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Starting from a molecular cubane [Cu,L4] (1, with LH, = 1,1,1-trifluoro-7-hydroxy-4-methyl-5-aza-hept-3-en-2-one),
we successfully replaced one and then two copper(ll) ions of the cubane core by lanthanide ions to elaborate new
families of 3d—4f complexes. Here, we report the syntheses, crystal structures, magnetic properties, and theoretical
description of the tetranuclear copper(ll) complex [CusL4] (1, [Cu.]) together with original yttrium(lll) and gadolinium-
(1) heterometallic derivatives: [YCusLs(hfac)s]™ (2, [YCus]); [GdCusLs(hfac)s] ™ (3, [GACu 3]); [YsCusLs(OH)s(MeOH)g-
(H20)6]** (4, [Y3Cug]); [GdsCusLe(OH)s(MeOH)s(H,0)]** (5, [Gd3sCug]). 1 crystallizes in the P2;/c monaclinic space
group with a cubane-like structure and shows ferromagnetic behavior. 2 and 3 crystallize in the P1 triclinic space
group and exhibit also cubane-like structures in which one copper(ll) ion of the cubane core is substituted by one
lanthanide ion. The magneto—structural correlations carried out on the yttrium(lll) derivative reveal a spin frustration
between the copper(ll) ions that is retained in the gadolinium(lll) analog (J ~ =30 cm™1). 4 and 5 crystallize in the
C2/c monoclinic space group and result from the condensation of three {Ln,Cu,} cubane-like moieties giving rise
to nonanuclear architectures. On the basis of the theoretical investigations, it is suggested that the electronic
distribution on the yttrium(lll) ion may influence the magnetic interaction between the copper(ll) pairs. Indeed, the
sign and magnitude of the Cu—Cu interaction extracted from 4 do not seem to be retained in 5. Thus, the introduction
of lanthanide ions is likely to influence the nature of the Cu—Cu magnetic interactions in addition to their magnetic
contribution. This work should contribute to improve the SMM synthesis strategy on the basis of the association of
3d and 4f ions.

Introduction entities that can be magnetized and exhibit hysteresis loops

Among the richness of coordination chemistry, polynuclear féminiscent of magnetsThis ability has led to important
metal complexes have focused an intense interest due, td’ré@kthroughs in the study of nanosize magnetic systems and
their potential involvement in biological systems or in Currently focus a considerable amount of work due to

molecular-based electronic. For example, some polynuclearPOtential applications in information processihgo be an

metal complexes are good synthetic models forirsulfur (1) a) Berg, J. M.; Holm, R. H. IiBtructures and Reactions of Iron-Sulfur

proteins or photosystem Il, mostly based on cubane-like Protein Clusters and Their Synthetic Analogs, Iron-Sulfur Proteins
: 4; Spiro, T. G., Ed.; Wiley-Interscience: New York, 1982; p 1. (b)

a_rchltectureé.Some others have been s_hown to behave as /. iateswara Rao. P.; Holm, R. Bhem. Re. 2004 104 537. ()

single-molecule magnets (SMMs), which are molecular Yachandra, V. K.; Sauer, K.; Klein, M. ©hem. Re. 1996 96, 2927.
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SMM, a molecule must have a high-spin ground st&e ( type magnetic anisotropy due to their important spanbit
associated with a strong uniaxial magnetic anisotr@py<( coupling®? lllustrative of this, several lanthanide-containing
0).247 These requirements induce two orientations of the complexes exhibiting SMM behavior have been recently
magnetization (up and down) well-separated in energy. This reported'*~*> Whereas some of them are based on the only
energy barrier can be thermally overcome leading to dynamic lanthanide iori? the combination of 4f and 3d transition
magnetization fluctuations. An SMM is then equivalent to a metal ions has turned out to be most succeséfét.Indeed,
superparamagnetic nanopatrticle, and the way the magnetizathe magnetic exchange interaction interplays between d and
tion is retained in one direction depends on the energy barrierf ions, even if they are usually rather small, may contribute
roughly given by|D|S. Therefore, the largeD andS, the to increase the ground spin state as well as the overall

higher the barrier and the longer the magnetization should anisotropy. For instance, the G€u, Dy—Cu, and Tbh-Cu
be retained in one direction. However, this barrier can be interactions are known to be generally ferromagn#tic.

shortcut by quantum tunneling of the magnetization (QT#), Along this strategy and starting from a tetranuclear copper-
which contributes to speed up the overall relaxation process.(|l) complex [Cw] with a cubane-like structure, we synthe-
Practically, the thermal and QTM processes coexist, leadingsized original Lr-Cu architectures with controlled nucle-
to an experimental effective barrieks, extracted from an  arities. Our approach consisted to progressively replace the
Arrhenius law: 7 = 7o expUer/kT). One of the main goals  copper(ll) ions of the cubane core by one and then two
of the current research is to obtain systems with long |anthanide(lll) ions with the challenging goal of scaling-up
relaxation timesr which is a crucial point for information  the ground spin state as well as the anisotropy. One major
storage applicatiorfs. concern along this work has been to better understand the
Accordingly, most efforts devoted to the chemical design effects on the magnetic behavior when introducing one or
of SMMs concentrate on the synthesis of large clusters with several lanthanide ions in the cluster. Along this approach,
both high spin and anisotrogyln this regard metal com-  we built up two series of heterobimetallic Ln(H)Cu(ll)
plexes with cubane-like structures are interesting starting clusters with four [LnCgl and nine [LrCus] nuclearities.
points to elaborate high-spin molecules as generally ferro- The synthesis methodology works with most lanthanide ions,
magnetic exchange couplings and high-spin ground state carand we recently reported on a [EBug] cluster that behaves
be anticipated. In that sense, cubane-like compounds haveas an SMM with a strong coercive fielél.
received a considerable attention for many decédés. In this paper we report the syntheses, crystal structures,
Besides, the introduction of lanthanide ions looks very and magnetic studies of the tetranuclear copper(ll) complex
promising since they associate high coordination numbers|cy,L,] (1, [Cu.]) together with the yttrium(ll) and gado-
with large spin values and most of them have strong ISing- |injum(l11) heterometallic derivatives: [YGCils(hfacy]~ (2,
[YCug]); [GdCusLs(hfack] ™ (3, [GdCusg]); [Y sCusLs(OH)s-
(MeOH)G(H20)6]3+ (4, [Y3CU6]); [Gd3CLl3L6(OH)5(MeOH)5-
(H20)]®" (5, [GdsCug]). We did not expect any SMM
behavior for those compounds, and their study should be
understood as part of a more complete work that aims at
understanding, step by step, the different magnetic contribu-
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Scheme 1. Schematic Drawing of the LiLigand solution was concentrated under vacuum to a minimum of methanol.
FsC The possible presence of a nonsoluble species indicates the presence
X of the copper cubane [Glu,] which has to be removed by filtration
prior to proceeding. The concentrated solution was cooled in an
0 HN ice bath, and then 0.2 mL of triethylamine and 0.5 mL of
1 hexafluoroacetylacetone were added. After being stirred, the

resulting solution turned clear green. The solvent was then slowly
evaporated to give after 3 days green cubic shaped crystds of
and 3 suitable for single-crystal X-ray diffraction analyses. They

