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ABSTRACT: [Cu";Tb™(L")(NO;),(MeOH)(H,0),]-
(NO;)+3H,0 is a rare example of a 3d—4f single-molecule
magnet prepared using a macrocyclic ligand: at low T, it
exhibits frequency-dependent alternating-current suscept-
ibility, indicative of slow relaxation of the magnetization.

ingle-molecule magnets (SMMs) are complexes that have the
Scapacity to act as a magnet at the molecular level. After an
SMM is magnetized under an external magnetic field at low
temperatures, the relative stability of the two spin ground states
(£St) over intermediary spin states prevents the rapid loss of the
magnetization in zero direct-current (dc) field." The anisotropy
of the spin states induces slow dynamics, such that reorientation
of the magnetization requires overcoming an energy barrier and
thus becomes sluggish. Attempts to maximize the barrier can be
foiled by quantum tunneling through it: to minimize this, it has
been proposed that 3-fold symmetry is desirable.” In SMMs
containing lanthanide ions, the crucial magnetic anisotropy is the
result of the spin states being made nondegenerate by certain
coordination environment symmetries.

SMM:s containing a single lanthanide ion were first prepared
by Ishikawa et al. using phthalocyanine macrocycles.® Slow relaxa-
tion of the magnetization has since been demonstrated for a
range of complexes with just one lanthanide ion, including those
based on polyoxometallates (including metallomacrocycles),*
Schiff bases,” radicals® and ketones.” Current efforts to identify
SMMs with higher blocking temperatures tend to be focused on
combining lanthanide metal ions with transition-metal ions®’
rather than on producing multiple 4f complexes because the
exchange interaction between 4f ions is inherently weak."’

Inspired by the macrocyclic systems prepared from dialde-
hyde 1,4-diformyl-2,3-dihydroxybenzene (1)'' by Akine and
Nabeshima'® and Frischmann and MacLachlan,™® we have pre-
pared new [3 + 3] Schiff-base macrocycles derived from this
head unit, with the aim of systematically examining the magnetic
properties of families of 3d—4f M3Ln complexes (Figure 1). The
provision of binding sites of different sizes and donor types
greatly facilitates the formation of the desired M;Ln complexes
(cf. My to M, aggregates using related acyclic multidentate
ligand analogues“). Encapsulating the MzLn core with the
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organic macrocycle also provides stability (macrocyclic effect),
which, in turn, facilitates fine tuning of the metal ion environ-
ments (vary R and n, see Figure 1) and solubility (vary R). In the
first family, [Zn"5Ln"™(L™)]**, we found that the Zn";Dy™
complex displayed slow relaxation of the magnetization under an
applied dc field.”

With this promising result in hand, we are now replacing the
diamagnetic Zn" ions by paramagnetic transition-metal ions
because this may enhance the SMM energy barrier. While the
desired complexes could, in principle, be prepared by transme-
talation of the Zn;Ln complexes, it appeared to us that, like Zn",
Cu", in conjunction with a Ln"" ion, should template the (L?*)®~
macrocycle, facilitating direct access to the complexes of interest.

Temlplate synthesis followed by recrystallization gave [Cu";-
Tb™(L™)(NO;),(MeOH)(H,0),](NO;) - 3H,0 (2) as a brown
powder, in 45% yield, which was characterized by elemental
analysis, mass spectrometry, and IR absorption spectroscopy
(see the Supporting Information, SI).

Single crystals of [Cu";Tb™ (L™")(NO;),(MeOH);](NO3)
suitable for X-ray crystallography were obtained by vapor diffu-
sion of diethyl ether into a methanol solution of 2. The structure
determination confirmed that the macrocycle coordinates one
Tb™ ion in the central, larger Og cavity and three smaller cu"
ions in the outer N, O, sites, with approximate 3-fold symmetry
(Figure 2). As a result, the macrocycle adopts a slightly curved
conformation. All three Cu' ions possess a square-}g?rramidal
geometry with a long apical bond. One of the Cu" ions is
distorted toward trigonal bipyramidal (trigonality factor'® 7 =
0.17), whereas the other two are almost perfectly regular square
pyramids (7 < 0.02). One of the three nitrate ions is bound to the
Tb™ ion in a bidentate fashion, the second is bound to a Cu" ion
via one oxygen atom, while the third is not bound. The
complexes pack in weakly connected pairs in the lattice (see
Figure S1 in the SI; O30- - -0S0 2.74 A hydrogen bond and
031+ -Cu2A 2.92 A weak axial interaction): the Tb"" ions in
neighboring complexes are 8.59 A apart.

At room temperature, the T product of 2 (Figure 3) is 13 cm®
Kmol ™, in good agreement with the expected value of 12.9 cm’®
K mol ! for 3 Cu' (S="1/y g=20; C=0.37S cm® K mol ™)
and 1 Tb"™ (S=3,L=3,7F5 g=>/,, C=11.815 cm® K mol ).
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Figure 1. Hexaimine [3 + 3] macrocycle (L™)®™ used in this work has
R =H, n = 3. It is prepared and complexed in situ (i.e., not isolated).

Figure 2. Crystal structure of [Cu"sTb™(LP")(NO3),(MeOH),]-
(NO3). For clarity, the disorder of the propylene linkage, non-
acidic hydrogen atoms, and non-coordinated [NO;]™ anion have
been omitted.
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Figure 3. Temperature dependence of the )T product per [CusLn]
unit, measured on polycrystalline samples of 2 and 3 between 1.8 and
300 K under 1000 Oe. Inset: T versus T plot on a semilogarithmic scale
for 3. The solid line represents the best fit described in the text.

