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A family of lanthanide complexes with a
bis-tridentate nitronyl nitroxide radical: syntheses,
structures and magnetic properties†

Hao Miao,a Hong-Qing Li,a Fu-Xing Shen,a Hai-Yan Wei, *b Bao-Lin Wang*c and
Xin-Yi Wang *a

Eleven new lanthanide complexes based on a bis-tridentate nitronyl nitroxide radical NIT-Pm2Py (2-(4,6-

di(pyridin-2-yl)pyrimidin-2-yl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide), namely

(NIT-Pm2Py)Ln(hfac)3 (Ln = Gd (1Gd), Tb (2Tb), Dy (3Dy), Ho (4Ho), Er (5Er), Yb (6Yb)), [(NIT-Pm2Py)

Ln2(hfac)6]·xH2O (Ln = Gd (7Gd), Tb (8Tb), Ho (10Ho), x = 0.5 for 7Gd and 1 for 8Tb and 10Ho) and

(NIT-Pm2Py)Ln2(hfac)6 (Ln = Dy (9Dy), Er (11Er)) were prepared and characterized. These complexes can

be selectively prepared by controlling the reaction ratio of Ln(hfac)3·2H2O to the radical ligand

NIT-Pm2Py. Single crystal X-ray crystallographic analyses confirmed that 1Gd–6Yb are isostructural 2p–4f

LnIII–radical complexes, in which the NIT-Pm2Py radical acts as a terminal tridentate ligand chelating to

one LnIII ion. On the other hand, 7Gd–11Er are isostructural 4f–2p–4f LnIII–radical–LnIII complexes with

the NIT-Pm2Py acting as a bridging ligand between two LnIII ions. 7Gd–11Er represent a rare family of

complexes showing the NIT bridged 4f–2p–4f three-spin motif. Alternating-current (ac) magnetic sus-

ceptibility investigations revealed that complex 6Yb exhibits field-induced frequency dependence,

suggesting a possible field-induced single-molecule magnet behavior. Ab initio calculations were per-

formed on all these complexes. The fitting of the magnetic susceptibilities of these complexes indicates

weak antiferromagnetic coupling between the LnIII and NIT radical.

Introduction

Considerable efforts have been focused on single-molecular
magnets (SMMs), especially on those containing lanthanide
ions1,2 since the discovery of the first lanthanide SMM
TBA+[Pc2Ln]

− (Ln = Tb and Dy).3 Due to their large magnetic
anisotropy from the unquenched orbital moment and strong
spin–orbit coupling, lanthanide ions are valuable to achieve
high relaxation barriers (Ueff ) and block temperatures (TB).
A large number of high performance lanthanide-SMMs and
3d–4f SMMs with various structures have been reported,4–6

where the highest Ueff and TB values have reached 1541 cm−1

and 80 K.7 However, the fast quantum tunneling of magnetiza-
tion (QTM) is one major obstacle towards high performance
Ln-SMMs, as it shortcuts the energy barrier and accelerates the
magnetic reversal process. In recent years, the employment of
paramagnetic bridging ligands has been proved as a particu-
larly successful strategy to promote strong magnetic coupling
between lanthanide centers, and to enhance the SMM
properties.8–11 For instance, Long et al. achieved a high coer-
cive field as well as a high TB for a family of dinuclear Ln2 com-
plexes bridged by the N2

3− radical.9 The diffused spin orbitals
of the anionic radical ligands can effectively penetrate into the
core electron density of the deeply buried 4f orbitals resulting
in the largest Ln–radical interactions.9 Other outstanding
radical-bridged dinuclear Ln2 SMMs include {[Dy(tmhd)3]2
(bptz)}−,10 [(Cp*2Dy)2(μ-tppz•)]+ (ref. 8a) and [(Cp*2Ln)2
(μ-bpym•)]+.8b Besides these radical bridged Ln2 SMMs, the
only two radical bridged trinuclear Ln3 SMMs are Cp*6Ln3

(μ3-HAN)11a and [Dy3(hfac)6(bptz
•−)3],

11b where three DyIII or
TbIII centers are bridged by the HAN•3− or bptz•− radicals.

