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A family of lanthanide compounds with reduced
nitronyl nitroxide diradical: syntheses, structures
and magnetic properties†

Zhao-Xin Xiao,a Hao Miao,a Dong Shao, a Hai-Yan Wei, *b Yi-Quan Zhang *c

and Xin-Yi Wang *a

A novel nitronyl nitroxide diradical based on the pyrazine ring, BNITPz (1, BNITPz = 2,2’-(3,6-dimethyl-

pyrazine-2,5-diyl)bis(1-hydroxy-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-1-oxyl-3-oxide)) and six

new dinuclear compounds based on the reduced form of 1, namely [Ln(hfac)3]2(BHIMPz)(H2O)2 (Ln = Gd

(2Gd), Dy (3Dy), Ho (4Ho), Er (5Er), Tm (6Tm), Yb (7Yb); BHIMPz = 2,2’-(3,6-dimethylpyrazine-2,5-diyl)bis

(4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazole-3-oxide); hfac = hexafluoroacetylacetonate) were pre-

pared and characterized. Single crystal X-ray crystallographic analyses confirmed the diradical structure of

1, and revealed that complexes 2Gd–7Yb are isostructural and crystallize in the triclinic space group P1̄.

The reduced form BHIMPz was confirmed by its longer N–O bond lengths and the characteristic N–H

stretching absorption at 3500–3300 cm−1 of the IR spectroscopy of 2Gd–7Yb. In 2Gd–7Yb, the lanthanide

ions are eight-coordinated in a square antiprism environment (D4d). Two symmetric related Ln(III) ions are

bridged by the reduced BHIMPz ligand to form a dinuclear structure. Magnetic measurements revealed

the antiferromagnetic exchange interaction between the two radicals of the diradical ligand 1 through the

pyrazine ring. For complexes 2Gd to 7Yb with the reduced non-radical ligand, their magnetic properties

are consistent with the isolated LnIII centers. Alternating-current (ac) magnetic susceptibility investigations

indicate that complexes 3Dy and 7Yb exhibit field-induced frequency dependence, which indicates the

presence of slow relaxation of the magnetization. Ab initio calculations were performed on these com-

pounds to understand their magnetic anisotropy and their different magnetic dynamics.

Introduction

Molecular nanomagnets, known as single-molecule magnets
(SMMs) and single-chain magnets (SCMs), have been exten-
sively studied in the past two decades,1 due to their potential
applications in quantum computing and molecular
spintronics.2–4 Due to the inherent unquenched orbital
angular momentum and strong spin–orbit coupling of the 4f

electrons, lanthanide ions usually possess very large magnetic
anisotropy and are very promising for the achievement of
better performance SMMs. Thus, in the past ten years, a
number of lanthanide mononuclear SMMs, also termed as
single-ion magnets (SIMs), have been reported to be able to
exhibit very high energy barriers (Ueff ) and blocking tempera-
tures (TB).

5 For now, the record of the Ueffs have reached
1277 cm−1,5e while TB has been improved remarkably to 60 K,5f

which is very close to the boiling temperature of liquid
nitrogen.

Although the Ln-SIMs have been proved to be most promis-
ing for higher Ueff and TB values, multinuclear lanthanide
SMMs are also very interesting. Not only can these multi-
nuclear lanthanide clusters provide rich structure types, they are
also very helpful to understand the role of magnetic coupling
on the enhancement of the SMM properties. Due to the shield-
ing effect of the outer 5s and 5p orbitals on the 4f orbitals, the
magnetic coupling between the Ln3+ centers is usually very
weak. In this sense, radical bridged lanthanide clusters are
very attractive as the effective exchange coupling through the
radicals is usually significantly larger. In fact, radical bridged
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lanthanide clusters have been proved to be able to behave as
SMMs of high Ueff and/or TB values. Typical examples are the
outstanding Ln2 systems bridged by the paramagnetic N2

3−

radical, where the Tb2 and Dy2 complexes show TB values of 14
and 8.3 K, respectively.6 In addition to the inherent magnetic
anisotropy of the individual Ln3+ centers, the strong magnetic
coupling between the Ln3+ centers is crucial for their high TB
values, as it efficiently suppresses the quantum tunnelling of
magnetization (QTM) usually observed for the Ln3+-SIMs. In
addition, some other radical bridged lanthanide SMMs with
different radical ligands, such as bpym•−, tppz•3− and HAN•3−

have also been reported, all of them show very interesting mag-
netic properties.7

