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Single-molecule magnets (SMMs) are paramagnetic molecules that can be magnetized below a certain temperature and have potential applications in 
high-density information storage, magnetic qubits, spintronic devices, etc. The discovery of the first SMM, Mn12, opened a new era of molecular mag-
netism and promoted collaborative researches between chemists and physicists for their exotic quantum as well as classical magnetic properties. In the 
recent past, great efforts have been made to develop strategies for constructing new SMMs with high energy barriers (Ueff) and blocking temperatures 
(TB), resulting in great and fast development of SMMs. In this concise review, we highlight the main synthetic approaches and representative results in the 
design and synthesis of high performance SMMs. We hope to give the readers a basic understanding of SMMs and a snapshot of the representative re-
searches on SMMs from a perspective of synthetic chemists. 
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1. Introduction 

Single-molecule magnets (SMMs) have attracted extensive 
attention in the fields of chemistry, physics, material science, and 
nanoscience since the first discovery of slow magnetic relaxation 
in a dodecanuclear mixed-valence manganese-oxo cluster 
Mn12O12(OAc)16(H2O)4 (known as Mn12).

[1-8]
 These molecular na-

nomagnets are molecules that exhibit strong magnetic anisotropy 
and can retain their magnetizations for a relatively long time in 
the absence of an applied field at low temperature. This phe-
nomenon is of pure molecular origin, and thus different funda-
mentally from that of bulk magnets, such as AlNiCo and SmCo5, 
which requires strong long-range magnetic interactions. For 
magnetic bistability in SMMs, potential applications in high-den-
sity information storage,

[2]
 quantum computing,

[3]
 and molecular 

spintronics have been envisaged.
[4]

 In addition, many fascinating 
physical phenomena, such as quantum tunneling of magnetiza-
tion (QTM),

[5]
 Berry-phase interference,

[6]
 quantum coherence, 

and so on,
[7]

 have been observed in SMMs. Such quantum me-
chanical behaviors observed in a macroscopic system make SMMs 
a connection between the macroscopic classical world and the 
microscopic quantum world. 

Over the past three decades, a myriad of SMMs with various 
structures and distinct magnetic performances have been synthe-
sized and characterized. Great progresses have been achieved to 
increase their magnetization reversal barriers (Ueff) and magnetic 
blocking temperatures (TB), which are the two key indexes to 
judge the performance of an SMM.

[8-10]
 For practical purpose, the 

higher the Ueff and TB are, the better the SMMs are. Therefore, 
one of the most important research directions in the field is to 
design and synthesize high-performance SMMs with memory 
effects at higher temperatures, and the main research efforts are 
devoted to maximizing the Ueffs and TBs of SMMs. 

The development of high-performance SMMs can be divided 
into two important stages. The first one began with the advent of 
the first SMM Mn12. The Mn12 molecule was determined to have 
an effective spin-reversal barrier of Ueff = 51 cm

–1
 and a blocking 

temperature of TB = 3 K with pronounced magnetic hysteresis 
loops, which is still among the best transition-metal SMMs 
(TM-SMMs).

[1,11]
 For the majority of TM-SMMs, the barrier is 

formulated as U = S
2
|D| or U = (S

2
–1/4)|D| for integer and 

half-integer spins, respectively, where S is the ground state spin 
value and D is the axial zero-field splitting (ZSF) parameter.

[8]
 

Therefore, in this early stage, most efforts have been devoted to 
increasing the ground state spin S of the transition-metal clus-
ters.

[9,12,13]
 However, after extensive experimental and theoretical 

studies for nearly a decade, researchers realized that it is very 
difficult to increase the Ueff by increasing the S values only be-
cause large S and D values are countervailing trends. Large mag-
netic anisotropy is recognized to be the most critical requirement 
for high performance SMMs.

[9,14,15]
 Various new synthetic strate-

gies for the high magnetic anisotropy have been developed, 
which led to

 
the second stage of developing high-performance 

SMMs. One of the most important approaches is to design and 
synthesize SMMs of one metal center (also known as single-ion 
magnets, SIMs) with transition metal ions, lanthanide ions, or the 
actinide ions.

[16-18]
 Among them, the mononuclear double-decker 

lanthanide SIMs, [TbPc2]
–
, were of remarkable importance as their 

Ueffs are much higher than those of the TM-SMMs.
[16]

 To now, 
numerous lanthanide-metal SMMs (Ln-SMMs) have been report-
ed; and the magnetic blocking temperature has been improved to 
an unprecedented 80 K in a Dy

3+
 compound [(Cp

iPr5
)Dy(Cp*)]

+
.
[19,20]

 
However, it’s a long and formidable way to understand how to 
construct better SMMs, and to reach today’s achievements. 

Instead of a comprehensive review of the vast SMMs, the goal 
of this concise review is to briefly introduce the progressive de-
velopments of SMMs from a perspective of synthetic chemists, 
but with no intention to cover all reported results. A brief timeline 
for the progressive developments of SMMs is depicted in Figure 1.  

 

Figure 1  A brief timeline for the progressive developments of SMMs. 
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We will highlight only the selected results roughly in the order of 
time and remarkable milestones for their contributions to the 
understanding of design principles, new research directions, and 
novel synthetic strategies. To readers for more detailed references, 
several excellent reviews and books are strongly recommend-
ed.

[8-10,17,18,21-41]
 A summary and proposed future developments 

will be presented in the end. 

2. Development of Single-Molecule Magnets 

2.1. Polynuclear oxo-bridged transition metal SMMs 

In 1921, German scientists Weinland and Fischer reported the 
synthesis of the compound Mn12 (Figure 2a).

[42]
 However, its single 

crystal structure was not determined until 1980 by Lis et al.
[43]

 As 
shown in Figure 2a, the Mn12 molecule was built by four Mn

4+
 (S = 

3/2) and eight Mn
3+

 (S = 2) ions, which are coupled by oxo-bridges. 
In 1988, Christou and Hendrickson et al. studied the direct current 
(DC) magnetic susceptibility of a structural similar Mn12 molecule 
([Mn12O12(O2CPh)16(H2O)4]) and reported the ground state value 
of S = 14 for this molecule.

[44]
 The spin ground state of the com-

pound Mn12O12(OAc)16(H2O)4 was later determined to be S = 10 by 
Gatteschi and coworkers through combined high field electronic 
paramagnetic resonance (HF-EPR) and magnetic measurements in 
1991.

[45]
 Then, Sessoli, Gatteschi, Christou, and Hendrickson gave 

the detailed description and interpretation on these results in 
1993.

[46]
 In the same year, Gatteschi and Sessoli observed the 

magnetic bistability in the classical Mn12 molecule. The origin of 
the magnetization hysteresis is totally different from traditional 
bulk magnets.

[1]
 In 1996, macroscopic QTM in a SMM (steps in the 

hysteresis loops) was firstly observed in Mn12 by Friedman et al.
[47]

 
and confirmed shortly in a single crystal of Mn12 by Thomas and 
co-workers.

