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Abstract: A series of chloralilate-bridged dinuclear lanthanide complexes of formula
[{LnIII(Tp)2}2(µ-Cl2An)]·2CH2Cl2, where Cl2An2− and Tp− represent the chloranilate and hydrotris
(pyrazolyl)borate ligands, respectively, and Ln = Gd (1), Tb (2), Ho (3), Er (4), and Yb (5) was
synthesized. All five complexes were characterized by an elemental analysis, infrared spectroscopy,
single crystal X-ray diffraction, and SQUID measurements. The complexes 1–5 in the series were
all isostructural. A comparison of the temperature dependence of the dc magnetic susceptibility
data of these complexes revealed clear differences depending on the lanthanide center. Ac magnetic
susceptibility measurements revealed that none of the five complexes exhibited a slow magnetic
relaxation under a zero applied dc field. On the other hand, the Kramers systems (complexes 4 and
5) clearly displayed a slow magnetic relaxation under applied dc fields, suggesting field-induced
single-molecule magnets that occur through Orbach and Raman relaxation processes.

Keywords: lanthanide ions; slow magnetic relaxation; single-molecule magnets

1. Introduction

Single-molecule magnets (SMMs) and single-ion magnets (SIMs), comprising molecules with a one
spin center, have attracted significant attention as potential candidates for molecule-based electronic
applications such as high-density information storage [1], quantum computing [2–5], and spintronic
devices [6–9]. For the realization of such applications, a very large barrier height and a high blocking
temperature for the reorientation of the magnetic moment must be achieved. The barrier height and
blocking temperature in SMMs and SIMs depend on two key factors, namely, a significant magnetic
anisotropy and large number of spins. Thus, the high magnetic anisotropy and large number of spins
per ion make lanthanide(III) ions (LnIII) highly suitable for application in SMMs and SIMs. In fact,
the development of SMMs and SIMs based on Ln complexes is on the rise [10–18]. These LnIII-based
SMMs and SIMs generally display very high barrier heights and blocking temperatures over those
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of the representative cluster-type SMM [MnIII
8MnIV

4O12(CH3COO)16(H2O)24]·2CH3COOH·4H2O,
which is based on first-row transition metal ions [19,20].

Recently, chloralilate (Cl2An2−) bridged dinuclear LnIII complexes of the formula
[{LnIII(Tp)2}2(µ-Cl2An)]·2CH2Cl2 (Tp− = hydrotris(pyrazolyl)borate) have been reported in the
literature [21–24]. In these complexes, the DyIII analogue displays a slow magnetic relaxation
under small applied dc magnetic fields, thus behaving as a field-induced SMM [22–24]. This paper
reports the syntheses, structures, and magnetic properties of a series of Cl2An2− bridged dinuclear
Ln complexes of the formula [{Ln(Tp)2}2(µ-Cl2An)]·2CH2Cl2 [Ln = Gd (1), Tb (2), Ho (3), Er (4),
and Yb (5)] to systematically investigate the magnetic properties in other LnIII analogues of
[{LnIII(Tp)2}2(µ-Cl2An)]·2CH2Cl2.

2. Results and Discussions

2.1. Structural Descriptions

The series of Cl2An2− bridged neutral dinuclear LnIII complexes 1–5 were prepared by a slight
modification of the original method reported by Kaizaki et al. [21]; some of these complexes have
been previously reported [22–24]. All the complexes were isolated as X-ray quality single crystals
through several recrystallizations from a concentrated dichloromethane solution layered with hexane.
The purity of these freshly prepared single crystals was confirmed by an elemental analysis.

