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The reaction of Ln(NO3)s-aq with Ks[Fe(CN)g] or Ks[Co(CN)s] in N,N'-dimethylformamide (DMF) led to 25
heterodinuclear [Ln(DMF)4(H20)3(¢-CN)Fe(CN)s]-nH,0 and [Ln(DMF)4(H20)3(¢-CN)Co(CN)s]nH,O complexes (with
Ln = all the lanthanide(lll) ions, except promethium and lutetium). Five complexes (Pr3*—Fe3*), (Tm3*—Fe®), (Ce3*—
Co%), (Sm**—Co%), and (Yh**—Co®*) have been structurally characterized; they crystallize in the equivalent monoclinic
space groups P2,/c or P2;/n. Structural studies of these two families show that they are isomorphous. This relationship
in conjunction with the diamagnetism of the Co%* allows an approximation to the nature of coupling between the
iron(ll) and the lanthanide(lll) ions in the [Ln(DMF)4(H;0)s(u-CN)Fe(CN)s]-nH,0 complexes. The Ln®*—Fe®* interaction
is antiferromagnetic for Ln = Ce, Nd, Gd, and Dy and ferromagnetic for Ln = Th, Ho, and Tm. For Lnh = Pr, Eu,
Er, Sm, and Yh, there is no sign of any significant interaction. The isotropic nature of Gd** helps to evaluate the
value of the exchange interaction.

Introduction 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-

The association of 3d4f 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 _ _: A A
. . 3 L actions. The crystal field splitting is usually of the order of
in magnetic molecular media2 In general, little is known

about the nature of the exchange interactions of rare earthkT at room temperature, so that the thermal dependence of

ions either with one another o with other magnetic groups. the populations of the Stark levels has to be implicitly taken

The maior difficulties in analyzing the magnetic properties !nto account. To date, the studies addressing these problems

of the 3d-4f couples arise from the fact that the ground state in the case of 3e4f molecular complexes are very scaf*r;%.
L . . X Until recently, few compounds containing magnetically
of the Lr#* ion, with the exception of Gd, has a first-order .
coupled 3da-4f molecular complexes were available. Most
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systems#16 Among those with polycyanometalates and 4f
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dimethylformamide; ¥ n < 2). All these compounds are

ions, several compounds with different dimensionality have isomorphous, and this relationship in conjunction with the
been reported: (a) three-dimensional polycyanometalates-diamagnetism of the Go ion allows an approach to the

(1) (Fe, Co, Cr)1"18(b) two-dimensional polycyanometa-
lates(l1l) (Cr, Fe)**?°(c) one-dimensional polycyanometalates-
(11 (Ni, Pt);?%?2and (d) one-dimensional polycyanometalates-
(1 (Fe, Co, Mn)®25 Recently, two one-dimensional
derivatives from [Cr(CNj®~ and Gd*, cis[Cr(CN)a(u-
CN)Gd(HO)(DMF)4]r*nH,0 andtrans[Cr(CN)4(u-CN),Gd-
(H20)4(bpy)]n-4nH,0-1.5nbpy, were published by the au-
thors?6 Discrete 3d-4f molecular complexes have also been
published: (e) a trinuclear complex of formylgsd(DMA) s-
(H20)4)2Fe(CNY)} -:3H,0:?7 (f) dinuclear complexes of for-
mula [Ln(DMF)(H20):Mn(CN)g]-H,O (Ln = Th, Dy, Er)?8

(g) dinuclear complexes of formula [Ln(DMEH.O).Fe-
(CN)g]*H20 (Ln = La, Ce, Smn = 4)?%30(Ln = Er, Yb,
Lu; n = 3).3 Following this study of complexes with 3d

nature of the coupling between the iron(lll) and the lan-
thanide(lll) ions. Structural characterization of [Pr(DMF)
(H20)s(u-CN)Fe(CN}]-Hz0 (1), [Tm(DMF)s(H20)s(u-CN)-
Fe(CN}]-1.25H,0 (2), [Yb(DMF)4(H20)s(u-CN)Co(CN}]-
1.5H,0 (3), [Ce(DMF)(H20)3(u-CN)Co(CN)] -HO (4),
and [SM(DMF)(H,0);3(u-CN)Co(CN}]-2H,0 (5) complexes

is reported.

