
Multiple Single-Molecule Magnet Behaviors in Dysprosium Dinuclear
Complexes Involving a Multiple Functionalized Tetrathiafulvalene-
Based Ligand
Min Feng, Fabrice Pointillart,* Bertrand Lefeuvre, Vincent Dorcet, Steṕhane Golhen, Olivier Cador,
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ABSTRACT: The reaction between the 2-(1-(2,6-di(pyrazol-1-yl)-4-methylpyridyl)-
4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine ligand
(L) and 2 equiv of Dy(hfac)3·2H2O (hfac− = 1,1,1,5,5,5-hexafluoroacetylacetonate)
and 1 equiv each of Dy(hfac)3·2H2O and Dy(tta)3·2H2O (tta− = 2-thenoyltri-
fluoroacetonate) metallic precursors leads to two dinuclear complexes,
[Dy2(hfac)6(L)]·(CH2Cl2)2·C6H14 (1) and [Dy2(hfac)3(tta)3(L)] (2), respectively.
Their X-ray structures reveal that the two coordination sites are occupied by one DyIII

ion. The DyIII ion coordinated to the benzoimidazolylpyridine (bzip) moiety adopts a
D4d coordination sphere, while the DyIII ion coordinated to the 2,6-di(pyrazol-1-yl)-4-
pyridine (dpp) moiety is in a D3h surrounding. In a zero dc field, the dynamic
magnetic measurements show a slow relaxation for the D4d eight-coordination DyIII

magnetization for 1 and 2. Application of an external dc field induces multirelaxation
signals of the magnetic susceptibility for both compounds. The low frequency and high frequency of the out-of-phase magnetic
signals are attributed to the DyIII ion in D4d and D3h surroundings, respectively. The two complexes can be described as double
induced-field mononuclear single-molecule magnets.

■ INTRODUCTION

In the molecular magnetism field of research, the lanthanide
ions occupy a preponderant place because of their magnetic
and luminescence properties. Indeed, their strong single-ion
anisotropy and large magnetic moment make them promising
candidates for the elaboration of single-molecule magnets
(SMMs).1 The interest in such molecular systems exists
because of their abilities to act as a storage unit and to behave
as a quantum object, leading to potential applications ranging
from high-density data storage devices, spintronics, and
quantum computing.2 SMM behavior can be observed for a
single lanthanide complex using a plethora of organic ligands
such as the main known compounds 1,4,7,10-tetraazacyclodo-
decane-N,N′,N″,N‴-tetraacetic acid,3 organometallic sandwich
ligand,4 and phthalocyaninate.5 In all these systems, the desired
axial magnetic anisotropy (Ising anisotropy) is assumed by the
ligand because of an adequate charge distribution of the
lanthanide surrounding.6 In the special case of the DyIII ion, a
well-known strategy for observing slow magnetic relaxation
consists of the coordination of a bis-chelating nitrogenated
ligand with a Dy(β-diketonate)3 precursor.7 Using this
approach, we proposed to go a step forward in functionalizing
the bis-chelating nitrogenated ligand (benzoimidazolylpyridine)
with a tetrathiafulvalene (TTF) moiety.8 The insertion of the
TTF fragment guarantees the presence of strong intraligand
charge transfer absorption bands for sensitizing the lanthanide
luminescence and performing magneto-structural correlation.9

In our previous work using 4,5-bis(propylthio)-tetrathiafulva-
lene-2-(2-pyridyl)benzimidazole-methyl-2-pyridine ligand (L′),
the amine was alkylated with a methyl-2-pyridine group that is
not suitable for the coordination reaction with metallic
precursors. Thus, we propose to replace the 2-pyridine
fragment with the 2,6-di(pyrazol-1-yl)-4-pyridine (dpp) frag-
ment. In fact, this kind of ligand is suitable for a wide range of
physical properties such as those of spin crossover (SCO)
complexes,10 light-induced excited spin state trapping
(LIESST) effects,10a and luminescent properties,11 especially
in the case of two-photon excitation.12 Recently, we associated
the dpp acceptor with a TTF fragment and studied the
magnetic and near-infrared luminescence properties of the
resulting lanthanide complexes.13

