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A B S T R A C T   

A series of new lanthanide complexes [Ln(hfac)3](HIM-6-X-Py)2 [HIM-6-X-Py = 2-(6-X-2-pyridyl)-4,4,5,5-tet
ramethyl-4,5-dihydro-1H-imidazole-3-oxide; hfac = hexafluoroacetylacetonate; X  = Br, Ln = Tb (Br-Tb), Dy 
(Br-Dy), Ho (Br-Ho), Er (Br-Er), Yb (Br-Yb); X  = Cl, Ln = Dy (Cl-Dy); X  = F, Ln = Dy (F-Dy)] have been 
prepared and studied. During the preparation of the lanthanide complexes, the nitronyl nitroxide radical ligands 
NIT-6-X-Py (2-(6-X-2-pyridyl)-4,4,5,5-tetramethylimidazolyl-1-oxyl-3-oxide; X = F, Cl, Br) were reduced to the 
non-radical ligands HIM-6-X-Py, forming mononuclear lanthanide complexes with two HIM-6-X-Py ligands 
chelated to one lanthanide(III) ion. The reduced ligands were evidenced by the color of the lanthanide com
plexes, the characteristic IR band of N–H stretching absorption, the residue electron density near the N atom of 
the ligand, and the N–O bond lengths in the final metal complexes. Except for compound F-Dy which crystallized 
in the triclinic space group P1 with two isolated DyIII centers in an asymmetric unit, all other complexes crys
tallized in the monoclinic space group P21/n. Due to the reduced non-radical ligands, the magnetic properties of 
all these complexes are consistent with mononuclear LnIII compounds. Alternating-current (ac) magnetic sus
ceptibility investigations revealed that complexes Br-Dy, Br-Er, Br-Yb, Cl-Dy and F-Dy exhibit field-induced 
frequency dependence which indicates the slow magnetic relaxation of these complexes.   

1. Introduction 

Molecular nanomagnets have been of continuing interests due to 
their potential applications in spintronic devices and quantum com
puters [1]. Among different types of molecular nanomagnets, single- 
molecule magnets (SMMs) are of special interest and play a significant 
role in the development of molecular magnetism. After the first report of 
the famous Mn12-ac SMM with a high spin ground state of S = 10 and a 
relaxation barrier of Ueff = 61 K [2], 3d metal clusters with a high
spin ground state and a high negative zero field splitting parameter D 
have been highly pursued as the energy barrier is related to the ground 
spin state as Ueff = |D|⋅S2 for integer S. However, it was proved to be very 
difficult to experimentally increase the energy barriers and the blocking 
temperatures (TB) following this strategy. The underlying reason, ac
cording to a theoretical study, is that the energy barrier is almost in
dependent on the ground spin state S (Ueff ~ S0) since the zero field 
splitting parameter of a cluster compound D is proportional to 1/S2 [3]. 

In this regard, lanthanide ions of strong single-ion magnetic anisot
ropy are of great value [4]. Except for the GdIII ion, lanthanide ions 

usually possess unquenched orbital moment and strong spin-orbit 
coupling of the 4f electrons, which leads to inherent large magnetic 
anisotropy, and are expected to achieve better performance SMMs. The 
combinations of LnIII ions and diverse ligands such as metallocene [5] 
and Schiff-base ligands [6] have been reported with some very exciting 
results including the highest energy barrier of 1541 cm− 1 and the 
highest blocking temperature above liquid nitrogen boiling temperature 
(TB = 80 K) [5a]. To reduce the possible fast quantum tunnelling of 
magnetization (QTM), which is still a very serious problem in the 
lanthanide based SMMs, paramagnetic bridging ligands between the 
lanthanide centres are very promising as they can significantly increase 
the magnetic coupling between the lanthanide ions. This is believed to 
be able to efficiently quench the QTM process and to enhance the SMM 
properties [7]. In this regard, outstanding reported examples include the 
radical-bridged Ln2 and Ln3 SMMs, where the radicals are N2

