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Assembling bimetallic {Ni—Ln}>* units and {W(CN)g}*~ is shown to be an efficient route toward heteronuclear {3d-4f-
5d} compounds. The reaction of either the binuclear [{L"***Ni(H,0),{Ln(NO3)s}] complexes or their mononuclear
components [L"2Ni] and Ln(NOs)3 with (HNBu3)3{W(CN)g} in dmf followed by diffusion of tetrahydrofuran yielded the
trinuclear [{L*2NiLn}{W(CN)g}] compounds 1 (Ln = Y), 2a,b (Gd), 3a,b (Tb), 4 (Dy), 5 (Ho), and 6 (Er) as crystalline
materials. All of the derivatives possess the trinuclear core resulting from the linkage of the {W(CN)g} to the Ni center of
the {Ni—Ln} unit. Differences are found in the solvent molecules acting as ligands and/or in the lattice depending on the
crystallization conditions. For all the compounds ferromagnetic {Ni—W} and {Ni—Ln} (Ln = Gd, Tb, Dy, and Er}
interactions are operative resulting in high spin ground states. Parameterization of the magnetic behaviors for the
Y and Gd derivatives confirmed the strong cyano-mediated {Ni—W} interaction (Jyiw =27.1 and 28.5 cm’1) compared
to the {Ni—Gd} interaction (Jniaq = 2.17 cm™ ). The characteristic features for slow relaxation of the magnetization are
observed for two Th derivatives, but these are modulated by the crystal phase. Analysis of the frequency dependence
of the alternating current susceptibility data yielded Usn/kg = 15.3 K'and 7o = 4.5 10~ s for one derivative whereas
no maxima of y\" appear above 2 K for the second one.

Introduction

The construction of supramolecular magnetic materials by
association of two different paramagnetic metal ions, that is,
the bimetallic approach,'* has been a major breakthrough
allowing rapid development of molecule-based magnets and
more recently of single molecule/chain magnets. Rather
surprisingly, the use of more complex units, for instance
bi- or poly metallic units, as building blocks is a much less
explored route. The latter, however, presents the opportunity
to design original materials with building units possessing
properties not exhibited by single ions (such as large spin
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ground state and slow relaxation of the magnetization, etc.).””’
This approach also provides a route toward ternary materi-
als, that is, compounds involving three different ions as
exchange coupled spin carriers. We report here on a series
of heterometallic {3d-4f-5d} compounds obtained by this
route.

Our interest in heteronuclear {3d-4f} compounds results
from the slow relaxation of the magnetization they may
exhibit for Ln ions with strong spin—orbit coupling.®*'° It
has been shown that a simple bimetallic {Cu—Tb} compound
possesses the characteristic features of a single molecule
magnet.'""'? To achieve species of larger nuclearity and hence
improved magnetic behavior, we have envisaged assembling
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such bimetallic units into larger supramolecular objects by
means of a complementary building unit in such a way that it
also ensures efficient ferro/ferri-magnetic interaction among
the magnetic units."> The 5d complex {W(CN)g}®>~ was
chosen as the assembling unit because such octacyanometal-
lates can accommodate several larger metal complexes'*'®
and especially because of the rather strong exchange inter-
actions that take place with the 3d ions linked to the cyanide
ligands. It has been established that the interaction with
Ni(II) is ferromagnetic'*'*~>* with a magnitude about one
order larger than the {3d-4f} interaction. Hence, the assem-
blage of bimetallic {Ni—Ln} units and {W(CN)g}*~ appear at
the outset to be an interesting combination.

In this report we disclose a series of compounds resulting
from assembling {Ni—Ln}3Jr units (Ln = Y, Gd, Tb, Dy,
Ho, and Er) and {W(CN)g}*~ in dimethylformamide (dmf).
This solvent permitted the formation of strictly trinuclear
{Ni—Ln—W?} species, which allowed an accurate investiga-
tion of the exchange interactions operative between the spin
carriers. Interestingly, the characteristic features of slow
relaxation of the magnetization have been found to be
different for two trinuclear {Ni—Tb—W} derivatives with
distinct solvent composition and crystal packing.