. he SMM behavi di d hWere isolated by filtration and washed with a small amount of
tions to the ehavior encountered in comMpoUNds SUCH a0 leading to 178 mg of compoud@L.n =Y: M = 1623.43

as [DyCu].*® Thus, the derivatives of the nonmagnetic g mol-%: yield 47%) and 116 mg of compourgiLn = Gd: M =
yttrium(lll) ion (2 and4) were synthesized to get rid of the  1691.77 g mot%; yield 29%). Anal. Calcd for2 (CaHas
Cu—Ln magnetic interactions and to have some insight onto CICuF,7;N4Oy,Y): C, 31.07; H, 2.65; Cl, 2.18; Cu, 11.74; Y, 5.48;
the only Cu-Cu interactions in these two series of mixed F, 31.60; N, 3.45. Found: C, 31.36; H, 2.76; Cl, 2.32; Cu, 11.59;
Cu(Il)—Ln(lll) systems. In compound the role of Y(lII) Y, 5.41; F, 31.53; N, 3.51. Calcd f@ (CsoH43CICWsF27N401,Gd):
has been investigated by means of ab initio calculations. WeC, 29.82; H, 2.54; Cl, 2.10; Cu, 11.27; Gd, 9.29; F, 30.32; N, 3.31.
then studied the gadolinium(lll) derivatives in the light of Found: C, 29.85; H, 2.68; Cl, 2.34; Cu, 11.19; Gd, 9.27; F, 31.13;
the results obtained for the yttrium(l1l) analogs. The choice N: 3:39.2 and3 can also be obtained starting respectively frém
to synthesize the Gd(lll) derivatives was motivated by the and5 t_ay the addltl_on of tr_lethylamlne and hexafluoroacetylacetone
fact that this high-spin ionrS= 7/2) is magnetically isotropic. to their methanolic solutions. .
Thus, their study seems a prerequisite to the understandin [ sCUsl o(OH)s(MEOH)s(H-0)|ClSH-0 (with Ln =¥ (4), -

’ ; i ; o %d (5)). Both nonanuclear complexes were obtained by following
of systems with anisotropic lanthanide ions such asz{Dy

. - the same procedure as described hereafter. The ligapdQ-Big;
Cug] that shows an SMM behaviirbut whose magnetic 1,02 mmol) was dissolved in methanol (10 mL), and 0.5 mmol of

HO

properties are much more complicated to understand. the lanthanide chloride in 10 mL of methanol was added dropwise.
. . The resulting light yellow solution was stirred for 30 mn (%CI
Experimental Section 6H,0, 0.15 g, 0.50 mmoM = 303.36 g mot; GdCk-6H,0, 0.19

SynthesesAll chemicals and solvents were used as received; 9» 0-51 mmolM = 371.7 g mot?). Then, 0.50 mmol of CuGi
all preparations and manipulations were performed under aerobic2Hz0 (85 mg; M = 170.48 g mot?) previously dissolved in
conditions. methanol (5 mL) was added. As f@rand3 the copper salt was
Ligand LH . The ligand 1,1,1-trifluoro-7-hydroxy-4-methyl- added in dgfault to prevent formation_ bf To the result_ing light
5-aza-hept-4-en-2-one results from the condensation of ethanola-9r€en solution was added 0.2 mL of triethylamine leading to a deep
mine with the trifluoro-substituted acetylacetone (Scheme 1): 1 Plue solution which gave after 1 week of slow evaporation square
mL of ethanolamine (16.6 mmoll = 61.08 g mot%; d = 1.012) blue platelike crystals_ suitable for_ smgle-crystal X-ray d_lffractlon
was added to 2 mL of 1,1,1-trifluoro-2,4-pentanedione (16.5 mmol; analyzes. They were isolated by filtration and washed with a small
M = 154.09 g mot’; d = 1.27) in 20 mL of methanol cooled in ~ @mount of methanol to give 97 mg df(Ln = Y: M = 2448.77 g
an ice bath. After the solution was stirred overnight, the methanol Mo!™"; yield 25%) and 112 mg 06 (Ln = Gd: M = 2653.8 g
was removed under vacuum to give 2.1 g of a yellow solid further MOl yield 26%). Anal. Calcd fo# (CagH106ClsCUsF18NGOs7Y 3):
used without any purification = 196 g mot?; yield 65%). C,23.52;H,4.08,Cl, 4.34; Cu, 15.57; Y, 10.88; F, 13.97; N, 3.43.
[CuaL4] (1). The ligand LH (0.2 g; 1.02 mmol) was dissolved Found: C, 23.02; H, 3.87; Cl, 4.12; Cu, 16.12; Y, 11.05; F, 14.24;
in methanol (10 mL), and to this solution were added successively, N 3:71. Calcd for5 (CagH100ClsCUsF1sNeOs7CGh): C, 21.70; H,
under stirring, triethylamine (0.2 mL) and Cu@IH,0 (0.17 g; 1 3.38; Cl, 4.01; Cu, 14.37;, Gd, 17.78; F, 12.89; N, 3.16. Found: C,
mmol; M = 170.48 g mot?). Slow evaporation of the resulting ~ 21-49: H, 3.36; Cl, 4.14; Cu, 14.57; Gd, 18.02; F, 13.34; N, 3.28.
deep blue solution gave within 2 days 0.22 g of prismatic blue ~ Crystallography. Single-crystal X-ray studies oi—5 were
crystals of1 which were isolated by filtration and washed with a  carried out using a Nonius KappaCCD and the related analysis
small amount of methanoM = 1034.74 g mot?; yield 85%). software!’ No absorption corrections were applied to the data sets.
Anal. Calcd forl (CosHa:CwF1:N4Og): C, 32.49; H, 3.09; Cu, All structures were solved by direct methods using the SIR97
24.58: F, 22.04; N, 5.41. Found: C, 32.43; H, 3.54; Cu, 24.79; F, prograrﬁs combined with Fourier difference Syntheses and refined
21.94: N, 5.34. againstr using reflections withlfo(l) > 3] with the CRYSTALS
(EtsNH)[LnCu sL sCl(hfac)] (with Ln =Y (2), Gd (3)). Both programt® All atomic d.isplace.ments. parameters for non-hydrogen
tetranuclear complexes were obtained by following the same &0Ms have been refined with anisotropic terms. The hydrogen
procedure. The ligand LH(0.2 g; 1.02 mmol) was dissolved in ~ aloms were theoretically located on the basis of the conformation

methanol (10 mL), and then 0.5 mmol of the lanthanide chloride ©f the supporting atom. . .
in 10 mL of methanol was added dropwise (¥&H,0, 0.15 g, Magnetic MeasurementsDc magnetic data were recorded using

0.50 mmolM = 303.36 g mot’: GACl6H,0, 0.19 g, 0.51 mmol a Quantum Design SQUID magnetometer. The magnetic suscep-