Besides these radical ligands, nitronyl nitroxide (NIT) or
imino nitroxide radicals (IM) have drawn considerable inter-
ests because of their great stability under ambient conditions
and ease of chemical modification with various functional
coordination groups.8 Previously, we prepared a pyrimidyl sub-
stituent bis-bidentate nitronyl nitroxide radical, 2-pyrimidyl-
4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide (NIT-
2-Pm). The chelating and bridging abilities of this NIT radical
lead to the first NIT bridged CoII compound with field induced
SMM behaviour and a series of NIT bridged Ln3+ complexes,
some of which show SIM behaviors.9 The magnetic coupling
between the spin centers through the NIT ligand is thought to
be important for their SIM behaviours.

To continue our work on this strategy, we chose a new nitro-
nyl nitroxide diradical based on pyrazine ring, named BNITPz
(2,2′-(3,6-dimethylpyrazine-2,5-diyl)bis(1-hydroxy-4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazole-1-oxyl-3-oxide)) (1) (Scheme 1),
to construct new Ln-based SMMs. Its crystal structure
and magnetic properties are characterized here. Subsequent
treatment of this diradical with Ln(hfac)3·2H2O resulted
in an unexpected reduced radical ligand BHIMPz (2,2′-(3,6-di-
methylpyrazine-2,5-diyl)bis(4,4,5,5-tetramethyl-4,5-dihydro-1H-
imidazole 3-oxide)) (Scheme 1), and six new dinuclear com-

pounds [Ln(hfac)3]2(BHIMPz)(H2O)2 (Ln = Gd (2Gd), Dy (3Dy),
Ho (4Ho), Er (5Er), Tm (6Tm), Yb (7Yb); hfac = hexafluoro-
acetylacetonate) were obtained based on the reduced form of
the ligand. Dynamic magnetic studies showed that complexes
3Dy and 7Yb display frequency dependent ac susceptibilities,
which suggests the slow magnetic relaxation. Due to the non-
radical nature of the reduced form BHIMPz, the slow magnetic
relaxation of 3Dy and 7Yb is due to the single-ion magnetic
behaviour of Dy3+ and Yb3+, which is also confirmed by the ab
initio calculations. According to literature, it is common that
NIT radicals can be reduced to the IM or HIM forms, especially
when some reducing agents, such as the Fe2+ ion,10a are
present in the reaction system.10 The reduction process of the
BNITPz is proposed in Scheme 1. However, the reaction
mechanism of the reduction is not clear yet. The water con-
tained in the Ln(hfac)3·2H2O salts or from atmosphere may
acts as a proton source, and some unknown species in the
environment may act as the reductant. Anyhow, more
attempts, such as the inert atmosphere protection, are needed
to prepare compounds with the unreduced diradical.

Experimental section
Materials and physical measurements

All preparations and manipulations were performed under
ambient conditions. The solvents were obtained from commer-
cial sources (AR grade) and used as received. The starting
material 3,6-dimethylpyrazine-2,5-dicarbaldehyde was syn-
thesized following a published method.11 Ln(hfac)3·2H2O was
prepared according to the literature method.12 IR data were
measured on KBr pellets using a Bruker Vector 27 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 per-
formed using a Quantum Design SQUID VSM magnetometer
on ground single crystal samples embedded in eicosane for all
compounds. Direct current (dc) measurements were con-
ducted from 300 to 2 K under an external magnetic field of
1000 Oe. The field dependences of the magnetization were
measured at 2 K with dc magnetic field between 0 and 7 T. All
magnetic data were corrected for the sample holder, the eico-
sane and for the diamagnetic contribution of the sample.