A single-crystal X-ray diffraction (SCXRD) analysis showed 1–5 crystallizing as an isostructural
series in the monoclinic space group P21/n (No.14), with an asymmetric unit containing half of
the dinuclear complexes and one CH2Cl2 molecule as the lattice solvent (Figure 1 and Table S1).
Consequently, the unit cell comprises two complete dinuclear complexes and two lattice CH2Cl2
solvents. An inversion center is located at the midpoint of the central bis-bidentate Cl2An2− bridging
ligand, rendering the two LnIII centers equivalent by symmetry. In all five complexes, the coordination
environments around the LnIII centers are eight-coordinated with six N atoms from the two Tp− capping
ligands and two O atoms from the bridging Cl2An2− ligand. The average Ln–O and Ln–N distances
of complexes 1–5 are in the ranges of 2.330(2) to 2.398(3) Å and 2.446(2) to 2.514(3) Å, respectively
(Table 1), and are in agreement with previously reported values for other Ln-based complexes [10–18].
For all five complexes, the Ln–O distances are ≤0.12 Å shorter than the Ln-N distances, since the O
atoms in the bridging Cl2An2− ligand exhibit a larger negative partial charge than the N atoms in the
Tp− ligand. A comparison of the bond distances in 1–5 reveals a slight decrease in the average Ln–O
and Ln–N distances, from left to right across the isostructural series, as expected from the change in the
ionic radii. This systematic decrease is evidence of the lanthanide contraction phenomenon [25–28].
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B, Cl, and C atoms, respectively. Hydrogen atoms and lattice solvent molecules are omitted for 
clarity. 

  

Figure 1. Solid state molecular structure of [{Ln(Tp)2}2(µ-Cl2An)]·2CH2Cl2 with thermal ellipsoids
drawn at a 50% probability level with the exception of lanthanide atoms shown at a 99% probability
level. The spring green, blue, red, sundown, vivid lime green, and gray ellipsoids represent Ln, N, O, B,
Cl, and C atoms, respectively. Hydrogen atoms and lattice solvent molecules are omitted for clarity.
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Table 1. Selected bond distances 1 (Å) for 1–5.

Ln–O 2 Ln–N 2 Intramolecular Ln···Ln 3 Intermolecular Ln···Ln 4

1 2.398(3) 2.514(3) 8.7042(5) 8.7420(5)
2 2.375(3) 2.492(3) 8.661(2) 8.703(2)
3 2.363(2) 2.482(2) 8.6424(5) 8.7308(4)
4 2.348(2) 2.465(2) 8.6084(9) 8.699(1)
5 2.330(2) 2.446(2) 8.5599(9) 8.671(1)

1 Note that the single crystal X-ray diffraction data for 1–5 were collected at different temperatures. 2 Averages
of crystallographically independent Ln–O and six Ln–N values. 3 Symmetry code: −x + 1, −y + 1, −z + 2.
4 Closest separation.

The coordination geometry and environment around the LnIII centers have a significant influence
on the electronic structure and magnetic anisotropy. To determine the coordination geometries
of the LnIII centers for 1–5, continuous shape measurements (CShM) were determined using the
SHAPE Version 2.1 software [29,30], where two LnIII centers are related by inversion symmetry and
therefore possess the same coordination geometry (vide supra). Based on the resultant SHAPE indices
(0.722–0.831 for 1–5; Table 2), the eight-coordinate LnIII centers of 1–5 are best described as having
slightly distorted triangular dodecahedral geometries.

Table 2. Summary of SHAPE parameters 1 for lanthanide centers in the series of the dinuclear complexes 1–5.

SAPR 2 TDD 3 BTBR 4

1 2.320 0.831 1.788
2 2.291 0.809 1.774
3 2.199 0.764 1.728
4 2.215 0.749 1.732
5 2.189 0.722 1.707

1 A shape index equal to zero represents an ideal geometry. 2–4 SAPR, TDD, and BTBR are square antiprismatic,
triangular dodecahedral, and bi-augmented trigonal prismatic geometries, respectively.

The bond distances within the quinoidal rings (e.g., Cl2An2− ligand) bound to the LnIII centers
provide strong information on the electronic structures of the ligands. The average C–O and C–C
distances, with the delocalized bonding in the Cl2An2− rings of 1–5, are in the range 1.252(4)–1.260(5)
Å and 1.390(5)–1.394(4) Å, respectively, while the C–C distances with single bonding are in the range
of 1.532(4)–1.542(4) (Table 3). The bond distances within the quinoidal rings of the bridging Cl2An2−

ligands fall within the same error over 1–5, which all adopt bi-separated delocalized forms [23].
These results are strongly supported by the infrared (IR) spectral data (Scheme 1).

Magnetochemistry 2019, 5, x FOR PEER REVIEW 3 of 12 

 

Table 1. Selected bond distances 1 (Å) for 1–5. 