3− [7a], 
bpym•− [8], tppz•− [9], bptz•− [10], HAN•3− [11] and so on. Besides 
these radicals, the nitronyl nitroxide (2-(R)-4,4,5,5-tetramethylimida
zolyl-1-oxyl-3-oxide, NITR) or imino nitroxide radicals (IM), as two 
families of stable, easily modified ligands, have also been widely used to 
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bridge the lanthanides, leading to a variety of structures and interesting 
magnetic properties [7c,12]. Multi-coordinating NIT radical ligands 
were designed to construct multinuclear lanthanide complexes with 
SMM behaviour [13]. For example, triradical bridged binuclear 
lanthanide compounds have been reported by some of us and slow 
magnetic relaxation under a zero dc (direct current) field was observed, 
which is originated from the whole exchange coupled cluster [14]. In 
addition, to explore the magneto-structural relationship, diverse R 
substitutions were also introduced into these radicals [15]. Some studies 
have shown that the R groups with large steric hindrance of the NIT 
ligands may have significant influence on the structures and magnetic 
properties of the lanthanide compounds [16]. 

Based on the above considerations, we planned to utilize a series of 
halogen substituted nitronyl nitroxide radical ligands NIT-6-X-Py (2-(6- 
X-2-pyridyl)-4,4,5,5-tetramethylimidazolyl-1-oxyl-3-oxide; X = F, Cl, 
Br) to prepare new Ln-based SMMs. Hopefully, we can study the influ
ence of the halogen atoms on the structures and magnetic properties of 
these compounds. However, during the reaction processes with Ln 
(hfac)3⋅2H2O (hfac = hexafluoroacetylacetonate), the NIT-6-X-Py li
gands were reduced, resulting in the reduced non-radical derivatives 
HIM-6-X-Py = 2-(6-X-2-pyridyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H- 
imidazole-3-oxide; X = F, Cl, Br) and also some new lanthanide com
plexes with these HIM-6-X-Py ligands. Herein, the syntheses, structures, 
and magnetic properties of seven new lanthanide compounds with HIM- 
6-X-Py ligands, namely [Ln(hfac)3](HIM-6-X-Py)2 (X = Br, Ln = Tb (Br- 
Tb), Dy (Br-Dy), Ho (Br-Ho), Er (Br-Er), Yb (Br-Yb); X = Cl, Ln = Dy 
(Cl-Dy); X = F, Ln = Dy (F-Dy)) were reported. Complexes Br-Dy, Br-Er, 
Br-Yb, Cl-Dy and F-Dy show frequency-dependent ac magnetic sus
ceptibilities under an applied dc field. We did not find any obvious 
relationship between the halogen substituents and the magnetism in this 
series of [Dy(hfac)3](HIM-6-X-Py)2 (X = F, Cl, Br) compounds. 

2. Experimental section 

2.1. Materials and physical measurements 

All preparations and manipulations were performed under ambient 
conditions. The solvents were obtained from commercial sources (AR 
grade) and used as received. Ln(hfac)3⋅2H2O were prepared following 
published methods [17]. Powder XRD patterns were obtained on a 

Bruker D8X diffractometer equipped with monochromatized Cu-Kα (λ =
0.15418 nm) radiation at room temperature, and data for 2θ were 
collected in the range of 5◦ to 50◦. IR data were measured on KBr pellets 
using a Nexus 870 FT-IR spectrometer in the 4000–400 cm− 1 range. 
Elemental analyses for C, H, and N were performed at Elementar Vario 
MICRO analyzer. Magnetic susceptibility measurements were performed 
using a Quantum Design SQUID VSM magnetometer on ground single 
crystal samples. Direct current (dc) measurements were conducted from 
300 to 2 K under an external magnetic field of 1000 Oe. The field 
dependent magnetizations were measured at 2 K with dc magnetic field 
between 0 and 7 T. All magnetic data were corrected for the diamagnetic 
contribution of the sample holders and the samples. 