Syntheses of BNITPz (1). This diradical ligand was syn-
thesized by the reported Ullman’s method13 using 3,6-di-
methylpyrazine-2,5-dicarbaldehyde as the starting aldehyde
and then purified by flash column chromatography (silica gel,
mixtures of ethyl acetate/dichloromethane, 6 : 1, v/v). Yield
55%, purple powder. Purple rod-like crystals suitable for
single-crystal X-ray analyses can be obtained readily by slow
evaporation of the ethyl acetate/dichloromethane ether solu-
tion of 1. Elemental analysis (%) calculated for 1 (C20H30N6O4,
M = 418.49): C 57.40, H 7.23, N 20.08. Found: C 57.23, H 7.27,
N 20.04. FT-IR (KBr, cm−1): 2998 (m), 2989 (m), 2977 (m), 2926
(m), 1456 (m), 1407 (s), 1374 (s), 1180 (s), 1158 (s), 1136 (s),
868 (m), 846 (m), 740 (m), 535 (m), 480 (m).

Scheme 1 Schematic diagram of the reduction process from BNITPz to
BHIMPz.
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Syntheses of complexes [Ln(hfac)3]2(BHIMPz)(H2O)2 [Ln =
Gd (2Gd), Dy (3Dy), Ho (4Ho), Er (5Er), Tm (6Tm), Yb (7Yb)]. Ln
(hfac)3·2H2O (0.1 mmol) was dissolved in 30 mL dry boiling
heptane. The solution was heated to reflux for 3 h, and then
cooled to 75 °C, after which a solution of BNITPz (20.9 mg,
0.05 mmol) in 3 mL of CH2Cl2 was added. The resulted solu-
tion was stirred for 45 min at 75 °C, cooled to room tempera-
ture, and then filtered. Slow evaporation of the final solution
for about a week yielded rod-like crystals suitable for single-
crystal X-ray analyses. The crystals were filtered off, washed
with n-heptane and dried in air. Yield: ca. 40–50%.

Elemental analysis (%) calculated for 2Gd
(C50H42N6O16F36Gd2): C, 30.31; H, 2.14; N, 4.24. Found: C,
30.25; H, 2.08; N, 4.27; 3Dy (C50H42N6O16F36Dy2): C, 30.15; H,
2.13; N, 4.22. Found: C, 30.12; H, 2.05; N, 4.18; 4Ho

(C50H42N6O16F36Ho2): C, 30.08; H, 2.12; N, 4.21. Found: C,
30.02; H, 2.05; N, 4.24; 5Er (C50H42N6O16F36Er2): C, 30.01; H,
2.12; N, 4.20. Found: C, 29.98; H, 2.04; N, 4.18; 6Tm
(C50H42N6O16F36Tm2): C, 29.96; H, 2.11; N, 4.19. Found: C,
29.93; H, 2.06; N, 4.22; 7Yb (C50H42N6O16F36Yb2): C, 29.83; H,
2.10; N, 4.18. Found: C, 29.95; H, 2.04; N, 4.16.

Selected FT-IR data (KBr, cm−1) for 2Gd: 3420 (w), 2995 (w),
1651 (s), 1560 (s), 1534 (s), 1477 (s), 1257 (s), 1121 (s), 1144 (s),
803 (m), 661 (m), 585 (m); 3Dy: 3420 (w), 2995 (w), 1652 (s),
1561 (s), 1534 (s), 1477 (s), 1258 (s), 1121 (s), 1144 (s), 803 (m),
661 (m), 586 (m); 4Ho: 3419 (w), 2995 (w), 1652 (s), 1561 (s),
1534 (s), 1477 (s), 1257 (s), 1212 (s), 1143 (s), 803 (s), 661 (s),
586 (s); 5Er: 3421 (w), 2995 (w), 1652 (s), 1561 (s), 1534 (s), 1478
(s), 1258 (s), 1212 (s), 1144 (s), 803 (m), 662 (m), 586 (m); 6Tm:
3420 (w), 2994 (w), 1652 (s), 1561 (s), 1534 (s), 1478 (s), 1258
(s), 1210 (s), 1144 (s), 802 (m), 662 (m), 586 (m); 7Yb: 3419 (w),
2997 (w), 1652 (s), 1560 (s), 1534 (s), 1478 (s), 1258 (s), 1206 (s),
1143 (s), 802 (m), 662 (m), 587 (m).