[11]
 This Mn12 SMM quickly captured great interests of 

physicists and was widely recognized as a major breakthrough in 
spin physics.

[48,49]
 Undoubtedly, these studies opened the field of 

molecular nanomagnets and greatly promoted the development 
of molecular magnetism.  

 

Figure 2  Molecular structures of the archetypal SMMs: Mn12 (a), Mn84 

(b), Mn6 (c), and Fe8 (d). Color scheme: C, gray; O, red; N, blue; Mn3+, violet; 

Mn4+, turquoise; Fe3+, dark green.  

At this first stage of studies on SMMs, researchers focused 
mainly on the design and construction of TM-SMMs, especially 
polynuclear Mn

3+
-containing clusters,

[9,13]
 because the axially 

Jahn−Teller distorted Mn
3+

 ions usually possess considerable 
magnetic anisotropy. The straightforward design strategy in this 
period was to maximize the ground state S values via synthesizing 
high-nuclear Mn

3+
-containing clusters. As a result, a large number 

of Mn(III)-based SMMs with high-nuclearities have been reported, 
such as Mn6,

[50]
 Mn19,

[51]
 Mn25,

[52]
 Mn31,

[53]
 and Mn84 clusters.

[54]
 

The Mn84 molecule reported by Christou’s group (Figure 2b) pos-
sesses a very high-nuclearity, while it exhibits a relatively small 
spin ground state of ca. 6 and a very small Ueff of 12.5 cm

–1
.
[54]

 On 
the other hand, the high spin value of 83/2 was achieved by 
Powell’s group in a ferromagnetically coupled {Mn

II
7Mn

III
12} (Mn19) 

complex, however, no SMM behavior was observed.
[51]

 These two 
examples clearly suggested that the number of metal ions and the 
total ground state spin value of a cluster are not the key criteria 
for better SMMs. The Ueffs and TBs of the vast majority of 
higher-nuclearity TM-SMMs are still lower than the prototypical 
Mn12 molecule. To date, the record anisotropy barrier of 60 cm

–1
 

among Mn
3+

-based TM-SMMs was still held by a Mn6-oximato 
cluster (S = 12, TB = 4.5 K, Figure 2c) reported by Brechin and 
co-workers in 2007.

[50]
 Ten years’ later in 2017, another 

mixed-valence {Mn
II

2Mn
III

28Mn
IV

} (Mn31) cluster was reported to 
exhibit SMM behavior with the Ueff = 42 cm

–1
 and TB ≈ 5 K.

[53]
 

Except for the Mn
3+

 ion, synthetic chemists also prepeared a 
large number of TM-SMMs using anisotropic V

3+
, Fe

2+/3+
, Ni

2+
, and 

Co
2+

 ions, such as V4,
[55]

 Fe6,
[56]

 Fe8,
[57]

 Fe10,
[58]

 Ni12,
[59]

 Co6,
[60]

 
Co7,

[61]
 and so on.

 
However, their Ueffs or TBs are usually lower 

than that of the Mn12. Among them, the octanuclear cluster 
[Fe8O2(OH)12](tacn)6]

8+
 (Fe8) reported by Sangregorio and 

co-workers (Figure 2d) is another prototypical SMM with a ground 
state of S = 10 arising from competing antiferromagnetic interac-
tions between eight Fe

3+
 (S = 5/2) centers.

[62]
 At low temperature, 

macroscopic QTM was also clearly observed. Magnetic measure-
ments revealed that its anisotropy barrier (17 cm

–1
) is much 

smaller than that of Mn12, which makes some quantum behaviors, 
such as resonant tunneling, more experimentally feasible.

[57]
 In 

1999, quantum phase interference and parity effects interference 
were experimentally observed in the Fe8 SMM by Wernsdorfer 
and Sessoli.

[7]
 

From the experimental results on the abundant high-nuclear 
TM-SMMs, researchers realized that the net spin value would not 
increase incrementally with the number of Mn

2+/3+
 ions or other 

metal ions. In addition, due to the different orientations of the 
magnetic axes of different metal sites, the magnetic anisotropy 
might cancel out each other in the molecule. Theoretical studies 
have pointed out that increasing S was not the effective way to 
improve the performance of SMMs and the synthetic efforts 
should be focused on enhancing the molecule’s magnetic anisot-
ropy.

[14,15,63,64]
 Such awareness finally drove the fast development 

of many novel and high-performance SMMs via different synthe-
tic approaches, including cyano-bridged SMMs,

[33-35]
 Ln-based 

SMMs,
[10,21,24-26]

 3d-4f SMMs,
[24,65]

 actinide-based SMMs,
[25]

 
radical-bridged SMMs,

[27]
 and organometallic SMMs.

[66]
  

2.2. Cyano-bridged SMMs 

At this stage, the majority of the TM-SMMs were oxo-bridged 
transition-metal multinuclear clusters, which were usually synthe-
sized in a serendipitous process. In these compounds, the transi-
tion-metal ions were usually coupled by indirect superexchange 
interactions through oxygen atoms. Yet, it’s extremely difficult to 
predict the magnetic properties of a high-nuclear cluster and to 
analyse the magnetic interactions between the metal ions 
because of the complex magnetic structures and large number of 
metal ions.

[33]
 In search of better SMMs, one of the significant 

directions for synthetic chemists in this field is to develop new 
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synthetic approaches toward controlable structures and predict-
able magnetic properties of SMMs.

[34]
 

In comparison to oxy-bridges, the cyano group (CN
–
) is a 

strong σ-donor and a weak π-acceptor and can coordinate to 
metal centers using both the C and N atoms. These properties 
make the cyano group a very good bridging ligand between the 
metal centers. The conjugated C≡N bond can provide effective, 
and more importantly predictable, magnetic coupling between 
the two metal centers in the M−CN−M’ motif. Thus, cyano-bridged 
magnetic coordination compounds have attracted great attention 
in the molecular magnetism community.

[67]
 Toward this end, many 

efforts were made to construct cyanide-bridged SMMs. In 2002, 
Long and co-workers reported the first cyano-bridged SMM, 
MnMo6 (Figure 3a), which is a trigonal prismatic complex with an 
S = 13/2 and Ueff = 10 cm

–1
.
[68]

 The magnetic anisotropy in this 
system likely arises from spin-orbit coupling of the Mo

3+
 ions and 

an overall D3 symmetry of the molecule. Then, a myraid of cyano- 
bridged SMMs were synthesizd via the building block approach.