2.2. Preparation of the complexes 

2.2.1. Syntheses of NIT-6-X-Py (X = F, Cl, Br) 
All NIT-6-X-Py ligands were prepared as published [18], using 6-X-2- 

pyridinecarboxaldehyde (X = F, Cl, Br) as aldehyde reactants respec
tively. Bark blue products were obtained by slow evaporation 
(dichloromethane:n-heptane = 1:1) and washed with n-heptane. Yield: 
25%–32%. Elemental analysis (%) calculated for NIT-6-F-Py 
(C12H15F1N3O2): C, 57.13; H, 5.99; N, 16.66. Found: C, 56.81; H, 
5.60; N, 17.02; NIT-6-Cl-Py (C12H15Cl1N3O2): C, 53.64, H, 5.63; N, 
15.64. Found: C, 53.59; H, 5.49, N, 15.84; NIT-6-Br-Py 
(C12H15Br1N3O2): C, 46.02; H, 4.83; N, 13.42. Found: C, 45.83; H, 
5.12, N, 13.10; Selected FT-TR data (KBr, cm− 1): NIT-6-F-Py: 3058.2(w), 
2988.9(w), 1726.7(w), 1579.3(m), 1556.7(m), 1408.2(s), 1370.1(s), 
1219.2(s), 1080.8(w), 987.5(m), 804.0(m), 614.9(w), 537.3(s); NIT-6- 
Cl-Py: 3056.8(m), 2989.1(w), 1655.6(w), 1578.2(m), 1557.4(s), 
1408.3(s), 1368.7(s), 1257.0(s), 1080.3(w), 988.0(m), 803(m), 537.2 
(m), 563.5(w); NIT-6-Br-Py: 3061.7(s), 2985.4(s), 1584(m), 1553.3(m), 
1366.7(s), 261.1(m), 1081.1(s), 984.5(s), 801.3(s), 535.4(m). 

2.2.2. Syntheses of complexes Ln(hfac)3(HIM-6-X-Py)2 (X = F, Ln = Dy 
(F-Dy); X  = Cl, Ln = Dy (Cl-Dy); X  = Br, Ln = Tb (Br-Tb), Dy (Br-Dy), 
Ho (Br-Ho), Er (Br-Er), Yb (Br-Yb)) 

Ln(hfac)3⋅2H2O (0.05 mmol) was dissolved in 50 mL of n-heptane 
and stirred for 3 h at 80 ◦C. After cooling down to 60 ◦C, the solution of 
NIT-6-X-Py (0.1 mmol) in 10 mL CH2Cl2 was added to the former so
lution and refluxed for 20 min. Thereafter, the solution was allowed to 

Table 1 
Crystallographic data and structure refinement parameters for complexes Br-Tb to Br-Yb.   

Br-Tb Br-Dy Br-Ho Br-Er Br-Yb 

Formula C39H35Br2F18N6O8Tb1 C39H35Br2F18N6O8Dy1 C39H35Br2F18N6O8Ho1 C39H35Br2F18N6O8Er1 C39H35Br2F18N6O8Yb1 

Formula weight 1376.47 1380.05 1382.48 1384.81 1390.59 
T/K 193 296 296 296 296 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic monoclinic 
Space group P21/n P21/n P21/n P21/n P21/n 
a/Å 12.7848(4) 12.896(6) 12.7567(9) 12.7508(4) 12.874(10) 
b/Å 18.5064(6) 18.616(8) 18.4936(12) 18.4987(6) 18.743(14) 
c/Å 22.1027(7) 22.216(10) 22.0518(18) 22.0316(7) 22.177(17) 
α/◦ 90 90 90 90 90 
β/◦ 95.9920(10) 95.330(8) 95.993(3) 96.0680(10) 95.740(12) 
γ/◦ 90 90 90 90 90 
V/Å3 5200.9(3) 5310(4) 5174.0(7) 5167.5(3) 5325(7) 
Z 4 4 4 4 4 
Coll. Refl. 38,130 36,222 45,756 48,084 47,157 
Unique refl. 7788 12,376 11,881 11,844 12,074 
Rint 0.0606 0.0754 0.1018 0.0366 0.0577 
Rsigma 0.0472 0.0879 0.0913 0.0310 0.0544 
GOF 1.025 1.019 1.009 1.021 1.029 
R1

a [I >= 2σ (I)] 0.0406 0.0625 0.0604 0.0351 0.0434 
wR2 

b [I >= 2σ (I)] 0.0931 0.1625 0.1558 0.0806 0.1091 
R1 [all data] 0.0512 0.1070 0.0850 0.0444 0.0699 
wR2 [all data] 0.0987 0.1923 0.1749 0.0853 0.1250 

