
Trinuclear and Hexanuclear Lanthanide(III) Complexes of the Chiral
3+3 Macrocycle: X‑ray Crystal Structures and Magnetic Properties

Tomasz Bereta,† Abhishake Mondal,‡,§,∥ Katarzyna Ślepokura,† Yan Peng,‡,§ Annie K. Powell,*,‡,§
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ABSTRACT: A new triphenolic hexaaza chiral macrocyclic amine L forms
trinuclear complexes 1−3 with rare earth metal lanthanide(III) ions (Ln = Dy, Eu,
and Y) with the general formula [Ln3L(μ3-OH)2(NO3)4(H2O)2]·xCH3OH. The
crystal structures of the nitrate derivatives of this type reveal the presence of a
{Ln3(μ3-OH)2} core within the macrocycle. For the chloride derivative of
dysprosium(III) 4, a duplex of the trinuclear compound is formed to give the
hexanuclear [Dy6L2(μ3-OH)3(μ3-O)(μ2-Cl)3Cl4(H2O)2] compound, in which
two trinuclear macrocyclic units are linked by bridging chloride anions,
supplemented by a hydrogen bond connecting the central oxo and hydroxo
bridges as well as by weak interactions at the periphery of the macrocycle. The
nuclear magnetic resonance spectra of these complexes reveal a dynamic behavior in solution related to exchange of axial ligands
and hindered rotation of phenyl substituents. Magnetic studies of the nitrate (1−3) and chloride (4) dysprosium(III)
complexes suggest the presence of weak ferromagnetic interactions between neighboring metal centers. The interaction is
strongest for compound 1, and for the related duplex compound 4, it appears to be somewhat weaker. The ac susceptibility
measurements for complexes 1 and 4 confirm their field-induced single-molecule magnet behavior with the following
characteristics: Ueff = 10.6 cm−1 (15.2 K), τ0 = 2.05 × 10−4 s under 2500 Oe dc fields for 1; Ueff = 7.9 cm−1 (11.4 K), τ0 = 1.68 ×
10−4 s under a 3000 Oe dc field for 4.

■ INTRODUCTION

Large macrocyclic ligands constitute a versatile platform for the
formation of multinuclear metal complexes, the binding of
lanthanide(III) ions, or the formation of metal complexes with
interesting magnetic properties.1 In particular, large macro-
cycles derived from diamines and aromatic dialdehydes can
form complexes with transition metal ions,2−4 lanthanide
ions,5−8 or mixed d−f complexes.9 Some time ago we
demonstrated that such ligands can also be used for the
formation of trinuclear lanthanide complexes.5 Thus, the
macrocyclic amine L′ derived from 3+3 condensation of
enantiopure trans-1,2-diaminocyclohexane and 2,6-diformyl-4-
methylphenol (Scheme 1) binds a lanthanide hydroxo cluster
Ln3(μ3-OH)2 in its center (Scheme 1). This ligand also
exhibits other binding modes toward lanthanide(III) ions and
can form also mono-7,8 and dinuclear5 lanthanide(III)
complexes. Importantly, ligands such as L′ allow for the
combination of the chiral environment, formation of a
polynuclear lanthanide(III) cluster, and the increased stability
of lanthanide complexes due to the macrocyclic effect. It
should be mentioned that polynuclear chiral complexes are
candidates for materials exhibiting magneto-chiral effects.10 It
is also worth mentioning that some polynuclear lanthanide(III)

complexes based on the Ln3(μ3-OH)2 core behave as single-
molecule magnets (SMMs)11 and that similar trinuclear
hydroxo-bridged structural motifs can also be found in d−f
magnetic materials.12 In particular, the o-vanillin complex
containing a {Dy3(μ3-OH)2} core was the first molecule to be
identified as having a toroidal and essentially nonmagnetic
ground state, crossing to single-molecule magnet with an
applied field or an increased temperature. The essentially
nonmagnetic ground state and toroidal magnetic moment are
associated with the chiral, propeller-like arrangements of the
individual dysprosium(III) magnetic moments.11 Furthermore,
recently it was shown that using 3d connectors is a useful
strategy for enhancing toroidal moments.12e,f

As has been shown by Tang et al., the trinuclear dysprosium
complexes of the ligand L′ containing the {Dy3(μ3-OH)2} unit
exhibit SMM behavior under an applied static magnetic field6

and the mononuclear dysprosium(III) complexes of this
macrocycle also show field-induced single-ion magnet
behavior.8
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Here we present the synthesis of a new 3+3 chiral
macrocycle L (Scheme 1) based on a different diamine, the
enantiopure (1R,2R)-1,2-diphenylethylenediamine, and discuss
the magnetic properties of its trinuclear dysprosium(III)
complexes. We also present the crystal structures and solution
characterization of the analogous europium(III) and yttrium-
(III) derivatives. In addition, we show that the chloride
derivative of the dysprosium(III) complex of L is a
hexanuclear13 complex, in which the dysprosium(III) ions
belonging to two different trinuclear macrocyclic units are
connected by additional chloride bridges.

■ RESULTS AND DISCUSSION

Synthesis. The macrocycle L (see Scheme 1) can be easily
obtained in a good yield in a fashion similar to that used for the
analogue with methyl rather than the current tert-butyl

substituent.2e The synthesis is based on a selective 3+3
condensation of enantiopure (1R,2R)-1,2-diphenylethylenedi-
amine with 2,6-diformyl-4-tert-butylphenol followed by sodium
borohydride reduction of the formed macrocyclic imine H3L″
into amine H3L (Figures S1 and S2). Macrocycle H3L readily
reacts with europium(III) or dysprosium(III) salts in solution
as confirmed by the presence of paramagnetically shifted lines
in the nuclear magnetic resonance (NMR) spectra of crude
mixtures. Without added base, we were not able to isolate pure
well-defined products from such solutions. On the other hand,
the addition of a base such as sodium hydroxide, potassium
hydroxide, or trimethylamine resulted in the formation of
crystalline products containing lanthanide(III) hydroxo
clusters.

