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ABSTRACT: The construction of metallosupramolecular complexes toward
interesting topological structures is a critical challenge for chemists. The
fluctuation in the synthetic strategy, by keeping the same metal−ligand
combination, has proved a very significant approach to construct metal-
losupramolecular architectures. Herein, by varying the reaction conditions
four new DyIII-supramolecular complexes based on a flexible dihydrazone
ligand H2L (H2L = bis(2-hydroxy-3-methoxybenzylidene)adipohydrazide) in
cooperation with different anions and solvents having formulas [Dy4L4(μ2-
N3)2](NO3)2·6CH3OH·2H2O (1), [Dy8L8(μ2-CH3OH)4]Cl8·6CH3OH·
14H2O (2), [Dy12L12(μ2-OH)2(OH)6(CH3O)2](NO3)2·2CH3OH·14H2O
(3), and [Dy12L12(μ2-OH)2(NO3)2(OH)3(CH3O)](NO3)4·22H2O (4),
have been successfully synthesized and their crystal structures confirmed by
single crystal X-ray diffraction studies. The structural study reveals that 1 and
2 have quadruple-stranded helicate and dual triple-stranded helicate
supramolecular structures, respectively, while 3 and 4 display “octahedron” cagelike supramolecular structures. The magnetic
studies reveal that complexes 1−3 exhibit slow magnetic relaxation behavior, while complex 4 displays a series of typical
frequency-dependent relaxation signals at 0 Oe applied dc field which is a rare case in polynuclear 4f single-molecule magnet
(SMM) family to date. Interestingly, the distinct magnetic dynamic behavior was noticed for nearly isoskeletal complexes 3 and
4, which can be attributed to the modification of the coordination environment around DyIII ions.

■ INTRODUCTION

Synthetic inorganic chemistry continues to obtain novel metal
complexes that recently have lifted the field of modern
inorganic self-assembly supramolecular coordination com-
plexes with a variety of fascinating structural and physical
properties.1 Over the last couple of decades, quite a few
chemists have thrived on exploring variety of available
synthetic strategies to assemble supramolecular architectures
in a steerable manner.2 Up to now, by alternating the
coordination environments around central metal ions and
appropriate selection of organic ligands have constructed many
well-defined supramolecular structures,2c such as rotaxanes,3

interlocks,4 catenanes,5 rings,6 helicates,7 grids,8 and cages,9

showing stunning and multifunctional properties. In particular,
the design and synthesis of helicate-, grid-, and cagetype
metallosupramolecular complexes have attracted much atten-
tion from chemists, physicists and materials scientists.
Usually, most of explorations were focused on 3d metal

complexes and have been acquired with remarkable success;
hundreds of thousands of supramolecular architectures appear

on the scene, which exhibit various sizes and interesting
topological structures with potential applications including in
gas storage and separation,10 catalysis,11 recognition and
adsorption of sensitive guest molecules.12 By contrast,
lanthanide-containing polynuclear complexes were not devel-
oped to such an extent.13 In view of the unique physical and
chemical characteristics, lanthanide complexes play an
indispensable role in modern inorganic supramolecular
chemistry and create a wide range of exceptional values.14

Despite this versatility, lanthanide ions also possess a large
ionic radius and intricate and mutable coordination numbers
and geometries, which brew a new endeavor and unparalleled
challenge for introducing lanthanide elements into the
supramolecular system.15

Among a wealth of architectures, a prominent position is
held by helicate- and cagetype complexes. The chemistry of
such kinds of molecules has been widely studied with a focus
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on the exploration of the topological structures. Except for
geometrical descriptions, charming magnetic and luminescent
behaviors are gaining increasing attention in lanthanide
supramolecular complexes.16 However, the coordination-
driven self-assembly of lanthanide supramolecular structures
is not easy to obtain owing to high kinetic lability of the LnIII

