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ABSTRACT: The terdentate anionic picolinate-based nitronyl
nitroxide (picNN) free radical forms neutral and robust homo-
leptic complexes with rare earth-metal ions. The nonacoordi-
nated Tb** complex Th(picNN) - 6H,O is a single-molecule
magnet with an activation energy barrier A =22.8 + 0.5 K
and preexponential factor 7, = (5.5 & 1.1) x 10~ s. It shows
magnetic hysteresis below 1 K.

he coordination chemistry of lanthanoid ions has been

fueled by the potential applications of their optical and
magnetic properties in bioessays and clinical diagnosis."” In the
field of molecular magnets, paramagnetic lanthanoid ions have
been used as sources of large and anisotropic magnetic moments
in the search of high coercivity. In this respect, the main
disadvantage of these compounds is the internal character of
their 4f unpaired electrons, which results in weak magnetic
interactions between the spin carriers.””’

The report of Ishikawa and co-workers on lanthanoid
double-decker complexes functioning as magnets at the single-
molecular level produced a renaissance of lanthanoid chem-
istry in the context of molecular magnetic materials.® Since
then, several single-molecule magnets (SMMs) comprising
lanthanoid ions, either isolated or interacting with other
spin carriers, have been reported.” Their high magnetic
anisotropy provides an alternative to SMM based on poly-
nuclear 3d systems with a high-spin ground state. To date,
however, magnetic studies on SMM based on lanthanoid—
radical systems are relatively scarce and are limited to
dynamic properties.'® A few studies on mononuclear lantha-
noid nitronyl nitroxide (NN) complexes have only recently been
published."!

Our interest lies in the coordination chemistry of a novel
picolinate-based NN free radical that affords neutral complexes
with 3d or 4f metal ions. Recently, we reported on the synthesis
and magnetic behavior of the family of first-row transition-metal
complexes [M(picNN),]+3H,O featuring very strong metal—
radical antiferromagnetic interactions.'> In this article, the synth-
esis, structural characterization, and magnetic behavior (including
static properties) of the novel mononuclear lanthanoid—radical
complex [Tb(picNN);] - 6H,O (1) will be described."

Compound 1 crystallizes in the monoclinic C2/¢ space group.
The three picNN ligands (Figure 1) coordinate to the lanthanoid
center in a terdentate binding mode, yielding a coordination
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Figure 1. Thermal ellipsoid plot (50% probability) of 1.

number of 9 for the Tb** ion. For nine-coordinated species, the
idealized coordination geometries are tricapped trigonal prism
(TTP) and capped square antiprism (CSAP).” Owing to the
terdentate nature of the picNN ligand, the symmetry of the
complex is best described assuming a distorted TTP structure,
with six O atoms occupying the trigonal faces of the prism and
three N(pyridine) atoms located in the capping positions. One
of the trigonal faces is formed by coordination of two NN
radicals and one carboxylate anion, while the second trigonal face
contains the third NN radical and two carboxylate anions. The
Tb—N(pyridine) distances (mean value: 2.62 & 0.05 A) are longer
than the Tb—O(aminoxyl) (mean value: 2.376 & 0.015 A) and
Tb—O(carboxylate) distances (mean value: 2.334 + 0.024) A), as
was expected from the well-known oxophilicity of the lanthanoid
ion. The crystal packing of 1 shows very short intermolecular
contacts between the noncoordinated aminoxyl units [O2B—
02B = 3.486(5) A; 02C—02C = 3.1540(10) A] that form
alternating chains running along the ¢ axis (Figure SI in the
Supporting Information). The remaining free N—O moiety is
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Figure 2. (a) Thermal variation of the T product of 1. (b) Reduced
magnetization plots at 2 and 5 K.

hydrogen-bonded to a water molecule and isolated from the
other radicals.

Temperature-dependent direct-current (dc) magnetic sus-
ceptibility data are displayed in Figure 2a as a T = f(T) plot.
At room temperature, % T equals 12.4 emu+K-mol , somewhat
smaller than the sum of the expected paramagnetic contributions
of one Tb** ion (J = 6, 11.81 emu-K-mol ') and three NN
radicals (S = '/,, 0.375 emu+K-mol '). The yT value remains
constant with decreasing temperature to 15 K and then decreases
abruptly to a value of 5.7 emu-K-mol ' at 2 K. This means that
the combination of the splitting of the "F4 ground state due to
crystal-field effects and the presence of intra- and intermolecular
magnetic interactions'* between the free radicals overcomes
the expected ferromagnetic terbium—radical interactions, lead-
ing to an effective antiferromagnetic behavior, as was previously
observed in related compounds.'*

The field dependences of magnetization at 2 and 5 K are
shown in Figure 2b as M/ug versus H/T curves. In both cases, a
sharp and linear increase of M takes place at low field. In the high-
field region, the magnetization is far from the saturation value
(12 up) expected for the four uncorrelated spins (one Tb*>* ion
with g & 3/2 and ] = 6 and three NN radicals with g ~ 2 and
S="/,). Further, the curves at 2 and 5 K cannot be superimposed.
These two facts point to the presence of a strong magnetic
anisotropy in the system. No hysteresis effects are observed in
this temperature range.

