Angew. Chem. 2005, 117, 59675971

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

One-Dimensional Magnets

DOI: 10.1002/ange.200500464

Molecular Engineering for Single-Chain-Magnet
Behavior in a One-Dimensional Dysprosium—
Nitronyl Nitroxide Compound**

Lapo Bogani, Claudio Sangregorio, Roberta Sessol,
and Dante Gatteschi*

The discovery of single molecule magnets (SMMs), about a
decade ago,!"! opened up a very lively scientific area where
still both physicists and chemists join their efforts to better
understand and selectively change the magnetic properties of
matter.”) On one side, the interest aroused by these materials
is due to the fact that they allow us to directly address
questions of fundamental interest,”! and, on the other side,
their proposed applications make them appealing candidates
for future devices.[! The field was further expanded by the
discovery, some years ago, of a polymeric compound, [Co-
(hfac),(NIT(C,H,OMe)}]®!  (hfac = hexafluoroacetylaceto-
nate; NIT(R): 2-(4-R)-4,4,5,5-tetramethylimidazoline-1-
oxyl-3-oxide), which displays a hysteresis behavior above
the temperature of liquid He without undergoing three-
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dimensional (3D) magnetic ordering. This slow dynamics of
the magnetization was explained with Glauber’s model® for
Ising spin chains and, while the physics underlying these
systems is revealing interesting aspects® much effort is
devoted to the synthesis of new chain compounds of this kind,
known as single-chain magnets (SCMs).”! The two require-
ments needed to observe Glauber dynamics, that is, a strong
Ising anisotropy and a very low ratio of interchain/intrachain
interactions, are difficult to balance, and only a few com-
pounds have been proposed as SCMs up to now.?

Rare-earth-radical-based chains are very appealing can-
didates for SCMs owing to the Ising anisotropy of their
metallic centers, and [Dy(hfac);{NIT(Et)}] (1) displays a
transition to 3D magnetic order at 4.3 K.”) However, the
interchain interactions are relatively weak, as the shortest
metal-metal distances are 10.76 A, and only through-space
(dipolar) interchain interactions are active. It should be
possible to further increase these distances by varying the
radical, thus determining a passage from 3D order to SCM
behavior. This can shed light on the delicate balance between
the exchange, structural features, and magnetic anisotropy
required for SCM behavior. This idea proved to work well,
and we wish to report herein the first complete structural and
magnetic characterization of a rare-earth-based SCM synthe-
sized by a rational approach. Frequency-dependent data on a
Tb-based compound have been reported in a previous work,
but structural evidence was lacking."”

The radical NIT(C,H,OPh) was an appealing candidate to
increase the separation of neighboring chains because it
possesses two rather mobile aromatic rings, as spacers, and an
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ether group in between that enriches the electron density of
these rings. The presence of such electron-rich groups
alternating with the electron-poor rings formed when hfac
ligands coordinate to a metal center favors stacking inter-
actions along the chain, thus stabilizing the polymeric
compound.!'!)

The reaction of [Dy(hfac);(H,O),] with the NIT-
(C¢H,OPh) radical in hot n-heptane afforded single crystals
of the chain compound [Dy(hfac);{NIT(C,H,OPh)}] (2)
suitable for X-ray analysis. This compound, whose structure
is depicted in Figure 1,1 consists of chains, parallel to b, of
octacoordinated Dy(hfac); centers connected by radical units,
which act as bis-monodentate ligands.

The coordination geometry around the Dy atom is a
distorted dodecahedron with triangular faces, where the two
radical oxygen atoms occupy the apical positions of two
distorted pentagons. The distances between the metal center
and these oxygen atoms were found to be very similar to each
other (2.329(4) A and 2.385(4) A). The stacking interactions
between the inner aromatic ring of the spacer and an hfac
ligand can be clearly identified,!"” as the distance between the
two aromatic planes is 3.75(5) A and the angle between them
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Figure 1. Views of the structure of 2: a) along the a axis, showing the
chain structure together with the unit cell. The aromatic tail of the radi-
cal of an adjacent chain is also shown (in green); b) along the crystal-
lographic b axis, showing the packing of the chains. Ellipsoids are
drawn at 50% probability and fluorine and hydrogen atoms have been
omitted for clarity.