ions. Bearing this challenging task in mind, the judicious choice
of different organic ligands incorporation with lanthanide ions
might play a crucial role in course of exploring the unique
supramolecular architectures. As a part of our research interest
in the supramolecular chemistry field, we have long been
developing tailored ligands as a linker that is able to construct
various lanthanide supramolecular complexes, especially for
DyIII complexes,17 which not only display beauteous
topological structures but also endow excellent magnetic
behaviors. Indeed, DyIII ions with an large inherent magnetic
anisotropy was deemed to be ideal candidates for the
construction of ground-breaking results,18 such as the new
benchmark in molecular magnetism, [(CpiPr5)Dy(Cp*)]+,
which thus has pushed the anisotropic energy barriers record
to 1541 cm−1.19 However, many endeavors have been
dedicated toward the construction of polynuclear Ln-based
complexes with the aim to obtain high-performance single-
molecule magnets (SMMs), but supramolecular lanthanide
complexes are still rare. Therefore, it is highly desirable to
study the magnetic and structural characteristics of the
supramolecular lanthanide complexes.
In the present work, we designed a flexible dihydrazone

based ligand H2L, in which two tetradentate pockets (ONOO)
positioned at each side can effectively capture 4f ions. In
addition, the middle of H2L comprises a four membered
−CH2− chain, which imparts extraordinary pliability and
maneuverability for the ligand. Very recently, Liu and co-
workers have reported a series of helicates by using an
analogous ligand H2L′ with a two membered −CH2− chain.7d

Later, the magnetic behaviors of isostructural complexes were
published by Konar and co-workers.20 Contrast to previous
H2L′, the incorporation of the flexible spacers (−C4H8−)
allows the ligand to better twist, rotate, bend, and so on in a
proper way, which plays a significant role in developing
supramolecular complexes.
Initially, by employing this flexible H2L, a novel dysprosium

based quadruple-stranded helicate supramolecular complex
formulated as [Dy4L4(μ2-N3)2](NO3)2·6CH3OH·2H2O (1)
was obtained. The quadruple-stranded helicate complex 1
shows very similar structural features with analogs
[La4L′4(NO3)](NO3)3 previously reported by Liu’s group.7d

However, we find that by adjusting the reaction conditions the
versatility of H2L with DyIII ion yielded the modification of
quadruple-stranded helicate to dual triple-stranded helicate and
octahedron cages (Scheme 1). Therefore, we further described
the self-assembly of [Dy8L8(μ2-CH3OH)4]Cl8·6CH3OH·
14H2O (2), [Dy12L12(μ2-OH)2(OH)6(CH3O)2](NO3)2·
2 C H 3 O H · 1 4 H 2 O ( 3 ) , a n d [ D y 1 2 L 1 2 ( μ 2 -
OH)2(NO3)2(OH)3(CH3O)](NO3)4·22H2O (4), demonstrat-
ing a structural evolution of the DyIII-containing supra-
molecular architectures from helicates to cages.
It is generally known that DyIII ions always grant an

extraordinary magnetic anisotropy to the system. The
distinctive topological and coordination environments exposed
by all 1−4 complexes further inspired us to undertake a careful
insight into their magnetic dynamics. Consequently, the
alternating-current (ac) magnetic susceptibility measurements

revealed complexes 1−3 as showing merely temperature-
dependent slow magnetic relaxation behavior, while complex 4
displays typical frequency-dependent single-molecule magnet
(SMM) behavior at 0 Oe applied field. In only a few studies,21

the Ln-SMMs possessing 10 or more nuclearities have been
discovered such as [Dy14(EDDC)4(opch)4(O3PC10H7)10-
(OAc)6(H2O)4]·xH2O.

21c

■ EXPERIMENTAL SECTION
Synthesis of the Ligand. Ligand H2L was prepared as previously

reported.22 A mixture of adipic dihydrazide (5 mmol, 0.87 g) and 3-
methoxysalicylaldehyde (10 mmol, 1.52 g) in 100 mL of methanol
was refluxed at 90 °C for 48 h. Then, the white precipitates were
filtered and dried under vacuum to give H2L. Yield: 1.51 g (68%).
Elemental analysis (%) calcd for C22H26N4O6 (MW = 442.472): C,
59.72; H, 5.92; N, 12.66. Found: C, 59.68; H, 5.94; N, 12.69.

