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基于四甲基取代六元瓜环的四核稀土镝簇合物的慢磁弛豫

陈文建 孔祥建＊ 龙腊生＊ 郑兰荪
(固体表面物理化学国家重点实验室，厦门大学化学化工学院化学系，厦门 361005)

摘要： 报道了 2 个基于四甲基取代六元瓜环的三明治型四核稀土簇合物 ，[Ln4(μ3-OH)4(μ2-OH)2(H2O)4(NO3)2(TMeQ[6])2]·(NO3)4·
26H2O(Ln=Dy,1;Ln=Tb, 2)。 晶体结构分析显示 2 个簇合物包含 2 个四甲基取代瓜环夹心的四核稀土立方烷结构，[Ln4(μ3-OH)4]8+。
磁性研究显示化合物 1 显示了慢磁弛豫行为。 由于六元瓜环配体可以有效的传递能量给稀土铽离子，化合物 2 具有较好的发
光性能。
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Slow Magnetic Relaxation in Sandwich-Type Tetranuclear Dysprosium Complex with
TMeQ[6] (TMeQ[6]=α, α, δ, δ-Tetramethylcucurbit[6]uril)

CHEN Wen-Jian KONG Xiang-Jian＊ LONG La-Sheng＊ ZHENG Lan-Sun
(State Key Laboratory of Physical Chemistry of Solid Surface and Department of Chemistry, College of Chemistry and

Chemical Engineering, Xiamen University, Xiamen, Fujian 361005, China)

Abstract: Two TMeQ[6]-supported sandwich tetranuclear complexes, [Ln4(μ3-OH)4(μ2-OH)2(H2O)4(NO3)2 (TMeQ[6])2]
(NO3)4·26H2O (Ln=Dy, 1; Ln=Tb, 2), have been prepared and characterized. Crystal structural analysis reveals
that both complexes contain a cubane-like [Ln4(μ3-OH)4]8+ cluster core sandwiched between two TMeQ[6] macro-
cycles. Magnetic investigations indicate that complex 1 displays slow magnetization relaxation. Complex 2
exhibits intense photoluminescence owing to the efficient energy transfer from TMeQ[6] ligand to Tb3+ ion. CCDC:
929607, 1; 929608, 2.
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0 Introduction

Single-molecule magnets (SMMs) continue to be an
inviting research field in recent decades, not only
because of their intriguing properties, but also their
potential applications in quantum computing[1], magnetic
information storage [2], nanoelectrons [3], and molecular
spintronics [4-5]. Since the first SMM of [Mn12O12(AcO)16
(H2O)4] appearance in the early 1990s[6], a large number
of transition-metal polynuclear compounds with SMMs

property have been reported.
It was found that high spin lanthanide ions are

good candidates for constructing new SMMs, due to
their large intrinsic magnetic anisotropy[8-11]. However,
because of the synthetic challenges and the difficulty
in promoting magnetic interactions via connecting by
bridging ligands, rational design and assembly of
pure lanthanide based SMMs remain a challenge [9-11].
Investigations on the lanthanide cluster-based molecular
magnetism suggest that selecting appropriate bridging
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ligand is crucial to the construction of pure lanthanide
-based SMMs. So far, a number of organic ligands,
such as aminoacids [11-12], o-vanillin [8b], Schiff bases[13],
carboxylates[14], β-diketones[15], and calixarenes[9,16] have
been used to construct lanthanide SMMs, among
which Schiff base based on o-vanillin[8b,10b,17] has been
most studied.

