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A new family of nickel–lanthanide heterometallic dinuclear complexes derived from a chiral Schiff-base
ligand, (R,R)-N,N0-bis(3-methoxysalicylidene)cyclohexane-1,2-diamine (H2L), namely [Ni(L)Ln(NO3)3-
(H2O)] (Ln = Ce (1), Nd (2)) and [Ni(L)Ln(NO3)3] (Ln = Sm (3), Eu (4), Gd (5), Tb (6), Dy (7) and Yb (8)) have
been synthesized and structurally characterized. X-ray single-crystal structure determination revealed
that these complexes are diphenoxo-bridged NiII–LnIII dinuclear clusters, which crystallize in the chiral
space group P1. The solid circular dichroism (CD) spectra confirmed the optical activity and enantiomor-
phous properties of all these complexes. Magnetic investigations suggested that crystal-field effects
and/or the possible antiferromagnetic dipole–dipole interaction between the molecules exist in the com-
plexes and single-ion properties of LnIII ions lead to their magnetic behaviors. The alternating current (ac)
magnetic susceptibilities showed that complexes 6 and 7 exhibit field-induced single-molecule magnet
behaviors due to the strong anisotropy and important crystal-field effect of the TbIII or DyIII ions. It is
noteworthy that the quantum tunneling effect at low temperatures can be effectively suppressed by
employing a 2 kOe direct current field.

� 2015 Published by Elsevier B.V.
1. Introduction

The construction of molecule-based magnetic materials has
been an active field in chemistry and materials science [1], espe-
cially after the discovery of single-molecule magnets (SMMs) in
1993 [2]. The SMMs have attracted much attention over the two
decades mainly due to their potential applications in the high-
density information storage at the molecular level or nanoscale
[3]. However, there are two main issues for the realization of the
SMM-based storage technology: (1) the slow magnetic relaxation
of the SMMs is currently only accessible below liquid N2 tempera-
ture, thus the magnetic blocking temperature needs to rise signif-
icantly; (2) the manufacturing of storage devices encounters great
difficulties due to the individual molecules of the SMMs are hard to
deposit and address on surfaces [4]. One of the grand challenges in
researching for the molecule-based magnets is still, therefore, to
design and synthesize the efficient SMMs.
Recently, the lanthanide ions with unique electronic structures
have attracted considerable attention because of their unrivaled
single-ion anisotropies. The most notable heavy lanthanide ions,
such as DyIII [5], TbIII [6], HoIII [7] and ErIII [8], have been widely
used as the magnetic centers to construct the SMMs [9]. Two strict
prerequisites for a molecule as the SMM are that the electronic
ground state must be bistable, and the magnetic anisotropy must
be present. For the lanthanide ions, other than the ground
electronic states of 1S0 and 8S7/2, the orbital contribution to the
magnetic moment is large and unquenched, and the ligand-field
effects in the lanthanide complexes can be regarded as a small-
but-significant perturbation [10]. Therefore, the Ln-containing
complexes can be considered as the SMMs more likely because of
their large angular momentum in the ground electronic states
and a large magnetic anisotropies [4]. And more significantly, the
lanthanide-based SMMs have already shown considerable poten-
tials to deposit on the surface for device manufacturing [11,4c].
The mononuclear lanthanide compound exhibiting slow relaxation
of the magnetization could be called ‘‘single-ion magnets’’ (SIMs)
due to the single-ion features [12], while the lanthanide-based
SMMs usually include two or more lanthanide ions [4,13].
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Since the first ferromagnetic CuII–GdIII compound was reported
by Gatteschi group [14], the 3d–4f heterometallic complexes have
attracted a great deal of interests because they are efficient model
compounds in understanding the magnetic exchange between the
3d and 4f metal ions, and especially, some of 3d–4f clusters behave
as the SMMs [15]. The strong magnetic interaction between the 3d
and 4f ions make it more easier to show the SMM behaviors. The 3d
metal ions mainly include the CuII [16], NiII [17], CoII [18], and MnIII

