer.

Susceptibility measurements were made in a field of 1000 G,
and magnetization measurements were made at 2 K. All data were
corrected for diamagnetism estimated from Pascal’s constants.
Polycrystalline powder EPR spectra were recorded at X-band
frequency (9.23 GHz) on a Varian ESR9 spectrometer equipped
with a continuous flow4He cryostat.1H NMR spectra at 250 MHz,
in D2O solution, were recorded on a Bruker DRX 250 spectrometer.
The solid state13C cross polarization-MAS NMR spectra were
recorded on a Varian 300 spectrometer, at a measurement frequency
of 75.432 MHz and a rotation frequency of 4000 Hz. Chemical
shifts (in ppm) were measured relative to hexamethylbenzene
(external reference).

Results and Discussion

Description of the Structures of [Pr(DMF)4(H2O)3(µ-
CN)Fe(CN)5]‚H2O (1), [Tm(DMF) 4(H2O)3(µ-CN)Fe(CN)5]‚
1.25H2O (2), [Yb(DMF) 4(H2O)3(µ-CN)Co(CN)5] ‚1.5H2O
(3), [Ce(DMF)4(H2O)3(µ-CN)Co(CN)5]‚H2O (4), and [Sm-
(DMF)4(H2O)3(µ-CN)Co(CN)5]‚2H2O (5). The structure of
these complexes was determined by X-ray crystallography.
In all five cases, the crystal system is monoclinic with space
groupP21/c or P21/n, and the unit cell contains four discrete
heterodinuclear molecules (Table 1). A view of [Ce3+-Co3+]
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Table 1. Crystal Parameters for1-5

[Pr3+-Fe3+] (1) [Tm3+-Fe3+] (2) [Yb3+-Co3+] (3) [Ce3+-Co3+] (4) [Sm3+-Co3+] (5)

empirical formula C18H36FeN10O8Pr C18H36.5FeN10O8.25Tm C18H37CoN10O8.5Yb C18H36CeCoN10O8 C18H38CoN10O9Sm
formula mass 717.33 749.85 761.55 719.62 747.86
space group P21/n P21/c P21/c P21/n P21/n
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic
Z 4 4 4 4 4
a, Å 17.532(1) 13.888(1) 13.836(1) 17.385(1) 17.437(1)
b, Å 8.881(1) 8.842(1) 8.812(1) 8.880(1) 8.841(1)
c, Å 19.834(1) 24.747(1) 24.588(1) 19.893(1) 19.812(2)
â, deg 95.795(1) 96.695(1) 96.811(1) 95.957(1) 96.031(1)
V, Å3 3072.9(1) 3018.3(1) 2976.5(1) 3054.51(1) 3037.3(4)
F(calcd), g/cm3 1.551 1.650 1.699 1.565 1.635
µcalcd, mm-1 2.093 3.457 3.738 2.068 2.519
radiation (Mo KR), Å 0.71073 0.71073 0.71073 0.71073 0.71073
T, K 173(2) 173(2) 173(2) 173(2) 173(2)
θ range for data collection 1.5-28.3 1.5-28.3 1.5-28.3 1.5-28.3 1.48-28.30
final R indicesa R1 ) 0.0313 R1) 0.0262 R1) 0.0388 R1) 0.0322 R1) 0.0317
[I >2σ(I)] wR2 ) 0.0655 wR2) 0.0575 wR2) 0.0932 wR2) 0.0820 wR2) 0.0892
final R indices R1) 0.0477 R1) 0.0293 R1) 0.0432 R1) 0.0368 R1) 0.0441
[for all data] wR2) 0.0710 wR2) 0.0585 wR2) 0.0951 wR2) 0.0846 wR2)0.0976

a R1 ) ∑||Fo| - |Fc||/∑|Fo| and wR2) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2.
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complex (4) is represented in Figure 1. Selected bond
distances and angles are given in Table 2 for the five
compounds. The structure consists of a cyano-bridged array
of M(CN)6 and Ln(DMF)4(H2O)3 fragments forming hetero-
bimetallic molecular entities linked by a CN--bridged ligand.
The Ln3+ atom is eight-coordinated with a distorted dodeca-
hedral geometry. Seven oxygen atoms surround the Ln3+