Along these lines, the coordination reactions of Dy(β-
diketonate)3·2H2O (β-diketonate = 1,1,1,5,5,5-hexafluoroacety-
lacetonate (hfac−) and 2-thenoyltrifluoroacetonate (tta−)) with
the ligand 2-(1-(2,6-di(pyrazol-1-yl)-4-methylpyridyl)-4,5-(4,5-
bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyri-
dine (L) are presented and X-ray structures of [Dy2(hfac)6(L)]·
(CH2Cl2)2·C6H14 (1) and [Dy2(hfac)3(tta)3(L)] (2) described.
The static and dynamic magnetic properties are presented.
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■ EXPERIMENTAL SECTION
Synthesis. General Procedures and Materials. The precursors

Dy(hfac)3·2H2O (hfac− = 1,1,1,5,5,5-hexafluoroacetylacetonate anion)
and Dy(tta)3·2H2O (tta− = 2-thenoyltrifluoroacetonate anion) were
synthesized following previously reported methods.14 All other
reagents were purchased from Aldrich Co., Ltd., and used without
further purification.
Synthesis of the Ligand 2-(1-(2,6-Di(pyrazol-1-yl)-4-methylpyr-

idyl)-4,5-(4,5-bis(propylthio)-tetrathiafulvalenyl)-1H-benzimidazol-
2-yl)-pyridine (L). A total of 288 mg of 2-(4,5-(4,5-bis(propylthio)-
tetrathiafulvalenyl)-1H-benzimidazol-2-yl)-pyridine15 (0.555 mmol)
and 116 mg of K2CO3 (0.841 mmol, 1.5 equiv) were added to 5
mL of DMF, and then the mixture was stirred for 30 min under argon.
A solution of 2 mL of DMF containing 210 mg of 2,6-di(pyrazol-1-yl)-
4-(bromomethyl)pyridine16 (0.692 mmol, 1.25 equiv) was added, and
the resulting mixture was heated at 70 °C. After the mixture had been
heated for 2 h, additional K2CO3 (116 mg, 0.841 mmol, 1.5 equiv) and
2,6-di(pyrazol-1-yl)-4-(bromomethyl)pyridine (100 mg, 0.329 mmol,
0.6 equiv) were added. The mixture was stirred and heated overnight.
The bright orange precipitate was filtered, washed with water (3 × 50
mL), and finally dried in air. Yield: 275 mg (67%). Anal. Calcd (%) for
C34H30N8S6: C, 54.99; H, 4.04; N, 15.09. Found: C, 54.74; H, 4.16; N,
15.01. IR (KBr): 2958 (w), 2926 (w), 2870 (w), 2852 (w), 1618 (s),
1571 (m), 1522 (m), 1465 (s), 1396 (m), 1320 (m), 1205 (m), 1041
(m), 954 (w), 859 (w), 782 (w), 751 (m), 608 (w) cm−1. 1H NMR
(CDCl3): δ 8.55 (d, 4.5 Hz, 1H, N), 8.52 (d, 2.3 Hz, 2H, M), 8.46 (d,
8.0 Hz, 1H, L), 7.83 (td, 1.4 Hz, 7.9 and 7.9 Hz, 1H, K), 7.71 (s, 1H,
J), 7.69 (s, 2H, I), 7.63 (s, 2H, H), 7.29 (dd, 5.3 and 6.9 Hz, 1H, G),
7.15 (s, 1H, F), 6.46 (s, 2H, E), 6.26 (s, 2H, D), 2.79 (dt, 7.3 Hz, 7.3
and 11.9 Hz, 4H, C), 1.66 (tt, 7.3 Hz, 7.3 Hz, 14.8 and 14.8 Hz, 4H,
B), 1.00 (dd, 7.5 and 15.9 Hz, 6H, A).
Synthesis of Complexes 1 and 2. [Dy2(hfac)6(L)]·(CH2Cl2)2·