Besides the abovementioned radicals, there are also many
other organic radicals that can coordinate or bridge the metal
centers, such as the TCNQ and TCNE,12a nitronyl nitroxides,12b
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verdazyls,12c thiazyls,12d selenazyls,12d semiquinoid12e,f and so
on. Based on these paramagnetic building blocks, interesting
molecular magnetic materials such as high Tc magnets,13 con-
ductive SMMs,14 single-chain magnets (SCMs)15 and so on
have been prepared. Among all these organic radicals,
nitronyl nitroxide radicals (2-(R)-4,4,5,5-tetramethyl-4,5-
dihydro-1Himidazol-1-oxy-3-oxide, NITR) have been most
widely studied because of their great stability under ambient
conditions and ease of chemical modification.16 Based on this
family of radicals, very attractive magnetic materials have been
reported. For example, a transition metal metallacycle with six
MnII and six NIT radicals ([Mn(hfac)2NITPh]6) has been
reported, which is still the largest radical-bridged metalla-
cycle.17 Very recently, in a NITR bridged Mn2+ helix, electric
field modulation of magnetic exchange was achieved.18 In
addition, the NITR radicals have been successfully used to con-
struct SCMs of superior properties, such as very large energy
barriers and coercive fields.15b,c In the field of NITR bridged
SMMs however, successful examples reported so far are still
rather limited, including some examples where the NITR rad-
icals only act as terminal ligands (with 2p–4f or 2p–3d–4f spin
arrangements),19 rather than bridging ligands between two
metal centers (with 3d–2p–3d or 4f–2p–4f spin arrangements).
Notable SMM examples containing the bridging NIT radical
include a Dy2–NIT compound from Tian’s group20a and several
examples from our group.20b–e

In our previous study, we have designed a new bis-bidentate
nitronyl nitroxide radical NIT-2-PM (2-pyrimidyl-4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide) by installing the
2-pyrimidine group to the NIT ligand to increase both the
coordination and bridging abilities of the NIT radical. From
this new bis-bidentate radical, the first NIT bridged CoII

complex with field-induced SMM behavior20b and a family of
NIT bridged Ln3+ complexes were prepared, some of which
show SMM behaviors.20c Moreover, using a tri-NIT radical BTR
(BTR = 2,2′,2″-(benzene-1,3,5-triyl)tris(1-hydroxy-4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazole-1-oxyl-3-oxide), we reported a
new binuclear penta-spin Dy3+ complex [Dy2(hfac)6(BTR)],
which is the first example of a triradical bridged binuclear
SMM.20d In this compound, the SMM behavior is found to
originate from the exchange states, rather than the isolated
Dy3+ center, and the magnetic coupling between the Dy3+

centers through the NIT radical is considered critical to its
SMM behavior.

Along this line, we recently made further modification to
the NIT-2-Pm and designed a new bis-tridentate NIT radical
NIT-Pm2Py (2-(4,6-di(pyridin-2-yl)pyrimidin-2-yl)-4,4,5,5-tetra-
methyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide, Fig. 1).20e With
the additional 2-pyridine groups attached to the pyrimidine
ring, this ligand can have two tridentate coordination sites
and thus have higher chelating ability. From this ligand,
dinuclear complexes or complexes of higher nuclearity such as
metallacycles or 1D chain complexes are anticipated. Recently,
we have reported two dinuclear Mn2 and Co2 complexes based
on this ligand.20e The Co2 complex is the second example of a
NIT-bridged CoII compound with field-induced slow magnetic

relaxation. Herein, we extended the work to lanthanide com-
plexes and presented a family of Ln–NIT-Pm2Py complexes
(Fig. 1), namely (NIT-Pm2Py)Ln(hfac)3 (Ln = Gd (1Gd), Tb (2Tb),
Dy (3Dy), Ho (4Ho), Er (5Er), Yb (6Yb)), [(NIT-Pm2Py)
Ln2(hfac)6]·xH2O (Ln = Gd (7Gd), Tb (8Tb), Ho (10Ho), x = 0.5 for
7Gd and 1 for 8Tb and 10Ho), and (NIT-Pm2Py)Ln2(hfac)6 (Ln =
Dy (9Dy), Er (11Er)). For complexes 1Gd–6Yb, the NIT-Pm2Py
serves as a terminal ligand that leads to a 2p–4f two-spin
system, while the binuclear 4f–2p–4f three-spin system was
found in complexes 7Gd–11Er with the NIT-Pm2Py acting as a
bridging ligand. Complex 6Yb shows frequency-dependent ac
magnetic susceptibility under an external dc field, indicating
the field-induced slow magnetic relaxation, while the rest of
the complexes do not show any slow magnetic relaxation. Ab
initio calculations were performed on these complexes to
explore the magnetic anisotropy of the lanthanide centers and
the magnetic exchange interactions between the lanthanides
and the NIT radical.

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 NIT-Pm2Py
radical was synthesized according to the reported method.20e

The starting material Ln(hfac)3·2H2O was synthesized accord-
ing to the methods in the literature.21b Powder XRD patterns
were obtained on a Bruker D8X diffractometer equipped with
monochromatized Cu-Kα (λ = 0.15418 nm) radiation at room
temperature, and the data were collected in the range of 5° ≤
2θ ≤ 50° on ground crystalline samples for all compounds
(Fig. S1–S11†). IR data were measured on KBr pellets using a
Bruker Vector 27 FT-IR spectrometer in the 4000–400 cm−1

range (Fig. S12–S22†). Elemental analyses for C, H, and N were
performed using an Elementar Vario MICRO analyzer.
Magnetic susceptibility measurements were performed using a
Quantum Design SQUID VSM magnetometer on ground single

Fig. 1 Structures of the NIT-Pm2Py ligand, mononuclear Ln–radical
complexes 1Gd–6Yb, and dinuclear Ln–radical–Ln complexes 7Gd–11Er.
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crystal samples embedded in eicosane for all compounds.
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 a dc
magnetic field between 0 and 7 T. All magnetic data were cor-
rected for the sample holder, the eicosane and for the diamag-
netic contribution of the sample.