M = 371.7 g mot?). The resulting light yellow solution was stirred

< N — (17) NONIUS, Kappa CCD Program Package: COLLECT, DENZO,
for 30 mn. Then, 0.50 mmol of Cug2H,0 (85 mg;M = 170.48 SCALEPACK, SORTAWonius BV: Delft, The Netherlands, 1999.

g mol ™) previously dissolved in 5 mL of methanol was added. It (18) Cascarano, G.; Altomare, A.; Giacovazzo, C.; Guagliardi, A.; Moliterni,
must be stressed here that the copper salt was added in defaultto ~ A. G. G.; Siligi, D.; Burla, M. C.; Polidori, G.; Camalli, MActa

; Crystallogr., Sect. A996 52, C-79.
prevent the formation of the very stable [Ly] cubane {). To (19) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.

the resulting light green solution was added 0.2 mL of triethylamine CRYSTALS Issue 1Chemical Crystallography Laboratory: Oxford,
leading to a deep blue solution. After being stirred for 30 min, the U.K., 1999.
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tibilities were measured from 2 to 300 K on polycrystalline samples and DDCI-3 simulations were performed over both states to grasp
with applied field of 1 kOe. To avoid orientation in the magnetic the relative importance of the different physical phenomena involved
field, the gadolinium samples were pressed in a home-made Teflonin the magnetic coupling. Extended atomic basis sets were used
sample holder equipped with a piston. The magnetization was on dimeric units where the methyl and trifluoromethyl ligands were
measured at 2 a5 K in the 0-55 kOe range. The data were replaced by H atoms. A combination of (9s6p6d)/[3s3p4d] on the
corrected for diamagnetism of the constituent atoms using Pascal’'sCu atoms and (5s6pld)/[2s2p1d] on the N, O, antiGmtoms

constants. was used in our calculatiod®.Hydrogen and spcarbon atoms
Micro-SQUID. Magnetization measurements on single crystals were described with minimal STO-3G basis sets, i.e., (3s)/[1s] for

were also performed with an array of micro-SQUHBsThis H and (6s3p)/[2s1p] for €7 Finally, yttrium cations were included

magnetometer works in the temperature range04—7 K with either as pure electrostatic point charges or together with a

applied fields up to 140 kOe. The time resolution is approximately pseudopotentig® Let us stress that no basis set was included on
1 ms. The field can be applied in any direction of the micro-SQUID the yttrium center. Nevertheless, we used the same MOs defined
plane with a precision smaller than 0y separately driving three  along the previous scheme in the absence of any yttrium ion. This
orthogonal coils. The field was then aligned to ensure the maximum procedure allows us to concentrate on the modifications of the wave
signal. The thermalization is guaranteed by the fixation of the single function induced by the yttrium environment.
crystals with Apiezon grease.

Computational Details. Explicitly correlated ab initio (config- ~ Results and Discussion

uration interactions, Cl) and density functional theory (DFT) broken . . .
symmetry calculations have proven to be powerful tools in the Syntheses.The choice of the ligand 1,1,1-trifluoro-7-

understanding of magnetic systems. Nevertheless, we decided tdydroxy-4-methyl-5-aza-hept-4-en-2-one was made from a
perform Cl calculations which use the exact Hamiltonian since the literature survey that shows that such ligand are known to
information extracted from a multiconfigurational wave function give cubane-like clustefsMoreover, this ligand has several
is very insightful into the mechanism of magnetic interactions. These donor sites which seem appropriate for the synthesis of
calculations were performed on dimeric copper(ll) units. heterometallic clusters. In this regard, there was in the
First, complete active space self-consistent field calculations literature a previous report of mixed Cu@)n(lll) archi-
(CASSCEF) including 2 electrons in 2 molecular orbitals (CAS(2,2)) tectures using a similar ||gar?aThe reason to choose this
were performed using the MOLCAS packé&yéo qualitatively ligand holding a CEgroup (Scheme 1) was mainly that it
incorporate the leading physical configurations. Along this multl- - ¢ ijiated the crystallizations of the compounds. Our similar
configurational scheme, the contributions of the so-called ionic . .
forms in the ground state singlet (2 en one site) may be attempts with the nonfluarinated a_lnalo_g have not_been
pSuccessful. Besides, we have also in mind that fluorinated

underestimated. Thus, one has to incorporate dynamical correlation’; . . . .
effects to fully account for the singletriplet energy gap which ligands which are generally more volatile could be interesting

defines the magnetic coupling constdnStarting from the triplet ~ When th.inking to further applications such as in thin films
molecular orbitals (MOs), dynamical correlation contributions were Processing.

included using the difference dedicated configuration interaction ~ With this ligand, we succeeded to synthesize, in a
(DDCI) method* implemented in the CASDI codéThis particular  controllable way, two series of mixed tetranuclear [LgICu
framework has shown to provide very accurate results for this type gnd nonanuclear [LaCug] complexes containing copper(ll)

of compound and solid-state magnetic materials the DDCI and lanthanide(lll) ions. The tetranuclear complexes were
approach, one concentrates on the differential effects rather than, ynthesized with the help of an extra hfac ligand on the

on the absolute energies evaluation by assuming that the states o, anthanide ions. The nonanuclear cluster mav be obtained
interest are described on a common set of MOs. In particular, all . : . . y .
also with chlorine anions or a mixture of chloride and

the double excitations from inactive MOs to virtual ones are not . ¢ :
included in the CI space. The number of degrees of freedom (holesPerchlorate anions. The synthesis processes work with most

and particles) on top of the reference CASSCF wave function Of the lanthanide ions (Y, Eu, Gd, Tb, Dy, Ho) and should
defines the successive DDCI-1, DDCI-2, and DDCI-3 levels of be followed precisely as described in the Experimental
calculations. The physical contributions of the corresponding Section. A crucial point is that the copper(ll) ions should be
determinants have been debated in the literaéttifeAlong this kept in default (Cu(ll)/ligand< < 1) to avoid formation of

procedure, we started with the triplet CASSCF MOs to build both the [Cu4] cubane. In both tetranuclear and nonanuclear Ln-
states DDCI-1 density matrices. One can define average natura|(|||) —Cu(ll) series the basic framework of the clusters is a
orbitals by diagonalizing the average density matrix. By the cubane core in which one or two of the copper(ll) ions have
repetition of this operation, a common molecular basis set including been replaced by lanthanide ions. This holds for the

spin-polarization effects was built along the IDDCI-1 scheme tetranuclear complexes [Ln@uas well as for the nona-
reported in the literaturé 25 It has been shown that these crucial P

contributions are dominated by excitations involving the bridging-
ligand orbitals. Finally, using these average DDCI-1 MOs, DDCI-2

(24) (a) Calzado, C. J.; Cabrero, J.; Malrieu, J. P.; Caballol]. Chem.
Phys.2002 116, 2728. (b) Calzado, J. C.; Cabrero, J.; Malrieu, J. P;
Caballol, RJ. Chem. Phy2002 116, 3985. (c) de Loth, P. Cassoux,

(20) Anderson, K.; Fischer, M. P.; Karlstim, G.; Lindh, R.; Malqvist, P. P.; Daudey, J. P.; Malrieu, J. B. Am. Chem. S0d.981, 103 4007.
A.; Olsen, J.; Roos, B.; Sadlej, A. J.; Blomberg, M. R. A.; Siegbahn, (25) Garcia, V. M; Castell, O.; Caballol, R.; Malrieu, J. ®hem. Phys.
P. E. M.; Kello, V.; Noga, J.; Urban, M.; Widmark, P. ®IOLCAS Lett. 1995 238 22.
version 5.4; University of Lund: Lund, Sweden, 1998. (26) Barandiaran, Z.; Seijo, lCan. J. Chem1992 70, 409.

