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ABSTRACT: The synthesis, structural characterization, and magnetic properties of four related heterometallic complexes with
formulas [DyIII2Co

II(C7H5O2)8]·6H2O (1), [DyIII2Ni
II(C7H5O2)8]·(C7H6O2)2 (2), TbIII2Co

II(C7H5O2)8 (3), and DyIII2Cd
II-

(C7H5O2)8 (4) were reported. Each of complexes has a perfectly linear arrangement of the metal ions with two terminal LnIII

(LnIII = DyIII, TbIII) ions and one central MII (MII = CoII, NiII, CdII) ion. It was found that 1−3 displayed obvious magnetic
interactions between the spin carriers according to the direct current (dc) susceptibility measurements. Alternating current (ac)
magnetic susceptibility measurements indicate that complexes 1−4 all exhibit single-molecule magnet (SMM) behavior, while
the replacement of the diamagnetic CdII by paramagnetic ions leads to a significant slowing of the relaxation thanks to the
magnetic interactions between 3d and 4f ions, resulting in higher relaxation barrier for complexes 1 and 2. Moreover, both
Dy2Co and Dy2Ni compounds exhibit dual relaxation pathways that may originate from the single ion behavior of individual DyIII

ions and the coupling between DyIII and CoII/NiII ions, respectively, which can be taken as the feature of 3d−4f SMMs. The Ueff
for 1 of 127 K is a relatively high value among the reported 3d−4f SMMs. The results demonstrate that the magnetic coupling
between 3d and 4f ions is crucial to optimize SMM parameters. The synthetic approach illustrated in this work represents an
efficient route to design nd−4f based SMMs via incorporating suitable paramagnetic 3d and even 4d and 5d ions into the d−f
system.

■ INTRODUCTION

Chemists and physicists have long been sparing no effort to
synthesize single-molecule magnets (SMMs) because of their
fascinating structures and the possible applications for high-
density information storage,1 molecular spintronic,2 and
quantum computing devices2c,3 at a molecular level since the
discovery of the Mn12Ac cluster, which exhibits slow relaxation
of the magnetization behavior, in the 1990s.4 With the
collective aim of obtaining molecules with high-spin ground-
state (ST) and uniaxial (Ising) negative magnetic anisotropy
(D), several synthetic strategies can be applied to design new
SMMs.5 Recently it has spurred chemists to focus on not only
pure 3d6 and 4f5a,c,d,7 metal ions but also the combination of 3d
and 4f8 metal ions since the ferromagnetic coupling between 3d
and 4f ions often results in a high-spin ground state, and 3d
ions like CoII and NiII also contribute magnetic anisotropy to

the system in conjunction with the large single-ion magnetic
anisotropy of 4f ions such as DyIII, TbIII, and so forth.
The first mixed 3d−4f SMM, Cu2Tb2, was reported in 2004,9

while the first CoII−LnIII SMM was a CoII−GdIII−CoII complex
reported in 2007.10 In the next several years, a number of CoII−
Ln,11 NiII−Ln,11h,12 and other 3d−4f13 clusters with diverse
structures and nuclearities have been reported to behave as
SMMs. It is well-known that the magnetic interactions between
the 3d−3d, 3d−4f, and 4f−4f ions in the heterometallic clusters
are rather complicated, especially for clusters with high
nuclearity. Thus, to better understand the magnetic interactions
between 3d−4f metal ions as well as the effect of magnetic
interactions on the SMM behavior,12i,13g the construction of
simple complexes with a limited number of 3d and 4f ions is
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essential to elucidate the magneto-structural correlations.
However, despite CoII and NiII possessing significant magnetic
anisotropy, CoII−Ln and NiII−Ln SMMs with low-nuclearity
are quite sparse10,11,11d,g,12d,13i,j and have not received as much
attention indeed. Thus, the combination of CoII or NiII with
LnIII ions might present a potential route to design new 3d−4f
SMMs.
Recently, we reported a series of new Ln2Mn heterometallic

