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Endohedral metallofullerene
molecular nanomagnets

Zigi Hu @ * and Shangfeng Yang (2 *

Magnetic lanthanide (Ln) metal complexes exhibiting magnetic bistability can behave as molecular
nanomagnets, also known as single-molecule magnets (SMMes), suitable for storing magnetic information at
the molecular level, thus attracting extensive interest in the quest for high-density information storage and
ion(s) into fullerene cages, endohedral
metallofullerenes (EMFs) have been proven as a promising and versatile platform to realize chemically robust

quantum information technologies. Upon encapsulating Ln
SMMs, in which the magnetic properties are able to be readily tailored by altering the configurations of the
encapsulated species and the host cages. In this review, we present critical discussions on the molecular
structures and magnetic characterizations of EMF-SMMs, with the focus on their peculiar molecular and
electronic structures and on the intriguing molecular magnetism arising from such structural uniqueness. In
this context, different families of magnetic EMFs are summarized, including mononuclear EMF-SMMs wherein
single-ion anisotropy is decisive, dinuclear clusterfullerenes whose magnetism is governed by intramolecular
magnetic interaction, and radical-bridged dimetallic EMFs with high-spin ground states that arise from the
strong ferromagnetic coupling. We then discuss how molecular assemblies of SMMs can be constructed, in a
way that the original SMM behavior is either retained or altered in a controlled manner, thanks to the chemical
robustness of EMFs. Finally, on the basis of understanding the structure—magnetic property correlation, we
propose design strategies for high-performance EMF-SMMs by engineering ligand fields, electronic structures,
magnetic interactions, and molecular vibrations that can couple to the spin states.
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1. Introduction

Molecular nanomagnets represented by single-molecule mag-
nets (SMMs) are magnetic molecules that possess bistable
magnetic states depending on the alignment of the unpaired
electrons and are able to maintain magnetization in the
absence of an applied magnetic field." This magnetic bistability
at the molecular level and not related to a cooperative effect,
concomitant with the intriguing quantum phenomena in the
dynamics of their magnetization as well as the feasibility of
rational design, atomically precise synthesis and multidimen-
sional organizations, enables SMMs to be promising candi-
dates for applications in high-density information storage,"
spintronic devices” and quantum information technologies.**
Since the discovery of the high-spin manganese -cluster
Mn,,05,(acetate);s (Mny,Ac) as the first SMM in 1993, the
major challenge for SMMs is their fragile magnetic bistability
that is present so far only at cryogenic temperatures, and thus a
central topic in the field has always been the exploration of
methods to increase the blocking temperature (7%), up to which
the SMM behavior can be observed.

The advent of SMMs initially aroused research interests in
multinuclear transition metal cluster compounds with the aim
to increase the effective energy barrier to magnetization rever-
sal (Ueg) by increasing the spin ground state and ligand field
splitting exerted by the coordinated ligands. Later, it was found
that metal complexes containing a single lanthanide (Ln) ion
may serve as SMMs with large U in the presence of ligand
fields, which stems from the larger magnetic moment and
single-ion anisotropy of Ln ions as a result of much stronger
spin-orbit coupling (SOC) compared to the transition metal
ions.®® This category of Ln-based single-ion magnets (SIMs)
constitutes a key part of the whole SMM family and has been
receiving much research attention. The fine control of the
single-ion anisotropy in SIMs thus becomes feasible through
coordination chemistry, for which several design criteria were
proposed mainly focusing on the enhancement of ligand
fields.”'® These synthetic strategies are exemplified, for
instance, by introducing cyclopentadienyl (Cp) ligands to
ensure an axial anisotropy of a dysprosium metallocene cation
[Dy(Cp™,]" (Cp™ = 1,2,4-tri-tert-butyl Cp), enabling a remark-
ably high Ty of 60 K at which magnetic hysteresis still persists.
Such an extraordinary SMM property has been later improved
up to 80 K, exceeding the liquid nitrogen temperature (77 K), by
engineering ligand structures to protect spin states from the
phonon relaxation bath which is mediated by molecular
vibrations."""