Results and Discussion

Synthesis and Crystal Structures. The reaction of either
the binuclear [{LM**Ni(H,0),}{Ln(NO3)3,}] complexes
(Chart 1) or their mononuclear components [LM**Ni] and
Ln(NO3y);, with (HNBus);{W(CN)g} followed by diffu-
sion of tetrahydrofuran (THF) yielded the trinuclear
[{LM**NiLn}{W(CN)s}] compounds 1 (Ln = Y), 2a,b
(Gd), 3a,b (Tb), 4 (Dy), 5 (Ho), and 6 (Er) as crystalline
materials. All of the derivatives possess the trinuclear core
resulting from the linkage of the {W(CN)g} to the Ni
center of the {Ni—Ln} unit (Figure 1—4). Differences are
found in the solvent molecules acting as ligands and/or in the
lattice, depending on the crystallization conditions. Synth-
esis in anhydrous dmf led to the crystalline compounds 1
(Y), 2a (Gd), 3a (Tb), 4 (Dy), and 5 (Ho) of formula
[{LM®2Ni(dmf)Ln(dmf),} {W(CN)g}]-H,O (2 H,O for 5,
or 0.5 dmf for 3a)*® whereas crystallization in dmf con-
taining H,O yielded [{LM**Ni(dmf)Gd(dmf);(H,0)}-
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Figure 1. [LMczNi(dmf)Gd(dmm(HzO){W(CN)x}]'H20~0.5THF-0.5—
dmf, 2b. Selected interatomic distances (A) and angles (deg): Ni—NI1,
2.071(5); Ni—N8, 2.006(4); Ni—N9, 2.008(4); Ni—Ol1, 2.006(3), Ni—02,
2.018(3); Ni—O8(dmf), 2.178(3); Gd—Ol, 2.314(3); Gd—02, 2.306(3);
Gd—03, 2.594(4); Gd—04, 2.607(4); Gd—09, 2.407(4); Gd—O(dmf),
2.279(4)—2.337(4); Ni- . -Gd, 3.405(1); Ni—-N1—Cl, 161.2(4)°; dihedral
angle between the planes defined by O1—Ni—0O2 and O1-Gd—02,
8.1(1)°.

Chart 1. Schematic View of the Ligand and Complexes Involved in the
Preparation of the Trinuclear Compounds

{LMNi} [{LMENi(H,0),} {Ln(NO3)s}]
{W(CN)s}]-H,0-0.5THF-0.5dmf, 2b, [{LM**Ni(H,O)Tb
(dmf), s(H,0), s}{W(CN)s}] H,O-0.5dmf, 3b, and [{LY*-
Ni(H,O)Er(dmf);(H,O)}{W(CN)g}]- H>O-0.5dmf, 6. Single
crystals suitable for X-ray diffraction studies have been
obtained for all compounds except 2a. The structures have
been solved for 2b, 3a,b, 4, 5, and 6, and cell parameters have
been recorded for 1 (Experimental Section).

The molecular structures for compounds 2b, 3b, 4, and
6 are depicted in the Figures 1 to 4 with selected geome-
trical data; ORTEP plots of the related asymmetric units,
as well as for 3a and 5, are given as Supporting Informa-
tion. All compounds exhibit a trinuclear core made by
association of a {W(CN)g} moiety and a {LM**NiLn} unit
by means of CN linkage to the Niion. The Niion isin an
elongated octahedral surrounding which is realized by the
equatorial coordination of the Schiff-base ligand, the
axial positions being occupied by the bridging cyanide
and a solvent molecule, that is, dmf for 2b, 3a, 4, and 5,
H>O for 3b and 6. The coordination sphere of the Ln ion
accommodates four O from L™M*? and four solvent mole-
cules, that is, 3 dmf and 1 H,O for 2b and 6; 2.5 dmf and
1.5 H,O for 3b; 4 dmf for 3a, 4, and 5. The Ni~—NC bond
lengths are comprised between 2.021 and 2.094 A, the
angles are 161.2(4)° (2b), 155.5(4) (3a), 166.9(5)° (3b),
153.3(8)° (4) 154.8(3) (5), and 167.0(3)° (6). It can be
noticed that the deviation from linearity increases with
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Figure 2. Molecular structure for [LM®*Ni(H,0)Tb(dmf), s(H,0); s-
{W(CN)s}]-H>0-0.5dmf, 3b. One of the depicted dmf bound to Tb has
occupation 1/2, the O6 being common with H,O found in the absence of
the dmf unit. Selected interatomic distances (A) and angles (deg): Ni—N1,
2.069(5); Ni—N9, 2.029(5); Ni—N10, 2.016(5); Ni—02, 2.024(4), Ni—O3,
2.031(4); Ni—09, 2.150(6); Tb—O1, 2.588(5); Tb—02, 2.300(4); Tb—03,
2.279(4); Tb—04, 2.578(4); Tb—06, 2.328(4); Tb—08, 2.333(5); Tb—O
(dmf), 2.303(5)—2.332(5); Ni---Tb, 3.455(1); Ni—N1—CI, 166.9(5)%;
dihedral angle between the planes defined by O2—Ni—0O3 and O2—
Tb—03, 14.8(1)°.