complexes showing SMM behavior.14 This result stimulates us
to investigate other 3d−4f metal analogues to further explore
the effect of magnetic interactions between 3d and 4f ions on
the SMM behavior. Accordingly, herein, we report the
synthesis, structural characterization, and magnetic behavior
of a series of linear 3d−4f heterometallic complexes. Among all
complexes exhibiting SMM behavior, the Dy2Co shows a
relatively high energy barrier for 3d−4f SMMs, reaching 127 K.
The Dy2Cd compound with diamagnetic CdII ion was also
investigated to evaluate the effect of the magnetic interactions
between the 3d and 4f ions on the SMM behavior. In contrast
to the prominent SMM behavior for Dy2Co, Dy2Ni, and
Dy2Mn complexes, Dy2Cd shows relatively lower block
temperature, as evidenced by the absence of the out-of-phase
alternating current (ac) susceptibility peaks, corroborating that
magnetic coupling could suppress tunneling and further
enhance the SMM behavior.

■ EXPERIMENTAL SECTION
General Procedures. All starting materials were of analytical

reagent grade and were used as commercially obtained without further
purification. N-(2-aminopropyl)-2-hydroxybenzamide was prepared
according to a procedure previously described in the literature15 by
condensation of phenyl salicylate and 1,2-diaminopropane in a 1:1
molar ratio. All reactions were performed under aerobic conditions.
Elemental analyses for C, H, and N were performed on a PerkinElmer
2400 analyzer. IR spectra (4000−300 cm−1) on powdered samples
were recorded with a Fourier transform infrared spectrometer nicolet
6700 system, using KBr pellets. All magnetization data were recorded
on a Quantum Design MPMS-XL7 SQUID magnetometer equipped
with a 7 T magnet. The variable-temperature magnetization was
measured with an external magnetic field of 1000 Oe in the

temperature range of 2−300 K. The experimental magnetic
susceptibilities were corrected for the sample holder and diamagnetism
of the constituent atoms, using Pascal’s tables.16

X-ray Crystallography. Suitable single crystals were selected for
single-crystal X-ray diffraction analysis. Crystallographic data were
collected at a temperature of 293 K on a Bruker Apex II CCD
diffractometer with graphite-monochromated Mo Kα radiation (λ =
0.710 73 Å). Data processing was accomplished with the SAINT
processing program. The structure was solved by direct methods and
refined on F2 by full-matrix least-squares using SHELXTL97.17 The
locations of the heaviest metal atoms were easily determined, and the
O and C atoms were subsequently determined from the difference
Fourier maps. All the non-H atoms were refined anisotropically. The
H atoms were introduced in calculated positions and refined with fixed
geometry with respect to their carrier atoms. Isotropic treatment was
done with the solvent molecules. Additional crystallographic
information is available in the Supporting Information.

Synthesis of 1−4. The same procedure was employed to prepare
complexes 1−4, and hence only the synthesis of complex 1 will be
described here in detail. N-(2-aminopropyl)-2-hydroxybenzamide (0.2
mmol) was dissolved in a mixture of methanol and methylene
dichloride (1:2, 15 mL), and then salicylic aldehyde (0.2 mmol) was
added to the mixture. The reaction mixture was stirred for 5 min.
Then, Co(OAc)2·4H2O (0.2 mmol) and Dy(NO3)3·6H2O (0.2 mmol)
were added to the above mixture successively; finally, triethylamine
(0.1 mmol) was added after 0.5 h. The resulting solution was stirred
for another 3 h, followed by filtration, and then was allowed to slowly
evaporate without being perturbed. Yellow block single crystals,
suitable for X-ray diffraction analysis, were obtained after one week.
The crystals were collected by filtration. The analytical data for these
complexes are given below. Attempts to isolate analogous compounds
with GdIII instead of the anisotropic TbIII and DyIII ions were not
successful.

Dy2Co (1). Yield: 15 mg (41.4% based on salicylic aldehyde). Anal.
Calcd for [DyIII2Co

II(C7H5O2)8]·6H2O: C, 46.38; H, 3.59. Found: C,
46.50; H, 3.31%.

