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ABSTRACT: A series of tetranuclear Cu2
IILn2

III (LnIII from LaIII to YbIII),
double-stranded metallohelicates have been synthesized using a bis-bidentate
flexible ligand obtained by condensing o-vanillin with 4,4′-oxydianiline. The
complexes exhibit a variety of LnIII environments and decreasing coordination
number along the series and several nitrato coordination modes proved by the
structural determination of the LaIII (1La), SmIII (4Sm), GdIII (5Gd), ErIII (9Er),
and YbIII (10Yb) derivatives. The other members of the family (2Ce, 3Pr, 6Tb,
7Dy, and 8Ho) have been characterized by powder X-ray diffraction to verify
their isostructurality. Susceptibility measurements show field-induced slow
relaxation of the magnetization for the anisotropic TbIII and DyIII complexes
and for the isotropic GdIII system.

■ INTRODUCTION
The construction of helical arrays has been a playground for
synthetic supramolecular chemists since the apparition of the
first one reported in the mid-1950s.1 Helical structures are
achieved by wrapping molecular strands around a central axis,
where this wrapping can be controlled by the coordination to a
metallic center or by supramolecular interactions.2−4 Despite
this early example, the term helicate was first introduced by
Lehn in 1987.5 Metallohelicates are structures that contain
metallic centers surrounded by an organic ligand that should
fulfill some criteria to properly wrap around the cation: it
should have several sets of donor atoms to be able to
coordinate to one or more cations and it should have a flexible
enough spacer between the coordination sites. The most
common case consists of two sets of donor atoms connected
by a more or less long but flexible spacer that can yield double-,
triple-, or even quadruple-stranded helicates, benefiting the
coordination number of the involved cations.

Many supramolecular structures have been used to build
systems exhibiting slow relaxation of magnetization (single-
molecule magnets, SMMs), which are, today, one of the main
research areas in magnetochemistry because they have been
proposed as functional molecules with possible applications in
different fields like information storage,6 molecular spin-
tronics,7 or quantum information processing (QIP).8,9 Their
characteristic slow relaxation of magnetization arises, in
principle, from a high ground spin state (S) and a negative
axial magnetic anisotropy (D), giving rise to a potential energy
barrier that the spin has to overcome in order to demagnet-
ize.10,11 However, recently, many exceptions to these
paradigms have appeared with the rise of slow-relaxing

molecules with S = 1/2, which slowly relax without the
possibility of the potential barrier to overcome,12,13 the
apparition of slow-relaxing molecules with a positive value of
D,14−16 and, more recently, the discovery of this magnetic
response for isotropic cations.17−21 Among the wide diversity
in slow-relaxing molecules, one of the most abundant types is
the one using the highly anisotropic lanthanoid cations as
paramagnetic centers, a property arising from their large and
unquenched orbital angular momentum.22,23 Almost any
paramagnetic lanthanoid(III) cation can present slow magnetic
relaxation under appropriate conditions,24,25 but DyIII is today
the most used one in molecular magnetism, and, until today, it
has given rise to some groundbreaking results.26−28

On the above basis, we chose the Schiff base 2-(((4-(4-((2-
(oxido)-3-methoxybenzylidene)amino)phenoxy)phenyl)-
imino)methyl)-6-methoxyphenolato (H2L), which contains
two sets of three donor atoms separated by a flexible spacer,
Chart 1. This ligand provides two cavities at each end, which
are able to coordinate two cations (or two groups of cations)
bridged by phenolato bridges.

The cascade reaction of H2L with CuII and further reaction
with lanthanoid nitrates allows one to characterize a series of
tetranuclear complexes with the common {Ln2

IIICu2
IIL2}

helical skeleton (LnIII = LaIII (1La), CeIII (2Ce), PrIII (3Pr),
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SmIII (4Sm), GdIII (5Gd), TbIII (6Tb), DyIII (7Dy), HoIII

(8Ho), ErIII (9Er), and YbIII (10Yb)) and nitrato counter-
anions linked to the LnIII and CuII cations in a variety of modes
that fulfill their coordination spheres.

