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Unprecedented Antiferromagnetic Metal-Ligand Interactions in Gadolinium —Nitroxide Derivatives
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Studies aimed at understanding the coupling mechanism in
paramagnetic rare earth complexes involving other spin carriers
are mainly restricted to gadolinium(lll) derivatives including
S=1/, species such as coppertit) or vanadyl(lIf metal centers
or nitroxide free radical$:*! Consistently, in all species studied
so far, the intramolecular interaction between the gadolinium ion
and the other spins has been found weak and ferromagnetic. To
justify the preferred parallel alignment of the spins in nitroxide-
containing complexes, it has been proposed that a fraction of the
organic spin is transferred into empty (5d or 6s) metal orbitals
which are orthogonal to the 4f singly occupied orbitals.

In contrast to these previous findings, we have characterized
eight-coordinate complexes involving four nitroxide ligands which
unambiguously document an unexpected antiferromagnetic-metal
radical interaction as shown by magnetic susceptibility and
magnetization measurements.

The chelating nitroxide ligands 2-(2-benzimidazolyl)-4,4,5,5-
tetramethylimidazolidinyl-1-oxy-3-oxide, (NITBzImH¥,and2,
its 2-(4-methylbenzimidazolyl)-substituted analogue (NITMe-
BzImH), react with Gd(CIG)s-6H,0 in tetrahydrofuran (THF)  Figure 1. Molecular structure of [GA(NITBZIMH}**((A) X, ¥, Z (B)
containing 2% of water leading to the eight-coordinate complexes _ 1=y.2 (C) =x ¥, o=z (D) x, 1 =, '/> = 2). Thermal ellipsoids

are drawn at the 30% probability level. Selected bond lengths (A) and
Gd(NITBzImH),(ClO4)-2THF-2H,0 (3) and Gd(NITMeBzImHy angles (deg) are as follows: G®i = 2.352(6), Ga-Ni = 2.582(6),
(ClO4)3*2THF2H,0O (4).13 N—O = 1.274(10), OA-OB = OC—OD = 3.867(11), OA-OC = OB—
OD = 2.808(10); OA-Gd—OB = 110.0(3), OA-Gd—OC = 162.9(3),-
* Author to whom correspondence should be addressed. E-mail: rey@ OB—Gd—OD = 72.7(3).
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Figure 2. Temperature dependence pfT and 1jm, for 3 (O) and 4
(O). Solid lines are calculated with the parameters reported in the text.

—7.4(4) K for3 and§ = —27.6(5) K for4) indicating that, in

Inorganic Chemistry, Vol. 38, No. 24, 199%473

—4.9(3) cnTt. One can note that the value of the antiferromagnetic
Gd—nitroxide coupling constant is almost independent of the
internitroxide coupling scheme and, importantly, whatever the
model, for both compounds no satisfactory agreement could be
reached constrainindsqno to be ferromagnetic.

Confirmation of an antiferromagnetilyq-no coupling comes
from measurements of the magnetization in thes® T range
at 2, 4.2, 7, and 10 K which are fairly well reproduced with the
set of parameters extracted from the susceptibility data; in
addition, the data collected 2 K nicely reached constant values
at 5 T of ~7 ug for 3 and~3 ug for 4. Finally, for compoundt
data were collected at 4.2 K up to a field of 20 T. One does
observe an increase of the magnetization which reaches a value
larger than Sug. It is thus concluded that compoun8sind4 are
the first genuine gadolinium(litynitroxide complexes where the
metal-radical interaction is antiferromagnetic.

both cases, dominant antiferromagnetic interactions are operative. A theoretical model was recently reporteshich focuses on

The temperature dependencegT for both compounds decreases
continuously, tends to a limitx5.8 and 2 cri K mol™* for 3

the efficiency of excited charge-transfer configurations to stabilize
a ground high-spin state in gadoliniaronopper(ll) species. It also

and 4, respectively), and then decreases again. These featuresipplies to gadoliniumnitroxide complexes since it relies on

suggest that the gadoliniuamitroxide interaction is antiferro-

energetic characteristics such as ionization potentials which are

magnetic and that the limit corresponds to the ground spin statesimilar for copper(ll) ions and nitroxidé&8 However, the

of the complex $= 7/, for 3 andS= %, for 4). These data were
analyzed considering an isotropic Hamiltonian, involving-Gd
nitroxide and nitroxide-nitroxide interactions. On the basis of
the structural study of3, only one Gd-nitroxide interaction

structures of both types of complexes are dramatically different
particularly because nitroxides are directly bound to the metal
while copper(ll}-gadolinium interactions are mediated by ancil-

lary organic fragments. Therefore, among the different mecha-

(Jed-no) Was considered, but two coupling schemes between the nisms which might be operative, the Heitidrondon interaction

nitroxide ligands were taken into accouf € 2, H = —JS-
S).1 (i) The coordination sphere was assumed to hdye
symmetry leading to a single nitroxig@itroxide interaction. The
best fit parameters are as follow8; Jeg-no = —1.8(3) cni?,
Jno—NOo = _72(5) le; 4, Jog-No = _38(2) le, JNno—NOo =
—5.6(2) cnt. (i) Since short OA-OC and OB-OD distances
(2.808 A) are observée within the coordination sphere, two
different nitroxide-nitroxide coupling constantsia\c = Jgp =
Jino-no and Jag = Jep = Jono-no, Were introduced in the
calculations. This model affords the following parameteBs:
Jed-no = _17(2) le, Jino-no = _67(3) le, Jono-no =
—4.9(6) cn?; 4, Jsg-no = —3.9(2) cnT?, Jino-no = Jano-No =

(15) Model i: The Hamiltonian and the expression of the magnetic
susceptibility were taken from ref 3. Model ii: The following Hamil-
tonianH = —2JSee(Sa + S + Sc + Sp) —231(Sa-Sc + Se*Sp) — 20
(Sa*Ss + Sc°Sp) was exactly diagonalized providing the eneigys of

the multiplets. The magnetic susceptibility was derived from the usual
Van Vleck expression, and the magnetization was obtained from the
relationM = KT d(In Z)/dH whereZ = 3, sy eXp(—Eqsm/KT) andEq s v

= Eqys + qusHM.

Analogous complexes of lanthanum were obtained but not structurally
characterized. Although they exhibit the same stoichiometry, they are
not isomorphous t8 or 4. Their magnetic properties are consistent with
model ii.

(16)

within the ground state may bring a more important contribution
in species involving nitroxides. Probably, the nature of the
gadolinium-nitroxide interaction is the result of a delicate balance
between two opposite contributions and may in some circum-
stances be antiferromagnetic. Polarized neutron diffraction experi-
ments and DFT calculations which are under way will bring
insight into the coupling mechanism in &ditroxide derivatives.
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