(21) Miralles, J.; Castell, O.; Caballol, R.; Malrieu, J.Ghem. Phys1993 (27) Hehre, W. J.; Stewart R. F.; Pople, J.JAChem. Physl969 2657.
172 33. (28) Abdalla, A.; Barandiaran, Z.; Seijo, L.; Lindh, R.Chem. Physl998

(22) Ben Amor, N.; Maynau, DChem. Phys. Lettl998 286, 211. 108 2005.

(23) Cabrero, J.; de Graaf, C.; Bordas, E.; Caballol, R.; Malrieu, J.-P. (29) Benelli, C.; Caneschi, A.; Gatteschi, D.; Guillou, O.; Pardilrarg.
Chem—Eur. J 2003 9, 2307. Chem.199Q 29, 1750.
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Table 1. Crystal Data and Structure Refinement Parameters for Compdurisls

param [Cu] (D) [CusY] (2) [CusGd] (3) [CusY3] (4) [CusGdy] (5)
formula GgH32CwF1oN4Og  CaoHasCliCusFo7N4O12Y 1 CaoHasCliCusF27GAiN4O12  CasHgsClaCusF18NsO33Y's  CagHo2ClsCusF18GdsNeOs3
fw 1034.74 1623.77 1692.11 2325.52 2558.61
cryst syst monoclinic triclinic triclinic monoclinic monoclinic
space group P2;/c (No. 14) P1 (No. 2) P1 (No. 2) C2/c (No. 15) C2/c (No. 15)
a(A) 13.8390(4) 13.0941(2) 13.0969(2) 29.000(2) 29.1239(9)

b (A) 12.2627(4) 15.2755(2) 15.3158(3) 15.1494(8) 15.1022(4)
c(A) 22.6302(5) 15.6275(2) 15.6664(3) 25.742(2) 25.8896(8)
o (deg) 90 78.095(1) 77.997(1) 90 90

p (deg) 96.785(2) 89.215(1) 89.331(1) 122.558(2) 123.054(1)
y (deg) 90 82.666(1) 82.752(1) 90 90

V (A3 3813.5(2) 3033.28(7) 3048.9(1) 9532(1) 9544.2(5)
z 4 2 2 4 4

T (K) 293 150 150 150 150

(Mo Ka) (A) 0.710 69 0.710 69 0.710 69 0.710 69 0.710 69

D (gcm3) 1.802 1.778 1.843 1.620 1.781

w (mm1) 2.310 2.168 2.288 3.302 3.551
R(F)21 > 30(F,) 0.0523 0.0452 0.0377 0.0641 0.0524
Ru(F).P I > 30(F,) 0.0614 0.0524 0.0452 0.0704 0.0598

S 1.10 1.10 1.08 1.10 1.07

AR(F) = JlIFo| — [FdIZ|Fol. P Ry(F) = Y[W((Fo? — FAHYwWFoY2.

nuclear complexes. Indeed, the latter family may be viewed copper(ll) square pyramid environment is observed in all
as resulting from the fusion of thr§€uwLn,} cubane cores  compoundsl—5 as described in the following. The cube
sharing the lanthanide ions in a triangular fashion. Mixed- belongs to the 4+ 2 class proposed by Ruiz et’atlt is
valence and heterometallic clusters with cubane-like frame- constituted of two types of planes. Fo{€w0,} faces
works have been already reported for 3d eleméritsbut consist of two Ct-O—Cu angles (90 and 10y and three

to our best knowledge they are unprecedented for4d  short Cu-O distances+{1.96 A) and a longer one (2.42 A).
heterometallic systems related to the SMMs field. Among The last two{ Cu,O;} faces differ by the presence of a unique
these compounds, some show SMM behavior as we haveCu—O—Cu angle at 97 and two short£1.96 A) and two
already reported in a previous artiéfe. long (~2.42 A) Cu-O distances.

Crystal and Molecular Structures. CompoundL crystal- (EtsNH)[LnCu 3L 3Cl(hfac)s] (with Ln =Y (2), Gd (3)).
lizes in a monoclinic system, and according to the observed As both compounds are practically identical, differing only
systematic extinctions, the structure was solved inRgc by the nature of the Ln(lll) ion (YZ) or Gd @)), their crystal
space group. Compoun@sand3 crystallize in the triclinic structures will be described simultaneously and referred to
system, and their structures were solved in Biespace as [LnCu] (see Tables S2 and S3 in the Supporting Informa-
group. Compoundst and 5 crystallize in a monoclinic  tion). They consist of an anionic entity [L@usL s(hfackCl]~
system, and the structures were solved in @#&c space as all ligands L and hfac are fully deprotonated, without any
group. Table 1 summarizes the crystallographic data andfree solvent molecules in the structure. The neutrality of the
refinement details foi—5. Selected bond lengths and angles whole structure is assumed by ones(##)* cation (Figure

are given in the Supporting Information (Tables-s85). 2a). The{LnCuOsCl} cubane core is built from three Cu-
[Cuslg (1). The structure is very similar to those (II) ions and one Ln(lll) ion, the last four positions at the
previously reported with the nonfluorinated ligatidThe corners being occupied by one chlorine aniggCl~) and

asymmetric unit is a neutral [Glu,] tetranuclear as the four  three oxygen atomsu§-O~) coming from the three
ligands are fully deprotonated{L) without any free solvent ligands (Figure 2b). The Ln(lll) nine-coordinated sphere is
molecules (Figure 1). It consists of four alkoxo-bridged constituted from three hfac ligands and thrgeD~ coming
copper(ll) ions, giving a slightly distorted cubic cdr€wO4} from three deprotonated ligand€L The Ln(l1)-O bond

of alternating copper and oxygen atoms. The pentacoordi-lengths (from 2.348(3) to 2.441(3) A, average 2.395 Riin
nated copper ions can be described as square pyramids, wittrom 2.397(3) to 2.475(2) A, average 2.429 A3hagree

