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A strictly heterodinuclear Cu—Th complex [LCu(O,COMe)Th(thd)] = Tb and Dy and Pe= phthalocyaninato ligand) have been
made with a Schiff base L, thd, and monomethylcarbonate ligands recognized as SMMSA simple and convenient character-
[L2~ = N,N-2,2-dimethylpropylenedi(3-methoxysalicylideneiminato); ization of the SMM property results from the observation
thd = tetramethylheptanedionato] behaves like a single-molecule of frequency-dependent out-of-phase signgl§ (n alternat-
magnet. The monomethylcarbonate ligand, which appears during ing current (ac) magnetic susceptibility measurements. The

diversity of molecules involved in this phenomenon suggests
that several mechanisms should be responsible, but in any
case, two conditions have to be fulfilled, i.e., high-spin

A decade after the discovery of single-molecule-magnet fundamentql state and marked anisotropy. In keeping with
(SMM) behavior in the M, cluster'? the interest directed ~ these considerations, one may wonder whether the low-
toward SMMs remains alive. A way to obtain nanometer- Nuclearity complexes containing perfectly insulated<3d
scale magnets used diverse types of homopolynuclear transi#f) ion pairs may fill up both conditions. Three complexes
tion-metal complexed,while, more recently, heteropoly- ~ involving the same ligand - = N,N'-2,2-dimethyl-
nuclear complexes containing 3d and 4f ions and behaving Propylenedi(3-methoxysalicylideneiminato)] and the-ib
as SMMs have also been prepared and charactetizede (1), Zn—Tb (2), and Zn-La (3) ion pairs have been
nuclearity of these complexes is at least equal to four for Prepared, from which two of them have been structurally
the CuyTh, complex or greater than four, as in the Bing characterlzed_. These complgxes are |_sostructural and strictly
entity 3 A limiting case could be the chain complex supported dllnuclear, yvhlle the magnetic properties lead to the conclu-
by a Cu-Th skeleton, which despite its high nuclearity, Sion thatlis a SMM and2 a simple paramagnet.
displays single-chain-magnet (SCM) characteri§t®arpris- The central parts of th& and3 structure8include Cu-

ingly, a family of mononuclear complexes @ao with Ln Tb or Zn—La pairs (Figures 1 and 2). The 3df ions are
triply bridged by two phenoxo oxygen atoms from the L

*To whom correspondence should be addressed. E-mail: costes@ligand and the oxygen atoms from the bridging mono-

the reaction pathway, bridges the Cu and Th ions.

Icc;tEuIt?ustta.f_r. Tdel: csﬁ 561 §>33(>:1526Fa>:_: 33d56(13 ’\?32003. methylcarbonate anion with a 8¢eLn separation of 3.4598(3)
 Laborataire Louia Kol du CNRG. o on eu ' Afor 1 and 3.6174(5) A foB. The 3d ion (Cu or Zn) adopts

(1) Caneschi, A,; Gatteschi, D.; Sessoli, R.; Barra, A.-L.; Brunel, L. C.; a square-based-4 1 coordination mode; the equatorial®}

Guillot, M. J. Am. Chem. So0d.991], 113 5873. . . . o . .
(2) Sessoli, R.; Gatteschi, D.; Caneslchi’ ‘1.; Novak, MNature 1993 donors are provided by L, while the axial position is occupied

365, 141. by theu-bridging CQ group from the monomethylcarbonate
(3) For example, see: Tasiopoulos, A. J.; Vinslava, A.; Wernsdorfer, W.;
Abboud, K. A.; Christou, GAngew. Chem., Int. E@004 43, 2117. (7) Costes, J. P.; Clemente-Juan, J. M.; Dahan, F.; Mildnpdg. Chem.
Miyasaki, H.; Nakata, K.; Sugiura, K.; Yamashita, M.; @le, R. 2004 43, 8200.
Angew. Chem., Int. EQ004 43, 707. Boudalis, A. K.; Donnadieu, (8) L'Cu(O,COMe)Th(thd} (1) was prepared as follows. A first methanol
B.; Nastopoulos, V.; Clemente-Juan, J. M.; Mari, A.; Sanakis, Y.; solution (15 mL) of tetramethylheptanedione (Hthd) (0.55 g, 3 mmol)
Tuchagues, J. P.; Perlepes, S.Ahgew. Chem., IntEd. 2004 43, and LIOHH,0 (0.13 g, 3 mmol) was stirred at room temperature. A
2266. Berlinguette, C. P.; Vaughn, D.; Canada-Vilalta, C.; Galan- second methanol solution (60 mL) containing L-:€d,0 (0.47 g, 1
Marcaros, J. R.; Dunbar, K. Rngew. Chem., Int. EQ003 42, 1523. mmol) and GdG6H,0 (0.37 g, 1 mmol) was stirred a few minutes
Basler, R.; Boskovic, C.; Chaboussant, G.;d8liH. U.; Murrie, M.; and then poured into the previous one. The resulting solution was
Ochsenbein, S. T.; Sieber, EhemPhysChen2003 4, 910. Ochsen- stirred at room temperaturerfts h and set aside. Crystals were isolated
bein, S. T.; Murrie, M.; Rusanov, E.; Stoeckli-Evans, H.; Sekine, C.; by filtration 2 days later and air-dried. XCu(G,COMe)Th(thd} (1).
Gudel, H. U.Inorg. Chem.2002 41, 5133. Yield: 44%. Elem anal. Calcd for gHesCuN;O11Th: C, 52.3; H,
(4) Osa, S.; Kido, T.; Matsumoto, N.; Re, N.; PochabaJAAm. Chem. 6.3; N, 2.7. Found: C, 52.0; H, 6.1; N, 2.6. The same experimental
Soc.2004 126, 420. method yielded?2 and 3 as white microcrystalline powders.*Zn-
(5) Zaleski, C. M.; Depperman, E. C.; Kampf, J. W.; Kirk, M. L.; Pecoraro, (O,COMe)Th(thd) (2). Yield: 0.6 g, 58%. Calcd for £HesN2011-
V. Angew. Chem., Int. EQR004 43, 3912. Thzn: C, 52.3; H, 6.3; N, 2.7. Found: C, 51.9; H, 6.1; N, 2.7.
(6) Ishikawa, N.; Sugita, M.; Ishikawa, T.; Koshihara, S.; Kaizu,JY. L1Zn(O,COMe)La(thd) (3). Yield: 0.52 g, 50%. Calcd for &Hes-
Am. Chem. So2003 125, 8694. LaN,O11Zn: C, 53.4; H, 6.5; N, 2.8. Found: C, 53.0; H, 6.3; N, 2.6.
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Figure 1. Molecular structure of. H atoms and Ckifrom thd are omitted
for clarity.