Syntheses of complexes (NIT-Pm2Py)Ln(hfac)3 [Ln = Gd
(1Gd), Tb (2Tb), Dy (3Dy), Ho (4Ho), Er (5Er), Yb (6Yb)].
Ln(hfac)3·2H2O (0.1 mmol) was dissolved in 25 mL dry boiling
heptane. The solution was heated to reflux for 2 h, and then
cooled to 75 °C, after which a solution of NIT-Pm2Py (38.9 mg,
0.1 mmol) in 8 mL of CH2Cl2 was added. The solution was
stirred for 10 min at 70 °C, and then filtered before being
cooled to room temperature. Blue single crystals of 1Gd–6Yb
suitable for X-ray diffraction were obtained after a week. The
crystals were filtered, washed with n-heptane and dried in air.
Yield: ca. 30–45%. Elemental analysis (%) calculated for 1Gd
(C36H24F18GdN6O8): C, 37.02; H, 2.07; N, 7.20. Found: C, 36.88;
H, 2.12; N, 7.15; 2Tb (C36H24F18TbN6O8): C, 36.97; H, 2.07; N,
7.19. Found: C, 36.85; H, 2.06; N, 7.22; 3Dy (C36H24F18DyN6O8):
C, 36.86; H, 2.06; N, 7.16. Found: C, 36.45; H, 2.01; N, 7.17;
4Ho (C36H24F18HoN6O8): C, 36.78; H, 2.06; N, 7.15. Found: C,
36.98; H, 2.14; N, 7.01; 5Er (C36H24F18ErN6O8): C, 36.71; H,
2.05; N, 7.14. Found: C, 36.63; H, 2.06; N, 7.17; 6Yb
(C36H24F18YbN6O8): C, 36.53; H, 2.04; N, 7.10. Found: C, 36.99;
H, 2.09; N, 7.33. Selected FT-IR data (KBr, cm−1) for 1Gd:
1654(s), 1589(m), 1508(s), 1378(s), 1256(s), 1206(s), 1141(s),
793(m), 668(s), 586(m); 2Tb: 1655(s), 1597(m), 1505(s), 1382(s),
1256(s), 1210(s), 1148(s), 796(m), 667(s), 586(m); 3Dy: 1659(s),
1592(m), 1501(s), 1379(s), 1255(s), 1212(s), 1144(s), 799(m),
662(s), 586(m); 4Ho: 1658(s), 1534(m), 1505(s), 1379(s), 1254(s),
1207(s), 1144(s), 800(m), 661(s), 587(m); 5Er: 1659(s), 1529(m),
1509(s), 1377(s), 1255(s), 1206(s), 1143(s), 794(m), 661(s),
585(m); 6Yb: 1658(s), 1593(m), 1531(s), 1378(s), 1257(s),
1205(s), 1144(s), 800(m), 662(m), 585(m). Melting point (°C)
for 1Gd: 169.6–169.7; 2Tb: 164.9; 3Dy: 160.6; 4Ho: 167.4–167.5;
5Er: 139.5–139.6; 6Yb: 140.4.

Syntheses of complexes [(NIT-Pm2Py)Ln2(hfac)6]·xH2O (Ln =
Gd (7Gd), Tb (8Tb), Ho (10Ho), x = 0.5 for 7Gd and 1 for 8Tb and
10Ho) and (NIT-Pm2Py)Ln2(hfac)6 (Ln = Dy (9Dy), Er (11Er)).
Complexes 7Gd–11Er were synthesized as green rod-like single
crystals in a similar way to complexes 1Gd–6Yb, except that the
ratio of Ln(hfac)3·2H2O to NIT-Pm2Py was changed from 1 : 1
to 2 : 1. Yield: ca. 35–45%. Unfortunately, although we tried, we
did not get the binuclear complex of Yb. Elemental analysis
(%) calculated for 7Gd (C51H28F36Gd2N6O14.5): C, 31.32; H, 1.44;
N, 4.30. Found: C, 31.88; H, 1.47; N, 4.53; 8Tb
(C51H29F36Tb2N6O15): C, 31.13; H, 1.49; N, 4.27. Found: C,
31.68; H, 1.65; N, 4.45; 9Dy (C51H27F36Dy2N6O14): C, 31.30; H,
1.39; N, 4.29. Found: C, 32.22; H, 1.42; N, 4.46; 10Ho

(C51H29F36Ho2N6O15): C, 30.94; H, 1.48; N, 4.25. Found: C,
31.55; H, 1.48; N, 4.32; 11Er (C51H27F36Er2N6O14): C, 31.15; H,
1.38; N, 4.27. Found: C, 32.29; H, 1.47; N, 4.21; Selected FT-IR
data (KBr, cm−1) for 7Gd: 1654(s), 1557(s), 1499(s), 1373(s),
1256(s), 1204(s), 1145(s), 1012(m), 798(m), 660(m), 585(m);