Experimental Section

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

SynthesesFor the investigation reported here, we prepared two
series of dinuclear Lif—Fe*Tand Lri#*—Co* complexes, where
Ln represents any ion of the 4f family, except promethium which

4f ions, we tried to start with discrete complexes, because 'S radioactive and lutetium which is diamagnetic.

the study of the exchange interactions, where the-spihit

coupling is important, may be easier in these systems than

in more extended ones.

[Ln(DMF) 4(H2O)3(#-CN)Fe(CN)]-nH,O (1 = n = 1.5). The
Ln3t—Fe*" complexes were obtained by adding a solution of Ln-
(NO3)3*nH0O (n = 5, 6) (0.78 mmol) inN,N-dimethylformamide
(DMF) (25 mL) to an equimolar solution of 4Fe(CN)] in water

The present work focuses on the study of the magnetic (5 m). The solutions were left undisturbed, and well-formed
susceptibility of 25 complexes belonging to the homologous grange crystals were obtained, for all of them, after several days

families [Ln(DMF)(H20)s(u-CN)Fe(CN}]-nHO and [Ln-
(DMF)4(H20)3(u-CN)Co(CN)]-n H,O (Ln represents all the
lanthanides(lIl) ions except lutetium, which is diamagnetic,
and promethium, which is radioactive; DME N,N-
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(yield ca. 70%).

[Ln(DMF) 4(H20)3(#-CN)Co(CN)s]*nH,0 (1 = n = 2). The
Ln3*—Co*" complexes were obtained by the same procedure using
K3[Co(CN)] instead of k[Fe(CN)]. 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 cfa These bands correspond to the
stretching frequency(CN), and the fact that there is more than
one band indicates that the CNigand 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 cni, corresponding to the stretching frequency
(CO) and confirming the presence BfN'-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(CNj-nH,O and LnCo(CNy-nH,0O, previously de-
scribed by Huliger et &7~18 (b) Their reaction in aqueous solution
with 2,2-bipyridine results in the isolation of one-dimensional (1D)
complexes of formulatrans[M(CN)4(u-CN),Ln(H20)4(bpy)]
4nH,0-1.5nbpy (M = Co**, Fe'; Ln = lathanide(lll) ions; bpy
= 2,2-bipyridine) analogous to that already reported by us, with
M = Cr** and Ln= GdP**.26

X-ray Structure Determination. Crystal data and details on the
data collection and refinement are summarized in Table 1. Suitable
crystals of [P¥"—Fe*] (1) (irregular, yellow, dimensions 0.3%

0.20 x 0.10 mn3), [Tm3*—Fe**] (2) (block, yellow, dimensions
0.50 x 0.50 x 0.30 mnd), [Yb3*—Cc*"] (3) (block, colorless,
dimensions 0.50< 0.45 x 0.35 mn3), [Ce3*—Co®"] (4) (block,
colorless, dimensions 0.600.50 x 0.40 mn?), and [SMi™—Cac*']

(5) (block, colorless, dimensions 0.37 0.26 x 0.20 mn3) were
used for the structure determination. X-ray data were collected using
a Bruker SMART CCD area detector single-crystal diffractometer
with graphite monochromatized ModKradiation ¢ = 0.71073

A) by the g—w scan method at 173(2) K. A total of 1271 frames



Heterodinuclear Lri#*—Fe3t and Ln3"—Co*" Complexes

Table 1. Crystal Parameters fdr—5

[PrT—Fe¥] (1)

[Tm3T—Fet] (2)

[Yb3*—Cc*] (3)

[Ce*—Cc*] (4)

[SMP*—C&*] (5)

empirical formula GgHseFeNmOsPI' C13H36,5F6N1008,25Tm C18H37CON1003,5Yb Cj_gngCECONoOs C18H38CON10095I’T’I
formula mass 717.33 749.85 761.55 719.62 747.86
space group P2:/n P2i/c P2;/c P21/n P2i/n

cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic
z 4 4 4 4 4

a A 17.532(1) 13.888(1) 13.836(1) 17.385(1) 17.437(1)
b, A 8.881(1) 8.842(1) 8.812(1) 8.880(1) 8.841(1)

c, A 19.834(1) 24.747(1) 24.588(1) 19.893(1) 19.812(2)
B, deg 95.795(1) 96.695(1) 96.811(1) 95.957(1) 96.031(1)
Vv, A3 3072.9(1) 3018.3(1) 2976.5(1) 3054.51(1) 3037.3(4)
p(calcd), g/cm 1.551 1.650 1.699 1.565 1.635

