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Abstract  The most important lanthanide single-ion molecular magnets (SIMMs) 
reported to date including the lanthanide phthalocyanine, lanthanide β-diketone, 
and organometallic lanthanide systems are systematically investigated in this 
chapter. In particular, some important relationships between the structural features 
and magnetic performances are discussed in detail based on the theoretical results, 
presenting a guideline for the effective design of lanthanide SIMMs.
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Over the past few years, molecular magnetic materials have flourished and ranged 
from the pioneering 2D/3D magnetic networks [1, 2] to 1D single-chain mag-
nets (SCMs) [3, 4], 0D polynuclear metal [5] and metal-radical [6, 7] SMMs, and 
finally the smallest magnet-like molecules including only one single magnetic 
ion usually called single-ion magnet (SIM) [8–10]. In particular, the development 
of the latter class of molecules, i.e., SIMs, has been one of the hottest topics in 
SMM research in recent years, the reason for which is that their simple structure 
compared with polynuclear complexes allows us to have a better understand-
ing for the correlation between structures and magnetic properties and further to 
fine-tune their SMM properties [10]. As mentioned in Chap. 1, to avoid mislead-
ing the readers from other  research fields, we use the term single-ion molecular 
magnet (SIMM) in the following sections. The first example of such nanomagnets 
was reported by Ishikawa et al. in 2003 in a family of complexes of general for-
mula [LnPc2]− with a “double-decker” structure [11], where the Tb species dem-
onstrates a high effective barrier, Ueff =  230  cm−1, far surpassing that of Mn12 
SMM. This discovery further stimulated the successful design of a growing num-
ber of lanthanide SIMM systems, the most typical examples being lanthanide pol-
yoxymetalates (LnPOM) [12], lanthanide β-diketone [8, 13], and organometallic 
double-decker [9, 14] lanthanide complexes. It is noteworthy that, recently, the 
SIMM family has been extended into the mononuclear d-transition metal [15–17] 
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and actinoid [18, 19] complexes with several successful examples being achieved. 
Nevertheless, to date it is still heavily dominated by lanthanide-based SIMMs, 
where not only the complexes with high axial symmetry behave as the effective 
SMMs [11, 20, 21], but also the magnetic relaxation behavior can be observed 
in some low-symmetry lanthanide complexes [9, 22], mainly because the strong 
internal single-ion anisotropy of lanthanide ion arising from the large unquenched 
orbital angular moments greatly facilitates the design of SIMMs, while the subor-
dination of the crystal field to the spin–orbit interaction makes it a minor factor in 
the overall electronic structure [23]. However, our goal is not to simply synthesize 
such magnetic molecules, but to achieve a SMM with high effective barrier and 
blocking temperature and retain its functionality in a more readily accessed tem-
perature regime. Therefore, the role of crystal field must be highlighted, because 
a suitable crystal field is of critical importance in producing the electronic struc-
ture requisite for strong single-molecule magnets, which can be seen in the simple 
model developed by Long in Chap. 1 [23]. In particular, the effect is very sensi-
tive in SIMMs, where a minor structural alteration may lead to drastic effects on 
the magnetism. For example, ab initio calculations show that the changes of the 
coordinated water molecule—removal of the water molecule and the positioning 
of hydrogen atoms—have great impact on the orientation of the anisotropy axis 
in Dy-DOTA complex [24, 25]. In addition, the impact of ligand donor strength 
within a given coordination geometry was also explored recently by Long through 
comparing two isostructural trigonal prismatic complexes with pyrazolate and 
N-heterocyclic carbene ligands, respectively [26]. The results reveal that, like 
molecular symmetry, ligand-donating ability is a variable that can be controlled 
to the advantage of the synthetic chemist in the design of SMMs with enhanced 
relaxation barriers. As a result, it is of vital importance to fine-tune the interac-
tion between the single-ion electron density and the crystal field environment to 
make the magnetic moment of individual ion in a SIMM to be blocked as efficient 
as possible [23]. In this chapter, we focus on the synthetic strategies developed 
from the synthetic chemists providing a tailored chemical environment to modify 
the crystal field around lanthanide ion and the theoretical interpretations for mag-
netism from theoreticians, aiming at better guiding the SIMM design and finally 
obtaining highly effective SMMs.

2.1 � Single-Ion Anisotropy and QTM

In SIMMs where magnetic exchange interactions are absent, the unaxial anisot-
ropy requisite for strong SMM behavior is mainly deriving from two aspects, one 
being single-ion contribution from unquenched first-order orbital moments and the 
other being crystal field contribution. In contrast to transition metal ions, a preemi-
nent feature of lanthanide ions in the design of SIMM is their inherent strong 
single-ion contribution to anisotropy from the unquenched orbital moments and 
strong spin–orbital coupling interactions [27, 28], which provide a foundation to 
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achieve a strongly unaxial anisotropy necessary for the magnetic moment of indi-
vidual ions in molecule to be blocked. Further, crystal field turns out to be more 
crucial factor in making the best of the inherent anisotropy to obtain a robust 
SMM [23]. As stated in the model of J.R. Long in Chap. 1, a suitable crystal field 
can effectively enhance the single-ion anisotropy of lanthanide ions and further 
stabilize the high-magnitude mJ as ground state, which provides the underlying 
conditions to achieve a SMM. Here, a great number of the reported lanthanide 
SIMMs have indicated that it is easy to obtain a SIMM using a lanthanide ion, 
especially the Dy ion whose large magnetic moment and odd-electron configura-
tion make it the most prolific lanthanide ions to date [29]. Nevertheless, it must be 
stressed that the fast QTM under zero-dc field occurs in most lanthanide SIMMs, 
especially in the low-symmetry complexes, as evidenced by the butterfly-shaped 
magnetic hysteresis and the rapidly increasing χ″ components with the decreas-
ing of temperature in χ″ versus T plots [8, 13]. The presence of such fast QTM 
is very unfavorable to enhancing their SMM properties and the coercive fields 
(Hc) in the hysteresis loops denoting the strength of a magnet can be significantly 
reduced [20]. The transversal anisotropic components (gx, gy) in Kramers ions 
or the intrinsic tunneling gap (Δtun) in non-Kramers ions is the main factor that 
induces QTM and is extremely sensitive to the asymmetric factors in the structure 
of mononuclear complexes [30]. In addition, the intermolecular magnetic interac-
tions and the hyperfine interactions between the electron and nuclear spins are also 
important sources of QTM in lanthanide SIMMs [11, 31]. To suppress the QTM, 
a series of measures can be adopted, such as applying a dc magnetic field on sam-
ples [8], measuring the dynamic properties of frozen solution [32], and magnetic 
dilution, but the most important is to modify the local crystal field around the lan-
thanide ions to improve single-ion anisotropy while reducing the gx and gy or Δtun. 
Here, an important superiority of mononuclear lanthanide magnets is their tenabil-
ity [33], which allows for increased control over crystal field, and therefore mag-
netic properties, when compared to multinuclear species. Therefore, alongside the 
remarkable synthetic and theoretical progresses has come the development of sev-
eral ways of achieving a high degree of axiality of single-ion anisotropy. One way 
is to achieve only one very strong chemical bond with the metal ion, which domi-
nates over all other chemical bonds of the metal site, leading to the intrinsically 
axial nature of the total ligand field felt by the metal center [20]. To date, only a 
handful of such examples were discovered, but showing the strongly blocking of 
magnetization. Typically, the DyNCN complex mentioned in Chap. 1 exhibits the 
high Ueff for the reorientation of the magnetic moment and the particular relaxa-
tion path via the second excited state [34], which is still fairly sparse in lanthanide 
SIMMs. The more conventional route for obtaining the strong single-ion anisot-
ropy is to modify the coordination geometry to reach as perfect an axial symme-
try as possible, which is very important in reducing the possible mixing of the mJ  
levels, further confirming a pure high-mJ state as ground state [35]. Here, according 
to strict group-theoretical rules, an ideal axial symmetry can be achieved in point 
groups C∞v, D∞h, S8, D4d, D5h, D6d, which show the vanishing off-diagonal crystal 
field parameters Bk

q
 (q ≠  0) responsible for generating the mixing mJ levels [36].  

2.1  Single-Ion Anisotropy and QTM
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In fact, a great number of SIMM examples with such coordination geometries 
have been reported, showing very high energy barriers. Here, we take the exam-
ple of the well-known square antiprismatic (SAP) geometry (D4d), highlighting the 
key geometrical parameters in the definition of the electronic structure of the metal 
ion [35, 37], which directly affect the SMM performance.

The SAP geometry has been shown in Fig. 2.1 with several important param-
eters being labeled. The relevant geometrical parameters are dpp, the distance 
between the L4 squares; din, the shorter L–L distance in the L4 square; Φ, the 
angle between the diagonals of the two squares (skew angle); and α, the angle 
between the C4 axis and a RE–L direction. Eight identical RE–L distances define 
the highest symmetry D4d corresponding to dpp = din, Φ = 45° and α = 54.74°, 
i.e., an axially non-distorted antiprism. Here, the D4d symmetry (Φ = 45°) is taken 
as a distorted case of the Oh symmetry (Φ = 0°) when the two squares are stag-
gered (Fig. 2.1). The deviation of Φ from 45° will result in the disappearance of 
D4d symmetry, thus leading to the presence of nonzero B4 

4 and B6 
4 crystal param-

eters and further an extensive mixing of functions with different mJ values, which 
are of fundamental importance to promote the quantum tunneling of the magneti-
zation in these systems. The simple calculations performed by D. Gatteschi dem-
onstrate the great impact of a variation of angle Φ on the electronic structure of 
metal ions due to the introduction of nonzero B4 

4 and B6 
4, as shown in Fig.  2.2, 

where the first excited state at Φ = 45° for the SAP becomes the ground state for 
distortions of about 15° from pure SAP geometry [35]. The effects are well pre-
sent in a series of lanthanide β-diketone SMMs showing the enhanced QTM with 
the deviation of Φ, which will be introduced in the below sections.