[35]
 

In 2013, a trinuclear Mn2Mo molecule with the highest TB (3.2 K) 
and Ueff (41 cm

–1
) for a cyanide compound was reported by Wang 

and Dunbar (Figure 3b).
[69]

 Interestingly, wide hysteresis loops and 
sharp QTM steps were observed in a single crystal of the complex. 
Theoretical study revealed the significant anisotropic exchange 
interactions between the highly anisotropic Mo

3+
 and isotropic 

Mn
2+

 spins in this SMM.
[70]

 In 2017, the new record energy barrier 
(44.9 cm

–1
) was achieved by them in another trinuclear Mn2Mo 

compound.
[71]

 Interestingly, the SMM behavior can be switched 
on and off via a crystal-to-crystal chemical transformation 
between a Mn2Mo compound and a Mn4Mo2 compound during 
dehydration and rehydration. Though cyano-bridged SMMs great-
ly enriched the family of SMMs, the magnetic performance of 
these complexes is still low. 

 

Figure 3  Molecular structures of MnIIMoIII
6 (left) and MnII

2MoIII (right). 

Color scheme: C, gray; O, red; N, blue; Mn2+, yellow; Mo, brown. 

2.3. Lanthanide SIMs 

The most remarkable revival in the SMM field is the design 
and synthesis of lanthanide SIMs (Ln-SIMs). In fact, rare-earth 
elements have been used successfully to construct molecule- 
based magnetic materials. For example, In 1992, Gatteschi and 
co-workers reported a 1D radical-bridged Dy

3+
 compound, which 

behaves as a bulk magnet with an ordering temperature of 4.4 
K.

[72]
 Due to the intrinsic strong spin-orbit coupling and large un-

quenched orbital angular momentum, Ln
3+

 ions usually have 
strong magnetic anisotropy, especially for the latter lanthanides 
such as the Tb

3+
, Dy

3+
, Ho

3+
, and Er

3+
 ions. However, before the 

unprecedented finding of the slow magnetic relaxation in the 
double decker [LnPc2]

–
 compounds,

[73]
 these anisotropic 4f-ions 

haven’t been used to construct SMMs. In 2003, the discovery of 
slow magnetic relaxation in the series of mononuclear lanthanide 
complexes [LnPc2]

–
 (Ln

3+
 = Tb, Dy, and Ho) by Ishikawa and 

co-workers provided a novel strategy to design high-performance 
SMMs and opened a new era of SMMs.

[73]
 Compared with the 

polynuclear TM-SMMs, the [LnPc2]
–
 complexes have a simple 

double-decker structure with a square-antiprismatic lanthanide 
coordination geometry (D4d symmetry, Figure 4). Importantly, the 
energy barrier of the [TbPc2]

–
 molecule increased sharply to 230 

cm
–1

, though its blocking temperature was only 1.7 K. The main 
reason accounting for such a high Ueff is the strong magnetic ani-
sotropy associated with the highly axial crystal field, while the low 
blocking temperature is due to the fast QTM. This seminal work 
greatly inspired the investigation of 4f-containing SMMs, such as 
3d-4f complexes, pure 4f clusters, and 4f SIMs. The SMM field 
soon achieved an impressive development with a number of 
remarkable breakthroughs.  

 
Figure 4  Molecular structure of [TbPc2]

– shown perpendicular (left) and 

parallel (right) to the 4-fold axis. Color scheme: C, gray; N, blue; Tb, dark 

red. 

Among all the Ln-SIMs, the phthalocyanine SIMs were the 
most widely studied complexes and represented one of the most 
important SMM systems.

[28]
 These mononuclear complexes are 

advantageous for the magneto-structural relationship investiga-
tion and provide great opportunity for the tuning of SMM per-
formance via ligand substitution. By using strong electron- donat-
ing and bulky dibutylamino groups, the Ueff and TB can be im-
proved to 652 cm

–1
 and 30 K, respectively, in two heteroleptic Tb

3+
 

bis(phthalocyaninato) complexes reported by Torres et al.
[74]

 and 
Jiang et al.

[75]
 In addition, because of the planarity and chemical 

stability of the phthalocyanine ligands, these compounds are very 
suitable for surface deposition,

[76-78]
 which led to the potential 

applications of these SMMs as a molecule-based transistor
[79]

 or a 
spin valve.

[80]
 These results greatly stimulated the preparation of 

the Ln-SIMs. In 2008, Coronado and co-workers reported a novel 
family of polyoxometalates (POMs) based complexes, 
[LnW10O36]

9–
 (Ln

3+
 = Tb, Dy, Ho, Er, Tm, Yb), whose coordination 

geometries are similar to those of [Pc2Ln] complexes.
[81]

 Among 
them, [ErW10O36]

9–
 is an SIM with an Ueff = 38 cm

–1
. Interestingly, 

enhanced coherence via atomic clock transitions was later ob-
served in the [HoW10O36]

9–
 system.

[82]
 These findings may open 

new avenues for quantum computing based on molecular spins. 

2.4. 3d-4f SMMs 

An important synthetic approach to combine high-spin ground 
state and large magnetic anisotropy is to design polynuclear 3d-4f 
complexes, which is also an effective strategy to suppress QTM by 
the introduced 3d-4f exchange interactions.

[24-26,65]
 The first SMM 

of such type is a tetranuclear [CuL
a
Tb(hfac)2]2 (Cu2Tb2, Figure 5a) 

compound reported by Matsumoto and coworkers in 2004.
[83]

 
This compound consists of two pairs of coupled Cu

2+
-Tb

3+
 ions and 

shows slow magnetic relaxation below 3 K with a small Ueff = 15 
cm

–1
 and TB = 1.2 K. Importantly, this compound provided a new 

and alternative approach toward high-performance SMMs. Fol-
lowing this study, a number of heterometallic 3d-4f complexes 
have been reported by many research teams, such as Powell, Tang, 
Tong, et al.

[24-26]
 An impressive 3d-4f family is the butterfly-like 

{M
III

2Ln
III

2} (M
3+

 = Co and Cr; Ln
3+

 = Gd, Tb, and Dy) complexes 
reported by Murray et al.

[84,85]
 In particular, the {Cr2Dy2} SMM 
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(Figure 5b) exhibits the largest energy barrier among Cr
III

Ln
III

 com-
plexes and a large hysteresis loop with a coercive field of 2.8 T at 
1.8 K.

[84]
 By using a building block approach and the azide (N3

–
) as 

bridges, Wang’s group reported a series of azido-bridged tetranu-
clear complexes in which 3d-4f and 4f-4f magnetic interactions 
were simultaneously achieved, resulting in an improved magnetic 
bistability (TB = 4 K) for a {Cu2Tb2} SMM (Figure 5c).

[86]
 To further 

understand the magnetic anisotropy in such a 3d-4f system, for 
the first time for a multinuclear Tb

3+
-based SMM, they performed 

angular-resolved magnetometry measurements.
[87]

 Both these 
results revealed the significance of 3d-4f and 4f-4f magnetic in-
teractions for the improved SMM properties. In fact, suppression 
of the zero-field QTM by strong magnetic axiality and 3d-4f or 
4f-4f exchange interaction was also reported in a Dy2 SMM,

[88]
 

another 3d-4f {Co2Dy2} SMM,
[89]

 a {Cr8Dy8} wheel SMM
[90]

 and a 
{Tb2Fe3} SMM.