Ucalcs MMTL 2.093 3.457 3.738 2.068 2.519
radiation (Mo Ka), A 0.71073 0.71073 0.71073 0.71073 0.71073

T, K 173(2) 173(2) 173(2) 173(2) 173(2)

6 range for data collection 1-28.3 1.5-28.3 1.5-28.3 1.5-28.3 1.48-28.30
final Rindices R1=0.0313 R1= 0.0262 R1=0.0388 R1= 0.0322 R1=0.0317
[I >20(1)] wR2 = 0.0655 wR2=0.0575 wR2=0.0932 wR2=0.0820 wR2=0.0892
final Rindices 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

aR1= 3||Fol — IFdl/ZIFol and WR2= {F[W(Fo* — FA)?/ 3 [W(Fo?)7} V2

of intensity data were collected for each compound. The first 50 P = (|F|%+2|F,|9)/3, and the goodness of fit df? was 1.001 for
frames were recollected at the end of data collection to monitor all observed reflections. Fé&; convergence was reached at a final
for decay. In each case, the crystals used for the diffraction studiesR1 = 0.0317 [for] > 20(1)], wR2 = 0.0976 [for all data], 382
showed no decomposition during data collection. The integration parameters, with allowance for the thermal anisotropy for all non-
process yielded a total of 16540 reflections o 9939 for2, 19416 hydrogen atoms. The weighting scheme employed was

for 3, 20583 for4, and 20841 for5, of which 7514 R(int) = [03(Fo?) + (0.0533)2 + 5.3848] and P = (|Fo|?+2|F¢?)/3, and
0.0435], 7432 R(int) = 0.0201], 7317 R(int) = 0.0414], 7533 the goodness of fit off2 was 1.110 for all observed reflections.
[R(int) = 0.0372], and 7499H(int) = 0.0325], respectively, were  Crystallographic data (excluding structure factors) for the structures
independent. Absorption corrections were applied using the SAD- reported in this paper have been deposited with the Cambridge
ABS®2 program (maximum and minimum transmission coefficients, Crystallographic Data Centre as supplementary publications CCDC-
1.000 and 0.436 fot; 1.000 and 0.701 fo2; 1.000 and 0.503 for 175800 (), CCDC-175801%), CCDC-1758023), CCDC-175803

3; 1.000 and 0.494 fo#; 0.6327 and 0.4558 fds). The structures (4), and CCDC-1781055). Copies of the data can be obtained
were solved using the Bruker SHELXTL-PGsoftware by direct free of charge on application to CCDC, 12 Union Road, Cambridge
methods and refined by full-matrix least-squares methods%n CB2 1EZ, U.K. (Fax: 44)1223-336-033. E-mail: deposit@
Hydrogen atoms were included in calculated positions and refined ccdc.cam.ac.uk.)

in the riding mode, except for those of water molecules that were  physical Measurements.Magnetic data were collected on a
located on residual density maps but then fixed their positions and powdered sample, for all the compounds, with a superconducting
refined in the riding mode. Fat, convergence was reached at a quantum interference device (SQUID) magnetometer.