Crystal Structures. The molecular structures of the
isomorphic [Ln3L(μ3-OH)2(NO3)4(H2O)2]·xCH3OH nitrate

Scheme 1. Trinuclear Lanthanide Complexes of Macrocycles L′ and L and Synthesis of the Macrocyclic Ligandsa

aAxial ligands and charges of complexes omitted for the sake of simplicity.
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derivatives [Ln = dysprosium(III) (1), x = 5.8; europium(III)
(2), x = 5.4; or yttrium(III) (3), x = 6.3] crystallize in space
group P21, and the chloride derivative [Dy6L2(μ3-OH)3(μ3-
O)(μ2-Cl)3Cl4(H2O)2]·3CH3OH·8H2O (4) crystallizes in
space group P41212 (Table 1; selected bond lengths, angles,
and Ln−Ln distances are listed in Table S1). Compounds 1−3
are isomorphic; thus, only compound 1 will be discussed in
detail. The structure of 1 shows an extended macrocycle L with
a helical conformation (Figure 1). The macrocycle adopts a
relatively flat conformation with approximate D3 symmetry.
The helical twist of the macrocycle is obvious from the
propeller arrangement of the three pyridine fragments. The
macrocycle L in this trinuclear complex binds each lanthanide-
(III) ion by two nitrogen atoms belonging to the same 1,2-
diphenylethylenediamine unit and by two phenolate oxygen
atoms, which act as a bridge between two lanthanide(III) ions.
All three lanthanide(III) ions are additionally bridged by two

μ3-hydroxo anions positioned above and below the plane of the
three Ln ions, forming an {Ln3(μ3-OH)2} core. The
coordination spheres of the lanthanide(III) ions are completed
by axial ligands, and the sets of these ligands are not equivalent.
One of the lanthanide(III) ions in trinuclear complexes 1−3 is
coordinated by two monodendate nitrate anions, while the
remaining two lanthanide(III) ions are coordinated by one
nitrate anion and water molecule. As a result of this axial
ligation, the whole complex is of approximate C2 symmetry as
was also found for the Dy3 triangle of Tang et al. Some of the
methanol solvent molecules, tert-butyl groups, phenyl groups,
and nitrate anions in the structure of the yttrium(III) complex
are disordered; additional disorder related to metal ion

positions is observed for the dysprosium(III) and europium-
(III) derivatives (see Experimental Section for details).
The coordination geometries around the metal centers were

analyzed for compound 1 using SHAPE.14 The continuous
shape measurements (CShM’s) are listed in Table S2, and
those with the smallest deviations from the idealized
coordination geometries are listed in Table 2. Compound 1
is highly disordered both for the ligands and for the
dysprosium(III) positions; thus, the coordination polyhedra
of the dysprosium(III) ions were analyzed using the atoms
with the largest occupation. As shown in Figure 2 and Table 2,
the eight-coordinate environments around the dysprosium(III)
ions in compound 1 are distorted from the ideal shapes. The
deviation values of Dy1 and Dy3 from the idealized square
antiprism (SAPR) geometry are 0.912 and 1.246, respectively,
and the deviation value of Dy2 from the triangular
dodecahedron (TDD) shape is 1.065.
The structure of the chloride derivative [Dy6L2(μ3-OH)3(μ3-

O)(μ2-Cl)3Cl4(H2O)2]·3CH3OH·8H2O (4) indicates a con-
nection between two macrocyclic trinuclear dysprosium(III)
units via chloride bridges (Figure 3). Each of these units
contains a trinuclear dysprosium(III) hydroxo cluster. The two
{Dy3} planes of the two macrocyclic units in 4 are almost
parallel to each other [the angle between them is equal to
0.57(2)°] with a distance between the centers of the two
{Dy3} triangles equal to 5.3670(6) Å. The distance between
the central bridging oxygen atoms belonging to the two
different units is equal to 2.95(2) Å, which is not consistent
with the presence of two μ3-OH hydroxo groups oriented in
such a way that O−H bonds point to the center of the

Table 1. Crystallographic Data of the Compoundsa

1 [Dy3L(μ3-
OH)2(NO3)4(H2O)2]·

5.8MeOH

2 [Eu3L(μ3-
OH)2(NO3)4(H2O)2]·

5.4MeOH

3 [Y3L(μ3-
OH)2(NO3)4(H2O)2]·

6.3MeOH
4 [Dy6L2(μ3-OH)3(μ3-O)(μ2-
Cl)3Cl4(H2O)2]·3MeOH·8H2O

CCDC No. 1501188 1501189 1501190 1501191

chemical formula C83.8H116.2Dy3N10O24.8 C83.4H114.6Eu3N10O24.4 C84.3H118.2N10O25.3Y3 C159H209Cl7Dy6N12O23

Mr 2147.96 2103.52 1943.21 3879.52

crystal system, space group monoclinic, P21 monoclinic, P21 monoclinic, P21 tetragonal, P41212

temperature (K) 100(2) 100(2) 130(2) 100(2)

a, b, c (Å) 11.607(6), 28.647(7),
14.940(5)

11.623(3), 28.722(4),
14.915(5)

11.747(3), 28.541(5),
14.939(3)

20.057(3), 20.057(3), 41.817(9)

α, β, γ (deg) 90, 108.77(3), 90 90, 108.85(3), 90 90, 109.36(3), 90 90, 90, 90

V (Å3) 4703(3) 4712(2) 4725.4(19) 16822(6)