C6H14 (1). A total of 32.8 mg of Dy(hfac)3·2H2O (0.0400 mmol) was
dissolved in 10 mL of CH2Cl2, and then the mixture was added to a
solution of 10 mL of CH2Cl2 containing 14.8 mg of L (0.0199 mmol).
After the mixture had been stirred for 15 min, 25 mL of n-hexane was
layered at room temperature in the dark. Slow diffusion leads to dark
red single crystals that are suitable for X-ray studies. Yield: 44 mg
(87%). Anal. Calcd (%) for C72H54Cl4Dy2F36N8O12S6: C, 33.67; H,
2.10; N, 4.36. Found: C, 33.99; H, 2.06; N, 4.61. IR (KBr): 2956 (w),
2928 (w), 2870 (w), 2851 (w), 1653 (s), 1576 (m), 1559 (m), 1533
(m), 1506 (m), 1465 (m), 1412 (m), 1256 (s), 1209 (s), 1145 (s),
1100 (w), 1058 (w), 976 (w), 799 (w), 660 (m), 587 (w) cm−1.
[Dy2(hfac)3(tta)3(L)] (2). A total of 16.4 mg of Dy(hfac)3·2H2O

(0.0200 mmol) and 17.2 mg of Dy(tta)3·2H2O (0.0200 mmol) were
dissolved in 10 mL of CH2Cl2, and then the mixture was added to a
solution of 10 mL of CH2Cl2 containing 14.8 mg of L (0.0199 mmol).
After the mixture had been stirred for 15 min, 25 mL of n-hexane was
layered at room temperature in the dark. Slow diffusion leads to small
red single crystals that are suitable for X-ray studies. Yield: 44 mg
(87%). Anal. Calcd (%) for C73H45Dy2F27N8O12S9: C, 37.23; H, 1.91;
N, 4.76. Found: C, 37.35; H, 2.02; N, 4.69. IR (KBr): 2958 (w), 2929
(w), 2872 (w), 2850 (w), 1653 (s), 1604 (s), 1540 (s), 1507 (m),
1412 (s), 1309 (s), 1254 (s), 1198 (s), 1144 (s), 792 (m), 661 (m),
585 (m) cm−1.
Crystallography. Single crystals of 1 and 2 were mounted on an

APEXII Bruker-AXS diffractometer for data collection (Mo Kα
radiation source, λ = 0.71073 Å), from the Centre de Diffractomet́rie
(CDIFX), Universite ́ de Rennes 1. Structures were determined with a
direct method using the SIR-97 program and refined with a full matrix
least-squares method on F2 using SHELXL-9717 for 1 and 2. For 2, the
final data set was made from two measurements as the completeness
was not reached with only one. The data sets were scaled and
concatenated with the help of JANA2006.18 Finally, a SQUEEZE
procedure of PLATON19 was performed as this structure contains
large solvent accessible voids in which residual peaks of diffraction
were observed. Crystallographic data are summarized in Table 1.
Complete crystal structure results as a CIF file, including bond lengths,
angles, and atomic coordinates, are deposited as Supporting
Information.

Physical Measurements. The elementary analyses of the
compounds were performed at the Centre Reǵional de Mesures
Physiques de l’Ouest (Rennes, France). 1H NMR data were recorded
on a Bruker Ascend 400 spectrometer. Chemical shifts are reported in
parts per million referenced to TMS for 1H NMR. Cyclic voltametry
was conducted in a CH2Cl2 solution, containing 0.1 M N(C4H9)4PF6
as the supporting electrolyte. Voltammograms were recorded at 100
mV s−1 at a platinum disk electrode. The potentials were measured
versus a saturated calomel electrode (SCE). The dc magnetic
susceptibility measurements were performed on a solid polycrystalline
sample with a Quantum Design MPMS-XL SQUID magnetometer
between 2 and 300 K in applied magnetic fields of 0.2 T at 2−20 K
and 1 T at 20−300 K. These measurements were all corrected for the
diamagnetic contribution as calculated with Pascal’s constants.