Besides the low Tp that hampers the applications of SMMs,
another major obstacle to their practical application in infor-
mation storage is the prevailing chemical instability of organo-
metallic compounds, which precludes their sublimation in
order to obtain organized molecular assemblies on surfaces.
Thus, inert ligands that are able to protect magnetic Ln ions are
necessary. In this context, encapsulating Ln ion(s) into a
chemically stable fullerene cage offers an alternative solution.
The as-formed endohedral metallofullerenes (EMFs) feature a
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unique intramolecular host-guest molecular structure, in
which specific metal clusters with previously unseen bonding
and electronic configurations are stabilized in a way that could
not be fulfilled by conventional synthetic routes."*"* Since the
discovery of the first EMF-SMMSs in a mixed trimetallic nitride
clusterfullerene (NCF) DySc,N@Csgo,"> EMFs have become a
fertile territory in the exploration of high-performance SMMs
by providing a rich structural diversity of both the encapsulated
species and the host fullerene cages. Apart from metal cluster-
fullerenes bearing metal clusters in the cage, conventional
EMFs based on the encapsulation of single or multiple metal
ions only are also found to behave as decent SMMs.'>'7 A
recent manifestation demonstrates that a low-coordination
monometallic azafullerene Dy@Csg;N displays a high standar-
dized blocking temperature (Tg 1005, defined as the temperature
of 100 s relaxation time T(t1¢¢s)) of 45 K despite a weak ligand
field, highlighting the uniqueness of EMFs in which the out-
standing SMM performance is ascribed to the quenching of the
extra radical on the cage by nitrogen substitution and the very
weak coupling of the molecular vibrations to the spin states."®
Another notable example lies in the discovery of several dime-
tallic EMF-SMMs M,@C-oN (M = Dy and Tb) and M,@Csg,-R
(R = CF; and PhCH,) exhibiting giant coercive field and a
high Tg100s Of up to 25.2 K for Tb,@Cgo(CH,Ph), where a
single-electron metal-metal bond (SEMB) is stabilized to evoke
strong magnetic coupling through quenching the unpaired
electron on the cage by nitrogen substitution or exohedral
derivatization."®* Remarkably, this structural peculiarity is
not an exclusive case in EMFs, yet offers a general synthetic
insight and can be extended to strongly coupled mixed-valence
dilanthanide SMMs (Cp'*™),Ln,I; (Ln = Dy and Tb) that hold
the current record Tg 1005 value of 72 K.**

Exploiting the high chemical and thermal stability of full-
erene structures, neutral EMF-SMMs can be readily processed
into organized molecular assemblies, such as sub-monolayer
deposition on substrates through sublimation or self-
assembly.>*2® This is in striking contrast to most ionic orga-
nometallic Ln-SMMs, which are air- and moisture-sensitive and
would decompose upon heating or interacting with the sub-
strates. This merit of EMFs allows a step forward in the field of
SMMs by facilitating their further integration into spintronic
devices, which would be eventually utilized to write in and read
out magnetic information. Thus, EMFs are expected to con-
tinue to play a crucial role in the future development of SMMs.
Moreover, the structural diversity of EMFs shall lead to further
synthetic advancements by presenting new structures that in
turn contribute to new physical phenomena in molecular
magnetism.

In this review, we present an exhaustive review on all types of
EMF-SMMs reported to date, including their syntheses, mole-
cular structures, magnetic properties and organizations into
molecular assemblies. We pay special attention to the versatile
molecular structures of EMFs to unveil their unique structural
features in comparison with conventional organometallic com-
pounds, and manage to disclose the correlation between their
structures with the magnetic properties. At the end, we propose

This journal is © The Royal Society of Chemistry 2024
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design strategies for EMF-SMMs towards improved perfor-
mance by engineering underlying factors such as ligand fields,
electronic structures, magnetic interactions, and molecular
vibrations that can couple to the spin states.