The single-crystal structures of complexes 1La, 4Sm, 5Gd,
9Er, and 10Yb were determined, showing the influence of the
radii and coordination number of the LnIII cation on the local
coordination of the counteranions. The static magnetic
properties show weak intramolecular CuII···LnIII interactions
mediated by the phenoxo bridges, and alternating current
susceptibility measurements reveal slow relaxation of magnet-
ization for the anisotropic TbIII (6Tb) and DyIII (7Dy)
complexes and also for the less common isotropic case of GdIII

(5Gd).

■ EXPERIMENTAL SECTION
Materials and Methods. All manipulations were performed

under aerobic conditions. All reagents and solvents were used as
received. The infrared spectra (4000−400 cm−1) were recorded on a
Thermo Scientific Nicolet IS5 spectrophotometer. The magnetic
susceptibility and magnetization measurements were performed with
a Quantum Design MPMS-XL SQUID magnetometer at the CCiT
Magnetochemistry Unit of the University of Barcelona. Single crystals
of compounds 1La, 4Sm, 5Gd, 9Er, and 10Yb were set up on a
Bruker D8-VENTURE diffractometer equipped with a multilayer
monochromator and a Mo microfocus (λ = 0.71073 Å). The frames
were integrated with the Bruker SAINT software package using a
narrow-frame algorithm, and the structures were solved and refined
using the Bruker SHELXTL software package.29 The diffraction for
the complex 5Gd was not crystallographically satisfactory due to the
poor quality of the crystals and the unsolved disorder of the nitrato
ligands around one of the GdIII cations; Figure S1. Several
crystallizations were performed, but single crystals of better quality
were not obtained; thus, the crystallographic data have been included
only as Supporting Information for the readers. However, the core of
the complex is well defined and the obtained data have been included
in the general descriptions. Crystal and structure refinement data are
summarized in Table S1. Powder X-ray diffraction analysis was
performed with a PANanalytical X’Pert PRO MPD Θ/Θ powder
diffractometer.

Synthesis. H2L Ligand. The ligand was prepared by the
condensation reaction of 2-hydroxy-3-methoxybenzaldehyde and
4,4′-oxydianiline following a slight modification of reported
methods.30 A total of 10 mmol (1.52 g) of the aldehyde was
dissolved in 50 mL of ethanol and added to a 50 mL ethanolic
suspension of 5 mmol (1.00 g) of the diamine. Upon addition, the
mixture immediately took a deep-orange color and was refluxed until
an orange precipitate appeared (around 30 min). The reaction
mixture was left to cool at room temperature. It was vacuum-filtered,
and the crude solid was washed several times with cold ethanol and
ether. It was allowed to dry in a desiccator. IR (cm−1): 3445 (br, m),

1615 (sh, s), 1485 (sh, s), 1467 (sh, s), 1286 (sh, s), 1197 (sh, s). 1H
NMR (500 MHz, CDCl3) δ (ppm): 13.66 (s, 1H), 8.64 (s, 1H),
7.34−7.28 (m, 2H), 7.12−7.06 (m, 2H), 7.01 (ddd, J = 15.4, 8.0, 1.5
Hz, 2H), 6.89 (t, J = 7.9 Hz, 1H), 3.94 (s, 3H).

Metallohelicates. All of the lanthanoid-derived complexes were
prepared following the same procedure using the corresponding
lanthanoid(III) nitrate salts. To a stirred suspension of H2L (58.5 mg,
0.125 mmol) in a solvent mixture of MeOH/MeCN (10 mL, 1:1) was
added 0.125 mmol (25.2 mg) of [Cu2(CH3COO)4(H2O)2]. The
resulting dark-brown solution was stirred until a brown precipitate of
[Cu2L2] appeared. The corresponding equimolar amount (0.125
mmol) of Ln(NO3)3·xH2O was dissolved in 10 mL of a MeOH/
MeCN (1:1) mixture and added to the suspension of [Cu2L2]. The
mixture was stirred for two hours until the solid dissolved and the
solution took a dark-yellow-brown color. The resulting solution was
filtered, and diethyl ether vapor was allowed to diffuse until dark-
brown prism-like crystals suitable for X-ray diffraction appeared for
compounds 4Sm and 5Gd. For complexes 1La, 9Er, and 10Yb, dark-
orange prism-like crystals (∼60% yield) were obtained after layering
the corresponding solutions with diethyl ether. We were unable to
obtain single crystals of compounds 2Ce, 3Pr, 6Tb, 7Dy, and 8Ho,
which give polycrystalline powders in all cases. Infrared spectra are
provided in Figure S2, and analytical data are summarized in Table
S2.