■ RESULTS AND DISCUSSION
Synthesis. The target ligand L (Scheme 1) was prepared by

alkylation of the 2-(4,5-(4,5-bis(propylthio)-tetrathiafulvalen-
yl)-1H-benzimidazol-2-yl)-pyridine15 with 2,6-di(pyrazol-1-yl)-
4-(bromomethyl)pyridine16 in DMF solvent in good yield.

Table 1. X-ray Crystallographic Data for 1 and 2

[Dy2(hfac)6(L)]·
(CH2Cl2)2·C6H14 (1)

[Dy2(hfac)3(tta)3(L)]
(2)

formula C72H54Cl4Dy2F36N8O12S6 C73H45Dy2F27N8O12S9
M (g mol−1) 2566.4 2352.7
crystal system monoclinic triclinic
space group P21/n (No. 14) P1̅ (No. 2)
cell parameters a = 22.3718(12) Å a = 10.1741(10) Å

b = 12.6951(6) Å b = 16.2957(13) Å
c = 33.6565(19) Å c = 30.8760(30) Å
β = 100.859(2)° α = 98.035(3)°

β = 90.869(3)°
γ = 104.958(4)°

volume (Å3) 9387.7(9) 4889.9(8)
Z 4 2
T (K) 150(2) 150(2)
2θ range (deg) 5.88 ≤ 2θ ≤ 54.96 5.76 ≤ 2θ ≤ 55.96
ρcalc (g cm−3) 1.816 1.598
μ (mm−1) 1.956 1.816
no. of reflections 83625 69638
no. of independent
reflections

21478 22430

Rint 0.0959 0.2259
Fo

2 > 2σ(Fo)
2 14536 8105

no. of variables 1193 1054
R1, wR2 0.1015, 0.2307 0.1112, 0.2606

Scheme 1. Chemical Structure of L with Its Proton
Assignments
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Crystal Structures. [Dy2(hfac)6(L)]·(CH2Cl2)2·C6H14 (1).
Compound 1 crystallizes in the P21/n (No. 14) monoclinic
space group (Table 1). The asymmetric unit is composed of
two Dy(hfac)3 moieties, one L ligand, two dichloromethane
molecules, and one n-hexane molecule of crystallization (Figure
1). An ORTEP view is depicted in Figure S1 of the Supporting
Information.

The X-ray structure reveals that the two coordination sites of
L are coordinated by Dy(hfac)3 moieties. The Dy1 ion is
surrounded by six oxygen atoms that belong to three hfac−

ligands and two nitrogen atoms coming from the bis-chelating
coordination site of L. The average Dy−O distances are shorter
[2.340(8) Å] than the average Dy−N distances [2.527(9) Å]
(Table 2) because of the oxophilic character of the lanthanide

as usually observed. The arrangement of the ligands leads to a
square antiprism (D4d symmetry) as a coordination polyhedron
for this dysprosium ion (Table 3). The distortion is visualized
by continuous shape measures performed with SHAPE 2.1.20

The Dy1 coordination polyhedron in 1 is slightly more
symmetric than in [Ln(hfac)3(L′)] (where Ln = Dy and Yb and

L ′ = 2-{1-methylpyr idy l -4 ,5-[4 ,5-b is(propyl th io)-
tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine).8a,9a The
Dy2 ion is surrounded by six oxygen atoms that belong to
three hfac− ligands and three nitrogen atoms coming from the
tris-chelating coordination site of L. Once again, the average
Dy−O distances are shorter [2.361(9) Å] than the average
Dy−N distances [2.523(10) Å] (Table 2). The arrangement of
the ligands leads to a spherical tricapped trigonal prism (D3h
symmetry) as a coordination polyhedron for this dysprosium
ion (Table 3). This coordination polyhedron is similar to that
observed in the [Dy2(hfac)6(L″)]·C6H14 compound (where L″
= bis(2,6-di(pyrazol-1-yl)-4-methylthiolpyridine)-4′,5′-ethyle-
nedithiotetrathiafulvene).13 The Dy2−O bond lengths are
slightly longer than the Dy1−O ones because of the more
bulky 2,6-di(pyrazol-1-yl)-4-pyridine (dpp) acceptor compared
to the benzoimidazolylpyridine (bzip) acceptor. The length of
the central CC bond of the TTF core is equal to 1.354(15)
Å, which attests to the neutral form of L. The two planes
formed by the dpp and bzip acceptors are almost perpendicular
[88.4(1)°], leading to an intramolecular Dy−Dy distance of
10.85(1) Å.
The shortest S···S contacts are identified as being 3.766(7) Å