Figure 3. [LM*>Ni(dmf)Dy(dmf)s{W(CN)g}]-H>O, 4; the same trinuc-
lear moiety applies for Tb and Ho derivatives 3a and 5. Selected
interatomic bond distances (A) and angles (deg) for 4/3a/5: Ni—N1,
2.094(9)/2.083(4)/2.097(3); Ni—N09, 2.010(9)/2.029(4)/2.021(3); Ni—N10,
2.001(8)/1.997(4)/1.997(3); Ni—02, 2.023(6)/2.031(3)/2.026(3), Ni—03,
2.028(7)/2.021(3)/2.012(3); Ni—O5, 2.184(9)/2.141(4)/2.152(3); Ln—Ol1,
2.605(8)/2.589(4)/2.564(3); Ln—02, 2.287(8)/2.289(4)/2.272(3); Ln—03,
2.279(6)/2.289(3)/2.275(3); Ln—04, 2.641(7)/2.643(4)/2.622(3); Ln—0O
(dmf), 2.24(1)—2.35(1)/2.266(4)—2.370(4)/2.253(4)—2.331(3); Ni---Ln,
3.411(1)/3.4244(6)/3.4068(5); Ni—N1—Cl1, 153.3(8)/155.5(4)/1.548(3)°;
dihedral angle between the planes defined by O2—Ni—03 and 02—
Ln—03, 13.8(3)/13.7(1)/12.8(1)°.

the number of dmf in the coordination sphere of the Ln
ion suggesting a bending due to steric crowding. Con-
versely the ligand trans to the cyanide (H,O versus dmf)
has no incidence on the Ni~—N bond characteristics. The
geometry of the {W(CN)g} fragment has been analyzed
with the SHAPE program>* revealing a slightly distorted
square antiprismatic shape for all compounds;* the
results are tabulated in the Supporting Information.
The crystal lattices of all compounds contain solvents
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Barcelona, 2005.
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Figure 4. Molecular structure for [LM**Ni(H,O)Er(dmf )3(H,0)-
{W(CN)g}]-H,0-0.5dmf, 6. Selected interatomic bond distances (A)
and angles (deg): Ni—NI1, 2.067(3); Ni—N9, 2.016(3); Ni—N10, 2.017(3);
Ni—05, 2.139(4); Ni—02, 2.029(3); Ni—03, 2.019(3); Er—02, 2.249(3);
Er—03, 2.266(3); Er—09, 2.305(4); Er—O(dmf), 2.268(4)—2.289(4); Ni. - - Er,
3.4268(5) A; Ni—N1—Cl, 167.0(3)°; dihedral angle between the planes
defined by O2—Ni—03 and O2—Er—03, 14.37(7)°.

molecules, some with partial occupation (for 2b, 3a,b, 6,
see Experimental Section) or disordered (5), leading to the
formulations given above. The shortest separation be-
tween paramagnetic ions of neighboring molecules are
for 2b 7.9244(3) A (W—Gd) and 10.2619(7) A (W—Ni),
for 3a 8.732(1) (W—Tb) and 8.778(1) (W—Ni), for 3b
7.370(1) A (W—Tb) and 8.767(1) A (W—Ni), and for 4
8.754(1) A (Dy—W) and 8.815(2) A (Ni—W). Finally, the
cell parameters recorded for 1 (Experimental Section)
unambiguously established that this derivative is isomor-
phous to 3a, 4, and 5.

Magnetic Properties. Static Magnetic Susceptibility.
The magnetic behavior for the compounds has been
investigated in the temperature domain 2—300 K on
polycrystalline samples held in grease in an applied field
of 1000 Oe. The temperature dependence of the product
of the molar magnetic susceptibilities, ¥, and tempera-
ture are shown in Figures 5 and 6. For all the compounds
the ym T product at 300 K (1.48 (1), 9.36 (2a), 13.17 (3a,
see Supportin§ Information), 13.30 (3b), 15.45 (4), 15.6
(5); 12.87 cm® mol™' K (6)) is in agreement with the
paramagnetic contribution of components ({W(V),
0.375 cm® mol ' K; Ni(I), 1.1 em® mol ™' K; Gd(III),
7.88 cm® mol ™! K; Tb(III), 11.81 cm® mol ™! K; Dy(III),
14.10 cm® mol ' K; Ho(III), 14.07 cm® mol ™" K; Er(111),
11.48 cm® mol ™! K). In the low temperature domain an
increase of y\ 7 is observed revealing the occurrence of
ferromagnetic interactions for all the compounds except
5. For compound 1, only the exchange interaction be-
tween the W and the Ni centers is operative, the Y(III)
being diamagnetic. The observed behavior is in agree-
ment with the ferromagnetic W—CN—Ni interaction
previously reported.'*'”?? For the Gd derivative 2a,
both the Ni—W and Ni—Gd interactions are anticipated
to be ferromagnetic.26’27 The maximum value for 7,
12.1 cm® mol ~' K., is indeed close to the value anticipated
(15cm?® mol ' K) for an S = 5 state. For the Tb, Dy, and
Er compounds the ferromagnetic interaction with Ni is