X-Ray crystallography

Single crystal X-ray data were collected on a Bruker APEX II or
APEX Duo diffractometer with a CCD area detector (Mo-Kα radi-
ation, λ = 0.71073 Å). The APEX II program was used to determine
the unit cell parameters and for data collection. The data were
integrated and corrected for Lorentz and polarization effects
using SAINT.14 Absorption corrections were applied with
SADABS.15 The structures were solved by direct method and
refined by full-matrix least-squares method on F2 using the
SHELXTL crystallographic software package.16 All the non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms of the
organic ligands were refined as riding on the corresponding non-
hydrogen atoms. Additional details of the data collections and
structural refinement parameters are provided in Table 1. Selected
bond lengths and bond angles are listed in Tables S1–S7.†

Results and discussion
Description of the crystal structures

Structure of 1. Single crystal X-ray diffraction of the purple
crystal of the nitronyl nitroxide diradical 1 revealed that 1 crys- T
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tallizes in the monoclinic space group P21/n. The crystal struc-
ture and packing arrangement of the diradical 1 are shown in
Fig. 1. The asymmetric unit contains only a half of the ligand,
and the whole unit cell contains two diradical molecules. The
planes of the two NIT radicals (ONCNO) in the para positions
of the pyrazine ring are almost parallel to each other, while the
center of the pyrazine ring lies in the inversion center. The
ONCNO planes and the pyrazine ring are twisted with the
torsion angle between them being 67.99°. This dihedral angle
is very close to that angle in the related biradicals of the func-
tionalized benzene rings (3,6-dimethylbenzene, 2,3-dimethoxy,
or 2,5-dimethoxy),17 but significantly larger than that of a
benzene bridged biradical,18 clearly indicating the steric effect
of the two methyl groups in the pyrazine ring. The N–O bond
lengths of the NIT radicals are practically identical for both
N1–O1 and N2–O2 bonds (1.271(3) and 1.271(2) Å), which is in
good agreement with those reported in other NIT radicals.8

Because of the steric effect of the methyl groups, the BNITPz
molecules are isolated in the structure and there are no
obvious supramolecular interactions, such as intermolecular
π–π and hydrogen bonding interactions, between the mole-
cules. The shortest intermolecular O⋯O distance is 4.475 Å,
which makes the intermolecular magnetic interaction between
the NIT radicals negligible.

Structures of complexes 2Gd–7Yb. Single crystal X-ray analyses
revealed that all six complexes 2Gd–7Yb are isostructural and

crystallize in the triclinic space group P1̄. Here, the structure
for complex 7Yb is described as a representative and the details
of the other complexes can be found in the ESI.† From the
crystal structures, we found that in all these complexes, the
diradical ligand BNITPz was reduced to its non-radical imid-
azole oxide form BHIMPz during the reaction. The N–O bond
distances of 2Gd–7Yb fall in the range of 1.351–1.368 Å, which
is significantly longer than the N–O bond in free or co-
ordinated nitroxide radicals (1.25–1.32 Å), either in BNITPz or
BIMPz radicals.19 Further evidence for the reduced form
BHIMPz is provided by the light colour of these complexes,
and also the IR spectroscopy, which shows the characteristic
weak N–H stretching absorption at 3419–3421 cm−1 for 2Gd–
7Yb. The BHIMPz ligand only uses its two O atoms to coordi-
nate to two YbIII centers, while the N atoms of the pyrazine
ring remain uncoordinated. This leads to a dinuclear structure
where the reduced ligand behaves as a bridging ligand to link
two symmetric identical Yb(III) ions (Fig. 2). The whole unit
cell contains one whole dinuclear structure where the inver-
sion center resides in the center of the pyrazine ring. The
Yb(III) center is in the eight coordination environment consist-
ing of six O atoms from three hfac anions, one O atom from the
BHIMPz ligand, and one O atom from the crystallization water.

Fig. 1 (a) Molecule structure of 1; (b) packing diagram along the a axis
of 1.