 Ln–O 2 Ln–N 2 Intramolecular Ln···Ln 3 Intermolecular Ln···Ln 4 
1 2.398(3) 2.514(3) 8.7042(5) 8.7420(5) 
2 2.375(3) 2.492(3) 8.661(2) 8.703(2) 
3 2.363(2) 2.482(2) 8.6424(5) 8.7308(4) 
4 2.348(2) 2.465(2) 8.6084(9) 8.699(1) 
5 2.330(2) 2.446(2) 8.5599(9) 8.671(1) 

1 Note that the single crystal X-ray diffraction data for 1–5 were collected at different temperatures. 2 
Averages of crystallographically independent Ln–O and six Ln–N values. 3 Symmetry code: −x + 1, −y 
+ 1, −z + 2. 4 Closest separation. 

The coordination geometry and environment around the LnIII centers have a significant 
influence on the electronic structure and magnetic anisotropy. To determine the coordination 
geometries of the LnIII centers for 1–5, continuous shape measurements (CShM) were determined 
using the SHAPE Version 2.1 software [29,30], where two LnIII centers are related by inversion 
symmetry and therefore possess the same coordination geometry (vide supra). Based on the 
resultant SHAPE indices (0.722–0.831 for 1–5; Table 2), the eight-coordinate LnIII centers of 1–5 are 
best described as having slightly distorted triangular dodecahedral geometries. 

Table 2. Summary of SHAPE parameters 1 for lanthanide centers in the series of the dinuclear 
complexes 1–5. 

 SAPR 2 TDD 3 BTBR 4 
1 2.320 0.831 1.788 
2 2.291 0.809 1.774 
3 2.199 0.764 1.728 
4 2.215 0.749 1.732 
5 2.189 0.722 1.707 

1 A shape index equal to zero represents an ideal geometry. 2–4 SAPR, TDD, and BTBR are square 
antiprismatic, triangular dodecahedral, and bi-augmented trigonal prismatic geometries, 
respectively. 

The bond distances within the quinoidal rings (e.g., Cl2An2– ligand) bound to the LnIII centers 
provide strong information on the electronic structures of the ligands. The average C–O and C–C 
distances, with the delocalized bonding in the Cl2An2– rings of 1–5, are in the range 1.252(4)–1.260(5) 
Å and 1.390(5)–1.394(4) Å, respectively, while the C–C distances with single bonding are in the range 
of 1.532(4)–1.542(4) (Table 3). The bond distances within the quinoidal rings of the bridging Cl2An2– 
ligands fall within the same error over 1–5, which all adopt bi-separated delocalized forms [23]. 
These results are strongly supported by the infrared (IR) spectral data (Scheme 1). 

 
Scheme 1. Bi-separated delocalized structure of Cl2An2– in 1–5. 

  

Cl

Cl
O

O O

O

Scheme 1. Bi-separated delocalized structure of Cl2An2− in 1–5.



Magnetochemistry 2019, 5, 30 4 of 12

Table 3. Selected bond distances 1 (Å) for the Cl2An2− moiety in 1–5.

C–O 2 C–C 2 C–C 3

1 1.259(4) 1.391(5) 1.537(4)
2 1.252(4) 1.390(5) 1.542(4)
3 1.258(3) 1.394(3) 1.537(3)
4 1.256(3) 1.392(4) 1.534(4)
5 1.253(3) 1.393(4) 1.532(4)

1 Bonds are shown in detail in Scheme 1. 2 Averages of two crystallographically independent delocalized C–O and
C–C values. 3 Values of the C–C single bond moiety.

For complexes 1–5, the respective intramolecular LnIII
···LnIII separations through the Cl2An2−

bridges are in the range of 8.5599(9)–8.7042(5) Å, whereas the closest intermolecular LnIII
···LnIII

separations, which are in the range of 8.671(1)–8.7420(5) Å, are comparable with the intramolecular
distances (Table 1). These close intra- and intermolecular LnIII

···LnIII distances may lead to magnetically
dipolar interactions, which could create a small bias that allows for the quantum tunneling of the
magnetization at the zero field (vide infra).