Dy2Ni (2). Yield: 14 mg (43.8% based on salicylic aldehyde). Anal.
Calcd for [DyIII2Ni

II(C7H5O2)8]·(C7H6O2)2: C, 52.60; H, 3.25.
Found: C, 52.25; H, 3.09%.

Tb2Co (3). Yield: 20 mg (59.4% based on salicylic aldehyde). Anal.
Calcd for TbIII2Co

II(C7H5O2)8: C, 49.93; H, 2.97. Found: C, 49.96; H,
3.08%.

Table 1. Crystal Data and Structural Refinement Parameters for 1−4

1 2 3 4

formula C56H40Dy2CoO22 C70H52Dy2NiO20 C56H40Tb2CoO16 C56H40Dy2CdO16

Fw (g mol−1) 1448.82 1596.81 1345.67 1406.29
cryst syst monoclinic monoclinic monoclinic triclinic
space group P21/c P21/c P21/n P1̅
T (K) 293(2) 293(2) 293(2) 293(2)
a (Å) 14.913(4) 14.812(2) 10.792(2) 10.024(4)
b (Å) 11.125(3) 10.9693(16) 20.804(4) 11.080(4)
c (Å) 20.084(6) 20.281(3) 11.914(2) 12.217(5)
α [deg] 90 90 90 95.506(7)
β [deg] 108.503(6) 109.248(2) 110.764(3) 113.574(6)
γ [deg] 90 90 90 93.738(7)
V (Å3) 3159.8(15) 3111.0(8) 2501.1(9) 1229.9(8)
cryst color yellow yellow yellow yellow
ρc (g cm−3) 1.523 1.705 1.787 1.899
μ(mm−1) 2.671 2.755 3.198 3.510
F(000) 1422 1584 1322 684
Rint 0.0743 0.0578 0.0347 0.0280
R [I > 2σ(I)] 0.0568 0.0430 0.0297 0.0408
wR2 (all data) 0.1820 0.1171 0.0699 0.0912
GOF 1.029 1.014 1.015 0.995
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Dy2Cd (4). Yield: 19 mg (54% based on salicylic aldehyde). Anal.
Calcd for DyIII2Cd

II(C7H5O2)8: C, 47.78; H, 2.84. Found: C, 47.56; H,
2.79%.

■ RESULTS AND DISCUSSION

Synthetic Aspects. Complexes 1−4 were isolated from the
reaction of M(OAc)2·4H2O (M = Co, Ni, Cd) and Ln(NO3)3·
6H2O (Ln = Dy, Tb) with N-(2-aminopropyl)-2-hydroxyben-
zamide and salicylic aldehyde18 in methanol/methylene
dichloride (5 mL/10 mL), in the presence of triethylamine. It
is worth noting that the N-(2-aminopropyl)-2-hydroxybenza-
mide ligands, although not incorporated in the final structure,
may play a crucial role to some extent in the formation of the
heterometallic structures since complexes 1−4 cannot be
obtained without it. Actually, the reaction of N-(2-amino-
propyl)-2-hydroxybenzamide with salicylaldehyde should give
an imine−amide ligand able to coordinate metal ions under
aerobic conditions.19 However, the excess of metal ions and the
addition of a small amount of trielthylamine might be
unfavorable for the formation of the imine−amide ligand.
Crystal Structures. Single-crystal X-ray diffraction studies

indicate that complexes 1 and 2 crystallize in the monoclinic
space group P21/c, whereas complex 4 crystallizes in the
triclinic space group P1 ̅ and complex 3 crystallizes in the
monoclinic space group P21/n. The complexes 1−4 have
similar framework structure, which can be seen from their
identical IR spectra (Figure S1, Supporting Information), but
there are three H2O molecules and one salicylic aldehyde
molecule in the final structure as the solvent molecules for
complexes 1 and 2, respectively. The structure of 1 will be
described as representative of the whole series. Details for the
structure solution and refinement are summarized in Table 1.
Moreover, for complexes 1 and 4, the coordination geometry of
DyIII ions were calculated by utilizing the SHAPE 2.1 software20