ion [19], and the polydentate Schiff-base ligands are often chose to
construct the 3d–4f heterometallic SMMs [20]. Previous studies
revealed that the symmetry of the ligand field around the lan-
thanide ion strongly affects the magnetic anisotropy [21]. When
the chiral ligands are introduced into the magnetic complex, not
only the chiral magnets may be obtained, but also the chiral asym-
metric coordination environment around the metallic ions can
affect the magnetic properties [22,23,4b]. In order to further study
the effect of different ligands on the magnetic properties, the chiral
hexadentate Schiff-base ligand (Scheme 1) was applied for the syn-
thesis of target SMMs. Herein, we describe the syntheses, crystal
structures, and magnetic properties of a new family of 3d–4f
heterometallic dinuclear complexes, namely [Ni(L)Ln(NO3)3(H2O)]
(Ln = Ce (1), Nd (2)) and [Ni(L)Ln(NO3)3] (Ln = Sm (3), Eu (4), Gd
(5), Tb (6), Dy (7) and Yb (8)) (H2L = (R,R)-N,N0-bis(3-methoxysali-
cylidene)cyclohexane-1,2-diamine (H2L)). Remarkably, the
NiII–TbIII (6) and NiII–DyIII (7) complexes display field-induced slow
magnetic relaxation.
2. Experimental

2.1. General methods

All the reagents and solvents were purchased from the commer-
cial sources and used as received. (R,R)-1,2-diaminocyclohexane
and 3-methoxysalicylaldehyde were purchased form the Aldrich
Chemical Co., Inc. The rare earth metal salts Ln(NO3)3�6H2O were
prepared from the high purity Ln2O3 (99.99%, Ln = Ce, Nd, Sm, Eu,
Gd, Tb, Dy and Yb). Elemental analyses for C, H, and N were carried
out on a Perkin-Elmer 240C analyzer for complexes. Infrared spec-
tra were recorded on a Vector 22 Bruker spectrophotometer with
KBr pellets in the region 400–4000 cm�1. The circular dichroism
Scheme 1. The synthetic ro
spectra were recorded on a JASCO J-1500 spectropolarimeter with
KBr pellets. Single crystal data were collected on Bruker Apex-II
Smart CCD diffractometer using monochromated Mo Ka radiation.
The PXRD spectra were recorded on an Empyrean (PANalytical
B.V.) diffractometer for a Cu-target tube and a graphite monochro-
mator. Simulation of the PXRD spectra were carried out by the sin-
gle-crystal data and diffraction-crystal module of the Mercury (Hg)
program available free of charge via the Internet at http://www.
iucr.org. Variable-temperature magnetic susceptibility, zero-field
alternating current (AC) magnetic susceptibility, and field depen-
dence of magnetization were measured on a Quantum Design
MPMS XL-5 (SQUID) magnetometer. Diamagnetic corrections were
estimated from Pascal’s constants for all constituent atoms. The AC
susceptibility measurements were carried out in a 2.5 Oe AC field
oscillating at 10–1000 Hz, under a 0.1 T static field. To avoid
torqueing of the crystallites in the presence of the magnetic field,
the samples were crushed before measurements.
2.2. Syntheses of [Ni(L)]�H2O

The chiral Schiff-base ligand (R,R)-H2L or (S,S)-H2L (H2L = N,N0-
bis(3-methoxysalicylidene)cyclohexane-1,2-diamine) was synthe-
sized by the condensation of (R,R)-1,2-diaminocyclohexane or
(S,S)-1,2-diaminocyclohexane with 3-methoxysalicylaldehyde in
methanol and directly used without further separation. A
methanolic solution (10 mL) of Ni(CH3COO)2�4H2O (2 mmol) was
added to a methanolic solution (50 mL) containing the Schiff-base
(R,R)-H2L or (S,S)-H2L (2 mmol), and the reaction mixture was stir-
red for 2 h at room temperature. The solvents were removed under
vacuo and the resulting orange-yellow solid was washed two times
with acetone. The orange-yellow needle-shaped crystals were
obtained by recrystallization in acetonitrile. Single crystal mea-
surements showed that the [Ni(L)]�H2O is a mononuclear NiII com-
plex crystallized in the chiral space group P212121 (Fig. S1, SI).
2.3. Syntheses of [Ni(L)Ln(NO3)3(H2O)x] (1–8, Ln = Ce, Nd, Sm, Eu, Gd,
Tb, Dy, Yb)