2. Syntheses and molecular structures
of EMFs

EMFs are typically synthesized by using the Krdtschmer-Huff-
man DC-arc discharge method,”” in which a metal precursor, in
the form of metal alloy or metal oxide, is evaporated together
with the graphite anode under a helium atmosphere as a
cooling gas. Other gases or solid compounds, such as Ny,
NH;, CH, and Prussian blue (Fey[Fe(CN)s]3), can be added as
reactive gases and nitrogen sources for the synthesis of a
desired EMF.”**° The EMF-containing raw soot produced by
the DC-arc discharge approach is then extracted using organic
solvents, such as CS, and ortho-dichlorobenzene (0-DCB), using
a Soxhlet extraction or reflux method to separate soluble
fullerene-related compounds from other carbon materials.
The final step is to isolate isomerically pure EMFs using
multi-stage high-performance liquid chromatography (HPLC).
Since the production process takes place at very high tempera-
tures (3000-5000 K), the extracted products include a rich
variety of empty fullerenes and endohedral metallofullerenes
with different structures of the host cages and the encapsulated
species. This makes the HPLC isolation a demanding and time-
consuming process, but it is still feasible by employing a
combination of different modified HPLC columns. Overall,
the yields of EMFs in the purified forms are usually very low
(in the order of milligram). Efforts have been devoted to
increasing their production yields, resulting in some success
in the selective synthesis of particular types of EMFs.>*?7

The accurate structural determination of the isolated EMFs
is achieved by single-crystal X-ray crystallography, for which co-
crystals are obtained in the presence of nickel octaethylpor-
phyrin (Ni"(OEP))** or decapyrrylcorannulene (DPC)** hosts to
restrict the rotation of the fullerene cages. For additional
structural characterization various spectroscopic techniques
including "*C NMR, IR and Raman spectroscopies are utilized
in aid of DFT calculations. Note that for EMFs containing
paramagnetic Ln ions that are of interest for magnetic char-
acterization, it is difficult to record '*C NMR spectra due to
spectral broadening caused by such magnetic centers. The
detailed discussions on the synthesis, separation and structural
characterization of EMFs have been summarized in several
recent reviews,'>1%34736

EMFs have versatile molecular structures dependent on the
encapsulated species and the outer fullerene cages, and thus
the corresponding magnetic properties are tunable upon chan-
ging their structures."® For the conventional EMFs based on
encapsulation of single or multiple metal ions only, mono-, di-
and tri-metallofullerenes can be formed by encaging different
numbers (one to three) of metal atoms. In this context, mono-
and di-EMFs are of particular interest for the magnetic studies
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in this review due to their structural diversity, whereas exam-
ples of tri-EMFs are very limited.’®'”*” In fact, mono-EMF
La@Csg, dates back to a very early period just after the discovery
of the empty fullerene Cgo.***° It should be noted that the
encapsulated metal atoms transfer their valence electrons to
the host fullerene cage, which is distinct from the situation
of endohedral fullerenes encapsulating only nonmetal
elements as exemplified by N@Ceo.*° This feature provides
another aspect for fine-tuning the magnetic properties of EMFs
by altering their electronic structures through nitrogen
substitution®™** and exohedral functionalization'®*>** on
the cages.

Alternatively, metal atoms can bond with nonmetal ligands
inside fullerene cages to form clusterfullerenes.'® Starting from
a coincidental discovery of the nitride clusterfullerene (NCF)
ScsN@Cgo,”® which has a relatively high yield during the DC-arc
discharging process that is inferior to only C4, and C-,, various
types of clusterfullerenes have been synthesized including
carbide,* oxide,*® sulfide,?® cyanide®’ clusterfullerenes, etc.,
where the nonmetal ligands formally possess negative charges
such as N>, C,>7, 0°7, §>7, and CN™, respectively. From the
point of view of magnetic properties, these clusterfullerenes
allow the manipulation of the ligand fields exerted on the Ln
ions via coordination chemistry, thus adding another degree of
freedom that can be used for the design of EMF-SMMs.