(Table S1 in Supporting Information). A summary of
important selected interatomic distances, the shortest inter-
molecular distances, and D4d distortion parameters of
complexes 1 and 4 are listed in Supporting Information,
Table S2.
The partially labeled molecular structure of complex 1 is

presented in Figure 1a. As we can see, each ligand utilizes two
coordination sites in the formation of 1, in which eight salicylic
aldehyde ligands coordinate with two types of modes: six μ-
η1:η2 bridging ligands and two chelating ligands (Scheme 1).
The molecular structure of complex 1 reveals that the three
metal ions are held together via six μ2-phenolate oxygen atoms
of six singly deprotonated salicylic aldehyde ligands according
to a concerted coordination action. Each of the terminal DyIII

ions and the central CoII ion are bridged by three μ2-phenolate
oxygen atoms to generate a [Dy2Co(μ2-O)6]

2+ core (Figure
1b). Interestingly, the Dy−Co−Dy array in complex 1 is
perfectly linear, and a paddle-wheel geometry is seen for 1
when viewed from one end because of this linear arrangement
of the three metal ions (Figure 2, right). Three face-sharing
polyhedra are generated as a result of the bridging coordination
of the phenolate oxygen atoms; furthermore, the symmetrical
bridging atoms and three metal ions generate three planes
(Figure 2, left and Figure 3a). Each of the two terminal DyIII

ions is surrounded by three μ-η1:η2 bridging and one chelating
salicylic aldehyde ligands and has an overall O8 coordination
environment in a square antiprism (SAP) geometry (Figure 3b,
left and middle). The Dy−O bond lengths are in normal ranges
of 2.258(7)−2.412(7) Å. The coordination geometry around

the central CoII ion can be described as distorted octahedral
with an O6 donor set with Co−O bond lengths ranging from
2.097(6) Å to 2.149(6) Å (Figure 3b, right). In view of the
different space group of 1 and 4, crystal packing structures
along b axis of these two complexes are depicted in Figure S2,
and careful comparison in the crystallographic distances
between 1 and 4 and geometry analysis of the DyIII for them
are listed in Tables S1 and S2. From Table S1, we can see that
the intermolecular Dy···Dy distance for complex 4 is
significantly shorter than that in complex 1. Thus, the dipolar
interactions must be stronger in 4 and may explain the

Figure 1. (a) The partially labeled molecular structure of 1. (b) Core
of a Dy2Co complex in 1. Hydrogen atoms and H2O molecules are
omitted for clarity. Color scheme: blue, Dy; yellow, Co; red, O; black,
C.

Scheme 1. Structure of the Salicylic Aldehyde Ligand and Its
Two Specific Coordinate Modes

Figure 2. (left) Three planes generated by metal ions and bridging
oxygens. (right) The linear arrangement of the metal ions in 1 and
overall screw propeller arrangement of the ligand framework around
the three metal ions. Unnecessary atoms are omitted for clarity.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00019
Inorg. Chem. 2015, 54, 4337−4344

4339

http://dx.doi.org/10.1021/acs.inorgchem.5b00019


quantum tunneling of magnetization (QTM) observed (see
below).
It is well-known that for a perfect SAP, Φ is 45°, while α

corresponds to the magic angle, 54.74°. Wider α angles
correspond to compression, and smaller angles correspond to
elongation along the tetragonal axis. As shown in Supporting
Information, Figure S3 and Table S2, both DyIII ions of 1 and 4
are in SAP geometry, in view of the DyIII coordination sphere; 1
and 4, obviously, are slightly longitudinally compressed, but
with similar α parameters of 58.31 and 57.66°, and the Φ values
of 39.56 and 39.44° for 1 and 4, respectively, indicating that the
coordination sphere of two compounds are quite similar.
Magnetic Properties. The direct current (dc) magnetic

susceptibility measurements were performed on powdered
polycrystalline samples of 1−4 in the temperature range of 2−
300 K under 1 kOe applied dc field. The product of the molar
magnetic susceptibility (χM) with temperature versus T plots
for 1−4 are shown in Figure 4.