Cucurbit [n]urils (Q [n]s, Fig.1a) and their alkyl-
substituted derivatives have proved to be an excellent
class of both ligands and organic building blocks due
to the two opening portals of these macrocycles with
its unique cavity rimmed with π-rich dipole carbonyl
groups[18-21]. Although a large number of Q[n]s supported
transition metal-containing[22] and lanthanide-containing
coordination compounds have been reported[23], Q[n]s
supported polynuclear lanthanide SMMs are rare [24].
Herein we report a TMeQ [6] (Fig.1b) supported Dy4
cluster complex, formulated as [Dy4 (μ3-OH)4 (μ2-OH)2
(H2O)4(NO3)2 (TMeQ[6])2]·(NO3)4·26H2O (1), which
features a disordered [Dy4(μ3-OH)4]8 + cubane cluster
core sandwiched by two TMeQ [6] macrocycles.
Alternating current susceptibility measurements reveal
that the compound 1 exhibits slow relaxation of
magnetization. To the best of our knowledge, this is the
first example of a TMeQ[6] supported lanthanide cluster
with slow relaxation of magnetization. We also obtain its
Tb3+ analogue [Tb4(μ3-OH)4(μ2-OH)2(H2O)4(NO3)2 (TMeQ
[6])2] (NO3)4·26H2O (2), which exhibits interesting
luminescent property.

1 Experimental

1.1 Materials and methods
All reagents were of commercial origin with 99%

purity and were used as received. TMeQ [6] was
prepared by procedures reported elsewhere[19e]. The C,
H and N microanalyses were carried out with a CE
instruments EA 1110 elemental analyzer. TGA curve

was obtained on a SDT Q600 thermal analyzer.
Magnetic susceptibility was measured by a Quantum
Design MPMS superconducting quantum interference
device (SQUID).
1.2 Synthesis
1.2.1 [Dy4(μ3-OH)4(μ2-OH)2(H2O)4(NO3)2(TMeQ[6])2]

(NO3)4·26H2O (1)
TMeQ[6] (0.138 g, 0.125 mmol), Dy(NO3)3·5H2O

(0.484 g, 1.00 mmol) and 1H-[3-(4-pyridyl)pyrazole]-
acetic acid (0.104 g, 0.50 mmol) were dissolved in
40.0 mL of water while stirring at 70 ℃. The mixture
was heated to 100 ℃ and refluxed for 2 h. The filtrate
was left to stand at room temperature in an open
beaker (50 mL). After six days, colorless crystals of 1
were obtained and collected in a yield of 36% on the
basis of TMeQ[6]. Anal. Calcd. for 1(%): C, 25.48; H,
4.12; N, 20.06. Found (% ): C, 25.58; H, 4.22; N,
20.12.
1.2.2 [Tb4(μ3-OH)4(μ2-OH)2(H2O)4(NO3)2(TMeQ[6])2]

(NO3)4·26H2O (2)
This compound was prepared using the same

procedure as described above for the synthesis of its
Dy cognate, but using 0.481 g Tb (NO3)3·5H2O (1.00
mmol) instead of Dy(NO3)3·5H2O. Colorless crystals of
2 were obtained after a week and collected in a yield
of 40% on the basis of TMeQ[6]. Anal. Calcd. for 2
(%): C, 25.58; H, 4.13; N, 20.14. Found(%): C, 25.66;
H, 4.20; N, 20.22.
1.2.3 Single-Crystal X-ray structure determination

Data collections were performed on a Bruker
Apex-2000 diffractometer using graphite
monochromated Mo Kα radiation (λ=0.071 073 nm) at
173 K. Absorption corrections were applied using the
ultiscan program SADABS [25]. The structures were
solved by indirect methods(SHELXTL Version 5.10)[25].
Non-hydrogen atoms were refined anisotropically by
full-matrix least-squares method on F 2. The hydrogen
atoms of the organic ligand were generated geome-
trically (C-H, 0.096 nm). Because of severe disorder,
21 water molecules and 3NO3

- in the unit cell have
been taken into account by the SQUEEZE. Details of
the crystal parameters, data collection conditions and
refinement parameters for compounds 1 and 2 are

Fig.1 Molecular structure of Q[n]s (a) and TMeQ[6] (b)
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summarized in Table 1.
CCDC: 929607, 1; 929608, 2.