ion: three of water and four of DMF molecules. The nitrogen
atom of the bridging CN- ligand occupies the eighth
coordination position. The distances Ln-O range from 2.50
to 2.31 Å. The lowest values correspond to Tm and Yb in
accordance with the variation of the atomic radium of the
lanthanide ions. The longest Ln-ligand distance corresponds
to the nitrogen atom of the CN- bridge. Six cyanide ligands
surround the M3+ (Co, Fe) ion in a distorted octahedral
environment. The M-C distances range from 1.95 to 1.88
Å, and the lowest corresponds to the [Co(CN)6]3-. The
intramolecular distances between the two metals through the
CN- bridge were Pr‚‚‚Fe ) 5.580 Å, Tm‚‚‚Fe ) 5.411 Å,
Yb‚‚‚Co ) 5.352 Å, Ce‚‚‚Co ) 5.539 Å, and Sm‚‚‚Co )
5.499 Å.

The neutral dinuclear units are linked by hydrogen bonds
in a three-dimensional network. As an example, a projection
of the packing for the [Pr3+-Fe3+] complex (1) in the yz
andxyplanes is shown in Figures 2 and 3, respectively. The

3D network shows an alternation of [M-Ln] dinuclear
entities linked by hydrogen bonds between the five terminal
CN- groups of the M(CN)6 fragment, the three oxygen atoms
of the H2O ligand of the Ln(DMF)4(H2O)3 fragment, and
the water molecules of crystallization. Hydrogen bond
distances and angles are shown for compounds1-5 (Sup-
porting Information, Table S1).

Isostructural Analysis. The X-ray powder diffractograms
have been recorded for all compounds at room temperature
in order to confirm their isostructurality along both series
and also between them. Two structures determined by single-
crystal X-ray diffraction have been used as structural models
for each series: structures [Pr3+-Fe3+] (1) and [Tm3+-Fe3+]-
(2) for the Ln3+-Fe3+ family and structures [Yb3+-Co3+]
(3) and [Ce3+-Co3+] (4) for the Ln3+-Co3+ family. The
diffractograms have been fitted by the Rietveld method34

using the FULLPROF program.35 After the conversion
between the observed and the calculated diffractograms, we
were able to confirm their isostructurality. The decrease in
the cell parameters from La to Yb compounds is in complete
agreement with the already well-established radii contraction
of lanthanide ions from the beginning to the end of the rare

(34) Rietveld, M. H.J. Appl. Crystallogr.1969, 2, 65.
(35) Rodriguez-Carvajal, J.Abstracts of the Satellite Meeting on Power

Diffraction of the XV Congres of the IUCr Toulouse, France; 1990,
127.

Figure 1. Molecular plot for [Ce3+-Co3+] (4) (ellipsoids drawn at 50%
probability level).

Table 2. Selected Bonds Lengths (Å) and Angles (deg) for1-5

1 2 3 4 5

Ln(1)-O(1) 2.466(2) 2.327(2) 2.325(3) 2.501(2) 2.440(3)
Ln(1)-O(2) 2.480(2) 2.337(2) 2.345(3) 2.500(2) 2.442(3)
Ln(1)-O(3) 2.480(2) 2.359(2) 2.316(3) 2.489(2) 2.426(3)
Ln(1)-O(5) 2.413(2) 2.350(2) 2.311(3) 2.444(2) 2.390(3)
Ln(1)-O(6) 2.454(2) 2.336(2) 2.312(3) 2.468(2) 2.416(3)
Ln(1)-O(7) 2.448(2) 2.318(2) 2.344(3) 2.435(2) 2.425(3)
Ln(1)-O(8) 2.428(2) 2.322(2) 2.324(3) 2.468(2) 2.385(3)
Ln(1)-N(1) 2.558(3) 2.394(2) 2.384(4) 2.579(2) 2.513(3)
M(1)-C(1) 1.937(3) 1.933(3) 1.886(4) 1.891(3) 1.899(4)
M(1)-C(2) 1.929(3) 1.938(3) 1.892(5) 1.889(3) 1.899(4)
M(1)-C(3) 1.932(3) 1.942(3) 1.899(4) 1.893(3) 1.900(4)
M(1)-C(4) 1.931(3) 1.951(3) 1.905(5) 1.896(3) 1.900(4)
M(1)-C(5) 1.939(3) 1.938(3) 1.895(4) 1.896(2) 1.893(4)
M(1)-C(6) 1.940(3) 1.938(3) 1.894(4) 1.894(2) 1.895(4)
C(1)-N(1) 1.149(4) 1.150(4) 1.146(6) 1.141(3) 1.152(5)
Ln(1)-N(1)-C(1) 164.2(3) 163.9(2) 164.2(4) 163.0(2) 163.5(5)
M(1)-C(1)-N(1) 176.8(3) 176.3(3) 176.1(4) 177.4(2) 177.9(6)

Figure 2. Projection of [Pr3+-Fe3+] (1) in theyzplane of the H-bonded
3D network.
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earth series. As an example, the decrease in the cell parameter
c is shown in Supporting Information, Figure S2.