final R1 = 0.0313 [forl > 20(1)], wR2 = 0.0710 [for all data], Susceptibility measurements were made in a field of 1000 G,
359 parameters, with allowance for the thermal anisotropy for all 504 magnetization measurements were made at 2 K. All data were
non-hydrogen atoms. The weighting scheme employedwas corrected for diamagnetism estimated from Pascal’s constants.
[0%(Fo)? + (0.018%)7] andP = (|Fol*+2|F[?)/3, and the goodness  pgycrystalline powder EPR spectra were recorded at X-band
of fit on F2 was 0.953 for aII_ observed reflections. Fér frequency (9.23 GHz) on a Varian ESR9 spectrometer equipped
convergence was reached at a final R1D.0262 [forl > 20(1)], with a continuous flowtHe cryostatH NMR spectra at 250 MHz,
wWR2 = 0.0585 [for all data], 352 parameters, with allowance for i, b, solution, were recorded on a Bruker DRX 250 spectrometer.
the thermal anisotropy for all non-hydrogen atoms. The weighting The solid statel®C cross polarization-MAS NMR spectra were
scheme employed wag= [0*(Fo)? + (0.015%)? + 5.1914°] and recorded on a Varian 300 spectrometer, at a measurement frequency
P = (IFo*+2|F?)/3, and the goodness of fit dff was 1.199 for 4 75 43> MHz and a rotation frequency of 4000 Hz. Chemical

all observed reflections. F@ convergence was reached at a final  gpitg (in ppm) were measured relative to hexamethylbenzene
R1 = 0.0388 [forl > 20(1)], wR2 = 0.0951 [for all data], 360 (external reference).

parameters, with allowance for the thermal anisotropy for all non-
hydrogen atoms. The weighting scheme employedwaq 0%(F,)?

+ (0.0332P)2 + 9.171P)] and P = (|Fo|%+2|F¢3/3, and the
goodness of fit o2 was 1.144 for all observed reflections. For Description of the Structures of [Pr(DMF)(H;0)s(u-
convergence was reached at a final R10.0322 [forl > 20(1)], CN)Fe(CN)]-H:0 (1), [Tm(DMF) 4(H:0)s(u-CN)Fe(CN))-

WR2 = 0.0846. [for all data], 351 parameters, with aIIowanf:e fpr 1.25H,0 (2), [YD(DMF) 4(H0)5(#-CN)Co(CN)g] +1.5H,0

the thermal anisotropy for aI2I nozn-hydrogen e;toms. The weighting (3), [Ce(DMF).(H,0)3(s-CN)Co(CN)g]-H-0 (4), and [Sm-
scheme employed wag = [0%(F,? + (0.0533)? + 0.536%] and (DMF) 4(H>0)s(2-CN)Co(CN)g]-2H50 (5). The structure of
these complexes was determined by X-ray crystallography.
In all five cases, the crystal system is monoclinic with space
groupP2/c or P2;/n, and the unit cell contains four discrete
heterodinuclear molecules (Table 1). A view of {CeCc*"]

Results and Discussion

(32) Sheldrick, G. MSADABS program for absorption corrections using
Bruker CCD data; University of Gtingen: Gidtingen, Germany,
1996.

(33) Sheldrick, G. M.SHELXTL-PC Bruker; University of Gttingen:
Gottingen, Germany, 1997.
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Figure 1. Molecular plot for [C&"—Co**] (4) (ellipsoids drawn at 50%
probability level).

Table 2. Selected Bonds Lengths (A) and Angles (deg) Tet5

1 2 3 4 5
Ln(1)-0(1) 2.466(2) 2.327(2) 2.325(3) 2.501(2) 2.440(3)
Ln(1)-0(2) 2.480(2) 2.337(2) 2.345(3) 2.500(2) 2.442(3)
Ln(1)-0(3) 2.480(2) 2.359(2) 2.316(3) 2.489(2) 2.426(3)
Ln(1)—0(5) 2.413(2) 2.350(2) 2.311(3) 2.444(2) 2.390(3)
Ln(1)—0(6) 2.454(2) 2.336(2) 2.312(3) 2.468(2) 2.416(3)
Ln(1)—0(7) 2.448(2) 2.318(2) 2.344(3) 2.435(2) 2.425(3)
Ln(1)—0(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)

complex @) is represented in Figure 1. Selected bond

Figuerola et al.

Figure 2. Projection of [P¥"—Fe**] (1) in theyz plane of the H-bonded
3D network.