Synthesis of [Dy4L4(μ2-N3)2](NO3)2·6CH3OH·2H2O (1). Dy-
(NO3)3·6H2O (0.1 mmol, 45.6 mg) was added to a solution of
H2L (0.1 mmol, 44.2 mg) in 15 mL of CH3OH/CH3CN (v/v = 1:2),
and then NaN3 (0.2 mmol, 13.0 mg) was added. The resulting lemon-
yellow suspension was stirred until turned clear and subsequently
filtered. The filtrate was left undisturbed to allow the slow evaporation
of the solvent at room temperature. After 1 week, yellow quadrate
crystals of 1 were obtained in 21% yield (based on Dy salt). Elemental
analysis (%) calcd for C94H96Dy4N24O38 (MW = 2819.94): C, 40.04;
H, 3.43; N, 11.92. Found: C, 40.14; H, 3.49; N, 11.81.

Synthesis of [Dy8L8(μ2-CH3OH)4]Cl8·6CH3OH·14H2O (2).
DyCl3·6H2O (0.1 mmol, 37.6 mg) was added to a solution of H2L
(0.1 mmol, 44.2 mg) in 15 mL of CH3OH/CH3CN (v/v = 1:2), and
then KOH (0.2 mmol, 5.61 mg) was added. After being stirred in air
for 20 min, the resulting solution was transferred to a 20 mL reaction
vial and heated to 80 °C for 2 h. Gradually cooling (3 °C/h) to room
temperature, faint yellow clavate crystals of 2 were obtained in about
10% yield (based on Dy salt). Elemental analysis (%) calcd for
C186H204Cl8Dy8N32O72 (MW = 5623.40): C, 39.73; H, 3.66; N, 7.97.
Found: C, 39.82; H, 3.71; N, 7.92.

Synthesis of [Dy12L12(μ2-OH)2(OH)6(CH3O)2](NO3)2·2CH3OH·
14H2O (3). Dy(NO3)3·6H2O (0.1 mmol, 44.2 mg) was added to a
solution of H2L (0.1 mmol, 44.2 mg) in 15 mL of CH3OH/CH3CN
(v/v = 1:2), and then KOH (0.2 mmol, 5.61 mg) was added. The
resulting lemon-yellow suspension was stirred until clear and

Scheme 1. Schematic Representation of the Assembly of
Supramolecular Dy4L4 (1), Dy8L8 (2) Helicates, and Dy12L12
(3 and 4) Cages
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subsequently filtered. The filtrate was left undisturbed to allow the
slow evaporation of the solvent at room temperature. Yellow clavate
crystals of 3 were obtained after 10 days in relatively good yield
(≈33%, based on Dy salt). Elemental analysis (%) calcd for
C268H294Dy12N50O104 (MW = 7829.51): C, 41.11; H, 3.78; N, 8.94.
Found: C, 41.19; H, 3.83; N, 8.89.
Synthesis of [Dy12L12(μ2-OH)2(NO3)2(OH)3(CH3O)](NO3)4·

22H2O (4). Dy(NO3)3·6H2O (0.1 mmol, 44.2 mg) was added to a
solution of H2L (0.1 mmol, 44.2 mg) in 15 mL of CH3OH/CH3CN
(v/v = 1:2), and then Et3N (0.2 mmol, 28 μL) was added. The
resulting lemon-yellow suspension was stirred until become clear and
subsequently filtered. The filtrate was left undisturbed to allow the
slow evaporation of the solvent at room temperature. Yellow clubbed
crystals of 4 were obtained after 10 days in about 24% yield (based on
Dy salt). Elemental analysis (%) calcd for C265H292Dy12N54O119 (MW
= 8087.51): C, 39.35; H, 3.64; N, 9.35. Found: C, 39.26; H, 3.67; N,
9.41.