A acetonitrile solution (10 mL) of Ln(NO3)3�6H2O (0.1 mmol)
was added to [Ni(L)]�H2O (0.1 mmol) in acetonitrile (10 mL), after
ute of the complexes.

http://www.iucr.org
http://www.iucr.org
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stirred for 12 h at room temperature, the reaction mixture was
heated to 60 �C and continued to stir for 30 min, an orange-red
solution was obtained and then filtered. The red block-shaped
crystals were obtained after slow evaporation of the resulting fil-
trate under 60 �C in a constant temperature oven for 24 h. Yields:
50–60%. Observed/calculated elemental analyses and selected IR
spectra data of 1–8 are listed in Table S1 (SI). The enantiomers of
complexes 1–8, [Ni((S,S)-L)Ln(NO3)3]2, were synthesized by the
same procedure except that (R,R)-H2L was replaced by (S,S)-H2L.
2.4. X-ray crystallography

The crystal structures of complexes 1–8 were determined on a
Bruker Apex-II Smart CCD diffractometer using monochromated
Table 1
Crystal data and refinement for the complexes 1–4.

Complex R–Ni–Ce (1) R–Ni–Nd

Formula C22H26O14N5NiCe C22H26O1

Formula weight 783.31 787.43
T (K) 298(2) 293(2)
Crystal system triclinic triclinic
Space group P1 P1
a (Å) 7.8582(8) 7.8198(4)
b (Å) 12.6490(13) 12.6563(6
c (Å) 14.1306(15) 14.1463(6
a (�) 92.809(7) 93.125(3)
b (�) 91.593(7) 91.562(4)
c (�) 100.324(6) 100.449(3
V (Å3) 1379.2(2) 1373.81(1
Z 2 2
Dcalc (Mg/m3) 1.886 1.904
l (mm�1) 2.392 2.634
F(000) 782 786
Flack parameter 0.055(5) 0.12(4)
Rint 0.1250 0.0412
Goodness-of-fit (GOF) 1.005 0.990
Final R1

a 0.0996 0.0659
wR2

b [I > 2r(I)] 0.2553 0.1733
R1, wR2 (all data) 0.1654, 0.2984 0.1051, 0

a R1 =
P

||Fo| � |Fc||/
P

|Fo|.
b wR2 = [

P
[w(Fo

2 � Fc
2)2]/

P
w(Fo

2)2]1/2.

Table 2
Crystal data and refinement for the complexes 5–8.

Complex R–Ni–Gd (5) R–Ni–Tb

Formula C22H24O13N5NiGd C22H24O1

Formula weight 782.42 784.09
T (K) 293(2) 296(2)
Crystal system Triclinic Triclinic
Space group P1 P1
a (Å) 9.3445(9) 9.3289(2
b (Å) 12.1922(11) 12.1567(
c (Å) 12.2498(11) 12.2318(
a(�) 77.962(3) 102.004
b (�) 83.604(3) 96.420 (1
c (�) 89.986(3) 90.017 (1
V (Å3) 1356.1(2) 1347.95
Z 2 2
Dcalc (Mg/m3) 1.916 1.932
l (mm�1) 3.194 3.377
F(000) 774 776
Flack parameter �0.025(14) 0.057(15
Rint 0.0304 0.0484
Goodness-of-fit (GOF) 1.045 1.017
Final R1

a 0.0266 0.0327
wR2

b [I > 2r(I)] 0.0466 0.0566
R1, wR2 (all data) 0.0379, 0.0499 0.0530, 0

a R1 =
P

||Fo| � |Fc||/
P

|Fo|.
b wR2 = [

P
[w(Fo

2 � Fc
2)2]/

P
w(Fo

2)2]1/2.
Mo Ka radiation (k = 0.71073 ÅA
0

). The data were collected at room
temperature. Absorption corrections were applied using SADABS sup-
plied by Bruker. Structures were solved by direct methods using
the program SHELXTL-97. The positions of the metal atoms and their
first coordination spheres were located from direct-methods E-
maps; other non-hydrogen atoms were found using alternating dif-
ference Fourier syntheses and least squares refinement cycles, and
during the final cycles, were refined anisotropically. Hydrogen
atoms were placed in calculated position and refined as riding
atoms with a uniform value of Uiso [24]. The hydrogen atoms of
the water molecules in 1 and 2 were located from Fourier differ-
ence maps with suitable restraint. During the refinement process,
the DELU and EADP commands were used to make the bonds
and temperature factors more reasonable. It should be mentioned
(2) R–Ni–Sm (3) R–Ni–Eu (4)