The dynamic magnetic properties of the material were in-
vestigated by alternating-current (ac) magnetic susceptibility (..)
measurements in the 100—10 000 Hz frequency range under a
zero static magnetic field. The thermal variation of the real (')
and imaginary (y'') components of y,. (Figure 3a,)b) shows the
presence of frequency-dependent signals at low temperatures.
The y’ signal decreases as y' exhibits well-defined maxima at
T'max below 3 K. The temperature dependence of these peaks
can be analyzed (Figure 3c) assuming a thermally activated
process [Arrhenius law: T = 7y exp(A/kT)], where 7 = 1/27v,
with v being the frequency of the oscillating field. The result-
ing activation energy barrier A = 22.8 & 0.5 K and preexpo-
nential factor 7o = (5.5 & 1.1) x 10~ s compare well to those
observed in other terbium(III) nitronyl nitroxide complexes
displaying SMM character.'' The maximal relative shift per
decade of frequency [AT ./ TmaxA(log v) = 0.22] matches
the value obtained for similar compounds, discarding a spin
glass dynamics.

The frequency dependence of ' and "’ at different tempera-
tures in the 2.2—4 K range was analyzed in the framework of the
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Figure 3. Thermal variation of y' (a) and y”" (b) of 1 for 10 loga-
rithmically spaced frequencies between 100 Hz (blue) and 10 000 Hz
(brown). (c) Arrhenius plot. Black circles are data obtained from the
maxima of ¥/ = f(T) curves; empty circles are best-fit data extracted from
the Debye equation. (d) Argand plots at different temperatures. Lines
refer to the best fit to the Cole—Cole equation.

Cole—Cole model, which accounts for a distribution of single
relaxation processes:
Xt — Xs
w) = = A
x(@) = xs 1+(ia)‘[)17a

where Y and J are respectively the isothermal and adiabatic
susceptibilities, @ is the frequency of the ac field, 7 is the
relaxation time of the system, and @ is a parameter indicating
the width of the distribution. The extracted values of 7 fitted the
Arrhenius law exactly with the same parameters as mentioned
above. Below 3 K, the distribution of relaxation times is relatively
narrow and almost temperature-independent, with o values close
to 0.2. This is best seen in the Argand plot ()’ and x at a fixed
temperature) shown in Figure 3d. At higher temperatures, 0L equals
0.1, indicating a narrower distribution. The system operates in a
thermally activated regime (Figure 3c) in the whole temperature
range, and its dynamic properties are strictly insensitive to the
presence of a continuous magnetic field of 1000 Oe (Figure S2 in
the Supporting Information). It seems then that the distribution
of relaxation times appears from a distribution of local environ-
ments due to crystal defects.

According to the Arrhenius law, the relaxation time at the
lowest temperature of the dc measurement (2 K) is very short
(7 = 0.49 ms). This explains the absence of any hysteretic effect
at this temperature. We thus investigated the magnetization of
the sample at very low temperatures (0.35—3 K) using a micro-
Hall probe. Below 1 K, an opening of the hysteresis loop is
observed (Figure 4). The coercive field becomes independent
of the temperature below 700 mK, suggesting that magnetiza-
tion reverses via quantum tunnelling in this SMM. To our
knowledge, this is the first evidence of hysteretic behavior in a
lanthanoid—nitroxide complex.
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Figure 4. Magnetization hysteresis loops measured at the given tem-
peratures. The magnetic field sweeping rate was 1 T-min " ". The inset
shows the temperature dependence of the coercive magnetic field.

The reasons for the SMM behavior of terbium(III) complexes
are well understood.® The ligand field around the lanthanoid ion
removes the 13-fold degeneracy of its ] = 6 ground state. The lowest
substates (J, = 1:6) are well separated from the rest of the energy
levels, giving rise to a strong uniaxial anisotropy and a high energy
barrier for reversal of the magnetic moments (from J, = +6 to —6).
The weak exchange coupling between the Th** ion and the coordi-
nated free radical does not alter the energy level scheme and the
lanthanoid—radical complex retains its SMM characteristics. Also,
antiferromagnetic radical—radical interactions are very important at
the temperature range where the SMM properties are observed,
preventing negative effects on the relaxation of the lanthanoid ion.

To summarize, we have used a terdentate NN anion to form a
homoleptic neutral compound where the Tb>" ion is coordinated
to three radical units and retains its SMM behavior. For the first
time, magnetic hysteresis loops have been recorded in a mono-
nuclear lanthanoid—radical complex. Another novel aspect is
the nonacoordinated environment of Tb**, with previous studies
on lanthanide—nitroxide complexes being restricted to 8- and
10-coordination. Preliminary studies show that these molecules
can be deposited as self-assembled monolayers on metal surfaces
as a first step in their potential use in spintronic applications.
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