The measured room-temperature χMT values for complexes
1−3 at 300 K are 29.12, 29.40, and 25.46 cm3 K mol−1,
respectively. These values are in good agreement with the
expected values of 30.22, 29.34, and 25.51 cm3 K mol−1 for two
noninteracting DyIII (S = 5/2, L = 5, 6H15/2, g = 4/3) or TbIII (S
= 3, L = 3, 7H6, g = 3/2) ions and one CoII (S = 3/2, C ≈ 2.7−
3.4 cm3 K mol−1) or NiII (S = 1, g = 2) ion as summarized in
Table 2.21 As shown in Figure 4, the dc magnetic properties of

the complexes 1−3 are relatively similar to each other. As the
temperature is decreased, the χMT products gradually decrease
to 28.36, 27.86, and 24.81 cm3 K mol−1 at ∼60, 40, and 45 K,
then sharply increase to 52.84, 47.97, and 40.20 cm3 K mol−1 at
∼3 K before decreasing again to 1.8 K for complexes 1−3,
respectively. The decrease in χMT at higher temperatures for 2
is due to the depopulation of the mJ levels of Dy

III ions, whereas
for 1 and 3 the decrease can be attributed to both the thermal
depopulation of the spin−orbit coupling levels arising from the
4T1g ground term of the octahedral CoII ion and the
depopulation of the mJ states of the DyIII and TbIII ions. The
sharp increase below 60 K for 1−3 indicates obvious
ferromagnetic interactions dominating between the spin
carriers. The decrease of χMT values in the case of 1−3
below 3 K are likely ascribed to the presence of magnetic
anisotropies and/or antiferromagnetic intermolecular interac-
tions between the trinuclear complexes.
We now discuss the dc magnetic property of the complex 4.

As shown in Figure 4, at room temperature, the χMT value for
complex 4 is 26.10 cm3 K mol−1, which is slightly lower than
the expected value of 28.34 cm3 mol−1 K with the presence of
two DyIII (S = 5/2, L = 5, 6H15/2, g = 4/3) ions for 4. Lowering
the temperature induces a continuous decrease of the χMT
product of 4 to the value 22.44 cm3 K mol−1 at 2 K. This
behavior is the expected result11g of only depopulation of the
Stark sublevels of the DyIII ions for complex 4.
The field dependence of magnetization M versus H for

complexes 1−4 was measured between 1.9−5 K (Supporting
Information, Figures S4−S7). The magnetization for each of
the complexes 1−3 below 5 K shows a more abrupt increase
below 0.5 T than that of complex 4 confirming the presence of
ferromagnetic interactions in these complexes. At higher field
the magnetization curves for 1−4 follow a linear slope and
reach 12.05, 12.22, 11.78, and 9.51 μB, respectively, without
saturation even up to 7 T. Furthermore, the absence of a
superposition of the M versus H/T (Supporting Information,
Figures S4−S5, inset figures) data on a single master-curve for
1−4 suggesting the presence of significant magnetic anisotropy
and/or low-lying excited states in the systems.
The magnetic coupling together with the significant

anisotropies of 3d and 4f ions in complexes 1−3 is favorable
to show SMM behavior. The ac susceptibility measurements
were performed under zero dc field for 1−4 to investigate the
dynamics of the magnetizations. For complex 3, temperature
dependence of the in-phase (χ′) and out-of-phase (χ″) ac
susceptibility signals under zero external applied dc field exhibit
frequency dependence of the χ″ signals below ca. 5 K
(Supporting Information, Figures S8−S9), indicating the
onset of the slow relaxation of the magnetization. However,
no maximum was observed even under 600 Oe external applied
dc field, suggesting the presence of fast quantum tunneling
relaxation of the magnetization.

Figure 3. (a) Polyhedral representation of the face sharing successive
polyhedra of 1. (b) Distorted square-antiprism geometry around DyIII

ion (left and middle) and distorted octahedron geometry around CoII

ion (right).