(26) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, J.-P. Inorg. Chem.
1997, 36, 4284-4286.
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Figure 5. Experimental (O) and calculated (solid line) temperature
dependence of %MT for 1. Best fit parameters: Jyw = 28.5 cm™ ',
Dyni = 044cm™ ', 20 = —0.51 cm™ !, g = 2.02 (see text).
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Figure 6. Temperature dependence of y\ 7 for 2a (O), 3b (W), 4 (O),
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Gd derivative yielding Jyiw = 27.1 em™ !, Jniga = 2.17 em™!, Dy =
0.5cm ', z/ = —0.06cm |, g = 2.0 (see text).

clearly supported by the increase of yy 7T below 50 K.
The slight decrease of yp 7 occurring in the intermediate
temperature domain for 3a,b, 4, and 6 is attributed to the
intrinsic behavior of the anisotropic Lnions.”* ' For the
Ho derivative this effect leads to a decrease for yp7 of
much larger amplitude,”® hence masking the expected
ferromagnetic {Ni—Ho} interaction. *® The field depen-
dence of the magnetizations recorded at 2 K (Figure 7)
confirm the occurrence of ferromagnetic interactions
between the metal ions with magnetization values at 5 T
close to those anticipated for the respective spin ground
states (e.g., S = 3/2for 1, S = 5for 2a). It can be noticed,
however, that saturation is not reached. For the diamag-
netic Y (1) and isotropic Gd (2a) derivatives, this is
attributed to the anisotropy of the Ni ion in distorted

(28) Shiga, T.; Ito, N.; Hidaka, A.; Okawa, H.; Kitagawa, S.; Ohba, M.
Inorg. Chem. 2007, 46, 3492-3501.
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Figure 7. Field dependence of the magnetization recorded at 2 K (solid
lines are only to guide the eye).

JNi-Gd

Figure 8. Schematic of {WNiGd} cluster (2b). The W**, Ni*", and
Gd*" ions correspond to site spins 1/2, 1, and 7/2, respectively. Exchange
interactions Jnigq and Jn;w are also shown.

octahedral surrounding (vide infra); the anisotropy of
the Tb, Dy, Ho, and Er ions contributing further for
3a,b, 4,5, and 6. Finally, it can be mentioned that not ob-
vious differences are found for the yp 7 versus 7' and M
versus H behaviors for the two Tb derivatives 3a and 3b
(Figure 6,7, and Supporting Information).

Modeling. The magnetic property of {Ni—W-—Gd}
cluster 2a has been modeled using the spin Hamiltonian
for exchange interactions between the spins on Ni(II) and
Gd(III) sites, as well as Ni(II) and W(V) sites (Figure 8),
as the unperturbed Hamiltonian (eq 1) and using terms
due to the external magnetic field along the z-direction,
weak intermolecular exchange interaction, and a diago-
nal anisotropy term on the Ni(Il) site as perturbations
(eq 2). Since GA(III) ion has 4f electron configuration the
total orbital angular momentum is zero and single ion
anisotropy due to spin—orbit interaction is taken to be
absent. Similarly, W(V) has a lone unpaired electron spin
and does not possess single ion anisotropy.

H = —Jni-GaSni*Sca —Ini-wSni - Sw (1)

3 3
H = qugH Y8 =248 385 + DS ()
i=1 i=1

where, Jniga (/niw) in eq 1 represents the exchange
coupling between the Ni and Gd (W) spins and S’s are
the corresponding spin operators. A positive JniGd (/niw)
corresponds to ferromagnetic exchange interaction be-
tween Ni(II) and Gd(III) (W(V)) ions (Figure 8). In this
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system, the Ni(II) ion corresponds to spin 1 and W(V) to
spin 1/2, while Gd(III) ion has spin 7/2.