3D network shows an alternation of fvLn] dinuclear
entities linked by hydrogen bonds between the five terminal

distances and angles are given in Table 2 for the five CN™ groups of the M(CNyfragment, the three oxygen atoms
compounds. The structure consists of a cyano-bridged arrayof the HO ligand of the Ln(DMF)(H:0)s fragment, and

of M(CN)s and Ln(DMF)(H.0); fragments forming hetero-
bimetallic molecular entities linked by a Chbridged ligand.
The Lr*™ atom is eight-coordinated with a distorted dodeca-
hedral geometry. Seven oxygen atoms surround th& Ln
ion: three of water and four of DMF molecules. The nitrogen
atom of the bridging CN ligand occupies the eighth
coordination position. The distances+® range from 2.50

to 2.31 A. The lowest values correspond to Tm and Yb in
accordance with the variation of the atomic radium of the
lanthanide ions. The longest bitigand distance corresponds
to the nitrogen atom of the CNbridge. Six cyanide ligands
surround the M" (Co, Fe) ion in a distorted octahedral
environment. The M-C distances range from 1.95 to 1.88
A, and the lowest corresponds to the [Co(GR). The

the water molecules of crystallization. Hydrogen bond
distances and angles are shown for compounes (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 $Pr-Fe*t] (1) and [Tn#"—Fe*]-

(2) for the Lre*—Fe*t family and structures [YB —Cc®']

(3) and [C&"—C0®"] (4) for the Lr**—Co*" family. The
diffractograms have been fitted by the Rietveld mefiod
using the FULLPROF prografi. After the conversion
between the observed and the calculated diffractograms, we

intramolecular distances between the two metals through thewere able to confirm their isostructurality. The decrease in

CN- bridge were Pr-Fe=5.580 A, Tm:-Fe= 5.411 A,
Yb:+-Co = 5.352 A, Ce--Co = 5.539 A, and Sm-Co =
5.499 A.

The neutral dinuclear units are linked by hydrogen bonds

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

in a three-dimensional network. As an example, a projection (34) Rietveld, M. H.J. Appl. Crystallogr.1969 2, 65.

of the packing for the [Pf—Fe*t] complex () in the yz

andxy planes is shown in Figures 2 and 3, respectively. The
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(35) Rodriguez-Carvajal, Abstracts of the Satellite Meeting on Power
Diffraction of the XV Congres of the IUCr Toulouse, Frant890,
127.
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Figure 3. Projection of [P¥"—Fe*"] (1) in the xy plane of the H-bonded 3D network.
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Figure 4. Top: thermal dependence at 0.1 Ty@f="FeT, ymECoT, ymtareT,
and AymT = ymEFeT — ymECoT. Bottom: magnetization vil of MEFe,
MErCo gt 2 K, and sum= MFECo 4 MLaFe,
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Figure 5. Top: thermal dependence at 0.1 Ty@f®™FeT, yuSmCIT, y-aFeT,
and AymT = ymS™FeT — xuSMCOT. Bottom: magnetization vl of MSmFe
MSmCo MLaFe gt 2 K, and sum= MSmCe + MLare

spectrum of the diamagnetic [Ea-Co*"] complex shows

earth series. As an example, the decrease in the cell parametdwo signals corresponding to NMearbons ath = 36.2,
¢ is shown in Supporting Information, Figure S2.

NMR Studies. NMR studies were carried out on the new
Ln3*—Co®" family to complete their characterization. Only
signals due to freeN,N-dimethylformamide were found

when the proton NMR spectra of solutions of the®*tn
Cc*" compounds were recorded in@ solutions. This result
shows the compounds’ great lability in aqueous solution. It carbon is also observed. THEC NMR spectra of the
should be noted that no signals due to the coordinated ligandparamagnetic complexes, in the solid state, show two signals
were found, even when some drops of deuterdtel -
dimethylformamide were added to the solution. Because of 44.3 for the [C& —Co*'] and [Sn¥"—Co®"] complexes,
the lability of this complex in solution, th&’C CP-MAS
NMR spectra were carried out in the solid state. The observed for the [Pt—Co*"], [Nd®*"—Cc*'], and [EU"—

41.9, because of the different disposition of these groups in
relation to the CO fragment. The crystal structure of the
complexes [YB"—Cc*"] (3), [Ce* —C0o*'] (4), and [SniT—
Ca*'] (5) shows that one methyl group is insgnposition

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

corresponding to NMgecarbons ad = 30.0, 40.1; and 36.9,

respectively. A broad signal at= 41.5, 40.0, and 39.3 was
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Figure 6. Top: thermal dependence at 0.1 Ty@®Y"eT, yuPYCOT, yw-areT, Bottom: magnetization visl of MGdFe MGdCoat 2 K, and sum= MGdCo +
and AymT = ymPYFeT — ymPYCOT. Bottom: magnetization vil of MPYFe, MLaFe

MPyCe at 2 K, and sum= MPyCo + MLare
Co*'], [Pr**—Co®"], and [Sn#*—Co*'] are shown in
Supporting Information, Figure S3.

