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The X-ray structure determination of [L,Cu,Gd,(NO3)s(H,0),]-
(0.5H,0) (L = bis-[(2-hydroxy-3-ethoxyphenyl)methylene]-
4,4'-methylenedianiline) confirms the existence of a tetranuclear
double-stranded homotopic and unsaturated helicate. In each
Cu-Gd pair, the reduced Cu- - -Gd distance allows ferromagnetic
Cu-Gd superexchange interactions through two phenoxo oxygen
atoms. Replacement of gadolinium ions by terbium ions yields
the first example of a helicate behaving as a single molecule
magnet (SMM).

The term helicate was introduced in 1987 by J. M. Lehn to
describe a metal-containing helix.! A helicate contains at least
two ions wrapped up and coordinated to one or more organic
acyclic ligands by dative bonds.” The first helicates involving
3d ions, copper(i1) ions, appeared earlier.? The first 4f helicate
was described in 1992,* while the first structural determination
of a heterobimetallic 4f—4f" helicate appeared only a few years
ago.” The synthesis of segmental heterotopic ligands,
having bidentate and tridentate binding units able to coordi-
nate, respectively, 3d and 4f metal ions, yielded the first
example of a heterobimetallic 3d—4f helicate,® which was first
studied by NMR and high resolution emission spectra. The
X-ray crystal structure of (HHH)-[EuZnL;]** (L = 2-{6-[N,N-
diethylcarbamoyl]pyridin-2-yl}-1,1’-dimethyl-5,5’-methylene-
2'-(5-methylpyridin-2-yl)-bis[1 H-benzimidazole])  confirmed
the triple helical structure previously established in solution,
and also confirmed that there was no direct magnetic interac-
tion between the 3d and 4f ions.’

As the design of new magnetic materials based on molecules
is an important research topic for chemists and physicists, we
wish to report here the structural determination of the first
example of a double-stranded helicate, containing two isolated
Cu—Gd pairs of ions with ferromagnetic Cu—Gd interactions.
Replacement of gadolinium ions by terbium ions yields the
first example of a helicate behaving as a single molecule
magnet (SMM). Indeed, the presence of both chirality and
Ising anisotropy can lead to the observation of novel magneto-
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chiral non-linear effects and give valuable information on the
magnetic structure.

The thin platelets we isolated behaved as weakly diffracting
crystals, meaning that we obtained a low resolution structure
with a low diffraction ® and an elevated R;,;. Nevertheless, the
X-ray structure determination of [L,Cu,Gd,(NO3)s(H-O),]-
(0.5 H,O) (1) (L = bis-[(2-hydroxy-3-ethoxyphenyl)methy-
lene]-4,4’-methylenedianiline) confirms the existence of a tetra-
nuclear double-stranded homotopic and unsaturated helicate.®
A molecular plot of the helicate is shown in Fig. 1. Each ligand
strand possesses a sequence of two similar binding units,
including an imine nitrogen atom, one phenoxo and one
ethoxy oxygen atom. The denticity of these binding units is
not twice tridentate but twice bis-bidentate, for the central
oxygen atom links the copper and gadolinium ions. If the
stereochemical requirement of the copper ions can be satisfied
by the presence of two strands, the gadolinium coordination
sphere is not completed by four oxygen atoms. Furthermore,
the two Cu—Gd pairs present in the helicate show different
coordination spheres. Due to the helical arrangement of both
ligands, the copper coordination sphere of the Cul-Gd1 pair
is best described as being square planar with tetrahedral
distortion to the N>O, donor set. But on closer examination
of the structure, one nitrate anion can be considered as
bridging the Cu and Gd ions with a n':n*p mode, with a large
Cul-O bond length (2.746(9) A). The gadolinium ion (Gdl) is
ten-coordinate. In addition to the two phenoxo oxygen atoms,
the lanthanide ion is also linked to an ethoxy oxygen atom from
one strand. Its coordination is completed by chelation to three
bidentate nitrate ions through six oxygen atoms, while the tenth
one comes from a water molecule. The second Cu-Gd pair
presents a different coordination mode. The copper ion is five-
coordinate to the N,O, donor set of the two strands in its
equatorial plane and an oxygen atom from a nitrate ion
bridging the Cu and Gd ions in a n':':p mode, with an apical
Cu2-028 bond length of 2.499(9) A. The gadolinium ion (Gd2)
is also ten-coordinate. In comparison to the Gd1 coordination
sphere, the main difference originates from the replacement of
an oxygen atom coming from a nitrate anion by an ethoxy
oxygen atom from the second ligand strand, the other coordi-
nated oxygen atoms being identical. Indeed, the complexation
of one nitrate anion changes from being a chelating mode for
Gdl to a n':n':;p Cu—Gd bridging mode for Gd2. The Cu- - -Gd
distances in the helicate are 3.339(2) (pair 1) and 3.425(2) A
(pair 2), respectively, while the Cu- - -Cu distance is 11.931(4) A.
Due to this large distance, the two Cu—Gd pairs appear to be
well-separated from each other.
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Fig. 1 Molecular structure of helicate 1, with a partial atom labelling scheme and hydrogen atoms omitted.