4N5NiNd C22H24O13N5NiSm C22H24O13N5NiEu
775.52 777.13
293(2) 293(2)
triclinic triclinic
P1 P1
9.3450(5) 9.3421(5)

) 12.1708(6) 12.1826(6)
) 12.2478(6) 12.2389(7)

78.1000(10) 77.953(2)
83.6770(10) 83.572(2)

) 89.7630(10) 89.860(2)
1) 1354.54(12) 1353.37(13)

2 2
1.917 1.907
2.917 3.068
770 772
0.106(14) �0.030(12)
0.0270 0.0413
1.025 1.010
0.0297 0.0284
0.0592 0.0488

.1685 0.0408, 0.0635 0.0432, 0.0525

(6) R–Ni–Dy (7) R–Ni–Yb (8)

3N5NiTb C22H24O13N5NiDy C22H24O13N5NiYb
787.67 798.21
296(2) 295(2)
Triclinic Triclinic
P1 P1

) 9.3464(7) 9.3385(3)
2) 12.1439(9) 12.1287(4)
2) 12.2489(10) 12.2211(4)
(1) 101.885(6) 102.0320(10)
) 96.406(5) 96.3240(10)
) 90.136(5) 90.3200(10)

(4) 1351.51(18) 1344.98(8)
2 2
1.936 1.971
3.516 4.232
778 786

) 0.17(3) 0.065(14)
0.0742 0.0262
0.986 1.042
0.0779 0.0298
0.1800 0.0608

.0619 0.1143, 0.2056 0.0419, 0.0657
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that the space groups of all the complexes are P1 but not P�1, which
is consistent with the fact that the complexes derived from chiral
ligands usually crystallize in chiral space groups, and is also consis-
tent with the chair conformation of cyclohexyl and the CD spectra.
A summary of the crystal data collection and refinement parame-
ters is given in Tables 1 and 2.
Fig. 1. Circular dichroism spectra of complexes 1–8 and their enantiomers in KBr
pellets.

Fig. 2. View of the molecular structure for [Ni(L)Ln(NO3)3(H2O)] (Ln = Ce (1) and Nd
(2)) (the hydrogen atoms omitted for clarity).

Fig. 3. View of the molecular structure for [Ni(L)Ln(NO3)3] (Ln = Sm (3), Eu (4), Gd
(5), Tb (6), Dy (7), Yb (8)) (the hydrogen atoms omitted for clarity).
3. Results and discussion

3.1. Synthesis, IR and CD Spectra

All complexes were synthesized through the reactions between
[Ni(L)]�H2O and Ln(NO3)3�6H2O in anhydrous acetonitrile. The
resulting products are largely dependent on the environmental
temperature. If we let the resulting filtrate to evaporate slowly at
room temperature, no crystalline materials could be obtained.
However, when the resulting filtrate was placed in a constant tem-
perature oven to evaporate fairly fast at above room temperature,
the reaction was able to get crystals of target complexes. The
selected IR spectra data and elemental analyses for complexes
1–8 are listed in Table S1 (SI). The characteristic AC@NA stretching
of [Ni(L)]�H2O appears as a strong band at 1619 cm�1, while this
vibration in the eight NiII–LnIII complexes is also observed as a
strong signal, but in the range 1623–1628 cm�1. The presence of
nitrates in the NiII–LnIII complexes is evidenced by two strong sig-
nals at about 1475 and 1315 cm�1. Two medium intensity bands at
3588 and 3537 cm�1 for [Ni(L)]�H2O are indicative that the water
molecule exists in the complex. The structure composition of the
NiII–CeIII (1) and NiII–NdIII (2) is [Ni(L)Ln(NO3)3(H2O)] (Ln = Ce,
Nd), and its IR spectra exhibit one band of medium intensity at
3250 cm�1, which can be assigned to the water molecule stretch-
ing, and the elemental analyses of the compounds are also
matched with a composition containing one H2O molecule. The
structure composition of the other six NiII–LnIII compounds is
Fig. 4. Temperature dependence of magnetic susceptibilities in the forms of vMT for
1–8.
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[Ni(L)Ln(NO3)3] (Ln = Sm, Eu, Gd, Tb, Dy and Yb), and their IR spec-
tra and elemental analyses are well matched with the molecular
composition.

