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微调镝离子配位环境提升单离子磁体有效能垒
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摘要：对于合成化学家来说，通过合成策略调控单离子磁体的磁动力学是一项艰巨的任务。我们以三(2⁃羟基亚苄基)三氨基

胍配体(L)合成了 2例单核Dy配合物[Dy(L)2(H2O)2]ClO4·2H2O·2CH3CN·CH3OH (1)和[Dy(L)2(H2O)2]CF3SO3·4H2O·2CH3OH (2)。
对其结构和磁性研究表明，不同的抗衡阴离子对于配合物 1和 2的动态磁行为有显著影响。2个配合物中，Dy中心都具有三

角形十二面体D2d对称性，在零直流场下表现出单离子磁体的行为，其有效能垒分别为 358 K (1)和 309 K (2)。结构参数对比表

明轴向位置的键长和键角微小变化对轴向配体场产生了显著的影响，而轴向配体场的微小变化导致了 2个配合物交流磁性的

差异。
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Improving Energy Barrier by Altering Coordination Environment
in Two Dy Single‑Ion Magnets
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Abstract: Altering the synthetic strategies and further tuning the magnetic dynamics of single⁃ion magnets (SIMs)
are critical tasks for chemists. Two mononuclear Dy complexes [DyL2(H2O)2]ClO4·2H2O·2CH3CN·CH3OH (1) and
[DyL2(H2O)2]CF3SO3·4H2O·2CH3OH (2) have been successfully synthesized by using tris(2⁃hydroxybenzylidene)tri⁃
aminoguanidine ligand (L). Structural and magnetic investigations reveal that different counter anions play an impor⁃
tant role in dynamic magnetic behaviors of 1 and 2. In both the complexes the Dy centers are eight⁃coordinated
with triangular dodecahedron D2d symmetry. They all showed single ⁃ ion magnets (SIMs) behavior under zero dc
applied field with effective energy barriers (Ueff) of 358 K (1) and 309 K (2), respectively. A comparison of the struc⁃
tural parameters shows that the small but significant changes at axial positions in bond lengths and bond angles
affect the axial ligand field which in turn is mainly responsible for distinct magnetic properties of both the complex⁃
es. CCDC: 2064802, 1; 2064803, 2.
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0 Introduction

Single⁃molecule magnets (SMMs), which are com⁃
plexes presenting slow relaxation of magnetization
below certain temperatures, offer the fascinating possi⁃
bility of constructing switchable, molecular ⁃ based de⁃
vices that manipulate or store information on tuning
their molecular spin[1⁃2]. Furthermore, owing to their
possible applications in high ⁃ density data storage
devices, spintronics and quantum computing, SMMs
have become one of the most broadly studied fields
among coordination compounds[1,3⁃6]. Even though thou⁃
sands of SMMs with distinct topologies and magnetic
properties have been described by the researchers
worldwide, SMMs are still far from practical implemen⁃
tations[7⁃13]. Fortunately, very recently the scientists
have greatly succeeded to set the new records for effec⁃
tive energy barrier (Ueff) and blocking temperature (TB)
on lanthanide ⁃ based single ⁃ ion magnets (SIMs). For
example, SIMs of pentagonal bipyramidal geometries
were designed systematically by using weak equatorial
ligands and strong axial ligands[14⁃16] and consequently,
the highest Ueff of 2 217 K with a record TB of 80 K has
been achieved[14].

Earlier, it was believed that the most suitable
strategy to improve the performance of SMMs was to
enhance the spin value of the ground state. Soon it was
realized that the single⁃ion magnetic anisotropy is often
canceled out within the molecule which gives a week
magnetic anisotropy and results in a small Ueff for the
whole system[17]. Alternatively, the mononuclear SIMs,
containing only one spin center, allows the scientists to
explore and switch the single⁃ion magnetic anisotropy.
Furthermore, it is well⁃known that the coordination
environment of the target compound is usually per⁃
turbed through rational changes in synthetic strategies
such as pH value, solvent effect, electrostatic potential,
or the counter anions around the central metal ion in
order to enhance or reduce the electron density[18⁃21].
The particular concern here is the tunable counter an⁃
ions effect that usually brings microenvironment differ⁃
ences in the geometric symmetry which in turn display
dynamic SMMs behaviors[22].