[91]
 

 
Figure 5  Molecular structures of {Cu2Tb2} (a), {Cr2Dy2} (b), {Cu2Tb2} (c) 

and {Co2Dy} (d). Color scheme: F, light yellow; C, gray; N, blue; O, red; Br, 

dark teal; Cu, green; Cr, lime; Co, pink; Tb, dark red; Dy, orange. 

Such a conclusion was also nicely demonstrated by a family of 
{M2Dy} (M

2+
 = Zn, Fe, and Co) SMMs reported by Tong’s 

group.
[92-94]

 The most important structural feature for these com-
plexes is that the Dy

3+
 ion resides in a distorted pentagonal-bi-

pyramidal (PB) geometry (D5h symmetry). The [DyZn2(TTTT
Br

)2-
(MeOH)]

+
, [DyFe2(TTTT

Br
)H2O)]

+
, and [DyCo2(TTTT

Br
)2(H2O)]

+
 (Fig-

ure 5d) complexes exhibit very high energy barriers of 305, 319 
and 416 cm

–1
, respectively, which set the records of the anisotro-

py barrier for 3d-4f SMMs. Both experimental results and ab initio 
calculations highlighted that a strong magnetic axiality of Dy

3+
 ion 

induced by a PB coordination environment and magnetic ex-
change couplings between Dy

3+
 and Fe

2+
/Co

2+
 ions significantly 

quenched the QTM process in these complexes. 

2.5. Polynuclear lanthanide SMMs 

At the same time of the fast development of 3d-4f SMMs, 
numerous pure 4f clusters with various nuclearities and distinct 
structures have also been reported.

[10,21,95]
 Many of them, espe-

cially the radical-bridged Ln SMMs, exhibit high magnetic perfor-
mance. For non-radical-bridged systems, the Ln

3+
 ions were usu-

ally connected by O atoms from phenolate, carboxylate, and acet-
ylacetonate ligands, etc. One interesting example is the triangular 

dysprosium complexes, [Dy3(μ3-OH)2(ovn)3Cl(H2O)4]
3+

 and 
[Dy3(μ3-OH)2(ovn)3Cl(H2O)5]

3+
 (Figure 6a), reported by Powell and 

coworkers in 2006.
[96]

 The trinuclear Dy
3+

 centers are antiferro-
magnetically coupled with each other through oxo-bridges result-
ing in an almost nonmagnetic ground state, in which slow mag-
netic relaxation was observed. Furthermore, the fascinating tri-
angular spin structure and magnetic properties were investigated 
in depth by Sessoli and Chibotaru et al. experimentally and theo-
retically, revealing that the nonmagnetic ground state is caused by 
the 120

o
 arrangement of the single-ion easy axes of magnetization 

lying in the plane of the Dy3 triangle.
[97,98]

 These results jointly 
revealed the underlying extraordinary physics-vortex spin-chirality 
or toroidal magnetic moment in such spin systems. After the 
studies on this archetype Dy3 system, numerous new examples 
with toroidal magnetization moments (known as single-molecule 
toroics, SMTs) have been reported.

[99] 

 
Figure 6  Molecular structures of the triangular {Dy3} (a), [Dy5O(OiPr)13] 

(b), [Dy4K2O(OtBu)12] (c), and *Dy(μ-OH)(DBP)2(THF)]2 complexes (d). Color 

scheme: C, gray; O, red; Cl, lavender; K, light blue; Dy, orange. 

In 2011, Winpenny and co-workers synthesized a new square- 
based pyramid, [Dy5O(OiPr)13] (Figure 6b).

[100]
 Though no magnet-

ic hysteresis was observed, the slow magnetic relaxation can be 
observed up to 40 K with an energy barrier of around 368 cm

–1
. 

The authors pointed out that the outstanding magnetic behavior 
should be attributed to the large single-ion anisotropy of the oc-
tahedral Dy

3+
 sites. They further explored the magnetic relaxation 

pathways in a [Dy4K2O(OtBu)12] (Figure 6c) complex, which has a 
larger Ueff of 481 cm

–1
 and a 585 cm

–1
 for its Dy-doped Y com-

plex.
[101]

 They concluded that a preferential relaxation via the 
second excited Kramers doublet can lead to higher energy barriers. 
The important reason accounting for such a behavior is due to the 
very strong axial crystal field induced by the very short Dy—O 
bonds (~2.09 Å in this complex), which has also been confirmed 
both experimentally and theoretically by others.

[102-104]
 Actually, in 

a hypothetical [DyO]
+
 (Dy—O = 1.74 Å) complex, a perfect mag-

netic axiality can be achieved, which might lead to a very high Ueff 
(> 3000 K) and TB up to even room-temperature.

[102,103]
 Based on 

the strategies of low coordination number and short Dy—O bonds, 
Gao and co-workers reported a hydroxide-bridged five-coordinate 
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Dy
3+

 complex, [Dy(μ-OH)(DBP)2(THF)]2 (Figure 6d), which exhibits 
the record Ueff of 501 cm

–1
 among lanthanide-only dimers and a TB 

of about 8 K in 2017.
[104]

 The improved SMM behavior of this {Dy2} 
is mainly due to the magnetic axiality induced by both a short 
Dy—O bond (2.094 Å) and large intramolecular Dy-Dy magnetic 
coupling.  

Despite of the high Ueff values observed in these polynuclear 
4f clusters, very small and narrow hysteresis loops were observed 
because of the fast QTM. To suppress the QTM process, strong 
magnetic coupling between the lanthanide centers was found to 
be very helpful. To this end, radical ligands between the Ln

3+
 cen-

ters are of great importance as their diffused orbitals can pene-
trate the outer-shell electron clouds of the Ln

3+
 ions, which results 

in strong magnetic coupling. In fact, radical ligands showed im-
pressive advantages for the construction of novel molecular 
magnetic materials, such as the high Tc molecular magnets

[105]
 and 

the high performance SCMs.
[106,107]

 These results promoted syn-
thetic chemists to design better radical-bridged SMMs, especially 
the radical-bridged Ln-SMMs.

[27]
 

Along this line, Long and co-workers have reported several 
excellent examples of radical bridged Ln-SMMs with strong mag-
netic coupling.

[108-110]
 The most representative system is the excit-

ing N2
3–

-radical-bridged binuclear lanthanide complexes, 
{[(Me3Si)2N]2(THF)Ln}2(μ-η

2
:η

2
-N2)

–
 (Ln

3+
 = Tb, Dy, Ho, Er, Gd, Fig-

ure 7a).
[108]

 The strongest magnetic coupling for Gd
3+

 ions (J = –27 
cm

–1
) was observed in the digadolinium complex, while the Dy

3+
 

congener exhibits a record magnetic hysteresis up to 8.3 K for an 
SMM at that time. A large coercive field of ca. 1.5 T can be clearly 
observed in the hysteresis loops measured at temperatures from 
2 to 6 K. In addition, the Tb

3+
 congener (Ueff = 227 cm

–1
, TB = 14 K) 

is the hardest molecular magnet discovered to the paper pub-
lished in 2011.