In order to confirm the optical activity and enantiomeric nature,
the solid circular dichroism (CD) spectra in KBr pellets for com-
plexes 1–8 were measured. For R enantiomers of 1–8, the CD spec-
tra exhibit strong negative Cotton effect around 280 and 400 nm,
and a weak positive dichroic signal centered at 558 nm, while
the S enantiomers show Cotton effects of the opposite signals at
the same wavelengths (Fig. 1). The two CD peaks can be assigned
to the charge-transfer of the UV–Vis absorption spectra of these
complexes and the d-d transitions of Ni(II). The CD spectra of the
enantiomers further confirmed the optical activity and enan-
tiomorphous properties.

3.2. Crystal structure descriptions

The structures of these complexes were measured by the X-ray
single-crystal diffractometer, which revealed that all complexes
are neutral diphenoxo-bridged NiII–LnIII dinuclear clusters with
the chiral space group P1. However, they exhibit two different
structures: the one possesses one coordinated water (1 and 2),
while the other has no coordinated water (3–8). There are two
crystallography independent molecules in the crystal cell
(Figs. 2 and 3). In each cluster, the inner N2O2 donors of the
Schiff-base ligand are bonded to the NiII ion (Fig. S1), while the
LnIII ion is coordinated by two bridging phenoxo O atoms and
two O atoms from two methoxy groups of this Schiff-base ligand,
and six O atoms from three chelating nitrates. For 1 and 2, the
LnIII ion is also coordinated by an additional O atom from the
Fig. 5. Field dependence of the magnetizations of 1–8 measured at 2 K.
coordinated hydrate molecule. The Ni–N/O bond lengths lie in

the range 1.74(2)–1.941(15) ÅA
0

, which are consistent with those of
the other Schiff-base NiII complexes showing the square coordina-
tion geometry [17d]. The NiII, LnIII ions and two bridging phenoxo O
atoms are not on a plane but with a dihedral angle between the
NiO1O2 and LnO1O2 planes being equal to 1.31–7.55�, and the
dihedral angle deviation gradually decrease from the light to
heavy lanthanides. From NiII–CeIII to NiII–YbIII, the Ln–
O(phenoxo), Ln–O(methoxy) and Ln–O(nitrate) bond lengths
decrease owing to the lanthanide contraction effect, for examples,
the Ce–O(phenoxo), Ce–O(methoxy) and Ce–O(nitrate) bond
lengths are 2.447(15)–2.596(16), 2.789(19)–2.87(2) and

2.476(16)–2.720(16) ÅA
0

, respectively, while the Yb–O(phenoxo),
Yb–O(methoxy) and Yb–O(nitrate) bond lengths are 2.281(10)–

2.329(10), 2.476(11)–2.529(10), and 2.357(6)–2.595(6) ÅA
0

, respec-
tively. The Ln–O(phenoxo) bond lengths are shorter than the corre-
sponding Ln–O(methoxy) and Ln–O(nitrate) bond distances, and
the intramolecule NiII� � �LnIII separation (Ni1� � �Ln1) decreases from

3.4635(39) in the NiII–CeIII to 3.3456(19) ÅA
0

in the NiII–YbIII. The
selected bond lengths and angles for complexes 1–8 are listed in
Tables S2–S9 (SI).

Usually the NiII ion assumes square or octahedral coordination
geometry. In these NiII–LnIII dinuclear complexes, the NiII ion is
tetra-coordinated by the two imine N atoms and two bridging phe-
noxo O atoms of the Schiff-base ligand, and thus adopts an
Fig. 6. The plots of M versus H/T for 5 (a) and 6 (b) in the field range 0–50 kOe.
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approximate square coordination environment, while the LnIII cen-
ters exhibit two kinds of coordination environments. The CeIII in 1
is eleven-coordinated with two bridging phenoxo O atoms, two
methoxy O atoms, six O atoms of three chelating nitrates and
one water O atom (Fig. 2). While the SmIII in 3 is ten-coordinated
with two bridging phenoxo O atoms, two methoxy O atoms, and
six O atoms of three chelating nitrates (Fig. 3). In the light lan-
thanide complexes NiII–CeIII (1) and NiII–NdIII (2), the LnIII centers
are eleven-coordinated because of the additional coordination by
a water molecule, while in the heavier lanthanides complexes,
NiII–SmIII (3), NiII–EuIII (4), NiII–GdIII (5), NiII–TbIII (6), NiII–DyIII