Another important factor of affecting the electronic structures of metal ions 
is the effect of the compression/elongation along the C4 axis associated with α. 
Wider α angle corresponds to compression (α  >  54.74°) and smaller to elonga-
tion (α  <  54.74°) along the tetragonal axis. The main qualitative difference in 
the calculated parameters is the change of B2 

0 sign on passing from compressed 

Fig. 2.1   Schematic 
structures of SAP (a) and 
cubic (b) geometries. (c) The 
relevant angular parameters 
in SAP geometry: Φ, the 
angle between the diagonals 
of the two squares (skew 
angle); α, the angle between 
the C4 axis and a RE–L 
direction
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to elongated SAP for a given lanthanide ion. For αJ-negative lanthanide ions, 
TbIII, DyIII, HoIII, PrIII, and NdIII, the B2 

0 sign will change from negative to posi-
tive with the variation from elongated to compressed SAP, while the reverse trend 
is observed in the αJ-positive lanthanide ions, ErIII, TmIII, and YbIII, as seen in 
Fig. 2.3 (B2 

0 ~ αJB0 
2, αJ < 0 for TbIII, DyIII et al., while αJ > 0 for ErIII, TmIII et al.) 

[38]. Here to achieve a strong SMM, a negative unaxial anisotropy associated with 
negative B2 

0 parameters is required to stabilize a high-mJ ground-state doublet. 
Therefore, the elongated SAP is much more favorable for Dy ion in the design of 
SMM, and the opposite for Er ion, which is consistent with the real case present in 
[LnPc2] and LnPOM systems.

In this section, we have discussed how to suppress the QTM through enhancing 
the single-ion anisotropy of lanthanide ions and further take the example of the 
well-known SAP geometry to show how to fine-tune the local geometry around 
lanthanide ions favorable for the strong SMM behavior. The following sections 
focus on the typical lanthanide SIMM systems discovered to date, highlighting 
their tunability through tailoring their organic ligands, which allows for increased 
control over structure and therefore magnetic properties.

Fig. 2.2   Variation of the 
composition of the ground 
(top) and first excited 
(bottom) states on passing 
from a cube to a square 
antiprism, calculated by 
Gatteschi group on the basis 
of the AOM parameters. 
Reproduced from Ref. [35] 
by permission of The Royal 
Society of Chemistry

2.1  Single-Ion Anisotropy and QTM
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2.2 � [LnPc2] and LnPOM SIMMs

As seen in Fig. 2.4, both phthalocyanine (Pc) and polyoxometalates (POM) [39] 
ligands demonstrate the high local symmetry and the rigid characteristic with the 
coplanar coordinate atoms, which are favorable for the assembly of double-decker 
sandwich geometry with lanthanide ions ([LnPc2]). In general, the two coordinate 
planes are staggered rather than eclipsed, leading to the typical SAP geometry 
(Fig. 2.1), which thus seems to be very helpful for the design with enhanced SMM 
properties. In particular, the tunability of substituent groups of Pc ligand (Fig. 2.5) 
and its redox ability enable us to easily optimize the coordination geometry around 
lanthanide ions to enhance the single-ion anisotropy as efficient as possible.

2.2.1 � Phthalocyanine-Type Ligands and the [LnPc2] 
Structure

The phthalocyanine contains four isoindole nitrogen atoms, showing two-dimen-
sional π-conjugated planar structure, which are able to complex with a range of 
metal ions from transition metal to lanthanide ions [40]. Here, the ionic size and 

Fig. 2.3   Angular α-dependence of the Bk

0
 crystal field parameters in a D4h symmetry. It should 

be noted that the parameter Bk

0
 in this figure is different from the B0

k
 in the text which contains Bk

0
 

and Stevens equivalent coeffecients. Reprinted from Ref. [38]. Copyright 1996, with permission 
from Elsevier
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valence of metal ion is a critical factor in determining the structure of coordinate 
complexes. Pc and divalent 3d transition metal ion such as Mn2+, Fe2+, Ni2+, 
and Cu2+ can form planar molecules with no axial ligand [41], while the double-
decker and even triple-decker sandwich-type structures (Fig. 2.6) are supported 
in the lanthanide phthalocyanine complexes with the increasing ion radius. It is 
noteworthy that various crystalline forms of bis(phthalocyaninato) lanthanide 

Fig.  2.4   The coplanar coordinate atoms of phthalocyanine (Pc) and polyoxometalates (POM) 
ligands. Reprinted with the permission from Ref. [39]. Copyright 2010 American Chemical Society

Fig. 2.5   Phthalocyanine (Pc) ligands with different substituent groups and the ligands showing 
the similar structure to Pc ligand used in lanthanide SMMs

2.2  [LnPc2] and LnPOM SIMMs
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double-decker complexes including neutral, cationic, and anionic species can be 
obtained by controlling a redox reaction on the ligand side (Fig. 2.6), which thus 
allow us to better modulate the electronic structure of the complex and further 
control their dynamic magnetism without introducing any additional magnetic 
site or spin system [42]. Importantly, a great number of phthalocyanine deriva-
tives are obtained through substituting some or all of the hydrogen atom(s) of 
the benzene rings, as seen in Fig.  2.5. The various modifications of substitu-
ent groups in Pc ligand provide a good condition for exploring the relaxation 
dynamics of different [LnPc2] species and isolating lanthanide SMM with high 
effective barrier.

2.2.2 � The Magnetism of Seminal [LnPc2]−·TBA+

The early research interest of lanthanide phthalocyanine complexes can date 
back to 1960s [40], but the exploration for their SMM properties was just started 
in 2003 [11], when Ishikawa firstly demonstrated phthalocyanine TbIII and DyIII 
complexes functioning as magnets at the single-molecular level. Their structures 
have been well established by the prior investigations, showing an elongated 
SAP with dpp  >  din [43]. Importantly, the consistent binding mode of the phth-
alocyanine macrocycles to lanthanide metal center leads to the very small devia-
tion from the SAP symmetry in the first coordination sphere for the late lanthanide 
ions with smaller ion radii. Such a high symmetry SAP is favorable of an isolated 
ground-state doublet with the large mJ value well separated in energy from the first 
excited state, necessary for achieving a high-performance SMM, for the lantha-
nide ions with oblate electron density such as TbIII, DyIII, and HoIII in spite of 
the non-Kramers ion properties of TbIII and HoIII ions. Figure 2.7 shows ac mag-
netic susceptibilities as a function of temperature of polycrystalline powder sam-
ple of [LnPc2]−·  TBA+ (Ln =  TbIII and DyIII, TBA+ =  (C4H9)4N+) [11]. The  
maximum of χ″/χdc, typical feature of SMM behavior, was observed at 15, 32, 
and 40 K with ac frequency of 10, 100, and 997 Hz, respectively, for undiluted 
Tb complex. In the diluted samples in diamagnetic [YPc2]−· TBA+, the shifts to 

Fig. 2.6   Schematic 
structures of double-decker 
and triple-decker sandwich-
type structures with Pc 
ligands
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Fig. 2.7   The ac 
susceptibility data of Tb (top) 
and Dy (bottom) complexes 
in [LnPc2]−· TBA+, with 
the open marks for the 
undiluted samples and the 
filled marks for the diluted 
samples. Reprinted with the 
permission from Ref. [11]. 
Copyright 2003 American 
Chemical Society

2.2  [LnPc2] and LnPOM SIMMs
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higher temperature of χ″/χdc peaks clearly indicate that slow relaxation of magnet-
ization is single-molecule origin. In addition, it is remarkable that the TbIII com-
plex demonstrates the higher blocking temperature than DyIII analogue, as seen 
in Fig. 2.7, which could be directly associated with their distinct electronic sub-
level structures of the ground-state multiplets of the complexes discussed in the 
following sections.

For lanthanide phthalocyanine complexes, the fluorescence and absorption 
spectra associated with lanthanide centers are unavailable in obtaining the sublevel 
structures of the ground-state multiplet, because the low-lying Pc-centered energy 
levels quench the lanthanide fluorescence and the extremely intense Pc-centered 
absorption bands conceal the lanthanide-centered bands. In 2003, Ishikawa et al. 
determined their sublevel structures using a simultaneous fitting of paramagnetic 
NMR shifts and magnetic susceptibility data by the set of LF parameters from a 
multidimensional nonlinear minimization algorithm. Figure 2.8 shows the theoret-
ical and observed χmT values and paramagnetic shifts (Δδ) of the 1H NMR signal, 
and substructures of the ground multiplets [44]. Here, the energy diagram for the 
ground multiplets (Fig. 2.8c) reveals that the TbIII, DyIII, and HoIII complexes pos-
sess the well-isolated ground-state doublet with large mJ values, which are favora-
ble of the presence of their SMM behaviors. In particular, the Tb complex shows 
the ground state with largest mJ values and a separation of more than 400 cm−1 

Fig.  2.8   a The comparisons of theoretical and experimental temperature dependence of the 
χmT values. b The theoretical and experimental paramagnetic shifts of the 1H NMR signal of 
the α-proton on the Pc ligands. c The obtained energy diagram for the ground-state multiplets. 
Reprinted with the permission from Ref. [44]. Copyright 2003 American Chemical Society
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between the ground state and the first excited state, which are well in agreement 
with its very high effective barrier of 230 cm−1 surpassing several times of that of 
Mn12 SMM. In the Dy complex, the ground state shows the quantum number of 
mJ = ±13/2 larger than that of the first excited state (mJ = ±11/2), still suggest-
ing the strong Ising-type anisotropy, even though the doublet substates with the 
largest mJ do not lie in the lowest state. Here, the separation of 35 cm−1 between 
the ground state and the first excited state is close to the effective energy barrier 
(28 cm−1) determined experimentally in the diluted samples of Dy complex, sug-
gesting that relaxation will take place by thermal-activated quantum tunneling 
through the first excited state. In addition, for the Er and Tm complexes the state 
with the smallest quantum number lies in the lowest energy states, indicating the 
easy-plane anisotropy, thus leading to the disappearance of SMM behavior.