8Tb: 1655(s), 1557(s), 1501(s), 1373(s), 1256(s), 1144(s), 1203(s),
1012(m), 797(s), 660(s), 585(s); 9Dy: 1653(s), 1594(s), 1531(s),
1375(s), 1256(s), 1204(s), 1144(s), 1013(m), 798(s), 661(s),
586(s); 10Ho: 1655(s), 1595(s), 1531(s), 1374(m), 1256(s),
1203(s), 1144(s), 794(s), 661(s), 586(s); 11Er: 1655(s), 1595(s),
1533(s), 1384(s), 1257(s), 1214(s), 1145(s), 1012(m), 800(m),
661(s), 587(m). Melting point (°C) for 7Gd: 161.9–162.0; 8Tb:
184.3–184.4; 9Dy: 187.3; 10Ho: 188.5–188.6; 11Er: 143.1–143.2.

X-Ray crystallography

Single crystal X-ray data of 1Gd–11Er were collected at room
temperature on a Bruker APEX II or APEX Duo diffractometer
with a CCD area detector (Mo-Kα radiation, λ = 0.71073 Å). The
APEX II program was used to determine the unit cell para-
meters and for data collection. The data were integrated and
corrected for Lorentz and polarization effects using SAINT.22

Empirical absorption corrections were applied with SADABS.23

The structures were solved by direct methods and refined by
the full-matrix least-squares method on F2 using the SHELXTL
crystallographic software package.24 All the non-hydrogen
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 collection
and structural refinement parameters are provided in Tables 1
and 2. Selected bond lengths and bond angles are listed in
Tables S1–S11.†

Results and discussion
Description of the crystal structures

Structures of complexes 1Gd–6Yb. Single crystal X-ray diffraction
revealed that all six complexes 1Gd–6Yb crystallize in the mono-
clinic crystal system with the space group P21/n for 1Gd–5Er
and C2/c for 6Yb. 1Gd–6Yb are mononuclear 2p–4f two-spin
compounds of similar structures. As depicted in Fig. 2, the
LnIII metal ion is nine-coordinated by one chelating
NIT-Pm2Py radical and three hfac anions. The Ln–O distances
are in the range of 2.293(3)–2.440(15) Å, and the Ln–N bond
lengths are within the scope of 2.537(3)–2.643(3) Å for 1Gd–6Yb,
respectively. These bond distances are similar to those
reported for Ln–NIT radical complexes.19 To determine the
coordination environment symmetry of the LnIII ions, the con-
tinuous shape measure parameters (CShMs) of the LnIII

centres were calculated (Table S12†) using the Shape 2.1
program.25 As we can see, the least CShM values indicate the
capped square antiprism (C4v) for all Ln

III centers in 1Gd–6Yb.
For the NIT-Pm2Py ligand, it behaves as a terminal tridentate
chelating ligand by providing one O atom of nitronyl nitroxide
(O2) and two nitrogen atoms of the R-group on the same side
(N3 and N5), while the oxygen and nitrogen atoms on the
other side remain uncoordinated. Although Both N1–O1 and
N2–O2 bond distances of 1Gd–6Yb are in good agreement with
those reported in other NIT radicals,26 the coordinated N2–O2
bonds are longer than the uncoordinated N1–O1 bonds
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(1.283(4)–1.307(4) Å for N2–O2 bonds and 1.259(2)–1.263(10) Å
for the N1–O1 bonds, respectively).

Structures of complexes 7Gd–11Er. Complexes 7Gd–11Er are
also of very similar structures. However, due to the existence of
the lattice water molecules in the asymmetric unit, complexes
7Gd, 8Tb and 10Ho crystallize in the monoclinic space group
P21/n, while 9Dy and 11Er crystallize in the triclinic space group
P1̄. Unlike 1Gd–6Yb, the 2 : 1 ratio of Ln3+ to NIT-Pm2Py leads
to the isolation of these five binuclear 4f–2p–4f three-spin
complexes where the bis-tridentate NIT-Pm2Py ligand acts as a

bridge between two LnIII ions using all of the six coordination
atoms. In the asymmetric unit, all 7Gd–11Er complexes consist
of one NIT-Pm2Py ligand and two crystallographic indepen-
dent Ln(hfac)3 fragments. As shown in Fig. 3, the two LnIII

ions are of very similar nine-coordinated coordination environ-
ments with one O atom and two N atoms from the NIT-Pm2Py
ligand and six O atoms from three hfac anions. According to
the CShM values (Table S13†), both Ln1 and Ln2 ions are in a
capped square antiprism (C4v). The bond lengths and bond
angles involving the LnIII ions are all in the normal range for

Table 1 Crystallographic data and structure refinement parameters for complexes 1Gd–6Yb