■ RESULTS AND DISCUSSION
Structural Description. Powder X-ray Diffraction.

Despite the similar synthetic response and the practically

superimposable IR spectra, XRPD spectra demonstrate that the
structure of complexes 1−10 evolves along the series. The
complexes derived from the larger cations 1La, 2Ce, and 3Pr
are isostructural, and also, 5Gd and 7Dy show similar spectra,
whereas complexes 4Sm, 6Tb, 8Ho, 9Er, and 10Yb are
different; Figure S3. From these preliminary data, the
structures of five complexes along the series have been solved
to check the origin of the structural differences.

Single-Crystal Diffraction. The structures of complexes
1La, 4Sm, 5Gd, 9Er, and 10Yb were solved, and the five
structures, as could be expected, show similarities in their
general trends but show local differences in the coordination
sphere around the lanthanoid and the CuII cations. To avoid
repetitive descriptions, the structure of complex 1La will be
described in detail, and for the remaining complexes, only the
main differences will be pointed out.

Chart 1. (top) Structural Formula of the H2L Ligand
Employed in This Work to Generate Helical Tetrameric
{Ln2IIICu2IIL2} Complexes; (bottom) Schematic Plot of the
Coordination of Two L2− Ligands to Two Cations at Each
End of the Helicate

Figure 1. Space filling (top) and ball and stick (bottom) plots of the
{Cu2La2(L)2} helicate 1La, showing the wrapping of the two L2−

ligands around the four cations.
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[Cu2La2(L)2(MeOH)2(NO3)6]·1.5CH3CN·C4H10O (1La·
1.5CH3CN·C4H10O). Complex 1La consists of a {Cu2La2}
tetranuclear double-stranded helicate in which the four cations
are held together by the two deprotonated L2− ligands; Figure
1. A labeled plot of 1La is shown in Figure 2, and the main
bond parameters are summarized in Table 1.

Each CuII cation is coordinated by one N-iminic atom and
one O-phenoxo donor atom from each L2− ligand, resulting in
a N2O2 chromophore. The CuII cation is placed in a square
planar environment with a significant tetrahedral distortion
(the dihedral angle between the OCuO/NCuN mean planes is
30.5°). The Cu−N distances for both CuII cations vary
between 1.957(3) and 1.965(3) Å, and the Cu−O distances
are slightly shorter, comprising between 1.914(2) and 1.921(2)
Å. The Ophenoxo donors act as bridges between the LaIII and
CuII cations, resulting in a bent four-membered Cu−(O)2−La
ring (Cu−O−O−La torsion angles of 19.5(1)° for the Cu1−
O2−O7−La1 ring and 23.0(1)° for the Cu2−O4−O9−La2
ring). In addition to the two Ophenoxo donors, each LaIII cation
links two Omethoxo donors, three bidentate nitrate anions, and
one methanol molecule, resulting in an undecacoordination
(LaO11). Intermolecular interactions between clusters com-
prise π···π stacking interactions established between neighbor-
ing phenyl rings from the diphenyl-ether moieties with a
centroid ring distance of 3.576(2) Å and H-bonds between the
coordinated methanol molecules and one oxygen of the nitrate
from the neighbor clusters with O···O distances of 2.815(5)−
2.920(5) Å; Figure 2, bottom.

Continuous shape measurements (CShMs) performed with
the SHAPE31 program for the LaIII environment shows that the
closest polyhedron is a capped pentagonal antiprism
(JCPAPR-11), with an ideal C5v symmetry (Figure 2, top-
right). However, the CShM value of 3.82 implies a severe

Figure 2. Top-left, labeled plot of the {La(1)Cu(1)} fragment of complex 1La. For clarity, only this environment is shown because of the similarity
to the {La(2)Cu(2)} fragment of the helicate. Top-right, plot of the closest ideal polyhedron around the La1 cation. Bottom, plot of the main
intermolecular interactions present in the structure of complex 1La (H-bonds and intercentroid distance are emphasized as dotted red bonds).