■ RESULTS AND DISCUSSION

Synthetic Aspects. The dihydrazone-based ligand H2L
with extremely flexible characteristic can construct stable
complex structure. However, the assembly process of
lanthanide complexes is very sensitive to reaction conditions.
In the present work, we explores the distinctive anions/bases-
dependence that controls the assembly of H2L and DyIII ions
(Scheme 1). A quadruple-stranded helicate structure was
obtained using H2L, Dy(NO3)3·6H2O, and NaN3. Using
DyCl3·6H2O and KOH instead of Dy(NO3)3·6H2O and NaN3,
a dual triple-stranded helicate structure was achieved. Mean-
while, only the KOH or Et3N was used in place of NaN3; two
octahedral cage structures were assembled. This fascinating
evolution inspired us to study the crystal structures and
magnetic behaviors.
Crystallography. The yellow single crystals of complexes

1−4 were obtained from the reaction of H2L with hydrated
salts of dysprosium incorporate with corresponding bridging
secondary ligands (for details, see the Experimental Section).
Single-crystal X-ray diffraction analysis revealed that 1−3
crystallized in the monoclinic space group C2/c, and 4
crystallized in monoclinic space group P21/n (Table S1). The
cationic part of 1, [Dy4L4(μ2-N3)2]

2+, contains a dimer
building block, {Dy2}, which can be clearly identified (Figure
1, left) and acts as an asymmetric unit of 1; the bond lengths

and angles are shown in Tables S2 and S3. The asymmetric
unit contains two DyIII ions, denoted as Dy1 and Dy2 with a
distance of 3.6593(5) Å, linked by two bridging phenolic O
atoms (O3 and O10) and a bridging azide N atom (N3)
respectively. Two {Dy2} units are welded by four flexible
−(CH2)4− chains at the termini of four L2− ligands, giving rise
to the final supramolecular cluster 1 (Figures 1 and S1).
Furthermore, the crystal structure contains two counter NO3

−

anions and some solvent molecules in the lattice. Each DyIII

ion is nine-coordinated and located at slightly distorted
spherical tricapped trigonal prism (D3h, Dy1) and spherical
capped square antiprism (C4v, Dy2) coordination geometry
with in total N3O6 donors from the coordination pockets of
three L2− ligands (N2O6) and a N3

− anion (N), respectively
(Figure S2, Table S4). The Dy−N and Dy−O distances fall in
the range of 2.487(6)−2.620(6) Å and 2.188(5)−2.698(5) Å,
respectively. The distances among Dy···Dy which reside on
both sides of the ligand are in the range of 8.450−9.093 Å. The
structural study reveals that 1 possesses a quadruple-stranded
helicate arrangement very similar to previously reported
[La4L′4(NO3)](NO3)3].

7d Four DyIII ions were encapsulated
in the center with an arrangement of a tortile rectangle; at the
same time, all the ligands wrap around the DyIII ions in an well-
ordered and helical manner, forming the quadruple-stranded
helicate supramolecular skeleton with a scale of 13.5 × 16.7 Å2.
Owing to exceptional flexibility and manifold coordination

functionality of H2L, accompanied by little variations in
reaction conditions results in some more larger and interesting
structures (2−4). Indeed, accompanying the ligand rearrange-
ment, the two triple-stranded helicates were linked by two
transverse ligands instead of a quadruple-stranded helicate
arrangement as in case of 1; thus, a dual triple-stranded
helicate supramolecular structure [Dy8L8(μ2-CH3OH)4]Cl8·
6CH3OH·14H2O (2) is obtained. More surprisingly, when the
ligands aligned in a “whirlpool”-like fashion, rather than
helicate, two novel [Dy12L12(μ2-OH)2(OH)6(CH3O)2]-
(NO3) 2 ·2CH3OH ·14H2O (3) and [Dy1 2L1 2 (μ 2 -
OH)2(NO3)2(OH)3(CH3O)](NO3)4·22H2O (4) “octahe-
dron” cagelike structures are obtained.
Yet again, the asymmetric unit of complex 2 contains a half

of the total molecule, which comprises four DyIII ions, four
doubly deprotonated ligands, two coordinated methanol
molecules, and some Cl− anions and solvent molecules in
the lattice (Figures S3 and S4); the bond lengths and angles
are shown in Table S5 and S6. Then two asymmetric
fragments, [Dy4L4(μ2-CH3OH)2]

4+, were installed together
to form the ultimate inner core [Dy8L8(μ2-CH3OH)4]