Another important characterization for SMM is the observation of hysteresis 
loops. In known transition metal SMMs, the stepwise hysteresis loop was usually 
observed at low temperature, which is mainly ascribed to the QTM allowed by the 
avoided level crossing of different electronic levels mS under an appropriate mag-
netic field [45]. Here, the TbIII, DyIII, and HoIII complexes also show the staircase-
like hysteresis loops at the relatively low magnetic field [31, 46], but it seems to 
be insufficient to explain them through the simple level crossing of different mJ 
states, because the separations between two adjacent mJ states are so high, up to a 
few hundred wave numbers surpassing that of transition metal cluster by an order 
of magnitude, that such level crossings occur only at very high fields. Therefore, 
Ishikawa et al. applied the new theoretical model with the nuclear spins terms to 
successfully explain the step structures of hysteresis observed around nonzero 
magnetic fields [31].

For HLn, the HLF, L, and S are operator equivalents of the LF potential on the 
f-system, orbital angular momentum, and spin angular momentum operators, 
respectively. The third and fourth terms represent the hyperfine and nuclear 
quadrupole interactions, respectively, in which the Ahf and P are coupling con-
stants. The interactions between the 4f electrons and the nucleus spin lead to 
a [(2J +  1)(2I +  1) ×  (2J +  1)(2I +  1)] matrix. In the case of the Tb com-
plex (Fig.  2.9a, b), terbium possesses a nucleus with I =  3/2 spin in a natu-
ral abundance of 100 %. The ground-state doublet, mJ = ± 6, splits into eight 
states denoted as |mJ>|Iz>, where Iz = ±3/2 and ±1/2. Figure  2.9b shows the 
Zeeman diagram for the eight states with the 16 = 42 crossing points but only 
13 magnetic-field positions, which clearly explains the positions of staircase in 
the hysteresis loop of diluted [TbPc2]− samples. In addition, such staircase-like 
hysteresis loops are also observed in the diluted Dy and Ho samples, as seen 
in Fig.  2.9c, d, respectively. For the sample containing Ho ions possessing a 
nucleus with I = 7/2 spin in a natural abundance of 100 %, the same explanation 

HLn = HLF + µB(L+ 2S)×H + AhfJ × I + P

{
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is given to the observed step positions in its hysteresis loops. However, for Dy 
there are seven naturally occurring isotopes, showing two different nuclear 
spins, I  =  0 and 5/2. For I  =  0, no tunneling should occur because of the 
Kramers theorem of spin parity, while the coupling between I = 5/2 and 4f elec-
trons leads to an integer total spin and further the avoided level crossings in the 
Zeeman diagram, which interpret the small step in the hysteresis loops of diluted 
Dy sample.

Fig. 2.9   Hysteresis loops at 0.04 K for the Tb (a), Dy (c) and Ho (d) complexes of [LnPc2]−. 
b Zeeman diagrams of Tb complex for the lowest mJ = ±6 substates combined with the I = 3/2 
nucleus state calculated with the ligand-field parameters. a–c Reproduced from Ref. [31] by per-
mission of John Wiley & Sons Ltd. d Reprinted with the permission from Ref. [46]. Copyright 
2005 American Chemical Society
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2.2.3 � The Enhanced SMMs from the Redox Reactions

In the above section, we discussed the magnetism and electronic structures of the 
anionic form of bis(phthalocyaninato)terbium, where the Pc ligands have a formal 
charge of 2- with a closed shell π electronic system. However, it has been well 
known that one/two-electron oxidation of [LnPc2]− can occur on the ligand side, 
resulting in the neutral and cationic [LnPc2]0/+ species (Fig. 2.6), which provide 
a great platform for studying the modulation of relaxation dynamic by controlling 
a redox reaction on the ligand side in pursuit of the envisaged SMM properties. In 
particular, the previous theoretical studies have indicated that the highest occupied 
molecular orbital (HOMO) and the next HOMO of [LnPc2]− are the antibonding 
and bonding linear combinations, respectively, of the highest occupied π orbitals 
of the component Pc2− ligands [47, 48]. The removal of the two electrons from the 
HOMO orbital will thus shorten the Pc–Pc distance and the height of the coordina-
tion polyhedron of the lanthanide ion, which greatly strengthen the axial compo-
nent of the ligand field and further lead to the possibly enhanced SMM behavior 
[49]. In fact, such several typical examples have been reported by Ishikawa and 
other groups, showing the significant increase of the barrier energy for magnetiza-
tion reversal from the redox reaction on the ligand side.

In 2004, Ishikawa et al. reported the first example of π-radical [TbPc2]0 SMM 
from the ligand oxidation of the anionic [TbPc2]− complex, which generates one 
unpaired π electron delocalized over two Pc ligands (Fig. 2.10) [49]. Clearly, the 
peaks of the out-of-phase component of the ac susceptibility are shifted to sig-
nificantly higher temperatures in contrast to the values of the anionic complex, 
as seen in Fig. 2.10. Here, the effective barrier can be extracted to be 410 cm−1, 
which is more than 100  cm−1 higher than that of the seminal complex, indicat-
ing thus the enhanced SMM behavior. In order to eliminate the effect of inter-
molecular interactions, the peripheral H atoms of Pc ligands are substituted by 
the long-chain alkoxy groups in the [TbPc2]0 complex, which can effectively 
increase the intermolecular distances and thus reduce the intermolecular inter-
actions. Therefore, the ac susceptibility of [Tb(Pc-OC12)2]0 in a frozen solution 
of eicosane shows the similar temperature range, where slow relaxation of mag-
netization is observed, to the [TbPc2]0 complex, indicating that the magnetic 
relaxation phenomena is single-molecule origin, rather than resulting from inter-
molecular interactions and long-range magnetic order.

In 2007 and 2008, the cationic Tb and Dy phthalocyanine complexes aris-
ing from the two-electron oxidation of its corresponding anionic complexes 
were subsequently investigated by Ishikawa et  al. [42, 50]. Here, the essential 
modifications for the seminal complex [LnPc2]− should be performed due to the 
extremely low solubility of [LnPc2]+ to organic solvents. The substituted Pc-OEt 
ligand, 2,3,9,10,16,17,23,24-octaethoxyphthalocyanine, turns out to be effec-
tive in increasing the solubility of the cationic complex [LnPc2]+ to organic sol-
vents. Therefore, the cationic complex [Ln(Pc-OEt)2]+(SbCl6)− (Ln =  Tb and 
Dy) was isolated by oxidizing their neutral complexes with phenoxathiinylium 

2.2  [LnPc2] and LnPOM SIMMs
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hexachloroantimonate in dichloromethane. The changes of coordination geom-
etry are demonstrated at the top of Fig. 2.11, showing a longitudinal contraction 
of the SAP polyhedron relative to the anionic complexes, which are predicted by 
DFT theoretical calculations. Comparing the alternating current (ac) susceptibil-
ity data of the cationic and the corresponding anionic complexes at the bottom 
of Fig.  2.11, we can see that the χ″ peaks clearly shift to the higher tempera-
ture, indicating the enhanced slow relaxation process. For the cationic Tb and 
Dy complexes, the χ″ peaks at 1000 Oe were observed at 52 and 25 K, which are 
12 and 15 K higher than that of their anionic complexes, respectively. Naturally, 
their anisotropy barriers for the spin reversal of magnetization show also a cor-
responding increase. Here, the effective barrier of [Tb(Pc-OEt)2]+ was estimated 
by Arrhenius analysis to be 550  cm−1, showing an 8  % increase in contrast 
to that of the anionic complex [42]. More strikingly, the cationic Dy complex 
shows a 55-cm−1 effective barrier, about twice as large as that of its anionic com-
plex, and the hysteresis loop at 1.8  K exhibits a large remnant magnetization 
at zero field [50]. The observations of the dynamic magnetism presented here 
are consistent with the longitudinal contraction of the SAP polyhedron, which 
is expected to increase the ligand-field splitting of the ground multiplet of lan-
thanide ions and further leads to the blocking of magnetic moments at higher 
temperature.

In addition, magnetic circular dichroism (MCD) spectroscopy was applied 
to further probe the magnetic properties of three interconvertible redox states in 
a family of new lanthanide phthalocyanine complexes, [Ln(Pc-IPD)2]−/0/+ [51]. 
The MCD spectroscopy, showing a high sensitivity compared to the conventional 

Fig. 2.10   The schematic 
structure (top) and ac 
susceptibility data (bottom, 
solid lines) of π-radical 
[TbPc2]0. Dotted lines 
represent the ac susceptibility 
data of [TbPc2]−. Reprinted 
with the permission from 
Ref. [49]. Copyright 2004 
American Chemical Society
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magnetometer, has been viewed as a powerful tool for the optical detection of the 
magnetic behavior [52]. The field-dependent MCD intensity was recorded at 705, 
664, and 631  nm for three samples as solutions in CH2Cl2 with 0.8  M [NBu4]
[BF4], as seen in Fig.  2.12 [51]. Therefore, the butterfly-shaped hysteresis was 
observed in both anionic and cationic samples, but the hysteresis of the cationic 
sample shows a larger coercive field and stronger remnant signal, which indicate 
that the cationic complex exhibits the larger ligand-field splitting of the ground 
multiplet and further behaves as a more effective SMM, in agreement with the 
above results presented by the ac susceptibility measurements. Nevertheless, the 
field-dependent MCD spectrum of the neutral complex demonstrates the differ-
ent hysteresis behavior from their ionic complex. Here, the perfect hysteresis loop 
was observed without the clear steps indicating the QTM relaxation process around 
0 T. In results, the neutral complex exhibits the greatest coercive field and least 
QTM at zero field, suggesting that the neutral complex is better suited to SMM 
applications.