[109]
 This unprecedented performance of magnetic 

bistability for a Ln-SMM is attributed to the very strong magnetic 
exchange coupling provided by an N2

3–
 radical and the large sin-

gle-ion anisotropy of the Dy
3+

 and Tb
3+

 ions. Very recently, they 
reported a series of new N2

3–
-radical-bridged Ln2 SMMs, where 

the Ln
3+

 ions were coordinated by two cyclopentadienlyl type 
ligands.

110
 Exceptionally, large magnetic hysteresis loops were 

observed, with the best magnetic performance being observed in 
the [(Cp

Me4H
2Tb)2(μ−N˙2)] complex (Figure 7b), which exhibits the 

highest coercive field yet observed for any molecular magnet. The 
improved SMM behavior was attributed to the enhanced mag-
netic axiality of Tb

3+
 ions enforced by the Cp

Me4H
 capping ligand. 

 

Figure 7  Molecular structures of {[(Me3Si)2N]2(THF)Ln}2(μ-η2:η2-N2) (a) 

and [(CpMe4H
2Ln)2(μ−N˙2)]

– (b). Color scheme: C, gray; O, red; N, blue; Dy, 

orange; Tb, dark red. 

2.6. Organometallic lanthanide SIMs 

In 2011, Gao and co-workers characterized the organometallic 
Er(III) SIM, (Cp*)Er(COT) (Figure 8a),

[111]
 which led to the fast ex-

pansion of the research trend of organometallic Ln-SIMs.
[112]

 This 
complex exhibits pronounced SMM behavior with a large relaxa-
tion barrier of 224 cm

–1
 (the highest among SIMs at that time) and 

a butterfly-shaped magnetic hysteresis loop up to 5 K, which can 
be attributed to an Ising ground state of MJ = 15/2 that is well 
separated from an MJ = 13/2 excited state. Later, they also re-
ported a series of lanthanide organometallic mixed sandwich 
complexes (Cp*)Ln(COT) (Ln

3+
 = Tb, Dy, Ho, Er, Tm) and revealed 

the SMM behavior of Dy
3+

, Ho
3+

, and Er
3+

 complexes.
[113]

 In the 
same year, Murugesu et al. reported the synthesis and character-
ization of a Dy

3+
 sandwich complex, *Dy(COT’’)2Li(THF)(DME)], in 

which SMM behavior and unusual multiple relaxation modes were 
observed, with a small energy barrier of 12.5 cm

−1
 though.

[114]
 In 

2013, Long and co-workers synthesized and characterized a cyclo-
octatetraenyl metallocene [Er(COT)2]

−
 (Figure 8b) complex, in 

which SMM behavior with a Ueff of ~150 cm
−1

 and waist-restricted 
magnetic hysteresis at 10 K (highest TB for a SIM at that time) 
were observed.

[115]
 The enhanced magnetic performance can be 

attributed to its higher symmetry. Besides these results, a number 
of mononuclear metallocenes and even double-, triple- and 
quadruple-decker complexes were also reported by Murugesu et 
al.

[40]
 

 

Figure 8  Molecular structures of (Cp*)Ln(COT) (a), [Er(COT)2]
− (b), 

[Dy(Cpttt)2] (c), and [Dy(CpiPr5) (Cp*)]+ (d). Color scheme: C, gray; Er, rose; 

Dy, orange. Hydrogen atoms are omitted. 

Following these important experimental results and design 
strategy, Mills and coworkers and Layfield and coworkers reported 
separately a [(Cp

ttt
)2Dy]

+
 complex (Figure 8c) that shows a large 

Ueff of 1223 cm
–1

 and remarkable robust magnetic hysteresis at 60 
K.

[116,117]
 As for the reason accounting for such a good perfor-

mance, Mills and colleagues suggest that the Cp
ttt-

 rings not only 
cause a strong magnetic axiality of the Dy

3+
 ion but also create 

constrained metal-ligand vibrational modes. They pointed out that 
higher TB can be achieved through judicious molecular design by 
considering the influence of metal-ligand vibrational modes on 
relaxation dynamics. One year later, intriguingly, Layfield, Tong 
and co-workers reported a new dysprosocenium (Figure 8d) 
showing exceptionally high Ueff of 1541 cm

–1
 and high TB of 80 K, 

which is the highest TB known to date.
[20]

 The improved SMM 
property of this complex compared to the previous compound is 
mainly attributed to a stronger magnetic axiality originating from 
a shorter Dy-Cp distance (2.296/2.284 Å vs. 2.324/2.309 Å) and a 
wider Cp-Dy-Cp angle (162.5° vs. 152.8°). Importantly, this result 
should promote the development of SMMs toward possible prac-
tical applications as the blocking temperature is now higher than 
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the boiling temperature of liquid nitrogen. 
To further enhance the axial symmetry of these metallocene 

lanthanide complexes, Long and co-workers synthesized two line-
ar divalent lanthanide metallocenes via reduction of Ln(Cp

iPr5
)2I 

(Ln
2+

 = Tb, Dy). They found that the Tb
II
(Cp

iPr5
)2 complex exhibits 

an increasing of magnetic relaxation times with the largest Ueff of 
1205 cm

–1
 and TB of 52 K for any nondysprosium SMM while a 

decreasing SMM behavior for Dy
2+

 congener.
[118]

 Avdoshenko et al. 
performed theoretical research on this new Ln-SIM system and 
pointed out that the combining 4f-shell and valence magnetism 
may lead to even higher operating temperatures for SMMs.

[119]
 

Very recently, to explore new ligands for the design of organome-
tallic SIMs, Zheng and co-workers synthesized two novel dyspro-
siacarboranes with excellent SMM performance.

[120]
 These results 

enrich the family of organometallic SMMs and reveal that carbor-
anyl ligands and their derivatives can also be used to design 
high-performance SMMs.  

2.7. Role of symmetry on the Ln-SIMs 

As mentioned above, the crystal-field effect, which is mainly 
determined by molecular symmetry and charge distribution 
around 4f ions, is of vital importance for the magnetic anisotropy 
and relaxation dynamics of Ln-SMMs.

[22]
 From crystal-field theory, 

to obtain high-performance SMMs, one should stabilize the larg-
est ±MJ state (±15/2 for Dy

3+
, for example), maximize the level 

splitting, and minimize the transverse crystal field, which will lead 
to a significant suppression of the QTM process. Besides the 
strategies of enhancing magnetic coupling and decreasing the 
coordination numbers, high symmetric coordinated environments 
have also been shown experimentally and theoretically to be ad-
vantage to reduce the transverse magnetic anisotropy.

[121-123]
 To 

date, synthetic chemists have constructed a series of high sym-
metric complexes as mentioned previously with outstanding 
magnetic performance, such as C2v,

[121]
 C3v,

[122,123]
 D4d (S8),

[73-75,124]
 

D5h (C5h),
[125-130]

 D6h,
[131,132]

 and pseudo-C∞ symmetric 
SMMs.