The coordination chemistry of transition metals

based on triaminoguanidine ligands has already been
well established[23⁃33]. Very recently, the researchers
have also started to explore interesting magnetic prop⁃
erties of 3d transition metal complexes carrying rigid
triaminoguanidine⁃backbones[34⁃44]. Surprisingly, the
magnetochemistry of such ligands with 4f rare earth
metals have never been explored before, except only
one study that also belongs to our group, where we have
expressed a family of Dy⁃SIMs associated with guani⁃
dine ⁃ based ligands in which the effect of coordinated
solvents and lattice counter anions simultaneously[45].
To the extension of our previous work, we now have
succeeded to synthesize two mononuclear Dy⁃SIMs
by using triaminoguanidine ⁃ based ligand L (L=tris(2 ⁃
hydroxybenzylidene)triaminoguanidine) (Scheme 1)
having formulas [DyL2(H2O)2]ClO4·2H2O·2CH3CN·
CH3OH (1) and [DyL2(H2O)2]CF3SO3·4H2O·2CH3OH
(2) with different counter anions. Interestingly, structur⁃
al and magnetic studies reveal that different counter
anions bring small but significant changes in bond
lengths and bond angles and affect the axial ligand
field which consequently exhibited dynamic single⁃
molecule magnetic relaxation behaviors with Ueff of 358
K (1), and 309 K (2), respectively, in the absence of a
static magnetic field.

1 Experimental

1.1 Materials and methods
All solvents and chemicals were obtained from

commercial sources of analytical grade and were used
as received. Ligand L was synthesized according to the
procedure reported in the literature[29,46⁃47]. Elemental
analyses for C, H and N were performed on a Perkin ⁃

Scheme 1 Structural drawing of used ligand along with
coordinating pocket
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Elmer 2400 analyzer. Magnetic measurements were
done on the polycrystalline sample with a Quantum
Design MPMS ⁃ XL7 SQUID magnetometer from 1.9~
300 K temperature range equipped with a 7 T magnet.
Alternating ⁃ current (ac) measurements were obtained
at 3.0 Oe with oscillating frequencies from 1~1 000 Hz
and direct ⁃ current (dc) measurements were measured
within 1.9~300 K temperature range with an external
magnetic field of 1 000 Oe. The experimental magnetic
susceptibility data were corrected for the diamagnetism
contribution of all the atoms estimated from Pascal′s ta⁃
bles and sample⁃holder calibration[48].
1.1.1 Synthesis of complexes 1 and 2

Dy(ClO4)3·6H2O (0.10 mmol) and ligand L (0.20
mmol) were dissolved in a 20 mL mixture of methanol
and acetonitrile (1∶1, V/V) followed by triethylamine
(0.20 mmol). After 3 h of stirring at room temperature,
the resultant solution was filtered and put aside for
slow evaporation. Well sized yellow color block⁃like
crystals suitable for single crystal measurements were
collected after a couple of days. Complex 2 was also
obtained by using a similar procedure as for 1, by
replacing Dy(ClO4)3·6H2O with Dy(SO3CF3)3·6H2O,
respectively (Yield: ~70%, based on dysprosium for
both the complexes).

Elemental Anal. Calcd. for C49H56ClDyN14O15
(1, % ): C, 46.01; H, 4.41; N, 15.33. Found(% ): C,
45.97; H, 4.43; N, 15.31.

Elemental Anal. Calcd. for C47H58DyF3N12O17S
(2, % ): C, 42.94; H, 4.44; N, 12.79. Found(% ): C,
43.16; H, 4.03; N, 12.82.
1.2 Crystallography

Single crystals of 1 and 2 were mounted on glass
fibers under a microscope, and diffraction data were
collected at corresponding temperatures (Table S1,
Supporting information) using a Bruker AXS D8
Venture single⁃crystal diffractometer equipped with
graphite⁃monochromatized (Cu Kα λ =0.154 178 nm
(1), Mo Kα λ =0.071 073 nm (2)) in liquid N2. The
molecular structures and mean plane analysis were
designed from the DIAMOND (version 3.1). The struc⁃
tures were solved by SHELXT (direct methods) and
refined by SHELXL (full ⁃ matrix least ⁃ squares tech⁃

niques) based on F 2 in the Olex2 package[49⁃50]. Crystal⁃
lographic data, structural refinement parameters and
selected bond lengths and angles are given in Table
S1~S3.

CCDC: 2064802, 1; 2064803, 2.
2 Results and discussion

2.1 Synthesis and structural description
Complexes 1 and 2 were prepared by reacting

ligand L (0.20 mmol) with Dy(ClO4)3·6H2O and
Dy(SO3CF3)3·6H2O (0.10 mmol), respectively in the
presence of triethylamine (0.20 mmol) in a 20 mL mix⁃
ture of methanol and acetonitrile (1∶1, V/V). Single
crystal X⁃ray diffraction analyses reveal that complexes
1 and 2 crystallize in monoclinic C2/c and triclinic P1
space group, respectively (Table S1).