To model magnetism in 2a, we exactly solve the un-
perturbed exchange spin Hamiltonian (eq 1) in a chosen
basis and obtain the energy eigenvalues E,(S,Mg). We
then treat the Zeeman term, the intermolecular interac-
tion, and the diagonal anisotropy terms as perturbations
and compute the magnetic susceptibility. The first term in
eq 2 is the Zeeman term while the second term corre-
sponds to the intermolecular interactions. The parameter
J' is the strength of intermolecular interaction and z is the
number of nearest neighbors. Since Ni(II) ion is aniso-
tropic, we have also introduced magnetic anisotropy,
Dy;, on the Ni ion, and this corresponds to the last term
of the perturbation Hamiltonian H’. We obtain the molar
magnetic susceptibility y using the relations

Naujg?F(J, T)

M = ey T —2J'F(J, T)] (3)

S S M ESMoT
Mg=-S
F(J.T) = — (4)
e—E<S,M5)/kBT

Xs 2

Ms=-S

where, N is the Avogadro constant, ug is the Bohr
magneton, g is gyromagnetic ratio, kg is the Boltzmann
constant, and E(S, M) = Eo(S, M) + Dy MSMZ.1 Using
these relations, we obtain the theoretical yy7 as a
function of temperature and fit it to the experimental
data (Figure 6). The best fit to the experimental mag-
netic data corresponds to the parameter values, Jnigqa =
217em™ Y Jgiw = 27.1em™ 1z = —0.06cm ™ ;g = 2.0;
Dy = 0.5¢cm .

To confirm the strength of exchange interaction be-
tween the Ni and W sites, we have modeled the magnetic
property of {Ni—W—Y} system 1 in which the Gd** ion
is substituted by diamagnetic Y * ion. The exchange and
perturbation Hamiltonians for this system are given by

H = —Jni—wSni* Sw (5)

2 2
H =guyH) S —27(S:)) 87 + Dni(Sy)”  (6)
i1 i=1

Using the method discussed above, we have obtained the
exchange constants by fitting the magnetic susceptibility
data (Figure 5). The best fit parameters for 1 are Jnj—w =
28.5cm L zJ' = —0.51cm™ g = 2.02; Dy; = 0.44cm™ L.

The exchange parameters obtained are in good agree-
ments with reported results. The {Ni—Gd} exchange
interaction occurring in 2ais very similar to the one found
for the corresponding {LM**NiGd(NOs);} compound.®
The smaller J parameter for 2a is in line with the larger
dihedral angle defined by the ONiO and OLnO glanes of
the bridging network, as in Cu—Gd complexes.** Indeed,
it has been remarked that, mainly in Cu—Gd complexes,

(32) Costes, J.-P.; Dahan, F.; Dupuis, A. Inorg. Chem. 2000, 39, 165-168.
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Figure 9. Frequency dependence of the real, yn’, and imaginary, yv”,
components of the AC-susceptibility for 3a measured in H,. = 3 Oein the
absence of static field.

there was a relation between the dihedral angle defined as
the angle between planes involving the two bridging
oxygen atoms and each metal ion, CuOO and GdOO
planes, and the strength of the interaction parameter J.
The larger J values are obtained when the CuOOGd core
is planar (dihedral angle of 0°) and these values decrease
when the dihedral angle increases.*> This remark would
mean that the 5d Gd orbitals, supposed to be unoccupied,
would have a role in the interaction with the 3d orbitals of
copper. This has been clearly explained by Cimpoesu,
Hirao, et al. on the basis of modeling.*>* These authors
demonstrate that the 5d orbitals are partially occupied
and that the orthogonality of these 3d and 5d orbitals
would be responsible for the ferromagnetic Cu—Gd
coupling. Lowering the symmetry (increasing the dihe-
dral angle) explains the antiferromagnetic exceptions
(decreasing J values). The same argument may apply
for the {Ni—Gd} pair.

For the octacyanometallates, it has been shown that the
spin distribution and hence the exchange coupling are
significantly influenced by the actual geometry of the
{M(CN)g} unit.”>* The Ni—W interaction parameter
found here for 1 and 2a are well within the range of what
is anticipated for a {W(CN)g} unit with square antiprism
geometry.'*

Dynamic Magnetic Susceptibility. A series of alternat-
ing current (AC) susceptibility studies have been under-
taken for the Tb, Dy, Ho, and Er derivatives. As
mentioned above, these anisotropic Ln ions may lead to
slow relation dynamics of the magnetization, a signature
of which is found in the imaginary part, yn", of the AC
susceptibility signal.*® The temperature dependence of
xm’ and ' for 3a,b (Figure 9 and 10) reveal frequency
dependence for both the compounds but with noticeable
differences. For 3b the y\/’ curves exhibit a maximum
above 2 K for frequencies higher than 250 Hz, whereas no
maxima are found for 3a. For compound 4 only the onset

(33) Paulovic, J.; Cimpoesu, F.; Ferbinteanu, M.; Hirao, K. J. Am. Chem.
Soc. 2004, 126, 3321-3331.