Complex 1Gd 2Tb 3Dy 4Ho 5Er 6Yb

Formula C36H24F18GdN6O8 C36H24F18TbN6O8 C36H24F18DyN6O8 C36H24F18HoN6O8 C36H24F18ErN6O8 C36H24F18YbN6O8
Formula weight 1167.86 1169.53 1173.11 1175.54 1177.87 1183.65
T/K 296(2) 296(2) 296(2) 296(2) 296(2) 296(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P21/n P21/n P21/n P21/n P21/n C2/c
a/Å 11.9510(5) 11.9625(6) 11.9552(14) 11.9256(9) 11.900(4) 33.965(13)
b/Å 21.2966(9) 21.3247(12) 21.316(3) 21.3080(14) 21.300(7) 13.913(5)
c/Å 16.6233(7) 16.6539(9) 16.688(2) 16.6280(11) 16.658(5) 20.458(8)
α/° 90 90 90 90 90 90
β/° 90.7270(10) 90.5860(10) 90.531(2) 90.604(2) 90.508(6) 114.692(5)
γ/° 90 90 90 90 90 90
V/Å3 4230.6(3) 4248.1(4) 4252.4(9) 4225.1(5) 4222(2) 8784(6)
Z 4 4 4 4 4 8
F(000) 2288 2292 2296 2300 2304 4624
Collected refl. 36 309 34 588 38 238 34 858 30 593 38 605
Unique refl. 9683 9624 9745 9604 7406 10 026
Rint 0.0261 0.0310 0.0595 0.0377 0.1553 0.0818
GOF 0.999 1.069 1.060 1.102 1.105 1.044
R1

a, wR2
b (I > 2σ(I)) 0.0202, 0.0467 0.0367, 0.1298 0.0355, 0.0828 0.0280, 0.0670 0.0665, 0.1616 0.0367, 0.0894

R1, wR2 (all data) 0.0248, 0.0486 0.0428, 0.1384 0.0499, 0.0899 0.0350, 0.0705 0.1023, 0.1965 0.0480, 0.0952
CCDC 1875271 1875272 1875273 1875274 1875275 1875276

a R1 = ∑kFo| − |Fck/∑|Fo|.
bwR2 = {∑[w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]}1/2.

Table 2 Crystallographic data and structure refinement parameters for complexes 7Gd–11Er

Complex 7Gd 8Tb 9Dy 10Ho 11Er

Formula C51H28F36Gd2N6O14.5 C51H29F36Tb2N6O15 C51H27F36Dy2N6O14 C51H29F36Ho2N6O15 C51H27F36Er2N6O14
Formula weight 1955.29 1967.64 1956.78 1979.66 1966.30
T/K 296(2) 296(2) 296(2) 296(2) 296(2)
Crystal system Monoclinic Monoclinic Triclinic Monoclinic Triclinic
Space group P21/n P21/n P1̄ P21/n P1̄
a/Å 10.8289(12) 10.8207(10) 11.7359(8) 10.8396(16) 11.7121(13)
b/Å 15.8904(16) 15.8746(14) 11.9440(8) 15.847(2) 11.9271(13)
c/Å 39.821(4) 39.795(4) 24.5974(17) 39.725(6) 24.589(3)
α/° 90 90 91.774(6) 90 91.800(2)
β/° 91.728(2) 91.797(2) 94.628(2) 91.776(3) 94.713(2)
γ/° 90 90 103.074(2) 90 103.301(2)
V/Å3 6849.1(12) 6832.4(11) 3343.3(4) 6820.5(17) 3326.9(6)
Z 4 4 2 4 2
F(000) 3776 3804 1886 3820 1894
Collected refl. 54 945 56 846 29 270 51 263 24 566
Unique refl. 15 914 15 654 15 430 15 292 14 917
Rint 0.0463 0.0487 0.0216 0.0436 0.0307
GOF 1.243 1.259 1.078 1.271 1.146
R1

a, wR2
b (I > 2σ(I)) 0.0478, 0.1135 0.0424, 0.0964 0.0241, 0.0569 0.0605, 0.1664 0.0415, 0.0932

R1, wR2 (all data) 0.0512, 0.1152 0.0466, 0.1007 0.0296, 0.0598 0.0659, 0.1700 0.0589, 0.1041
CCDC 1875277 1875278 1875279 1875280 1875281

a R1 = ∑kFo| − |Fck/∑|Fo|.
bwR2 = {∑[w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]}1/2.
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similar LnIII–NIT compounds. As the NIT part of the ligand
acts as a bridge between two LnIII centers, the N–O bond
lengths are also close to each other (around 1.276(5)–1.285(5) Å)
and in the normal range of the reported NIT radical
compounds.