(S3···S6), 3.885(7) Å (S4···S6), and 3.894(8) Å (S3···S5) and
lead to the formation of a dimer of “head-to-tail” donors
(space-filling representation in Figure 2). Each dimer is well
isolated by the Dy(hfac)3 moieties (ball and stick representa-
tion in Figure 2). The shortest intermolecular Dy−Dy distances
are equal to 9.669(10) Å (Dy2···Dy2) and 10.117(10) Å
(Dy1···Dy1).

[Dy2(hfac)3(tta)3(L)] (2). It crystallizes in the P1 ̅ (No. 2)
triclinic space group (Table 1). The asymmetric unit is
composed of one [Dy(tta)2(hfac)], one [Dy(tta)(hfac)2], and
one L ligand (Figure 3). An ORTEP view is depicted in Figure
S2 of the Supporting Information.
The Dy1 ion is surrounded by six oxygen atoms [average

distances equal to 2.331(10) Å] that belong to two tta− ligands,
one hfac− ligand, and two nitrogen atoms [average distances
equal to 2.541(12) Å] coming from the bis-chelating bzip
moiety of ligand L. The Dy2 ion is surrounded by six oxygen
atoms [average distances equal to 2.372(10) Å] that belong to
one tta− ligand, two hfac− ligands, and three nitrogen atoms
[average distances equal to 2.535(11) Å] coming from the tris-
chelating dpp moiety of ligand L. At this point, one remark can
be written: to obtain compound 2, the starting metallic
precursors are 1 equiv of Dy(hfac)3 and 1 equiv of Dy(tta)3, but
surprisingly, these two metallic fragments are not identified in
the X-ray structure. In fact, an exchange between one hfac− and
one tta− is observed, leading to the coordination of two new
metallic Dy(hfac)2(tta) and Dy(hfac)(tta)2 fragments. This
exchange could permit the imposition of a perfect match
between the size of the metallic precursors and the
coordination sites, leading to a minimum of steric hindrance.
SHAPE 2.1 highlights a more distorted square antiprism (D4d
symmetry) for the polyhedron of Dy1 in 2 than in 1, while the
coordination polyhedron of Dy2 remains quasi identical with a
spherical tricapped trigonal prism (D3h symmetry). The length
of the central CC bond of the TTF core is equal to
1.324(19) Å that attests the neutral form of L. The angle
between the two dpp and bzip acceptors remains close to
orthogonality with a value of 87.8(2)°, leading to an
intramolecular Dy−Dy distance of 10.32(1) Å, which is
comparable to that measured in 1.

Figure 1. Molecular structure of the dinuclear complex
[Dy2(hfac)6(L)]·(CH2Cl2)2·C6H14 (1) with the coordination poly-
hedra for both Dy1 and Dy2 ions. Hydrogen atoms and crystallization
molecules have been omitted for the sake of clarity.