2 Results and discussion

2.1 Synthesis
The reaction of TMeQ[6], Ln(NO3)3, and 1H-[3-(4-

pyridyl)pyrazole]-acetic acid (1∶8∶4) in distilled water
produces 1 (Ln=Dy) or 2 (Ln=Tb) in good yields.
Originally, we intent to synthesize rare-earth-metal
coordination polymers that conatin 1H-[3-(4-pyridyl)
pyrazole]acetic acid ligand and TMeQ [6]. However,
the experimental results show that 1H-[3-(4-pyridyl)
pyrazole]-acetic acid is not coordinated with rare earth
ions in complexes 1 and 2. The ligand of 1H-[3-(4-
pyridyl)pyrazole]-acetic acid is necessary for the
reactions, although it is not incorporated into the

structures of 1 and 2. Absence of 1H-[3-(4-pyridyl)
pyrazole]-acetic acid would result in the formation of
an one-dimensional chain comprising TMeQ[6] mole-
cules and [Ln(H2O)8]3+ with a 1∶1 ratio through hydro-
gen bonding (Fig.S1). The ligand may play the role of
controlling the hydrolysis of the rare earth ions to
limit the degree of aggregation of the hydroxo
intermediates.
2.2 Description of crystal structures

Complexes 1 and 2 are isomorphous, so only the
structure of 1 is described in detail. X-ray Single-
crystal structure analysis reveals that complex 1
crystallizes in triclinic, P1 space group. As shown in
Fig.2, complex 1 possesses a sandwich structure of
[Dy4(μ3-OH)4(μ2-OH)2(H2O)4(NO3)2(TMeQ[6])2]4+ unit, 4
nitrate anions and 26 guest water molecules. It should

Table 1 Crystal Data and Structure Refinement Details for Compounds 1 and 2

Compound 1 2

Empirical formula C80H154N54O78Dy4 C80H154N54O78Tb4

Formula weight 3 770.39 3 756.07

Crystal system Triclinic Triclinic

Space group P1 P1

a / nm 1.497 4(1) 1.537 7(3)

b / nm 1.923 5(1) 1.915 4(4)

c / nm 2.434 3(1) 2.444 9(5)

α / (°) 86.303(3) 87.136(3)

β / (°) 85.516(3) 86.448(4)

γ / (°) 67.176(4) 66.428(3)

V / nm 6.438(1) 6.585(2)

Z 2 2

Dc / (g·cm-3) 1.641 1.590

T / K 173(2) 173(2)

μ / mm-1 2.396 2.220

Reflections / unique 22 573 22 904

Reflections / observed 13 934 16 794

Parameters 1 825 1 767

Rint 0.064 8 0.042 1

R [I>2σ(I)]a 0.092 9 0.048 7

wR [I>2σ(I)]b 0.239 4 0.124 3

R (all data) 0.133 4 0.064 2

wR (all data) 0.261 3 0.130 8

GOF on F 2 1.079 0.998

a R1=∑||Fo|-|Fc||/∑|Fo|; b wR2={∑[w(Fo
2-Fc

2)2]/∑[w(Fo
2)2]}1/2
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be noted that all dysprosium ions and μ3-OH atoms
have an occupancy factor of 50%, owing to positional
disorder, similar to that reported disordered Ln cluster
cores[16a-b].

The cationic cluster of 1 has a distorted cubane-
shaped core of [Dy4(μ3-OH)4]8+. Four Dy atoms form a
nearly perfect tetrahedron. Two opposite edges of the
tetrahedron are further bridged by two μ2-OH anions,
while another two opposite edges are bridged by two
NO3

- anions (Fig.3a). This [Dy4 (μ3-OH)4]8 + cubane
cluster core is sandwiched by two TMeQ[6] macro-
cycles displaying an antiparallel orientation. As shown
in Fig.3b, each of Dy ion locates in the center of a
square antiprism geometry and is octa-coordinated
with contributions from three μ3-OH, one μ2-OH anion,
two O atoms from a TMeQ[6] ligand, one O atom from
nitrate anion, and one terminal aqua ligands. The bond
lengths of Dy-O rang from 0.195 4(12) to 0.271 8(9) nm
(Table S1), comparable to those in the reported compl-
exes containing the same [Dy4(μ3-OH)4]8+ core [10-11,17b].
The Dy-Ohydroxy-Dy angles in the [Dy4(μ3-OH)4]8+ cubane
of 1 are in the range of 99.8(5)°~113.6(7)° obviously
larger than 99°[10c].