(34) Pinkowicz, D.; Podgajny, R.; Nitek, W.; Makarewicz, M.; Czapla,
M.; Mihalik, M.; Balanda, M.; Sieklucka, B. Inorg. Chim. Acta 2008, 361,
3957-3962.

(35) Gatteschi, D.; Sessoli, R. Angew. Chem., Int. Ed. 2003, 42, 269-297.
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Figure 10. (top) Frequency dependence of the real, y\/ and imaginary,
xm'" components of the AC-susceptibility for [LM**NiTb{W(CN)g}] 3b
measured in H,. = 3 Oein the absence of static field. (bottom) Plot of In(7)
versus 1/Tg; the straight line is the best fit to the data points.

of an out-of-phase signal is seen above 2 K, which
precludes any conclusion about possible SMM-type
behavior (see Supporting Information). For compo-
unds 5 and 6 the y\/’ responses do not deviate from
zero down to 2 K.

At first glance, the difference of AC behavior for Tb
derivatives 3a and 3b is striking. Both complexes exhibit
very similar molecular structures with the same O-ligand
surrounding for the Ln ions; replacing a dmf for a H,O
unit is not expected to significantly affect the ligand field.
Moreover, for each compound the shape of the Ln
coordination sphere is a distorted biaugmented trigonal
prism (see SHAPE analysis in Supporting Information).
It has been suggested that the symmetry of the ligand field
may modulate the type of anisotropy exhibited by Tb,
easy-axis anisotropy being related to low symmetry
whereas easy-plane anisotropy is favored by more sym-
metrical environment.'? Such a modulation cannot be
excluded here even if occurrence of easy-axis type aniso-
tropy for the Tb ions is supported by the low molecular
symmetry, and evidenced by the AC behaviors for 3a and
3b. A more probable origin for the difference of dynamic
susceptibility behavior is the crystal packing, which is
notably different for the two compounds (see Supporting
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Information). For instance, considering the W—Ni axes
(roughly the z-axis of the coordination sphere for Ni), the
molecule arrangement leads to an angle of 56.9° between
these axes for 3a whereas this angle is of 66.9° for 3b.
Moreover, the molecules are not coplanar (plane contain-
ing the three ions), two types of layers are found with
angles of 23.9° and 10.3° between them, respectively for
3a and 3b. Considering that the molecule-based magnetic
moments have a preferred orientation, their relative
positioning in the crystal will directly affect the macro-
scopic out-come. Unfortunately for the Ln ions, there
is not obvious geometric parameter that permits to esti-
mate the easy-axis orientation to further discuss this
hypothesis.

The maxima of y,” for different fre%uencies were used
to determine the relaxation rate for 3b.”° The variation of
In(1/(27v)) with 1/Tg, where T was taken as the tem-
perature at the maximum of the yy," curve for a given
frequency (v), is linear (Figure 10). The analysis of this
curve by the Arrhenius equation 7 = 7y exp(Uesr/kpT),
where 7 represents the relaxation time and Uy the
effective energy barrier for spin reversal, yielded 7, =
4.5 x 1077 s and U./ky = 15.3 K in agreement with a
SMM type behavior. It can be mentioned that the parent
compound {LM*>NiTb(NOs)}, with a spin ground state
smaller by just 1/2 as compared to 3b, does not exhibit a
v’ signal down to 2 K. Moreover, the energy for reversal
of the magnetization obtained for 3b is remarkably high
as compared to the few trimetallic complexes with slow
relaxation features involving Ni and Tb or Dy that have
been reported.®’”

Concluding Remarks. Assembling bimetallic {Ni—Ln}**
units and {W(CN)g}®~ is shown to be an efficient route
toward heteronuclear {3d-4f-5d} compounds. Here the
use of a coordinating solvent led to the formation of the
smallest possible representatives, that is, trimetallic
{NiLnW} derivatives. For all the compounds ferromag-
netic {Ni—W} and {Ni—Ln} (Ln = Gd, Tb, Dy, Er)
interactions are operative resulting in high-spin ground
states. Parameterization of the magnetic behaviors for the
Y and Gd derivatives confirmed the strong cyano-
mediated {Ni—W} interaction (Jyjw = 27.1 and 28.5
cm ') compared to the {Ni—Gd} interaction (Jniga =
2.17 cm™ .