the basal plane formed by one nitrogen and two oxygen with those previously reportéd: 6 The five-coordinated Cu-
atoms from one ligand and a third oxygen atom from another (1) ions are located in a square-base pyramid environment
ligand. The apical position is occupied by an oxygen atom with the basal plane involving two oxygen and one nitrogen
from a third ligand. The Ct¢O and Cu-N bond lengths in atoms from one ligand and a third oxygen atom from a
the QN; square plane range from 1.890(5) to 1.962(4) A second ligand. The apical position is occupied by the chlorine
(average: 1.935 A) and from 1.930(5) to 1.948(6) A anion. The Cu-O bond lengths of the square planes range
(average: 1.937 A), respectively. All distances are in good from 1.898(3) to 2.008(3) A (average: 1.963 A)2nand
agreement with those previously reported for the nonfluori- from 1.902(3) to 2.008(2) A (average: 1.968 A)3nThe
nated ligand (Table S1 in the Supporting Informatiids Cu—N bond lengths are equal to 1.943(3) A 2nand are

it is usually observed, the oxygen atom coordinated in apical comprised between 1.939(3) and 1.951(3) A (average: 1.945
position exhibits a longer CGuO bond length comprised A) in 3. The Cu-Cl bond lengths vary from 2.745(1) to
between 2.400(4) and 2.451(4) A (average: 2.420 A). This 2.797(1) A (average: 2.763 A) and from 2.7458(9) to
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Figure 1. (a) Molecular structure of. (b) View of the cubane core with
labels used in the text.

Figure 2. (a) Molecular structure o2 similar to the structure 08. (b)

2.7982(9) A (average: 2.7634 A) D and3, respectively. View of the cubane core with labels used in the text.
In both compounds, the coordination sphere of the copper-
(1) ions is completed by one oxygen atom of a hfac ligand 2b). This way, the oxygen atoms capped the ttaeCu,} -
forming a distorted square-base bipyramidal environment. faces. The averaged €€u and Cu-Ln distances equal
These three Gu-O distances are 2.613(3), 2.658(3), and respectively 3.381 and 3.361 A thand 3.382 and 3.393 A
2.849(3) A, respectively, i and 2.654(2), 2.703(2), and in 3. The anionic entities are well isolated from each other
2.897(2) A, respectively, iB. This illustrates the strong axial as we did not find any relevant hydrogen bonds between
Jahn-Teller distortion as usually observed in copper(ll) them.
complexes. [Ln 3CueL 6(OH)s(MeOH)s(H20)6]Cl3-5H,0 (with Ln =

Within the {LnCwOsCl} cubane-like moieties, the bond Y (4), Gd (5)). As both compounds differ only by the nature
angles strongly deviate from orthogonality due to the of the Ln(lll) ion (Y (4) or Gd ()), their crystal structures
presence of a chlorine atom instead of an oxygen one. Indeedwiill be identically described and referred to as §Cug] (see
the Cu-Cl—Cu angles vary from 74.32(3) to 76.29{3) Tables S4 and S5 in the Supporting Information). They
(average 759 in 2 and from 74.33(2) to 76.31(2Javerage consist of cationic entities [La€usL(tts-OH)e(tt1-H2O0)10-
75.2) in 3, whereas the CHO—Cu angles vary from 113.5-  (MeOH)]*" (Ln = Gd(lll) or Y(Il)) (Figure 3a) with three
(1) to 117.2(1) (average 1159 in 2 and from 113.4(1) to  noncoordinated chlorine anions for the charge balance, as
117.3(1) (average 1159 in 3. The Cu-O—Ln anglesrange  well as crystallization water molecules. The cationic entity
from 97.4(1) to 100.2(®)(average 98.9 and from 97.13- is built from three Ln(lll) ions arranged in a triangular way
(9) to 100.32(9) (average 98.9 in 2 and 3, respectively. with {CwL,} dimer units on each of the triangle edges
Therefore, thg LnCusOsClI} cubane core is highly distorted  (Figure 3b). Six alkoxo oxygen atoms of the deprotonated
and can also be seen aglanCwCl} bipyramid with the ligands (127) and six OH groups bridge the different metal
triangular base formed by the three copper(ll) ions (Figure ions in ausz way. The six OH groups connect the Ln(lIl)
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Figure 3. (a) Molecular structure o# similar to the structure o5. (b)
View of the threg{Ln,Cu,} condensed cubane cores with the labels used
in the text.

ions within the triangular frameworklLn3(OH)g} and with
the Cu(ll) ions of adjacedtCu.L,} dimer units. One alkoxo
bridge is used to connect the Cu(ll) ions within f@uwL »}
dimer units and the second bridge with adjacent Ln(lll) ions
(Figure 3b). This results in distorteflLn,CuwL ,(OH).}
cubane-like moieties (Figure 3b) similar to homometallic
cubane-like compounds? The cationic entity may also be
described as the condensation of three distdriedCu,Oy}

Scheme 2.

6114 Inorganic Chemistry, Vol. 46, No. 15, 2007

Aronica et al.

cubane-like moieties sharing the Ln(lll) ions in a triangular
way. The structural features of then,CuwL,(OH),} moieties
are reminiscent of those reported for a §0op] complex?®
Within the{Ln,Cw0O4} cubane-like moieties, short and long
Ln—Cu separations coexist. As i& and 3, the cationic
entities are well isolated from each other as we did not find
any relevant hydrogen bonds in between.

The three Ln(lll) ions exhibit the same eight-coordinated
environment made by the oxygen atoms from two coordi-
nated water molecules, four bridging Olgroups, and two
bridging alkoxo groups of the ligand {t). The Ln(ll)-O
bond lengths (from 2.296(7) to 2.412(7) A, average 2.364
A'in 4; from 2.345(6) to 2.447(5) A, average 2.364 Agh
are in good agreement with the calculated ofedlithin
the triangular frameworkLns(OH)g}, the average LalLn
separations are equal to 3.791 and 3.848 A4aand 5,
respectively. The LaO—Ln angles are almost identical
(105°) whereas the LAO—Cu angles vary from 94.6(3) to
113.6(3). The six Cu(ll) ions are basically five-coordinated
in a square base pyramid with two oxygen and one nitrogen
atoms from the ligand (&) together with one OH group
forming the basal plane. The fifth position is axially occupied
by the alkoxo unit from the second ligand of th€uL 5}
dimer. The Cu-O bond lengths of the square planes range
from 1.916(8) to 1.980(2) A (average: 1.945 A)4nand
from 1.923(6) to 1.981(5) A (average: 1.945 A)SnThe
Cu—N bond lengths are comprised between 1.92(1) and
2.006(2) A (average: 1.957 A) in and between 1.935(7)
and 1.946(7) A (average: 1.942 A)SnThe principal apical
positions comprised between 2.553(9) and 2.652(8) A
(average: 2.618 A) id and between 2.573(7) and 2.658(7)
A (average: 2.617 A) i are located along GuO—Cu. A
second axial position completes the five-coordination sphere
of the copper(ll) to six as one oxygen from the solvent
molecules binds at 2.671(11), 2.765(11), and 2.920(8) A,
respectively, from the three dimers dfand at 2.697(9),
2.805(9), and 2.85(2) A, respectively, from the three dimers
of 5. Within the three{Cwl;} dimer units, the Cu
O(alkoxo)-Cu bond angles are close to orthogonality (88.2
and 87.7 in 4 and>5, respectively). The CuCu separations
are very similar ind and5 (~3.18 A).