2.2. Infrared Spectroscopy

The IR spectra of 1–5 provide complementary structural feature information to that obtained
by SCXRD analysis (Figure S1). The IR vibrations associated with the bridging Cl2An2− ligand in
the five complexes are typified by predominant C–Cl and C–O vibrations at ~850 and 1530 cm−1,
respectively [22–24]. These results are a promising indication that the Cl2An2− ligand in complexes
1–5 is in a bi-separated delocalized form [22–24,31]. Furthermore, the presence of the ancillary
Tp− ligands in complexes 1–5 is confirmed by characteristic vibrations at ~2470 cm−1 (c.f., Tp−,
νBH = ~2440 cm−1) [22–24,32]. The predominant contributions to the vibrational modes are from the
skeleton of the ligand and, thus, there are no significant differences in the IR spectra. The changes in
the atomic weight of the LnIII centers are reflected in the specific peak shifts of the IR spectra. For the
five complexes, the most notable change is observed in the Ln–O vibrations at ~460 cm−1, where the
Ln–O vibrational peak shifts to a higher energy (453–466 cm−1) with an increasing atomic number.
This increase can be explained by the lanthanide contraction effect.

2.3. Magnetic Properties

2.3.1. Static Magnetic Properties

For all of the dinuclear complex series (1–5), the temperature (T) dependence of the dc magnetic
susceptibility (χM) data was collected under an applied dc field of 0.1 T in the temperature range of
1.8–300 K. A comparison of the resulting χMT versus T data reveals marked differences between the dc
magnetism of complexes 1–5. The χMT values at 300 K for 1–5 (15.73, 22.80, 27.97, 22.44, and 5.12 cm3

K mol−1, respectively) are in good agreement with the expected values (15.75, 23.63, 28.13, 22.95, and
5.14 cm3 K mol−1, respectively) for two non-interacting LnIII centers. The χMT products for complexes
2–5 gradually decreased over the temperature range of 300–50 K. Subsequently, they rapidly decreased
below 50 K and finally reached values of 15.02, 8.91, 4.47, 13.32, and 2.50 cm3 K mol−1, respectively,
at 1.8 K, due to the depopulation of the excited crystal field state. For complexes 2–5, the isothermal dc
magnetization at 1.8 K increased steeply with an increasing magnetic field at low magnetic field regions
before increasing linearly in high magnetic field regions, finally reaching respective values of 9.63, 11.51,
9.32, and 3.85 µB at 7 T without saturation, indicating very strong magnetic anisotropy (Figure 2b).
Moreover, no hysteresis was observed for 2–5, even at 1.8 K using a conventional superconducting
quantum interference device (SQUID). This suggests that the static magnetic behavior observed for
2–5 arose from significant spin-orbit coupling interactions and a strong unquenched orbital angular
momentum. On the other hand, 1 comprises a half-filled 4f shell. Thus, its ground state has no orbital
angular momentum and can be considered a spin-only system. In this case, the first-order effect of the
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spin-orbit coupling disappears for the ground electronic term 8S7/2, and magnetic anisotropy is caused
by the second-order effect of the spin-orbit coupling; this is known as zero-field splitting. The χMT
value of 15.73 cm3 K mol−1 at 300 K observed for 1 is in good agreement with the expected values
(15.75 cm3 K mol−1) for two non-interacting GdIII centers. The χMT product for 1 remains essentially
constant down to 10 K and then gradually decreases to 15.02 cm3 K mol−1 at 1.8 K. The magnetization
curve of 1 at 1.8 K was saturated at 14 µB at 7 T, confirming that 1 is in the ground state of 8S7/2.
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1–5 over the temperature range between 1.8 and 300 K under an applied dc field of 0.1 T; (b) Field
dependence of molar magnetization for 1–5 over the dc field range between 0 and 7 T at 1.8 K. The broken
lines correspond to ideal free-ion values. The solid red lines represent fits to the experimental data
using the spin Hamiltonian based on the zero-field splitting, which has been previously described in
detail [23].

2.3.2. Dynamic Magnetic Properties

To study the possibility of a slow magnetic relaxation, the ac susceptibility measurements for
1–5 were performed at 1.8 K with a dc magnetic field in the range of 0–0.3 T. The out-of-phase ac
susceptibility (χM”) signals for all five complexes in the absence of an applied field did not present
any apparent peaks in the available frequency (ν) range. As expected for the eight-coordinated
triangular dodecahedral geometry of the two LnIII centers, an approximate D2d symmetry was
observed. This led to the crystal field parameters B0

