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ABSTRACT: The dinuclear β-diketiminato complex [L1ClDy(μ-Cl)3DyL1(THF)] (1) (L1 = {2,6-iPr2C6H3−NC(Me)CHC(Me)-
N-2,6-iPr2C6H3}−) was obtained by reaction of DyCl3 with KL1 in a molar ratio of 1:1 and used for the preparation of the mixed-
ligand complex [L1Dy(μ-3,5-Cat)]2 (2) by salt metathesis reaction with 3,5-CatK2 (3,5-Cat −3,5-di-tert-butyl-catecholate).
Reactions of 3,5-CatNa2 with [L2LnCl2(THF)2] (Ln3+ = Dy, Y) ligated with the less bulky ligand L2 = {2,4,6-Me3C6H2−
NC(Me)CHC(Me)N-2,4,6-Me3C6H2}− afforded the mixed-ligand THF-containing complexes [ L2Ln(μ-3,5-Cat)(THF)]2 ( Ln3+ =
Dy (3a), Y (3b)). All new complexes were fully characterized, and the solid-state structures were determined by single-crystal X-ray
diffraction. Magnetic measurements revealed single-molecule magnet behavior for the dysprosium complexes. Sub-Kelvin μSQUID
studies confirm the SMM character of the systems, while CASSCF calculation along with simulation of the experimental data yields
an antiferromagnetic interaction operating between the Dy3+ ions.

INTRODUCTION
Mixed-ligand complexes attract considerable attention due to
the combination of several structural and chemical features
providing a useful variation of ligand characteristics and mutual
influence on the metal center and the coordination environ-
ment. N-Aryl-substituted β-diketiminates or “NacNac” ancil-
lary ligands {ArNC(R)CHC(R)NAr}− are well-established
ligands supporting rare-earth metals.1−6 The bulkiness of these
ligands combined with easily tunable steric and electronic
properties at the nitrogen atoms and the carbon backbone
substituents, in combination with the formation of six-
membered chelating rings, provides a wide application in
coordination and organometallic chemistry. The utilization of
β-diketiminates in organolanthanide chemistry is of substantial
current interest because they allow the isolation of low-
coordinate metal complexes showing unique bonding2 or
unusual reactivity.3−5 Besides the classical role of spectator
ligands, β-diketiminates behave as noninnocent ligands and
may be involved in different transformations including redox

reactions and metal−ligand cooperative activation of sub-
strates.6

Surprisingly, only a few rare-earth metal complexes
coordinated by o-quinonato ligands are known.7−10 Recently,
dinuclear [(LnIIICp*)2(3,6-Cat)2] (LnIII = Sm, Yb; Cp* = η5-
C5Me5) and trinuclear [(EuIIICp*)(EuII·THF)2(3,6-Cat)3]
mixed-ligand complexes with bridging 3,6-di-tert-butyl-cate-
cholates (3,6-Cat) have been prepared by the reduction of 3,6-
di-tert-butyl-o-quinone (3,6-DTBQ) with lanthanocenes
Cp*2LnII(THF)2 (LnII = Sm, Yb, Eu).7a In addition, a
reduction of 9,10-phenanthrenequinone with samarocene to
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give a series of polynuclear samarocene complexes has been
studied.7b Synthesis and crystal structure of some yttrium
complexes with 3,6-Cat have been also reported.8 Single-
molecular magnet behavior of the dinuclear dysprosium
complex [Dy2(hfac)6(H2O)2(Q-TTF-Q)] (hfac = 1,1,1,5,5,5-
hexafluoroacetylacetonate, Q-TTF-Q = 4,4′,7,7′-tetra-tert-
butyl-2,2′-bi-1,3-benzodithiole-5,5′,6,6′-tetraone) was found9a

among a series of rare-earth element derivatives of such redox-
active triad o-quinone−tetrathiafulvalene−o-quinone in the
neutral form of the ligand.9 Sterically hindered 3,5-di-tert-
butyl-o-quinone (3,5-DTBQ) was also involved in the
lanthanide chemistry.10 Magnetic properties of some mixed-
ligand 3,5-di-tert-butyl-o-semiquinonate lanthanide derivatives
coordinated by hydrotris(pyrazolyl)borate were investigated in
detail.11

First of all, dysprosium derivatives have attracted unabated
attention due to their magnetic properties. Dy3+ ion with an
odd number of f-electrons, a large magnetic moment and high
magnetic anisotropy of the 4f shell combined with a large
energy gap between the ground and first excited states, as well
as strong axial ligand field, is considered to be an ideal ion for
Dy-SMMs; thus, the number of dysprosium-based SMMs
increases steadily.12 For the magnetic properties of lanthanide
compounds, the geometry of the coordination sphere plays a
crucial role. Therefore, the search for new ligand systems for
creating complexes of rare-earth metals with interesting
magnetic properties has boosted the research activity in this
field. In recent years, appreciable progress in the study of
lanthanide SMMs has been achieved and new records for the

relaxation energy barrier and the blocking temperature have
been established.13 However, one of the stumbling blocks in
developing SMMs with a high-energy barrier is the zero-field
quantum tunneling of magnetization (QTM) through the
degenerated ground states. Different strategies have been
successfully exploited to suppress QTM and thus enhance the
SMM properties.14 One of them is based on the magnetic
coupling between lanthanide ions, for example, in the dinuclear
lanthanide compounds.15 It has been shown that bridging
ligands with diffuse spin orbitals (especially radicals16 or heavy
main group elements17) provide an effective suppression of
QTM. A number of different bridging ligands such as N-
oxides,18 Schiff bases,19 phenoxides,20 hydroxides,21 and
arenes22 have been used for construction of dinuclear motifs
in the lanthanide-based SMMs. The utilization of redox ligands
in lanthanide compounds is also considered to be a prospective
approach for elaborating SMMs.23 A particular example of such
redox-active ligands is bridging o-quinonato ligands, which also
support the SMM behavior of lanthanide compounds.24