a R1 =
∑

||Fo| − |Fc||/
∑

|Fo|. 
b wR2 = {

∑
[w(Fo

2 − Fc
2)2]/

∑
[w(Fo

2)2]}1/2. 
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cool down to ambient temperature and then be filtered. Yellowish single 
crystals were obtained after slow evaporation of the solution for about a 
week. The crystals were filtered off, washed with heptane and collected 
for the following physical measurements. Yield: 25–40%. Elemental 
analysis (%) calculated for F-Dy (C78H70F40N12O16Dy2): C, 37.23; H, 
2.80; N, 6.68. Found: C, 37.36; H, 2.87; N, 6.55; Cl-Dy 
(C39H35Cl2F18N6O8Dy1): C, 36.28; H, 2.73; N, 6.51. Found: C, 36.32; H, 
2.93; N, 6.34; Br-Tb (C39H35Br2F18N6O8Tb1): C, 34.03; H, 2.56; N, 6.11. 
Found: C, 34.03; H, 2.75; N, 5.97; Br-Dy (C39H35Br2F18N6O8Dy1): C, 
33.94; H, 2.56; N, 6.09. Found: C, 34.00; H, 2.95; N, 6.15; Br-Ho 
(C39H35Br2F18N6O8Ho1): C, 33.88; H, 2.55; N, 6.08. Found: C, 33.91; H, 
2.62; N, 6.39; Br-Er (C39H35Br2F18N6O8Er1): C, 33.83; H, 2.55; N, 6.07. 
Found: C, 33.48; H, 2.54; N, 5.92; Br-Yb (C39H35Br2F18N6O8Yb1): C, 
33.69; H, 2.54; N, 6.04. Found: C, 34.00; H, 2.94; N, 5.86. The phase 
purity of these complexes was confirmed by the PXRD spectra (ESI, 
Figs. S2–S8). 

Selected FT-TR data (KBr, cm− 1): F-Dy: 3316.4(w), 3132.6(w), 
2999.2(w), 1656.7(s), 1586.5(m), 1553.1(s), 1452.9(s), 1254.5(s), 
1143.6(s), 794.9(s), 727.9(m), 584.5(s), 527.6(m); Cl-Dy: 3359.9(w), 
3105.4(w), 2998.9(w), 1655.5(m), 1527.9(m), 1421.9(m), 1386.1(m), 
1255.8(s), 794.8(s), 738.9(s),584.5(s), 527.1(s); Br-Tb: 3359.3(w), 
3105.3(w), 2964.8(w), 1657.2(m), 1558.0(m), 1527.5(m), 1398.2(w), 
1257.5(m), 1142.5(m), 1096.3(m), 986.6(w), 795.0(m), 733.96(w), 
584.3(w), 527.9(w); Br-Dy: 3360.5(w), 3105.6(w), 2964.2(w), 1657.9 
(s), 1558.4(m), 1527.9(s), 1494.1(m), 1375.3(w), 1275.9(s), 1142.2(s), 
795.1(s), 738.9(w), 584.5(m), 527.6(w); Br-Ho: 3360.4(w), 3105.5(w), 
2963.7(w), 1658.9(m), 1560.4(m), 1528.6(m), 1496.0(w), 1398.2(m), 
1260.8(s), 1140.5(s), 796.6(s), 739.0(s), 584.8(m), 527.0(w); Br-Er: 
3360.7(w), 3105.6(w), 2966.2(w), 1658.7(s), 1560.2(m), 1515.5(m), 
1397.7(w), 1256.9(s), 1142.1(s), 1097.9(m), 986.6(w), 794.7(m), 739.4 
(w), 585.6(m), 527.3(w); Br-Yb: 3361.5(w), 3106.4(w), 2965.0(w), 
1658.8(s), 1558.8(m), 1529.3(m), 1495.3(m), 1398.5(w), 1257.8(s), 
1143.5(s), 1099.6(m), 795.1(m), 739.1(w), 586.2(w), 527.9(w). 

2.3. X-ray data collection and structure refinement 

Single crystal X-ray data of these complexes were collected at 193 K 
or room temperature on a Bruker APEX II with a CCD area detector (Mo- 
Kα radiation, λ = 0.71073 Å) or Bruker APEX II with a CCD area detector 

and liquid-metal-jet X-ray source (Ga-Kα radiation, λ = 1.34139 Å). The 
APEX II was used to determine the unit cell parameters and for data 
collection. The data were integrated and corrected for Lorentz and po
larization effects using SAINT [19]. Empirical absorption corrections 
were applied with SADABS [20]. The structures were solved by direct 
method and refined by full-matrix least-squares method on F2 using the 
SHELXTL crystallographic software package [21]. All the non-hydrogen 
atoms were refined anisotropically. Hydrogen atoms of the organic li
gands were refined as riding on the corresponding non-hydrogen atoms. 
Additional details of the data collections and structural refinement pa
rameters are provided in Tables 1 and 2. Selected bond lengths and bond 
angles are listed in Tables S1 and S2. CCDC: 2052891–2052897. 