is 14.6(2)°, in agreement with the situation observed in other
metal NIT(R) derivatives."!! The outer aromatic ring of the
spacer, on the other hand, is placed between the chains, with
the normal tilted with respect to the inner ring (65.84°) and
oriented almost perpendicularly to the chain axis (86.71°).
This ring lies isolated in a niche between two other chains,
surrounded by the fluorine atoms of four hfac ligands, with a
distance of 5.90(5) A from the centroid of the nearest ligand.
In this way, as can be observed from Figure 1, the free volume
between the chains is alternatively occupied by the spacers of
two different chains, thereby minimizing any weak magnetic
interactions between the radicals. Our strategy leads to an
increased volume per metal center, which grows from 881 A®
in 1to 1001 A% in 2 and, more importantly, to a lengthening of
all distances between different chains. Analysis of the
distances between a chain and the six neighboring ones
showed the presence, in both cases, of three couples of equally
distant chains. All three distances increase, with the shortest
distance between two Dy centers growing from 10.76 to
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11.35 A, and the next two shortest separations increasing
from 11.23 to 11.38 A and from 11.43 to 14.31 A. In other
words, there is a change from a pseudo-hexagonal arrange-
ment of the chains in 1 to a pseudo-tetragonal one in 2.
Considering the 7 dependence of magnetic dipolar inter-
actions, such changes in the crystal structure, although they
may not seem dramatic, reduce the interactions along the
shortest distance by 15 % and those along the longest distance
by up to 49 %. This analysis reveals that the engineering of the
compound has led to an efficient suppression of interchain
interactions independent of the orientation of the magnetic
easy axis.

The effect of this crystal engineering strategy on the
magnetic properties is evident from Figure 2, in which we
show the dc magnetic susceptibility measured for a powder
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Figure 2. Low-temperature dependence of the T product from dc
magnetic measurements performed in a 100 Oe applied field. The
black line represents the calculated curve, as described in the text. In
the inset we show the gap that opens up below 2.6 K between the
zero-field-cooled and the 100-Oe-cooled curves.

sample. The radicals are $=1/2 isotropic magnetic centers,
while Dy, a °H,5, ion, is usually treated, at low temperature,
as an effective §=1/2 anisotropic center. The high-temper-
ature yT value, 12.2 emuKmol ™! at 300 K, is slightly lower
than the expected theoretical value for two such noninteract-
ing magnetic centers, but consistent with the data available for
1.”) The temperature dependence of T shows a minimum at
8.6 K and a rounded peak of 68.5 emuKmol ! at 3.6 K, typical
of 1D behavior, while the cusp found in the 3D-ordered
compound™ is not observed.

The magnetism of this type of lanthanide-radical chain is
characterized by the presence of nearest-neighbor (NN)
ferromagnetic metal-radical and next-nearest-neighbor
(NNN) antiferromagnetic metal-metal or radical-radical
magnetic couplings (Jyi, Jum, and J,, respectively).”) The
overall behavior at low temperature depends on the ratio
between ferro- and antiferromagnetic interactions.'""! The
low-temperature powder data of 2 suggest that ferromagnetic
interactions dominate. A scaling procedure of the yT data™
clearly indicates a linear regime characteristic of Ising 1D
systems (see Supporting Information). The data between 8.5
and 3.6 K were therefore reproduced with a spin-1/2 Ising
model with alternating Landé g-factors (g, and gp, for the
radical and the Dy centers, respectively) and three exchange
interactions. A good agreement (R=0.999) between the
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calculated and experimental curves in this region was found
with the values g, =2.0, gp,=8.0 (vide infra), ferromagnetic
Jyvr=19 K, and antiferromagnetic J,,= —6.5 and Jyp= —4 K.
A similar agreement was also observed with other sets of
parameters, thereby suggesting a strong correlation between
them, with the difference between the ferromagnetic and
antiferromagnetic interactions being the key point. More-
over, due to the presence of a strong anisotropy of the
magnetization, single-crystal measurements as a function of
the orientation will be needed to give a completely reliable set
of values.

1D Ising systems are expected to follow Glauber slow
dynamics with a thermally activated reversal of the magnet-
ization, t=rt,exp(d4/kgT), where the energy barrier, A4,
depends on the exchange interaction, that is, 4 =|J| for S=
1/2. The ac magnetic susceptibility curves, measured in zero
static field, display a frequency-dependent peak for both in-
phase y’ and out-of-phase " signals below 4.5 K, as shown in
Figure 3, thus indicating the presence of a thermally activated
mechanism. A frequency-independent peak at the transition
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Figure 3. Temperature dependence of the real (top) and imaginary
(bottom) components of the ac magnetic susceptibility measured in
zero applied field in the frequency range 25 Hz-20 kHz. The inset
shows the obtained Arrhenius plot and the crossover.

temperature would be found for a 3D-ordered compound.
The dynamic behavior of 2 can be reproduced with the
generalized Debye model (Supporting Information) by taking
into account a narrow distribution of relaxation times, o=
0.16, a value compatible with those observed for other
SCMs.1