Z 2 2 2 4

radiation type Mo Kα Mo Kα Mo Kα Mo Kα

μ (mm−1) 2.43 2.05 1.90 2.81

crystal size (mm) 0.23 × 0.18 × 0.13 0.38 × 0.23 × 0.08 0.43 × 0.26 × 0.17 0.20 × 0.11 × 0.10

diffractometer Agilent Technologies,
Xcalibur

Kuma KM4-CCD Kuma KM4-CCD Agilent Technologies, Xcalibur

absorption correction analytical analytical multiscan analytical

Tmin, Tmax 0.680, 0.787 0.564, 0.867 0.845, 1.000 0.653, 0.756

no. of measured, independent, and
observed [I > 2σ(I)] reflections

20837, 15570, 12105 32995, 17021, 11876 33538, 17367, 9696 31328, 18354, 14111

Rint 0.033 0.068 0.072 0.049

(sin θ/λ)max (Å
−1) 0.617 0.617 0.617 0.664

R[F2 > 2σ(F2)], wR(F2), S 0.058, 0.131, 1.05 0.072, 0.198, 1.04 0.058, 0.126, 1.00 0.051, 0.097, 1.01

no. of reflections 15570 17021 17367 18354

no. of parameters 1088 1117 1113 964

no. of restraints 143 847 100 16

Δρmax, Δρmin (e Å−3) 1.70, −1.67 1.93, −1.64 0.64, −0.69 0.80, −0.90

absolute structure parameter 0.002(8) 0.115(11) −0.005(5) −0.021(8)
aDetails in the crystallographic information file submitted to the Cambridge Crystallographic Data Centre.
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molecule. Instead, this distance indicates the presence of an
O−H···O hydrogen bonding situation. This is in accord with
the presence of seven chloride anions in the structure; the
charge balance requires that both trinuclear units cannot
contain {Dy3(μ3-OH)2} cores at the same time, and one of the
bridges has to be a μ3-oxo bridge. Thus, one macrocycle
contains a {Dy3(μ3-OH)2} core, and the other contains a
{Dy3(μ3-OH)(μ3-O)} core. These two variants cannot be
distinguished in the crystal structure. In addition to the
hydrogen bonding, the two trinuclear macrocyclic units are
also connected by bridging ligands; three chloride anions are
sandwiched between two macrocycles and bridge three pairs of
dysprosium(III) ions belonging to different macrocycles. Each
dysprosium(III) ion is bound to the macrocycle by two
nitrogen atoms and two bridging phenolate oxygen atoms in
the same manner as in the nitrate derivative discussed above.
The coordination spheres of the six dysprosium(III) ions are

completed by the outer axial ligands resulting in a N2Cl2O4

donor set for each dysprosium(III) ion, except one disordered
position with a N2ClO5 donor set. One metal ion of each
trinuclear unit is coordinated by an outer chloride anion, while
the positions of the outer ligands of the remaining two
dysprosium(III) ions are disordered and are occupied by the
coordinated water molecules and chloride anions (with a site
occupancy of ∼0.5 each).
The geometries around the eight-coordinated dysprosium-

(III) ions are irregular (Figure 2 and Table 2). In compound 4,
the coordination spheres of Dy1 and Dy3 ions also adopt
deformed square antiprism geometries, and the chemical
environment around Dy2 can be described as a triangular
dodecahedron (regardless of the ligand, i.e., Cl− ion or H2O
molecule, present in the disordered coordination sphere). The
SHAPE analysis for dysprosium(III) ions in compound 4
indicates greater distortion compared with that of compound
1, which is confirmed by the deviation values from the
corresponding idealized coordination geometries regardless of
whether the ligand is a chloride or H2O molecule (see Table 2
and Table S2)
The trinuclear macrocyclic units in 4 are of approximate C3

symmetry ignoring the disordered axial ligands. The
conformation of the macrocycle is not affected much by
dimer formation and is similar to that observed for the nitrate
derivative.
The structure of this chloride derivative corresponding to

the dimer of the trinuclear dysprosium(III) complex of L is
very different from that of the chloride derivative of the
yttrium(III) complex of L′,5 where the trinuclear macrocyclic
units [Y3L′Cl3(μ3-OH)2(MeOH)(H2O)2]

+ are not organized
into chloride-bridged dimers. This difference is unlikely to
result from the different coordination preferences of the

Figure 1. Top and side views of the [Dy3L(μ3-OH)2(NO3)4(H2O)2]
complex in compound 1 [axial ligands and disorder omitted,
dysprosium(III) ions indicated as turquoise spheres].

Table 2. Continuous Shape Measurements (CShM’s) for DyIII Ions in ML8 Fragments in Compounds 1 and 4a

compound 1 compound 4

ideal reference polyhedronb Dy1 Dy2 Dy3 Dy1c Dy1d Dy2c Dy2d Dy3

BTPR (C2v) 1.730 2.000 1.425 2.288 1.935 2.234 1.618 2.225

TDD (D2d) 1.789 1.065 1.511 2.095 1.955 1.759 1.538 1.945

SAPR (D4d) 0.912 2.032 1.246 1.648 1.599 1.875 1.829 1.554

aOnly those with the smallest deviations from the idealized coordination geometries are given. For the full analysis, see Table S2. bAbbreviations:
BTPR, biaugmented trigonal prism; TDD, triangular dodecahedron; SAPR, square antiprism. cCl− as a ligand in the disordered coordination sphere
dH2O as a ligand in the disordered coordination sphere

Figure 2. Coordination polyhedra of dysprosium(III) ions in
compounds 1 (top) and 4 (bottom).
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dysprosium(III) and yttrium(III) ions, because these two ions
possess very similar sizes and chemical properties. The
difference in dimer formation more likely arises from the
different structure of macrocycles L and L′, the former having a
more extended hydrocarbon periphery. The trinuclear macro-
cyclic unit [Dy3L(μ3-OH)2]