Fig. 2 (a) Molecular structure of complex 7Yb. All hydrogen and fluorine
atoms (except the important N–H) are omitted for clarity; (b) the coordi-
nation polyhedron of YbIII ion in complex 7Yb.
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The Yb–O(radical) and Yb–O(water) bond lengths are 2.277(3)
and 2.365(3) Å, while the Yb–O(hfac) distances are in the range
of 2.269(3)–2.374(3) Å. These bond lengths are similar to those
reported in other Ln-nitronyl nitroxide radical complexes.8 To
determine the coordination environment symmetry of the LnIII

ions, the continuous shape measure parameters (CShMs) for
2Gd–7Yb were calculated using the Shape 2.1 program.20 As we
can see in Table S8,† the least CShM values indicate the dis-
torted square antiprism geometry (D4d) for all of them, expect
for compound 6Tm, where the Tm3+ coordination geometry is
close to the triangular dodecahedron. As the BHIMPz ligand is
not a radical, the cluster can be viewed as isolated Yb(III)
centers: the intramolecular YbIII–YbIII distance is 9.543(1) Å.
Although there are no inter-/intramolecular π–π interactions
and hydrogen bonding interactions between the molecules,
the shortest intermolecular YbIII–YbIII distance is 5.963(2) Å,
significantly shorter than the intramolecular YbIII–YbIII dis-
tance (Fig. 3).

Magnetic properties

Variable-temperature dc magnetic susceptibility data for com-
pounds 1–7 were investigated in the temperature range of
2.0–300 K and under an applied field of 1000 Oe (Fig. 4). For
the diradical ligand 1, the χMT value is 0.74 cm3 K mol−1 at
300 K, which is very close to the expected value of 0.75 cm3

K mol−1 for two uncoupled radicals (S = 1/2, g = 2.0). Upon
cooling, the χMT values remain almost constant until around
50 K. Then, the χMT value decreases quickly upon further
cooling, reaching 0.01 cm3 K mol−1 at 2 K (Fig. 4a). Fitting of
the data above 100 K according to the Curie–Weiss law gives
the Weiss constant θ = −7.2 K. This behavior clearly indicates
the presence of antiferromagnetic exchange interactions
between the two radicals of the ligand through the pyrazine
ring. The fitting of the data according to a dinuclear model
(H = −2JS1S2) leads to J = −7.7 cm−1 and g = 2.0 (R = ∑[(χT )obsd −

(χT )calcd]
2/∑[(χT )obsd]

2 = 7.0 × 10−3). The small negative J value
is consistent with the antiferromagnetic interaction. This weak
antiferromagnetic interaction can be explained by the spin-
polarization effect.21 In addition, due to the large torsion
angles between the ONCNO and pyrazine rings, the intra-
molecular exchange interaction is significantly reduced com-
pared to the diradical bridged by benzene,18 which can be
attributed to a decrease in π-conjugation over the pyrazine and
the radical groups.22 For example, the J value is up to
−72.3 cm−1 in the NITPh-(4-NIT) where the torsion angle is
zero,18b while the J decreases to −2.8 and −3.0 cm−1 in the dir-
adicals bridged by 2,3-dimethylbenzene and 2,5-dimethyl-
benzene groups where the torsion angles are around 70
degrees.17a Furthermore, field dependent magnetization of 1
were measured at 2 K (Fig. S7†). The magnetization increases
very slowly to only 0.12Nβ at 70 kOe, which is also consistent
with the antiferromagnetic interaction between the two
radicals.

As for complexes 2Gd to 7Yb with the reduced non-radical
ligand, their magnetic properties are consistent with the iso-
lated LnIII centers. The room temperature χMT values are 16.2,
28.9, 28.3, 23.5, 14.5, and 5.8 cm3 K mol−1 (according to two
LnIII ions), respectively (Fig. 4b). These values are quite close
to the expected values of 15.76, 28.34, 28.14, 22.96, 14.30 and
5.14 cm3 K mol−1 for two free LnIII ions (Gd, g = 2, S = 7/2; Dy,

Fig. 3 Packing diagram of complex 7Yb and all of the hydrogen and
fluorine atoms are omitted for clarity.