NMR Studies.NMR studies were carried out on the new
Ln3+-Co3+ family to complete their characterization. Only
signals due to freeN,N′-dimethylformamide were found
when the proton NMR spectra of solutions of the Ln3+-
Co3+ compounds were recorded in D2O solutions. This result
shows the compounds’ great lability in aqueous solution. It
should be noted that no signals due to the coordinated ligand
were found, even when some drops of deuteratedN,N′-
dimethylformamide were added to the solution. Because of
the lability of this complex in solution, the13C CP-MAS
NMR spectra were carried out in the solid state. The

spectrum of the diamagnetic [La3+-Co3+] complex shows
two signals corresponding to NMe2 carbons atδ ) 36.2,
41.9, because of the different disposition of these groups in
relation to the CO fragment. The crystal structure of the
complexes [Yb3+-Co3+] (3), [Ce3+-Co3+] (4), and [Sm3+-
Co3+] (5) shows that one methyl group is in asynposition
in relation to the CO group and the other methyl group is in
an anti position. A signal at 169.2 ppm due to the HCO
carbon is also observed. The13C NMR spectra of the
paramagnetic complexes, in the solid state, show two signals
corresponding to NMe2 carbons atδ ) 30.0, 40.1; and 36.9,
44.3 for the [Ce3+-Co3+] and [Sm3+-Co3+] complexes,
respectively. A broad signal atδ ) 41.5, 40.0, and 39.3 was
observed for the [Pr3+-Co3+], [Nd3+-Co3+], and [Eu3+-

Figure 3. Projection of [Pr3+-Fe3+] (1) in the xy plane of the H-bonded 3D network.

Figure 4. Top: thermal dependence at 0.1 T oføM
ErFeT, øM

ErCoT, øM
LaFeT,

and ∆øMT ) øM
ErFeT - øM

ErCoT. Bottom: magnetization vsH of MErFe,
MErCo at 2 K, and sum) MErCo + MLaFe.

Figure 5. Top: thermal dependence at 0.1 T oføM
SmFeT, øM

SmCoT, øM
LaFeT,

and∆øMT ) øM
SmFeT - øM

SmCoT. Bottom: magnetization vsH of MSmFe,
MSmCo, MLaFe at 2 K, and sum) MSmCo + MLaFe.
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Co3+] compounds, respectively. A broad signal, due to the
HsCdO carbon, is also observed atδ values between 190
and 130 ppm, in the NMR spectra of [Ce3+-Co3+], [Pr3+-
Co3+], and [Nd3+-Co3+] compounds. No signals were
observed for the complexes of the heavy elements of the
lanthanide-cobalt family: Gd, Tb, Dy, Ho, Er, Tm. Only
the spectrum of the [Yb3+-Co3+] complex presents three
broad signals at 186.0, 115.5, and 30.2 ppm. The difference
between the first and the second half of the lanthanide-
cobalt family in their13C NMR spectra should be noted.
Signals due to NMe2 carbons can be observed in all the
complexes of the first half of the family, but in contrast, the
only complex of the heavy lanthanides of the series that
shows signals in its NMR spectrum is the [Yb3+-Co3+]
complex. The lanthanides have frequently been reported to
behave as two distinct groups with a break between the
lighter elements and the heavier elements. The origin of this
break is not well-understood, but structural changes, varia-
tions in the hyperfine coupling constants, and changes in
nonaxial pseudo-contact-shift contributions along the lan-
thanide series have been suggested as possible explana-
tions.36,37 As an example, the13C NMR spectra of [Yb3+-

Co3+], [Pr3+-Co3+], and [Sm3+-Co3+] are shown in
Supporting Information, Figure S3.