4+ has a polar core and nonpolar
periphery; organization of such units into dimers results in
close contacts of the outer hydrocarbon parts of the two
macrocycles and additional stabilization of the macrocyclic
dimer via weak C−H···π interactions and other van der Waals
interactions (Figure 4).
NMR and Circular Dichroism (CD) Spectra. The NMR

spectra of the paramagnetic dysprosium(III) complexes in all
solvents studied are complicated, and the signals are severely
broadened, often beyond detection. To characterize the
trinuclear complexes in solution, we have undertaken the
study of the diamagnetic YIII derivative 3, as well as the
paramagnetic EuIII derivative 2, because EuIII ions give rise to
longer proton relaxation times in comparison with those with
DyIII and hence narrower NMR lines. Nevertheless, the spectra
of the [Y3L(μ3-OH)2(NO3)3]NO3·9H2O and [Eu3L(μ3-
OH)2(NO3)3]NO3·8H2O complexes in organic solvents such
as CD3OD and CDCl3 are complicated and are not in accord
with symmetrical complexes. On the other hand, the spectra
recorded for these two complexes in methanol with a small

admixture of water or in DMSO-d6 are simplified and are in
agreement with an effective D3 symmetry of the trinuclear
complexes (Figure 5 and Figures S3−S6). The signals of the

diamagnetic yttrium(III) complex are clearly broadened by a
dynamic process. Similarly, the signals of the paramagnetic
europium(III) complex are broader than those observed for
similar macrocyclic europium(III) complexes, indicating that
this broadening is not due to only a paramagnetic effect. The
main effect leading to effective D3 symmetry is related to water
coordination at axial positions. As indicated by the structures
of crystals grown form methanol, the axial positions in the
discussed trinuclear complexes are occupied by solvent
molecules and by nitrate anions in a variable fashion. It is
likely that in the mixed CD3OD/D2O solvent water molecules
are dominant axial ligands and that these molecules are
exchanged in a dynamic process. This process is not fast
enough for the dysprosium(III) derivatives [Dy3L(μ3-
OH)2(NO3)4(H2O)2] and [Dy6L2(μ3-OH)3(μ3-O)(μ2-
Cl)3Cl4(H2O)2] to result in a fast exchange regime on the
NMR time scale because of much larger differences in chemical
shifts for these complexes.
The variable-temperature 1H NMR data for the [Y3L(μ3-

OH)2(NO3)3]NO3·9H2O complex show that the signals

Figure 3. Top and side views of the hexanuclear [Dy6L2(μ3-OH)3(μ3-
O)(μ2-Cl)3Cl4(H2O)2] complex in compound 4 (disorder omitted).

Figure 4. Side view of the hexanuclear [Dy6L2(μ3-OH)3(μ3-O)(μ2-
Cl)3Cl4(H2O)2] complex in compound 4 in space-fill representation
showing contacts among the tert-butyl and phenyl groups belonging
to the two macrocyclic units.

Figure 5. 1H NMR spectrum of the [Y3L(μ3-OH)2(NO3)3]NO3·

9H2O complex (3) (500 MHz, 300 K, CD3OD/D2O). The asterisk
denotes the solvent signal.
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observed at 300 K are averaged signals of less symmetrical
species (Figure 6). At lower temperatures, at least two

processes are indicated. The first one is a restricted rotation
of phenyl rings giving rise to the observation of five main
signals of these rings. The second effect is slowing axial ligand
exchange, which gives rise to the observation of signals of
minor species.
The chiral nature of the studied complexes is reflected in

their CD spectra. This is illustrated by the spectra (Figure 7) of

dysprosium(III) complex 1 and enantiomeric complex 1b,
where the macrocyclic ligand is based on the (1S,2S)-1,2-
diphenylethylenediamine building blocks instead of (1R,2R)-
1,2-diphenylethylenediamine. As expected, the two enan-
tiomers give rise to mirror signals for the ligand transitions
in the ultraviolet region; in addition, a weak f−f transition is
observed in the visible region. In comparison, the CD spectra
of yttrium(III) complex 3 and enantiomeric complex 3b
(Figure S7) show similar ligand transitions but do not exhibit
f−f transitions as expected.
Magnetic Properties of Compounds 1 and 4. As some

of the tri- and hexanuclear dysprosium clusters6,11,15,17 show
SMM behavior, we were interested in studying the magnetic
properties of compounds 1 and 4. The dc magnetic
susceptibility data for compounds 1 and were collected in

the temperature range of 1.8−300 K under a 1000 Oe field
(Figure 8).

Compound 1 [Dy3L(μ3-OH)2(NO3)4(H2O)2]·5.8CH3OH. At
300 K, the χT product of 1 is 39.48 cm3 mol−1 K (Figure 8),
close to the expected value of 42.51 cm3 mol−1 K for three
noncoupled dysprosium(III) metal ions (6H15/2; S =