2, B0
4, B4

4, B0
6, and B4

6, wherein B4
4 and B4

6 are
the off-diagonal components. The existence of these off-diagonal crystal field parameters strongly
suggests the mixing of the ground MJ states. Furthermore, the LnIII centers in 1–5 comprise isotopes
that display a nuclear spin, resulting in the nuclear hyperfine interaction effect [33–37]. Additionally,
the intra- and/or intermolecular separations between the LnIII centers suggests the presence of dipolar
interactions [10–18]. These contributions lead to the absence of a slow magnetic relaxation under a
zero applied dc field, thereby allowing the quantum tunneling of the magnetization. In such cases,
the application of a dc field can suppress and break up the quantum tunneling, caused by nuclear
hyperfine couplings, dipolar interactions, and transverse fields from the off-diagonal crystal field
splittings, and reveal the slow relaxation of the magnetization. However, under small static dc magnetic
fields, frequency-dependent non-zero χM” signals were only clearly observed for the Kramers ions in
complexes 4 and 5 (Figure 3, Figures S2 and S3). For these two complexes, each χM” peak maximum
shifted to a lower frequency with an increasing applied dc field ≤0.1 T. A further increase in the
applied dc field resulted in the maximum χM” shifting to a higher frequency. Notably, 4 and 5 also
presents another minor magnetic relaxation process at higher dc fields (Figure 3), which may arise
from thermally assisted quantum tunneling [10–18]. The dc field dependence of the low temperature
relaxation times (τ = 1/2πν) for 4 and 5 was extracted at each of these fields by fitting ν versus χM’ and
χM” and the Argand plots [38,39] (χM’ versus χM”) using a generalized Debye model [40]. The values
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determined for 4 and 5 are listed in Tables S2 and S3 and plotted in Figure S3. The two magnetic
relaxation processes of the direct and quantum relaxation pathways were elucidated by fitting the
variable-field magnetic relaxation data of 4 and 5 using Equation (1) [10–18]:

τ−1 = AHnT +
B1

1 + B2H2 (1)

where the first and second terms represent the respective direct and quantum tunneling pathways.
Moreover, because of the presence of Kramers ions, the power index m = 4 was used for the direct
process. The best fits, based on Equation (1), are presented as solid black lines in Figure 3 and
are summarized in Table 4. These results imply that the dipolar interactions and/or off-diagonal
crystal fields support quantum tunneling at low magnetic dc fields. On the other hand, due to the
presence of spin-active nuclei, single-phonon direct relaxation dominates at high dc fields. In addition,
the optimum dc field for 4 and 5 was determined as ~0.1 T.

Magnetochemistry 2019, 5, x FOR PEER REVIEW 6 of 12 

 

two magnetic relaxation processes of the direct and quantum relaxation pathways were elucidated 
by fitting the variable-field magnetic relaxation data of 4 and 5 using Equation (1) [10–18]: 

τ −1 = AHnT + B1

1+B2H
2  (1)

where the first and second terms represent the respective direct and quantum tunneling pathways. 
Moreover, because of the presence of Kramers ions, the power index m = 4 was used for the direct 
process. The best fits, based on Equation (1), are presented as solid black lines in Figure 3 and are 
summarized in Table 4. These results imply that the dipolar interactions and/or off-diagonal crystal 
fields support quantum tunneling at low magnetic dc fields. On the other hand, due to the presence 
of spin-active nuclei, single-phonon direct relaxation dominates at high dc fields. In addition, the 
optimum dc field for 4 and 5 was determined as ~0.1 T. 

 
Figure 3. Comparison of the field-dependent relaxation time (τ) at 1.8 K for two distinct major (filled 
circles) and minor (open circles) relaxations observed for 4 (green), and 5 (blue). The solid black lines 
represent fits to the experimental data using the appropriate magnetic relaxation pathways 
considering both the quantum tunneling and direct processes (Equation (1)). 

Table 4. Summary of field-dependent ac magnetic data 1 for 4 and 5. 