Magnetic Study. Informative magnetic measurements
were performed for the 25 lanthanidigon and lanthanide
cobalt complexes. In these complexes, the lanthanide (with
the exception of GH) 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 Li#t—Fe*" s metal ion interaction consists of compar-
ing the magnetic susceptibility data of isostructurafin
Fe*' s and Li#"—Co*" compounds together with the mag-

Co*'] compounds, respectively. A broad signal, due to the
H—C=O0 carbon, is also observed atvalues between 190
and 130 ppm, in the NMR spectra of [Ee-Co**], [Pr¥t—
Co*], and [Ncf*—Cc*] 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 [YB—Co®'] 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 their'3C NMR spectra should be noted.
Signals due to NMgcarbons can be observed in all the
complexes of the first half of the family, but in contrast, the
only Complex O.f the heavy Ianthanidgs of the series that o properties of the [EA—Fe*'] in order to take into
shows signals in its NMR spectrum is the [¥b-Co™] account the anisotropy of the ¥eion. The C8" ion and
complex. The lanthanides have frequently been reported Oihe L&t ion are obviously diamagnetic, and the deviation

It_)e:fve las tw:) d'sé”t]ﬁt ﬁroups V\:'th a :)reﬁl]( be’Fw_eer}tthhe of the magnetic susceptibility of these compounds with
Ighter elements and the heavier elements. The origin of this respect to the Curie law is due entirely to the thermal

break is not well-understood, but structural changes, varia- population of the LA+ Stark components and the anisotropy

tions n lthe hydperflnet C?uil.'gg COP?ga?ts’ anld chatﬂgels N of Fe' s, respectively. Accordingly, an increase of theu T
nonaxial pseudo-contact-shift contributions along the lan- _ iorep _ wt"CT when the temperature is lowered is

thanide series have been suggested as possible eXpIanafﬁdicative of a ferromagnetic I—Fe** s interaction, a

i 36,37 + . X . R . o .

tions*37 As an example, th&’C NMR spectra of [YB decrease being indicative of an antiferromagnetic interaction.
(36) Peters, J. AJ. Magn. Resonl986 68, 240. Furthermore, in several cases, we compare our results by
(37) Bertini, I.; Luchinat, CCoord. Chem. Re 1996 150, 1. applying the same method in magnetization measurements
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Figure 9. Top: thermal dependence at 0.1 Ty@foFeT, yHoCoT, y\laFeT,
and AymT = ymMoFeT — »HoC9T. Bottom: magnetization vBl of MHoFe
MHoCo gt 2 K, and sume= MHoCo + \LaFe

of the same compounds. More explicitly, the experimental tions take place because of the strong hydrogen bonding

magnetization of every [31—F¢&*" s compound is compared
with the sum of the LA—Co®' s and [L&"—Fé&*'.g]

leading to an abrupt rise ihymT. Furthermore, the experi-
mental magnetization of [Sth—Fé&*"] at 2 K (Figure 5) is

magnetization curves, that is, the uncorrelated spin systemshigher than that of the uncorrelated spin system. Possibly,

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-

the mentioned interaction due to hydrogen bonds is ferro-
magnetic.

(b) Antiferromagnetic Interaction: [Ln(DMF) 4(H20)s-
(u-CN)Fe(CN)]-nH,0 (Ln®*" = Ce, Nd, Gd, Dy).For the

perature, intermolecular interactions take place through case of [Dyt—Fe*'], the temperature dependence/PyreT,

hydrogen bonds.