(7), and NiII–YbIII (8), the LnIII centers are ten-coordinated duo to
absence of coordination water molecule. The coordination number
of the LnIII ion decreases in the heavier lanthanides complexes
mainly due to the lanthanide contraction.

3.3. Magnetic properties

Before the magnetic measurements, the X-ray powder diffrac-
tion (PXRD) measurements of the crushed crystalline samples of
1–8 were carried out to confirm their phase purities (Fig. S2, SI).
The magnetic properties of 1–8 were investigated by magnetic sus-
ceptibility measurements in 2–300 K range at 1 kOe field and the
isothermal field-dependent magnetizations M(H) at fields up to
50 kOe at 2 K.

The vMT values at 300 K for 1–2 and 5–8 are 0.86, 2.36, 8.12,
12.26, 14.87 and 1.46 emu mol�1 K (Fig. 4), respectively, being
basically in agreement with the corresponding spin-only values
Fig. 7. Temperature dependence of the vac at different frequencies with Hdc = 2 kOe an
equation for 6 (a) and 7 (b).
expected for one LnIII isolated ion (CCe = 0.80 emu mol�1 K,
CNd = 1.64 emu mol�1 K, CGd = 7.88 emu mol�1 K, CTb = 11.82 emu
mol�1 K, CDy = 14.17 emu mol�1 K and CYb = 2.57 emu mol�1 K),
indicating the ground state of the NiII is low spin
(CNi = 0 emu mol�1 K) due to its square coordination geometry,
and the susceptibilities of all the NiII–LnIII complexes arise only
due to the LnIII ion. With the temperature decreasing, the vMT val-
ues stays nearly constant in the high temperature range and
decrease quickly at very low temperatures to the minimum values
(0.95, 1.22, 7.73, 10.44, 11.17 and 1.10 emu mol�1 K, respectively)
at 2 K, which is likely due to crystal-field effects (i.e. thermal
depopulation of the LnIII Stark sublevels) and/or the possible anti-
ferromagnetic dipole–dipole interaction between the molecules.
Because of these types of population variation, the vMT values
should be expected to diminish gradually on steady cooling of
the complexes. For 3 and 4, the vMT values are equal to 0.18 and
1.05, emu mol�1 K at 300 K, which agrees with the values of one
isolated SmIII or EuIII ions (CSm = 0.28 emu mol�1 K,
CEu = 1.36 emu mol�1 K) calculated from the Van Vleck equation
allowing for population of the lower excited state. With the tem-
perature cooling, the vMT decreases continuously as a result of
the depopulation of the Stark levels and is close to zero (0.035
and 0.016 emu mol�1 K) at 2.0 K, corresponding to a non-magnetic
ground state. For SmIII and EuIII complexes, both the possible ther-
mal population of the higher states and crystal field effects have an
influence on the magnetic properties of 3 and 4 because of the
weak energy separation. Therefore, the magnetic properties of
1–8 result from the single-ion behaviors of the LnIII ions.
d Hac = 2.5 Oe and the least-squares fit of the experimental data to the Arrhénius
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The field dependence of the magnetization was recorded at dif-
ferent temperatures. For 1–8, the magnetizations increase quickly
at very low field, reaching about 0.49, 0.55, 0.03, 0.01, 5.11, 7.55,
5.71 and 0.84 Nb at 10 kOe, respectively (Fig. 5). In the high field
region the increase of magnetizations is slow and linear, which
may be attributed to the anisotropy. At 2 K, the M values reach
to 1.20, 1.31, 0.13, 0.05, 7.05, 8.40, 7.66 and 1.58 Nb at 50 kOe,
respectively, being smaller than the theoretical saturated values
anticipated for one corresponding LnIII ion. This can be explained
by the fact that the depopulation of the Stark levels of the LnIII