Magnetic properties

The magnetic susceptibilities for complexes 1Gd–11Er were
measured in the temperature range of 2.0–300 K at an applied
dc field of 1000 Oe (Fig. 4 and 5). The room temperature χMT
values (Table 3) are quite close to the expected values for one
radical (S = 1/2, g = 2) and one uncoupled LnIII ion for 1Gd–6Yb
and the values for one radical and two free LnIII ions for 7Gd–
11Er, respectively (see details in Table 3). Upon cooling, the
χMT values for 1Gd and 7Gd with the spin-only GdIII ion
remained almost unchanged until 5 K before they decrease
down to 7.68 and 10.85 emu K mol−1 at 2 K, indicating the
weak antiferromagnetic coupling between the radical and GdIII

ion. For compound 9Dy, the χMT gradually decreases with the
temperature to reach a minimum of 21.91 at about 5 K and
increases again to a maximum value of 23.77 emu K mol−1 at
2 K. For the rest of the compounds (2Tb–6Yb and 8Tb–11Er), the
χMT plots exhibit a monotonic decrease to the minimum
values at 2 K. For all these compounds, the decrease of the
χMT values in the high-temperature region may be attributed
to the possible antiferromagnetic interaction between the NIT
and LnIII ions and/or the progressive thermal depopulation of
the excited Stark sub-levels of the LnIII ions. On the other
hand, for 9Dy, the upturn at a low temperature might suggest
the ferromagnetic Dy–Radical coupling. However, considering
the 4f–2p–4f three-spin situation, an antiferromagnetic
Dy–Radical coupling could also lead to the increase of the χMT
at low temperature, as a large ground state is also possible for
the antiferromagnetic coupling with the “up–down–up” spin
alignment. Of course, the LnIII–LnIII coupling through the
radical is also possible for compounds 7Gd–11Er, although it
should be much weaker than the Ln–Rad coupling. For the

Fig. 2 (a) Molecular structure of 1Gd–6Yb. All hydrogen and fluorine
atoms are omitted for clarity; (b) the coordination polyhedron of the
LnIII ion in 1Gd–6Yb.

Fig. 4 Dc magnetic susceptibility data of 1Gd–6Yb measured at 1 kOe.

Fig. 3 (a) Molecular structure of 7Gd–11Er. All hydrogen and fluorine
atoms are omitted for clarity; (b) the coordination polyhedron of the
LnIII ions in7Gd–11Er.
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details of the magnetic coupling between the paramagnetic
ions (Rad–LnIII and LnIII–LnIII through the radical), theoretical
calculations are thus needed.

Furthermore, the field dependent magnetizations for 1Gd–
11Er were measured at 2.0 K in the range of 0–70 kOe (Fig. S23
and S24†). For all complexes, the M(H) curves exhibit a rapid
increase at low fields and increase more gradually to the
highest values (Table 3). For the isotropic GdIII containing
compounds 1Gd and 7Gd, the highest magnetizations of 7.95
and 14.61Nβ are in good agreement with the anticipated 8 and
15Nβ for a Gd–Rad compound and a Gd–Rad–Gd compound,
respectively. On the other hand, the highest values of 2Tb–6Yb
and 8Tb–11Er are far from saturation, which can be attributed
to the magnetic anisotropy of the LnIII ions in these com-
pounds. No hysteresis effects were observed for all complexes
at 2 K.

To check if complexes 2Tb–6Yb and 8Tb–11Er exhibit slow
magnetic relaxation, alternating current (ac) magnetic suscep-
tibilities were measured. For complexes except 6Yb, no observa-

ble out-of-phase (χ″M) signals were observed with or without
an applied dc field, precluding the possibility of SMM behavior
for these complexes (Fig. S25–S32†). For 6Yb however, although
no χ″M signals were observed in the zero dc field, temperature-
and frequency-dependent ac signals were observed under an
applied 1 kOe dc field (Fig. 6). This reflects the suppression of
the QTM effect at an external 1 kOe dc field and the field-
induced slow magnetic relaxation. Cole–Cole plots at 1.8 to
3.2 K were constructed and fit using the generalized Debye
model (Fig. 7) to give the relaxation time τ and its distribution
factor α (Table S14†).27 The energy barrier (Ueff ) was thus
obtained from the fit of the high temperature data of the ln(τ)
vs. T−1 plot according to the Arrhenius law, τ = τ0 exp(Ueff/kBT ).
The Ueff was estimated to be 6.6 cm−1 (9.5 K) with τ0 = 1.6 ×
10−5 s (Fig. 7b).

For a better understanding of the magnetic anisotropy and
the magnetic coupling in these complexes, theoretical calcu-
lations were performed on these complexes. Complete-active-
space self-consistent field (CASSCF) calculations on individual
LnIII (TbIII, DyIII, HoIII, ErIII or YbIII) fragments of complexes
2Tb–6Yb and 8Tb–11Er on the basis of X-ray determined geo-
metries have been carried out with MOLCAS 8.228 and
SINGLE_ANISO29 programs (see the ESI† for details). The
energy levels, g (gx, gy, gz) tensors and mJ values of the lowest
several spin–orbit states of the individual LnIII fragments (Ln1

Fig. 5 Dc magnetic susceptibility data of 7Gd–11Er measured at 1 kOe.