Schematic View of (a¥ and (b)5 Based on Structural Data with Exchange Interactigns
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Scheme 3. Drawing of the[Cu4] Cubane Core with Exchange
Couplings in Dashed Linés

aThe thick lines represent the short €0 bond lengths [1.952(4)
1.959(5) A], while the thin lines represent the long ones [2.408(5)
—2.456(5) Al

cm?, J, = =55 cntl, and® = —0.10 K (Figure 4). As
Figure 4. Temperature dependence of #ieproduct and magnetization  may be expected, these values are close to those previously
at 2 K for 1. The solid lines hold for the best fits of the data (see text). reported for the nonfluorinated anal?ﬁg.‘l’he magnetic
| behavior of such [C4} systems has been explained else-
wheré and in a recent DFT study.Shortly, the interactions
between CutCu2 and Cu3-Cu4 involve two short [1.952-
(4)—1.959(5) A] and two long [2.408(5)2.456(5) A] Cu-O
bonds (Scheme 3). With this topology, the Jafieller
elongation within the copper pairs are directed in the@u

The 3d-4f framework can be seen as three almost paralle
and equilateral triangles. Both €planes are tilted by 12
one to another, while the krtriangle lies in a staggered
position (Scheme 2). The CGiCu separation within each
triangle is 6.2 A whereas the two guriangles are

separated by 3.2 A. The corners of the triangles form copper-=""" ¥
() dimers. In the crystal packing the molecules are moieties (Cul04Cu202 and Cu306Cu408) so that the half-

parallel one to another with a typical distance separation of °CCUPied @-yz orbitals are practically parallel to each other.
15-16 A. Therefore, their overlap is rather small and results in the weak
antiferomagnetic interactiord4).1%3°In contrast, in the four
other{Cu,0O,} planes the g-yz orbitals of each copper(ll)
ions are nearly orthogonal which suppress the superexchange
contribution and leads to the ferromagnetic interactigh (
The general ferromagnetic behavior is confirmed by the
magnetic field dependence of the magnetization at 2 K.
Indeed, the curve follows the Brillouin function for a ground
spin-stateS = 2, as expected for four Cu(ll) ferromagneti-
is higher than the expected value for four Cu(ll) ions C@lly coupled, leading to a saturation value ofig (insert
considering ag value of 2.0 (1.5 cfh K mol~%). Upon of Figure 4).

cooling,y T continuously increases and reaches a maximum [YCug] (2). The magnetic properties of compouBdre

of 3.55 cn? K mol~* at 10 K close to the expected value for reported in Figure 5a. At room temperature, gleproduct
anS= 2 state. This feature indicates dominant intracluster is 1.25 cni K mol~*, which is close to the expected value
ferromagnetic interactions. The decrease oftligoroduct  for three uncoupled Cu(ll) ions (1.125 & mol~?). Upon
below 10 K is ascribed to weak intermolecular antiferro- cooling, yT decreases and reaches a plateau below 30 K
magnetic interactions. The magnetization curve recorded atwhose value (0.48 cfiK mol ™) corresponds to a8 = 1/2

2 K is reported in the insert of Figure 4. It shows a continuous Spin state. This is confirmed by the field dependence of the

Magnetic Properties. The DC magnetic studies were
carried out on polycrystalline samples bf5 to obtain the
thermal magnetic susceptibilityX behaviors and the iso-
thermal magnetization data. Figures8display the thermal
variation of theyT products and the magnetization curves
for each compound.

[Cuy4] (1). The thermal variation of T is shown in Figure
4. At room temperature, thel product of 2.02 cifiK mol™

increase up to the saturation value of #9which corre- ~ magnetization &2 K that reaches saturation at 1.1
sponds well to a ground spin-state of 2, in agreement with corresponding to a doublet state (insert of Figure 5a).
the ¥ T data. Since the yttrium(lll) ion is diamagnetic, it should not

This magnetic behavior, as well as the crystal structure, contribute to the magnetic behavior af Therefore, the
is very similar to those observed in the nonfluorinated magnetic data were analyzed on the basis of three copper-
analogue and other copper(ll) cubafi@herefore, the data  (ll) ions arranged in a triangle (Scheme 4a). According to
were analyzed using two different coupling constahtand the structural parameters, the copper triangle was considered
Jo, expressed in the spin Hamiltonian of eq 1 (Scheme 3), equilateral and a single spin-coupling consthnwas taken

in agreement with the 4 2 class of cubane clustefs. into account to fit the magnetic behavior (eq®2).
H= _2\]1(3:“13:1‘4:’_ %”13:“3+ ét:EZéC:E4+ R H= _2J1($Zu133u2+ s:ulA%u3+ S:uzsius) (2)
SCUZ%U:Q - Z‘JZ(S:ulSCUZ—i_ %uS&:uA) (1)

] ] ) (30) (a) Hatfield, W. EComments Inorg. Chem981, 1, 105. (b) Kahn,

In the analysis of the data, an intercluster interact®n 1) ?.)IrFlorg. Cguml._lActalQBtZJGZé3.R ik, T E : Biagini Cingi

. - . . a) Ferrer, o5.; Haasnoot, J. G.] kReedljK, J.} ., blagini Cingl,
was included as a mean field correction. The fit procedure M. Lanfranchi, M. Manotti Lanfredi, A. M. Ribas, Jnorg. Chem

leads to the following parametergy = 2.18,J; = + 30.5 200Q 39, 1859. (b) Kahn, OChem. Phys. Letfl997 265 109.
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Figure 6. Magnetization curves for single crystals 8f at various
temperatures.

addition to the Cu-Cu coupling (Scheme 4b). Thus, the spin
Hamiltonian was written using two exchange coupling
constants); andJ; for the Cu-Cu and Gd-Cu interactions,
respectively:

Figure 5. Temperature dependence of ffiEproduct and magnetization ~ H = —233(Scy1Sco + SeuSeus +

at 2 Ktor (a)2 and (b)3. Stuzslufi) - ZJz(sadsluldl— ASGds:u2+ A%dASCus) (3)