One of the objectives of this investigation was to extend
the SMM-type features to higher temperatures for {3d-
4f} moieties involving anisotropic Ln ions. The behavior
exhibited by one Tb derivative (Ue/ky = 15.3 K and
To = 4.5 x 107" s) validates the envisioned approach. The
addition of a spin S = 1/2 (i.e., the W unit) in strong
ferromagnetic interaction with the bimetallic {NiTb} has
permitted to shift the blocking temperatures above 2 K.
However, the incidence of the crystal phase on the
observed dynamic susceptibility behavior is highlighted
by the two Tb derivatives. At this stage it is not possible to

(36) Aubin, S. M. J.; Sun, Z.; Pardi, L.; Krzystek, J.; Folting, K.; Brunel,
L.-C.; Rheingold, A. L.; Christou, G.; Hendrickson, D. N. Inorg. Chem.
1999, 38, 5329-5340.

(37) Pointillart, F.; Bernot, K.; Sessoli, R.; Gatteschi, D. Chem.—Eur. J.
2007, 13, 1602-1609.

(38) Chandrasekhar, V.; Pandian, B. M.; Boomishankar, R.; Steiner, A.;
Vittal, J. J.; Houri, A.; Clérac, R. Inorg. Chem. 2008, 47, 4918-4929.
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conclude if the origin of the differences found result from
crystal packing or from subtle geometric consideration
for the Ln coordination sphere. For the same reason and
because of the structural variations for the series of
compounds described here, comparison of the SMM
performances as a function of the Ln ion is delicate.
Nevertheless considering the three isomorphous com-
pounds 3a, 4, and 5, it appears that the trend Tb > Dy
> Ho applies for the blocking temperatures.

Following this strategy, we are currently investigating
the possibility of forming {3d-4f-5d} assemblages of
larger nuclearity.

Experimental Section. The reagents [(NHBus);{W(CN)g}],*
[LMe2Ni(H,0), 75,27 and [LM**Ni(H,0),{Ln(NO5);]*® have
been prepared as described. Dry DMF was obtained on mole-
cular sieves (4 A), and THF was used as received. Magnetic
measurements down to 2 K were carried out with a Quantum
Design MPMS-5S SQUID susceptometer. The molar suscept-
ibility was corrected for sample holder and for the diamagnetic
contribution of all the atoms by using Pascal’s tables.! All the
measurements have been performed on crushed crystals from
freshly isolated samples to avoid solvent loss by the crystals; the
powders were mixed to grease. IR spectra were recorded on neat
samples with a Perkin-Elmer Spectrum 100 FT-IR spectrometer.

Synthesis. [LY*’Ni(dmf)Ln(dmf),{W(CN)g}]-H,0: 1 (Y),
2a (Gd), 3a (Tb), 4 (Dy), 5 (Ho). General Procedure. LMe2Nj
(H>0);.75 (0.1 mmol; 48 mg) and Ln(NOs);3-5H,0 (0.1 mmol)
were mixed in dry DMF (5 mL). Upon dissolution, (NHBu3)W-
(CN)g (0.1 mmol; 102 mg) was added. The reaction mixture was
then layered with THF (5 mL) and left undisturbed. Amber-
brown crystals were formed in the reaction tube after a few days.
These were collected, washed with dmf and thf, and dried in air
yielding the trimetallic species in nearly quantitative amounts.
Analyses calculated (found) for C44Hg LnN;sNiO1qW:1(Y): C,
40.92 (40.90); H, 4.76 (4.72); N, 16.26 (16.23); 2a (Gd): C, 38.86
(38.74); H, 4.52 (4.74); N, 15.45 (15.30); 3a (Tb): C, 38.81
(38.73); H, 4.51 (5.0), N, 15.43 (15.32); 4 (Dy with 1dmf less):
C, 38.11 (37.78); H, 4.21 (4.41), N, 15.18 (14.94); 5 (Ho, + 1
H,0): C, 38.14 (38.06); H, 4.58 (4.22); N, 15.16 (14.84). IR
(selected bands common to all derivatives, cm™'): 2169 (v), 2142
v), 1638 (s), 1462 (m), 1434 (m), 1375 (s), 1070 (m), 743 (m), 675
(s). Cell parameters determined at 180 K for 1: a = 11.99
bh=2579c¢= 19845 = 106.70°, V = 5878 A°.