3. Results and discussion 

3.1. Description of the crystal structures 

The results of single crystal X-ray diffraction revealed that except for 

Table 2 
Crystallographic data and structure refinement parameters for complexes F-Dy 
and Cl-Dy.   

F-Dy Cl-Dy 

Formula C78H70F40N12O16Dy2 C39H35Cl2F18N6O8Dy1 

Formula weight 2516.46 1291.13 
T/K 193 193 
Crystal system Triclinic Monoclinic 
Space group P1  P21/n 

a/Å 12.8061(6) 12.7484(8) 
b/Å 18.3503(8) 18.5799(17) 
c/Å 21.8816(10) 21.9465(14) 
α/◦ 99.181(2) 90 
β/◦ 104.553(2) 95.775(4) 
γ/◦ 91.248(2) 90 
V/Å3 4903.0(4) 5172.0(7) 
Z 2 4 
Coll. Refl. 74,288 49,748 
Unique Refl. 17,856 9505 
Rint 0.0655 0.0950 
Rsigma 0.0597 0.0628 
GOF 1.025 1.043 
R1

a [I >= 2σ (I)] 
wR2

b [I >= 2σ (I)] 
0.0669 
0.1732 

0.0586 
0.1234 

R1 [all data] 
wR2 [all data] 

0.0924 
0.1893 

0.0880, 
0.1388 

a R1 =
∑

||Fo| − |Fc||/
∑

|Fo|. 
b wR2 = {

∑
[w(Fo

2 − Fc2)2]/
∑

[w(Fo
2)2]}1/2. 

Fig. 1. (a) Molecular structure of compound Br-Dy. All hydrogen and fluorine 
atoms (except for the H atoms connected to N2 and N4 atoms) were omitted for 
clarity; (b) the coordination polyhedron of the DyIII ion in compound Br-Dy. 

Fig. 2. (a) Molecular structure of compound F-Dy. All hydrogen and fluorine 
atoms (except for the H atoms connected to the N atoms and F atoms in the HIM 
ligands) were omitted for clarity; (b) the coordination polyhedron of the DyIII 

ions in compound F-Dy. 
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complex F-Dy which crystallized in the triclinic space group P1, all other 
compounds have a similar structure and crystallized in the monoclinic 
space group P21/n. Therefore, the structure of Br-Dy is described 
representatively and a detailed summary of the other complexes can be 
found in Tables S1 and S2. As can be seen from the asymmetric unit 
shown in Fig. 1a, there is only one crystallographic independent DyIII 

center in the structure. The DyIII ion in Br-Dy is eight-coordinated by 
two reduced HIM-6-Br-Py ligands through the amidino-oxide oxygen 
atoms (O1 and O2, and the bond length Dy-O1 = 2.293(4) and Dy-O2 =
2.289(4) Å) and three bidentate hfac anions through their oxygen atoms 
(O3 to O8, with the Dy-O bond distances being in the range of 2.34–2.42 
Å). The coordination geometry of the DyIII center can be described as a 
triangular dodecahedron, with a continuous shape measure parameter 
(CShM) of 0.138 related to the ideal triangular dodecahedron calculated 
using the Shape 2.1 program (Fig. 1b and Table S3) [22]. 

For all these complexes, the LnIII ions are well separated from each 
other with the shortest intermolecular LnIII–LnIII distances being around 
10 Å; and there are no obvious intermolecular interactions such as the 
π-π interactions and hydrogen bonding interactions (Fig. S1). As for 
complex F-Dy, the asymmetric unit includes two crystallographic in
dependent DyIII ions and the coordination of each DyIII is similar to that 
in complex Br-Dy, as shown in Fig. 2a. The DyIII centers are both in a 
triangular dodecahedron with CShM values of 0.262 and 0.322 (Fig. 2b 
and Table S3). The shortest distance between two intermolecular DyIII 

ions is 11.865 Å. 
Importantly, from the structure data of all these complexes, we 

