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Linear Trinuclear Mixed-Metal Co "-Gd"'-Co" Single-Molecule Magnet:
[L,C0,Gd][NO 3]+2CHCl3 (LHz = (S)P[N(Me)N=CH—CgHs-2-OH-3-OMe]s)
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A linear trinuclear mixed-metal Co,Gd complex supported by two is switched off. Many potential applications have been
phosphorus-based multisite coordination ligands has been shown envisaged for SMMs including information processing and
to be a single-molecule magnet. data storagé.Furthermore, the discovery of magnetization

guantum tunneling effects in SMMs has led to the view that
these nano-objects could be exploited as qubits in quantum
The synthesis of the dodecanuclear manganese clusteeomputing® In general, the design of SMM molecules is
[Mn1;01(CHsCOO)6(H20)4]* followed by the discovery  guided by the thinking that their unique properties are derived
that it functions as a single-molecule magnet (SNthas from a combination of intrinsic factors including a large spin
spurred a wide interest in the phenomenon of single-moleculeground state §) and a large uniaxial magnetic anisotropy
magnetism and the design of molecules that can function as(large negativeD and smallE considering the following
SMMs2-3 This interest emanates from the fact that SMMs Hamiltonian anisotropy termH = DS}, + E(S, — $;)).8
display magnetic properties which are normally associated Accordingly, polynuclear complexes containing high-spin
with mesoscale magnetic particles and super paramagnetismmetal ions have been investigated as SMN#&ore recently
Thus, SMMs can be magnetized, below certain temperaturesmononuclear lanthanide compleXesand mixed-metal
with retention of their magnetization after the magnetic field assemblie¢s!! containing transition metal and lanthanide ions
have also been studied as potential SMMs. However, there
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orbital contribution. Nevertheless the high-spin ground state
of Gd(lll) (S= 7/2) can still be viewed as an advantage in Figure 1. Structure of the cationic portion & [L,Co,Gd]".
order to get high-spin complexes. Associating trivalent
gadolinium with highly anisotropic metal ions such as Co(ll) is made up of three nitrogen and three oxygen (phenolic)
is a new and interesting strategy to obtain SMMs that, as atoms. The coordination geometry around cobalt is distorted
far as we know, has not been exp|ored_ In this paper we octahedral (Figure 82) The central Gd(l”) is encapsulated
report the design of a new phosphorus-based multisite Py 12 oxygen atoms in a distorted icosahedral geometry
coordination ligand LK (1) (Chart 1) that allows a one-step  (Figure S3). Two types of Gd—O bond distances are
facile synthesis of the heterobimetallic trinucleasQo,Gd]- observed: six short distances ranging from 2.395(4) to
[NO3]-2CHCE (2) complex. Synthesis, structural character- 2.424(4) A involving the phenolic oxygen atoms and six long
ization, and magnetic studies of this complex are discusseddistances ranging from 2.877(5) to 2.917(5) A involving the
herein. It may be noted that this compound is the first methoxy oxygen atoms. The phenolate oxygen atoms are
example of a cobattlanthanide system that has been shown involved in bridging cobalt and gadolinium ions. Interest-
to function as a SMM. ingly, the Co—Gd—Co array i2 is perfectly linear, which
Our experience with phosphorus-based tris hydrazonearises as a result of the gadolinium ion occupying the
ligand$2 allowed us to design Lk which was prepared by  inversion center of thé1 space group! Because of this
the condensation of (S)P[N(Me)NH ando-vanillin (Scheme linear arrangement of the three metal ions, a perfect
S1). This ligand has nine potential coordination sites in the paddlewheel geometry is seen #when viewed from one
form of three imino nitrogen atoms, three phenolic oxygen end (Figure S4). While the CeGd distance ir2 is 3.307(1)
atoms, and three oxygen atoms of th€OCHs; groups. A, the intercobalt distance is 6.614(2) A. The end—end
Reaction of LH with Co(O;CCHs),+4H,0 followed by distance of the trinuclear array, as measured by the separation
Gd(NO;)3-6H,0 afforded [L.Co,Gd][NOs]-2CHCI; (2)!3 between the two terminal sulfur atoms, is 17.120(5) A.
(Scheme S2). Two trianionic ligands?®1, are involved in Magnetic susceptibility measurements were carried out on
holding the three metal ions togetkefFigure 1 and Figure  a polycrystalline sample df in the temperature range 1.8—
S1). Each ligand utilizes all nine coordination sites in the 300 K. The room temperatupel’ product estimated at 14.3
formation of2. The coordination environment around cobalt cm®-K/mol (Figure 2a) is in good agreement with the
. . presence of one Ad(S = 7/2; C = 7.875 cni-K/mol
O e e A b expected fopg = 2)"*and two C4 ions (with an effectives
A.; Wernsdorfer, W.; Abboud, K. A.; Christou, G@. Am. Chem. Soc. = 3/2 spin and a Curie constant around 33dtimol).
0o (o T oo Negar .ho Decteasing the temperature, (9 product at 1000 Oc
Pilet, G.; Chastanet, G.; Wemnsdorfer, W.; Jacquot, J.-F.; Luneau, D. CONtinuously increases to reach 28.5%dimol at 3.6 K,
Angew. Chems-, _lrg-h Ed%006g15., B465?]; (E)EMéf]hra, é-;Wemrgggrsfeh indicating dominant ferromagnetic interactions in the tri-
D0s6 (5 Ferbmioamt M- Kammam T Char K Nog .. nuclear complex (Figure 2a). The final decrease ofyfhe
Nakamoto, A.; Kojima, N.; Cimpoesu, F.; Fujimura, Y.; Takaishi, S.; product (at 1000 Oe) below 3.5 K is probably induced by
(e 3 A, Chen. SOZ008 420 008 s, (e Presence of magnetic anisotropy andior weak antierro-
G. Polyhedron2006,25, 613. magnetic interaction between trinuclear complexes. It is
(12) Chandrasekhar, V.; Azhakar, R.; Andavan, G. T. S.; Krishnan, V.; worth noting the difficulty to further analyze the temperature
Zacchini, S.; Bickley, J. F.; Steiner, A.; Butcher, R. J.; Kogerler, P. .
Inorg. Chem2003,42, 5989. dependence of the susceptibility due to the presence of Co(ll)