Recently, we have reported a convenient synthetic route for
the preparation of mononuclear dichlorides of trivalent rare
earths ligated by mesityl-substituted β-diketiminate
[L2LnCl2(THF)2] (Ln3+ = Y, Dy, Er)25 and used them as
starting materials for several mixed-ligand complexes.26 These
results encouraged us to synthesize 3,5-di-tert-butyl-catechola-
to (3,5-Cat) complexes of some rare earth in combination with
different β-diketiminates. In order to compare the influence of
the different steric demands of the ligands on the coordination
environment of the rare-earth elements in the target

Scheme 1. Synthesis of Complex 1

Scheme 2. Synthesis of Complexes 2 and 3a,b
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complexes, two types of bulky N-aryl-substituted β-diketimi-
nates with 2,6-diisopropylphenyl (L1 = {2,6-iPr2C6H3−NC-
(Me)CHC(Me)N-2,6-iPr2C6H3}−) and mesityl (L2 = {2,4,6-
Me3C6H2−NC(Me)CHC(Me)N-2,4,6-Me3C6H2}−) substitu-
ents have been studied. Presumably, the steric stabilization
imparted by such bulky groups allows for the preparation of
low-coordinated complexes. Continuing our study on mixed-
ligand rare-earth complexes coordinated by β-diketiminate
spectator ligands, we report herein the synthesis, molecular
structures, as well as magnetic properties of a series of
dinuclear lanthanide derivatives with bridging catecholates.

RESULTS AND DISCUSSION
Synthesis. Reaction of KL1 with anhydrous DyCl3
(Scheme 1) in a 1:1 molar ratio in refluxing THF followed
by heating in toluene at 90 °C led to the pale-yellow-green-
colored solution and precipitation of KCl. The subsequent
workup allows for the isolation of the dinuclear complex
[L1ClDy(μ-Cl)3DyL1(THF)] (1) as an analytically pure
crystalline solid in good yield. The composition of compound
1 was determined by elemental analysis. Moreover, strong
absorption near 1550 and 1525 cm−1 in the IR spectrum
(Figure S1) indicates a coordination of the β-diketiminato
ligand.1−5,25−27 Complex 1 is sensitive to atmospheric
moisture due to easy hydrolysis of the β-diketiminate ligand
and is long stable only in an inert atmosphere.

Salt metathesis of lanthanide halides supported by β-
diketiminates has been proven to be a very fruitful synthetic
approach to mixed-ligand compounds.5,26,27 To continue these
studies, we performed some reactions of two types of sterically
hindered β-diketiminates with alkali metal salts of 3,5-Cat. The
salt metathesis of β-diketiminate-decorated dysprosium
chloride 1 with potassium 3,5-di-tert-butyl-catecholate (3,5-
CatK2) in THF at room temperature afforded the dimeric
nonsolvated complex [L1Dy(μ-3,5-Cat)]2 (2) (Scheme 2).
After evaporation of THF, the remaining residue was doubly
treated with n-hexane followed by slow extraction with n-
hexane yielding single crystals of 2 suitable for single-crystal X-
ray diffraction.

The dimeric mixed-ligand complexes of the mesityl-
substituted β-diketiminate ligand [L2Ln(μ-3,5-Cat)(THF)]2
(Ln3+ = Dy (3a), Y (3b)) were obtained under similar
conditions from [L2LnCl2(THF)2] (Ln3+ = Dy, Y)25 and
sodium 3,5-di-tert-butyl-catecholate in THF (Scheme 2).
Single crystals are readily formed by slow evaporation of
THF. The dinuclear mixed-ligand compounds 3a,b are
insoluble in most organic solvents; therefore, NMR spectra
of yttrium compounds were not recorded. Their composition
was determined by single-crystal X-ray diffraction, IR spec-
troscopy (Figures S2 and S4), and elemental analysis. The IR
spectra exhibited stretching vibrations of the β-diketiminato
ligands near 1550 and 1525 cm−1.1−6,25−27 The bands at ca.
1255 cm−1 are typical for stretching vibrations of the C−O
bonds in catecholates.28 The mixed-ligand complexes 2 and
3a,b are extremely air sensitive because of the presence of
easily oxidizable redox-active catecholates and long stable only
in an inert atmosphere.

The described subsequent salt metathesis reactions
(Schemes 1 and 2) are considered to be a very prospective
method for accessing the desired mixed-ligand complexes
containing sterically hindered β-diketiminato ligands and
redox-active ligands, which are able to be reduced to the
dianionic form.

Single-Crystal X-ray Diffraction Studies. Single crystals
of 1 suitable for X-ray diffraction were obtained by layering a
toluene solution carefully with n-pentane and subsequent
storage of this mixture for 3 weeks at ambient temperature.
Complex 1 is entirely isostructural with the analogous erbium
complex27a and somewhat differs from the samarium,27b

ytterbium,27c and yttrium27d compounds. A detailed descrip-
tion of the molecular structure of 1 is given in the Supporting
Information. Noteworthily, the coordination mode of 2,6-
diisopropylphenyl-substituted β-diketiminato ligands is very
typical for lanthanide compounds with a common formula,
NacNacLnR2.

4,5,25−27,29

Similar to 1, complex 2 crystallizes in the monoclinic P21/n
space group, with four molecules in the asymmetric unit. The
molecular structure of complex 2 is shown in Figure 1 and

reveals some differences in comparison with the similar yttrium
compound [L1Y(μ-3,5-Cat)]2 state reported earlier.26c The
yttrium analogue has a centrosymmetrically dimeric structure
in the solid, while dysprosium complex 2 has an inversion
center in the middle of the central Ln-O2-Ln′-O2′ ring.

The coordination mode of the 2,6-diisopropylphenyl-
substituted β-diketiminato ligands, with slight asymmetric
Ln−N bonds and acute N−Ln−N angles as well as with the
nearly perpendicular orientation of the arene rings to the N−
C−C−N backbone plane, is quite similar to that found in
chlorides described above and complexes published ear-
lier.4,5,25−27,29 In complex 2, the deviation of both dysprosium
atoms from the planes of the N−C−C−N ligand backbone is
more than 1 Å (1.114 Å for Dy1 and 1.002 Å for Dy1′), while
the both central carbon atoms (C3 and C3′) deviate from the
corresponding planes of β-diketiminato ligands by 0.111 Å.
These parameters are comparable to those found in the
corresponding dinuclear chloride 1 and its analogues.27 Due to
the asymmetry of 2, both β-diketiminato ligands are not
parallel to each other. The corresponding dihedral angle
between the planes of the N−C−C−N backbone is 42.16°.