Scheme 4. Exchange Coupling in (a3 and (b)3 The best fit of the/T curve was obtained wit = 2.016,
J; = —30.0 cm?, J, = +0.43 cm?, and a small intermo-
lecular interactior® = —0.03 K (Figure 5b). Interestingly,
the sign and amplitude of the antiferromagnetic interaction
within the { Cus} moiety corresponds to those found3dras
may be expected owing to the structural similarity2adnd
3. Also the weak ferromagnetic interaction between gado-
The fit of theyT curve leads to @ value of 2.26,J; of linium(lll) and copper(ll) is in agreement with previously
—28.2 cn1l, and a small intermolecular interactidgd = reported result¥ This set of parameters is consistent with
—0.013 K (Figure 5a). Considering the system as isoscelesanS= 4 ground spin state resulting from the ferromagnetic
did not improve the quality of the fit. The antiferromagnetic coupling between th8 = 7/2 of the gadolinium(lll) ion and
interaction between the copper(ll) ions is coherent with the the S = 1/2 frustrated copper(ll) triangle. This shows that
Cu—0—Cu and Cu-CI—Cu bond angles of nearly 115 and the introduction of the Gd(lll) ion in the cubane core
75°, respectively, which usually lead to antiparallel alignment increases successfully the spin of the ground state.
of the spins’® Spin frustration betwees = Y/, spin carriers For comparison purpose with anisotropic systems, we
is known to result in two degenerated doublet ground investigated the thermal behavior of this “high-spin” cluster
spin state which is in agreement with th& value at low by measuring the magnetization on a single crysted af
temperature and also with the fact that the magnetiza- temperatures down to 40 mK and in fields up to 14 kOe
tion curve at 2 K follows the Brillouin function for an  using a micro-SQUID setup (Figure 6). As expected owing
S= 1%, ground spin state with an anisotrogjesalue (insert to isotropic character of the Gd(lll) ion (3f the low-
of Figure 5a). temperature measurements for different directions of the
[GdCus3] (3). The magnetic properties of compouBdre applied field and the field sweep-rate studies did not show
reported in Figure 5b. The room-temperatyi value of any significant hysteresis effect.
9.05 cn? K mol~! nicely corresponds to the expected one  [Y3Cug] (4). The magnetic properties of compousdire
for three Cu(ll) and one Gd(lll) ionsS(= 7/2) (9 cn? K reported in Figure 7a. The room temperatgfesalue is 2.80
mol~1). Upon cooling, T continuously decreases to reach a cn?® K mol™?, which is slightly higher than the expected value
minimum of 8.53 crd K mol™* at 30 K and then increases for six Cu(ll) ions (2.25 cri K mol™t). Upon cooling, the
up to 10 cni K mol™t at 2 K. The magnetization at 2 K 4T value smoothly decreases down to 40 K and then drops
saturates at 8.14s indicating anS = 4 ground spin state.  abruptly down to 1.15 c&#K mol~* at 2 K. The magnetiza-
This is confirmed as the field dependence of the magnetiza-tion a 2 K does not fully saturate, even at 50 kOe where it
tion a 2 K follows the Brillouin function for arS = 4 spin reaches the value of 2.7&. This value is far from the Gg
(insert of Figure 5b). expected for six copper(ll) ions.
As the gadolinium(lll) ion is magnetic, the data analysis At first glance, the copper ions framework dhmay be
should now take into account the 6€u exchange in  viewed as made of three identical copper(ll) pairs (Scheme
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Figure 7. Temperature dependence of $iEproduct and magnetization
at 2 K for (a)4 and (b)5.

2a). Such a description leads to a simple dinuclear magnetic

model taking into account a single exchange consfant
within the copper(ll) pairs (Scheme 2a). Using this model,
a very good fit of theyT curve was found witlg = 2.21
andJ; = —2.16 cn. However, this model clearly failed to

reproduce the magnetization curve (insert of Figure 7a, blue

curve)®? Thus, one has to think of a more sophisticated
model involving additional magnetic interactions. In a first
attempt we introduced a coupling constant betweef the}

pairs. However, this gave two antiferromagnetic constants
that also failed to reproduce the magnetization curve. We
then based our strategy on the triangular description of the

clusters (Scheme 2). Accordingly a second couplihg
between the copper(ll) of a triangle (CuCu2-Cu3 and
Cul—CuZ—Cu3) was introduced in the model considering
the following spin Hamiltonian:

H= _ZJl(:SCul:S:ul' + ASCUZSAZUS j_ o
A&u:isbuz) _A 2‘]2A($:u13292 +§:u2$2u§+ )
%uB’S’:ul + S:ul’S:uZ + SCUZ%UB + S:U3S:ul') (4)
On the basis of eq 4, a good fit of thé curve was
obtained withg = 2.23,J; = 1.8 cm't, andJ, = —2.2 cn1t

(Figure 7a, red curves}.This result indicates a ferromagnetic
coupling of the two triangles via their corners that is within

the dimer moiety. The weakness of the antiferromagnetic

interaction within the Cutriangles 2.2 cm?) is due to
the long Cu-Cu distances (6.2 A). The simulation of the

magnetization curve with this set of parameters is better than

(32) (a) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.;
Tsukerblat, B. SInorg. Chem 1999 38, 6081. (b) Borras-Almenar,
J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, 8. Somput.
Chem.2001, 22, 985.

(33) Gatteschi, D.; Pardi, LGazz. Chim. 1tal1993 123 231.

Table 2. Magnetic Coupling Constardk (cm~?) from Calculations in
Compound4

type cation N complex cation N
CAS(2,2} —4.95 CAS(2,9 Y3t —0.46
CAS(2,2y Y3t 1.04 A\ —0.79

Y2+ —0.09

aYttrium cations are not included.Yttrium cations are treated as a point
charge. Yttrium cations are included as an embedding ab initio model
potential.

the previous oné& However, above 25 kOe, the simulation
strongly deviates from experiment (insert of Figure 7a).
Introducing diagonal exchange interactions (€€u3,
Cul— Cu2, ...) did not improve the simulation. Similar good
simulation of theyT curve can be obtained with = 2.23
and two antiferromagnetic interactiods= J, = —1.2 cnm'?,

but they give a poorer simulation of the magnetization curve.

One can notice that in any case the set of interactidns (
J,) are quite weak|(| ~ 2 cntl). Moreover going from
one model to the other completely changes the nature of the
J; interaction within the{ Cu,} moiety. From the structural
point of view, the situation is not clear and the sign of this
exchange interaction can hardly be predicted. Indeed, the
Cu—0O—Cu bond angles vary from 85.8 to 89,Avhich
usually favor ferromagnetic couplingsHowever the CyO»
planes in4 and 5 are characterized by two long €O©
distances due to the Jahmeller effect which increase the
Cu—Cu interaction pathway and thus contribute to the
weakness of the magnetic interaction.

To elucidate the nature (ferromagnetic vs antiferromag-
netic) of the magnetic interaction in the copper(ll) dimer
moieties, Multi Reference Configuration Interactions (ab
initio MRCI) calculations were performed. Even though the
magnetic interactions are expected to be rather small, our
goal was (i) to analyze the different contributions to the
magnetic exchange and (ii) to investigate the role of the
yttrium(lll) ions on this exchange.