Table 2. Selected Bond Lengths for Compounds 1 and 2

1 2

Dy1−O1 2.335(8) 2.311(10)
Dy1−O2 2.311(8) 2.382(11)
Dy1−O3 2.349(8) 2.318(10)
Dy1−O4 2.362(8) 2.328(10)
Dy1−O5 2.345(8) 2.290(9)
Dy1−O6 2.336(9) 2.354(9)
Dy1−N1 2.491(9) 2.502(12)
Dy1−N2 2.563(9) 2.580(11)
Dy2−O7 2.363(9) 2.317(11)
Dy2−O8 2.359(9) 2.343(11)
Dy2−O9 2.322(9) 2.373(9)
Dy2−O10 2.405(9) 2.446(8)
Dy2−O11 2.316(9) 2.398(11)
Dy2−O12 2.402(8) 2.354(10)
Dy2−N4 2.588(9) 2.591(9)
Dy2−N6 2.496(10) 2.521(12)
Dy2−N8 2.486(10) 2.493(12)
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The shortest S···S contacts are equal to 3.631(7) Å (S4···S6),
3.694(8) Å (S3···S4), and 3.725(8) Å (S3···S5) and lead to the
formation of dimer of “head-to-tail” donors (space-filling
representation in Figure 4). Each dimer is well isolated by
the Dy(tta)2(hfac) and Dy(hfac)2(tta) moieties (ball and stick
representation in Figure 4). The shortest intermolecular Dy−
Dy distance is equal to 8.578(10) Å (Dy1···Dy2), which is
shorter than in 1.
Electrochemical Properties. The redox properties of L

and the related complexes 1 and 2 are investigated by cyclic
voltammetry (Figure S3 of the Supporting Information), and
the values of the oxidation potentials are listed in Table 4.
The cyclic votammogram for L shows two monoelectronic

oxidations at ∼0.51 and ∼0.93 V corresponding to the
formation of a radical cation and a dication TTF fragment,
respectively (Figure S3 of the Supporting Information). These
oxidation potentials are the same as those found for the
functionalized TTF donor L′,8a demonstrating that the nature

of the alkylating group has no influence on the electrochemical
properties. Upon coordination of the lanthanide, the electro-
chemistry does not highlight a significant effect of the electron-
attracting Dy(hfac)3, Dy(hfac)2(tta), and Dy(hfac)(tta)2 frag-
ments on the oxidation potentials (Table 4). The reversibility
of the oxidation potentials is conserved, and the electro-
chemical properties attest to the redox activity of L in the
complexes.

Magnetic Properties. Static Measurements. The temper-
ature dependencies of χMT for compounds 1 and 2 are shown
in Figures S4 and S5 of the Supporting Information. Room-
temperature values are slightly smaller (∼27.2 and ∼27.8 cm3 K
mol−1 for 1 and 2, respectively) than expected for two isolated
ground state multiplets 6H15/2 with gJ =

4/3 (i.e., 28.4 cm3 K
mol−1).21 Cooling the sample at 2 K, the thermal depopulation
of the ligand-field sublevels leads to a decrease in χMT products.
Even if the symmetries of their closest ideal coordination
spheres are identical (D4d for Dy1 and D3h for Dy2 in the two
compounds), the χMT products at very low temperatures reach
different values of 23.1 and 21.8 cm3 K mol−1, respectively,
highlighting both the different electronic distribution of the first
neighboring spheres of coordination and the different distortion
of the square antiprisms (Table 3). The field dependencies of
magnetization measured at 2 K are depicted in the inset of the
Figures S4 and S5 of the Supporting Information.

Dynamic Measurements. The out-of-phase components of
the ac susceptibility (χM″) of 1 and 2 were measured using
immobilized powders. They show a frequency dependence in
the temperature ranges of 1.8−3.5 and 1.8−14 K for 1 and 2,

Table 3. SHAPE Analysis of the Coordination Polyhedra around the Lanthanide in Complexes 1 and 2

metal
CShMSAPR‑8 (square

antiprism D4d)
CShMBTPR‑8 (biaugmented

trigonal prism C2v)
CShMTDD‑8 (triangular
dodecahedronD2d)

CShMTCTPR‑9 (spherical
tricapped trigonal prism D3h)

CShMCSAPR‑9 (spherical capped
square antiprism C4v)

1 Dy1 0.435 2.465 2.838 − −
Dy2 − − − 0.586 0.980

2 Dy1 0.944 1.728 2.004 − −
Dy2 − − − 0.483 0.831

Figure 2. Crystal packing of 1 highlighting the formation of dimers of
L.