Figure 1. Molecular structure of 2, omitting hydrogen atoms.
Thermal ellipsoids are drawn at 50% probability.
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Compounds 3a,b supported by mesityl-substituted β-
diketiminato ligands are isostructural and crystallize in triclinic
space group P1̅ with one molecule in the unit cell. As an
example, dysprosium compound 3a is depicted in Figure 2.

Noteworthily, the crystallization of compounds 3a,b, under the
conditions described for 2, led to another polymorph
crystallizing in the monoclinic space group C2c with a small
difference in the ligand conformation (see, for example, the

molecular structure of 3a′ in the Supporting Information
(Figure S6)).

Six-membered chelating rings formed by mesityl-decorated
β-diketiminato ligands have a typical structure with slight
asymmetric Ln−N bonds and acute N−Ln−N angles (Table
1).4,5,25−27,29 The rare-earth atoms deviate from the N−C−C−
N backbone plane by 0.878 Å (3a) and 0.671 Å (3b), while the
central carbon atoms occupy the usual positions with the
corresponding deviation of 0.118 Å (3a) and 0.159 Å (3b)
from the N−C−C−N plane. The arene rings are nearly
perpendicularly oriented to the NCCN backbone plane in all
cases (see Table 2).

Interestingly, each catecholate acts in compounds 2 and 3a,b
as a bridging ligand, with one oxygen atom coordinating in a μ-
mode. Consequently, the corresponding C25−O2 bond is
significantly elongated in comparison with the nonbridging
C24−O1 bond (Figures 1 and 2) and the C−O bonds in
different catecholate complexes.28 Moreover, the Ln−O bond
lengths of the μ-oxygen atoms are 0.1−0.15 Å longer than the
terminal Ln−O bonds. The bridging character of these ligands
causes unusual bond length alternation in catecholate rings.
The evident distortion of the catecholate rings from the planar
structure, especially in the complexes supported by mesityl-
substituted β-diketiminate (3a,b), results from the complexes’
steric strain.

The most evident difference in the structures of complexes 2
and 3a is the polyhedral shape of the Dy3+ centers. According
to the polyhedral shape analysis with SHAPE 2.130 (for details,
see the Supporting Information), the first coordination sphere
of Dy atoms in 2 is close to a distorted square pyramidal
geometry, while in 3a, it adopts a trigonal prism geometry
(Figure 3).

Both Dy3+ ions in 2 are 5-fold coordinated, forming a
distorted tetragonal pyramidal geometry. The β-diketiminato
ligand coordinates as a bidentate ligand in a chelating mode.
Both bridging oxygen atoms O2 and O2′ and the nonbridging
one, O1, as well as nitrogen atom N1 form the basal plane,
while the other nitrogen atom N2 of β-diketiminate occupies

Figure 2. Molecular structure of 3a, omitting hydrogen atoms.
Thermal ellipsoids are drawn at 50% probability.

Table 1. Selected Bond Lengths (Å) and Angles (o) for Complexes 2 and 3a,b

2 3a 3b

Ln1−O2′ 2.2606(16) 2.2515(17)[a] 2.232(3) 2.225(3)
Ln1−O3 2.420(4) 2.344(7)
Ln1−N1 2.3207(19) 2.3675(18) 2.395(4) 2.365(14)
Ln1−N2 2.3573(18) 2.3248(19) 2.389(4) 2.338(18)
Ln1−O1 2.1122(15) 2.1120(15) 2.178(3) 2.178(2)
Ln1−O2 2.3823(15) 2.3944(15) 2.329(3) 2.3213(19)
N1−C2 1.337(3) 1.334(3) 1.330(6) 1.321(18)
C2−C3 1.399(3) 1.411(3) 1.392(7) 1.401(13)
C3−C4 1.412(3) 1.398(3) 1.405(7) 1.381(14)
N2−C4 1.329(3) 1.340(3) 1.337(6) 1.37(3)
O1−C24 1.352(3) 1.352(2) 1.347(5) 1.348(3)
O2−C25 1.381(2) 1.382(2) 1.390(6) 1.390(4)
C24−C25 1.404(3) 1.403(3) 1.404(7) 1.402(4)
C25−C26 1.390(3) 1.390(3) 1.393(6) 1.384(4)
C26−C27 1.400(3) 1.399(3) 1.371(6) 1.392(5)
C27−C28 1.395(3) 1.393(3) 1.384(7) 1.382(4)
C28−C29 1.394(3) 1.396(3) 1.409(6) 1.399(4)
C24−C29 1.407(3) 1.409(3) 1.390(7) 1.416(4)
N1−Ln1−N2 83.01(6) 81.56(7) 77.71(14) 79.0(6)

aThe values in this column correspond to the half of the molecule of 2 with the symbols Dy1′, N′, O′, and C′.
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the apical position of the exceedingly distorted tetragonal
pyramid. In complex 2, Dy1 and Dy1′ are bridged by two
catecholato oxygen atoms (O2 and O2′), generating an
unsymmetrical four-membered Dy2O2 core with Dy−O−Dy
angles of 109.38(6)° and 108.64(6)° and Dy···Dy distance of
3.782(4) Å.

Compounds 3a,b form a centrosymmetrically dimeric
structure in the solid state with two bridging catecholate

ligands between two rare-earth metal atoms. Each metal atom
is in the center of a distorted trigonal prism. Thus, in
comparison to 2, the reduced steric hindrance of the β-
diketiminate ligand causes an increase in the coordination
number of rare-earth atoms from five to six. The two nitrogen
atoms of the β-diketiminato ligand (N1 and N2) and one μ-
oxygen atom of one of the catecholate ligands (O2′) form one
triangular base of the trigonal prism. The oxygen atom of the
coordinated THF molecule (O3) and both oxygen atoms of
the other catecholate ligands (O1 and O2) occupy the other
basal positions. The four-membered Dy2O2 core in 3a is
centrosymmetric, the angle Dy−O−Dy of 109.50(13)° is close
to these of 2, while the Dy···Dy distance is 3.725(4) Å, which
is slightly shorter than those of 2. For both complexes, the
Dy−O bond lengths are in the range of 2.1120(15)−2.420(4)
Å, and the Dy−N bond lengths range from 2.3207(19) to
2.395(4) Å.