In 2013, S.M. Gorun et al. firstly reported the magnetic study of the halogen-
ated phthalocyanine double-decker lanthanide complex, [Tb(Pc-CF)2]-H, showing 

Fig. 2.11   Schematic diagram of the contraction of the coordination space and the changes of mag-
netic dynamics upon two-electron oxidation from [LnPc2]− to [LnPc2]+ (Ln = Tb and Dy). Reprinted 
with the permission from Refs. [42, 50]. Copyright 2007 and 2008 American Chemical Society

2.2  [LnPc2] and LnPOM SIMMs
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the highly reduced states, i.e., the doubly and triply reduced states indicated by 
the cyclic voltammogram in Fig. 2.13 [53]. The complex contains two substituted 
Pc ligands, 1,4,8,11,15,18,22,25-octakis-fluoro and 2,3,9,10,16,17,23,24-octa-
kis-perfluoro(isopropyl)phthalocyanine (Pc–CF in Fig.  2.5), where the fluorine-
containing groups substitute all peripheral H atoms of Pc ligand, thus stabilizing 
the highly reduced states due to their strong electron-withdrawing effects. The 
single-crystal structure for the initial complex, [Tb(Pc-CF)2]-H, was obtained by 
single-crystal X-ray diffraction and shows the clear double-decker sandwiched 
structure, but one disordered H atom is present over eight nitrogen atoms of the 
Pc rings to balance the charge. Here, ac magnetic susceptibility measurements 
were performed for the complex, exhibiting the similar temperature-dependent 
ac signals to the unsubstituted [TbPc2] complex. The barrier was extracted by 
the Arrhenius fitting to be 365 cm−1 at the high-temperature region. Further, the 
sample solutions of [Tb(Pc-CF)2]−, [Tb(Pc-CF)2]2−, and [Tb(Pc-CF)2]3− were 
prepared by controlled electrolysis at potentials 0.37, −0.03, and −0.47 V versus 
SCE, respectively, from the [Tb(Pc-CF)2]-H solution in acetone. The field-depend-
ent MCD spectra recorded at 562, 494, and 705  nm for three samples, respec-
tively, all exhibit the clear hysteresis loops, as seen in Fig.  2.13. Differently, the 
butterfly-shaped hysteresis was observed in [Tb(Pc-CF)2]− and [Tb(Pc-CF)2]3− 
due to the QTM induced by the hyperfine interactions, while the hysteresis of 
[Tb(Pc-CF)2]2− does not display the narrowing of the loops around zero-dc field. 
The case is very similar to that occurred in the above [Ln(Pc-IPD)2]−/0/+ exam-
ples. We can draw a key conclusion that the Tb phthalocyanine species with single 
radical should behave as the better SMMs at zero field due to the suppression of 
QTM by the coupling interactions between the ground spin (mJ = ±6) of Tb ion 
and the ligand spin (S = 1/2).

Fig. 2.12   Hysteresis curves of the normalized MCD intensity versus B recorded at 1.5 K and a 
sweep rate of 1 T·min−1 for the Q-band of [TbPc2]−, [TbPc2]0 to [TbPc2]+. Reprinted with the 
permission from Ref. [51]. Copyright 2010 American Chemical Society
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2.2.4 � The Substituted [LnPc2] SIMMs

To date, a great number of bis(phthalocyaninato) lanthanide double-decker com-
plexes with different substituents at the peripheral positions of the phthalocya-
nine ring have been synthesized and show the strong SMM behavior, as listed in 
Table 2.1 [54–59]. In fact, some previous experimental and theoretical investigations 
have indicated that the electron-donating and electron-withdrawing nature of vari-
ous substituents have significant effects on the electronic structure, spectroscopic 
and electrochemistry properties of metal-free phthalocyanines, and, importantly, 

Fig. 2.13   The molecular structure of [Tb(Pc-CF)2]-H, and cyclic voltammogram at 100 mV s−1 
of its solution in acetone, as well as hysteresis curves of the normalized MCD intensity recorded 
at 1.8–1.9 K and at a sweep rate of 1 T min−1. Reprinted with the permission from Ref. [53]. 
Copyright 2013 American Chemical Society

2.2  [LnPc2] and LnPOM SIMMs



58 2  Lanthanide Single-Ion Molecular Magnets

further affect the properties of the corresponding coordination complexes with the 
phthalocyanine ligands. Therefore, such those peripheral modifications for phth-
alocyanine ligands seem to be critical for finding the SMMs with higher effective 
barriers.

In 2013, E. Coronado et  al. reported a new series of homoleptic and hetero-
leptic bis(phthalocyaninato) Tb complexes with different peripheral substitution 
patterns, as seen in Table  2.1 and Fig.  2.14 [54]. The structures of their corre-
sponding neutral radical and anionic forms can be confirmed by the various spec-
troscopic methods. Here, 1H NMR spectra were obtained for all complexes and 
further identified the neutral radical and their reduced forms (Fig. 2.14 top). The 
magnetic investigations for them demonstrated that all complexes behave as the 
robust SMMs with the high effective barriers, which were listed in Table 2.1. As a 
representative example, the neutral heteroleptic [Tb(Pc)(Pc-OPh)] complex shows 
the well-resolved out-of-phase ac susceptibility maxima that vary with frequency, 
and the temperature of the χ″ peak at 10,000 Hz reaches up to 58 K, as shown at 
the bottom of Fig. 2.14. The effective barrier was given according to the Arrhenius 
formula to be up to 652  cm−1, which represents the highest barrier recorded in 
the SMM field to date. Several clear trends can be drawn through comparing the 
magnetic properties of those several complexes. First, all neutral radical com-
plexes exhibit higher barriers than their corresponding anionic complexes, which 
is consistent with the conclusions in the above section. Second, higher barriers 
were observed in the heteroleptic phthalocyanine Tb complexes than that in homo-
leptic complexes. One possible explanation was given by the authors to be that the 

Table 2.1   The effective 
barriers of some typical 
substituted [LnPc2] species

Molecule Ueff/cm−1 τ0/s Ref.

[Tb(Pc-OPh)2] 504 2.16 × 10−11 [54]

[Tb(Pc-Oph)2]− N(Me)4
+ 442 8.2 × 10−11 [54]

[Tb(Pc-Oph)2]− N(Bu)4
+ 394 3.45 × 10−10 [54]

[Tb(Pc)(Pc-Oph)] 652 1.1 × 10−11 [54]

[Tb(Pc)
(Pc-Oph)]− N(Me)4

+
450 3.0 × 10−10 [54]

[Tb(Pc)(Pc-Oph)]− N(Bu)4
+ 487 7.8 × 10−11 [54]

[Tb(Pc)(Pc-Bu)] 642 2.21 × 10−11 [54]

[Tb(Pc)(Pc-Bu)]− N(Bu)4
+ 400 4.78 × 10−10 [54]

[Tb(Pc-ODOP)2] (order) 480 [55]

[Tb(Pc-ODOP)2] (disorder) 422 [55]

[Tb(Pc-a)2]− N(Bu)4
+ 445 6.35 × 10−11 [56]

[Tb(Pc-b)2]− N(Bu)4
+ 428 1.34 × 10−10 [56]

[Tb(Pc-c)2]− N(Bu)4
+ 463 2.22 × 10−11 [56]

[Tb(Pc-OBu)2]2 230 1.1 × 10−10 [57]

[Dy(Pc-OBu)2]2 44 1.3 × 10−5 [58]

[Dy(Pc-CN)2] 40 [59]
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presence of electron-donating groups on just one of the Pc rings makes the N–Tb 
distance of the substituted ring larger and, therefore, pushes the metal ion toward 
the bare Pc ring, thereby enhancing the ligand field of the latter ring [54].

In addition, some other modifications reported have been also presented in 
Table 2.1, where the very high barriers were demonstrated for the Tb complexes. 
In particular, the liquid-crystalline terbium double-decker phthalocyanine complex 
was synthesized in 2010 by using a long chiral alkyl chains to functionalize the 
[TbPc2] core, and further, the complex keeps the strong SMM behaviors of the 
original core in the disordered and ordered crystalline state [55].

Fig.  2.14   Schematic structure and 1H NMR spectrum of [Tb(Pc)(Pc-Oph)]− N(Bu)4
+

 and ac 
susceptibility data of its neutral species [Tb(Pc)(Pc-Oph)] showing the highest effective barrier. 
Reproduced from Ref. [54] by permission of John Wiley & Sons Ltd.
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2.2.5 � The [LnPc2]-like SIMMs

Porphyrin, as the structural analogs of phthalocyanine ligand, shows the similar planar  
tetrapyrrole structure (Fig.  2.5), which thus leads to the assembly of the analo-
gous double-decker structure to the lanthanide ions. The first bis(porphyrinato) 
double-decker rare earth complex was reported in 1983, but the SMM properties 
of the Tb complex were firstly explored until recently by Ishikawa and coworkers 
[60]. Here, the complex can be isolated into two forms, one being the protonated 
form [TbH(TPP)2] while the other being the anionic form [Tb(TPP)2]−(H-DBU)+ 
(DBU =  1,8-diazabicyclo[5.4.0] undec-7-ene), which can be determined by the 
combinations of single-crystal X-ray analysis, NMR, and IR study. For the proto-
nated form, the proton was proved to be located on the nitrogen atom of the TPP 
pyrrole ring, which thus leads to the different coordination geometry between 
two forms, as shown in Fig.  2.15. Importantly, the investigations of ac mag-
netic susceptibilities were indicative of the distinct SMM behaviors for the two 
forms. Here, no SMM behavior was observed in the protonated form, while the 
anionic form demonstrated the strongly blocking behavior of magnetization as 
evidenced by the well-resolved χ″ maxima in Fig. 2.15. Further, the application 
of a 2000-Oe dc field led to the similar results for them, and the effective barrier 
can extracted to be 283 cm−1 for the anionic complex. This represents a typical 
example of the double-decker complex whose SMM properties can be reversibly 
switched by only a single proton.

Fig. 2.15   The crystal structure and relaxation dynamics of protonated [TbH(TPP)2] and depro-
tonated [Tb(TPP)2]− (H-DBU)+. Reproduced from Ref. [60] by permission of The Royal Society 
of Chemistry
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In 2012, J. Jiang et  al. reported the magnetic properties of three mixed (phth-
alocyaninato)(porphyrinato) Dy double-decker complexes, i.e., neutral unprotonated 
Dy(Pc)(TClPP) and Dy(Pc-OC5)(TClPP) and neutral protonated DyH(Pc-OC5)
(TClPP), showing similar sandwich-type double-decker structures to phthalocya-
nine lanthanide complexes (Fig. 2.16) [61]. A closer look at the crystal structure of 
three complexes reveals that the complex Dy(Pc)(TClPP) possesses a SAP geom-
etry with twist angles Φ = 43.6° closer to the ideal SAP than the other two com-
plexes containing the Pc ligand with non-peripheral substituents. Therefore, obvious 
temperature-dependent ac signals with χ″ maxima (Fig. 2.16) were observed in the 
Dy(Pc)(TClPP) samples, while the other two Dy samples do not show any χ″ peaks 
under zero-dc field, indicating the presence of slower QTM rates in Dy(Pc)(TClPP). 
The magnetic results are well in agreement with the structural changes mainly asso-
ciated with the twist angle, which provides a typical example to explore correlation 
between their single-crystal structures and magnetic properties.