Figure 4. Temperature-dependent χT products under 1000 Oe for 1−
4.

Table 2. Direct Current Magnetic Data for Complexes 1−4

complex

ground
state of
LnIII ion

χMT expected for noninteracting ions/
measured at 300 K/measured at 1.9 K

per complex (cm3 K mol−1)

magnetization
at 1.9 K and 7

T (μB)

1 6H15/2 30.22/29.12/50.83 12.05

2 6H15/2 29.34/29.40/47.80 12.22

3 7F6 25.51/25.46/38.75 11.78

4 6H15/2 28.34/26.10/22.44 9.51
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The strong temperature and frequency dependences of the χ′
and χ″ ac susceptibility signals under zero dc field for 1 and 2
(Figures 5 and Supporting Information, Figures S10−S12)

characteristic of SMM behavior are observed, indicating that
the introduction of DyIII ion having bistability of ground state
and large intrinsic anisotropy are crucial to construct SMMs as
compared with complex 3. As we can see, the Cole−Cole plots
in the temperature range of 1.9−16.0 K for 1 exhibited two
separate relaxation processes above 5 K, indicating the
evolution from faster relaxation (FR) to slower relaxation
(SR) as the temperature is raised (Supporting Information,
Figures S13−S15), which also can be seen from the frequency
dependences of the out-of-phase (χ″) ac susceptibility signals
between 10−16 K and is consistent with the overlapping
maxima χ″(T) curves (Supporting Information, Figures S10
and S12). Fitting the diagram at each temperature to a
generalized Debye model leads to a parameter α ranging from
0.147 to 0.208 over the temperature range of 1.9−4 K
(Supporting Information, Figure S13), while in the 5−13 K
range the Cole−Cole plots (Supporting Information, Figures
S14 and S15) can be nicely fitted to the sum of two modified
Debye functions22 (eq 1), according to two relaxation
processes.

χ ω χ
χ

ωτ

χ

ωτ
= +

Δ

+
+

Δ

+α α− −i i
( )

1 ( ) 1 ( )ac S,tot
1

1
(1 )

2

2
(1 )1 2

(1)

The small parameters α1 and α2 (Supporting Information,
Table S3) indicate a small distribution of relaxation times for
each relaxation process. The relaxation time of 1 was also
deduced from the Cole−Cole data between 1.9 and 16 K using
generalized Debye model. Modeling the behavior with the
Arrhenius law gives two bisecting lines (Figure 6), correspond-
ing to energy barriers (Ueff/kB) of 16.77(4) and 127.27(2) K
and pre-exponential factors (τ0) of 3.55 × 10−5 and 1.69 × 10−9

s, below and above 5 K, respectively. At the higher temperature
regime the process must be associated with relaxation through
excited Kramers doublets of individual DyIII ions, as previously
inferred for some Dy complexes,23 while at low temperatures
the weak coupling between DyIII ion and CoII ion might
become important, which has been taken as a signature of 3d−
4f SMMs.11b,c It is worth noting that this Ueff for FR is among
the high values for 3d−4f SMMs, which is comparable to the
[MnIII6O3Tb2] and [CoII2Dy