Magnetic Study. Informative magnetic measurements
were performed for the 25 lanthanide-iron and lanthanide-
cobalt complexes. In these complexes, the lanthanide (with
the exception of Gd3+) and iron ions possess a first-order
angular momentum, which prevents the use of a spin-only
Hamiltonian for isotropic exchange. This is the reason we
investigated the possibility of a more empirical approach.
The approach used in obtaining new insights on the nature
of the Ln3+-Fe3+

LS metal ion interaction consists of compar-
ing the magnetic susceptibility data of isostructural Ln3+-
Fe3+

LS and Ln3+-Co3+ compounds together with the mag-
netic properties of the [La3+-Fe3+] in order to take into
account the anisotropy of the Fe3+ ion. The Co3+ ion and
the La3+ ion are obviously diamagnetic, and the deviation
of the magnetic susceptibility of these compounds with
respect to the Curie law is due entirely to the thermal
population of the Ln3+ Stark components and the anisotropy
of Fe3+

LS, respectively. Accordingly, an increase of the∆øMT
) øM

LnFeT - øM
LnCoT when the temperature is lowered is

indicative of a ferromagnetic Ln3+-Fe3+
LS interaction, a

decrease being indicative of an antiferromagnetic interaction.
Furthermore, in several cases, we compare our results by
applying the same method in magnetization measurements

(36) Peters, J. A.J. Magn. Reson.1986, 68, 240.
(37) Bertini, I.; Luchinat, C.Coord. Chem. ReV. 1996, 150, 1.

Figure 6. Top: thermal dependence at 0.1 T oføM
DyFeT, øM

DyCoT, øM
LaFeT,

and∆øMT ) øM
DyFeT - øM

DyCoT. Bottom: magnetization vsH of MDyFe,
MDyCo at 2 K, and sum) MDyCo + MLaFe.

Figure 7. Top: thermal dependence at 0.1 T oføM
GdFeT, øM

GdCoT. The
solid line represents the best fitting (see text for the fitted parameters).
Bottom: magnetization vsH of MGdFe, MGdCo at 2 K, and sum) MGdCo +
MLaFe.
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of the same compounds. More explicitly, the experimental
magnetization of every Ln3+-Fe3+

LS compound is compared
with the sum of the Ln3+-Co3+

LS and [La3+-Fe3+
LS]

magnetization curves, that is, the uncorrelated spin systems.
Three types of behavior are observed in the lanthanide-

iron family: negligible, antiferromagnetic, and ferromagnetic
interaction. This division takes into account only the in-
tramolecular interactions. In some cases, at very low tem-
perature, intermolecular interactions take place through
hydrogen bonds.

(a) Negligible Interaction: [Ln(DMF) 4(H2O)3(µ-CN)-
Fe(CN)5]‚nH2O (Ln3+ ) Pr, Eu, Er, Sm, Yb). For the case
of [Er3+-Fe3+] (Figure 4), ∆øMT is superimposable with
øM

LaFeT, indicating that there is negligible interaction between
the spin carriers. The experimental magnetization of [Er3+-
Fe3+] at 2 K (Figure 4) is also superimposable with the
uncorrelated spin system. This negligible interaction seems
to be for [Eu3+-Fe3+] (Eu3+ has a nonmagnetic ground state,
7F0), [Pr3+-Fe3+] (in which case the ground term3H4 of Pr3+

gives rise to a singlet ground Stark level, as it is a non-
Kramer ion), [Yb3+-Fe3+] (Supporting Information, Figures
S4-S6, respectively), and [Sm3+-Fe3+]. For the [Sm3+-
Fe3+] complex, from room temperature (rt) to 7 K the∆øMT
and øM

LaFeT curves are quasiparallel (Figure 5). At low
temperatures (from 7 to 2 K), important interdimer interac-

tions take place because of the strong hydrogen bonding
leading to an abrupt rise in∆øMT. Furthermore, the experi-
mental magnetization of [Sm3+-Fe3+] at 2 K (Figure 5) is
higher than that of the uncorrelated spin system. Possibly,
the mentioned interaction due to hydrogen bonds is ferro-
magnetic.