On the other hand, the structures of fullerene cages hosting
encapsulated metal species are diverse not only in cage size but
also in cage isomerism. The reported EMFs to date have a cage
size ranging very broadly from Cg, in Li@Cg, cations to Cyog in
Y,Co@C0s.*%*° The large cage family of EMFs, considering
numerous isomers for the same cage size involving different
connection ways of pentagons and hexagons, is further
expanded by breaking the famous isolated-pentagon rule
(IPR).>° Among them, the most notable example is the highly
symmetric icosahedral I;,(7)-Cgo due to its exceptional stability
after accepting six electrons from the encapsulated species,
based on which various EMF-SMMs are constructed."”>">
These rich cage structural features provide the feasibility of
engineering ligand fields around metal ions by the control of
metal-cage interaction. Furthermore, the configuration of the
encapsulated species may be influenced by the structural
variation of the cage, in a way that the cluster geometry or
the metal-metal distance is changed, which enables the manip-
ulation of ligand fields or magnetic exchange interactions.
Molecular structures of representative EMFs of interest for
magnetic studies in this review are illustrated in Fig. 1.

3. Magnetic characterization of EMF-
SMMs

The majority of SMMs are characterized using the conventional
superconducting quantum interference device (SQUID) mag-
netometers. There are several metrics to evaluate the perfor-
mance of an SMM. Here we summarize and explain these
different metrics, and unify common characterization of the
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Fig. 1 Molecular structures of representative EMF-SMMs. Green: Dy, cyan: Tb, dark blue: Sc, blue: N, red: O, magenta: F, and gray: C.

static magnetism and the dynamic behavior. When it comes to
the magnetic characterization of EMFs, special care should be
undertaken mainly owing to their low yields, which may lead to
various challenges in sample preparation, measurement and
data analysis. We try to clarify some practical concerns in these
steps and discuss detailed issues that need to be taken into
account.

The low sample amount of EMFs (usually around 1 mg)
makes the precise determination of the sample mass difficult,
which normally requires a sample preparation method by drop-
casting from CS, solution of an EMF into a diamagnetic
propylene capsule.'® Another method utilizes paramagnetic Al
foil as the sample holder with its well-characterized magnetic
behaviors.>*”* In any case, background correction is necessary
to accurately record the magnetization signal of the measured
EMF. Since the EMF samples are mainly prepared in powder
rather than in crystalline forms for magnetic characterization
studies, the fullerene molecules are strongly disordered such
that the measured values of magnetization should be doubled
due to an isotropic distribution of easy axes of the
molecules.'®** It becomes impossible to precisely determine
the sample mass when it is less than 0.1 mg. Under this
circumstance, a standard quartz sample holder can be used
for a vibrating sample magnetometer (VSM) SQUID, which has
a negligible diamagnetic background signal at helium

2866 | Chem. Soc. Rev, 2024, 53, 2863-2897

3% valuable information can still be obtained

temperatures.
in this context by relying on the shapes, instead of the
absolute values, of the variable-field magnetic susceptibility
and variable-temperature magnetization data.

One of the most straightforward ways to identify an SMM is
to record a magnetic hysteresis loop at a given temperature,
which presents a magnetic memory effect that comes from the
magnetic bistability. The opening of the hysteresis loops up to a
certain temperature has been well-used as one definition of Tg.
However, this hysteretic behavior is highly dependent on the
sweep rate of the applied magnetic field during the measure-
ment, such that the temperature at which hysteresis persists is
not parameter-free. Another definition of Tg is derived from the
bifurcation point of the zero-field cooling/field cooling (ZFC/
FC) magnetic susceptibility curves. Similarly, this bifurcation
temperature relies on the experimental temperature sweep rate.
Thus, the comparison of the Ty values among different SMMs,
determined either as hysteresis temperature or ZFC/FC bifurca-
tion temperature, should be done with caution. Apart from T,
the width of the hysteresis loop (i.e. coercive field, H,) is equally
important, which is the measure of the ability of an SMM to
withstand while being demagnetized, and thus it would directly
affect the stability and reliability of magnetic information
that can be stored. The coercive field is mainly governed by
the quantum tunneling effect that takes place close to zero

This journal is © The Royal Society of Chemistry 2024
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magnetic field. This again is related to the sweep rate of the
applied magnetic field.