[20,110-119]
 Among them, PB Ln-SIMs were reported relatively 

latter and captured considerable interests since their reports. In 
2013, the first PB Ln SIM, [DyZn2(TTTT

Br
)2(MeOH)]

+
 (Figure 9a), 

was reported by Tong et al.
[90]

 Interestingly, the PB geometry of 
Dy

3+
 center can be reversibly switched to an octahedral geometry 

via a single-crystal to single-crystal transformation, leading to an 
energy barrier switching between 305 cm

–1
 and a negligible value. 

In 2016, they further reported two Dy
3+

 SIMs with pseudo-D5h 
symmetry, [Dy(Cy3PO)2(H2O)5]

3+
 (Figure 9b) and [Dy(bbpen)X] (X = 

Br, Cl; Figure 9c).
[125,126]

 These two SIMs achieved the break-
throughs on Ueff (1025 K) and TB (20 K) for any SMMs at that time, 
highlighting the great advantage of PB geometry in the design and 
syntheses of high-performance Ln-SIMs. 

At the same time, Murugavel’s group also described their en-
deavors on PB Dy

3+
 SIM, [L

PO
2Dy(H2O)5]

3+
 (Figure 9d), which was 

constructed by two axial phosphonamide ligands and five equato-
rial water molecules. A large magnetic hysteresis loop at 30 K 
using a field sweep rate of ~0.02 T s

–1
 was reported for this com-

plex.
[127]

 Furthermore, Zheng and Winpenny et al. synthesized and 
characterized a near-perfect PB Dy

3+
 complex, [Dy(O

t
Bu)2(py)5]

+
 

(Figure 9e), with shorter Dy—O bonds than the other reported PB 
Dy

3+
 SIMs.

[128]
 Slow magnetic relaxation of this complex can be 

observed up to 100 K with a higher Ueff of 1261 cm
–1

 and a mod-
erate TB of 14 K. There are three reasons accounting for its im-
proved energy barrier, namely the shorter axial Dy—O distances, 
weaker equatorial electronegativity, and more perfect D5h sym-
metry. Despite of its higher Ueff value, the TB of this complex is, 
however, smaller than those of the PB SIMs reported by Tong and 
Murugavel. From the newest experimental and theoretical studies, 
the distinct metal-ligand vibrational modes of these complexes 
may be the underlying reason.

[116,133,134]
 Following these exciting  

 

Figure 9  Molecular structures of [DyZn2(TTTTBr)2(MeOH)]+ (a), 

[Dy(bbpen)Br] (b), [Dy(OPCy3)2(H2O)5]3+ (c), [Dy(OPtBu(NHiPr2)2(H2O)5]
3+ (d), 

[Dy(OtBu)2(py)5]
+ (e), and [Dy(LE)(4-MeO-PhO)2] (f). Color scheme: C, gray; 

N, blue; O, red; P, plum; Dy, orange. 

results, researchers also explored high-performance hexagonal 
bipyramidal (HB) SIMs.

[131,132]
 Very recently, Murrie et al. and 

Zheng et al. separately reported a family of mononuclear Dy
3+

 
complexes with D6h symmetry, one of which exhibits the highest 
anisotropy barrier of Ueff = 929 cm

–1
 and highest TB of 6 K for a HB 

SIM (Figure 9f).
[132]

 These results indicate that a more perfect local 
symmetry and shorter axial Dy—O bond will lead to higher mag-
netic performance. 

2.8. Actinides-based SMMs 

The outstanding magnetic performance of 4f SMMs further 
stimulated the study of actinides-based SMMs because of their 
larger radial extension and stronger spin-orbit coupling.

[135-139]
 In 

2009, Long’s group reported the first 5f-based mononuclear com-
plex, U(Ph2BPz2)3 (Figure 10a), which exhibits slow magnetic re-
laxation with a relatively small barrier of 20 cm

–1
.
[135]

 The urani-
um-based SIM possesses a trigonal-prismatic coordination envi-
ronment (D3h symmetry), resulting in an axial magnetic anisotropy. 
Interestingly, they noted their experimental exploration on U

3+
 

metallocene complexes in this work. However, in the eight- 
fold-symmetric metallocene [U(COT)2]

–
, slow magnetic relaxation 

with a very small relaxation barrier was observed, preventing the 
extension of such species.

[135]
 In 2011, Caciuffo and co-workers 

observed the slow relaxation of magnetization under an applied 
dc field in a structurally similar [Np(COT)2] complex (Figure 
10b).

[136]
 

In contrast to 4f elements, 5f ions have greater potential to 
achieve magnetic exchanges via diamagnetic bridging ligands, and 
thus are very promising for the design of multinuclear SMMs. 
Toward this end, Liddle and co-workers synthesized and charac-
terized an arene-bridged diuranium compound (Figure 10c), in 
which slow magnetic relaxation under an applied dc field and 
magnetic hysteresis were observed.

[137]
 In 2012, Mazzanti’s group 

described an intriguing wheel-shaped {U12Mn6} complex (Figure 
10d) that comprises twelve anisotropic U

5+
 ions and six isotropic 

Mn
2+

 ions.
[138]

 This complex exhibits zero-field SMM behavior with 
an Ueff of ca. 99 cm

–1
 and pronounced magnetic hysteresis loops 

below 4 K. Notably, a large coercive field up to 1.5 T with abrupt 
steps was observed at 2.25 K, indicating an SMM behavior and the 
happening of QTM. The high magnetic performance might be due 
to the high magnetic anisotropy of the uranium ions in a PB ge-
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ometry and strong magnetic interactions between U
5+

 and Mn
2+

 
centers. These results suggested the potential of uranium ions in 
the design of high-barrier SMMs. In recent years, however, the 
5f-based SMMs remain relatively undeveloped partly because of 
their potential radioactivity and synthetic challenges.

[139]
 

 

Figure 10  Molecular structure of U(Ph2BPz2)3 (a), [Np(COT)2] (b), 

[(U(BIPMTMSH)(I)2(μ-Cl-η6:η6-C6H5CH3)] (c), and [{[UO2(salen)]2Mn(Py)3}6] (d). 

Color scheme: C, gray; B, rose; N, blue; O, red; P, plum; Mn, yellow; U, 

olive green. 

2.9. Transition metal SIMs (TM-SIMs) 

At the same time as the fast expansion of Ln-SIMs, transi-
tion-metal SIMs (TM-SIMs) also attracted considerable attention. 
The first report was on a four-coordinate trigonal pyramidal Fe

2+
 

complex, [(tpa
Mes

)Fe]
–
 (Figure 11a), showing field-induced slow 

magnetic relaxation.
[140]

 This work greatly encouraged the re-
searchers to exploit TM-SIMs. To date, a few hundreds of SIMs 
containing Cr

2+
, Fe

1+/2+/3+
, Co

1+/2+
, Ni

1+/2+
, Mn

3+
, and Re

3+/4+
 ions, in 

different coordination numbers (2 to 8) and molecular symmetries 
have been reported.