Let us first mention that at a CASSCF level with a CAS-
(2,2), the singlet and triplet are almost degeneraig <
0.1 cml). The singlet wave function readsggl — u«|ut|
with 4 ~ u, reflecting the importance of correlation effects,

g and u being the in-phase and the out-of-phase linear
combinations of the @y2 Cu atomic orbitals. The magnetic
orbitals resulting from the IDDCI-1 procedure are very
similar to the CASSCF ones (Figure S1 in Supporting
Information). Calculations with a larger active space (CAS-
(4,4)) including the in-phase and out-of-phase linear com-
bination of p-type orbitals of the bridging oxygen atoms did
not significantly modify the calculatedlvalues. At this level

of calculation, the singlettriplet energy difference reveals
an antiferromagnetic charactdi ¢ —5 cnil). Nevertheless,
one has to incorporate dynamical correlations effects to
accurately order the singlet and triplet spin states. As seen
in Table 2, these results are relatively sensitive to the
environment of the magnetic ions. In particular, the inclusion
of point chargest3 mimicking the yttrium(lll) ions affects
the magnetic interaction since the system switches from an
antiferromagnetic to a ferromagnetic character. However,
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antiferromagnetism is recovered as soon as the point charges
are set tot-2. Such description is known to be unsatisfactory,
and a more realistic modelization includes pseudopotential
on the yttrium ions. Using such a description, whatever the
yttrium charge (Table 2), a weak antiferromagnetic character
is obtained. Thus, one cannot rule out the participation of
the yttrium(lll) in the magnetic coupling mechanism. How-
ever, such detailed analysis is out of the scope of this paper
as both experiments based on neutron diffraction and
theoretical investigations would be required. We plan to
investigate further this crucial issue. Indeed, it has already
been reported that yttrium ions can hold a spin density which
may affect the magnetic behavit.

[GdsCug] (5). The magnetic properties of compoubidre
reported in Figure 7b. At room temperature jleproduct
is 25.15 cmi K mol~%, which is slightly lower than the

expected value for six copper(ll) ions and three gadolinium- However, the origin of this small magnetic anisotropy is
(1) (25.87 cn? K mol™). Upon cooling, theyT value rather difficult to elucidate. It may come from the effect of
smoothly increases to reach a maximum of 26.26 &m  the ligand field on the gadolinium(ll) orbitals. One cannot
mol~* at 35 K and then decreases rapidly to 8.27¢n  gis0 exclude the effect on the overall anisotropy of the
mol™* at 2 K. The magnetization data recorded2aK do magnetic interactions withifiGds} triangles and between
not fully saturate, even above 50 kOe where the value reachescu(”) and Gd(Ill). Indeed, such a behavior was not observed
a value of 21.2%s, lower than the expected 2i. Clearly, in [GdCus] (3). To clarify this particular issue we plan to
the ground-state spin value of the cluster is not easily perform polarized neutron diffraction on both yttrium and

determined. gadolinium derivatives to extract spin density maps.
Considering the difficulties we encountered in the mag-

netic description i, the analysis of the magnetic behavior Concluding Remarks

of 5 appeared hazardous. Indeed, there are at least five Starting from a cubane-like compouriGus], we suc-
different coupling constants that should be taken into account ..o 4ed in synthesizing in a controlled way two series of

(see Scheme 2D), i.e. wo €Cu (1 andJp), two Cu-Gd Ln(lll) —Cu(ll) clusters. They are made of cubane-like

(Js and Js), and one GerGd (Js). Moreover, there are all ¢ ey0rks in which one or two copper(ll) ions have been

eg(peﬁted to be quite v.ve.ak. Indged, r\]/ve |2abve seekn itcr)]m replaced by lanthanide ions. This is an important result that
that the Ct-Cu magnetic interaction should be weaker than should be stressed here as one concern for the future of

. . LT
3 cn?, whatever the sign. The GL,Gd coupling IS also SMMs is the ability to design predictable polynuclear
known to lead to weak ferromagnetic exchatigehile the architecture@® While this synthetic approach of 3dif

Gd,_de exchan.gebwnhm |:De cgntrall triangle shouclid' be polynuclear systems strengthens the design of SMMs, it may
antiferromagnetic but weak<(-0.2 cn1”) as suggested in o %54 relevant to other field such as the oxide precursors
a previous study of a similar trinuclear gadolinium(lll) ¢ vBacuO superconductor types, for exanfple
5 1 ’ .

sys_telrrgGA‘; Ie_as_tlo;e selt (;f p_ar_azmzeterslci\nﬂtg'fcurvle In this paper we presented the results for the yttrium(lll)
59:2'5 ’ 11_3 - _%n;5 2~ Fc_n"r ’ ;b_ d cm, and gadolinium(lll) derivatives. The crystal structure of all
|_;‘_ = ¢ ’f 514_th' ' tCT » 566 tlgur? i ,tre curvets)l. compounds has been fully determined, and their magnetic
f.totvr\]/ever, as t'o i 'S t?eho parameters fails to accurately  hapaviors have been characterized. Despite structural simi-
1 1he magnetization benavior. . larities, the Cu-Cu interactions range from-30 to +30

.AS for comp_ounc[G_dCug] (3) and for coMparison purpose -1 reflecting the strong sensitivity of the magnetic
with more anisotropic syst_em§ of the HGwg] series, we exchange coupling to the environment. In particular, the-Cu
performeq-SQUID magnetization measurements on single- ¢, magnetic interactions were shown to be influenced by
crystals ofGdsCug (5) at low temperatures (Figure 8). Even the presence of lanthanide ions. Indeed, our calculations on

|fhthe tempgrature effe%t |s}frath(zr We:khas the Sharpness,()fthe[chue] cluster suggest that the yttrium(lll) ion may not
the curves is not much affected and the remanence quite,, innqcent. This deserves further investigations that will

srt?all, adnarrgv;/ If(lyggrgss I\N'tm,a cozrc:l!vg flellclil of 200 _Qe 'S’ combine theoretical calculations and experimental determi-
observed at 0.2 K. Obviously, this gadolinium(lil)-containing nation of the spin and charges densities.

complex may not be considered as magnetically isotropic.

Figure 8. Magnetization curves for single crystals 6fat different
temperatures.

In the light of our study, several points may be empha-
sized. (i) The origin of the small anisotropy revealed on

(34) (a) Claiser, N.; Souhassou, M.; Lecomte, C.; Gillon, B.; Carbonera,
C.; Caneschi, A.; Dei, A.; Gatteschi, D.; Bencini, A.; Pontillon, Y.;

Lelievre-Berna, EJ. Phys. Chem. BR005 109, 2723. (b) Pontillon, (36) Winpenny, R. E. PDalton Trans.2002 1-10.

Y.; Bencini, A.; Caneschi, A.; Dei, A.; Gatteschi, D.; Gillon, B.; (37) (a) Hubert-Pfalzgraf, L. G.; Guillon, HAppl. Organomet. Cherd998

Sangregorio, C.; Stride, J.; Totti, Bngew. Chem., Int. EQ00Q 39, 12, 321. (b) Zhang, J.; Hubert-Pfalzgraf,L. G.; Luneaulri®rg. Chem.

1786. Commun2004 7, 979. (c) Zhang, J.; Morlens, S.; Hubert-Pfalzgraf,
(35) Costes, J.-P. ; Dahan, F.; Nicode, F.Inorg. Chem 2001 40, 5285. L. G.; Luneau D.Eur. J. Inorg. Chem2005 3928.
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