The shortest intermolecular Dy···Dy distances between the
adjacent dinuclear molecules for 2 and 3a are 11.537(4) and
10.319(4) Å, respectively, suggesting that the intermolecular
dipole−dipole interaction could be negligible compared to
intramolecular interaction, while the short intramolecular Dy···
Dy distances in 2 and 3a (3.782(4) and 3.725(4) Å) can
provide the potential interaction between Dy3+ ions.
Magnetism. The static magnetic characteristics of all

complexes were investigated by employing restrained poly-
crystalline samples under an applied field of 1 kOe. The room
temperature χMT value for all complexes was 27.73 and 27.82
cm3·K/mol, for 2 and 3a, respectively (Figure 4). In all cases,
the room temperature χMT value was found to be close to the
expected for the two uncoupled ions, (cf., 28.33 cm3·K/mol for
two Dy3+ with 6H15/2 and gJ = 4/3). Upon cooling, the χMT(T)
product remains reasonably constant down to ∼50 K, where it
rapidly decreases to 8.92 and 9.82 cm3 mol K−1 at 2 K for 2

Table 2. Crystallographic Data and Selected Refinement Details for Complexes 1, 2, and 3a,b

2 3a 3b

empirical formula C86H122Dy2N4O4 C82H114N4O6Dy2 C82H114N4O6Y2

formula weight 1600.87 1576.77 1429.59
temperature (K) 150 150 100
crystal size (mm3) 0.25 × 0.22 × 0.12 0.217 × 0.124 × 0.042 0.121 × 0.089 × 0.049
crystal system monoclinic triclinic triclinic
space group P21/n P1̅ P1̅
Z 4 1 1
a (Å) 13.902 (3) 13.429(2) 13.4329(6)
b (Å) 41.933 (8) 13.724(2) 13.7000(6)
c (Å) 14.163 (3) 13.898(3) 13.8906(8)
α (deg) 90 64.016(13) 63.661(4)
β (deg) 103.35 (3) 72.092(14) 71.577(4)
γ (deg) 90 71.017(13) 70.752(3)
V (Å3) 8033 (3) 2135.8(7) 2118.9(2)
Dcalcd. (g cm−3) 1.324 1.226 1.120
μ (Mo Kα) (mm−1) 1.90 1.783 1.411
θ range (deg) 3.3−31.2 1.63−29.24 1.70−31.48
h, k, and l index range −19 ≤ h ≤ 19,-60 ≤ k ≤ 58,-19 ≤ l ≤ 19 −16 ≤ h ≤ 15; −16 ≤ k ≤ 16; −17 ≤ l ≤ 17 −16 ≤ h ≤ 15; −16 ≤ k ≤ 16; −17 ≤ l ≤ 14
F(000) 3320 814 760
reflections collected 84,064 19,614 19,840
unique reflections 20,835 (Rint = 0.023) 8378 (Rint = 0.1131) 8299 (Rint = 0.0793)
parameters refined 865 441 704
R[F2 > 2σ(F2)] R1 = 0.0297 wR2 = 0.0586 R1 = 0.0410 wR2 = 0.0738 R1 = 0.0463 wR2 = 0.0788
R(F2) (all data) R1 = 0.0363 wR2 = 0.0607 R1 = 0.0694 wR2 = 0.0846 R1 = 0.0965 wR2 = 0.0911
GOOF on F2 1.146 0.878 0.875
Δρmax, Δρmin (e Å−3) 1.72, −1.25 1.179, −0.800 0.411, −0.527

Figure 3. Polyhedral around Dy3+ centers in 2 (top) and 3a
(bottom).
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and 3a, respectively. The downturn observed for all sample
signatures is crystal field effects and intramolecular magnetic
interactions (vide infra). As a comparison, the χMT(T) for 1
has also been collected, leading to a similar profile to that of 2
and 3a, with a downturn upon cooling appearing below 50 K
(Figure S9).

The slow relaxing characteristics of lanthanide-based
complexes make lanthanide-based complexes hot candidates
for diverse technological applications.31 Therefore, alternating
current (AC) magnetic susceptibility studies probed the slow
dynamic characteristics for all complexes and revealed a
frequency-dependent magnetic susceptibility at zero field;
hence, these are SMMs (Figure 5 and Figures S10−S15). For

1, a maximum centered at 8 K is observed in the temperature
dependence of the out-of-phase of the magnetic susceptibility
(χ”(T)) at the highest frequency (1512 Hz) (Figures S10−
S11). The frequency-dependent magnetic susceptibility
(χ″(ν)) reveals a maximum centered at 34 Hz at 2 K (Figure
S11B). The maximum in χ″(ν) remains practically constant
upon increasing temperatures up to 4 K, where it becomes
clearly temperature dependent, shifting to higher frequencies
with increasing temperatures. In contrast, the maximum in the
χ″(T) for 2 is observed at 13 K (1512 Hz), which shifts toward
lower temperatures upon decreasing frequencies. The χ″(ν) for
2 is centered at a lower frequency (8 Hz) at the lowest
temperature (2 K) compared to 1 (cf. 34 Hz at 2 K),
highlighting slower relaxation characteristics (Figure 5A,B).
The maximum is affected slightly by the temperature
increment up to 4 K, where it swiftly shifts toward higher
frequencies. In stark contrast, the observed maximum in the
χ″(T) for 3a is observed at 23 K (1512 Hz). Moreover, in
contrast to 1 and 2, in which the χ″(ν) maximum remains
almost constant from 2 K up to 4 K, the χ″(ν) maximum for 3a
lies below the experimental frequencies (at 2 Kp), with the
maximum (0.1 Hz at 2 K) shifting swiftly upon temperature
increment (Figure 5C,D). This behavior highlights slower
relaxation characteristics for 3a compared to those of 1 and 2.