[31,141]
 The majority of these TM-SIMs are 

based on the iron and cobalt ions and usually a small dc field is 
required to suppress the QTM process and to observe slow mag-
netic relaxation. Synthesizing complexes with low coordination 
number is an effective approach to preserve the first-order orbital 
angular momentum and significantly improves the magnetic ani-
sotropy.

[142-144]
 Therefore, low-coordinate complexes, especially 

two-coordinate compounds of linear geometry, are of particular 
interest. In this regard, three notable examples are of particular 
interest. They show the beauty of synthetic chemistry and the 
potential of TM-SIMs acting as Ln-like SIMs. 

In 2013, Long et al. reported the first two-coordinate linear Fe
I
 

complex, [Fe(C(SiMe3)3)2]
–
 (Figure 11b), that exhibits the largest 

Ueff of 226 cm
–1

 for a TM-SIM at that time and a TB of 4.5 K.
[142]

 
Theoretical calculations revealed a very weak ligand field induced 
by the two coordination geometry and a low oxidation state, 
which preserves the orbital momentum. In addition, Gao and 
co-workers reported a series of two-coordinate cobalt imido com-
plexes, in which the complex [(sIPr)CoNDmp] (Figure 11c) exhibits 
slow magnetic relaxation below 50 K with a record energy barrier 
of 413 cm

−1
 among TM-SIMs in 2017.

[143]
 Impressively, magnetic 

hysteresis with coercivity can be observed for this compound at 
up to 9.5 K using a field sweep rate of 700 Oe·s

–1
. The important 

feature for these Co
2+

 imido complexes is the strong ferromagnet-
ic coupled Co=N cores possessing a |MJ = ±7/2⟩ ground Kramers 
doublet. Then in 2018, Long’s group improved the barrier to 450 

cm
–1

, which is the largest value to date for TM-SIMs, in a linear 
dialkyl Co

2+
 complex, Co(C(SiMe2ONaph)3)2 (Figure 11d).

[144]
 Inter-

estingly, the complex has a maximal orbital angular momentum 
originating from a non-Aufbau ground state. Experimental and 
theoretical studies proposed a J = 9/2 state of this complex, lead-
ing to slow magnetic relaxation below 70 K. Despite of the high 
magnetic performance of these low-coordinate complexes, their 
air-sensitivity hinders any possible practical applications. 
Developing air-stable high-perfomance TM-SIMs remains 
important and relatively difficult. Currently, there are only limitted 
examples of air-stable TM-SIMs with energy barriers over 100 
cm

– 1
.
[142-147]

 

 

Figure 11  Molecular structures of [(tpaMes)Fe]– (a), [Fe(C(SiMe3)3)2]
– (b), 

[(sIPr)CoNDmp] (c), and Co(C(SiMe2ONaph)3)2 (d). Color scheme: C, gray; N, 

blue; O, red; Si, light turquoise; Fe, green; Co, pink. 

2.10. SMMs in cages or MOFs 

We have briefly introduced the main synthetic approaches for 
the high-performance SMMs and some notable SMMs with high 
Ueff and TB values. Synthetic chemists always try to obtain new 
SMMs with novel magnetic structures and tailored magnetic 
properties. We emphasize here two interesting categories of ex-
amples, namely the Ln@fullerene SMMs

[41]
 and MOFs (metal- 

organic frameworks) related SMMs.
[38,148]

 The most prominent 
characteristic of these compounds is their extraordinary chemical 
and thermal stability. In 2012, Greber et al. studied the SMM be-
havior in a mononuclear dysprosium SMM DySc2N@C80 (Figure 
12a), where a paramagnetic Dy

3+
 ion was encapsulated into a 

fullerene cage.
[149]

 Both SQUID and X-ray magnetic circular di-
chroism (XMCD) measurements revealed the magnetic bistability 
and long relaxation time of the endohedral SMM. Following this 
work, Popov’s group reported a series of endohedral SMMs, in-
cluding Dy2ScN@C80-Ih, Tb2@C79N, Dy2@C80(CH2Ph), and 
Tb2@C80(CH2Ph), showing remarkable magnetic bistability and 
interesting magnetic properties.

[41]
 For example, the air-stable 

Tb2@C80(CH2Ph) SMM shows a giant coercivity of 8.2 T at 5 K and 
the highest TB of 27 K for a Ln2 SMM.

[150]
 The exceptional SMM 

behavior is attributed to giant exchange interactions between the 
Tb

3+
 ions through a radical residing on the metal-metal bonding 
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orbital and strongly axial single-ion magnetic anisotropy of the 
Tb

3+
 ions. Interestingly, the SMM behavior can be switched 

through a redox process by a single electron. These stable, 
high-performance, and magnetic-tunable SMMs are of particular 
interest for molecular device applications. In 2018, Yamashita et al. 
encapsulated the DySc2N@C80 SMM into single-walled carbon 
nanotubes (SWCNTs) and found an increasing of coercivity after 
encapsulation.

[151]
 

 

Figure 12  Molecular structures of DySc2N@C80 (a) and 

Dy2(INO)4·2MeCN (b). Color scheme: C, gray; N, blue; O, red; Sc, light yel-

low; Dy, orange. 

The combination of SMMs with MOFs gave also very interest-
ing SMM-MOFs results. MOFs are crystalline porous materials 
composed of metal ions or clusters connected by organic linkers 
and have been widely studied in different fields.

[152]
 There are two 

methods to construct SMM-MOFs: SMM encapsulation and SMMs 
serving as secondary building units (SBUs). In 2015, Shi, Cheng, 
Gao, Long and co-workers synthesized a novel lanthanide-based 
MOF, Dy2-MOF (Figure 12b), in which the Dy2 SMMs act as SBUs. 
Interestingly, this Dy

3+
 MOF exhibits guest exchange reaction via 

SC-SC transformations, which causes a reversible switching of 
SMM behaviors.

[153]
 This result highlighted that MOFs can provide 

a promising platform for the tuning of SMM behaviors.
[38]

 On the 
other hand, in the same year Wriedt et al. successfully encapsu-
lated the Mn12 SMMs into a mesoporous aluminum-based MOF 
and obtained a host−guest magnetic composite Mn12Ac@ 
MOF.

[154,155]
 However, the encapsulation didn’t improve the SMM 

behavior in this system, but it showed a way to develop 
SMM@MOFs materials. 