Upon lowering of the temperature, the T product is roughly
constant down to 50 K before exhibiting a slow increase, reaching
a maximum of 15.3 cm® K mol ' at around 3.5 K and then
decreasing to a minimum value at 1.8 K of 14.7 cm® K mol ™},
indicating the presence of magnetic anisotropy or weak inter-
complex antiferromagnetic interactions (Figure SI in the SI).
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Figure 4. Frequency dependence of the out-of-phase component of the
ac susceptibility of 2 at temperatures indicated with 1 Oe (at all
temperatures except 2 K) or 3 Oe (at 2 K) of ac field modulation and
in zero dc field.

In order to understand the magnetic behavior of 2, the
contribution from the Cu' ions was determined by measuring the
malgnetic properties of the analogous La"™' complex, [Cu"sLa""-
(L™)(NO3),(MeOH),(H,0)](NO;3) - MeOH (3; see the SI),
which contains a diamagnetic La"" ion in place of the paramag-
netic Tb™ jon. At room temperature the ¥T product for 3
(Figure 3) is 1.2 cm® K mol ', in good agreement with the
expected value of 1.125 cm® K mol ~* for three Cu'" ions (gc, =2)
and one diamagnetic La"" ion. When the temperature is lowered,
the T product is roughly constant down to 50 K, before
exhibiting a slow increase and reaching a maximum value of
1.5 cm® K mol " at 1.8 K. The absence of a rapid drop in the y T
product at very low temperature indicates an absence of sig-
nificant magnetic anisotropy or intercomplex antiferromagnetic
interactions in 3.

The temperature dependence of the susceptibility for 3 was
modeled using a simple symmetrical S = '/, triangle model as a
first approximation (Figure S2 in the SI). In keeping with the
structural motif, the Heisenberg spin Hamiltonian can be written
as H = —2J($;:S; + S;+S3 + S,+S;). From this model,
application of the van Vleck equation'® allows the determination
of the low-field (ugH/kgT << 1) analytical expression of the
magnetic susceptibility.'” An excellent fit of the experimental
data is obtained with this theoretical susceptibility, with J/kg =
+0.5(1) Kand g=2.08(2), down to 1.8 K (Figure 3). This result
indicates a weak ferromagnetic coupling between the Cu'"" ions
within 3 that thus possesses an St =/, spin ground state.

Subtraction of the experimental T versus T data for 3 from
that obtained for 2 removes the contributions from the
Cu"—Cu" interactions and [Cuj] paramagnetism, allowing the
nature of the magnetic interactions between the Cu'" and Tb™
ions to be probed. As shown in Figure 3, the difference plot is
roughly constant down to 50 K and then increases at lower
temlperatures, confirming the ferromagnetic nature of the
Cu"—Tb" interaction (note that a decrease of the T product
upon lowering of the temperature should be observed if the
intrinsic spin—orbit coupling of the Tb"" ion was dominating the
magnetic properties).

The field dependence of the magnetization of 2 was also
measured at various temperatures to check for hysteresis, i.e.,
slow relaxation of the magnetization (Figure S3 in the SI). Below
10 K, the magnetization increases rapidly at low field strength
before a gradual linear increase. The magnetization does not
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saturate but reaches 8.0 tp at 1.8 Kin a field of 70 kOe. The high-
field linear variation of the magnetization highlights the presence
of a significant magnetic anisotropy, as was expected for the TH™
ion present in this system. Moreover, the plot of M versus H/T
(Figure S3 in the SI) at different fields shows that the curves are
not all superposable on a single master curve, further confirming
the presence of magnetic anisotropy. No hysteresis for the M
versus H data was observed above 1.8 K with sweep rates of
100—200 Oe min ™,

Nevertheless, the behavior of 2 in an alternating-current (ac)
magnetic field was measured to check for the presence of slow
relaxation of the magnetization at shorter time scales. Below
approximately S K, the out-of-phase component of ac suscept-
ibility (") becomes nonzero and exhibits a frequency depen-
dence (as it does the in-phase component), as is characteristic of
an SMM (Figures S4 and SS in the SI). The signal reaches around
1.2 cm® mol " at 10 kHz and 2 K but is still increasing at this
point and so the maximum of the plot is not visible within the
temperature limits of the measurement.

The ac susceptibility as a function of the frequency at different
temperatures has also been measured in order to follow, if
possible, the relaxation (Figure 4). Unfortunately, the maximum
does not appear in the frequency limit of these measurements
(10kHz), which precludes the determination of the 7 versus 1/T
data and a fit of this to an Arrhenius law. From Figure 4, it appears
clearly that the relaxation mode is located slightly above 10 kHz
at 1.8 K. This gives a rough idea of the relaxation time (), which
is around 1 x 10~ s at 1.8 K, so 7 is relatively short.

When ac susceptibility measurements on 2 were conducted in
the presence of external dc fields of different strengths at 1.9 K
(to suppress a possible fast ground state quantum tunneling of
the magnetization), the maxima of the "’ versus v data did not
shift to within the frequency window of the measurement (Figure
S6 in the SI). Indeed, relaxation of the magnetization in 2 is not
slowed by the applied dc field, suggesting that quantum tunnel-
ling of magnetization is not an efficient relaxation pathway
above 1.9 K.

In conclusion, we have prepared a tetranuclear Cu'—Tb™
complex that shows slow relaxation of the magnetization in zero
dc field, a property that is absent in 3 and is very weak in the
Zn;Dy analogue.” Complex 2 is the second example in this new
class of 3d—4f SMMs where metal ions are hosted by a single organic
macrocycle that provides control, solubility, tuneability, and stability.
The incorporation of synthetically far more challenging, but magne-
tically very interesting, 3d metal ions is our next target, as we aim to
continue to improve the SMM properties of this new family of
3d—4f complexes in a systematic and rational manner.
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