noticed that the N–O bond lengths of the ligands are all in range of 1.32 
to 1.35 Å, which are quite similar to those reported in HIM-based 
compounds [21,23], but are longer than the N–O bond in the free or 
coordinated nitroxide radicals (1.25–1.32 Å) [14,24]. In addition, the 
reduced form of the HIM-6-X-Py ligands can also be inferred from the 
following observations. Firstly, the color of all these complexes is 
yellowish, which is clearly different from the usual blue color of the NIT 
radicals. Secondly, from the final difference Fourier map, obvious Q 
peaks with small electron densities can be observed adjacent to the ex
pected N atoms (N2 and N4). Finally, characteristic weak absorptions 
observed at around 3316 cm− 1 (for F-Dy) and 3360 cm− 1 (for Cl-Dy and 
Br-Ln complexes) in the IR spectra are also indicative to the N–H 
stretching absorption in the HIM-6-X-Py ligands. The reduction of the 
NIT radicals during the reaction with the lanthanide complexes has also 
been observed in some other systems [21,23b,d,25]. However, up to 
now, the mechanism for this reduction was not clarified yet. Anyway, 
because of the reduced radical ligands, all these lanthanide complexes 
can be simply regarded as isolated mononuclear LnIII complexes. 

3.2. Magnetic properties 

The temperature dependent magnetic susceptibilities (calculated 
corresponding to one LnIII ion in the molecule formula) of all compounds 
Br-Tb to Br-Yb, Cl-Dy and F-Dy measured at a dc field of 1 kOe are 
shown in Fig. 3a. The χMT values of Br-Tb to Br-Yb, Cl-Dy and F-Dy at 
room temperature are 11.63, 14.15, 14.28, 11.40, 2.30, 13.87 and 
14.02 cm3 K mol− 1, respectively. These values are close to the expected 
values for one uncoupled LnIII ion (Table 3). Upon cooling, the χMT 
values for all these compounds decrease very slowly at high tempera
tures, and then more quickly at low temperatures to the lowest values at 
2 K. This monotonic decline of the χMT curves can be attributed to the 
depopulation of the LnIII ion Stark levels split by the ligand field and/or 
very weak dipole–dipole inter-molecular interactions [26]. 

The field dependent magnetizations of all compounds were also 
measured at 2 K in the field range of 0–70 kOe (Fig. 3b). The magneti
zations increase quickly at low magnetic fields and then rise slowly to 
the largest values at 70 kOe for complexes Br-Tb to Br-Yb, Cl-Dy, F-Dy, 
respectively. Those values are much lower than the calculated saturation 
values (Table 3), reflecting the significant magnetic anisotropy of these 
lanthanide centers. 

To check if these complexes show slow magnetic relaxation behav
iour, the alternating current (ac) magnetic susceptibilities were 
measured with or without an external dc field. Unfortunately for all 
complexes, no out-of-phase signals can be observed in a zero dc field 
(Figs. S9–S15). Upon application of a 1 kOe dc field, on the other hand, 
obvious frequency dependent in-phase and out-of-phase signals were 
observed for compounds Br-Dy, Br-Er, Br-Yb, Cl-Dy and F-Dy of the 
Kramers LnIII ions, while no obvious χ′′ signals were observed for Br-Tb 
and Br-Ho of the non-Kramers LnIII ions even under a dc field (Figs. S9 

Fig. 3. (a) Temperature dependent dc magnetic susceptibility data measured at 1 kOe for the lanthanide complexes; (b) Field dependent magnetizations measured at 
2 K for all complexes. 

Table 3 
The experimental room temperature χMT values (χMT (exp), cm3 K mol− 1), 
magnetization values (M(exp), Nβ) together with their calculated values of all 
compounds, the 2S+1LJ and gJ values for lanthanides, and the effective anisot
ropy barriers (Ueff, K) in a 1 kOe dc field.   

Br-Tb Br-Dy Br-Ho Br-Er Br-Yb Cl-Dy F-Dy 
S+1LJ 

7F6 
6H15/2 

5I8 
4I15/2 

2F7/2 
6H15/2 

6H15/2 

gJ 3/2 4/3 5/4 6/5 8/7 4/3 4/3 
χMT (cal) 11.82 14.17 14.07 11.48 2.57 14.17 14.17 
χMT (exp) 11.63 14.15 14.28 11.40 2.30 13.87 14.02 
M(cal) 9 10 10 9 4 10 10 
M(exp) 6.27 4.96 6.08 5.03 1.60 6.33 7.32 
Ueff – 38.4 – – 50.3 65.6 35.4  
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and S11). The observation of the field-induced slow magnetic relaxation 
in compounds Br-Dy, Br-Er, Br-Yb, Cl-Dy and F-Dy suggests that the 
fast QTM process in these complexes might be efficiently suppressed by 
the external dc field. For complexes Br-Dy, Br-Yb, Cl-Dy and F-Dy, the 
ac data are in general similar and we will describe the data for com
pound Br-Dy as a representative. 