8+

(Figure 2, left). The two triple-strand skeletons {Dy4} were
welded by two ligands in a latitudinal direction with a size of
21.6 × 20.6 Å2 instead of arranging in quadruple-stranded
helicate as described above, which not only possess a dual
triple-stranded helicate supramolecular structure but also
behave as a twisted gridlike structure with an obvious cavity
(Figure 2, right).
In both triple-stranded helicates, the arrangement of DyIII

ions is approximate to a twisted parallelogram, where the
effective lengths of sides are 3.693(12), 3.689(13), 9.223(24),
and 9.346(24) Å, respectively. Moreover, the DyIII ions in the
two triple-stranded helicate substructures have a relatively
longer separation (transverse distance: 10.608(27)-12.497(28)
Å. In view of integral structure, the {Dy2} units located at the
four vertices of the grid framework, and each occupied one side
of the four ligands by coordinating to the donor atoms. At the

Figure 1. Asymmetric unit of 1 (left). Only one side termini of four
L2− trapping a dimer {Dy2} along with intrabridging through azide
(N3) have been shown; the crystallographic structure of the cationic
part of 1, [Dy4L4(μ2-N3)2]

2+ (middle), the space-filling model (right),
highlighting the tight arrangement of the helicate. The purple, red,
and blue spheres represent Dy, O, and N, respectively. Hydrogen
atoms, solvent molecules, and counterions have been omitted for
clarity.
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same time, the DyIII ions of {Dy2} unit are held together by
two bridging phenolic O atoms of ligand (O8, O24 or O11,
O13) and a bridging alcoholic O atom (O16 or O25). Each
DyIII ion is nine-coordinated and surrounded by two N atoms
incorporate with seven O atoms, coming from three L2− and a
methanol. The coordination geometry of DyIII ions are
distorted spherical capped square antiprism (C4v, Dy1 and
Dy4) and spherical tricapped trigonal prism (D3h, Dy2 and
Dy3), respectively (Figure S5), as determined by the program
SHAPE23 (Table S7). The Dy−N and Dy−O distances span
the range of 2.174(11)−2.732(12) Å and 2.477(17)−
2.577(14) Å, respectively. The intramolecular Dy···Dy
separations which residing on both sides of the ligands are in
the range of 9.223(24)−11.298(25) Å.
In contrast to 1 and 2, the structure of 3 was found to be a

dodecanuclear dysprosium cluster as shown in Figures 3 and
S6. Single-crystal structural data analysis revealed that the each
asymmetric unit [Dy6L6(μ2-OH)(OH)3(CHO)]

+ was con-
structed by the coordination action of six DyIII ions with six
doubly deprotonated ligands and the number of terminal
coordination anions (Figures S7 and S8); the bond lengths and
angles are shown in Table S8 and S9. Two asymmetric units
are welded together by four ligands, giving rise to a unique
cagelike [Dy12L12(μ2-OH)2(OH)6(CH3O)2]

2+ core with a
twisted octahedral cavity. The solvent molecules and counter-
ions of crystallization were observed in the lattice to stabilize
the structure. From the structural point of view, eight ligands

can be described as the edges of the “octahedron” cagelike
structure in which six {Dy2} subunits are connected through
the termini of ligands via coordination bonds. The longitudinal
Dy1 and Dy2 possess distorted spherical tricapped trigonal
prism (D3h) and spherical capped square antiprism (C4v)
geometry, respectively (Figure S9, Table S10). Both were
bridged by two phenolic O atoms (O16 and O22) and a
hydroxyl O atom (O45), respectively. The rest of the
coordination sites were occupied by N2O4 donors coming
from three L2−. This type of {Dy2} unit was wrapped around
by one side of the four ligands in a “whirlpool”-like fashion to
further form a {Dy2} pivot (Figure S10). However, the other
side of four ligands were occupied by four latitudinal {Dy2}
(Dy3 and Dy4 or Dy5 and Dy6) units via NO2 or NO3 donors.
Each latitudinal {Dy2} unit contains an eight-coordinated DyIII

ion (Dy4 or Dy6) and a nine-coordinated DyIII ion (Dy3 or
Dy5), which were linked by two bridging phenolic O atoms
(O25, O28 or O8, O11) from the NO2 and NO3 donors
mentioned above. Four latitudinal {Dy2} units act as latitudinal
pivots and connect two longitudinal {Dy2} pivots from top and
bottom, forming an octahedral cage. Simultaneously, the eight-
coordinated Dy4 and Dy6 centers in the latitudinal direction
possess the OH− or CH3O

