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Since the discovery of single-molecule magnets (SMMs) in
1993,' the synthesis and physical characterization of molecular
nanomagnets has became one of the most active fields in
molecular magnetism. Several aspects justify their importance:
coexistence of classical properties attributed to bulk magnetic
materiales and quantum effects (quantum tunneling of the
magnetization® and phase interference®), extremely long times
for the relaxation of their magnetic moment and their potential
use in molecular spintronics* and quantum computing.’ Almost
a decade later, Gatteschi et al. observed slow relaxation of the
magnetization in a magnetically isolated cobalt(Il) nitronyl
nitroxide chain® and described the main experimental require-
ments to be fulfilled in the design of such 1D nanomagnets:
strong uniaxial Ising-type anisotropy and high ratio between
intra- (J) and interchain (J') magnetic interactions. These
magnetic nanowires were called single-chain magnets (SCMs),”
by analogy to their OD counterparts, and have attracted im-
portant attention since they might afford extended correlation
lengths of the magnetization at comparatively higher temperatures.

Currently, one of the focuses of interest in this area is that of
generating families of SCM-like compounds in which the
anisotropy and the strength of the magnetic exchange interactions
can be tuned at will. The systematic study of such families should
provide insights for a detailed understanding of the parameters
that affect the slow relaxation behavior. Nevertheless, probably
because of synthetic difficulties, only two examples of such
families are known.”™® In view of the widely demonstrated
versatility of the oxalate ligand (C,04>7) in the design of whole
families of molecule-based magnets® we considered it interesting
to explore the possibility of obtaining oxalate-supported SCMs.
Moreover, the use of this ligand in the design of such systems
represents a challenging goal since it mediates a comparatively
small intrachain magnetic exchange (J(Co"-ox-Cr'") ~ 1-2
cm_l),10 thus hindering the fulfillment of the demanding
requirements necessary to observe SCM behavior. Indeed,
no oxalate-based molecular nanomagnet has been reported so
far.

Here we describe the structure and magnetic properties of the
first oxalate-based SCM. [C1,H»406K]12[(C12H2406)(FCsH4NH3) ]y,
2[Co(H,0),Cr(0x)3] (1) is composed of bimetallic Co™-o0x-Cr™"
ferromagnetic Ising-like chains and exhibits slow relaxation of
the magnetization at low temperatures.

1 is prepared by slow diffusion of its components. It
crystallizes in the monoclinic P21/m space group.'' It is made
up of alternated anionic (A) and cationic layers (B and C) in a
repeating pattern —ABACABAC— (See Figure 1). The anionic
layer (A) is built up by alternating bimetallic chains running on
the ac plane. Along the chain, each [Cr(ox)s]°~ complex is
connected to two Co(H,0),>" ions through the oxalate linker
and vice versa thus resulting in the formula: [Co(H,0);,-
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Figure 1. Three views of the crystal structure of 1: (a) oxalate-bridged
bimetallic chain; (b) 2D interactions of the chains through H-bonding
in the ac plane; and (c) multilayered packing in the solid state.

Cr(C,04)3]~ (intrachain Co'—Cr™ distance 5.33(1) A). Along
the chains, Cr** ions adopt an octahedral coordination, with two
bridging oxalate ligands in its bis-bidentate chelating form while
the other acts as a terminal ligand. Minor distortion from regular
octahedral geometry is observed for Cr’* ions. Octahedral
coordination is observed for Co>" ions as well. Two Ur-oxalate
bridging ligands and two water molecules in cis conformation
surround each cobalt atom. As a consequence of its heteroleptic
nature, higher distortion from regular octahedral geometry is
observed for Co”>*. Adjacent chains are interlinked by the
presence of hydrogen bonding interactions, which operate
through the coordinating water molecules bonded to the Co**
ions and the terminal oxalate ligand binded to the Cr*" atoms
(shortest interchain Co"—Cr'™" distance 7.62(1) A). The resultant
assembled layer can be considered as a precursor of the classical
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2D honeycomb network. (To confirm this point magnetic
measurements were performed on 1 after gently heating, see
Supporting Information, SI8.) Indeed, if the coordinated water
molecules are eliminated, the oxalate terminal ligands transform
into bridging ligands, thus generating the hexagonal network
(See Figure 1b and Supporting Information). B cationic layers
are composed by a pseudohexagonal packing of [K-(18-
crown-6)]" complexes. The tilted orientation (ca. 28°) with
respect to the anionic layers determines an interlayer separation
of 9.15 A. C cationic layers are composed of a pseudocubic
arrangement of [(FPhNH;3)-(18-crown-6)]" complexes. In this
case, the crown ether mean plane is oriented perpendicularly
(ca. 90°) with respect to the oxalate-based layer, thus forcing
the anionic planes to remain more separated in the solid state
(ca.10.4 A).