 A (s–1 K–1 T–4) B1 (s–1) B2 (T–2) 
4 6.80 × 105 1.03 × 103 3.85 × 102 
5 2.70 × 104 2.82 × 102 6.42 

1 Data measured at 1.8 K. 

Subsequently, ac susceptibility measurements were performed under an applied dc field of 0.1 
T in the temperature range of 1.8–10 K (Figure 4), where the optimum dc magnetic field for 4 and 5 
was determined as 0.1 T (variable-field magnetic relaxation data; vide supra, Figure 3). The 
temperature dependences of the magnetic relaxation times for 4 and 5 were extracted in the 
temperature range of 1.8–5.0 K by fitting ν versus χM’ and χM” and the Argand plots using a 
generalized Debye model (Figures 4 and 5, and Tables S4 and S5, respectively). The Argand plots for 
4 and 5 comprised one semicircle with small α parameters in the ranges of 0.08–0.42 (4) and of 0.02–
0.18 (5). 

Figure 3. Comparison of the field-dependent relaxation time (τ) at 1.8 K for two distinct major (filled
circles) and minor (open circles) relaxations observed for 4 (green), and 5 (blue). The solid black lines
represent fits to the experimental data using the appropriate magnetic relaxation pathways considering
both the quantum tunneling and direct processes (Equation (1)).

Table 4. Summary of field-dependent ac magnetic data 1 for 4 and 5.

A (s−1 K−1 T−4) B1 (s−1) B2 (T−2)

4 6.80 × 105 1.03 × 103 3.85 × 102

5 2.70 × 104 2.82 × 102 6.42
1 Data measured at 1.8 K.

Subsequently, ac susceptibility measurements were performed under an applied dc field of 0.1 T
in the temperature range of 1.8–10 K (Figure 4), where the optimum dc magnetic field for 4 and 5 was
determined as 0.1 T (variable-field magnetic relaxation data; vide supra, Figure 3). The temperature
dependences of the magnetic relaxation times for 4 and 5 were extracted in the temperature range
of 1.8–5.0 K by fitting ν versus χM’ and χM” and the Argand plots using a generalized Debye model
(Figures 4 and 5, and Tables S4 and S5, respectively). The Argand plots for 4 and 5 comprised one
semicircle with small α parameters in the ranges of 0.08–0.42 (4) and of 0.02–0.18 (5).
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under an applied dc field of 0.1 T. The solid black lines represent fits to the experimental data using the
generalized Debye model with the α parameter in the ranges of 0.08–0.42 for 4 and of 0.02–0.18 for 5.
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1.8–5.0 K under an applied dc field of 0.1 T. The solid black lines correspond to fits to the experimental
data using the generalized Debye model with the α parameter in the ranges of 0.08–0.42 for 4 and of
0.02–0.18 for 5.

The linear regions at a high temperature in the plots of τ versus 1/T (Figure S4) were
fitted, assuming an Orbach relaxation (ideal thermal excitation over the energy barrier for the
molecule [10–18,40]), as described by Equation (2):

τ−1 = τ−1
0 exp

(
−

∆eff

kBT

)
(2)

Arrhenius fits of the temperature-dependent relaxation time afford the thermally activated barriers
∆eff = 26.0 cm−1 (τ0 = 1.79 × 10−9 s) for 4 and 21.5 cm−1 for 5 (τ0 = 2.81 × 10−8 s). The extracted τ0 values
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fall within the typical range of LnIII-based single-molecule and single-ion magnets [10–18]. As the
temperature decreases, the plots of τ versus 1/T for 4 and 5 become gradually nonlinear (Figure 6).
Such behavior suggests the coexistence of multiple magnetic relaxation pathways, which is caused
by energy transfer from the spin to the lattice; this is known as the spin-lattice relaxation [10–18].
Hence, the variable temperature relaxation times for 4 and 5 were analyzed in terms of their spin-lattice
relaxation (Equation (3)):

τ−1 = AHnT +
B1

1 + B2H2 + τ−1
0 exp

(
−

∆eff

kBT

)
+ CTm (3)

where the first, second, third, and fourth terms represent the direct, quantum tunneling, Orbach,
and Raman relaxation processes, respectively [10–18]. Since the temperature dependence of the τ
data was collected at the optimum dc field of 0.1 T, the direct and quantum tunneling contributions
should be excluded. Therefore, the overall τ versus 1/T data for 4 and 5 can only be fit with the Orbach
and Raman contributions. The best fits, presented as solid black lines, are illustrated in Figure 6 and
Figure S5, while their best-fit parameters are listed in Table 5. The calculated m values are smaller
than the ideal value of m = 9 for the Kramers ions, suggesting that these Raman-like relaxations are
attributed to acoustic and optical vibrations [10–18].
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Table 5. Summary of temperature-dependent ac magnetic data for 4 and 5.