The relaxation times (τ) for 1, 2, and 3a can be extracted
from the magnetic susceptibility data by simultaneously fitting
the χ′(ν) and χ″(ν) employing a generalized Debye model.
The α parameters highlight a wide distribution of processes in
all systems (Tables S4 and S5). The temperature dependence
of the relaxation times τ(T) for 1 and 2 can be fitted
employing the Raman and Orbach processes

U k T CTexp( / ) n1
0

1
eff B QTM

1= + + (1)

while the data for 1 can be fitted considering the Orbach and
Raman processes leading to the following parameters τ0 =
1.4(1) × 10−5 s, Ueff = 19.6(4) K (13.6(3) cm−1), and τQTM =
4.4(1) × 10−3 s (Figure S16A), while for 2, the best fit yields τ0
= 1.1(2) × 10−6 s, Ueff = 62(2) K (43(1) cm−1), C = 0.4(2) s−1

Figure 4. Static (DC) magnetic behavior under an applied DC field of
1 kOe: χMT data for 2 (A) and 3a (B). The solid line is the fit
employing the Lines model (eq 3) and the crystal field parameters as
obtained from CASSCF.

Figure 5. Dynamic studies: χ″(T) (left panels) and χ″(ν) (right panels) for 2 (A,B) and 3a (C,D) collected at zero applied DC field. Solid lines are
the fit to a generalized Debye model.
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K−n, n = 3.2(4), and τQTM = 0.023(1) s (Figure S16B). For 3a,
solely the Raman process is sufficient to reproduce the τ(T)
data with the best fit yielding C = 9(1) × 10−4 s−1 K−n, n =
5.00(4) (Figure S16C). Notice that the Raman n parameters
for 2 and 3a are smaller than expected for Kramers ions.32

This can be caused by low vibration phonon-mediated
relaxation.33 To account for low phonon vibrations, the τ(T)
was also fitted to
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where ℏωi is the Raman vibrational modes and the last term
accounts for the QTM process.33b Good fits are obtained with
the inclusion of a single vibrational mode for 2, yielding τ0 =
2.8(5) × 10−5 s, Ueff = 107(4) K (74(3) cm−1), C1 = 609(388)
s−1, ℏω1 = 9(2) cm−1, and τQTM = 0.022(1) (Figure 6A). For

3a, two Raman vibrational modes were required without τQTM
leading to τ0 = 1(1) × 10−5 s, Ueff = 283(43) K (197(30)
cm−1), C1 = 13(6) s−1, ℏω1 = 7(1) cm−1, C2 = 1.9(4) × 104

s−1, and ℏω2 = 37(2) cm−1. As expected, the ℏωi is low33b,34

(Figure 7B).
μSQUID. Confirmation of the SMM characteristics of the

complexes can be gained by studying the hysteretic behavior of
the systems. For this, μSQUID loops were collected on single
crystals of all complexes to confirm their SMM behavior. The
μSQUID measurements were carried out on single crystals
with the field applied along the easy axis of the crystal.35

Hysteresis loop studies were performed at different sweeping
rates, ranging from 0.5 to 128 mT/s, and temperatures from 5
to 30 mK (Figure 7). Open loops are found for all dysprosium
complexes at the lowest temperature (Figure 7A,C), while the
sweep-dependent loops highlight the expected behavior for the

SMMs. The opening of the loops is only observable below 2 K.
Moreover, the loops for 2 and 3a showcase the characteristic S-
shaped butterfly loops of antiferromagnetically coupled
dimers.34c,36 For 2, a sharp tunneling event occurs at ±0.30
T, while a broader transition is also found at ±0.41 T (see
Figure 9). Considering the dimeric nature of 2 and the fact that
two differently oriented molecules reside in the unit cell, the
two events correspond to the crossing between the
antiferromagnetic ground state and the first excited coupled
state. Note that the sharp crossing (±0.30 T) indicates that the
applied field was close to the molecular easy axis of this
molecule, while the broad transition and shifting to higher
fields showcase a larger angle between the applied field and the
molecular easy axes of the second molecule. A similar behavior
is observed for 3a with the crossing occurring at a smaller field
±0.22 T, denoting a smaller interaction between the Dy3+ ions.
A single crossing was observed for 3a, which can be ascribed to
the sole presence of a single molecule residing in the unit cell.
The inflection points observed in the μSQUID loops allow the
determination of the mean exchange field (Hex),

36a leading to
an effective exchange constant between the Ising spins of the
Dy3+ ions: Hex = JexmJ/gJ μB, where mJ = 15/2 and gJ = 4/3. For
2, Jex = 36 mK (0.025 cm−1) [for the ±0.30 T transition, closer
to the easy axes] and for 3a, Jex = 26 mK (0.018 cm−1). Note
that the loops for 3a have a larger opening between the near-
zero field than that for 2, which can be a consequence of
pinning of a larger population of spins to the ferromagnetic
excited state.

Open loops were also observed for 1, with the narrowing of
the opening upon warm up (Figure S17). However, two
independent molecules are contained within the unit cell in 1,
and hence, the loops might be an average result of the
magnetic anisotropy of the system and not the results of the
single-molecular easy axes. Furthermore, it can be noted that
the loops do not showcase the expected S-shaped butterfly
loops characteristic of antiferromagnetically coupled Dy3+
dimers. This result indicates that the easy axes for the
individual ions in 1 are not collinear.37

Theoretical Calculations. The magnetic characteristics of
the dysprosium-based complexes can be understood through
ab initio calculations, of the type CASSCF/SO-RASSI/
SINGLE_ANISO approach implemented in the OpenMol-
cas.38 For this purpose, the crystal structures of the complexes
were employed without further optimizations (see the
Supporting Information for details). The energies of low-
lying Kramers doublets and the main components of the g
tensor of the Dy3+ ions for 2 and 3a are shown in Tables S6−
S8. The ground Kramer doublet state characterizing both
complexes is highly axial, with the g-values close to the
expected values for a pure mJ = 15/2, i.e., gz = 19.7 for 2 and gz
= 19.6 for 3a. Likewise, the wave function composition of the
ground state for these systems is highly pure (>95% mJ = ±
15/2). For 2, two slightly different Dy3+ ions are found, as
determined by the crystallographic studies, leading to faintly
dissimilar characteristics (Tables S6−7). The first excited state
is ca. 220 cm−1 from the ground doublet, while the second
excited state lies at ca. 300 cm−1. Similar characteristics are
found for 3a, with the first and second excited states at 202 and
327 cm−1, respectively (Table S8). The main magnetic axes (z)
for 2 and 3a are depicted in Figure 8. CASSCF studies were
also carried out for compound 1. The obtained g-values are
also axial, with similar separation (cf. 91 and 98 cm−1) between
the ground and first excited state (see Tables S9 and S10). In

Figure 6. Relaxation characteristics: τ(T) profile and fits for 2 (A)
and 3a (B) employing eq 2 and parameters described in the text. The
dotted/dashed lines are the contribution of each process to the overall
fit (solid red line).
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contrast to 2 and 3a, the anisotropy axes in 1 are not collinear,
as a consequence of the asymmetry of the molecule (Figure
S19), while the state composition of the ground doublet is less
pure (>90% mJ = ± 15/2) (Tables S9 and S10).