A more reliable definition of Ty, at which 100 s magnetic
relaxation time (7) is determined from the decay of magnetiza-
tion, is free of experimental parameters and thus serves as a
golden standard for SMMs in current state-of-the-art research.’
This demagnetization at a given temperature follows an expo-
nential decay of magnetization M over time

Megexpl—(t/7) W

where M., and M, denote the equilibrium and initial magne-
tizations, respectively. It is very common that the demagnetiza-
tion deviates from the single exponential decay (f = 1) due to
the change of the relaxation rate over time, which is presum-
ably caused by the local dipolar change thereof.”! Instead, a
stretched exponential function is often used (0 < f§ < 1) to fit
the decay curve that in turn gives the t value (>10 s) at a given
temperature. In this review, for consistency we denote the
temperature of 100 s relaxation time T(t10s) @5 Tg 100s, and
refer to other critical metrics of Ty as hysteresis temperature
(Tg,nys) and bifurcation temperature in ZFC/FC curves (Tg zrc),
respectively. Understanding the temperature dependence of the
magnetic relaxation is a fundamental subject in the field of
SMMs. This behavior can be described by a single or a combi-
nation of several possible relaxation mechanisms as follows

M(t) = Meq + (Mo —

T =toma - FAuT+ CT' + 10 "exp(—Ues/T)  (2)

where the first term denotes the temperature-independent
quantum tunneling of magnetization (QTM) which causes a
spin flip within the ground doublet, and the rest three terms
represent the direct, Raman and Orbach mechanisms. The
analysis of the well-known Orbach process following an
Arrhenius-type relationship determines the effective energy
barrier Ueg, which is another key factor of an SMM related to
the relaxation of magnetization through the excited state.
However, relaxation may occur via under-barrier pathways,
including the Raman process with the assistance of phonons,
thus resulting in a low Tg. Blocking the phonon-induced
relaxation process has now become a central topic in SMM
research. This involves the design strategy of decoupling spin
states from molecular vibrations, providing not only theoretical
insights®®®° but also experimental evidence to show that sparse
phonon spectra are crucial.® "

In addition to demagnetization measurements which nor-
mally determine t > 10 s, the full characterization of the
magnetic relaxation with t spanning over a large range from
10~% s to 1 s requires the dynamic studies by alternating current
(AC) magnetometry. These AC measurements could be done in
the absence of a static magnetic field with the variable fre-
quency of the AC field in the range of 1-1000 Hz, and give rise
to frequency-dependent in-phase (;') and out-of-phase (")
susceptibilities, from which 7 can be determined at different
temperatures by fitting the data using a generalized Debye
model. The exceptionally low yields of EMFs, however, often
impede the accurate characterization using AC susceptibility to
record the Orbach process for the determination of Ug. This

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review Article

problem becomes worse when the slow magnetic relaxation is
extended to high temperatures (> 50 K), at which the sensitivity
becomes lower since the out-of-phase signal ;" almost vanishes
based on the small population difference between spin states
separated by a weak (~5 Oe) driving AC field."®®*

Alternatively, magnetic characterization of an SMM can also
be performed via X-ray circular magnetic dichroism (XMCD)
experiments on the atomic level. This advanced element-
specific technique relies on X-ray absorption spectroscopy
(XAS) for an SMM at the Ln M,s edge, allowing for the
unambiguous determination of the magnetic properties at its
Ln origin, from which field-dependent XMCD hysteresis loops
are extracted. Moreover, detailed atomic information, such as
the expected values of the spin quantum number, angular
momentum and the exact magnetic moment, can be precisely
obtained by applying XMCD sum rules at the Ln edge, offering
an in-depth insight into the magnetic behaviors of an SMM. It
is noteworthy that much less sample is required for XMCD
measurements compared to the amount used for commercial
SQUID magnetometers, which is suitable for EMF-SMMs with
low yields. However, the much noisier magnetic signal from
XMCD measurements hampers the characterization of SMMs
with weak coercive fields and low remanence at relatively high
temperatures.