5/2, L = 5,
g = 4/3). Upon cooling, the χT product decreases smoothly to a
value of 36.87 cm3 mol−1 K at 35 K. Then the χT product
increases to a maximum value of 41.68 cm3 mol−1 K at 3.2 K.
This low-temperature increase suggests the presence of weak
ferromagnetic exchange interaction between the constituent
dysprosium(III) ions.11o Finally, the χT product decreases to
40.72 cm3 mol−1 K at 1.8 K, indicating the depopulation of
excited Stark sublevels.16 Magnetization (M) data were
collected over the 0−70 kOe field range at different
temperatures. The nonsuperposition of the M versus H/T
data (Figure S8) suggests the presence of a significant
magnetic anisotropy and/or low-lying excited states. The
magnetization increases rapidly at low field to reach a value of
16.64 μB at 70 kOe (Figure S8) without clear saturation. This
value is much lower than the expected saturation value of ∼30
μB for three noninteracting dysprosium(III) ions, most likely
due to the crystal field effect at the dysprosium(III) ion that
eliminates the 16-fold degeneracy of the 6H15/2 ground state.
Due to the presence of magnetic anisotropy, slow relaxation

of the magnetization for compound 1 was probed under a zero
dc field using ac susceptibility measurements as a function of
temperature at different frequencies. This compound exhibits a
broad and relatively strong non-zero out-of-phase ac
susceptibility signal (Figure S10). However, clear maxima for
the out-of-phase signals could not be observed above 1.8 K at
the maximum frequency of 1500 Hz that could be obtained on
our SQUID, which could be the result of quantum tunneling
resonance at a zero dc field or the presence of several
relaxation processes with very close energy barriers and
blocking temperatures. Nevertheless, the frequency-dependent
out-of-phase ac susceptibility signals indicate that this
compound exhibits slow magnetic relaxation, and to probe
these further, measurements under different applied static (dc)
fields were performed.
In cases in which zero-field quantum tunneling processes are

dominant, the application of a dc field can shift the maxima of
the out-of-phase signals into the frequency window available
on most SQUIDs. Thus, to short-cut the quantum relaxation
pathway in a zero field and to estimate the relaxation time

Figure 6. Temperature dependence of the 1H NMR shifts of aromatic
signals of the [Y3L(μ3-OH)2(NO3)3]NO3·9H2O complex (500 MHz,
CD3OD/D2O).

Figure 7. CD spectra (CH3OH/H2O) of enantiomeric dysprosium-
(III) complexes 1 of the all-R configuration (green) and 1b of the all-
S configuration (blue).

Figure 8. Plots of χT vs T for compounds 1 and 4 under a 1000 Oe
dc field.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03266
Inorg. Chem. 2019, 58, 4201−4213

4206

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03266/suppl_file/ic8b03266_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03266/suppl_file/ic8b03266_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03266/suppl_file/ic8b03266_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03266/suppl_file/ic8b03266_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03266


above 1.8 K, different dc fields were applied and the ac
susceptibility was measured at 1.85 K (Figure 9).

The out-of-phase and in-phase ac susceptibilities had a
strong frequency dependence when an external dc field (Figure
10) was applied. The whole set of data [χ″ vs ν at different

fields (H)] could be fitted using a generalized Debye model;18

therefore, the characteristic relaxation frequency was deduced
from the maximum of the χ″ versus ν data. An optimum field
of ∼2500 Oe was identified from these data (Figure S11). The
ac susceptibility as a function of the frequency at different
temperatures and as a function of the temperature at different
frequencies has been thus measured at this optimum dc field
(2500 Oe) to follow the temperature dependence of the
relaxation time (Figure 10). This feature (shape and frequency
dependence) demonstrates by itself that this compound is a
SMM but that in a zero dc field the relaxation of the
magnetization is too fast to be observed (probably due to
QTM). Due to the broad shape of these curves, it is not very
easy to find the maxima from χ″ versus ν. Therefore, the
Cole−Cole plots were fitted by CC-Fit19 using a one-process
Debye model and gave α values ranging from 0.50 to 0.56 at
2.4−5.5 K. No reasonable parameters were obtained using a
two-process Debye model. The result indicates a wide
distribution of the relaxation time or dual relaxation processes.
The data extracted from the Cole−Cole plots were analyzed
using an Arrhenius law. This law is valid for only these data
between 4.0 and 5.5 K where we can find an energy barrier Ueff

of 10.6 cm−1 (15.2 K) with a pre-exponential relaxation time,
τ0, of 2.05 × 10−4 s (Figure 11). The relaxation at low
temperatures is not dominated by the Orbach process; thus,
the relaxation process was fitted with the multiple-relaxation
equation τ−1 = τ0

−1 exp(−Ueff/KBT) + CTn + τQTM
−1.20 The

best fit gives an effective energy barrier Ueff of 10.6 cm−1 (15.2
K), a τ0 of 2.05 × 10−4 s, a typical Raman exponent parameter
n of 3.6, a C of 0.58 s−1 K−3.6, and a τQTM of 4.5 × 10−2 s
(Figure 11).

Compound 4 [Dy6L2(μ3-OH)3(μ3-O)(μ2-Cl)3Cl4(H2O)2]·
3CH3OH·8H2O. The temperature dependence of χT for 4 is
broadly similar to that of 1 but with doubled values as a result
of the presence of six rather than three dysprosium(III) ions.

Figure 9. Frequency dependence of the real (χ′, top) and imaginary
(χ″, bottom) components of the ac susceptibility for a polycrystalline
sample of 1 at different dc fields between 500 and 3000 Oe at 1.85 K.
Solid lines are guides.