Figure 2. Molecular structure 08. H atoms and Ckifrom thd are omitted
for clarity.

anion, with the 3d ion displaced from the mean equatorial
N,O; coordination plane by 0.2181(3) A farand 0.4812(4)

A for 3, toward the bridging carboxylate function. The Th
or Laion is nine coordinate. In addition to the two phenoxo
oxygens, the rare-earth ion completes its environment with
two oxygen atoms from the OMe side arms, four oxygens
coming from the two bidentate tetramethylheptanedionato
units and one oxygen from the bridging carbonate anion.
Seven Tb-O bonds vary from 2.321(2) to 2.425(2) A, while
the La—O bonds are larger [2.440@22.541(2) A], as
expected. The two longest O bonds involve the OMe

(9) Crystal and structure refinement parameterd fo€4sHssCUNO11Th,
M = 1032.45, triclinic, space ErouBl, a = 13.3990(15) Ab =
14.7829(17) Ac = 12.4177(13) Aq. = 95.274(13), B = 95.280(13),
y = 92.053(149, V = 2436.4(5) R, Z = 2, D, = 1.407 Mg m'3, u
= 1.932 mm, T = 293(2) K,F(000)= 1062, R1= 0.0261 (WR2=
0.0640) for 8848 unique reflection&§; = 0.0309) with a GOF of
1.080. Complex3: CysHgsLaN.011Zn, M = 1014.27, triclinic, space
roupP1, a = 13.3566(16) Ab = 15.1124(18) Ac = 12.5630(15)
, o= 95.657(14), f = 94.185(15), y = 93.312(14), V = 2511.4(5)
A3, Z=2,D;=1.341 g cm3, u = 1.371 mm}, T = 293(2) K,
F(000) = 1048, R1= 0.0459 (wR2= 0.0765) for 9110 unique
reflections Rt = 0.0393) with a GOF of 1.043. The diffraction
intensities were collected with a STOE imaging plate diffractometer
system with a graphite monochromatdr € 0.710 73 A) usingp
oscillation movement mode. The structure was solved by direct
methods and refined oR 2 by the SHELXL-97 program. CCDC
reference number 262391 farand 262392 foB.

6 Inorganic Chemistry, Vol. 45, No. 1, 2006

124
122

12.0
11.8

AT (cm® mol'K)

116 - T T 1

100 200
TX)

Figure 3. Thermal dependence gf4T for 1.

side arms [2.638(2) and 2.645(2) A firrand 2.684(2) and
2.684(3) A for3). The monomethylcarbonato ion is involved
in the rare heterodinuclear bridgg'{;*:u), with Cu—O and
Tb—O bond lengths equal to 2.166(2) and 2.385(2) A
(respectively 2.155(3) and 2.532(3) A ). The four atoms

of the bridging entity, Cu@l'b and ZnQLa, lead to a roof-
shaped core, with the dihedral angle between the Qi+

02 and Th-O1-02 planes being equal to 19.0{226.7(3y

for 3]. The separations between metal ions belonging to
neighboring molecules are large: the-€CQu separation is
equal to 6.6583(6) A, while values of 10.1695(3) and
8.4100(3) A are respectively observed for-Ffb and
Cu--Th. These separations are equal to 6.5996(9), 10.1895(4),
and 8.5551(5) A for3. They preclude any significant
intermolecular interaction of magnetic nature.