3. Conclusions and Perspectives 

In this concise review, we highlighted the significant efforts 
that have been dedicated to the design and synthesis of novel 
SMMs with high effective energy barriers and blocking tempera-
tures via different strategies, including maximizing ground state 
spin values, introducing f-elements, mixed d-f systems, high sym-
metry approach, enhancing magnetic coupling via radicals, or-
ganometallic approach, and so on. These endeavors have led to 
several intriguing SMM families, including polynuclear transition- 
metal compounds, cyano-bridged clusters, 3d-4f systems, pure 4f 
clusters, 3d SIMs, 4f SIMs, radical-bridged Ln-SMMs, organometal-
lic SIMs, and so on. The core idea of these strategies is to enhance 
the easy axis magnetic anisotropy and suppress the QTM effect. 
Specially, the organometallic Ln-SIM approach has led to the 
highest blocking temperature above liquid nitrogen (TB = 80 K) 
and energy barriers over 1500 cm

–1
. Despite of the remarkable 

progresses that have been made since the first SMM, there still 
remain challenges and plenty of rooms for future researches of 
SMMs. 

(1) Rational design of stable high-performance SMMs. Up to 
now, most of the SMMs were prepared via a trial-and-error strat-

egy or a serendipitous trial. However, as shown above, rational 
strategies have been developed, such as the building block ap-
proach, organometallic approach, the symmetry guided synthesis, 
the utilization of the anisotropic magnetic exchange, and so on. To 
guide the synthesis of high-performance SMMs, theoretical stud-
ies should be combined with the experiments to provide novel 
and practical synthetic principles. In this regard, computation 
methods such as ab initio multiconfigurational approach have 
been developed to give accurate magneto-structural correlations, 
predict the magnetic performance of new SMMs, and propose 
design strategies for the preparation of better SMMs.

[156,157]
 A 

qualitative guide based on the interaction between the single ion 
electron density and the crystal field environment for the expla-
nation of single-ion anisotropy and rational synthesis of Ln-SMMs 
was proposed by Long and co-workers and proved to be very use-
ful for the synthetic chemists.

[158]
 However, it’s still not very clear 

with respect to the relationship between blocking temperatures 
and relaxation mechanisms, which are of great significance to 
rationalize future design of high-performance SMMs.

[159]
 More 

experimental and theoretical efforts should be devoted to 
achieving in-depth insights into the structure-TB-magnetic-relaxa-
tion relationship. In addition, despite of the very high perfor-
mance of organometallic SMMs, their air-sensitivity, complex 
synthetic processes, and expensive costs hinder their practical 
industrial application. In fact, there appear to be rather limited 
systematic studies on the thermal, chemical, and mechanical sta-
bility of SMMs. In this scenario, developing the next generation of 
SMMs that exhibit higher working temperatures and high stability 
still represents a principal direction.  

(2) Multifunctional SMMs. Multifunctional molecular materi-
als are of great interests for researchers during the past few dec-
ades, because new physical phenomena and novel applications 
will potentially be created during the exploitation. Synthetic 
chemists in the field of molecular magnetism are also involved 
into the design and synthesis of multifunctional molecular mag-
netic materials.

[160]
 In particular, multifunctional materials with 

the coexistence, switching, or coupling of SMM behavior and oth-
er physical properties are greatly attractive. Currently, several 
novel systems have been reported to display dual-functions, such 
as SCO-SMM,

[161]
 ferroelectric SMM,

[162]
 dielectric SMM,

[163]
 con-

ducting SMM,
[164]

 and luminescent SMM.
[163]

 Despite of these 
interesting advances achieved, multifunctional SMM-based mate-
rials are still at a very early developmental stage. More efforts 
should be devoted to their further developments, especially for 
the synergistic improvement of SMM performance and other 
physical properties. 

(3) SMMs fabrication and application. A particularly attractive 
feature of SMMs for potential applications is that they are ame-
nable to design by chemical and self-assembly techniques. How-
ever, if SMMs are to be used as qubits as have been pro-
posed,

[3,165-167]
 they need to be individually addressed and con-

trolled, which need a collaborative endeavor from different fields. 
Notably, some pioneering works have been done toward this 
research goal, such as the anchoring of SMMs on surfaces.

[168] 

However, many efforts to date have been focused on the deposi-
tion of Mn12, its variants, [LnPc2]

–
, and some novel SMMs as not-

ed.
[4,39,76-78,169]

 Many problems are awaited to be solved, such as 
the lacking of the hysteresis and tunneling in deposited monolay-
ers. Interestingly, a very recent work from Sessoli and co-workers 
shows that the magnetization dynamics of the SMMs can be in-
fluenced by the superconductive transition to the condensate 
state.

[170]
 This and other outstanding results make us believe that 

the combination of the different techniques, such as spin-polar-
ized scanning tunneling microscope (STM), scanning magnetome-
try, X-ray magnetic circular dichroism (XMCD), high-field/high 
frequency EPR, and so on, is of great importance to address the 
fundamental questions and the potential of SMMs for various 
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applications. Undoubtedly, the fabrication of very high-perfor-
mance and stable SMMs is highly desired and would pave the way 
to their applications in the quantum world. 

All in all, the studies of SMMs have entered a new period of 
rapid development and there is still a long way toward their ap-
plications. The endeavor and progress on higher-performance 
SMMs do greatly promote the development of SMMs. In the fu-
ture, much work needs to be done and we believe in a bright 
future for SMMs. 

Acronyms 
Pc = phthalocyanine 
Cp

iPr5
 = penta-iso-propylcyclopentadienyl 

Cp* = pentamethylcyclopentadienyl 
HO2CPh = phenylacetic acid 
HOAc = acetic acid 
tacn = 1,4,7-triazacyclononane 
Hhfac = hexafluoroacetylacetone 
H3L

a
 = 1-(2hydroxybenzamido)-2-(2-hydroxy-3-methoxy-benzyli-

deneamino)ethane 
TTTT

Br
 = 2,2’,2’’-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris-

(methylene))tris-(4-bromophenol) 
ovn = ortho-vanillin 
HOiPr = Isopropyl acid 
OtBu = tert-butoxide 
DBP

–
 = 2,6-ditert-butylphenolate 

THF = tetrahydrofuran 
Cp

Me4H
 = tetramethylcyclopentadienyl 

COT
2–

 = 1,3,5,7-cyclooctatetraene 
COT’’ = 1,4-bis(trimethylsilyl)cyclooctatetraenyl dianion 
DME = dimethyl ether 
Cp

ttt
 = C5H2

t
Bu3-1,2,4 

Cy3PO = tricyclohexylphosphine oxide 
Hbbpen = N,N’-bis(2-hydroxybenzyl)-N,N’-bis(2-methylpyridyl)-
ethylenediamine 
L

PO
 = (tBuPO(NHiPr)2) 

Ph2BPz2 = diphenylbis(pyrazolylborate) 
BIPM

TMS
 = C(PPh2NSiMe3)2 

salenH2 = N,N’-ethylenebis(salicylimine) 
Py = pyridine 
tpa

Mes
 = tris-mesityl tris(pyrrolylmethyl)amine 

Dmp = 2,6-dimesitylphenyl 
NITPhOMe = 49-methoxy-phenyl-4,4,5,5-tetramethylimidazoline- 
1-oxyl-3-oxide 
BPNN = p-butoxyphenyl-NN 
H3L = 1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxy benzylid-
eneamino)-ethane 
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