Although the CASSCF results pinpoint that the single-ion
characteristics of 2 and 3a are anisotropic, with a relatively
large separation between the ground state and the first excited
state, the magnetic characteristics must contemplate the

presence of an interaction operating between the Dy3+ pairs.
To this end, and with the knowledge of the crystal field
parameters from CASSCF, it is possible to evaluate the
interaction operating between the Dy3+ ions in 2 and 3a
employing the Lines model39 by fitting the magnetic
susceptibilities of the complexes.40 The Lines model employs
an isotropic exchange between the spin component of the
angular momenta (S = 5/2 for Dy3+) and the crystal field
parameters obtained via CASSCF calculations. The Hamil-
tonian has the form

H

J

g J J

S S

( )

i

i i
zDy lf J 0 B Dy(1) Dy(2)

Lines Dy(1) Dy(2)

= + +

+ (3)
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k k q k k
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q

lf 2,4,6,= = is the ligand field Hamil-
tonian expressed in the Steven’s operator, Ok

q is the Stevens
operator, and Bkq is the ligand field parameters. JDy(1) and SDy(1)

are the spin−orbit and spin-only states for Dy3+, respectively.
Fitting of χMT(T) yields JLines = 0.292(1) K (0.203(1) cm−1)
and 0.226(1) K (0.157(1) cm−1) for 2 and 3a, respectively
(see Figure 4). Fitting the χMT(T) for 1 also reveals an
antiferromagnetic interaction (JLines = 2.38(3) K (1.65(2)
cm−1)) operating between the ions.

A direct comparison between Jex and JLines is not possible;
however, the crossings between the antiferromagnetic ground
state and the ferromagnetic excited state are reproduced in the
Lines model and when considering the low-lying doublets and
the interaction obtained directly from the μSQUID analysis
(cf. Figures 7 and S18). The JLines can also be scaled to an mJ =
15/2 state, leading to values in excellent agreement with that
obtained directly from the μSQUID data JLines(mJ = 15/2) = 32
mK (0.022 cm−1) for 2 and JLines(mJ = 15/2) = 25 mK (0.017
cm−1) for 3a [cf. Jex = 36 mK (0.025 cm−1) and Jex = 26 mK
(0.018 cm−1) for 2 and for 3a, respectively]. Considering the
intramolecular Dy···Dy contact for both complexes (3.782(1)
Å for 2 and 3.7255(9) Å for 3a), the dipolar interaction is
found to be Dzz

dip = 20 mK (0.014 cm−1) for 2 and 21 mK
(0.015 cm−1) for 3a; hence, the interaction operating within
the complex might be solely dipolar. Note that a broad

Figure 7. Sub-Kelvin μSQUID loops: temperature (A,B) and sweep-rate hysteresis loops for 2 (A,C) and 3a (B,D).

Figure 8. Molecular structure of 2 (A) and 3a (B) with the main
magnetic axis (green arrows).

Figure 9. Energy diagram for 2 and 3a: Zeeman diagram (top) and
derivative of the field-sweep μSQUID loops (bottom) for 2 (A) and
for 3a (B). The broad transition centered to at +0.38 T corresponds
to relaxation via the direct process.
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https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03278?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03278?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03278?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03278?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03278?fig=fig9&ref=pdf


transition centered at +0.38 T is observed for 3a, which can be
ascribed to relaxation via the direct process.

Now, armed with an understanding of the electronic
properties of the complexes, it is possible to rationalize the
static and dynamic behavior. The single ion character of Dy3+
is responsible for the SMM characteristics in all complexes.
However, at the single-ion level, the magnetic characteristics of
these systems would be dominated by QTM, as is often
observed in μSQUID studies. In contrast for 2 and 3a, the
interaction between the Dy3+ pairs causes the zero-field QTM
process to shift away from zero fields to higher fields, as
evidenced by the S-shaped μSQUID loops. Note that the
ground-coupled state is not magnetic due to the antiferro-
magnetic interaction; hence, no SMM properties would be
expected in this situation. However, the separation between
the ground doublet in both systems is ca. 2 cm−1; thus, the first
excited of the coupled system is considerably populated even at
2 K (∼24%), causing the response observed in the AC data.
Moreover, AC data analysis shows that the barrier for 2 is
107(4) K (74(3) cm−1), which is smaller than the separation
of the first excited coupled state and the second excited
coupled state lying at ∼218 cm−1 above it. The lower Ueff along
with the τ(T) analysis demonstrate that under-barrier
processes play a major role in the relaxation characteristics of
2.41 In the case of 3a, a Ueff = 283(43) K (197(30) cm−1) value
was obtained. This indicates that relaxation in this coupled
system occurs between the first and second excited states of
the antiferromagnetically coupled system lying at ∼325 cm−1.
Furthermore, likewise, 2, in 3a, other relaxation pathways are
also operative, however, less prominently, as evidenced by their
contribution to the τ(T). The difference in the relaxation
characteristics for 2 and 3a can be a consequence of the ligand
fields in which the systems are embedded.