Table 1. Selected Bond Distances and Bond Angles for the
{La(1)Cu(1)} Fragment of Complex 1La

Bond Distances (Å)
Cu1−O2 1.919(3) Cu1−N1 1.964(3)
Cu1−O7 1.920(3) Cu1−N3 1.965(3)
La1−O1 2.675(3) La1−O6 2.719(3)
La1−O2 2.506(2) La1−O7 2.527(2)
La1−O11 2.561(3) La1−O12 2.855(4)
La1−O14 2.628(3) La1−O15 2.647(3)
La1−O17 2.623(3) La1−O18 2.675(3)
La1−O20 2.563(3)

Bond Angles (deg)
La1−O2−Cu1 107.0(1) La1−O7−Cu1 106.2(1)

Figure 3. Coordination environment and ideal polyhedron of the
lanthanoid cation for the Cu1/Ln1 fragments of complexes 1La, 4Sm,
5Gd, and 10Yb. The environments of Er1 and Er2 (complex 9Er) are
shown due their different coordination number.
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distortion from the ideal polyhedron due to the low O−Ln−O
bond angles imposed by the bidentate nitrato ligands that take
values lower than 50°. The intramolecular Cu(1)···Cu(2) and
La(1)···La(2) distances are 11.863(1) and 18.930(1) Å,
respectively.

{Cu2Ln2(L)2} Complexes [LnIII = SmIII (4Sm), GdIII (5Gd), ErIII

(9Er), YbIII (10Yb)]. The structures of complexes 4Sm, 5Gd,
9Er, and 10Yb are similar in general trends to the described
LaIII complex 1La, with the same distribution of cations and
helical shape. However, the flexibility of the L2− Schiff bases

and the radii contraction along the series induce significant
differences that are mainly related to the coordination sphere
of the LnIII cation; Figure 3.

The decreasing radii of LnIII along the series has, as a
consequence, the regular variation of some bond parameters
(Table 2) and the concomitant decrease of the coordination
number, being 11 the larger one for complexes 1La and the
isostructural CeIII (2Ce) and PrIII (3Pr) compounds, with a set
of four O-donors from the Schiff bases, three bidentate nitrato
ligands, and one methanol molecule. For 4Sm and 5Gd, the
coordination number 10 remains constant but with different
nitrato coordination modes. For the complex 4Sm, the
coordination environment is formed by the four O-donors
from the L2− ligands, two bidentate nitrato ligands, and two

Table 2. Coordination Numbers and Evolution of the Main Bond Parameters (Mean Values) along the Series of Reported
Complexes

1La 4Sm 5Gd 9Er(1) 9Er(2) 10Yb

CuII coord. number 4 5 4 5 5 5
LnIII coord. number 11 10 10 10 9 9
dCu···Ln (Å) 3.549(1) 3.508(1) 3.485(1) 3.465(1) 3.362(1) 3.349(1)
Ln−Ophenoxo (Å) 2.507(3) 2.401(3) 2.378(6) 2.321(3) 2.306(3) 2.256(6)
Ln−Omethoxo (Å) 2.726(3) 2.636(3) 2.579(6) 2.545(3) 2.565(3) 2.458(6)
torsion Cu−O−O−Ln (deg) 21.3(1) 10.6(1) 5.3(3) 2.0(1) 20.9(1) 18.02(3)
torsion O−O−N−N (deg) 28.3(1) 21.9(1) 22.30(3) 18.9(1) 11.2(1) 11.8(2)

Chart 2. (top) Reported Ligands Derived from Aromatic
4,4′-Diamines Employed to Generate Helical Structures;
(bottom) Different Reported Cases of 3d (Tr) or
Lanthanoid (Ln) Double Strand {Tr2L2} (a), Triple Strand
{Tr2L3} (b), Quadruple Strand {Ln2L4} (c), or Double
Strand {Tr2Ln2} (d) Helical Structures

Figure 4. χMT product vs temperature for complexes 2Ce, 4Sm, 5Gd,
6Tb, 7Dy, 9Er, and 10Yb. The solid lines show the best fit of the
data.

Figure 5. Temperature (top) and frequency (bottom) dependence of
χM″ for the complex 5Gd at the optimal applied external magnetic
field of 0.6 T.
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methanol molecules and one bridging nitrato ligand that links
to the axial site of the distorted square pyramidal CuII cation,
which shows a N2O3 environment.