In 2012, E.J. Schelter displayed two new double-decker SMMs containing the 
tetradentate macrocyclic ligands, H2tmtaa (6,8,15,17-tetramethyl-dibenzotetraaza 
[14]annulene), which retain the key structural and chemical characteristics of 
phthalocyanine and porphyrin ligands, as shown in Fig.  2.5 [62]. The double-
decker structures were demonstrated in Fig.  2.17. Here, the coordination of 
tmtaa2− to lanthanide ion leads to a typical saddle conformation, but clearly the 
double-decker structure is still kept for the two complexes, [Dy(tmtaa)2K(DME)2] 
and [K(DME)(18-crown-6)][Dy(tmtaa)2]. Nevertheless, the twist angles seem to 
be so large for the SAP geometry that the geometry is closer to the cube geom-
etry. Therefore, under zero-dc field the fast QTM relaxation is present in both two 
undiluted complexes, as indicated by the increasing χ″ signals with the decreasing 
of temperature, which is as a result of the increased transversal anisotropy from 
the decreased symmetry for the coordination geometry around Dy ion. Further, 
the combinations of the magnetic dilution in the isostructural Y complexes and the 
application of a 100-Oe dc field lead to the occurrence of the thermally activated 
relaxation in a wider temperature range, as seen in Fig.  2.17. The barriers were 
able to be extracted to be 28.4 and 34.6 K, respectively, for two diluted samples.

Fig. 2.16   The crystal structure and relaxation dynamics of unprotonated Dy(Pc)(TClPP). Repro-
duced from Ref. [61] by permission of The Royal Society of Chemistry
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62 2  Lanthanide Single-Ion Molecular Magnets

Consequently, the magnetic exploration into the porphyrin and other double-
decker lanthanide complexes further expend the field of phthalocyanine lanthanide 
SIMMs and open the door to new experiments, potentially allowing the discovery 
of lanthanide SIMMs with higher effective barriers.

2.2.6 � The LnPOM SIMMs

Polyoxometalates (POM) are built from the connection of [MOx] polyhedrons 
with M being a d-block element in high oxidation state, usually VIV,V, MoVI, or 
WVI [39]. In the past few years, the POM-based complexes have been investigated 
extensively for use in various applications from catalysis, medicine, electrochem-
istry, photochromism, to magnetism. The lanthanide POM complex (LnPOM) was 
firstly investigated to show the SMM behavior in 2008 [12] and they are seen as 
the second lanthanide SIMM family discovered following the [LnPc2] SIMMs. 
Figure  2.18 shows the structure features of LnPOM and the electronic levels of 
lanthanide ions under the crystal field constructed from the POM ligands [63]. The 
coordination geometry around lanthanide ions, at a first glance, is very similar to 
the SAP geometry of phthalocyanine lanthanide complexes with the twist angle of 

Fig.  2.17   The crystal structure and relaxation dynamics of [Dy(tmtaa)2K(DME)2] and [K(DME)
(18-crown-6)][Dy(tmtaa)2]. Reproduced from Ref. [62] by permission of The Royal Society of 
Chemistry



63

44.2°, but a detailed analysis for their structures reveals a certain axial compres-
sion of the SAP geometry around lanthanide ions indicated by dpp  <  din, which 
is opposite to that of the phthalocyanine lanthanide complexes. As predicted by 
the calculations in Sect.  2.1, these geometrical differences in the crystal fields, 
although small, seem to be sufficient to completely change the electronic struc-
tures of lanthanide ions as shown in Fig. 2.18. Contrary to the phthalocyanine lan-
thanide complexes (Fig. 2.8), the Tb, Dy, and Ho complexes show the ground state 
with the relatively small mJ value, while a large spin ground state mJ = ±13/2 is 
discovered in ErPOM. Therefore, the distinct electronic structures from [LnPc2] 
complexes result in the different relaxation dynamics for them.

As indicated by the electronic levels diagram (Fig. 2.18), the ErPOM behaves 
as the best SMM in the series of lanthanide complexes. Ac magnetic susceptibility 
measurements show the typical features associated with the SMM behavior, i.e., 
the temperature-dependent peaks of the out-of-phase component of the ac suscep-
tibility between 1000 and 10,000 Hz (Fig. 2.19). The effective barrier was given to 
be 55.2 K by the linear fitting of lnτ versus 1/T. For Tb, Dy, and Ho ions, only Ho 
complex shows the weak χ″ signal with a shoulder, indicating the fast competing 
QTM relaxation.

In addition, a new LnPOM family showing the unusual C5 axial symmetry was 
explored in magnetism by Coronado et al. [64]. Here, the Dy and Ho derivatives 
show the weak slow relaxation of magnetization, which will not be introduced in 
detail.

Fig. 2.18   The structure features of LnPOM and the electronic levels of lanthanide ions under 
the crystal field constructed from the POM ligands. Reprinted with the permission from Ref. 
[63]. Copyright 2009 American Chemical Society
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Up to now, the [LnPc2] and LnPOM SIMMs have been reviewed from a view-
point of achieving the high-performance SMMs for the envisaged technological 
applications of these molecules as classical or quantum bits. It is well known that 
the two species, especially the [LnPc2], play an outstanding role in the develop-
ment of SMM, because they open the door to lanthanide SMM field and the good 
performances stimulate the successful development of other following SMMs.

2.3 � Lanthanide β-diketone Systems

A β-diketone behaves as a monobasic acid in solutions or solids, as the keto-enol 
tautomerisms easily lead to the deprotonated form in an appropriate pH range, as 
seen in Fig. 2.20. Thus, the β-diketone can act as a mononegative bidentate ligand 
to coordinate to a lanthanide ion and forms stable lanthanide complexes. In fact, 
such complexes have been widely investigated in some other fields, especially 
for the photoluminescence, where β-diketones have been recognized as efficient 
sensitizers to achieving high-harvest lanthanide emissions [40]. In the field of 
molecular magnetism, the magnetic study for them should start with the lantha-
nide complexes containing radical ligands [6, 65], whose synthesis almost begin 
with the reactions between the fluorinated β-diketones lanthanide complexes and 
the corresponding radicals due to the high solubility of fluorinated β-diketones 
lanthanide complexes in organic solvents. However, the real development in mag-
netism for this kinds of complexes should date back to 2010, when S. Gao et al. 

Fig.  2.19   The temperature-dependent out-of-phase component of the ac susceptibility signals 
between 1000 and 10,000 Hz for HoPOM and ErPOM. Reprinted with the permission from Ref. 
[63]. Copyright 2009 American Chemical Society
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reported the tri(β-diketones) Dy complex, [Dy(acac)3(H2O)2], functioning as the 
efficient SMM [8]. Here, three β-diketone ligands and two coordinating H2O mol-
ecules form the eight coordinate quasi-SAP geometry close to the D4d symmetry. 
Therefore, the authors attributed the SMM behavior to the high symmetry of this 
complex similar to the [LnPc2] SMMs, and the CONDON calculations were per-
formed based on the local D4d symmetry, indicating the ground doublets with an 
Ising-type axial anisotropy. Such an idea further stimulated a series of magnetic 
investigations for this kind of β-diketone lanthanide complexes in expectation 
of obtaining the high-barrier SMMs [13]. In fact, some groundbreaking results 
have been achieved, which mainly benefit from the stable structures of this kind 
of complexes. It is noteworthy that the two H2O molecules in seminal complex 
are easily substituted by other auxiliary ligands, especially the bidentate capping 
ligands as shown in Fig. 2.21, and thus, modifications can be easily incorporated 
into the coordination geometry in the β-diketone-based complexes. In addition, as 

Fig. 2.20   β-diketone ligands with different substituent groups used in lanthanide SMMs
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shown in Fig. 2.20, it is variety for β-diketone ligands showing the different sub-
stitutes at the R1 and R2 positions, which thus provides the advantage of systemati-
cally exploring the factors governing their magnetic properties.

2.3.1 � The Magnetism of [Dy(acac)3(H2O)2]

The structure has been described above as the quasi-D4d symmetry in the 
first coordination sphere, which seems to be highly unaxial symmetric, lead-
ing to the obvious slow relaxation of magnetization [8]. However, as seen in 

Fig. 2.21   Auxiliary ligands used in lanthanide β-diketone systems
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Fig. 2.22, the temperature-independent region in the ln(τ) versus 1/T plots is 
indicative of the presence of fast QTM relaxation pathway at low temperature, 
which should arise from some asymmetric factors in the local molecule or 
the relatively short intermolecular distances. To further get insight of the 
magnetic behavior and reduce QTM relaxation, magnetic dilutions were per-
formed. The results show that the enhanced SMM behavior was observed, but 
an increasing χ″ signal with the decreasing temperature is still indicative of 
the occurrence of QTM at low temperature, i.e., the spin moments cannot be 
blocked completely. Further, the combination of magnetic dilution and the 
application of a dc field resulted in the perfect suppression of QTM relaxa-
tion, as evidenced by the nearly vanishing χ″ signals at low temperature in 
Fig. 2.22. The effective barrier was able to be fitted by the Arrhenius law to 
be 44.7 cm−1 (64 K). Here although the barrier seems to be not so high when 
compared to that of [TbPc2] complexes, the detailed investigations for mag-
netic properties of the complex initiated a new SIMM family after the [LnPc2] 
and LnPOM SIMMs.