4. Categories of EMF-SMMs

4.1 Clusterfullerenes

4.1.1 Metal nitride clusterfullerenes (NCFs)

4.1.1.1 NCFs as single-ion magnets. The advent of trimetallic
nitride clusterfullerenes (NCFs) showing the composition of
M*)e(M3*);_ (N> )@C,,° (My/M, = rare earth metals, Ti, V;
x = 1-3),"%77" with Sc;N@I,(7)-Cgo as an elegant example,®®
has opened up a new avenue for EMF research by offering a
possibility to construct metal clusters inside the carbon cages.
It is noteworthy that in this family of compounds, the most
stable configuration of the encapsulated nitride cluster is a
planar one, thus inducing a strong cluster size-dependent
selection of preferential fullerene cages, which move from the
most prevalent Cg, to Cgg and even to Coe as the radius of the
metal ion increases.*””*”7* From the magnetic point of view,
the single-ion anisotropy of a magnetic Ln ion can thus be
tailored by the encapsulated N*~ ligand and the outer cage
coordination. To understand this feature in NCFs employing
the trimetallic nitride template, the simplest model is a single-
ion magnet (SIM) with only one magnetic center. This calls for a
mixed trimetallic nitride through substituting one diamagnetic
Sc®" ion in Sc;N@Cg, by a magnetic Ln*" ion. In this regard,
Dy’* and Tb*" with the oblate 4f electron density strongly
facilitate axial single-ion anisotropy and thus are the most
prevalent building blocks to design SMMs.”” Specifically, Dy
has an odd number of f electrons (f°) with the ground multiplet
of °H,s). This follows the Kramers theorem which indicates
that the degeneracy of the ground doublet (m; = +15/2) cannot
be lifted in the absence of a magnetic field. In contrast, the

Chem. Soc. Rev., 2024, 53, 2863-2897 | 2867
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Fig. 2 (a) Magnetic hysteresis loops for DySc,N@Cgq (the molecular structure is shown in the inset) recorded using SQUID magnetometry at 2-5 K with
a field sweep rate of 1.3 mT s~ (b) Comparison of the magnetic hysteresis loops for DySc,N@Cgo recorded by SQUID and XMCD magnetometry at 2 K.
Reproduced with permission from ref. 15 (Copyright 2012, American Chemical Society). (c) Out-of-phase magnetic susceptibility " of DySco,N@Cgg
measured in zero field in the 2—60 K range. The inset shows Cole—Cole plots. The solid lines are fits by the generalized Debye model. (d) Magnetization
relaxation times of DySc,N@Cgg at temperatures of 2—87 K. Zero-field values are shown as full dots and in-field (0.2 T) values are denoted as open dots.
Relaxation times for non-diluted DySc,N@Cgq are shown in black, and the values for diluted samples are shown in blue (diluted with MOFs) and green

(diluted with polystyrene, PS). Reproduced from ref. 64.

non-Kramers ion Tb®" is an even-number system without
fundamental degeneracy. This leads to a tunnel splitting
between the two lowest spin states and often gives rise to fast
magnetic relaxation when the strict axiality is broken by low-
symmetry ligand fields. As a result, majority of SIMs are based
on D 3+'76,77

Following this strategy, the first EMF-SMM was reported by
Gerber et al. in 2012 for DySc,N@Cs,, in which the nitrogen
ligand (N*7) imposes a strong ligand field around Dy** to
achieve axial magnetic anisotropy.'® This results in a magnetic
hysteresis as shown in Fig. 2a that persists up to 5 K using a
SQUID magnetometer at a slow magnetic field sweep rate of
1.3 mT s~ . The hysteresis loop shows a clear drop in the low-
field region with a butterfly shape, which indicates a fast QTM
process typical of SIMs. This magnetic behavior is also con-
firmed by element-specific XMCD measurement, which shows
hysteresis of the 4f spin and orbital moment in Dy** (Fig. 2b).
Despite this, slow magnetic relaxation with t exceeding 2000 s
has been evidenced at zero field. The QTM effect can be
effectively quenched by applying a magnetic field of 0.3 T,
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which facilitates the determination of Tg 1005 = 4.6 K. Such an
effect is also suppressed by diluting DySc,N@Csg, within a
diamagnetic Cgo matrix to greatly reduce intermolecular inter-
actions. As a result, T > 20000 s is determined at zero field.
Since this first discovery, the magnetic behaviors of
DySc,N@Cg, have been extensively studied. Using the XMCD
technique, the same group reported that X-rays lead to an
increased relaxation rate of magnetization, which is induced
by the resonant absorption of the X-ray irradiation and is
dependent on its dose.’” This additional demagnetization
upon X-ray irradiation is helpful in understanding the thinner
XMCD magnetic hysteresis compared to that recorded by using
conventional SQUID magnetometry. An in-depth research of
DySc,N@Csg,, focusing on its powder and single-crystal sam-
ples, as well as with solid dilutions in three different diamag-
netic matrices, demonstrates that the dilution enlarges the
hysteresis loops in the low-field region.®® In this context, the
use of a polystyrene diamagnetic matrix is the most effective
approach, which steers the QTM resonance from 150 mT in an
undiluted sample to <1 mT. This change of the zero-field