The GdIII derivative (5Gd) exhibits a decacoordination
around the lanthanoid, formed by the four O-donor atoms
from the L2− ligands and three bidentate nitrato ligands and
maintaining the pentacoordination around the CuII cation by
coordination of a methanol molecule. The case of the ErIII
complex (9Er) becomes interesting because Er1 and Er2
cations exhibit different environments, showing the transition
to the enneacoordination. Er1 shows the same coordination
number 10 and the same set of ligands as the GdIII complex.
However, Er2 shows a coordination number of 9, formed by
the four O-donors from the L2− ligands, one bidentate nitrato
ligand, two methanol molecules, and one O-atom from a
nitrato ligand that acts as a bridge with the CuII cation, which
also becomes pentacoordinated. The resulting positive charge
of the complex is fulfilled with an ionic nitrate counterion. This
case has special interest in future applications because the
search for asymmetric dilanthanoid coordination compounds is
a hot topic today in the construction of potentially applicable
quantum gates.32 Finally, the YbIII complex 10Yb shows a
similar enneacoordination as Er2 with the coordination sphere
formed by the four O-donor atoms from the L2− ligands, two

bidentate nitrato ligands, and one O-atom from a nitrato ligand
that acts as a bridge with the CuII cation.

In light of the structural data, the molecular formula for
these complexes should be better described as [Cu(L)La-
(M eOH ) (NO 3 ) 3 ] 2 ( 1 L a ) , [ C u (NO 3 ) ( L ) Sm -
(MeOH)2(NO3)2]2 (4Sm), [Cu(L)Gd(NO3)3]2 (5Gd),

Figure 6. Temperature (top) and frequency (bottom) dependence of
χM″ for the complex 6Tb at the optimal applied external magnetic
field of 0.3 T.

Figure 7. Temperature (top) and frequency (bottom) dependence of
χM″ for the complex 7Dy at the optimal applied external magnetic
field of 0.5 T.

Figure 8. Left, Arrhenius dependence of the χM″(T) maxima plotted
as ln(1/2πν) vs inverse of temperature. Right, fit of the relaxation
times in front of inverse of temperature for complexes 6Tb (green
circles) and 7Dy (blue diamonds) using data extracted from Cole−
Cole plots.
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[{CuLEr(NO3)3}{(μ-NO3)CuLEr(MeOH)2(NO3)}] (9Er),
and [μ-(NO3){Cu(L)Yb(NO3)2}]2 (10Yb).

Ligand Overview. The combination of 4,4′-oxydianiline or
4,4′-diaminodiphenylmethane with aldehydes like salicylalde-
hyde, o-vanillin, 2-hydroxy-3-ethoxybenzaldehyde, or 2,3-
dihydroxybenzaldehyde results in a family of highly tunable
ligands closely related to H2L. The ligands derived from
salicylaldehyde exhibit two bidentate fragments, whereas the
2,3-substituted aldehydes generate ligands with two O,O,N-
tridentate fragments with a clearly different coordination
capability.

The bis-bidentate ligands derived from salicylaldehyde,
H2L1 and H2L3, become adequate for the syntheses of neutral
dinuclear helicates containing divalent cations with the general
formula [M2

IIL2]. Several complexes in which L = L12−, L32−

and M = CoII, CuII, ZnII have been reported, with the cations
usually placed in a N2O2 tetrahedral environment; Chart
2.33−40 The ligands with an extra O-donor (−OMe, OEt, or
−OH) generate bis-tridentate ligands with two sets of NO2
donors that can increase the nuclearity of the helicates.
However, their reaction with divalent 3d cations does not
increase the nuclearity and tends to give helical dinuclear
complexes with the [M2

IIL2] general formula like those
reported for the ligands H2L5 with CuII,41 H2L2 with CoII

and ZnII,39 or H2L with CuII, ZnII, or CoII,42,43 in which the
extra O-methoxo or O-ethoxo donor atoms remain uncoordi-
nated. Very unusual dinuclear triple and quadruple-stranded
helicates or mesocates have been reported in two cases
employing H2L4 and DyIII or H4L6 and TiIV.44,45