III
2] cores with Ueff of 103 and 118

K, respectively,11b,24 and lower than that of [FeII2Dy
III] core,

which holds the highest energy barrier of 459 K for 3d−4f
SMMs.13g

Cole−Cole plots (Supporting Information, Figure S16) for 2
under a zero dc field can be nicely fitted by the generalized
Debye model for temperatures ranging from 1.9 to 11 K but
show moderate relaxation time distribution (0.20 < α < 0.27)
for temperatures between 1.9 and 5 K. The frequency
dependence of the ac susceptibility for complex 2 in an
external applied dc field from 100 to 3000 Oe was also
measured at 2.5 K (Supporting Information, Figure S17). With
increasing field the relaxation rate 1/τ slightly decreases to the
highest investigated field of 3000 Oe, indicating partially
suppressed QTM. In contrast to the case under zero applied dc
field, the frequency-dependent out-of-phase ac susceptibility
maxima under 1500 Oe external applied field that vary with
frequency are slightly moved to lower frequency (Figure 7).
The Cole−Cole plots under 1500 Oe applied static field of
complex 2 were also studied in the temperature range of 1.9−
12 K (Supporting Information, Figure S18). Fitting the diagram
in accordance with one relaxation process for temperatures
from 1.9 to 12 K to the generalized Debye model gives
parameter α ranging from 0.16 to 0.27. The relatively small
values of α parameter for 2 imply that small distribution of
relaxation times. The plot of ln(τ) versus T−1 (Figure 8) shows
a crossover at ∼5 K, which indicates the presence of dual
relaxation processes and hence can be fitted to the Arrhenius
law τ = τ0 × exp(Ueff/kBT), giving the effective energy barriers
of Ueff = 12.24 K (pre-exponential factor of τ0 = 1.34 × 10−5 s)
and Ueff = 55.19 K (τ0 = 5.21 × 10−8 s) for low- and high-
temperature dynamics, respectively. The two relaxation regimes
for high and low temperatures can also be associated with single
ion behavior of individual DyIII ions and weak coupling
between DyIII and NiII ions, respectively.

Figure 5. Frequency dependence of the in-phase (χ′) and out-of-phase
(χ″) ac susceptibility signals for 1 under zero-dc field. The solid lines
are a guide for the eyes.

Figure 6. Magnetization relaxation time, ln(τ) vs T−1 plot for 1 under
zero dc field. The solid lines are fitted with the Arrhenius law (see
text).
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The ac susceptibilities of trinuclear Dy2Cd complex 4 with
diamagnetic CdII of d10 electronic configuration were also
investigated to evaluate the contribution of magnetic
interactions between 3d and 4f ions to the SMM behavior of
Dy2Co, Dy2Ni and reported Dy2Mn complexes involving
paramagnetic 3d ions. Temperature dependence of the χ′ and
the χ″ ac susceptibility components are observed below ∼18 K
under zero dc field for 4, but without obvious peaks down to 2
K (Supporting Information, Figure S19). Moreover, no peaks
of the χ′ and the χ″ ac susceptibility components at 1000 Hz
and 2.5 K were observed in the field-dependent measurements
(Supporting Information, Figure S20), suggesting a lower
blocking temperature for complex 4 than that of Dy2Co and
Dy2Ni complexes. We can see from the ac susceptibility of
Dy2Cd that the magnetic coupling between DyIII and CoII/NiII/
MnII ions is essential for increasing the blocking temperatures
of the Dy2Co, Dy2Ni and reported Dy2Mn heterotrinuclear
SMMs.14 Furthermore, the perfectly linear [DyIII−MII−DyIII]

(M = CoII/NiII/MnII) array might be also responsible for the
enhancement of the SMM properties.
In conclusion, four new linear heterometallic Ln−M−Ln

complexes have been prepared through the reactions between
relevant 3d, 4f metal salts and salicylic aldehyde ligands. The dc
magnetic susceptibility measurements show obvious magnetic
interactions for complexes 1−3. Complexes 1 and 2 show
apparent SMM behavior with a large energy barrier for complex
1, reaching 127 K. In contrast, the χ″ signals without peaks for
complex 4 containing diamagnetic CdII ion suggest a lower
block temperature when compared those of complexes 1 and 2.
The results demonstrate that the magnetic coupling between 3d
and 4f ions plays an important role in enhancing SMM
behavior. However, it is worth noting that the stronger dipolar
interactions in compound 4 as a consequence of the short
intermolecular Dy···Dy distance may facilitate fast QTM
process. Thus, the magnetic coupling cannot be the only
reason for reducing the QTM in complex 1. The approach
illustrated in this work represents a promising strategy to
construct efficient nd−4f-based SMMs by taking the advantage
of strong magnetic interactions between d and f spins through
introducing suitable paramagnetic 3d even 4d and 5d ions into
the heterometallic d−f system.
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1036018 (4) contain supplementary crystallographic data for
this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.
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