− to fulfill the coordination number
with the distorted triangular dodecahedron (D2d) and
biaugmented trigonal prism (C2v) coordination geometry,
respectively (Table S10). The nine-coordinated Dy3 and Dy5
centers in the latitudinal direction possess distorted spherical
capped square antiprism (C4v) coordination geometry. All Dy−
O and Dy−N distances in the range of 2.138(5)−2.783(4) Å
and 2.438(5)−2.590(4) Å, respectively, the adjacent distances
of Dy2···Dy2 are in the range of 7.581(12)−11.641(14) Å.
The structure of nearly isoskeletal, dodecanuclear complex 4

was obtained, as shown in Figures 4 and S11. Although
reminiscent to the overall core topology of 3, there are still
some conspicuous variances that merit further investigation.
Complex 4 crystallizes in the monoclinic space group P21/n
(Table S1) instead of C2/c (as in the case of 1−3), which
possesses the inner core molecule, [Dy12L12(μ2-
OH)2(NO3)2(OH)3(CH3O)]4+. Comparatively, 3 and 4
show slight variances among their bond lengths and angles
(for detail see Tables S11 and S12). In 4, all Dy−O and Dy−N
distances are in the range of 2.140−2.818 Å and 2.494−2.643

Figure 2. Crystallographic structure of complex 2 (left). The
arrangement of ligands and DyIII ions are highlighted (right); pink
highlights bridged methanol. Hydrogen atoms, solvent molecules, and
counterions have been omitted for clarity.

Figure 3. Asymmetric unit (left) and crystallographic structure (right) of complex 3; the terminal coordination anions are described in pink. The
“whirlpool”-like arrangement is highlighted. The purple, red, and blue spheres represent Dy, O, and N, respectively. Hydrogen atoms, solvent
molecules, and counterions have been omitted for clarity.
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Å, respectively. In addition, the eight-coordinated DyIII ions
(Dy4, Dy6, Dy10, and Dy12) in the latitudinal direction are all
completed by several terminal coordination anions NO3

−,
OH−, or CH3O

− instead of OH− or CH3O
− as for complex 3

and adopt similar N3O6 spheres (Figure S12). The
coordination geometry of all DyIII ions are distorted spherical
tricapped trigonal prism (D3h, Dy1 and Dy7), spherical capped
square antiprism (C4v, Dy2, Dy3, Dy5, Dy8, Dy9, and Dy11),
and biaugmented trigonal prism (C2v, Dy4, Dy6, Dy10, and
Dy12), respectively (Figure S13 and Table S13).
Magnetic Properties. Variable-temperature direct-current

(dc) magnetic susceptibility measurements were performed on
freshly prepared polycrystalline samples of all four complexes
in a temperature range of 2−300 K under a static magnetic
field of 0.1 T. The χMT (in which χM is molar magnetic
susceptibility) versus T plots are presented in Figure 5. The

observed χΜT values at room temperature are 56.24, 113.42,
160.22, and 163.53 cm3 K mol−1 for complexes 1−4,
respectively, which are consistent with the theoretical values
of 56.68, 113.36, 170.04 cm3 K mol−1, expected for DyIII4,
DyIII8, and DyIII12 (g = 4/3 of the 6H15/2 ground state of the
DyIII ion) independent spin-only DyIII ions, respectively. With
the decrease of temperature, the χMT values of four complexes

remain almost constant over the range 300−140 K. Below this
temperature, the χMT products decrease gradually until 30 K,
and then rapidly drop and reach the minimum values of 42.84,
91.59, 111.87, and 109.49 cm3 K mol−1 at 2 K for complexes
1−4, respectively. The decrease of χMT profiles may arise from
the progressive excited depopulation of stark sublevel and/or
non-negligible intra- or intermolecular antiferromagnetic
interactions between the DyIII ions.
The field dependence of the isothermal magnetization