2.3.2 � The Modulations of Auxiliary Ligands

A successful modulation of SMM properties for the seminal complex was per-
formed by J. Tang and coworkers [13]. Here, the two H2O molecules in the semi-
nal complex are replaced by 1,10-phenanthroline (phen) and its large aromatic 
derivatives (dpq and dppz in Fig. 2.21), which leads to the constructions of three 
new SIMMs keeping the nearly D4d local symmetry of the similar complex. 
Here, the complex, [Dy(acac)3(phen)], displays the similar SMM properties with 
the almost same barrier to that of the seminal complex. Nevertheless, it is worth 

Fig.  2.22   Left The relaxation time (τ) of [Dy(acac)3(H2O)2] at different concentrations in 
[Y(acac)3(H2O)2] in the temperature range 2–12 K (filled marks undiluted samples; open marks 
diluted samples). Right The temperature dependence of the ac susceptibility from 1 to 1488 Hz 
for the 50 times diluted Dy by Y complex at a dc field of 500 Oe. Reproduced from Ref. [8] by 
permission of John Wiley & Sons Ltd.
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noting that two another complexes with larger aromatic groups show the very high 
barriers, 136 and 187 K, which are two and three times larger than that of the sem-
inal complex, as seen in Fig. 2.23.

A possible reason for their SMM behaviors was given as the strong unaxial ani-
sotropy arising from the nearly D4d local symmetry, but it is difficult to explain 
the greatly increasing of effective barriers by replacing the auxiliary ligands. 
Significantly, the recent ab initio and electrostatic potential models calculations 
from E. Ruiz indicated that the anisotropy axis is not parallel to the quasi-S8 axis 
of the local coordination geometry around Dy ion, but passes through the two trans-
β-diketonate ligands for those complexes, as shown in Fig.  2.24 [66]. Therefore, 
it is more reasonable to explain the strong SMM behaviors through the electro-
static potential models for the series of lanthanide complexes. Here, the Dy ion is 
located in the plane constructed by the delocalized negative charge in two trans-β-
diketonate ligands, leading to the strong repulsing interactions. Based on the rules 
of the electrostatic energy minimization, the radial plane of the oblate electron 

Fig.  2.24   Top The anisotropic axes of four Dy β-diketone complexes with auxiliary ligands 
H2O, phen, dpq, and dppz. Bottom Their electrostatic potential originated from the ligand envi-
ronment mapped into a sphere centered in the position of the Dy cation with radius 1.0 Å. The 
color scale between more (red) and less (blue) negative potential is always 0.065 a.u. Reprinted 
with the permission from Ref. [66]. Copyright 2013 American Chemical Society

Fig. 2.23   Schematic structures and effective barriers of the Dy β-diketone complexes with dif-
ferent auxiliary ligands
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density of Dy ion is thus coincident with the plane with only one charged ligand, 
and the anisotropy axis is parallel to the plane with two trans-β-diketonate ligands 
[67]. Electrostatic potential maps calculated for all four complexes show a simi-
lar electrostatic potential shape with a small less negative region originated by the 
neutral ligands and a more repulsive environment closer to the negative ligands, as 
shown in Fig. 2.24 [66]. Considering the above explanation for the magnetic anisot-
ropy, we could deduce that the large delocalized effect in the neutral ligands may 
have a pronounced effect on reducing the repulsive interactions of their coordinate 
atoms at the plane perpendicular to the anisotropy axis, which, relatively, enhance 
the axial crystal effects. Consequently, it is possible to explain the increasing effec-
tive barriers by substituting the small ligands to the large aromatic derivatives with 
delocalized π-electrons. Nevertheless, it should note that the magnetic properties 
are extremely sensitive to small changes in the structure of the complexes, as shown 
by the experimental and theoretical study of the strong influence on magnetic aniso-
tropic properties of the rotation of the hydrogen atoms in the water ligands in mon-
onuclear DyIII complexes [24], so further experimental and theoretical study should 
be performed for the better understanding of their magnetic properties.

Another Dy-β-diketone system with tta (tta  =  4,4,4-trifluoro-1-(2-thienyl)-
1,3-butanedionate) and bpy/phen has also been developed by our group with the 
goal of identifying features relevant to modulating relaxation dynamics of single-
ion magnets, as shown in Fig. 2.25 [68]. Similarly, the O6N2 environment forms an 

Fig. 2.25   The crystal structures and relaxation dynamics of Dy-β-diketones systems with tta and 
bpy/phen ligands. Reproduced from Ref. [68] by permission of John Wiley & Sons Ltd. Inset, 
Reprinted with the permission from Ref. [66]. Copyright 2013 American Chemical Society
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approximately SAP coordination polyhedron, with the similar α angles of 57.2 and 
56.4° and remarkable difference in the skew angle of 39.7 and 42.1° for two com-
plexes, respectively. The structures are still described as SAP geometry and the ani-
sotropy axis also passes through the two trans-β-diketonate ligands (Fig. 2.25 inset) 
[66], consistent with that of the above examples. Their ac magnetic susceptibility sig-
nals were shown in Fig. 2.25, both showing the increasing out-of-phase χ″ signals 
with a shoulder indicative of the fast QTM at low temperature. At the linear regimes 
of ln(τ) versus 1/T plots, the effective barriers were extracted to be 58 and 85  K, 
which are of the same order of magnitude as that of the seminal complex, for two 
complexes with bpy and phen ligands, respectively. The small increase in effective 
barriers for [Dy(tta)3(phen)] than [Dy(tta)3(bpy)] may be as a result of the stronger 
delocalized effects in the phen ligand than in the bpy ligand.

In addition, several typical Dy-based SIMMs based on hexafluoroacetylaceto-
nate (hfac) were reported by the different research groups, as shown in Fig. 2.26 
[69–71]. Compared with the seminal complex, for the first two complexes the 

Fig. 2.26   Three Dy-β-diketone systems with hfac ligands. Top, Middle Reproduced from Refs. 
[69, 70] by permission of The Royal Society of Chemistry. Bottom Reprinted with permission 
from Ref. [71]. Copyright 2013 American Chemical Society
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H2O was substituted by the larger monodentate ligands, leading to the low-symmetry  
coordination geometry around Dy ions, while the bidentate bpy ligand was 
applied to replace two H2O in the third complexes and thus the complex keeps the 
quasi-D4d geometry. Nevertheless, no obvious changes in SMM properties were 
observed for the three complexes, and their SMM properties were weakened in 
contrast to that of the seminal complex, as indicated by their small effective bar-
riers labeled in Fig. 2.26. The reduced SMM behavior may be due to the lowered 
symmetry around Dy ions and the strong electron-withdrawing effects of fluorine 
atoms, which may greatly reduce the strength of the axial crystal field. Finally, it is 
worth noting that this kind of fluorinated β-diketones lanthanide complexes shows 
the enhanced luminescence behavior with reducing the acidity of the β-diketones 
compared with the conventional β-diketone ligands, which thus provide a promis-
ing approach to design multifunctional lanthanide SMMs.

To date, all the β-diketones lanthanide SIMMs discussed above are Dy-
based complexes, which mainly depends on the electronic structures of Dy 
ions and its Kramers ion properties. In contrast, for another Kramers ion 
Er3+ with the distinct electronic structures from Dy ion, the magnetism of a 
series of β-diketones complexes was also explored recently by Silva [72], as 
shown in Fig.  2.27. Here, 2,4-hexanedione (acec) ligands and three bidentate 
capping ligands were applied to construct three complexes with the typical 

Fig. 2.27   The Er-based β-diketone systems with acec ligands and three different bidentate cap-
ping ligands. Reproduced from Ref. [72] by permission of The Royal Society of Chemistry
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coordination geometry, [Er(acec)3(Lcap)] (Lcap =  bpy, phenNO2 and bath in 
Fig.  2.21). All three complexes display the typical field-induced slow relaxa-
tion of magnetization under a 1000-Oe dc field, as evidenced by the obvious 
χ″ signals shown in Fig. 2.27. In contrast to the other two complexes, the third 
complex with bath ligand behaves as the best SMM by introducing the larger 
auxiliary ligands. Nevertheless, the effective barriers for three complexes are 
still very low, only 8, 13, and 23 K, respectively, and thus the further modifica-
tions are necessary.

2.3.3 � Chiral β-diketone Dy SIMMs

Due to the stable structures as seen above, some additional functions can be eas-
ily incorporated into the β-diketone lanthanide systems by the modifications of the 
auxiliary ligands or β-diketone ligands, while maintaining their typical structural 
features and the robust SMM behavior. The most typical examples are the design 
and assembly of chiral SMMs showing certain physical properties such as ferroe-
lectricity, piezoelectricity, second harmonic generation (SHG), and magneto-chiral 
dichroism (MChD) effects [73], and to date several complexes have been reported 
containing the auxiliary ligands from Lcap1 to Lcap4 in Fig. 2.21 [73–77]. Here, 
only two typical examples were discussed below to present the useful synthetic 
approach of chiral SMMs for readers.

Figure  2.28 shows the crystal structures of the enantiomeric pair of Dy 
β-diketone complexes (R-1 and S-1), where the chirality is clearly introduced by 
transferring chiral information of auxiliary ligands (Lcap4 in Fig. 2.21) to the par-
amagnetic assemblies [73]. The two complexes crystallized in chiral space groups 
P212121 and the solid-state CD spectra confirmed their chiroptical activity and 
enantiomeric nature. Here, the changes of β-diketone and auxiliary ligands lead 
to the bicapped trigonal prism geometry around Dy ions, diverging from the SAP 
geometry of the seminal complex. Even so obvious SMM behaviors were still 
observed below 20 K at zero-dc field for them, which was shown in Fig. 2.28. The 
effective barrier was extracted by Arrhenius law to be 47 K, slightly smaller than 
that of the seminal complex.

In addition, two enantiomeric pairs of β-diketone Dy SIMs were assembled in 
2013 using a pair of homochiral β-diketonate ligands L2 in Fig. 2.20 [77]. It is worth 
noting that their SMM behaviors can be modified through changing the auxiliary 
ligands (bpy and phen in Fig. 2.21), as shown in Figs. 2.29 and 2.30. Similarly, both 
two complexes crystallized in chiral space groups and the solid-state CD spectra 
also confirmed their chiroptical activity and enantiomeric nature. For the complexes 
with bipyridine ligands, two types of homochiral stereoisomers are cocrystallized 
together in the crystal structure, as shown in Fig. 2.29. Here although two stereoiso-
mers demonstrate the same molecular formula, the distinct structures are observed 
for them displaying the different distorted SAP geometries. The ac magnetic suscep-
tibilities measurements display the weak ac signals with no peaks under zero-dc field, 
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indicating the onset of slow relaxation of magnetization. Further, the application of a 
1000-Oe dc field leads to the occurrence of two thermally activated relaxation pro-
cesses revealed by the presence of two distinct peaks for the out-of-phase ac signals in 
Fig. 2.29, which may be related to the presence of two crystallographically independ-
ent DyIII centers in crystal structure. The effective barriers were given to be 36.5 and 
46 K, respectively.