τ0 (s) ∆eff (cm−1) C (s−1 K−n) m

4 3.04 × 10−9 25.9 17.50 4.84
5 2.68 × 10−8 22.3 31.39 3.55

2.4. Electrochemistry

The Cl2An2− ligand could be utilized not only as a bridging unit for designing novel multinuclear
coordination assemblies, but also as a non-innocent ligand, namely a reversible redox active ligand.
Therefore, utilizing the non-innocent Cl2An2− as the bridging ligand in SMMs offers the enticing
possibility for redox controllable magnetic behavior via an electrical signal. To probe the redox
behavior of the field-induced SMMs 4 and 5, electrochemical measurements were carried out in
degassed CH2Cl2 with n-Bu4NPF6 as the supporting electrolytes. The cyclic voltammogram shows
the single quasi-reversible one-electron reduction at E1/2 = 1.05 V for 4 and 1.07 V for 5 versus the
ferrocene/ferrocenium couple (vs. Fe(Cp)2

0/1+), which was assigned as the ligand-based process
(Figure S6). The E1/2 values of 4 and 5 are similar to those reported for related compounds [22–24].
Attempts and efforts to isolate the one-electron reduced products can be found elsewhere [22–24].
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3. Experimental Section

3.1. Materials and Methods

The lanthanide chlorides and solvents were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Na2Cl2An·3H2O and KTp were purchased from Tokyo Chemical Industry (TCI) Co.,
Ltd. (Tokyo, Japan). All chemicals were of reagent grade and were used as received. Both CH2Cl2
and hexane were of super dehydrated grade. All of the reactions and manipulations were performed
under aerobic conditions at an ambient temperature.

3.2. Synthesis of [{Ln(Tp)2}2(µ-Cl2An)]·2CH2Cl2 (Ln = Gd (1), Tb (2), Ho (3), Er (4) and Yb (5))

All the complexes were synthesized according to a previously reported method [21],
with modifications. Single crystals suitable for single-crystal X-ray measurements were obtained by
recrystallization from CH2Cl2/hexane. Notably, several recrystallizations were necessary to obtain
samples of sufficient purity. Crystalline yields for each complex were in the range of 38–51%. Anal.
Calcd. for C44H44B4Cl6Gd2N24O4: C, 34.24; H, 2.87; N, 21.78%. Found: C, 34.56; H, 2.91, N, 21.94%.
Anal. Calcd. for C44H44B4Cl6Tb2N24O4: C, 34.17; H, 2.87; N, 21.73%. Found: C, 34.29; H, 2.88, N,
21.63%. Anal. Calcd. for C44H44B4Cl6Ho2N24O4: C, 33.90; H, 2.85; N, 21.57%. Found: C, 34.12; H, 2.71,
N, 21.66%. Anal. Calcd. for C44H44B4Cl6Er2N24O4: C, 33.80; H, 2.84; N, 21.50%. Found: C, 33.81; H,
2.98, N, 21.24%. Anal. Calcd. for C44H44B4Cl6Yb2N24O4: C, 33.55; H, 2.82; N, 21.34%. Found: C, 33.42;
H, 2.91, N, 21.55%.

3.3. Single Crystal X-ray Crystallography

The single crystals of 2–5 were coated with Nujol, quickly mounted on MicroLoops (MiTeGen
LLC., Ithaca, NY, USA), and immediately cooled in a cold N2 stream to prevent any lattice solvent loss.
The data collections were performed on a Rigaku Saturn 724 or R-AXIS RAPID II IP diffractometer
(Rigaku Corporation, Tokyo Japan) with graphite-monochromated Mo-Kα radiation (λ= 0.71075 Å) and
a low-temperature device. The data integration, preliminary data analysis, and absorption collections
were performed on a Rigaku CrystalClear-SM 1.4.0 SP1 [41], using the CrystalStructure 4.2.2 [42]
crystallographic software packages. The molecular structures were solved by the direct methods
included in SIR2011 [43] and refined with the SHELXL [44] program. All non-hydrogen atoms were
refined anisotropically. CCDC-1905608–1905611 for 2–5 contain the supplementary crystallographic
data for this paper and can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. All the hydrogen atoms were included in the
calculated positions. Table S1 summarizes the lattice constants and structure refinement parameters
for complexes 2–5.