Fig. 4 (a) Dc magnetic susceptibility data for 1 measured at 1 kOe dc
field. The blue line represents the fitting curve according to a dimer
model and the red line is the linear fitting of the Curie–Weiss law; (b) dc
magnetic susceptibility data for 2Gd–7Yb measured at 1 kOe dc field.
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g = 4/3, J = 15/2; Ho, g = 5/4, J = 8; Er, g = 6/5, J = 15/2; Tm, g =
7/6, J = 6; and Yb, g = 8/7, J = 7/2). Upon cooling, the χMT value
for 2Gd with the spin only GdIII ion remains almost constant
until 5 K, while the χMT plots of 3Dy–7Yb display a monotonic
decrease, reaching the minimum value of 17.6, 8.1, 10.8, 10.2
and 1.4 cm3 K mol−1 at 2 K. The decrease of the χMT values in
the high-temperature region is ascribed to the thermal
depopulation of the LnIII mJ levels.

The magnetizations for 2Gd–7Yb measured at 2 K show a
rapid increase at low magnetic fields (Fig. 5). Upon further
increasing of the applied field, M increases up to 13.6, 12.4,
14.2, 11.3, 8.4 and 4.2Nβ at 70 kOe for 2Gd–7Yb, respectively.
The M value of compound 2Gd (13.61Nβ) is close to the satur-
ation value of 14Nβ for two isotropic GdIII ions, while other M
values are far from the calculated saturation values (20, 20, 18,
14, 8Nβ for two DyIII, HoIII, ErIII, TmIII, YbIII ion, respectively),
indicating the presence of significant magnetic anisotropy
and/or low-lying excited states in these complexes.

To investigate the dynamics of the magnetizations for com-
plexes 3Dy–7Yb, alternating current (ac) magnetic suscepti-
bilities were measured. For complexes 4Ho, 5Er and 6Tm, no
observable out-of-phase signals can be observed even under an
applied dc field, precluding the possibility of SMM behavior
for these three complexes (Fig. S10–S12†). For compounds 3Dy
and 7Yb, no out-of-phase signals were observed in the absence
of applied dc field (Fig. S9 and S13†), indicating the short
magnetization relaxation time due to the QTM effect. However,
temperature- and frequency-dependent ac signals were
observed for both 3Dy and 7Yb under a 1 kOe dc field (Fig. S9†
and Fig. 6), indicating the suppression of the QTM effect and
the field-induced SMM behaviors. For complex 3Dy, a peak in
the frequency dependent χ″ plot was only observed at 1.8 K,
precluding the extraction of its energy barrier.

For 7Yb on the other hand, the magnetic relaxation is much
slower under 1 kOe dc field; and clear peaks were observed in
both temperature- and frequency-dependent ac signals (Fig. 6).
From the frequency dependent data, nearly semicircular Cole–

Cole plots in the form of χ″ versus χ′ from 1.8 to 3. 5 K were
obtained, which can be fitted well to the generalized Debye
model to provide the relaxation times (τ) and the distribution
of the relaxation time (α, Table S9†). The obtained α values are
in the range of 0.006–0.162 from 1.8 to 3.5 K, indicating the
narrow distribution of relaxation times. From the obtained
relaxation time, the Arrhenius plot was constructed. At low
temperatures, the curve bends, indicating the existence of
QTM, even under a 1 kOe dc field. Fitting of the high tempera-
ture data (T = 3.0 to 3.5 K) using Arrhenius law τ = τ0 exp(Ueff/
kBT ) gives the effective anisotropy barrier Ueff = 31 K
(21.5 cm−1) with the pre-exponential factor τ0 = 2.4 × 10−7 s
(Fig. 7).

To understand the magnetic anisotropy and also the
observed different dynamic properties of these compounds,
complete-active-space self-consistent field (CASSCF) calcu-
lations on individual DyIII, HoIII, ErIII, TmIII and YbIII frag-
ments extracted from the compounds on the basis of single-
crystal X-ray structure have been carried out with MOLCAS 8.2
program package (see ESI† for the details). The calculated
energy levels, g tensors and mJ values of the lowest eight, eight
and four Kramers doublets for individual DyIII, ErIII and YbIII

fragments, respectively, and the lowest nine and seven non-
Kramers doublets for individual HoIII and TmIII fragments
were listed in Table S10.†

Fig. 5 Field dependent magnetizations at 2 K for 2Gd–7Yb.

Fig. 6 Variable-frequency (a) and variable-temperature (b) ac magnetic
susceptibility data obtained for compound 7Yb in a 1000 Oe dc field.