[LM2Ni(dmf)Gd(dmf);(H,0){W(CN)s}]-H,0 -0.5THF - 0.5
dmf, 2b. LM*>Ni(H,0), 75 (0.1 mmol, 48 mg) and Gd(NO3)s--
6H,0O (0.1 mmol, 49 mg) were dissolved in a mixture of dmf
(6 mL) and H,O (1 mL) followed by the addition of (NHBu3)W-
(CN)g (0.1 mmol; 102 mg). The resulting solution was then
layered with THF (3 mL) and left undisturbed for diffusion.
After one week well shaped purple crystals of 2b (72 mg, Y =
52%) were isolated by decantation. Analysis calculated (found)
for C4445H63'5GdN|4'5Ni01 1WZ C, 38.80 (3902), H, 4.64 (454),
N, 14.74 (14.89). IR (selected bands, cm™'): 3245 (w broad),
2939 (m broad), 2185 (w), 2161 (w), 2144 (w), 1637 (s), 1464 (m),
1432 (m), 1375 (m), 1296 (m), 1222 (m), 735 (m), 673 (m).

[LM*Ni(H,0)Th(dmf), s(H,0),.s{W(CN)s} |-H,0-0.5dmf,
3b. As for 3a but with technical grade dmf. Analysis calculated
(found) for C38H52N13Ni010'5TbW: C, 36.26 (3638), H, 4.16
(4.16); N, 14.45 (14.33). IR (selected bands, cm™"): 3400 (broad),
2940 (m), 2130 (v), 2161 (v), 2144 (v), 1652 (s), 1468 (m), 1438
(m), 1377 (m), 1297 (m), 1224 (m), 1067 (m)

(39) Dennis, C. R.; van Wyk, A. J.; Basson, S. S.; Leipoldt, J. G.
Transition Met. Chem. 1992, 17, 471-473.

(40) Pfeiffer, P.; Breith, E.; Lille, E.; Tsumaki, T. Justus Liebigs Ann.
Chem. 1933, 503, 83.
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[LM2Ni(H,0)Er(dmf);(H,0){W(CN)g} |-H,0-0.5dmf, 6.
LM®Ni(H,0), 75 (0.1 mmol, 48 mg), (NHBu3)W(CN)g (0.1
mmol; 102 mg), and Er(NO3);-6H,0 (0.1 mmol, 44 mg) were
dissolved in technical grade dmf (4 mL) and layered with THF
(5 mL). Slow solvent interdiffusion over a period of 3 weeks
yielded small orange crystals of 6. Analysis calculated (found)
for Cs9.5Hs4.5N13.5NiO1o sErW: C, 36.60 (36.38); H, 4.24 (4.16);
N, 14.59 (14.33). IR (selected bands, cm™'): 3460 (w, broad),
2938 (w, broad), 2182 (w), 2162 (w), 2146 (w), 2128 (w), 1642 (s),
1475 (m), 1460 (m), 1435 (m), 1373 (m), 1294 (m), 1069 (m),
741 (m), 682 (m).

X-ray Diffraction. Intensity data were collected at 180 K on
an Xcalibur Oxford Diffraction (2b), on an IPDS Stoe (3b), or
an Apex2 Bruker (3a, 4, 5, and 6) diffractometer using a
graphite-monochromated Mo Ka radiation source and
equipped with an Oxford Cryosystems Cryostream Cooler
Device with liquid nitrogen cooler devices (and an Oxford
Instrument Cooler Device for 2b, and an Oxford Cryosystems
Cryostream Cooler Device for 3a,b and 4).

The structural determination for 2b was carried out by direct
methods using SIR92*' and the refinement of atomic parameters
based on full-matrix least-squares on F>were performed using
the SHELX-97 programs** within the WINGX package.** The
structure of 2b has been solved with one THF and one dmf with
partial occupation (1/2), the positions O20A and C54B being
shared by the two molecules. The structures 3a,b, 4,5, and 6 have
been solved by Direct Methods using SIR92,*" and refined by
least-squares procedures on F using the program Crystal run-
ning on a PC.** Hydrogen atoms were refined using a riding
model. For 3a all coordinated dmf molecules and non-hydrogen
atoms have been refined anisotropically. For 3b one of the
depicted dmf bound to Tb has occupation 1/2, the O6 being
common with H,O found when the dmfis absent; a second dmf
linked to Tb has one of the C atoms disordered over two
positions (C321, C322). For compound 5, all non-hydrogen
atoms were refined anisotropically. Two of the coordinated dmf
molecules are partly disordered. Water molecules in the crystal
lattice appear to be highly disordered, and it was difficult to
model reliably their positions and distribution. Therefore, the
SQUEEZE function of PLATON* was used to eliminate the
contribution of the electron density in the solvent region from
the intensity data, and the solvent free model was employed for
the final refinement. Chemical analysis for this compound
suggests the occurrence of two lattice H;O molecules per tri-
nuclear unit. For compound 6, all the atoms of the molecular
complex have been refined anisotropically, except the disor-
dered moieties of the coordinated dmf molecules.

Results are summarized in Table 1.
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