Despite these ligands possessing two cavities with different
donor properties able to place a divalent 3d cation in the inner
N2O2 cavity and one trivalent 4f cation linked to the O4 donor
atoms, heterometallic 3d−4f systems with the {Tr2Ln2L2} core
(Tr, divalent 3d cation) have been poorly studied. The
reaction of the ligands with the 3d cation acting as a guest
generates the helicate topology that acts as a preformed
template to bind the 4f cation in a cascade reaction. The scarce
examples of this kind of system can be summarized as the
{Cu2Gd2L52} complex that revealed the ferromagnetic CuII···
GdIII interaction46 or {Zn2Ln2L42} complexes in which Ln =
EuIII, NdIII, and {Zn2Ln2L2} Ln = YbIII, ErIII, which exhibit
luminescent response with potential sensor applications
induced by the ZnII cation.47,48

Magnetic Properties. Direct current (dc) magnetic
susceptibility and magnetization measurements were per-
formed for compounds 2Ce, 4Sm, 5Gd, 6Tb, 7Dy, 9Er, and
10Yb on polycrystalline samples in the 2−300 K range of
temperature; Figure 4. The room-temperature χMT values of
2.51, 0.80, 16.40, 24.47, 28.74, 22.53, and 5.75 cm3 mol−1 K
are in agreement with the expected values for two CuII and two
LnIII noninteracting cations of 2.35 (2Ce, CeIII, 2F5/2), 1.36
(4Sm, SmIII,6H5/2), 16.50 (5Gd, GdIII, 8S7/2), 24.39 (6Tb,
TbIII, 7F6), 29.09 (7Dy, DyIII, 6H15/2), 23.72 (9Er, ErIII, 4I15/2),
and 5.90 (10Yb, YbIII, 2F7/2) cm3 mol−1 K. On cooling, the
χMT shows a roughly constant value for the 5Gd and 6Tb
complexes, which show a χMT maximum at 7 K for 5Gd and
10 K for 6Tb, suggesting ferromagnetic interactions. For
complexes 2Ce, 4Sm, 7Dy, 9Er, and 10Yb, the χMT plot
decreases from room temperature due to the depopulation of
the corresponding Stark sublevels.

The CuII/LnIII pairs are well isolated among them, and thus,
the effective magnetic superexchange is mediated by the
double diatomic phenoxo bridges between each CuII−LnIII

independent dimeric fragment. On these bases, for the case of
the complex 5Gd (Cu−Gd pair), in which the GdIII cation
does not possess orbital momentum (S = 7/2, L = 0), the fit of
the experimental data was performed with the PHI program49

with the effective spin-only Hamiltonian

H J S S2 ( )Cu Gd= × (1)

Best-fit values were J = +1.72(4) cm−1, g = 1.977(1) (including
a z′J′ intermolecular interaction of −0.01 cm−1 to simulate the
low T decay).

The fit of the χMT plot for the remaining complexes in which
there is orbital contribution was performed with the PHI
program49 applying the anisotropic spin Hamiltonian

H J S S L L L

H S

2 ( ) LS ( 1)/3

( kL 2 )
zCu

2= × + + [ + ]

+ + (2)

where SCu and S are the spin operators of the CuII and LnIII

cations, respectively; the J coupling constant describes the
strength of the CuII−LnIII interaction; λ is the spin−orbit
coupling parameter; Δ represents the axial zero-field splitting
parameter of the LnIII cation; and κ is the orbital reduction
parameter, which is related to the grade of covalence (1 for
fully ionic compounds). This fitting method was previously
used to approximate the sign of the axial zero-field splitting
parameter, Δ.50,51 Best-fit values for J and Δ (cm−1) were
−0.80(2) and −14.1(1) (2Ce), −2.03(2) and −23(1) (4Sm),
2.3(3) and −14(2) (6Tb), 0.25(1) and −21.6(7) (7Dy), 1.65
and 26.7(3) (9Er), and 3.9(2) and 58.1(8) (10Yb).