Static magnetic measurements were performed on grinded
hand-collected crystals of 1. ym7 product at room temperature
is 6.63 emu.K.mol ™' (see SI1). This value is bigger than that
expected for the sum of two noninteracting Co*" (S¢, = /)
and Cr** (S¢; = ?/,) ions, probably induced by the presence of
strong orbital contribution in octahedral Co". As the system is
cooled down yuT product starts to increase smoothly down to
40 K where it becomes sharper, suggesting the presence of strong
ferromagnetic intrachain interactions. yy7 reaches a maximum
value of ca.118.9 emu.K.mol~ ' K at 5.6 K, which corresponds
to a steep jump in the yy versus 7 plot (see SI1), suggesting the
possibility of the onset of a long-range ordered or superpara-
magnetic state. The Curie—Weiss fitting of 1/yy in the high-
temperature regime (50—300 K) yields a Curie constant value
of 5.8 emu.K.mol ™~ 'and a © value of 13.3 K (see SI2). The large
positive 6 value confirms the presence of ferromagnetic exchange
interactions, as typically mediated by the bis-bidentate oxalate
ligand when bridging Co®>* and Cr*" ions. The zero field-cooled
magnetization defines a maximum at 3.2 K and diverges from
the field-cooled curve at 5.6 K (see SI3). This irreversibility
confirms the onset of a superparamagnetic state while the plateau
observed for the FC magnetization below the blocking temper-
ature accounts for the complete freezing process. Field depen-
dence of the magnetization at 2 K constitutes an additional
support of the ferromagnetic nature of the intrachain magnetic
interaction (see SI4). Indeed, a rapid increase of the magnetiza-
tion with the applied field is observed (M around 3.7 ug at 2
kOe). Saturation value (ca. 5 ug) is slightly smaller than that
expected for the perfect parallel alignment of the Co™—Cr™"
units. This fact might be induced by the presence of spin canting
in the frozen ferromagnetic state as previously observed for
other oxalate-based magnets. A hysteresis loop is observed
at 2K (H, = 80 Oe), confirming the magnet-like behavior
of 1 (See SI5). Heat capacity measurements, performed on
grounded crystals, corroborate the absence of 3D bulk magnetic
ordering. Indeed, no A peak was observed when cooling down
to 2 K.

AC dynamic susceptibility measurements in the 1—1000 Hz
interval under an oscillating field of 3.95 Oe show strong
frequency dependence for both the in-phase (ym') and out-of-
phase (ym") signals (Figure 2a). ' shows a maximum and starts
to decrease in the 3.8—3 K range while yy" defines a maximum
in between 3.2 K (1000 Hz) and 2.2 K (1 Hz). To rule out the
presence of glassiness, a quantitative measure of the frequency
dependence was estimated with the frequency shift parameter
first introduced by Mydosh.'? The obtained ¢ value (0.11) is in
excellent agreement with that expected for superparamagnetic
behavior (0.1 = ¢ =< 0.3). This result is in agreement with the
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Figure 2. (a) In-phase (filled symbols) and out-of-phase (empty symbols)
dynamic susceptibility of 1. From left to right: 1, 10, 100, 332, and
1000 Hz. Solid lines are eye-guides. (b) Relaxation time fitting to the
Arrhenius law in the 1—1000 Hz interval. (c) Cole—Cole plot at 2.5 K.
Lines represent the best fitting of the experimental data to a Debye model
providing oo = 0.2.

crystalline nature and the absence of competing magnetic
interactions in 1, both of them considered the main origins of
glassy-behavior.'> Moreover, as expected for a thermally
activated Orbach process for the relaxation of the magnetization,
frequency-dependence of yy" maxima can be described by the
Arrhenius law (t = 19 exp[A/kgT]; where 7 is the relaxation
time, A is the effective energy barrier for the reversal of the
magnetic moment, kg is the Boltzmann constant, and 7 is the
temperature; Figure 2b). Best fitting of the experimental data
provides: 7p = 4.4 x 107'° s and A/kg = 46.9 K (R = 0.997).
These values are physically meaningful and in the range of the
previously reported values for SMM and SCM systems."*°~® For
a better understanding of the dynamic properties of 1, frequency
dependence of yu' and yy" were studied at a fixed temperature
in the Cole—Cole plot (see Figure 2¢ and SI7). The experimental
data were fitted to a general Debye model in the 1—1000 Hz
range.'* The semicircle Cole—Cole diagram and the obtained a
value (a0 = 0.2; oo = O for an infinitely narrow distribution of
relaxation times) is in good agreement with that expected for
superparamagnetic-like systems and indicates that the relaxation
of the magnetization occurs nearly through a single process.
Furthermore, temperature dependence of the correlation length
in 1 was also studied (see SI6). As previously described for SCM
systems,'> an exponentially activated regime at high temperatures
followed by saturation as the system was cooled down were
observed.

In conclusion, compound 1 represents the first member of a
series of isostructural oxalate-based compounds exhibiting
tunable SCM-like properties. The synthetic versatility exhibited
by the oxalate linker in the design of molecule-based magnets
should permit an easy substitution of the metal ions consequently
tuning the nature, extent, and anisotropy of the intrachain
magnetic interactions. This work should result in the creation
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of a complete family of SCM compounds that might provide
important information concerning the main parameters that affect
the slow-relaxation phenomena, which is a vital feature for the
tuning and increasing of the blocking temperatures. In fact,
preliminary results indicate that analogous bimetallic compounds
(with M™ = Fe, Mn, and Ru) can be prepared. We would like
to note that although the ferromagnetic 1D-Ising chains are
supramolecularly assembled through hydrogen-bonding interac-
tions, the low efficiency of H bonding interactions to mediate
magnetic exchange maintains the J'/J ratio small enough to
observe the dynamic magnetic behavior of the single chains.'®
As a further matter, we note that the interchain distance in this
material is similar and even shorter than those observed in other
bimetallic oxalate-bridged 1D chains, where SCM behavior was
not observed but bulk ferromagnetic ordering instead. The only
difference in this case is the presence of a cationic layer, which
leads to a larger separation between the magnetic layers, thus
minimizing the effective interchain interactions between neigh-
boring layers. In the examples exhibiting bulk magnetic proper-
ties, the insulation between adjacent layers was less efficient
and subsequently the number of next-neighbors surrounding a
given chain was higher. This observation suggests that the
interlayer interaction might be key as well for the magnetism
of these materials, even more important than in-plane direct
interchain interactions. This suggests that longer interlayer
distances could also promote SCM behavior in other analogous
already known oxalate-bridged bimetallic chains and also in other
1D materials where the chains are supramolecularly arranged
forming 2D networks.
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