2S+1LJ ground state under the ligand-field perturbation produces a
much smaller effective spin [25]. Additionally, the M versus H plots
for 5–7 almost do not show any hysteresis at 2 K (Fig. S3, SI) prob-
ably due to the super-low blocking temperature. The M versus H/T
(Fig. 6a) data of 5 at 2–5 K show nearly overlapping curves, which
indicates there is almost no anisotropy in the complex. While,
there are non-superposition plots of M versus H/T data and a rapid
increase of the magnetizations at low fields for 6 (Fig. 6b), which
eventually reaches the maximum value at 50 kOe without any sign
of saturation. The reason is most likely because of strong aniso-
tropy and important crystal-field effect of the TbIII ions [26].

In order to further elucidate possible SMM behaviors of 6 and 7,
alternating current (ac) susceptibility measurements were per-
formed in the different temperature ranges under Hdc = 0 kOe
and Hac = 2.5 Oe for variable frequencies. No obvious frequency-
and temperature-dependent ac signals were observed for 6 and
7. Therefore, a suitable dc field (2 kOe) was used to suppress the
quantum tunneling effect at low temperatures. For 6 and 7, the
Fig. 8. Cole–Cole plots for complex 6 measured at 2 K (a) and 3 K (b) with 2 kOe dc
field.
curves of the ac magnetic susceptibilities show that both in-phase
and out-of-phase signals are frequency- and temperature-depen-
dent with a series of frequency-dependent peaks for the out-of
phase ac signals (Fig. 7), these are typical features for the field-in-
duced SMM behaviors. The strong anisotropies may result in the
SMM behaviors of 6 and 7 [27]. To obtain the relaxation energy
barrier and relaxation time of 6 and 7, the best fitting based on
the Arrhénius law 1/Tp = �kB/DE[ln(2pf) + ln(s0)] [28] gave the
energy barrier of 29.12 K (6) and 18.40 K (7), and the pre-exponen-
tial factor of 3.21 � 10�9 s (6) and 7.39 � 10�6 s (7) (Fig. 7, inset).
The values are in agreement with the observed s0 and DE/kB for
the LnIII-based SMMs, and the values of DE/kB are higher than those
of the similar achiral dinuclear Ni–Ln complexes [17f].
Furthermore, at fixed temperatures of 2 and 3 K with a 2 kOe dc
field for 6, the Cole–Cole plots (Fig. 8) from 1 to 1488 Hz in the
form of v00M versus v0M exhibit multiple relaxation processes and
such a field-induced multiple relaxation processes was also
observed in the other SMMs/SIMs [29]. The existence of two crys-
tallography independent lanthanide ions probably is the main rea-
son for 6 and 7 to exhibit the multiple relaxation processes [30]. As
aforementioned, complexes 6 and 7 display the field-induced SMM
behaviors. Most of NiII–LnIII complexes behaving as SMMs contain
paramagnetic NiII ions, however, the NiII–LnIII system that exhibits
the highest energy barrier ever found is a {Ni3Dy2} cluster complex
[31] in which the NiII ions, as our compounds, are diamagnetic.
Compared with the similar works using achiral Schiff-base ligands
[23a], we investigate the ac properties of target complexes in
details. Therefore, two field-induced chiral SMMs have been suc-
cessfully constructed, which open a new way to the synthesis of
SMMs in the Ni–Ln system.
4. Conclusion

The synthesis, structural characterization and magnetism of a
new family of NiII–LnIII dinuclear complexes derived from a chiral
Schiff-base ligand have been studied. Complexes 1–8 are neutral
diphenoxo-bridged NiII–LnIII dinuclear compound and crystallize
in the same chiral space group P1. The solid CD spectra confirm
the optical activity and enantiomorphous properties of all these
complexes. The magnetic behaviors of 1–8 attribute to single-ion
properties of the LnIII ions, and crystal-field effects and/or the pos-
sible antiferromagnetic dipole–dipole interaction between the
molecules have a great influence on their magnetic properties.
For 6 and 7, the ac magnetic susceptibilities show that both v0

and v00 are strongly frequency- and temperature-dependent under
a 2 kOe dc field. These results clearly indicate that complexes 6 and
7 are chiral field-induced SMMs.
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