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Figure 1. Molecular structure of clusteta. Only one position of the
statistically disordered IM-2Py ligands on Nil is shown, and the molecules

The synthesis of new magnetic molecular objects possessingof water are omitted. Selected bond lengths (A, av) and angles (deg, av)
a high-spin ground state and a high anisotropy became a challengeyre as follows fola: Fel-Fe2= 6.59, Fe-Ni = 5.06, Ni-Ni = 6.62,
for chemists a few years ago when the dodecanuclear mixed-Fe—C = 1.945, Ni-N (CN) = 2.039, Ni-N (L) = 2.118, N-O (nitroxyl)

valence manganese-oxo cluster with acetate ligands, &tetate,

= 1.250; Ni-Ni—Ni = 60, Ni—Fe—Ni = 82.2, Fe-Ni—Fe = 81.3.

demonstrated experimental evidence for a single-molecule magnet

behavior below 4 Kand gquantum phenomena such as thermal-
assisted tunnelingSearch for other examples of such behavior
resulted in the octanuclear iron(lll) oxdydroxo cluster, kg
which exhibits ground-state tunnelihgnd quantum phase inter-

ferencet These polynuclear clusters possess strong intramolecular
interactions between the metallic centers, very week intermo-

lecular interactions, and electronic and structural anisotropy.
Although highly isotropic, nitroxide free radicals are useful

paramagnetic building blocksvhich offer opportunities to design

high-spin anisotropic molecules in two different ways: (i) They

(relying also on the orthogonality of magnetic orbitals) to perform
the synthesis of the discrete pentanuclear compléxcluding
two Fe(lll) and three Ni(ll) ions in addition to six (2-pyridyl)-
substituted imino nitroxide ligands (IM-2P$A.

Such a stoichiometry is similar to that already described for
other sterically hindered chelating diamitfeshich, in contrast
to ethylenediamine, give clusters instead of extended struc-
turest®'4 The synthesis was performed in a waterethanol
mixture and, depending upon the content of water, two neutral
solvates were obtaineda, [Fe;(CN);2Niz(IM-2Py)g]-4H,0O and

have demonstrated their bridging capabilities when adequately 1b, [Fex(CN);2Niz(IM-2Py)s]-2MeOH2H,0. CompoundLa was

substituted. In that case a ground spin-state of high multiplicity
would result from a ferrimagnetic structure. (i) They might play
the role of terminal ligands and increase the multiplicity of the

unambiguously characterized by single-crystal X-ray diffractfon.
The structure consists of two [Fe(CiN)octahedral fragments
connected via three CANNi(IM-2Py),—NC bridges in afac

ground state. The latter strategy is virtually applicable to every arrangement (Figure 1). Although the quality of the single-crystals

existing system whose structure includes an anisotropic core.
We took advantage of the well understood ferromagnetic

interactions between paramagnetic centepg-agyano bimetallic

complexes when the magnetic orbitals are orthogohaind of

the ferromagnetic behavior of Ni(Himino nitroxide complexe¥)

T Laboratoire de Chimie de Coordination.

* Laboratoire Louis Nel.

§ UniversitePierre et Marie Curie.

(1) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, MNature (Londoh
1993 365 141.

(2) Friedman, J. R.; Sarachik, M. P.; Tejada, J.; ZioloPRys. Re. Lett
1996 76, 3830.

(3) Sangregorio, C.; Ohm, T.; Paulsen, C.; SessolPii®/s. Re. Lett 1997,
78, 4645.

(4) Wernsdorfer, W.; Sessoli, FSciencel999 284, 133.

(5) Caneschi, A.; Gatteschi, D.; Rey,Prog. Inorg. Chem1991, 39, 331.

(6) Fegy, K.; Luneau, D.; Ohm, T.; Paulsen, C.; ReyARgew. Chem.,
Int. Ed. 1998 37, 1270.

(7) Verdaguer, M.; Bleusen, A.; Marvaud, V.; Vaissermann, J.; Seuleiman,
M.; Desplanches, C.; Scuiller, A.; Train, C.; Garde, R.; Gelly, G.; Lomenech,
C.; Rosenman, |.; Veillet, P.; Cartier dit Moulin, C.; Villain, Eoord. Chem.
Rev. 1999 190, 1023.

(8) Ferlay, S.; Mallah, T.; Waissermann, J.; BartolorRe Veillet, P.;
Verdaguer, MJ. Chem. Soc., Chem. Commad®896 2481.

(9) Gadet, V.; Mallah, T.; Castro, I.; Verdaguer, M.; Veillet, .Am.
Chem. Soc1992 114, 9213.

(10) Luneau, D.; Rey, P.; Belorizky, E.; Cogne, Worg. Chem.,1992
31, 3578.

10.1021/ja9932100 CCC: $19.00

of 1b that we were able to grow were not suitable for a full X-ray
diffraction determination, it was sufficient to establish the discrete
nature of the compound and a similapNg pentanuclear arrange-
ment. Inla(H,O solvate) one of the three Ni(ll) fragments exhib-
its a statistical disorder involving ttgemdimethyl groups of the
IM-2Py ligands. All three Ni(ll) coordination spheres aiis and
exhibit identical chirality within each molecule but the crystals
are inactive since the space grolg2{/c) is centrosymmetric.