(b) Antiferromagnetic Interaction: [Ln(DMF) 4(H2O)3-
(µ-CN)Fe(CN)5]‚nH2O (Ln3+ ) Ce, Nd, Gd, Dy).For the
case of [Dy3+-Fe3+], the temperature dependence oføM

DyFeT,
øM

DyCoT, and∆øMT is shown in Figure 6. To understand the
importance of the anisotropy of Fe3+

LS, the susceptibility data
of [La3+-Fe3+], øM

LaFeT, is also shown in the same figure.
From approximately 100 K,∆øMT decreases with regard to
the øM

LaFeT curve. This profile of the∆øMT curve clearly
shows that weak antiferromagnetic interactions take place.
Furthermore, the experimental magnetization of [Dy3+-Fe3+]
at 2 K (Figure 6) is lower than that of the uncorrelated spin
system, corroborating the antiferromagnetic coupling. For
the [Gd3+-Fe3+] complex, the temperature dependence of
øM

GdFeT and øM
GdCoT is shown in Figure 7. The isotropic

nature of Gd3+ helps to directly investigate theøM
GdFeT curve

where it is clear that the interaction is antiferromagnetic. The
value oføM

GdFeT at room temperature is 8.5 emu mol-1 K
(close to the value expected for two uncorrelated spinsS)
7/2 andS) 1/2; the room temperature value oføM

LaFeT is 0.7

Figure 8. Top: thermal dependence at 0.1 T oføM
TbFeT, øM

TbCoT, øM
LaFeT,

and∆øMT ) øM
TbFeT - øM

TbCoT. Bottom: magnetization vsH of MTbFe,
MTbCo at 2 K, and sum) MTbCo + MLaFe.

Figure 9. Top: thermal dependence at 0.1 T oføM
HoFeT, øM

HoCoT, øM
LaFeT,

and∆øMT ) øM
HoFeT - øM

HoCoT. Bottom: magnetization vsH of MHoFe,
MHoCo at 2 K, and sum) MHoCo + MLaFe.
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emu mol-1 K). But at the minimum, this value is 8.0 emu
mol-1 K, later increasing to the value of 8.7 emu mol-1 K
at 2 K. This feature may be due to ferromagnetic interdimer
interactions, due to hydrogen bonds. The experimental
magnetization of [Gd3+-Fe3+] (Figure 7) is lower than that
of the uncorrelated spin system. Therefore, we propose that
the antiferromagnetic intradimer interaction is in this case
the dominant interaction at 2 K. To investigate the exchange
interaction of the system, the following Hamiltonian formal-
ism was used to fit the susceptibility data in the temperature
range 10-300 K and thus avoid interdimer interactions:

Theg values of the Fe3+ were taken from EPR measure-
ments of the [La3+-Fe3+] complex (Supporting Information,
Figure S7) and aregxy ) 2.0, gz ) 2.47 (at 2 K), while the
g value of Gd3+ was kept fixed atg ) 2.0. The fitting result
is shown in the same figure as a solid line; the value of the
exchange interaction isJ ) 0.5 cm-1, showing that a small
antiferromagnetic interaction exists between the ions. For
the case of [Ce3+-Fe3+], the øM

LaFeT being almost super-
imposable to the∆øMT to 25 K, after which temperature
∆øMT decreases to the value of 0.02 cm3 mol-1 K. The
profile of the∆øMT curve clearly shows that weak antifer-
romagnetic interaction takes place (Supporting Information,
Figure S8). Finally, in the case of [Nd3+-Fe3+], a very small
antiferromagnetic coupling is observed through susceptibility
and magnetization measurements (Supporting Information,
Figure S9).

(c) Ferromagnetic Interaction: [Ln(DMF) 4(H2O)3(µ-
CN)Fe(CN)5]‚nH2O (Ln3+ ) Tb, Ho, Tm). The case of

[Tb3+-Fe3+] is investigated in Figure 8. While∆øMT is
almost superimposable toøM

LaFeT until 50 K, it rapidly
increases below that temperature and leads to a ferromagnetic
[Tb3+-Fe3+] interaction. Magnetization measurements (Fig-
ure 8) also prove the above argument because the experi-
mental magnetization of [Tb3+-Fe3+] is higher than that of
the uncorrelated spin system. The case of [Tm3+-Fe3+] is
the same (Supporting Information, Figure S10). The magnetic
behavior of [Ho3+-Fe3+] is different and is shown in Figure
9. ∆øMT is higher thatøM

LaFeT and increases inversely with
the temperature until 25 K. This reflects a possible ferro-
magnetic character of the [Ho3+-Fe3+] interaction, where
an abrupt decrease occurs, leading to a value near zero at 2
K (possibly due to interdimer antiferromagnetic interactions).
These interdimer interactions are reflected in the magnetiza-
tion data (Figure 9) where, at 2 K, the experimental [Ho3+-
Fe3+] curve is lower than that of the uncorrelated spin system.