The complexes with phen ligands in Fig. 2.30 also adopt a distorted SAP coor-
dination geometry with the phen capping ligand instead of the bpy capping ligand 
of the above complexes. Here, the SMM behavior was not observed under a zero-
dc field, but the application of a 1000-Oe dc field leads to the occurrence of single 
relaxation process, as shown in Fig.  2.30. The effective barrier was given to be 
30.5 K with τ0 = 1.1 × 10−7 s.

2.3.4 � The SIMMs with Large Capping Ligands

In recent years, the synthesis and coordination chemistry of electro-active mole-
cules functionalized by various mono- or polydentate groups have developed to be 
the focus of much attention. For example, the tetrathiafulvalene (TTF) derivatives 

Fig. 2.28   The crystal structures, CD spectra, and relaxation dynamics of the enantiomeric pair 
of Dy β-diketone complexes with chiral auxiliary ligands Lcap4. Reproduced from Ref. [73] by 
permission of John Wiley & Sons Ltd.
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with the delocalized π electrons showing the strong redox-active properties have 
been extensively studied in molecular conductors and superconductors [78, 79]. In 
particular, the redox-active TTF molecules coordinating heteroatom-based groups 
can be directly coupled with the localized unpaired electrons, which lead to the 
so-called π–d systems consisting of the delocalized π and localized d electrons, 
displaying some novel transport properties [80]. In addition, group 8 metal acetyl-
ide complexes displaying strong ligand-mediated electronic effects are attrac-
tive redox-switchable building blocks for the realization of optical or conductive 

Fig.  2.29   The crystal structures, and relaxation dynamics of the enantiomeric pair of Dy 
β-diketone complexes with chiral β-diketone ligands L2 and auxiliary ligand bpy. Reprinted with 
the permission from Ref. [77]. Copyright 2013 American Chemical Society
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switches [81, 82]. Therefore, the above materials provide the great potential appli-
cations in multifunctional materials combining the light, electronic, and magnetic 
properties. However, this kind of ligands is rarely explored in the synthesis of lan-
thanide SIMMs to date. Here, those ligands containing bipyridine-type ligands 
(Lcap5–Lcap7 in Fig.  2.21) are very suitable for the auxiliary ligands of the 
β-diketone Dy complexes, which provide a great platform for studying this kind of 
lanthanide SIMMs.

In 2012, the β-diketone Dy SIMM functionalized by a ruthenium carbon-rich 
moiety (Lcap7 in Fig. 2.21) was presented by Norel et al. [83]. The structure was 
shown in Fig. 2.31, where the classical SAP geometry is still kept around Dy ion 
in spite of the large volume of auxiliary ligands. The ac magnetic susceptibilities 
measurements at zero-dc field display the temperature-dependent χ″ maxima at 
the high-temperature region and a temperature-independent quantum tunneling 
region. Notably, as shown in Fig. 2.31b, the application of a dc field results in the 
occurrence of multiple relaxation processes, which is not observed in the conven-
tional β-diketone examples. It is an important issue to be discussed for the reasons 
of the multiple relaxation processes, which may be related to the strong ligand-
mediated electronic effects. Clearly, the external dc field of 480 and 1000 Oe can 
significantly reduce the efficiency of the underbarrier process, as indicated by the 
slowing quantum tunneling relaxation times (Fig. 2.31). Under the dc field of 1000 
Oe, two effective barriers were extracted to be 11 and 33 K at the low- and high-
temperature regions, respectively.

In 2013, E. Pointillart et al. reported the magnetic investigations of two mononu-
clear β-diketone Dy complexes which were built from the reaction of the auxiliary 
ligands Lcap5/Lcap6 and Dy(hfac)3  · 2H2O [32]. Here, the strong π–π interactions 
and hydrogen bonds in the crystal structure lead to the formation of head-to-tail 
dimers. For the complex [Dy(hfac)3(Lcap5)], no any out-of-phase signals in zero-
dc field were observed, while complex [Dy(hfac)3(Lcap6)] shows a clear out-of-
phase ac signal below 8  K in zero-dc field. In particular, the diluted samples of 
[Dy(hfac)3(Lcap6)] demonstrate a quantum tunneling time nearly 30 times slower 
than in the pure compound. In addition, the multiple relaxation processes were 

Fig.  2.30   The crystal structures and relaxation dynamics of the enantiomeric pair of Dy 
β-diketone complexes with chiral β-diketone ligands L2 and auxiliary ligand phen. Reprinted 
with the permission from Ref. [77]. Copyright 2013 American Chemical Society
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also observed through the application of an appropriate dc field. Further, the sub-
stitution of β-diketone ligand hfac by tta ligand leads to the formation of complex 
[Dy(tta)3(Lcap6)], whose magnetic properties were investigated systematically by 
angular-resolved magnetometry and MCD measurement and ab initio calculations, as 
seen in Fig.  2.32. Here, the angular-resolved magnetometry measurement indicated 

Fig. 2.31   The crystal structure and ac susceptibility data of Dy β-diketone system with capping 
ligand Lcap7 containing a ruthenium carbon-rich moiety. Reproduced from Ref. [83] by permis-
sion of The Royal Society of Chemistry
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that the strong Ising-type anisotropy axis is almost parallel to the red plane in Fig. 2.32 
and passes through the two trans-β-diketonate ligands, which is consistent with the 
results of ab initio calculations with only a small deviation of 7.6°. The complex 
shows the similar relaxation dynamics properties to [Dy(hfac)3(Lcap6)] under zero- or 
nonzero-dc field with only a small increase of effective barriers. Notably, the hystere-
sis loops at 2 K can be recorded in the MCD spectrum on a solid solution, highlighting 
the molecular origin of magnetization dynamics.

2.3.5 � The SIMMs with Radical Ligands

To date, the most widely investigated family of radical ligands in the field of lan-
thanide molecular magnets is the nitronyl nitroxide radical systems (NIT-R in 
Fig. 2.21), which show the high stability and the strong coordinate ability to lan-
thanide ions in the β-diketone lanthanide systems [84]. Nowadays, a great number 
of such lanthanide complexes have been reported, ranging from the mononuclear, 
binuclear and even to single-chain complexes bridged by the NIT radicals. As is 
well known, the first rare earth-radical-based coordination polymer exhibiting 
SCM behavior was reported in 2005 by Sessoli [65]. In the chain molecule, the 
radical NIT-C6H4OPh plays an important bridging role between the Dy ions, lead-
ing to a low ratio of interchain/intrachain interactions. In addition, several binu-
clear Tb complexes bridged by the NIT-R radical ligands show the strong SMM 
behavior, which will be discussed in next chapter. In contrast, the reported mono-
nuclear Tb/Dy complexes with the NIT-R radical demonstrated the relatively weak 
SMM behavior and fast QTM [85–93]. Here, only two representative examples 
were exhibited. In addition, other types of radical systems were also explored 
recently with some examples showing the strong SMM behavior, which further 
expand this field in pursuit of the better lanthanide–radical SMM systems.

Fig. 2.32   The crystal structure, magnetic anisotropic axis and relaxation dynamics of [Dy(hfac)3 
(Lcap6)]. Reprinted with the permission from Ref. [32]. Copyright 2013 American Chemical 
Society
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As shown in Fig.  2.33, the monodentate and bidentate chelate NIT-R radical 
ligands lead to the distinct structures in lanthanide coordination complexes due to 
their different coordinate modes. In the first example, [Tb(hfac)3(NIT-PhOEt)2], 
two radical ligands are coordinating to the central Tb ion through the oxygen atom 
of one N-O group, leading to the novel mononuclear tri-spin lanthanide system, 
where the Tb ion is located in a distorted dodecahedron geometry [85]. The con-
tinuously increasing χmT values with the decreasing temperature are indicative 
of the strong ferromagnetic interactions between Tb ion and the radical ligands. 
Importantly, the clear blocking behavior of magnetization was observed in the 
complex, as indicated in the ac susceptibility signal under zero-dc applied field in 
Fig. 2.33. The effective barrier was given to be 29 K, which seems to be so small 
compared to the above lanthanide SMM. For the second example, the bidentate 
radical ligand provides a same coordinate mode to the common capping ligand, 
thus leading to the formation of the similar coordinate geometry to the semi-
nal complex around Tb ion [86]. Similarly, the ferromagnetic interactions were 
observed between the Tb ion and radical ligand. Meanwhile, the complex also dis-
plays the temperature- and frequency-dependent χ″ signals below 6 K. However, 
a smaller effective barrier, Ueff = 17 K, was demonstrated under zero-dc applied 

Fig. 2.33   The crystal structure and relaxation dynamics of two Tb β-diketone systems with NIT-R 
radical ligands. Top Reproduced from Ref. [85] by permission of The Royal Society of Chemistry. 
Bottom Reprinted with the permission from Ref. [86]. Copyright 2010 American Chemical Society
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field. Here although the SMM properties are not so fascinating, it is a helpful 
exploration for the novel lanthanide-radical coupling system.

Furthermore, the new type of chelate radical ligand, 4-(benzoxazol-2′-yl)-
1,2,3,5-dithiadiazolyl (boaDTDA in Fig. 2.21) [94], was also explored to construct 
the lanthanide–radical SMM system. As a result, a supramolecular species com-
posed of a pair of non-equivalent DyIII-radical complexes was obtained, as seen 
in Fig. 2.34, where two Dy ions are located in the different coordinate geometries, 
one being the distorted SAP geometry and the other being the dodecahedral geom-
etry. In the molecular pairs, the close S–S contact leads to a twisted-cofacial inter-
action between two radical ligands, which further results in strong antiferromagnetic 
coupling between the DTDA radical spins. Obviously, the Dy complex exhibits the 
out-of-phase signals of ac susceptibility under zero-dc applied field, but the rapidly 
increasing χ″ values at low temperature are indicative of the presence of fast QTM 
relaxation, which may be related to the above antiferromagnetic coupling within the 
molecule pairs. Further, the application of a dc applied field leads to the occurence of 
two relaxation processes (Fig. 2.34), which should correspond to the presence of two 
different metal centers in the complex. In particular, the almost same effective barriers 
were extracted to be 100 K for the two relaxation processes, but showing the different 
pre-exponential factors.