Complex 2 is isomorphic to 1. The bond lengths
of Tb-O range from 0.210 0(5) to 0.269 0(4) nm and
the angles of Tb-Ohydroxy-Tb range from 99.7(2)° to
113.5(4)° (Table S2), comparable to those in reported
Tb complex[24b,26].
2.3 TG analysis

The thermogravimetric (TG) curve of the two
complexes under N2 atmosphere are shown in Fig.4. 1
exhibits the first weight loss of 12% in the
temperature range from 24 to 125 ℃, corresponding to
the weight loss of 26 lattice water molecules in 1
(Calculated weight loss 12%), and the second weight
loss of 2% in the temperature range from 125 to 335
℃ corresponding to the loss of four coordination water
molecules in 1 (Calculated weight loss 2%), and then
the metal-organic complex starts to decompose
accompanying loss of organic ligands. The TGA curve
of complex 2 is similar to that of complex 1, the first
and second weight loss of complex 2 are 12% (Calcd.
12%) and 2%(Calcd. 2%), corresponding to the weight
loss of 26 lattice water molecules and 4 coordination
water molecules, respectively. The simulated and
experimental PXRD patterns for complex 1 and 2 are

Hydrogen atoms are omitted for clarity

Fig.2 Crystal structure of [Dy4(μ3-OH)4(μ2-OH)2(H2O)4(NO3)2(TMeQ[6])2]4+ units in 1

Fig.3 (a) Structure of the [Dy4(μ3-OH)4(μ2-OH)2(NO3)2]4+ core unit of 1; (b) the coordination geometry of Dy ion in 1
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are almost identical as indicated in Fig.S10 and Fig.
S11.
2.4 Magnetic properties

The temperature dependence of direct-current
(dc) magnetic susceptibility of crushed crystalline
sample of 1 and 2 were carried out in an applied
magnetic field of 1 000 Oe in the temperature range
of 2 ~300 K. As shown in Fig.5, the observed χMT
value of 1 is 55.78 cm3·mol-1·K at 300 K, close to the
expected value of 56.68 cm3·mol -1·K for four
uncoupled Dy3+ ions (S=5/2, L=5, 6H15/2, g=4/3). The
χMT gradually decreases until 50 K and then quickly
decreases to a minimum of 36.35 cm3·mol-1·K at 2 K,
which is lower than four times the χMT value of an
isolated mononuclear Dy complex at 2 K, suggesting
antiferromagnetic coupling between Dy3+ ion. Thus the
decrease in χMT with decreasing temperature is
probably ascribed to a combination of the antiferro-
magnetic interaction between the Dy3+ ions and the
thermal depopulation of excited Stark sublevels[27]. The

data in the range of 30~300 K can be fitted to the
Curie-Weiss law, yielding C=63.69 cm3·mol-1·K and
θ=-5.01 K for 1.

The field dependence of magnetization of 1 is
shown in Fig.6. The magnetization at 2 K increases
rapidly below 1.5 T, and then slowly and linearly
increases without complete saturation up to 7 T. The
maximum value for M is 23.08μB at 7 T, which is
slightly larger than the calculated value for four
uncorrelated Dy3 + magnetic moments (4 ×5.23μB) [10].
Indeed, the values are lower than the expected
saturation value of 40μB (10μB for each Dy3+ ion for J=
15/2 and g=4/3) [10c-10d], which suggests the presence of
a significant anisotropy and low-lying excited states,
consistent with the observed nonsuperposition M vs H/
T plots at different magnetic fields (Fig.6)[9].