In light of the susceptibility data, alternate current (ac)
measurements were performed for the reported complexes.
Compounds 2Ce and 10Yb do not show any response, 8Ho
and 9Er only exhibit very weak χM″(T) tails under the applied
field (Figure S4), whereas for 5Gd, 6Tb, and 7Dy, no signals
were observed at zero field but well-defined out-of-phase
χM″(T) peaks were found under external applied fields,
suggesting the presence of strong tunneling of the magnet-
ization that quenches the slow relaxation when no dc field is
applied. Measurements under fields ranging between 0 and 0.6
T were performed to select the optimal field, and thus, ac
measurements were performed under 0.6, 0.3, and 0.5 T for 5,
6, and 7, respectively (Figure S4).

Despite the isotropic character of the half-filled 4f7 shell of
the GdIII cation that excludes orbital contribution, the complex
5Gd exhibits maxima in the χM″(T) plot below 4.5 K (Figure
5), suggesting slow magnetic relaxation. This behavior for a
number of mononuclear systems derived from the GdIII

cation17−21 has been reported during the past recent years,
as well as some scarce examples of mononuclear MnII

complexes51−56 or even some CuII−GdIII or CuII−MnII

complexes with different nuclearities or spin ground states.21

For these systems, where weak anisotropy (typically D ≤ 0.1
cm−1) is present, the conventional double-well potential takes
very low DS2 values, and it is thermally overcome even at 2 K;
thus, the Orbach mechanism is not operative and the
relaxation is attributed to other spin−lattice relaxation
mechanisms. For 5Gd, the χM″(T) plot shows frequency-
dependent peaks for the larger frequencies with an apparent
Ueff of 22(2) K and τ0 of 6(1) × 10−7 s (Figure 5), a very weak
response for intermediate frequencies, and intense frequency-
independent peaks at low temperatures and frequencies below
60 Hz. χM″(ν) has a long relaxation time at low frequencies
and low temperature close to 0.1 s−1 from the χM″(ν) peaks.
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The Argand plot shows limited data, far from a semicircular
plot, and the fit of χM″ vs χM′ does not give reliable values;
Figure S5.

The TbIII and DyIII derivatives (complexes 6Tb and 7Dy)
show well-defined χM″(T) peaks between 2−4 K (6Tb) and
3−5 K (7Dy), Figures 6 and 7, respectively. Fit of the high-
temperature data as ln(1/2πν) in front of 1/T yields in low
barrier values of Ueff = 21.1(6) K and τ0 = 8(1) × 10−8 s for 6
and Ueff = 29(2) K and τ0 = 8(3) × 10−8 s for 7; Figure 8, left.

A more precise analysis can be performed using the fit of the
relaxation times extracted from the semicircular Argands plots
(Figure S6), which reveal an Orbach relaxation mechanism for
6Tb with Ueff = 18.8(2) K and τ0 = 1.2(1) × 10−8 s and
Orbach plus tunnel mechanisms for 7Dy, using the equation τ
−1 = QT + τ0

−1 e−Ueff/KT, yielding the best fitting values of Ueff =
10.9(2) K, τ0 = 3.46(5) × 10−7 s, and QT = 4400 s−1. The
order of magnitude of the effective energy barrier is fully
comparable to the values extracted from the χM″(T) plot;
Figure 8, right.

■ CONCLUSIONS
A new family of double-stranded metallohelicates has been
synthesized following a cascade reaction with the CuII cation
followed by the LnIII cation and structurally and magnetically
characterized. The structural data reveal a similar general
{Cu2Ln2L2} skeleton with important differences in coordina-
tion numbers and nitrato coordination modes along the
lanthanoid series, while a structural comparison with similar
compounds in the bibliography has been done. The static
magnetic characterization shows ferromagnetic coupling from
the GdIII to YbIII derivatives. Ac measurements show that the
anisotropic 6Tb and 7Dy complexes show the usual field-
induced slow magnetic relaxation and interestingly and
following different relaxation mechanisms, slow relaxation
was also observed for the isotropic 5Gd complex. The
structural and magnetic study of related systems with modified
ligands and/or changing the 3d cation will be developed in
future works in the search for improved magnetic properties.
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Nanotecnologia (IN2UB), Universitat de Barcelona, 08028
Barcelona, Spain; orcid.org/0000-0002-6274-6866;
Email: albert.escuer@qi.ub.edu

Authors
Sergio Caballero − Departament de Química Inorgaǹica i
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