Based on the single-ion CASSCF calculations, it is possible
to observe that a higher purity of the ground state wave
function and the largest ground to first excited-state separation
is achieved for 2 compared to 3a (see Tables S6−S8). This
suggests better performance for 2 than 3a, which contrasts with
our experimental observations. A better insight into the
relaxation characteristic of the system can be gained by
delving into the transition matrix elements, acting as a proxy
for the relaxation. As can be observed in Tables S12−S14,
although 2 shows a larger purity of the wave function and
larger ground to first excited-state separation, the transition
matrix elements are larger for this compound than those found
for 3a, clearly highlighting a slower relaxation mechanism for
3a. These results are in line with the observed AC data for 3a,
which spans from 2 to 24 K (cf. 2 spanning from 2 to 13 K). In
the dimer, the fast active relaxation mechanisms would prompt
2 to relax through the second excited state of the coupled
system. Experimentally, a barrier of 107 K was obtained for 2,
which is much lower than the separation between the first
excited state and the second excited state, indicating that
under-barrier processes are operative.41 Conversely, the smaller
transition matrix elements in 3a showcase slower relaxation
characteristics than those in 2. A comparison of the
experimental barrier for 3a and the separation between the
first excited state of the antiferromagnetically coupled system
and the second excited state shows that in this system,
relaxation occurs through the second excited state. Based on
these findings, we can ascribe the relaxation characteristics to a
more axial ligand field in 3a compared to that in 2. Note that
although Dy3+ in 2 has a lower coordination number than in

3a, Dy3+ in 2 is highly irregular (see Figure 3 and the SHAPE
factor in the Supporting Information), while Dy3+ in 3a is
closer to a D3h geometry. This, along with the ligand field in
which Dy3+ is embedded, yields a better performance for 3a.

Similarly, the relaxation behavior of 1 arises from the
anisotropic character of the Dy3+ ions. Fitting the magnetic
data for this system also reveals an antiferromagnetic
interaction, while sub-Kelvin μSQUID studies reveal open
hysteresis loops. In general, the relaxation dynamics are faster
for this system (compared to 2 and 3a), as evidenced by the
τ(T) and χ″(ν;T) characteristics. In contrast, the open loops
observed in the μSQUID investigations are a direct
consequence of the noncollinear arrangement of the spins of
the ground-state properties, which can lead to an overall
ferromagnetic ground state.37 Overall, complex 1 exhibits less
prominent SMM behavior than binuclear dysprosium com-
plexes with similar multiple chloride-bridging bonds.42

Unfortunately, the complex nature of the system [two
distinctly oriented molecules residing in the unit cell] prevents
us from performing a quantitative analysis since the precise
direction of the applied magnetic field is unknown.

CONCLUSIONS
Dimeric mixed-ligand complexes of rare-earth elements ligated
by β-diketiminato and catecholate ligands were prepared by
salt metathesis in a two-step procedure. In each case,
catecholates act as bridging ligands. In dependence on the
steric demand of the β-diketiminato ligands, either nonsolvated
[L1Dy(μ-3,5-Cat)]2 (2) or THF-coordinated complexes
[L2Ln(μ-3,5-Cat)(THF)]2 (Ln = Dy (3a), Y (3b)) are
formed. The solid-state structures of all substances were
determined by single-crystal X-ray diffraction. Magnetic studies
reveal anisotropic SMM characteristics for the Dy3+ systems.
Sub-Kelvin μSQUID loops confirm the SMM behavior of the
system. While for 2 and 3a, the zero-field QTM process is
shifted to larger fields, thanks to the interaction between the
Dy3+ ions, for chloride-bridged dimer [L1ClDy(μ-
Cl)3DyL1(THF)] (1) open loops were found. The latter can
be ascribed to the noncollinear arrangements of the easy axes
of the Dy3+ ions, which can induce an overall ferromagnetic
ground state. Sterically hindered 3,5-di-tert-butyl-catecholates
were found to be effective bridges to build dinuclear lanthanide
SMMs, in which the bridging ligands and terminal β-
diketiminates possess a great potential to modulate intra-
molecular interactions and individual local symmetries to
enhance SMM properties.

EXPERIMENTAL SECTION
General Considerations. All manipulations of air-sensitive
materials were performed with the rigorous exclusion of oxygen and
moisture in flame-dried Schlenk-type glassware either on a dual-
manifold Schlenk line, interfaced to a high vacuum (10−3 mbar) line,
or in an argon-filled MBraun glovebox or Korea Kiyon KK-021AS
glovebox. THF was distilled under nitrogen from potassium
benzophenone ketyl prior to use. Hydrocarbon solvents (n-pentane,
n-heptane, and toluene) were dried using an MBraun solvent
purification system (SPS-800). All solvents for vacuum line
manipulations were stored in vacuo over the Na/K alloy in resealable
flasks. IR spectra were obtained on a Bruker FTIR Tensor 37 through
the attenuated total reflection method (ATR) (for 1 and 3a,b) and in
a KBr pellet by means of a FT-801 Fourier spectrometer (Simex) (for
2). Elemental analyses (CHN) were carried out with an Elementar
Micro Cube (for 1 and 3a,b) and a Euro EA 3000 analyzer
(EuroVector) (for 2). KH was purchased from Aldrich and used as



received. Anhydrous LnCl3,
43 KL1,44 and KL225 as well as

[L2LnCl2(THF)2] (Ln = Dy, Y)25 were prepared according to
literature procedures. Magnetic susceptibility data on solid samples
were collected by using a Quantum Design MPMS-XL SQUID
magnetometer. The data were obtained for microcrystalline samples
restrained within a polycarbonate gel capsule and corrected for the
underlying diamagnetism.
Synthesis of [L1ClDy(μ-Cl)3DyL1(THF)] (1). A mixture of DyCl3

(0.55 g, 2.0 mmol) and KL1 (0.92 g, 2.0 mmol) in THF (50 mL) was
stirred at 65 °C for 48 h. Then, THF was removed in vacuo, and the
residue was treated with toluene (40 mL). The resulting yellow-green
solution was filtered from KCl. The filtrate was concentrated to 15
mL, and 30 mL of n-pentane was carefully layered over the pale-
yellow-green solution in toluene. The resulting mixture was allowed to
store at room temperature. Within 3 weeks, pale-yellow-green X-ray-
suitable crystals of 1·C6H5CH3 were formed and collected by
filtration (1.07 g, yield 73%). Anal. calcd (%) for C69H98N4OCl4Dy2
(1466.34): C 56.52, H 6.74, N 3.82. Found C 56.51, H 7.36, N 3.81.
IR (ATR) ν, cm−1: 700(w), 729(w), 756(m), 798(m), 934(w),
1022(m), 1059(w), 1100(w), 1174(m), 1254(m), 1276(m),
1292(m), 1322(m), 1362(m), 1382(m), 1438(m), 1460(m),
1522(s), 1548(s), 1592(w), 1621(m), 2868(m), 2925(m), 2959(s).
Synthesis of [L1Dy(μ-3,5-Cat)]2 (2). A solution of 3,5-CatK2 in