Complexes 1 and 2 display similar coordination
environments (Fig. 1), only differ in counter anion
(ClO4- for 1; SO3CF3- for 2) along with some solvent
molecules (CH3OH, 2CH3CN, 2H2O for 1 and 2CH3OH,
4H2O for 2), respectively. Both compounds are octa ⁃
coordinated, six coordination sites (2NNO) from two
singly deprotonated ligands and two O donors from two
water molecules to complete the coordination sphere
along with some solvent molecules in the lattice. The
continuous shape measurements[51⁃53] indicate that
geometry for both the complexes can be best described
as triangular dodecahedron D2d giving the values of
0.739 and 0.915 for 1 and 2, respectively (Fig. S1,
Table S2). The Dy1—O1 and Dy1—O2 bond lengths
are 0.223 3(3), 0.222 3(3) nm and 0.222 51(3), 0.221 9(3)
nm; Dy1—O3w and Dy1—O4w distances are 0.240 9(3),
0.246 7(3) nm and 0.241 1(3), 0.241 8(3) nm for 1 and
2. Whereas the Dy—N bond distances fall in 0.246 2(4)
~0.255 0(4) nm and 0.249 1(3)~0.243(3) nm of 1 and 2
(Table S3), respectively. The axial angles for both the
complexes governed by coordinating deprotonated
phenolic group of two ligands (O1—Dy1—O2) are
118.29(11)° and 115.26(11)° , respectively. The angles
among O3w—Dy1—O4w are 129.77(11)° for 1 and
135.83(10)° for 2 (Table S4). Furthermore, the 3D
molecular packing of both the complexes is also differ⁃
ent, showing slight differences in intermolecular
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Dy…Dy interactions along a, b and c axes, caused by
different counter anions and some solvent molecules at
special positions in the crystal lattice. The closest inter⁃
molecular distances of Dy…Dy ions are 0.603 nm for 1
and 0.582 nm for 2, respectively (Fig. S2 and S3).
These minor differences of bond lengths and bond
angles along with diverse 3D molecular packing of com⁃
plexes 1 and 2 induced by different counter anions/
solvent molecules which in turn affect the anisotropy
axes and are mainly responsible for their distinct mag⁃
netic properties[45].
2.2 Magnetic properties

The dc magnetic susceptibility (χMT) experiments
were performed on polycrystalline samples for both the
complexes in a temperature range of 1.9~300 K in an
applied field of 1 kOe (Fig.2). The measured χΜT val⁃
ues at room temperature were 14.18 and 13.99 cm3·K·
mol-1 for complexes 1 and 2, respectively, which were
both well consistent with the expected value of 14.17
cm3·K·mol-1 for a free Dy ion (S=5/2, L=5, g=4/3
and 6H15/2). Upon cooling, the χMT values decreased
gradually until 20 K, and then decreased rapidly,
reaching 9.59 and 9.47 cm3·K·mol-1 at 1.9 K, respec⁃
tively. The decrease in the χMT value in both the com⁃
plexes is due to crystal field splitting, mainly the ther⁃
mal depopulation of the Dy Stark sublevels and/or
weak intra/intermolecular interactions[54⁃57]. Compara⁃
tively, the χMT curves for both the complexes were
slightly different at low temperatures, very similar to
recently reported analogous Dy ⁃ SIMs[45] which can

be attributed to different intermolecular Dy…Dy
distances, causing distinct antiferromagnetic dipole⁃
dipole interactions among the molecules.

The field ⁃dependent magnetization (M vs H) of 1
and 2 were examined at 1.9~5.0 K in the field range of
0~70 kOe (Fig. S4). The maxima of magnetization for
both the complexes were 5.87μB and 5.58μB, respective⁃
ly. These experimental values were well lower than the
expected saturation value of 10μB for one uncorrelated
Dy ion, but agreed with the mean value of 5μB under
considerable crystal field, which imply a well ⁃ isolated
ground Kramers doublet state. Further, non⁃
superimposed M vs HT-1 (Inset of Fig. S4) and lack of
saturation of M vs H plots at different temperatures
indicating significant magnetic anisotropy[54⁃58]. Another
important tool of the magnetic bi ⁃ stability is magnetic
hysteresis which was experimentally measured for both

Color codes: Dy, light green; C, gray; O, red; Cl, dark green; N, blue; F, bright green; S, yellow; Lattice solvent molecules are omitted for clarity
Fig.1 Molecular structures of 1 (a) and 2 (b)

Fig.2 Temperature dependence of χMT values of 1 and 2
under 1 kOe dc field
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the complexes. Interestingly, both the complexes dis⁃
played well defined butterfly ⁃ shaped hysteresis loops
at 1.9 K (Fig.S5).