(a) Negligible Interaction: [Ln(DMF) 4(H2O)3(u-CN)-
Fe(CN)]-nH,0 (Ln3" = Pr, Eu, Er, Sm, Yb). For the case
of [Er**—Fe] (Figure 4), AxwT is superimposable with
m-27€T, indicating that there is negligible interaction between
the spin carriers. The experimental magnetization off[Er
Felf] at 2 K (Figure 4) is also superimposable with the

amPYCoT, andAymT is shown in Figure 6. To understand the
importance of the anisotropy of Fgs, the susceptibility data

of [La®"—Fe**], ym-3F€T, is also shown in the same figure.
From approximately 100 KAymT decreases with regard to
the yw27¢T curve. This profile of theAywT curve clearly
shows that weak antiferromagnetic interactions take place.
Furthermore, the experimental magnetization offDyFet]

uncorrelated spin system. This negligible interaction seemsat 2 K (Figure 6) is lower than that of the uncorrelated spin

to be for [E#T—F€&*] (Eu®*' has a nonmagnetic ground state,
o), [Pr¥T—Fe**] (in which case the ground terfil, of PR*

system, corroborating the antiferromagnetic coupling. For
the [GFT—Fe*"] complex, the temperature dependence of

gives rise to a singlet ground Stark level, as it is a non- yu®9FeT and yu®¢°°T is shown in Figure 7. The isotropic

Kramer ion), [YB*—Fe&*] (Supporting Information, Figures
S4-S6, respectively), and [Sh—Fe*t]. For the [SniT—
Fe*t] complex, from room temperature (r) ¥ K theAymT
and ym“2FeT curves are quasiparallel (Figure 5). At low
temperatures (from 7 to 2 K), important interdimer interac-

nature of G@" helps to directly investigate the;*°"eT curve
where it is clear that the interaction is antiferromagnetic. The
value of yuC®9FeT at room temperature is 8.5 emu mbK
(close to the value expected for two uncorrelated sBirs
"I, andS= Y/,; the room temperature value g3 €T is 0.7
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Figure 10. Top (antiferromagnetic coupling): thermal dependence {I5R) at 0.1 T, indicating via error bars the uncertainty in the plotgyf=T (O),
AymT = ym"FeT — yutCoT (Ln = Ce, Nd, Dy,0). Bottom (ferromagnetic coupling): thermal dependence {15&) at 0.1 T, indicating via error bars
the uncertainty in the plots gfu 2T (O), AymT = xm-"FeT — xm""C°T (Ln = Th, Ho, Tm,O).

emu mof? K). But at the minimum, this value is 8.0 emu [Tb3"—Fe*'] is investigated in Figure 8. Whilé\yyT is
mol~! K, later increasing to the value of 8.7 emu moK almost superimposable tgu-2™eT until 50 K, it rapidly
at 2 K. This feature may be due to ferromagnetic interdimer increases below that temperature and leads to a ferromagnetic
interactions, due to hydrogen bonds. The experimental [Tb®"—F¢&**] interaction. Magnetization measurements (Fig-
magnetization of [GH# —F€&**] (Figure 7) is lower than that  ure 8) also prove the above argument because the experi-
of the uncorrelated spin system. Therefore, we propose thatmental magnetization of [Fb—Fe*'] is higher than that of
the antiferromagnetic intradimer interaction is in this case the uncorrelated spin system. The case of {TaFe"] is
the dominant interaction at 2 K. To investigate the exchange the same (Supporting Information, Figure S10). The magnetic
interaction of the system, the following Hamiltonian formal- behavior of [H"—Fe**] is different and is shown in Figure
ism was used to fit the susceptibility data in the temperature 9. AymT is higher thatyu'"2F¢T and increases inversely with
range 16-300 K and thus avoid interdimer interactions: the temperature until 25 K. This reflects a possible ferro-
magnetic character of the [Rio-Fe*] interaction, where
H=JSS,+ Z HpAgS 1) an abrupt decrease occurs, leading to a value near zero at 2
=2 K (possibly due to interdimer antiferromagnetic interactions).
The g values of the F& were taken from EPR measure- These interdimer interactions are reflected in the magnetiza-
ments of the [L& —Fe*t] complex (Supporting Information, ~ tion data (Figure 9) where, at 2 K, the experimental{He
Figure S7) and arg, = 2.0, g, = 2.47 (at 2 K), while the Fe**] curve is lower than that of the uncorrelated spin system.
g value of Gd" was kept fixed ag = 2.0. The fitting result The uncertainty for all measurements could be important
is shown in the same figure as a solid line; the value of the in this kind of small coupling. To avoid any misinterpretation,
exchange interaction i$= 0.5 cnt?, showing that a small  thexmT values in the low temperature zone (+5DK) with
antiferromagnetic interaction exists between the ions. For their uncertainties in the plot, via error bars, are given in
the case of [C&—Fe*'], the yve"¢T being almost super-  Figure 10, showing that the errors in the measurements do
imposable to theAyuT to 25 K, after which temperature  not affect the sign of the coupling.
AyxmT decreases to the value of 0.02 Tmol™* K. The
profile of the AymT curve clearly shows that weak antifer-
romagnetic interaction takes place (Supporting Information, According to this study, the Li—Fe&" interaction is
Figure S8). Finally, in the case of [Rt—-Fe**], a very smalll antiferromagnetic for the cases ofin= Ce, Nd, Gd, and
antiferromagnetic coupling is observed through susceptibility Dy but ferromagnetic for the cases of¥n= Th, Tm, and
and magnetization measurements (Supporting Information,Ho. The cases of Ln= Pr, Eu, Er, Sm, and Yb have
Figure S9). negligible interaction with the Fé ion. Costes et dl.has
(c) Ferromagnetic Interaction: [Ln(DMF) 4(H2O)s(u- introduced a new approach which gives information on the
CN)Fe(CN)]-nHO (Ln®" = Th, Ho, Tm). The case of type of interaction (ferro- or antiferromagnetic). This empiri-