Table 3 The room temperature χMT values (abbreviated to (χMT )exp)
and magnetizations (abbreviated to Mexp) of 1Gd–11Er (emu K mol−1, Nβ),
together with their calculated values and the gJ and

2S+1LJ values for the
lanthanides

1Gd 2Tb 3Dy 4Ho 5Er 6Yb

(χMT )exp 8.20 12.06 14.25 13.81 11.95 2.83
(χMT )cal 8.26 12.20 14.55 14.45 11.86 2.95
Mexp 7.95 5.74 6.07 6.86 4.90 1.49
Mcal 8 10 11 11 10 5
gJ 2 3/2 4/3 5/4 6/5 8/7
2S+1LJ

8S7/2
7F6

6H15/2
5I8

4I15/2
2F7/2

7Gd 8Tb 9Dy 10Ho 11Er

(χMT )exp 14.71 24.98 28.74 24.45 22.77
(χMT )Cal 16.13 24.02 28.71 28.51 23.33
Mexp 12.70 10.79 11.40 10.39 9.14
Mcal 15 19 21 21 19

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

Fig. 7 (a) Cole–Cole plots of 6Yb from 1.8 to 3.2 K, the solid lines rep-
resent the fitting using the generalized Debye model, and (b) Arrhenius
plot for complex 6Yb.
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for complexes 2Tb–6Yb; and Ln1 and Ln2 for complexes 8Tb–
11Er) are shown in Table S15.† From these results, we can see
that the ground states of all these individual LnIII centers are
of the largest mJ values with gz values being much larger than
gx and gy values, suggesting the easy-axis type magnetic an-
isotropy. However, we can also see that these Ln3+ ions are of
low magnetic axiality. For the DyIII, ErIII, and YbIII ions, the
ground states are degenerated Kramers doublets, while for the
TbIII and HoIII ions, the ground doublets are non-degenerated
with small splitting energies. Furthermore, the mJ components
of the lowest two spin–orbit states of all these LnIII centers are
also shown in Table S16.† We noticed that the ground spin–
orbit states of individual LnIII fragments of 2Tb, 8Tb(Tb1),
8Tb(Tb2) and 9Dy(Dy2) are mostly composed of the single mJ

state (±6 for Tb and ±15/2 for Dy), while those of the others are
all mixed by several mJ states. On the other hand, the first
excited states of all the individual LnIII fragments are mixed by
several mJ states. These severe mixing of the states leads to very
large quantum tunnelling of magnetization at both the ground
and first excited states. The corresponding transverse magnetic
moments between the ground and first excited individual LnIII

fragments are also calculated and shown in Fig. S34.† From
this result, we can see all the transverse magnetic moments
between the ground and excited states are of considerable
values, therefore allowing a fast QTM in these states.

For the magnetic exchange coupling in 1Gd–11Er, the LnIII–

LnIII or LnIII–Radical exchange interactions were considered
with the Lines model.30 For complexes 1Gd–6Yb, one J para-
meter ( J1 for the LnIII–radical coupling) is used for the
exchange Hamiltonian, while for 7Gd–11Er, two J parameters
( J1 for the LnIII–radical coupling and J2 for the LnIII–LnIII coup-
ling through the radical) are needed (see details of the
exchange Hamiltonians with a −2J notation in the ESI†). Using
the program POLY_ANISO,29 the exchange coupling constants
were then fit through the comparison of the computed and
measured magnetic susceptibilities with respect to the pseu-
dospin S̃ = 1/2 of the LnIII ions and the spin Sradical = 1/2 for
the radical site. In addition, the intermolecular interaction zJ′
was fit to a constant value for each compound. The calculated
and experimental χMT versus T plots of 1Gd–11Er are shown in
Fig. 4 and 5 and the obtained exchange parameters are listed
in Table 4.

As we can see from Table 4, the LnIII–Radical interactions
of J1 in complexes 1Gd–11Er within the Lines model30 are all
antiferromagnetic and the LnIII–LnIII interactions of J2 for com-
plexes 7Gd–11Er are all very small and antiferromagnetic. The J
values of the Gd3+ complexes 1Gd and 7Gd are small in magni-
tude compared to the coupling constants reported for the
Gd–NIT compounds,31 and are much smaller than the values
of −6.91, −10 and −27 cm−1 found in radical exchange
coupled Gd2 compounds with tppz3•−, bpym•− and N2

3•−

radical bridges, respectively.8a,b,9b As for the other complexes,
the J values are among the coupling constants reported for a
Ln–radical system.31 Ishida et al. reported the Ln-dependence
of |JLn–rad| for the first time for the Ln–nitroxide radical com-
plexes.32 |JGd–rad| > |JTb–rad| > |JDy–rad| was found and attributed
to the decreased number of the singly occupied 4f orbitals in
Gd3+, Tb3+ and Dy3+ ions. However, for our complexes, theore-
tical analyses revealed the opposite trend of |JGd–rad| < |JTb–rad|
< |JDy–rad|. This opposite trend has also been reported by
Long et al. for the bpym•− and HAN•− radical-bridged Ln2

complexes.8b,11a They pointed out that perhaps the exchange
coupling in these complexes is via a spin-polarization mecha-
nism involving the empty LnIII 5d orbitals, rather than direct
exchange interactions between the radical spin orbital and the
LnIII 4f orbitals.8b