measurements were performed on complexes 1−4 at low-
temperatures (1.9−5 K). The data are shown as magnetization
(M) versus field (H) plots in Figure S14. The values of the M
products rise abruptly at low fields, and then reach 22.58,
44.54, 63.18, and 61.86 μB until 70 kOe for four complexes at
1.9 K, respectively, without any sign of saturation, consistent
with an obvious of magnetic anisotropy and/or low-lying
excited states for DyIII-containing systems. Moreover, the M
versus H/T plots are not superimposed on a single master
curve, which also indicates the presence of magnetic anisotropy
and/or low-lying excited states.
With the aim to probe the dynamic magnetic behavior of

complexes 1−4, the ac magnetic susceptibility measurements
were completed under zero/nonzero Oe applied dc fields. The
temperature (T) or frequency (ν) dependence of in-phase (χ′)
and out-of-phase (χ′′) ac magnetic susceptibilities were
plotted. For complex 1, no obvious out-of-phase (χ′′)
susceptibility signals were observed, even the temperature
down to 1.9 K under 0 Oe applied dc field (Figure S15).
Strikingly, the temperature-dependent χ′′ signal (only in the
low temperatures region) is strongly enhanced by a 800 Oe
applied dc field, which, however, absence of the full peak with
maximum, highlighting only slow magnetic relaxation behavior
(Figure S16). Furthermore, similar out-of-phase (χ′′) suscept-
ibility behavior were discovered for 2 and 3 under a 0 Oe dc
field (Figures S17 and S18), which suggests the presence of
possible stronger quantum tunneling of magnetization (QTM)
at low temperature, as described in some lanthanide-containing
polynuclear systems.16c By contrast, a divergence of dynamic
behavior was observed in complex 4, as shown in Figure 6. In 0
Oe applied dc field, a series of obvious full peaks can be easily
detected in the frequency-dependent susceptibility measure-
ments below 20 K and the range of 1−1488 Hz. As the
temperature is decreased, a clear shift of the χ′′ peak maxima
toward the low frequency region was observed, which is typical
for SMM behavior.
To further decipher the magnetic characteristic of complex

4, the relaxation times were extracted from fitting the
frequency-dependent magnetic susceptibility data in the
range of 1.9−20 K using the generalized Debye model, but
the signal peaks are so wide that the extracting deviate from the
developing track of data, especially in low-temperature region
(Figure S19), only giving a poor result. Fitting the relaxation
times versus temperatures (τ versus T−1 plots, Figure 7, top)
with multiple relaxation processes using
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where τQTM
−1, CTn and τ0

−1 exp(−Ueff/kBT) represent the
Quantum tunneling, Raman, and Orbach relaxation processes,
respectively, gave a cursory estimated effective energy barrier
to magnetization reversal Ueff of 52 K (≈36 cm−1) and pre-
exponential factor τ0 = 2.55 × 10−6 s. There are merely a few

Figure 4. Crystallographic structure of complex 4; the “whirlpool”-like
arrangement is highlighted. The terminal coordination anions are
described in pink. The purple, red, and blue spheres represent Dy, O,
and N, respectively. Hydrogen atoms, solvent molecules, and
counterions have been omitted for clarity.

Figure 5. Temperature dependence of the χMT products for
complexes 1−4 at 1 kOe between 2 and 300 K.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03249
Inorg. Chem. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03249/suppl_file/ic8b03249_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03249


pure DyIII-based metallosupramolecular systems having such a
higher nuclearity that belong to this family of SMMs with
effective energy barrier.
The semicircular Cole−Cole diagram of complex 4 was

plotted via χ″ versus χ′ from 1.9 to 9 K, as shown in Figure 7
(bottom). The collected data is fitted by a generalized Debye
model, yielding α values are in the range of 0.19−0.36, which
as expected suggested a relatively wide distribution of
relaxation time constants for complex 4. The χ′′ signal
shoulders being relatively more wider with the poor fit suggests