Fig. 2.34   The crystal structure and relaxation dynamics under zero- and nonzero-dc fields of Dy 
β-diketone systems with boaDTDA radical ligand. Reprinted with the permission from Ref. [94]. 
Copyright 2013 American Chemical Society
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2.4 � Organometallic SIMMs

To date, the most significant achievements in the SIMM field were present in 
the organometallic lanthanide SMMs, which exhibit not only the large effective 
barriers but also the very high blocking temperature (TB) close to the TB record 
achieved in the N2

3−-bridged Tb2 SMMs. Compared with the common O- or 
N-based coordination complexes, the organometallic systems provide alternative 
special chemical environments due to the applications of air-sensitive reagents 
with the extremely strong basicity, which potentially results in the stronger and 
more axial crystal field around lanthanide ions as well as thus the improved SMM 
properties [95]. In fact, the exploration into this aspect can date back to 2010 when 
an organometallic Dy2 complex shows typical SMM behavior [96], but the mono-
nuclear organometallic lanthanide SMMs were developed later. Now in the field, 
the most widely investigated species are the lanthanide systems coordinated by the 
negative-charged aromatic ligands, mainly cyclopentadienide (Cp−) and cyclooc-
tatetraene dianion (COT2−) [9, 14, 20, 33], which exhibits the similar aromatic-
ity to the neutral naphthalene and benzenoid compounds (Fig.  2.35) with the π 
electron cloud created by the multiple sp2 carbon atoms [97]. The first reported 
example was [(η5-Cp*)Er(η8-COT)] SIMM [9] exhibiting the high effective bar-
riers and blocking temperature, which further stimulates the researching interests 
in the new type of lanthanide SMM system. To date, the system has been extended 
well with the several important examples showing the high SMM performance, 
which achieves its celebrity status in the developments of SIMMs.

The first system, [(Cp*)Ln(COT)] (Ln =  TbIII, DyIII, HoIII, ErIII, TmIII, YIII; 
Cp* =  C5Me5

−; COT =  C8H8
2−), was reported by S. Gao and coworkers since 

2011 [9, 98]. The complex features the single lanthanide ion sandwiched by two 
unparallel aromatic ligands with a slight tilt angle, an important factor in deter-
mining the quantum tunneling relaxation time. Further research demonstrates 

Fig. 2.35   The neutral and 
charged aromatic systems 
with the π electron cloud 
created by the multiple sp2 
carbon atoms. Reprinted by 
permission from Macmillan 
Publishers Ltd. Ref. [97], 
copyright 2013
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that the bending of the axis induced by asymmetric intermolecule interactions 
increases with the increment of ionic radius of lanthanide ions from Tm to Tb ions. 
Nevertheless, the sandwiched modes from two ligands with the high π-electron 
density are favorable to the strong axial anisotropy of lanthanide ions. Importantly, 
the ac susceptibility data reveal that the ErIII compound behaves as the better 
SIMM compared with other lanthanide complexes. Here, the out-of-phase signals 
in Fig. 2.36 demonstrate two clear maxima below 25 K indicating the two relaxa-
tion processes, as a possible result of the presence of two conformations in the crys-
tal lattice. Therefore, two high effective barriers were given to be 323 and 197 K, 
which are among the highest effective barriers discovered to date. Further, the but-
terfly-shaped hysteresis loop with a coercive field was observed at 1.8 K, indicat-
ing the strongly blocking behavior for magnetic moments. Here, the strong SMM 
behavior mainly results from the strong single-ion anisotropy of Er ion, further 
leading to an Ising ground state well separated from other excited states, which has 
been confirmed by the recent angular-resolved magnetometry experiments and ab 
initio calculations [99]. Furthermore, both DyIII and HoIII compounds exhibit the 
field-induced SMM behavior.

Remarkably, two stronger Er-based SIMMs similar to above complex were 
obtained by J.R. Long group through applying the single aromatic ligand, COT2− 
[33]. Here, both complexes contain the same part of [Er(COT)2]− with some slight 
differences and show the almost same static and dynamic magnetic properties. 
Therefore, only one example was described below, as shown in Fig.  2.37. Here, 
two almost coplanar COT2− ligands lead to a higher symmetry close to D8h in the 
[Er(COT)2]− part compared to the above [(Cp*)Ln(COT)] complex. Dc magnetic 
susceptibility data reveal a precipitous drop of χmT values below 10 K indicating 
the strongly blocking of magnetization (Fig. 2.37). In order to further explore the 
magnetic blocking behavior, the ac magnetic susceptibility measurements were 
also performed, and therefore, the clear out-of-phase maxima are present below 
27 K, which gives a effective barrier of 147 cm−1 (212 K). Most importantly, the 
hysteresis loops were observed below 10 K, which represents the highest block-
ing temperature yet observed for a mononuclear complex and the second highest 
for any single-molecule magnet. Nevertheless, as seen in most lanthanide SIMMs, 

Fig. 2.36   The crystal structure and magnetic properties of [(Cp*)Er(COT)]. Reprinted with the 
permission from Ref. [9]. Copyright 2011 American Chemical Society
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the magnetization in hysteresis loop still exhibits a sudden drop when approaching 
zero field, thus leading to the disappearance of coercive field. Further investiga-
tions indicate that such a drop mainly arise from the magnetic avalanche effects 
induced by intermolecular dipolar interactions. Therefore, the magnetic dilution 
for the above samples results in the obviously enhanced coercive field, and only a 
small drop of magnetization was observed at zero field, as seen in Fig. 2.37.

To further gain insight into the magnetic blocking mechanism in the molecule, 
L.F. Chibotaru et al. performed ab initio calculations for the Dy and Er complexes, 
as shown in Fig. 2.38 [20]. The results indicated that the local high symmetry for 

Fig. 2.37   The crystal structure and static magnetic properties of [Er(COT)2]−. Reprinted with 
the permission from Ref. [33]. Copyright 2013 American Chemical Society

Fig. 2.38   The calculated anisotropic axes and relaxation dynamics of the Er and Dy complexes 
in [Er(COT)2]−. Reproduced from Ref. [20] by permission of John Wiley & Sons Ltd.
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the Er complex plays an extremely crucial role in promoting the magnetic relaxa-
tion and suppressing the QTM. In the Er complex, the ground state is well sep-
arated from the low-lying excited states and, importantly, the ground and first 
excited Kramers doublets exhibit the strong unaxial anisotropy and almost col-
linear anisotropy axes, thus leading to the magnetic relaxation pathway via second 
excited state. By contrast, the corresponding Dy analogue exhibits the weak SMM 
behavior, which is mainly due to the low ground state and fast QTM arising from 
the large transversal components. Further, the determination of crystal parameters 
gives a reasonable explanation for such a large difference. The important nega-
tive crystal parameters B2 

0 and B4 
0 in the Er complex reveal the stronger equato-

rial component of the ligand field than the axial one, which supports the easy axis 
anisotropy and the large spin ground state for the Er ion, while the opposite case 
occurs in Dy complex. In addition, the trimethylsilyl substituted Dy and Er species 
reported by M. Murugesu exhibit similar SMM properties [100].

Recently, the J. R. Long and S. Gao groups explored the low-symmetric organo-
metallic lanthanide systems, as shown in Fig. 2.39, both of which exhibit the typi-
cal SMM properties. In particular, for the first system, [Cp*2Ln(BPh4)] (Ln = Tb 
and Dy) [101], the Dy species shows the strongly magnetic blocking behavior, as 

Fig. 2.39   The crystal structures and relaxation dynamics of [Cp*2Ln(BPh4)] from J.R. Long and 
[(C6Me6)Dy(AlCl4)3] from S. Gao. Left Reproduced from Ref. [101] by permission of John Wiley 
& Sons Ltd. Right Reproduced from Ref. [102] by permission of The Royal Society of Chemistry
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evidenced by the high blocking temperature up to 52 K characterized by the out-
of-phase signals of ac susceptibility data in Fig. 2.39. Further, the effective barrier 
was extracted to be 331 cm−1 (477 K), which is of the highest known for the mon-
onuclear Dy-based SMMs. Meanwhile, the Tb analogue also exhibits the robust 
field-induced SMM behavior with a large effective barrier of 216 cm−1 (311 K). 
Here, the authors attributed their large barriers to the bent ligand field presented 
to the LnIII centers due to the weak interactions between the lanthanide ions and 
BPh4̄ anion. The second example, [(C6Me6)Dy(AlCl4)3], reported by S. Gao et al. 
[102] demonstrates a half-sandwich structure with the coordination of a neu-
tral π-bonded arene ligand to Dy ion. An effective barrier of 101 K was present 
in the complex under zero-dc applied field, which mainly arises from the strong 
single-ion anisotropy of Dy ion indicated by the ab initio calculations. Finally, it is 
noted that in spite of the high barriers the fast tunneling relaxation is clearly pre-
sent in those complexes compared with the above double-decker organometallic 
complexes, which is as a main result of the internal low-symmetric factors of local 
crystal field.

2.5 � Conclusion

The most important lanthanide SIMM systems including the lanthanide phthalo-
cyanine, lanthanide β-diketone, and organometallic lanthanide systems have been 
reviewed in detail in this chapter. Here, we provide a clear guideline for design-
ing the effective SMMs in each class through systematically discussing the corre-
sponding lanthanide SIMMs discovered to date. In addition, some low-symmetric 
lanthanide complexes with the local axial coordination geometries around lantha-
nide ions which also behave as typical SMMs even with the very high effective 
barriers are not discussed here. Undoubtedly, the lanthanide SIMM is the most 
important class in the development of SMM to date; for that, they play an out-
standing role not only in the assembly of lanthanide SMMs with high effective 
barriers and blocking temperature, but also in elucidating the correlation between 
the magnetic properties and the structural features. In particular, both the previous 
[LnPc2] complexes and the recently discovered lanthanide organometallic com-
plexes demonstrate the great potential in further promoting the SMM properties 
and the future technological applications as quantum bits.
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