The in ⁃ phase (χ′ ) and the out ⁃ of ⁃ phase (χ″ ) ac
magnetic susceptibility measurements as a function of
the frequency of 1 and 2 were performed under a zero
dc field with a small ac field of 3 Oe. The frequency
dependence χ′ and χ″ magnetic susceptibilities
showed typical SMM behaviors for 1 and 2 (Fig.3 and
S6). Both the complexes revealed a series of well ⁃
defined χ″ maxima in a temperature range of 9~24 K
for 1 and 5~22 K for 2, respectively. As seen from Fig.
S7, another increase of the ac response was observed in
the low⁃temperature region (below 9 K for 1 and 5 K for
2), probably indicating the onset of pure quantum

tunneling[59].
The Cole ⁃ Cole fitting graphs (Fig. 4) of 1 and 2,

based on frequency ⁃ dependent data with the general⁃
ized Debye model[54⁃58] show nonsymmetrical semicir⁃
cles. The obtained parameters are in the range of
0.024~0.3 (9~24 K) for 1 and 0.055~0.18 (5~22 K) for
2 respectively, giving a narrow distribution of relax⁃
ation times (τ) (Table S5 and S6). The Arrhenius plots
(ln τ vs T-1, Fig.5) were fitted considering the Orbach
and Raman process to obtain the corresponding effec⁃
tive energy barrier of relaxation Ueff=358.18 K (τ0=
2.27×10-11 s) for 1 and Ueff=309.19 K (τ0=2.64×10-9 s)
for 2[55]. The insets of Fig. 5 shows the detail for the
corresponding extracted parameters for both the
complexes.

Fig.4 Cole⁃Cole plots of 1 (a) and 2 (b) with blue solid lines as Debye fits within indicated temperatures

Fig.3 Frequency dependence of in⁃phase (χ′) and out⁃of⁃phase (χ″) plots of 1 (left) and 2 (right)
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2.3 Structural correlation
Complexes 1 and 2 are actually analogous to each

other but with different ac magnetic properties.
Detailed insight into the structures of 1 and 2, the axial
O1—Dy1—O2 angle of 118.29° for complex 1 is larger
than 2 of 115.26°. Meanwhile, the axial Dy1—O1 and
Dy1—O2 average bond lengths in 1 (0.228 nm) are
also slightly shorter than that detected in 2 (0.235 nm,
Table 1). The presence of different counter anions
(ClO4- and CF3SO4- ) and solvent molecules (CH3OH,
2CH3CN, 2H2O and 2CH3OH, 4H2O) of 1 and 2 in the
crystal lattice results in slight structural changes and
different Dy…Dy intermolecular interactions along a, b

and c axes (Fig.S2 and S3). The different intermolecu⁃
lar Dy…Dy interactions along a, b and c axes may
bring different dipole⁃dipole interactions that are influ⁃
encing on the relaxation rate of incoherent quantum
tunneling of the magnetization to obtain different effec⁃
tive relaxation barriers. Collectively, the large angle
and short bond lengths at the axial position incorporate
with different intermolecular interactions in both the
complexes may induce the stronger axial magnetic
anisotropy which is mainly responsible for higher ener⁃
gy barrier of 358 K in 1 than that observed in complex
2 of 309 K.

Table 1 Important bond lengths (nm) and angles (°) of axially coordinated O of L for 1 and 2

Fig.5 Fitting of frequency⁃dependent of relaxation time of 1 (a) and 2 (b)

Complex

Length / nm

Angle / (°)
τ0 / s
Ueff / K

1

Dy1—O1
Dy1—O2
average

O2—Dy1—O1
2.27×10-11
358.18

0.223 3(3)
0.222 3(3)
0.228(3)
118.29(11)

2

Dy1—O1
Dy1—O2
average

O2—Dy1—O1
2.64×10-9
309.19

0.225 1(3)
0.221 9(3)
0.235(3)
115.26(11)

3 Conclusions

In summary, two new triaminoguniadine⁃based
mononuclear Dy  complexes with formulas
[DyL2(H2O)2]ClO4·solvent (1) and [DyL2(H2O)2]CF3SO3·
solvent (2) have been successfully prepared by altering
the reaction conditions. Both the complexes display
almost analogous structures featuring eight coordinated
N4O4 environment each that can be best described as
triangular dodecahedron D2d symmetry. The experimen⁃

tal ac magnetic studies revealed the single⁃ion magnet⁃
ic behavior under zero dc applied field with effective
energy barriers (Ueff) of 358 K (1) and 309 K (2), respec⁃
tively. The diverse ac magnetic behaviors may result
from different types of lattice counter anions (ClO4- for
1 and CF3SO4- for 2), which slightly but significantly
affect the axial ligand field parameters and coordina⁃
tion geometries. These results offer an interesting and
possible opportunity for tuning the magnetic properties
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of SIMs by affecting the axial ligand field through intro⁃
ducing different counter anions into the crystal lattice.
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