(11) Synthesis. A typical experiment involved 117 mg of IM-2Py and 59
mg of Ni(ClOy),*6H,0 in a mixture of 5 mL of HO and 2.5 mL of methanol.
On adding 55 mg of Fe(Ci3 in 1.5 mL of H,O, precipitation ofLb occurred
as a powder (23 mg). On standing, the solution afforded crystald ¢84
mg). Slow evaporation of the filtrate resulted in formationlaf (78 mg)
which was not obtained as single crystals if methanol is not used in the
synthesis. IR/(CN) (cnmt): 2164 (bridging), 2123 (nonbridging). Satisfactory
elemental analyses were obtained.

(12) Van Langenberg, K.; Batten, S. R.; Berry, K. J.; Hockless, D. C. R.;
Moubaraki, B.; Murray, K. Sinorg. Chem 1997, 36, 5006.
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Chem. Soc1994 116, 11566.
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C. Angew. Chem., Int. Ed. Engl995 34, 1446.

(15) Crystal datala, (dark brown crystalsT = 19 °C): CgsHi04~€N3o-
NizO10, M = 1980.8, monoclinic, space gro,/c, a = 22.4567(3) Ab =
20.8822(3) Ac = 20.3466(1) A = 90.535(13, Z = 4, p = 1.380 g cm?,

Mo Ka graphite monochromated, 13645 data, 1217 param&g@fs= 0.079,
wR(F?) = 0.1588.
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Figure 3. Field dependence of the magnetizationTarat 3 (a), 1.5 (b),
Figure 2. Temperature dependence)@fT and 1w for 1a Solid lines and 1 (c) K. The field is aligned with the 001 direction of the crystal
between 120 ah5 K are calculated with parameters reported in the text. cell, and the sweeping rate of the field is 0.014"TF.s

TK)

¢ Dy the measurement of the magnetizatiod & in the 0-5.5T

The uncoordinated oxyl groups of the IM-2Py ligands are not _ ) S -
engaged in intermolecular close contacts with each other as oftenf{i€!d range which saturates at 142 and is fairly well described
by a Brillouin function forS= 7 andg = 2.03.

observed in related compountfsHowever, one of them (O1F) . . . . .

does experience hydrogen bonding (O(0xy)(water)= 2.83 . Arela;ed pentanucllear.(Eeng) clust.ermvolvmg dlamagljetlc

A) with one (Ow3) water molecule also connected to one of the ligands instead of nitroxide free radicals was characterized by
Murray!? In this S = 4 cluster heptaaquo solvate, an extensive

free CN groups of a neighboring molecule. This arrangement re- ) . .
sults in chains of clusters running along tbeaxis. A similar study of thelmagnetlc properties ha§ ascertained the rolg (.Jf hydro-
gen bonds in intermolecular coupling and phase transition to a

hydrogen bond network connecting the clusters is probably also : .
present inlb. Although inter-nitroxide magnetic interactions bu”(. ordered state. Since compoutai(and probabl)&b) displays
a similar hydrogen bond network, we did not expect a low-

mediated by hydrogen bonds are not stréfigom the magnetic temperature magnetic behavior corresponding to that of a single-

point of view the neutral clusters are probably not very well . ;
isolated molecule magnet. Indeed, we investigated the low-temperature
i behavior of single crystals of the two samples in the0% K

The magnetic behavior of both clusters is almost identical. temperature range by use of a homemade microSQUID mathine
Within the 5-300 K temperature range (Figure 2), on decreasing The few curves displayed in Figure 3 fdm show that an

P —1
the temperaturey T increases from 9.2 chK mole™ to 24 cn? hysteresis loop opens below 1.2 K (1.3 K fob). Relaxation

K mole . The room-temperature value is much higher than ; C
anticipated for independent spin carriers7(cn? K mole™) but measurements bEIOW.l'Z K showed a time dependence which is
not exponential (logarithmic far> 50 s) and more importantly,

it is close to that expected for thré&= 2 and woS = '/> the relaxation process is temperature dependent down to 0.05 K
X ) T . i )
independent spins{10 emu K mole”) corresponding to three This behavior is in full contradiction with the presence of quantum

i 2+ ; 3-
(-2 a0 oo spin [FEICNT faamens, Idecc  efits and confims th absence o single ol benitior
300 cn1?) is well documented in Ni(ll)-imino nitroxide speciés This study shows that nitroxide ligands are well suited for in-
(orthogonality of Ni(ll) and nitroxide magnetic orbitals), but creasing the ground spin-state of a clus_ter Ieadlng_to arare onion-
depopulation 0= 0 and 1 excited states in tias-Ni(IM-2Py), like structure where three shells of different spin bearers are
fragments is not complete at room temperature, a situation which ferromagnetically coupled. Nevertheless, close-packing of the

clusters due to their neutrality and the presence of a intermolecular

accounts for the observed smaller value ,qfT. Since the network of hydrogen bonds impede observation of a single-
ferromagnetic nature of Fe(IH)Ni(ll) interactions mediated by ydrog ; P 9
_molecule magnet behavior. A single-molecule magnet based on

cyano bridges is also well established, the expected ground spin this strategy should be designed in such a way as to minimize

state of the cluster iS= 7. In agreement with this expectation, . g ; T

ywT increases monotonically as the temperature decreases and wtermollecular magnetic interactions. Work along this line |n(;|udes

bositive value o (+ 2.9 K) is obtained through linear fitting of ~ SYNthesis of charged clusters well separated by large organic coun-
terions or/and incorporation of another shell of peripheral protect-

1/w in the 306-10 K temperature range. To estimate the Fe- . ; oo
(11l —Ni(ll) interaction, the low temperature (5 T < 120 K) ing diamagnetic ligands. Such attempts are currently under way.
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