Figure 3. Molecular structure of the dinuclear complex
[Dy2(hfac)3(tta)3(L)] (2) with the coordination polyhedra for both
Dy1 and Dy2 ions. Hydrogen atoms have been omitted for the sake of
clarity.

Figure 4. Crystal packing of 2 highlighting the formation of dimers of
L.

Table 4. Oxidation Potentials (V vs SCE, nBu4NPF6, 0.1 M
in CH2Cl2 at 100 mV s−1) of Ligand L and Complexes 1 and
2

E11/2 E21/2

L 0.51 0.93
1 0.50 0.94
2 0.48 0.94
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respectively (external dc field Hdc = 0 Oe) (Figure 5 and
Figures S6−S9 of the Supporting Information).

The X-ray structures of the compounds revealed two DyIII

sites that are expected to present two different dynamic
relaxations because the nature and the symmetry of the
coordination spheres are rigorously different. By analogy with
our previous works, it is known that the DyIII in a N2O6 (D4d)
environment8a,b presents a slow magnetic relaxation, while this
is not the case for a DyIII in a N3O6 (D3h) environment13 in
zero field. Consequently, the out-of-phase components of the
magnetic susceptibility in zero field for 1 and 2 are attributed to
the Dy1 site. The absence of a maximum on the χM″ versus ν
curve for 1 is in agreement with the fact that the substitution of
tta− with hfac− anions accelerates the relaxation of the DyIII

magnetic moment.8b To observe maxima on the χM″ versus ν
curve for 1 and for the Dy2 site, a scan field of the frequency
dependence of the magnetic susceptibility was realized and the
optimal magnetic fields were extracted (Figure 6). Application
of a dc magnetic field shifts the maximum of χM″ to a lower
frequency, and a second maximum appeared at a high
frequency (Figure 6). The optimal applied fields were
determined to be equal to 1500 and 3000 Oe for 1 and 2,
respectively. In such applied fields, out-of-phase components of
χM for 1 and 2 were observed in the temperature range of 2−14
K (Figure 7 and Figures S10 and S11 of the Supporting
Information). They displayed a multirelaxation process because
two maxima of χM″ are observed. This kind of behavior was
already observed for both mononuclear and polynuclear

complexes. For the mononuclear complexes, the multi-
relaxation process is observed under an applied magnetic
field8b,3a and can be attributed to multirelaxation pathways
depending of the magnetic field or the presence of different
conformers.22 For polynuclear complexes, the multirelaxation
mode can be associated with the SMM behavior at low
temperatures and single-ion behavior at higher temperatures23

Figure 5. Frequency dependencies of χM″ of 1 (a) and 2 (b) in zero
field.

Figure 6. Scan field of the frequency dependence of χM″ of 1 (a) and 2
(b) at 2 K.

Figure 7. Frequency dependencies of χM″ of 1 (a) and 2 (b) in H =
1500 Oe and H = 3000 Oe applied fields, respectively.
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or crystallographically different lanthanide ions.24 In the case
presented here, the maxima at low and high frequencies are
attributed to the Dy1 and Dy2 sites, respectively, and not to a
multirelaxation process associated with one DyIII center.
For both 1 and 2, an extended Debye model featuring two

relaxation times of sites Dy1 and Dy2 was used to treat the ac
data in an external dc field. The expressions of χM′ (1) and χM″
(2) are
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where χT and χS are the low- and high-frequency limits of
susceptibility, respectively, τi terms are the relaxation times and
αi terms the distributions of the relaxation time for Dy1 and
Dy2 sites, and β is the percentage of the susceptibility relaxing
at τ1. For 1 above 6 K, the two relaxation processes are not
separable, so only the relaxation time can be extracted from the
experience (Table S1 of the Supporting Information). It must
be mentioned that above 11 K the maximum on the χM″ versus
ν curves are not in the investigated frequency window, so these
data are removed from the fitting procedures. Below 6 K, both
relaxation times (Table S4 of the Supporting Information)
follow a combination of thermally activated and temperature-
independent regimes: τ−1 = τ0