The uncertainty for all measurements could be important
in this kind of small coupling. To avoid any misinterpretation,
theøMT values in the low temperature zone (150-2 K) with
their uncertainties in the plot, via error bars, are given in
Figure 10, showing that the errors in the measurements do
not affect the sign of the coupling.

Discussion

According to this study, the Ln3+-Fe3+ interaction is
antiferromagnetic for the cases of Ln3+ ) Ce, Nd, Gd, and
Dy but ferromagnetic for the cases of Ln3+ ) Tb, Tm, and
Ho. The cases of Ln) Pr, Eu, Er, Sm, and Yb have
negligible interaction with the Fe3+ ion. Costes et al.8 has
introduced a new approach which gives information on the
type of interaction (ferro- or antiferromagnetic). This empiri-

Figure 10. Top (antiferromagnetic coupling): thermal dependence (150-2 K) at 0.1 T, indicating via error bars the uncertainty in the plots oføM
LaFeT (0),

∆øMT ) øM
LnFeT - øM

LnCoT (Ln ) Ce, Nd, Dy,O). Bottom (ferromagnetic coupling): thermal dependence (150-2 K) at 0.1 T, indicating via error bars
the uncertainty in the plots oføM

LaFeT (0), ∆øMT ) øM
LnFeT - øM

LnCoT (Ln ) Tb, Ho, Tm,O).

H ) JS1S2 + ∑
i ) 1-2

HâgiSi (1)
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cal approach is based on a comparison of the magnetic
properties of homologous [LCu(Me2CO)Ln(NO3)3] and [LNi-
(Me2CO)Ln(NO3)3] dinuclear complexes in which the nickel
centers are diamagnetic. This comparison is needed in order
to eliminate the crystal field contribution of Ln ions in the
pairs, and the resulting behavior was attributed to intramo-
lecular magnetic interactions. The Cu2+-Ln3+ interaction is
antiferromagnetic for Ln) Ce, Nd, Sm, Tm, and Yb, and
ferromagnetic for Ln) Gd, Tb, Dy, Ho, and Er. However,
the [Cu2+-Pr3+] and the [Cu2+-Eu3+] pairs are devoid of
any significant interaction. The same empirical approach but
with different conclusions was used by Kahn et al.2,38 in a
series of compounds with the general formula [Ln2[M(obpa)]3]‚
S. Here, S stands for solvent molecules, obpa forortho-
phenylenebis(oxamato), and M) Cu, Zn, Ni. These struc-
tures consist of infinite ladder-type motifs where the side

pieces of the ladders are made of Ln[M(obpa)] units, and
the rungs are made of [M(obpa)] units that bridge two Ln
atoms belonging to either side piece. In the first half of the
lanthanide series, all the complexes were found to be
antiferromagnetically coupled to the Cu2+. The Gd3+, Tb3+,
Tm3+, and Dy3+ complexes are ferromagnetically coupled,
while an uncertainty remains regarding all the rest. Table 3
summarizes all these compounds and includes our new
findings concerning the Ln-Fe dimers. The significant
differences between the previous results and the present work
are the cases of Gd3+ and Dy3+ which yield antiferromagnetic
interaction in contrast to the previous compounds. It may
be due to two main reasons: (a) the anisotropic character of
the Fe3+ ion and (b) the CN- bridging. Unfortunately, the
hydrogen bonds in the net can give important intermolecular
interactions which hide the Ln3+-Fe3+ intramolecular in-
teractions at low temperature. Thus, further studies are
necessary to synthesize and characterize new isolated di-
nuclear complexes to corroborate and contrast all these
results.
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Table 3. Nature of the Magnetic Interaction between Ln3+ and Fe3+

and Comparison with Other Pairs

LnFe Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb

Ni3Ln2
a PAF PAF PAF PAF PAF F F F F ? ? ?

Cu3Ln2
b PAF PAF PAF PAF PAF F F F ? ? F ?

CuLnc AF NI AF AF NI F F F F F AF AF
FeLnd AF NI AF NI NI AF F AF F NI F NI

a Ref 38. PAF) proposed antiferromagnetic interaction; F) ferromag-
netic interaction; AF) antiferromagnetic interaction; NI) negligible
interaction; ?) unresolved interaction.b Ref 2. c Ref 8. d This work.
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