Figure 10. Temperature (left) and frequency (right) dependence of the real (χ′, top) and imaginary (χ″, bottom) components of the ac
susceptibility at different ac frequencies between 1 and 1500 Hz and different temperatures between 1.8 and 10 K, respectively, with a 3 Oe ac field
for a polycrystalline sample of 1 in a 2500 Oe dc field.
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The χT value of 82.87 cm3 mol−1 K at 300 K is in line with the
expected value of 85.02 cm3 mol−1 K for six independent
dysprosium(III) ions. The χT value decreases steadily to reach
78.23 cm3 K mol−1 at 50 K (Figure 8) and then increases to a
maximum value of 78.81 cm3 mol−1 K at 8.4 K. This low-
temperature increase suggests the presence of weak ferromag-
netic exchange interaction between the constituent
dysprosium(III) ions.11h With a further decrease in temper-
ature, the χT drops abruptly to a minimum value of 63.98 cm3

K mol−1 at 1.85 K, indicating depopulation of excited Stark
sublevels.
The magnetization for complex 4 at different temperatures

(2−5 K) reaches a maximum value of 35.11 μB at 70 kOe,
without showing true saturation (Figure S9). This is noticeably
lower than the theoretical value for six dysprosium(III) ions
(∼60 μB), indicating a much smaller effective spin and also
significant magnetic anisotropy in 4, and is in line with what
has been observed in other Dy6 systems.13

Due to the presence of magnetic anisotropy, the magnet-
ization relaxation of 4 has also been probed under zero dc
fields using ac susceptibility measurements as a function of
temperature at different frequencies (Figure S12). Both in-
phase and out-of-phase components of ac susceptibility are
strongly frequency-dependent below 12 K for ac frequencies of
≤1500 Hz as expected in the presence of the slow relaxation of
the magnetization. A clear maximum of the out-of-phase signal
could not be observed above 1.8 K even at a frequency of 1500
Hz (Figure S12), and again the behavior was probed further by
performing measurements with applied dc fields at 1.85 K
(Figure 12). From these ac measurements and the field
variation of the characteristic frequency, it was found that
quantum effects are minimized around 3000 Oe as shown by
the minimum of the characteristic frequency of the system at
this dc field (Figure S13). Therefore, the ac susceptibility was
measured at 3000 Oe at different temperatures and ac
frequencies (Figure 13). To inspect the distribution of the
relaxation time, the Cole−Cole plots were scrutinized for
compound 4 (Figure 14, left) using CC-Fit software.19 The
data can be fitted using a generalized Debye model with α
values in the range of 0.50−0.57 (Supporting Information) at
3.0−5.5 K, which indicates a wide distribution of relaxation
times or dual relaxation processes. No reasonable parameters
were obtained using a two-process Debye model. The
relaxation times extracted from CC-Fit were used to construct
the Arrhenius plot shown in the right panel of Figure 14. A

thermally activated behavior with an energy barrier of ∼7.9
cm−1 (11.4 K) and a pre-exponential factor τ0 of ∼1.68 × 10−4

s can be found.
The type of behavior seen for 1 and 4 has been identified as

an intrinsic property of some molecules containing several
magnetic centers.11,13,15 For some Dy3 and Dy6 systems,
toroidal moments have been identified,11,13 and we checked for
this possibility by plotting dM/dH for compounds 1 and 4
(Figure S14). The lack of maxima for these indicates the
absence of toroidicity.13i

■ CONCLUSIONS

The new 3+3 chiral macrocycle L based on (1R,2R)-1,2-
diphenylethylenediamine is able to bind rare earth (Dy, Eu, or
Y) ions. The X-ray crystal structures of the obtained complexes
indicate the presence of trinuclear hydroxo-bridged clusters in

Figure 11. Cole−Cole plots of 1 at the indicated temperatures (solid lines for fitting) (left) and temperature dependence of the magnetization
relaxation time as τ vs T−1 for 1 at a 2500 Oe dc field (right). The blue line indicates the Orbach process, and the red line the QTM, Raman, and
Orbach processes.

Figure 12. Frequency dependence of the real (χ′, top) and imaginary
(χ″, bottom) components of the ac susceptibility for a polycrystalline
sample of 4 at different dc fields between 500 and 3000 Oe at 1.85 K.
Solid lines are guides.
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the center of the macrocycle. The replacement of nitrate
counteranions by chloride anions results in a profound
structural change, i.e., dimerization of the trinuclear macro-
cyclic units via chloride bridges and an O−H···O bond. The
solid-state structures also show the presence of variable sets of
additional axial ligands (solvent molecules or anions), while
NMR spectra indicate dynamic exchange of these axial ligands
in solution. The magnetic studies of the trinuclear dysprosium-
(III) compound 1 and hexanuclear dysprosium(III) compound
4 suggest the weak ferromagnetic interactions between
neighboring metal ions. In addition, compounds 1 and 4
show slow relaxation, which suggests SMM behavior.

■ EXPERIMENTAL SECTION

Synthesis. The 3+3 Macrocyclic Schiff Base Precursor H3L″. The
solution of 2.06 g (10 mmol) of (1R,2R)-1,2-diphenylethylenedi-
amine in 50 mL of acetonitrile was combined with the solution of 2.12
g (10 mmol) of 2,6-diformyl-4-tert-butylphenol in 30 mL of
acetonitrile. The mixture was vigorously stirred for 45 min, and the

yellow precipitate was filtered, washed with 20 mL of cold acetonitrile,
and dried. Yield: 89%, 3.47 g. Anal. Calcd for C78H80N6O4: N, 7.21;
C, 80.36; H, 6.92. Found: N, 7.21; C, 80.56; H, 6.93. ESI-MS: L + H+

m/z 1147.6, L + 2H+ m/z 574.3. 1H NMR (CDCl3, 500 MHz): δH
1.22 (27H, s), 1.66 (NH, s), 4.74 (3H, d, J = 9.25 Hz), 4.81 (3H, d, J
= 9.25 Hz), 7.07−7.22 (30H + 3H, m), 8.04 (3H, s), 8.45 (3H, s),
8.89 (3H, s), 13.86 (3H, s).

The enantiomeric 3+3 macrocyclic Schiff base precursor H3L″b has
been prepared in an analogous way starting from (1S,2S)-1,2-
diphenylethylenediamine instead of (1R,2R)-1,2-diphenylethylenedi-
amine.