To probe the dynamics of magnetization for 1, the
temperature dependence of ac magnetic susceptibility
under Hdc=0 Oe and Hac =3 Oe was characterized at
the indicated frequencies (1~1500 Hz). As shown in
Fig.7, complex 1 displays an obvious frequency
dependent out-of-phase signal, indicating the slow
relaxation of the magnetization. However, the energy
barrier cannot be derived by fitting the peak
temperatures to an Arrhenius type expression due to
the absence of maxima of out-of-phase susceptibility
signals above 2.0 K (Fig.S5). However, the Ea and τ0

values can be obtained from fitting the ac
susceptibility data by adopting Debye model and using
the relationship ln (χ″/χ′=lnτ0+Ea/(KBT), if it is assumed
that there is only one characteristic relaxation

Fig.4 Thermogram of 1 and 2 showing TGA at the
heating rate of 10 ℃·min-1

Fig.5 Plots of temperature dependence of χMT vs T
and χM-1 vs T for 1

Fig.6 M vs H/T plots for 1 measured in different fields
below 7 T
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process[28]. The obtained Ea=35.4 K, τ0=1.5×10-5 s (Fig.
8) are in agreement with the observed values for some
other Dy4 SMMs. For 1, the slow magnetic relaxation
may result from a coupled system involving the four Dy
(III) and the magnetic exchange coupling, although the
interactions are expected to be very weak.

The χMT value of 2 is 45.66 cm3·mol-1·K at 300 K
(Fig.S4), which is slightly lower than the expected value
of 47.28 cm3·mol-1·K for four uncoupled Tb3+ ions (S=3,
L=3,7F6, g=3/2). Similar to 1, a steady decrease of the
χMT values of 2 is observed with deceasing temperature
down to 50 K, and then decrease dramatically to 33.05
cm3·mol -1·K at 2 K. The data from 30 to 300 K are
fitted to the Curie-Weiss law, leading to C=44.52 cm3·
mol -1·K and θ =-5.80 K. As shown in Fig.S6, the
magnetization increases rapidly below 1.5 T at 2 K, and
then slowly and linearly increases to 18.91μB at 7 T.
Notably, the ac susceptibility results of 2 show that no

frequency dependent out-of-phase signal is observed in
the region of 2~10 K (Fig.S7). Although Dy3+ and Tb3+

ions have large spin and high anisotropy, only the Dy4

cluster exhibits slow paramagnetic relaxation, which
may be ascribed to the spin parity effect[26a,29].
2.5 Luminescent properties

The solid-state luminescence of complex 2 at room
temperature is shown in Fig.9. Complex 2 exhibits
intense photoluminescence upon excitation at 375 nm.
The emission spectrum of 2 can be ascribed to the
characteristic 5D4→7FJ transitions (J=6, 5, 4, 3). The
most intense peak with its maximum at 546 nm is
attributed to the 5D4→7F5 transition. Besides this main
emission line, the second intense peak at 492 nm (J=6),
and much less intense two peaks at 588 nm (J=4) and
622 nm (J =3), respectively, are also observed. This
means that TMeQ [6] ligand exhibits efficient energy
transfer to Tb3+ ion. When excited at 265 nm in the solid
state at room temperature, compound 1 displays a wide
luminescence spectrum with emission maximum at 390
nm (Fig.S8), which can be assigned to ligand
fluorescence (Fig.S9). Compared with the emission of
the free ligand at 378 nm, the red shift in 1 may be
ascribed to the increase of ligand conformational
rigidity.

3 Conclusions

In summary, two TMeQ [6]-supported lanthanide
sandwich complexes containing a cubane-like [Ln4(μ3-
OH)4]8+ cluster core were prepared and characterized.
Magnetic studies reveal that Dy4 exhibits slow

Fig.9 Emission spectrum of 2 under 375 nm excitation
in the solid state at room temperature

Fig.7 Temperature dependence of the out-of-phase ac
susceptibilities at the indicated frequencies for 1
under zero dc field

Solid line represents the fitting results over the range of 2.0~3.0 K

Fig.8 Plots of natural logarithm of χ″/χ′ vs 1/T for 1
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magnetic relaxation behavior. While the Tb3+ analogue
of [Ln4(μ3-OH)4]8+ cluster core displays interesting lum-
inescent property. The present work not only affords
the first example of TMeQ [6] supported lanthanide
hydroxide cluster with slow magnetic relaxation beha-
vior, but also provides a new synthetic approach to
prepare new lanthanide SMMs based on Cucurbit [n]
urils.

Supporting information is available at http://www.wjhxxb.cn
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