the coalescence of the two peaks, indicating the possible
presence of two relaxation processes.24 Indeed, the isothermal
frequency-dependent out-of-phase component of the suscept-
ibility can be nicely simulated by two relaxation processes
(Figure S20). Fitting the relaxation times and temperatures
with the multiple relaxation processes yields the effective
energy barriers (Ueff) of 64 K (≈44 cm−1; τ0 = 2.42 × 10−6 s)
and 33 K (≈23 cm−1; τ0 = 1.10 × 10−5 s) for the SR and FR,
respectively (Figure S21). Meanwhile, the Cole−Cole diagram
was fit by two relaxation processes, which gives a perfect
coincide (especially in the low temperature region), yielding α
values in the ranges of 0.07−0.18 (FR) and 0.11−0.32 (SR),
respectively (Figure S22). In addition, to make a reasonable
comparison, we plotted the ln(χ″/χ′) versus 1/T curves of
complexes 1−3 and extracted Ueff of 2.5, 1.4, and 0.7 K,
respectively (Figures S23−S25), by applying the Debye
equation:25
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As well-known, the subtle differences in structural features
have far-reaching influence on the magnetic performance.
Indeed, the absence of SMM behavior in complexes 1−3 is
likely to attribute to QTM process within the ground exchange
state. Fortunately, we turn on the SMM behavior by decorating
the experimental conditions of {Dy12}-acylhydrazone complex
in a way that does not alter the core structure and the nature of
faint intramolecular magnetic interactions. Nevertheless, the
local coordination environments produce a slight modulation
around DyIII centers, as presented in Tables S10 and S13 and
Figures S9 and S13. Especially for Dy4 in complex 3, the
symmetrical environment were modified from D2d to C2v.
Indispensably, the other coordination geometry of DyIII ions
also possess a slight variation. From the standpoint of
magnetostructural correlations, for pure DyIII-based with
SMM behavior, the unique magnetic characteristic mainly
origins from single-ion anisotropy, which is extraordinarily
sensitive to slight distortion of the symmetry geometry.
Therefore, such structural differences resulting from the
adjustment of coordination environments in the DyIII centers
and further influence the magnetic performance.

■ CONCLUSIONS
In summary, we designed and successfully synthesized a novel
dihydrazone ligand H2L with extraordinary pliability. This
characteristic of ligand imparts a significant advantage to
chelate DyIII ions and create various topological supra-
molecular structures. Accordingly, a novel dysprosium based
quadruple-stranded helicate, [Dy4L4(μ2-N3)2](NO3)2·
6CH3OH·2H2O (1) has been obtained. Furthermore, by
implementing the strategically synthetic variations a dual triple-
stranded helicate [Dy8L8(μ2-CH3OH)4]Cl8·6CH3OH·14H2O
(2) and two novel “octahedron” cagelike [Dy12L12(μ2-
OH)2(OH)6(CH3O)2](NO3)2·2CH3OH·14H2O (3) and
[Dy12L12(μ2-OH)2(NO3)2(OH)3(CH3O)](NO3)4·22H2O (4)
supramolecular structures have been synthesized. This strategy
provides a vast range for interesting topological structures
where strategically a little variation in reaction conditions,
engaging the same metal−ligand combination can potentially
results in drastic changes toward the final desired structures.
Moreover, complexes 1−3 only exhibit slow magnetic

relaxation behavior. In contrast, the typical SMM behavior

Figure 6. Frequency dependence of the in-phase (χ′) (top) and out-
of-phase (χ′′) (bottom) ac-magnetic susceptibilities for complex 4
under a 0 dc field.

Figure 7. Magnetization relaxation time, τ, versus T−1 for 4 (top) and
the Cole−Cole diagrams (bottom) under a 0 Oe dc field. The lines
correspond to the best fit.
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was turned on for complex 4 at 0 Oe applied dc field benefiting
from the modification of the local coordination environments
around DyIII ions, which is a rare case that possesses to such a
number of nuclears in DyIII-SMMs family. The interesting
discovery plays an important role to develop new strategies
toward developing Ln-supramolecular structure and molecule-
based magnet. Simultaneously, constructing the novel supra-
molecular structures with SMM behavior could be further
explored by using such kind of flexible ligands as a linker. As
part of our research interests, the extension of this work to
other linkers and Ln-ions based series is currently in progress
for widening the range of outstanding properties.
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