3.4. Physical Measurements

The elemental analysis was performed on a J-Science Lab Micro Corder JM10 (J-Science Lab Co.,
Ltd., Kyoto, Japan). The Fourier transform infrared spectra were collected using KBr disks, on a
JASCO FT/IR-410 spectrometer (JASCO Corporation, Tokyo, Japan) in the range of 400–4000 cm−1 at a
resolution of 4 cm−1 at an ambient temperature. The magnetic data were collected using a Quantum
Design MPMS3 SQUID magnetometer (Quantum Design Japan, Inc., Tokyo Japan). The measurements
were performed with crushed crystalline samples in a calibrated gelatin capsule. The dc magnetic
susceptibility measurements were performed in the temperature range of 1.8–300 K in a dc field of
0.1 T. The field-dependent dc magnetization measurements were performed from −7 to +7 T at 1.8 K.
The ac susceptibility measurements were performed in the temperature range of 1.8–15 K in a 2.5 Oe
ac field, oscillating at a frequency range of 1–997 Hz in different applied dc fields. The obtained
magnetic susceptibility data were corrected for diamagnetic contributions from the sample holder as
well as for the core diamagnetism of each sample, estimated from Pascal’s constants [45]. The cyclic
voltammetric measurements were performed in a 0.1 M CH2Cl2 solution of n-Bu4NPF6 using an

www.ccdc.cam.ac.uk/data_request/cif
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ALS/chi Electrochemical Analyzer Model 610A with a computer-controlled workstation (ALS Co., Ltd,
Tokyo, Japan). The solutions contained approximately 1 mM in compounds. The experiments were
performed under a continuous flow of N2 gas using a standard three-electrode cell (platinum working
and counter electrodes with an Ag/Ag+ reference electrode, respectively). The reported potentials are
all referenced to the Fe(Cp)2

0/1+ couple, which was determined using Fe(Cp) as an internal standard at
0 V.

4. Conclusions and Outlook

The series of Cl2An2− bridged dinuclear Ln complexes with the formula
[{Ln(Tp)2}2(µ-Cl2An)]·2CH2Cl2 (Ln = Gd (1), Tb (2), Ho (3), Er (4), and Yb (5)) were successfully
synthesized and systematically characterized by a single X-ray diffraction and by SQUID measurements.
All five dinuclear Ln complexes were isostructural and clearly displayed the structural change
attributed to the lanthanide contraction effect. A comparison of the dc magnetic data for 1–5 revealed
clear differences depending on the LnIII centers. None of the five complexes displayed any slow
relaxation of the magnetization under a zero applied dc field, while only two complexes (4 and
5) presented a slow relaxation of the magnetization in the presence of small dc fields. These two
complexes correspond to Kramers ions. The dynamic magnetic properties of 4 and 5 were interpreted
by using multiple relaxation pathways, whereby both Orbach and Raman relaxation processes
were considered.

The proposed series comprises dinuclear Ln complexes with an electroactive Cl2An2− bridging
ligand. For more potential applications, an important challenge is to switch the slow magnetization
phenomena with chemical and physical external fields. These electrochemical molecular switches
must be from particularly attractive molecule-based devices, in which the electroactive molecules are
reversibly converted between different redox states triggered by an electrical signal. To realize such
applications, electrical switchable characteristics focusing on complexes 4 and 5 are in progress.

Supplementary Materials: The following are available online at http://www.mdpi.com/2312-7481/5/2/30/s1,
Table S1: X-ray crystallographic data for 1–5, Figure S1: IR spectra of 1–5, Figure S2: Frequency dependence of ac
susceptibilities under variable dc fields for 1–5, Figure S3: Argand plots under variable dc fields for 1–5, Figure S4:
τ versus 1/T plots with fits using Equation (2) for 4 and 5, Figure S5: τ versus 1/T plots with fits using Equation (3)
for 4 and 5, Table S2: Summary of dc magnetic fields dependent relaxation times and α values for 4, Table S3:
Summary of dc magnetic fields dependent relaxation times and α values for 5, Table S4: Summary of temperature
dependent relaxation times and α values for 4, Table S5: Summary of temperature dependent relaxation times and
α values for 5, Figure S6: Cyclic voltammograms of 4 and 5.
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