(13) The LK ligand (0.10 g 0.17 mmol) was dissolved in a mixture of 30 metal ions and their intrinsic complicated magnetic properties
mL of chloroform and 30 mL of methanol. Cobalt acetate tetrahydrate
(0.04g, 0.17 mmol) was added to this solution and stirred at room
temperature (5 min). At this stage, gadolinium nitrate hexahydrate (0.04 (14) Crystal data for compound: CseHe2ClsC0,GdAN13015P2S,;, M, =
g, 0.08 mmol) was added and the reaction mixture was further stirred 1771.08, triclinic, space groupl, a = 11.493(3) Ab = 12.151(4)

for 6 h toafford a red-colored solution. It was filtered, and the filtrate A, c=15.795(4) Ao = 83.390(63, 5 = 72.027(5), y = 61.945(49,
evaporated to dryness. The residue obtained was washed-hétkane V =1850.4(8) B, T=22312) K,Z=1,p = 1589 g cm3, u =
and dried. This powder was identified @s Yield: 85 mg (68 %) 1.713 mnt?, F(000) = 891, cryst dimens 0.3& 0.25 x 0.13 mn,
Mp: >300 °C. Anal. Calcd (%) for [lLC0,Gd][NO3]-2CHCls: C 10 604 reflns collected, 6522 uniquB{ = 0.0271), R1= 0.0641,
38.01, H 3.51, N 10.29, S 3.62. Found: C 37.88, H 3.47, N 10.12, S wR2 = 0.1825, using 903 reflections with> 2o(]).