Macrocycle H3L. First, 3.0 g (2.6 mmol) of the precursor
macrocycle H3L″ was dissolved in the chloroform/methanol mixture.
The solution was placed on an ice bath, and 1.2 g (31 mmol) of solid
sodium borohydride was gradually added under a N2 atmosphere. The
mixture was warmed to room temperature, stirred for 24 h, and
evaporated to dryness. The residue was suspended in water and
extracted with chloroform. The organic phase was evaporated to
dryness. Yield: 2.41 g, 75%, 1.93 mmol, 2.41 g. Anal. Calcd for
C78H90N6O3·

3/4CHCl3·
1/2H2O: N, 6.68; C, 75.18; H, 7.35. Found:

N, 6.50; C, 75.17; H, 7.32. ESI-MS: m/z 1159.7 {H3L″ + H+}+. 1H

Figure 13. Temperature (left) and frequency (right) dependence of the real (χ′, top) and imaginary (χ″, bottom) components of the ac
susceptibility at different ac frequencies between 1 and 1500 Hz and different temperatures between 1.8 and 10 K, respectively, with a 3 Oe ac field
for a polycrystalline sample of 4 in a 3000 Oe dc field.

Figure 14. Cole−Cole plots of 4 at the indicated temperatures (solid lines for fitting, left) and temperature dependence of the magnetization
relaxation time as τ vs T−1 for 4 at a 3000 Oe dc field (right).
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NMR (CDCl3, 500 MHz): δH 1.13 (27H, s), 2.76 (6H, s), 3.60 (6H,
d, J = 13.26 Hz), 3.81 (6H, d, J = 13.26 Hz), 3.85 (6H, s), 6.73 (6H,
s), 7.12 (30H, m), 10.51 (3H, s).
The enantiomeric macrocycle H3Lb has been prepared in an

analogous way starting from H3L″b.
[Dy3L(μ3-OH)2(NO3)3]NO3·8H2O (1). First, 115.9 mg (0.1 mmol) of

H3L was dissolved in 5 mL of methanol and mixed with the solution
of 131.6 mg (0.3 mmol) of Dy(NO3)3·5H2O under a N2 atmosphere.
Then, 50.6 mg (0.5 mmol) of trietylamine was added to the resulting
clear yellow solution, the mixture stirred for 30 min, and the solution
left to stand for 48 h. The formed colorless crystals of X-ray quality
were collected and dried in air. Yield: 124 mg, 61%. Anal. Calcd for
C78H105N10O25Dy3: C, 45.25; N, 6.77; H, 5.11. Found: C, 44.83; N,
6.55; H, 5.15. 1H NMR (95:5 MeOD:D2O, 500 MHz): δH 22.6, 28.9,
52.2, 62.7, 74.4. ESI-MS: m/z 901.2 [Dy3L(μ3-OH)2(NO3)2]

2+.
The enantiomeric complex 1b has been prepared in an analogous

way starting from macrocycle H3Lb.
[Eu3L(μ3-OH)2(NO3)3]NO3·8H2O (2). The title compound was

obtained in a similar fashion in 54% yield (106 mg). Anal. Calcd
for C78H105N10O25Eu3: N, 6.80; C, 46.09; H, 5.27. Found: N, 6.65; C,
46.12; H, 4.77. ESI-MS: m/z 885.2 [Eu3L(μ3-OH)2(NO3)2]

2+. 1H
NMR (95:5 MeOD:D2O, 500 MHz): δH −19.72, −17.38, −8.38,
−1.90, −0.98, 4.50, 4.89, 26.18.
[Y3L(μ3-OH)2(NO3)3]NO3·9H2O (3). The title compound was

obtained in a similar fashion in 51.4% yield (96 mg). Anal. Calcd
for C78H107N10O26Y3: N, 7.50; C, 50.17; H, 5.78. Found: N, 7.42; C,
50.21; H, 5.71. 1H NMR (95:5 MeOD:D2O, 300 MHz): δH 1.00
(27H, s), 2.77 (NH), 3.09 (6H, d, J = 11.9 Hz), 4.06 (6H, d, J = 6.4
Hz), 4.32 (6H, t, J = 10.1 Hz), 6.41 (6H, s), 7.09 (12H, m), 7.20
(18H, m). ESI-MS: m/z 790.2 [Y3L(μ3-OH)2(NO3)2]

2+, 1642.4
[Y3L(μ3-OH)2(NO3)3]

+.
The enantiomeric complex 3b has been prepared in an analogous

way starting from the all-S macrocycle H3Lb.
The deuterated form of complex 3, d6-[Y3L(μ3-OH)2(NO3)3]NO3·

9H2O, with deuterated amine positions was prepared in deuterated
methanol first by stirring H3L for 5 h in CD3OD and then proceeding
in analogous way as for nondeuterated 3.
[Dy6L2(μ3-OH)3(μ3-O)(μ2-Cl)3Cl4(H2O)2]·14H2O (4). The title com-

pound was obtained in a similar fashion as the nitrate derivative
starting form DyCl3·6H2O. Yield: 112 mg, 58%. Anal. Calcd for
C156H205Cl7N12O24Dy6: N, 4.36; C, 48.60; H, 5.36. Found: N, 4.21;
C, 48.52; H, 5.13. ESI-MS: m/z 892.2 [Dy3L(μ3-OH)2Cl2(H2O)2]

2+,
874.2 [Dy3L(μ3-OH)2Cl2]

2+. 1H NMR (95:5 MeOD:D2O, 500
MHz): δH 22.8, 28.7, 48.3, 55.5, 59.3, 70.0.
Measurements. The NMR spectra were recorded on a Bruker