The Arrhenius plot extracted from these data, reproduced
in the inset of Figure 3, shows the presence of a crossover
between two different activated regimes, both of which give
best-fits with physical 7, values (5.6 x 10 and 1.9 x 10~*? s for
the low- and high-temperature regimes, respectively) and two
different barriers (42 and 69 K, respectively). The presence of
a crossover in the Arrhenius plot of SCMs that halves the
Glauber activation barrier due to finite-size effects has been
predicted"” and experimentally observed for systems with a
slow relaxation of single monomeric units.!"”!
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Below 2.6 K, irreversibility effects also appear in static
magnetic measurements as a discrepancy between the mag-
netization curve cooled in zero field and the curve cooled in
an applied external field, as shown in the inset of Figure 2.
The magnetization curve taken at 1.60 K, depicted in
Figure 4, reveals the opening of a hysteresis loop and a very
rich magnetic behavior with two different steps, an unprece-
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Figure 4. Magnetization curve versus applied field measured at 1.60 K.
The nested hysteresis cycles are shown in the two insets.

dented feature in rare-earth polymeric systems. The fact that
such steps do not change on varying the field sweep rate
indicates that they are associated with static properties. While
we cannot totally exclude that the first step around H =50 Oe
is due to residual antiferromagnetic interchain interactions, it
is interesting to note that the slow relaxation of the magnet-
ization observed above 2 K in zero field also persists above
the step. This is consistent with a very “robust” Glauber
dynamic regime that is unaffected by possible weak interchain
interactions.!"”!

The step at around H=15kOe is more difficult to
rationalize. The presence of competing NN and NNN
interactions could stabilize states that do not correspond to
the ferromagnetic alignment of all the spins. A state that has
been previously discussed can be described by the spin
arrangement ...l . TTLT..., in which the red arrows represent
Dy magnetic moments and the black arrows represent radical
sites.’) This state has a magnetization corresponding to
(Mpy—M,)/3, and is not too far from that observed in
Figure 4, assuming that the high-field value tends to (Mp, +
M,), thus providing an average gp, value of around 8.
However, we could not successfully reconcile this picture
with the ferromagnetic behavior observed between 4 and
10 K using a simple Ising model; further investigations with
single crystals are necessary to clarify this point.

In conclusion, we have prepared and structurally charac-
terized the first rare-earth-radical-based coordination poly-
mer to exhibit SCM behavior, namely [Dy-
(hfac),{NIT(C;H,OPh)}] (2). A critical reconsideration of
previously known compounds was a key point to rationally
plan the synthesis to enhance the stacking along the chains
and to weaken the interchain magnetic interactions. To the
best of our knowledge, this is the first successful preparation
of an SCM from a material known to undergo 3D magnetic
ordering. The chains exhibit all the features of a slowly
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relaxing system, including a crossover between two Arrhenius
regimes, and a hysteresis loop opens below 3 K. The
observation of such a crossover in 2, if due to finite-size
effects, would suggest a significant contribution to the barrier
coming from the anisotropic building blocks, as the barrier is
not exactly halved."! This would open the possibility to study
the effect of the recently observed dynamics of rare-earth
single-ion units!"™ when arranged in chains. These dynamic
features are accompanied by a very rich static behavior that
could be due to the interplay of NN and NNN interactions,
with the presence of several low-energy states. Finally, thanks
to the synthetic possibilities opened up here, the chemical
reactivity of rare-earth metals can now be exploited to study
the role of the anisotropy and magnetic multiplicity of the
rare-earth ion on the slow dynamics of both monomers and
chains.

Experimental Section

Synthesis of 2: [Dy(hfac);(H,0),] (1 mmol) was dissolved in boiling
dry n-heptane (30 mL). The solution was left to boil for 20 min and
then cooled down to 75°C, whereupon 1 mmol of the crystalline solid
radical NIT(C,H,OPh) was slowly added whilst stirring followed by
3mL of CH,Cl,. The final solution was cooled down to room
temperature and was left to stand for about 24 h to give green, needle-
like crystals. C3H,,DyFsN,Oq: caled C 36.89, H 2.18, N 2.52; found:
C 37.10, H 2.50, N 2.79.

Physical measurements: The dc magnetic susceptibility measure-
ments were performed on solid polycrystalline samples with a
Cryogenic S600 SQUID magnetometer and were all corrected for
the diamagnetic contribution as calculated with Pascal’s constants.
Magnetization curves with fields over 60 kOe were measured with an
Oxford VSM system after inclusion of the sample in grease to prevent
orientation of the crystallites. Data were corrected for the magnetism
of the grease, which was independently determined at the same
temperature and fields. The ac magnetic susceptibility was measured
by using a homemade probe operating in the range 20-20000 Hz.["")
Crystal structure data were collected with an Oxford Diffraction
Xecalibur3 diffractometer.
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