Helicates 1, 2 and 3 were characterized by MS-FAB™, and 4
by MS-ESI (Fig. S1-S3t). The numbering of the different
helicates is specified in the Experimental section. In each case,
monocationic species were observed ([1, 2 or 3 — NO]" and
[4 — hfa]" (hfa = hexafluoroacetylacetonato ligand)). Assum-
ing that the Cu—Gd interactions are equal within the two
Cu—Gd pairs of helicate 1, we have computed an interaction
parameter, J, of 4.5 cm™' by using the Hamiltonian H =
—2{Jcu-ga(ScuSca)}- A corrective term 0 (0 = —0.25 K) was
applied to take into account the y\7T decrease at very low
temperature (Fig. S4t).% In order to check the origin of such an
interaction, we prepared complex 2 [L,Cu,Y»(NO3)s(H,0),].
In helicate 2, the Gd ions were replaced by diamagnetic Y>*
ions, so that the Cu®>" ions were the only magnetic centres.
Indeed the ymT value (0.85 cm® mol~! K), corrected for the
diamagnetism of the ligands,’ is constant from room tempera-
ture to 20 K, while it decreases smoothly until 2 K. Fitting
with a simple isotropic Hamiltonian H = —JScu1Scyo yields a
J value of —0.44 cm™!, with g equal to 2.13 and an agreement
parameter, R, of 1 x 10™* (Fig. S5%). The slight 7y 7 decrease
originates most probably from intramolecular Cu- - -Cu inter-
actions. Ferromagnetic interactions are also observed with
(Cu-Tb), helicates, as shown by the magnetization curve of
4 at 2 K (Fig. S67).

Until now, few Cu—Tb complexes were found to behave as
SMMs.'? In order to find out whether these helicate structures
were able to present SMM behaviour, ac magnetic suscept-
ibility measurements of the corresponding Cu-Tb entities,
L2CH2Tb2(NO3)6(H20)2 (3) and L2C112Tb2(hf3.)6 (4), were
performed in the 1.8-5 K range in a 3 G ac field oscillating
at 1-1500 Hz. Although the out-of-phase signals were clearly
frequency-dependent, no maxima were observed (Fig. S77).
We therefore studied single crystals with a micro-SQUID
setup in the 0.04—7 K range."!

In the case of complex 4, magnetization (M) vs. applied dc
field measurements revealed hysteresis loops, whose coercivity
was temperature and sweep-rate dependent (Fig. 2), increasing
with decreasing temperature and increasing field sweep-rate,
respectively, as expected for the superparamagnetic-like beha-
viour of an SMM. The hysteresis loops present a very large
step at zero-field, which is due to quantum tunnelling of the
magnetization through the barrier. The tunnelling rates are

much faster than the time scale of the applied field sweep rates,
leading to a sweep rate-independent step height at the zero-
field step. All molecules that do not reverse their spin at the
zero-field step relax via a direct relaxation process at higher
fields. Indeed, for SMMs with relatively large tunnel splittings,
a direct relaxation process between the ground state levels
becomes possible. Such hysteresis effects were observed below
~1.6 K (Fig. S8 and S9t). Because of complicating strong
spin—orbit coupling of the Tb ions, we were not able to
determine the anisotropy parameters.
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Fig. 2 Single-crystal magnetization (M) vs. applied field measure-
ments (uy H) for complex 4 at several temperatures (top), and for
0.04 K and several field sweep rates (bottom). M is normalised to its
saturation value at 1.4 T.
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Fig. 3 Single-crystal magnetization (M) vs. applied field measure-
ments (uo H) for complex 3 at several temperatures (top), and for
0.04 K and several field sweep rates (bottom). M is normalised to its
saturation value at 1.4 T.

In contrast to complex 4, the hysteresis loops of complex 3
revealed only a very small hysteresis, which was nearly sweep
rate-independent (Fig. 3). In addition, a small double-S shaped
step around H = 0 was observed at T = 0.04 K, which is
indicative of the presence of small antiferromagnetic interac-
tions. The same double-S like step was observed for complex 4,
but it was less visible because of the hysteresis effect. Indeed,
weak intra- and intermolecular interactions are likely to be
operating in these compounds. As the hfa ligands have the
advantage of giving better insulation to the helicates with
respect to each other,'® the observation of this exchange bias
in complex 4 confirms the existence of intramolecular inter-
actions in 3 and 4.