Avance 500 spectrometer. The CD spectra were measured on a Jasco
J-715 spectropolarimeter. MS data were obtained on Bruker
microOTOF-Q and apex ultra FT-ICR instruments using positive
electrospray ionization mode. The elemental analyses were carried out
on a PerkinElmer 2400 CHN elemental analyzer.
The dc magnetic susceptibility measurements were carried out with

a Quantum Design MPMS XL-7 SQUID magnetometer in the
temperature range of 1.8−300 K with applied magnetic fields of 1000
Oe on crushed crystalline samples of complex 1 and complex 4, with
masses of 18.84 and 13.82 mg, respectively. To prevent the torqueing,
the samples were restrained in a drop of Paratone-N oil (7.81 mg for
complex 1 and 5.34 mg for complex 4). The ac susceptibility
measurements in a zero dc field and a dc field of 2500 Oe (for 1) and
3000 Oe (for 4) were performed under a 3 Oe ac field oscillating at
frequencies from 1 to 1500 Hz. All data were corrected for the sample
holders and Paratone-N oil previously measured and for the
diamagnetic contributions of the samples as deduced by using
Pascal’s constant tables.
Crystallographic Studies. Crystals of 1−4 Were Grown from

Methanol. The crystallographic measurements were performed at
100(2)−130(2) K on κ-geometry four-circle diffractometers with
graphite-monochromatized Mo Kα radiation (see details in Table 1).
Data were corrected for Lorentz and polarization effects. Data
collection, cell refinement, data reduction, and analysis were carried
out with CrysAlis PRO or CrysAlis CCD and CrysAlis RED,

respectively.21 Analytical or empirical (multiscan) absorption
correction was applied to the data using CrysAlis PRO or CrysAlis
RED.

Structures of 2 and 4 were determined by direct methods using the
SHELXS-97 program22 and refined on F2 by a full-matrix least-squares
technique using SHELXL-201423 with anisotropic thermal parameters
for the ordered and fully occupied non-H atoms. Structures of 1 and 3
are isomorphous with 2; therefore, their refinements were started by
using the coordinates of ordered heavy atoms taken from the
europium complex. Some of the partially occupied positions were also
refined anisotropically.

High maxima close to the LnIII atoms were observed in the final
difference Fourier maps of 1 and 2. Therefore, their finally accepted
models assume Ln atoms slightly disordered over three (for Dy in 1)
and four (for Eu in 2) sites [SOFs of 0.925(2), 0.0419(14), and
0.0333(12) in 1 and 0.878(4), 0.054(3), 0.040(3), and 0.030(2) in
2]. The respective Ln positions were refined with linear restraints
applied to their occupancies, with the SOFs summing to unity
(SUMP instruction in SHELXL-2014).

Dimeric complex in 4 lies in a special position, on a 2-fold axis, with
one macrocyclic trinuclear unit with its axial ligands in the asymmetric
part (one of three bridging chloride anions lies on the 2-fold axis).
Dysprosium(III) cations from the two macrocyclic clusters are linked
by the Cl− anions, and the additional linking is provided by O−H···O
interaction formed between the OH group from one unit and O2−

from the other. Thus, the hydroxyl H atom position was refined with a
SOF of 0.5, and the model assumes the presence of Dy3(μ3-OH)2 and
Dy3(μ3-OH)(μ3-O) clusters in the two macrocyclic units of the dimer.
Two of three positions of the outer axial ligands in each monomeric
unit are disordered and are occupied by water molecules and chloride
anions, each with a SOF of ∼0.5. In the final model, the positions of
partially occupied chloride anions were refined with linear restraints
applied to their occupancies, with the SOFs summing to unity
(SUMP instructions). The final accepted formula for 4 is [Dy6L2(μ3-
OH)3(μ3-O)(μ2-Cl)3Cl4(H2O)2]·3CH3OH·8H2O, although the type
and number of solvent molecules should be treated as a rough
approximation.

In addition, some of the groups in 1−4 were found to be
disordered (one t-Bu, two nitrate ions, and one MeOH molecule in 1,
two t-Bu groups, two NO3

− ions, and two MeOH molecules in 2, one
t-BuPh, one phenyl, one nitrate, and one MeOH in 3, and one phenyl
in 4) and refined isotropically in two positions each, with SOFs of the
respective position given in the CIF file deposited at the Cambridge
Crystallographic Data Centre (Table 1). Some of the positions of
MeOH molecules in 1−3 and most of the positions of water O atoms
in 4 are not fully occupied.

All H atoms in 1−4 were included using geometrical considerations
or were found in difference Fourier maps. In the final refinement
cycles, all C- and N-bound H atoms as well as hydroxyl H atoms were
repositioned in their calculated positions and refined using a riding
model, with O−H distances of 0.84−1.00 Å, N−H distances of 1.00
Å, and C−H distances of 0.95−1.00 Å and with Uiso(H) =
1.2Ueq(O,N,C) for μ3-OH, NH, CH, and CH2 and Uiso(H) =
1.5Ueq(O,C) for MeOH and CH3. Water H atoms in 1−3 were
refined with O−H bond lengths restrained to 0.840(2) Å and with
Uiso(H) = 1.5Ueq(O) and were then constrained to ride on their
parent atoms (AFIX 3 instructions). Additionally, the H···H distances
in the water molecules were restrained to 1.380(2) Å. Water H atoms
in 4 were not found in difference Fourier maps.

Some geometrical restraints (DFIX, SAME instructions), restraints
on anisotropic displacement parameters (SIMU instructions), and
constraints on the fractional coordinates and anisotropic displacement
parameters (EXYZ and EADP instructions) were applied in the
refinement procedures if appropriate. Figures presenting the
molecular structures were made using the Mercury program.24 Details
are given in the crystallographic information files deposited at the
Cambridge Crystallographic Data Centre. Metric parameters for the
coordination polyhedra of the selected metal centers (Dy in 1 and Dy
in 4) were analyzed using SHAPE.14
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