THF (15 mL) (obtained by the exhaustive reduction of 3,5-DTBQ
(0.110 g, 0.5 mmol) with an excess of potassium) was added to
solutions of [L1ClDy(μ-Cl)3LnL1(THF)] (0.343 g; 0.25 mmol) in
THF (20 mL) resulting in the nearly colorless solutions and the
gradual precipitation of KCl. The mixtures were stirred for 48 h at
room temperature, and then KCl was removed by filtration. After
evaporation of THF to dryness, the residues were treated with n-
hexane (10 mL) two times. The following careful extraction with n-
hexane led to the formation of complex 2 (0.176 g, yield 44%) as pale-
yellow-green crystals suitable for X-ray analysis. Anal. calcd (%) for
C86H122N4O4Dy2 (1600.92): C 64.52, H 7.68, N 3.50. Found: C
63.94, H 7.43, N 3.45. IR ν, cm−1: 551(w), 595(w), 629(w), 666(m),
701(w), 757(m), 788(m), 812(m), 831(m), 849(w), 927(m), 973(s),
1024(m), 1056(w), 1106(m), 1170(s), 1203(w), 1235(m), 1254(s),
1316(s), 1362(s), 1383(s), 1393(s), 1412(s), 1437(s), 1460(s),
1512(s), 1552(s), 1584(w), 1623(s), 1645(m), 2867(s), 3059(w).
Synthesis of [L2Ln(μ-3,5-Cat)(THF)]2 (Ln = Dy (3a), Y (3b)). A

solution of 3,5-CatNa2 in THF (15 mL) (obtained by the exhaustive
reduction of 3,5-DTBQ (0.055 g, 0.25 mmol) with an excess of
sodium) was added to solutions of [L2LnCl2(THF)2] (Ln = Dy, 0.178
g; Y, 0.159 g; 0.25 mmol) in THF (20 mL) resulting in the nearly
colorless solutions and gradual precipitation of NaCl. The mixtures
were stirred for 48 h at room temperature, and then NaCl was
removed by filtration. The slow evaporation of THF from the filtrate
afforded the complexes 3a (0.067 g, yield 34%) and 3b (0.055 g, yield
31%), respectively, as nearly colorless crystals suitable for X-ray
analysis. These crystals were collected by filtration, carefully washed
with THF, and dried in vacuo. Following the procedure described for
2, further workup of the THF mother liquor gave another crop of the
corresponding complexes (nearly 15%), which crystallized in different
space groups like polymorph 3a′.

3a: Anal. calcd (%) for C82H114N4O6Dy2 (1576.81): C 62.46, H
7.29, N 3.55. Found: C 62.28, H 7.21, N 3.45. IR (ATR) ν, cm−1:
442(w), 478(w), 505(w), 532(w), 546(w), 568(w), 588(w), 635(w),
650(w), 667(w), 743(w), 768(w), 808(w), 827(w), 853(m), 876(w),
914(w), 964(m), 1024(m), 1072(w), 1112(w), 1144(m), 1172(w),
1194(m), 1231(m), 1252(s), 1308(m), 1381(s), 1414(s), 1437(s),
1476(s), 1524(s), 1550(s), 1624(w), 2858(s), 2918(s), 2945(s).

3b: Anal. calcd (%) for C82H114N4O6Y2 (1429.62): C 68.89, H
8.04, N 3.92. Found: C 68.82, H 7.96, N 3.77. IR (ATR) ν, cm−1:
446(w), 482(w), 505(w), 532(w), 546(w), 569(w), 590(w), 635(w),
650(w), 667(w), 743(w), 768(w), 808(w), 827(w), 854(m), 879(w),
914(w), 964(m), 1022(m), 1072(w), 1114(w), 1144(m), 1172(w),
1194(m), 1231(m), 1254(s), 1308(m), 1379(s), 1414(s), 1437(s),
1476(s), 1524(s), 1550(s), 1624(w), 2862(s), 2909(s), 2945(s).
X-ray Crystallographic Studies of 1−3. A suitable crystal was

covered with mineral oil (Aldrich) and mounted on a glass fiber. The

crystal was transferred directly to a cold stream of a Stoe IPDS 2 or
Stoe STADI-VARI diffractometer (1 and 3a,b).

All structures were solved by using SHELXS/T.45 The remaining
non-hydrogen atoms were located from difference in Fourier map
calculations. The refinements were carried out by using full-matrix
least-squares techniques on |F|2, using the program SHELXL-2013.45

Carbon-bonded hydrogen-atom positions were calculated. The
locations of the largest peaks in the final difference Fourier map
calculation, as well as the magnitude of the residual electron densities
in each case, were of no chemical significance.

The crystal structures of 2 and 3a′ were determined by X-ray
analysis in an essentially routine way on an Xcalibur diffractometer
(Agilent Technologies), using graphite-monochromated MoKα (λ =
0.71073 Å) radiation. The reflection intensities were measured by the
φ-scanning of narrow (0.5°) frames. Empirical absorption correction
was applied with the SCALE3 ABSPACK program.46 The structure
was solved by a direct method and refined with full-matrix least-
squares treatment against |F|2 in anisotropic approximation for non-
hydrogen atoms using SHELX 2014/7 in the ShelXle user surface.45,47

The phase purity of compounds 2 and 3a is evaluated and
confirmed using the powder-XRD technique with a STOE X-ray
Powder diffractometer (Cu Kα radiation (λ = 1.54184 Å) at 293 K).
The powdered samples were measured in the 0.5 mm thick capillaries.

Accession Codes
Deposition Numbers 1570433, 1570435−1570437, and
1570781 contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via the
joint Cambridge Crystallographic Data Centre (CCDC) and
Fachinformationszentrum Karlsruhe Access Structures service.
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