In conclusion, the X-ray structure determination of complex
1 undoubtedly characterizes it as a heterotetranuclear unsatu-
rated homotopic helicate. The two twice-bis-bidentate binding
units of the two homotopic strands are arranged in such a way
that they are able to link two different metal ions, which share
the central oxygen donor atoms that transmit the magnetic
interaction. This situation is responsible for the main differ-
ence from previously published 3d—4f helicates. Indeed, the
first example of a 3d—4f helicate was the saturated triple-
stranded (HHH)-[EuZn(L);]>" cation, in which the six- and
nine-coordinated Zn and Eu ions were well-separated from
each other (8.960(3) A). In the present case, the Cu---Gd
distances are reduced to 3.339(2) and 3.425(2) A, allowing
superexchange interactions through the phenoxo oxygen

atoms, the copper and gadolinium ions sharing two oxygen
binding sites. Replacement of gadolinium ions with anisotro-
pic terbium ions yielded helicates that showed slow relaxation
of magnetization and magnetization hysteresis loops. Studies
of the relaxation and hysteresis loops established SMM beha-
viour, which is influenced by weak intramolecular interactions.
The preparation of other Cu—Ln helicates in this series is under
way, in order to complete the study of their magnetic and
SMM properties.

Ghenadie Novitchi thanks the A. von Humboldt founda-
tion for financial support.

Experimental section

The preparation of the LH, ligand and dinuclear copper
complex have been previously described.® Helicates
[LoCusGda(NO3)o(H20):0(0.5 Ha0) (1), [LaCusYo(NOs)e-
(H,0),] (2) and [L,Cu,Tb,y(NO3)(H,0),] (3) were prepared
by the same experimental procedure with the corresponding
lanthanide salts.

1. L,Cu, (0.26 g, 0.23 mmol) dissolved in acetone
(150 mL) was slowly added to an acetone solution
(20 mL) of GA(NO3)3 - SH,0 (0.23 g, 0.46 mmol) with stirring.
Slow concentration of the solution yielded crystals suitable
for X-ray measurements. Yield: 0.30 g (71%). Anal.
calc. for C62H61CUZGd2N10028‘5: C, 404, H, 33, N,
7.6. Found: C, 40.0; H, 3.3; N, 7.3%. Characteristic
IR absorptions (KBr): 3409, 1615, 1595, 1506, 1462, 1384,
1290, 1233, 1193, 1089, 814, 741 and 518 cm~'. MS (FAB™):
m/z 1736 [M — NO5] .

Crystal structure data for 1: C¢HgCu,GdrN1gO0g5, M =
1843.78, monoclinic, space group P2,/n, a = 12.5550(16), b =
30.990(3), ¢ = 18.6914(19) A, p = 108.095(10)°, V =
6912.8(13) A>, Z = 4, peac = 1.767 gcm™>, T = 180(2) K,
37092 reflections collected, 9896 unique (R;,, = 0.1262), R =
0.0871, wR = 0.2323 (I > 20(0)).1

2: Yield: 0.27 g (79%). Anal. calc. for CsHgoCusN19O25Y 5:
C, 43.8; H, 3.6; N, 8.2. Found: C, 43.5; H, 3.5; N, 8.0%.
Characteristic IR absorptions (KBr): 3385, 1614, 1594, 1506,
1464, 1384, 1289, 1235, 1193, 1090, 814, 741 and 518 cm™'. MS
(FAB™): m/z 1600 [M — NO4] .

3: Yield: 0.28 g (66%). Anal. calc. for CgHgoCus-
NloongbQI C, 405, H, 33, N, 7.6. Found: C, 405, H, 33,
N, 7.3%. Characteristic IR absorptions (KBr): 3422, 1614,
1594, 1506, 1462, 1384, 1289, 1234, 1193, 1090, 814, 741 and
518 cm~'. MS (FAB™): m/z 1740 [M — NO5]*.

4 [L,Cu,Tby(hfa)s]: Tb(hfa);-2H,O (0.3 g, 0.36 mmol)'?
was added to a dichloromethane solution of L,Cu, (0.20 g,
0.18 mmol). The resulting solution was stirred at room tem-
perature for 1 h, filtered off and evaporated. The solid was
dissolved in diethyl ether; concentration of this solution
yielded a brown powder, which was filtered off and dried.
Yield: 0.36 g (75%). Anal. calc. for CorHgrCusF36N4050Tbs:
C, 41.4; H, 2.3; N, 2.1. Found: C, 41.0; H, 2.2; N, 2.0.
Characteristic IR absorptions (KBr): 1654, 1615, 1596, 1555,
1506, 1465, 1255, 1194, 1144, 1099, 796, 739, 660 and
584 cm™'. MS (ESI): m/z 2466.4 [M — hfa]".
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