As can be seen in Fig. 4, both the temperature/frequency dependent 
ac data show clear frequency/temperature dependent peaks, which shift 
to higher temperatures/frequencies at higher frequencies/temperatures. 
The relaxation times (τ) and the distribution of the relaxation time (α) 
can be extracted from the fitting of the semi-circular Cole-Cole plots 

(Fig. 5a) in the form of χ′′ versus χ′ in the range of 2–7.2 K by the 
generalized Debye model (Table S4) [27]. The obtained α values are in 
the range of 0.025–0.389, indicating a relatively narrow distribution of 
τ. The Arrhenius plot of lnτ vs. T− 1 was then plotted and the high tem
perature data were fitted according to the Arrhenius law τ = τ0exp(Ueff/ 
kBT), giving the effective anisotropy barrier Ueff = 38.4 K and the pre- 
exponential factor τ0 = 4.39 × 10− 6 s. The plots at the low tempera
tures cannot be well fitted linearly, which implies the existence of other 
relaxation processes such as QTM. Similar ac data under 1 kOe dc field 
were also observed for complexes Br-Yb, Cl-Dy, and F-Dy (ESI†, 
Figs. S17–S22, Tables S5–S7). Similar treatments of the ac data gives 

Fig. 4. (a) Variable-temperature and (b) variable-frequency ac magnetic susceptibility data obtained for Br-Dy in a 1000 Oe dc field.  

Fig. 5. (a) Cole-Cole plots of Br-Dy from 2 to 7.2 K. The solid lines represent the fitting using the generalized Debye mode; (b) Arrhenius plot for complex Br-Dy. The 
red line is the fit to the Arrhenius law. 
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Ueff = 50.3, 65.6 and 35.4 K (Table 3) and τ0 = 1.86 × 10− 8, 3.85 × 10− 7 

and 5.39 × 10− 6 s for complexes Br-Yb, Cl-Dy, and F-Dy, respectively. 
For complex Br-Er, although the in-phase and out-of-phase signals also 
show some frequency dependence, no obvious peaks were observed in χ′′
(Fig. S16). Thus, the energy barrier Ueff and τ0 via the common Arrhe
nius fitting were not obtained. As we have already stressed above, since 
the radical ligands were reduced in the complexes, the final lanthanide 
complexes are simple mononuclear lanthanide complexes. The obser
vation of the field-induced slow magnetic relaxation only for the com
plexes of the Kramers ions (DyIII, ErIII, YbIII) is consistent with the 
literature results [28]. In fact, according to the Kramers theorem, the 
magnetic states of the Kramers ions must be doubly degenerate as 
Kramers doublets, which leads to the bistability of the ground states of 
the Kramers ions in any ligand field symmetry. However, for the non- 
Kramers ions, their ground states is only bistable in a ligand field of 
axial symmetry, which is clearly not the case for these compounds. 

4. Conclusions 

In summary, a series of complexes based on halogen substituted 
reduced nitronyl nitroxide radical ligands were prepared and studied 
structurally and magnetically. The reduced forms of the NIT ligands 
were confirmed from the color of the complexes, the IR spectra, and the 
X-ray structures. Due to the reduced form of the NIT ligands, all these 
complexes exhibit magnetic properties as isolated lanthanide ions. Ac
cording to the ac magnetic susceptibilities under an external dc field, 
field-induced SMM behaviours were observed for complexes of the 
Kramers ions (DyIII, ErIII, YbIII), while the complexes of the non-Kramers 
ions (TbIII, HoIII) show no sign of slow magnetic relaxation even under a 
dc field. 
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Appendix A. Supplementary data 

Details of the single crystal X-ray crystallography, SHAPE analysis of 
the metal ions, packing diagram of the compound Br-Dy, PXRD spectra 
of all these complexes, additional magnetic data and figures are avail
able. Supplementary data to this article can be found online at htt 
ps://doi.org/10.1016/j.ica.2021.120308. 
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