Fig. 7 (a) Cole–Cole plots of 7Yb from 1.8 to 3.5 K, the solid lines rep-
resent the fitting using the generalized Debye model, and (b) Arrhenius
plot for complex 7Yb.
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As we can see, for HoIII and TmIII ions, although the non-
Kramers doublets of the ground state have the largest mJ

values (mJ = ±8 and ±6), the non-Kramers character of these
ions makes the ground doublets splited with a small energy
(4.7 cm−1 for HoIII and 1.5 cm−1 for TmIII). This means that
the ground mJ states of these two ions are non-degenerated,
which accounts for the absence of slow magnetic relaxation for
compounds 4Ho and 6Tm. For ErIII ion on the other hand,
although the ground states are the degenerated Kramers doub-
lets of mJ = ±15/2, the first excited Kramers doublets have the
smallest mJ values (±1/2) and have the energy of only
14.3 cm−1. This leads to the small magnetic anisotropy of the
ErIII ion and is consistent with the absence of slow magnetic
relaxation for compound 5Er. On the other hand, for DyIII and
YbIII, strong magnetic anisotropy was revealed by the calcu-
lation. The ground Kramers doublets are both of the largest mJ

values (mJ = ±15/2 and ±7/2), and are all isolated from the first
excited Kramers doublets (43.8 and 168 cm−1 for DyIII and
YbIII, respectively). These results are consistent with the
observed slow magnetic relaxation of both 3Dy and 7Yb.
Furthermore, we can see that the energy of the first excited
Kramers doublets for YbIII is much higher than that for DyIII,
which might account for the better performance of 7Yb com-
pared to 3Dy.

Due to the weak basicity of NO group compared to regular
diamagnetic ligands, NIT radicals usually are weak donors to
metal ions and strong electron withdrawing ligands such as
hfac were utilized to promote the coordination. This impelled
some chemists to design and prepare nitronyl nitroxide rad-
icals with strong donor groups located in the vicinity of the
NO groups, to facilitate the chelating effect. Typical examples
include the 2/3/4-pyridine functionalized nitroxides radicals,
which leads to metal complexes with interesting struc-
tures and magnetic properties.23 As mentioned above, we
extended this strategy and prepared a pyrimidyl substituent
bis-bidentate nitronyl nitroxide radical NIT-2-Pm. From this
bis-bidentate ligand, we prepared the first NIT bridged CoII

SMM and a series of NIT bridged Ln3+ complexes, some of
which show SIM behaviors also.9 On the other hand, nitrox-
ide diradical bridged by benzyl ring or functionalized
benzene such as 3,6-dimethyl, 2,3-dimethoxy, or 2,5-
dimethoxybenzene and their complexes have also been
studied and reported.17,18 Considering the potential bridging
ability of the pyrazine ring, we therefore designed and
assembled NIT diradical onto the pyrazine ring and prepared
the diradical BNITPz. We hope to use both the pyrazine ring
and also the two NIT radicals to construct extended magnetic
clusters or polymers with interesting magnetic properties.
However, during the reaction with LnIII ions, the diradical got
reduced and led to the final compounds 2Gd–7Yb. Although
magnetic measurements revealed that compounds 3Dy and
7Yb behave as field induced SMMs, their magnetic behavior
originated from isolated LnIII centers actually. We expected
that by controlling the reaction conditions in the subsequent
studies, we can obtain compounds with the diradical ligands
not reduced.

Conclusions

In summary, we reported here the synthesis of a new nitronyl
nitroxide diradical and six new binuclear lanthanide com-
pounds with the reduced form of the ligand. Magnetic
measurements revealed the weak antiferromagnetic coupling
between the two radicals in the diradical through the pyrazine
ring. For the lanthanide complexes bridged by the diamagnetic
ligand, their magnetic properties are mainly from the isolated
lanthanide centers. Although no sign of SMM behavior can be
observed for complexes containing Gd, Ho, Er, and Tm, field
induced SIM behaviors were observed for the Dy and Yb com-
plexes. Further attempts will be focused on the preparation of
other complexes of the non-reduced diradicals and/or other
polyradicals.
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