From the synthetic point of view, it is worth noting that
the reaction of C@coming from air with methanol yields
the monomethylcarbonate ligand acting as a secondary
bridging ligand. Such an easy GQptake was previously
observed with monomeric copper(ll) and zinc(ll) tetraaza-
cycloalkane complexésand with the isostructural CuGd
complex!t

The static magnetic susceptibilityy of 1 has been
measured in the 2300 K temperature range in a 0.1-T
applied magnetic field. The data obtained for complete
represented in Figure 3. At 300 K, th@T product is equal
to 12.40 cmmol™! K, which is slightly larger than the value
(12.22 cn mol~* K) expected for a pair of noninteracting
Cu and Tb ions. As the temperature is lowergd] keeps
a constant value until 150 K, then begins to decrease to 11.67
cm® mol™! K at 25 K, and eventually increases to reach a
value of 12.42 crhimol™! K at 3 K. The profile of theyuT
vs T curve is strongly suggestive of the occurrence of two
competitive phenomena. The decreasewf on lowering
of the temperature in the high-temperature regime is most
probably governed by the depopulation of the Tb Stark levels,
while the increase ofmT at lower temperatures may be
attributed to a ferromagnetic C'b interaction. It is known
that the coupled system&?3including at least one ion with
an orbital momentum, are not amenable to a quantitative
analysis.

(10) Kato, M.; Ito, T.Inorg. Chem1985 24, 504. Kato, M.; Ito, T.Bull.
Chem. Soc. Jprl1986 59, 285. Kato, M.; Ito, T.Inorg. Chem1985
24, 509.

(11) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, Jd?v J. Chem1998
1525.

(12) Kahn, M. L.; Mathoniee, C.; Kahn, Olnorg. Chem1999 38, 3692.

(13) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, JCRem—Eur. J.
1998 4, 1616.
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Figure 4. Frequency dependence of the susceptibility measured at ) .
several temperatures far Figure 5. Hysteresis loop measurements Iofor several temperatures

and a field sweep rate of 0.07 T/s. The magnetization is normalized by the

More significant are the results of ac field susceptibility Saturation valuddsat 1.4 T.
measurements. The data are represented in Figure 4, showin
the out-of-phasey('m) susceptibilities vs frequency of the
ac field (3 Oe) at several temperatures. Note that we applied
a static field of 0.1 T in order to avoid tunneling at zero
applied field (Figure S1 in the Supporting Information). The
profile of these curves is characteristic of a SMM. The
maxima ofy''y were used to determine the relaxation rate
7. An Arrhenius plot of In) vs 1/T allowed us to determine
the effective anisotropy barriedes = 13.8 K and the
preexponential factor, = 3 x 107 s (Figure S2 in the
Supporting Information). A similar experiment made with
the Zn—Th complex ) confirms the absence of an out-of-
phase ac magnetic susceptibility signal, indicating that the
SMM behavior cannot be induced by the Tb ion alone.

The SMM behavior ofl was confirmed by hysteresis loops

91e observed magnetic behavior is an intramolecular property.
The absence of such a behavior in the—m complex
allows us to confirm that the out-of-phase ac magnetic
component observed in the Eoilb complex is a property
characteristic of the CuTb pair and cannot be attributed to
the Tb ion alone. It is clear that this behavior is a
consequence of the exchange coupling between the Cu and
Th ions. This observation suggests a way of increasing the
SMM quality, i.e., replacement of Cu by a more anisotropic
d ion. Work in that direction is in progress. In addition to
anisotropy, we know that the occurrence of SMM behavior
requires a high-spin ground state. This condition is very often
achieved by coupling several ions in a polynuclear species.
Interestingly, the present compldxshows that a two-ion

obtained from magnetization vs dc field scans. These Were(3d_4f) system, among which only one has a high spin, is
performed on single crystals using a micro-SQUID apparatus. a SMM.
The applied field was aligned parallel to the easy axis of  Acknowledgment. We thank Dr. A. Mari for his con-
magnetization of the molecules. Figure 5 presents typical tribution to the magnetic measurements.
hysteresis loops showing a temperature- and field-sweep- . . . ] e
rate-dependent hysteresis (Figure S3 in the Supporting. Supporting Informat!on Available: X-ray crystallographic fl!e

. . . in CIF format and figures of the frequency plot of thg
Information). The p.ronounced step Ht,z 0 is typical for susceptibility, Arrhenius plot of the relaxation time s 1/T for
fast resonant tunneling between the spin ground-state doublety 4nq hysteresis loop measurements.dfhis material is available
Such a behavior was recently published concerning & Mn  free of charge via the Internet at http:/pubs.acs.org.
dinuclear SMM}* but the present CuTh complex seems
to be the first heterodinuclear SMM. The large separation
of the heterodinuclear molecules, as a consequence of thei14) Miyasaka, H.. Cleac, R.; Wernsdorfer, W.: Lecren, L.; Bonhomme,
role held by the main and secondary ligands, implies that C.; Sugiura, K.; Yamashita, Mingew. Chem., Int. EQ004 43, 2801.
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