From these J values, the exchange energies (cm−1), energy
difference between each exchange doublet Δtun (cm−1) and
main values of the gz for the lowest several exchange doublets
of complexes 2Tb–6Yb and 8Tb–11Er were also calculated and
are shown in Table S17.† Due to the rather weak exchange
coupling, the exchange energies for the two exchange doublets
are all quite small and the significant Δtun values are respon-
sible for the absence of the slow magnetic relaxation. However,
we do not know the reason for the experimental observation of
the field-induced slow magnetic relaxation in compound 6Yb
as the theoretical calculations on this compound do not show
any specific improvement of its property compared to the
other complexes.

In our previous studies,20c using the bis-bidentate ligand
NIT-2-Pm, we have reported a family of coordination com-
pounds with 3d–2p, 3d–2p–3d, 4f–2p, and 4f–2p–4f spin struc-
tures. Also, in a very recent work,20e we reported the synthesis
of the new bis-tridentate NIT-Pm2Py ligand and its coordi-
nation compounds of 3d metal centers. Here, with this bis-tri-
dentate NIT-Pm2Py ligand, a series of 4f–2p and 4f–2p–4f com-
pounds have been reported. Compared to the widely reported
2p–4f mononuclear two-spin compounds, 2p–4f–2p three-spin
compounds and one-dimensional Ln–NIT compounds, these
newly reported 4f–2p–4f binuclear three-spin compounds
enriched the still small group of this type of compound.
Although the coordination geometries of the lanthanide
centers are of slight difference between the reported Ln–NIT-2-
Pm compounds and the Ln–NIT-Pm2Py compounds, their
magnetic properties, in terms of the SMM property, are very
similar and unfortunately, not good. The lack of significant
magnetic anisotropy of the lanthanide centers in these com-
plexes should be the main reason. As we can see, for those

Table 4 Total J values for LnIII–LnIII or LnIII–Radical in complexes 1Gd–
11Er (cm−1). The intermolecular interactions zJ’ of complex 1Gd–11Er
were fit to 0.07, −0.10, −0.30, −0.01, −0.30, −0.01, −0.03, −0.04, 0.05,
−0.60 and −0.05 cm−1, respectively

1Gd 2Tb 3Dy 4Ho 5Er 6Yb

J1 −0.5 −3.0 −10.0 −2.0 −7.5 −1.5

7Gd 8Tb 9Dy 10Ho 11Er

J1 −0.5 −3.0 −12.5 −6.0 −7.5
J2 −0.03 −0.25 −0.08 −0.09 −0.18
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excellent Ln–Radical SMMs, such as [(CpMe4H
2Tb)2(μ-N2)]

−,
[(Cp*2Tb)2(μ-bpym•)]+ and Cp*6Dy3(μ3-HAN), the individual
lanthanide centers are all of the (CpMe4H

2Ln) or (Cp*2Ln)
motifs, which have been proved to be of very significant mag-
netic anisotropy, both experimentally and theoretically.9a,8b,11a

Thus, combining these starting materials of large magnetic an-
isotropy with these two NIT ligands we reported should be a
very promising approach for the construction of Ln-SMMs of
better performance. On the other hand, compared to the
NIT-2-Pm ligand, the NIT-Pm2Py ligand has one more coordi-
nating N atom on each side, which makes it a much stronger
chelating ligand for the construction of the NIT bridged
coordination compounds. Therefore, it should be easier for
this ligand to act as a bridging ligand with metal centers with
no strong electron withdrawing ligands, such as the hfac
anions. In this regard, more extended structures such as mole-
cular clusters of higher nuclearity, metallacycles, 1D chains or
even high-dimensional framework structures based on this
bis-tridentate ligand are also anticipated.

Conclusions

In summary, we reported here the syntheses of six new mono-
nuclear and five new binuclear lanthanide complexes of a bis-
tridentate radical ligand. The binuclear complexes stand for a
small number of lanthanide complexes exhibiting the radical-
bridged 4f–2p–4f three-spin motif. Ab initio calculations and
fitting of the magnetic susceptibilities indicate the existence of
weak antiferromagnetic LnII–LnIII interactions in the radical
bridged binuclear LnIII compounds and weak antiferro-
magnetic coupling between the LnIII–radical in all complexes.
Although no sign of SMM behavior can be detected for com-
pounds containing Tb, Dy, Ho and Er, field-induced SMM
behaviors were observed for the Yb compound. Further
attempts will be focused on the preparation of lanthanide
compounds of higher magnetic anisotropy and magnetic com-
pounds of higher nuclearity and higher dimensionality with
this polydentate radical ligand.
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