Discussion
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Table 3. Nature of the Magnetic Interaction between*trand F&* pieces of the ladders are made of Ln[M(obpa)] units, and
and Comparison with Other Pairs the rungs are made of [M(obpa)] units that bridge two Ln
LnFe Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb  agtoms belonging to either side piece. In the first half of the
NisLn2 PAF PAF PAF PAF PAF F F F F 2?2 ? ? lanthanide series, all the complexes were found to be

Cuwln® PAF PAF PAF PAF PAFF F F 2?2 2 F 2 ; ; T3
ot AF NI AR AE NLCE E E F E AR AR antiferromagnetically coupled to the €uThe Gd*, Tb*",

Felf AF NI AF NI Nl AFF AEFF N F NI Tm3*, and Dy" complexes are ferromagnetically coupled,
. - . while an uncertainty remains regarding all the rest. Tabl
aRef 38. PAF= proposed antiferromagnetic interaction=Herromag- ea ,u certainty remains regarding a.t e rest. Table 3
netic interaction; AF= antiferromagnetic interaction; N& negligible summarizes all these compounds and includes our new
interaction; ?= unresolved interactior?. Ref 2. ¢ Ref 8.9 This work. findings concerning the LnFe dimers. The significant

differences between the previous results and the present work

cal approach is based on a comparison of the magnetlcare the cases of Gdand Dy which yield antiferromagnetic

properties of homologous [LCu(MEO)LN(NGy)s] and [LNI- interaction in contrast to the previous compounds. It may

(Me,CO)LN(NGy)s] dinuclear complexes in which the nickel be due to two main reasons: (a) the anisotropic character of

centers are diamagnetic. This comparison is needed in order o o
to eliminate the crystal field contribution of Ln ions in the the F€" ion and (b) the CN bridging. Unfortunately, the

pairs, and the resulting behavior was attributed to intramo- hydrogen bonds in the net can give important intermolecular
Ieculz;\r magnetic interactions. The €u-Ln3t interaction is mterapﬂons which hide the En—Fe** mtramolecular.ln-

antiferromagnetic for L= Ce, Nd, Sm, Tm, and Yb, and teractions at low temperature. Thus, further studies are
ferromagnetic for L= Gd Tb’ Dy' Ho ’and'Er Howéver necessary to synthesize and characterize new isolated di-
the [C*—PrPH and the [é@+’—ELJé+] p,airs are.devoid of' nuclear complexes to corroborate and contrast all these

any significant interaction. The same empirical approach but results.
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