3.58. FT-IRvc=n/cm™%: 1600. MS(FAB): 1469.4 [(kC0o,Gd) — 1]'. (15) Benelli, C.; Gatteschi, DChem. Re»2002,102, 2369.
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confirms this hypothesis (Figure 3). Fit of thevs T-! data

by an Arrhenius law allows an estimation of the characteristic
SMM energy gapA, at 27.2 K and the pre-exponential
factor, 7o, at 1.7 x107’s.

As observed in many SMMs, it is likely that the observed
A takes an effective value, resulting from a “short-cut” of
the thermal barrier by quantum tunneling of the magnetiza-
tion (QTM). Therefore, additional ac measurements have
been performed applying small magnetic fields in order to
remove the degeneracy of thesstates and thus possible
zero-field QTM between the-ms states

The frequency dependence of the ac susceptibility was
measured at 3.8 K under a small dc field. At this temperature,
_ e the characteristic frequency (maximum of tfievs v plot)

R ? LI decreases only slightly from 690 Hz at 0 Oe, to reach a
Figure 2. (a) Temperature dependence)df (wherey = M/H) at 1000 minimum of 600 Hz around 1000 Oe (Figures-S59). As

Oe for complex2. Inset: Plot of magnetization /T between 1.8 and 10 shown by this result, the QTM relaxation pathway remains
) Jemperaure (o) and requercy (otom) dependence of e - only slighty effcient at 3.8 K in zero-feld explaining the
temperatures under zero dc field. observed slowing down of the system for fields under 1000
Oe. For2, the relaxation time estimated using ac measure-
ments under 1000 Oe follows an Arrhenius behavior with
70 = 1.5 x 1077 s andA/ks = 27.4 K (Figure S10) almost
superposed with the data at zero dc field. The thermally

" Amd.mol-t

#'emi.mol
(=] - n w EY wn o ~l

#"em3.mol

' &m3.maol!
o n e m es] 6 nN Y
o - n w = w m |

(including the presence of spimrbit coupling and magnetic
anisotropy).
The field dependences of the magnetization measured
:):\f\gaeleanlal.ciso?zcirig ;(aEEr'gzgi i\sle?]ngt |;1s+e;r(]); T%lireK 2:3 activated relaxation is thus almost unchanged, illustrating
. . N ' """ the weak influence of the zero-field QTM above 1.8 K.
this lowest available temperature, no significant hysteresis . . . .
effect is observed on thil vs H plot (Figure S6). Indeed, 'In conclusion, we report a facile synthesis of a new Imgar
M increases first rapidly below 6000 Oe up to &3and trinuclear C.QGd complex that behaves as a SMM' This
then reaches slowly to 108 at 7 T, which suggests at compognd illustrates the success of our synt_hetlc strategy
least a spin ground state of 9/2 for the complex (note that to design new SMMs: using Gd(lll) ions in order to

an effectiveS = 1/2 ground state is expected for the'Co increasing the spin ground state of the resulting complex and
ions at low temperature with a large and anisotrapialue).

associating ferromagnetically this trivalent lanthanide with
This high-field behavior confirms also the presence of a

anisotropic Co(ll) metal ions.
significant anisotropy that prevents the rapid saturation of Acknowledgment. We thank the DST, New Delhi for
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vs H/T plot shown in the inset of Figure 2a as the data do 5 SRE. R.C. thanks Bordeaux 1 University, the CNRS, the
not superimpose on a single master curve as expected fOfRegion Aquitaine, MAGMANet (NMP3-CT-2005515767),

isotropic systems. o the French Ministries of Foreign Affairs and of Research
In order to check for the presence of SMM behavioin  for funding.

ac susceptibility measurements have been performed as a
function of the temperature at different frequencies and as a
function of the frequency at different temperatures (Figure
2b). This complete set of data demonstrates thaxhibits

slow relaxation of the magnetization and strongly suggests
a SMM behavior. Indeed, the deduced relaxation timje (