−1 exp(−Δ/T) + τTI
−1 (where Δ

is the energy barrier, τ0 the relaxation time of the thermally
dependent regime, and τTI the relaxation time of the thermally
independent regime) between 2 and 14 K (Figure 8).
The characteristic dynamic parameters of Dy1 and Dy2 in 1

were found to be Δ = 18 ± 0.9 K, τ0 = (2.15 ± 0.40) × 10−6 s,
and τTI = (1.17 ± 0.09) × 10−3 s and Δ = 5 ± 3 K, τ0 = (1.8 ±
0.6) × 10−5 s, and τTI = 0.14 ± 0.02 s, respectively.
Interestingly, β is close 50%, which is the value expected if
the two Dy1 and Dy2 sites relax with identical static
susceptibilities. This assumption can be employed only with
caution because low-temperature susceptibility depends on
crystal-field splittings that are obviously different in N2O6 and
N3O6. Furthermore, at 1500 Oe, saturation effects must be
taken into account. Indeed, the low-temperature value extracted
from the extended Debye model is equal to 19.2 cm3 K mol−1,
compared with the value of 23.4 cm3 K mol−1 from dc data. For
2, as for 1, only the data below 6 K are reproduced with two
relaxation times and with only one above. The characteristic
dynamic parameters of Dy1 and Dy2 for 2 (Table S2 of the
Supporting Information) were found equal to be Δ = 43 ± 1 K,

τ0 = (2.50 ± 0.35) × 10−5 s, and τTI = 0.19 ± 0.01 s and Δ = 22
± 2 K, τ0 = (3.05 ± 1.45) × 10−6 s, and τTI = (5.16 ± 0.25) ×
10−4 s, respectively. At 3000 Oe, saturation effects dramatically
decrease the amplitude of the susceptibility: 12.02 cm3 K mol−1

from ac data at 2 K compared to 21.8 cm3 K mol−1 from dc
data. The temperature-independent regime supports the idea
that a direct relaxation process between degenerated Kramers
doublets of the 6H15/2 multiplet operates. The barrier heights of
Dy1 are in very good agreement with those measured on DyIII-
based mononuclear single-molecule magnets with similar
architectures8a,b even if in 2 there are only two tta− anions
instead of three in ref 8b.

■ CONCLUSIONS
Two dinuclear coordination complexes, [Dy2(hfac)6(L)]·
(CH2Cl2)2·C6H14 (1) and [Dy2(hfac)3(tta)3(L)] (2), have
been synthesized. Their crystalline structures reveal that the
two bis-chelating and tris-chelating nitrogenated sites of
coordination linked a DyIII ion. In both X-ray structures, Dy1
adopts a square antiprism (D4d) of coordination while Dy2
adopts a spherical tricapped trigonal prism (D3h) of
coordination. Interestingly, compound 2 demonstrated that

Figure 8. Temperature dependencies of the relaxation times (τ) at
1500 Oe for 1 (a) and 3000 Oe for 2 (b) in the temperature ranges of
2−12 and 2−14 K, respectively. Squares and circles correspond to the
data for Dy1 and Dy2 sites, respectively. Black lines are the best-fit
curves with modified Arrhenius laws.
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exchange between the ancillary ligand (hfac− and tta−) occurred
in solution. Both complexes behave as SMM, and the
application of an external magnetic field led to a multirelaxation
mode. Each mode was attributed to a different DyIII center. The
DyIII in a N2O6 D4d environment relaxes slower than the DyIII

in a N3O6 D3h environment. This study shows that it is possible
to design ligands with different coordination sites to elaborate
molecules incorporating different magnets.
Ligand L is chemically suitable for building heterobimetallic

4f4f′ and 3d4f complexes because it involves two radically
different sites of coordination with different reactivities and
steric hindrance. In particular, additions of physical properties
such as luminescence and spin crossover are in progress in our
laboratory.
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