This journal is © The Royal Society of Chemistry 2024
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tunneling resonance width upon dilution significantly affects
the relaxation rates and can be understood with the aid of an
analysis of dipolar field distributions. Surprisingly, magnetic
relaxation of DySc,N@Cg, can be accessed by AC magnetometry
in a very broad temperature range from 2 to 87 K (Fig. 2c and d).
Magnetic relaxation up to such a high temperature is caused by
the absence of a fast and linear Orbach process usually
observed for other SMMs.

The single-ion anisotropy of Dy** can be manipulated in this
type of NCF when Sc** is replaced by other diamagnetic rare
earth metal ions such as Y** and Lu®". This is essentially due to
the inner strain of the trimetallic cluster that is controlled by
the sizes of different metals. Note that DyLa,N@Cg, cannot
be synthesized since the encapsulated cluster is too large to
maintain a planar configuration. It has been shown that
introducing a larger Lu®*" ion leads to a shorter Dy-N bond
and hence a stronger ligand field than in DySc,N@Csg,.”®
Consequently, improved SMM properties are observed for
DyLu,N@Cg, with a Tgzrc of 9.5 K in comparison with that
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of its traditional scandium congener (7 K). This study also
points out that the mass of the diamagnetic metal ion is
another important factor governing the SMM properties of
NCFs by influencing cluster-based vibrations, which is achieved
via a strong mixing of the local cluster vibrations with acoustic
phonons, thus eventually affecting the magnetic relaxation.
This observation has further been analyzed systematically in
DyM,N®@Cg, (M = Sc, Y and Lu), which reveals that a larger size
of M leads to stronger ligand fields in the order of Y > Lu > Sc.
Moreover, magnetic behaviors are found to be correlated with
the mass of M. This results in the improved SMM properties,
both in terms of hysteresis at higher temperature and longer
relaxation times, in the order of Lu > Y > Sc (Fig. 3a and c,
Table 1).”° A similar conclusion was also obtained by Wang
et al. showing a larger opening of hysteresis in DyY,N@Cgo
compared to that of DySc,N@Cgo.""

In addition to the encapsulated diamagnetic metal that
plays an important role in determining the single-ion aniso-
tropy and thus the SMM properties of NCFs, the cage structure
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(a) Magnetic hysteresis loops of DyLu,N@Cgo/LusN@Cgo measured at 2 K and compared with those of DySc,N@Cgo and DySc,N@Cgq diluted

with LusN@Cgg in a 1:1 ratio. Sweep rate: 2.9 mT s~ The inset shows the determination of the bifurcation temperature, Tg zrc, from the temperature

dependence of the magnetic susceptibility with a temperature sweep rate of 5 K min
. (c) and (d) Magnetization relaxation times of DyM,N@Cgo (M = Sc, Y, Lu) (c) and of

2 K (2.1 K for the La case) with a field sweep rate of 2.9 mT st

~1 (b) Magnetic hysteresis loops for Dy>MN@Cgo (M = Sc, Y, La, Lu) at

Dy>MN@Cgq (M = Sc, Y, La, Lu) (d). The insets in (c) and (d) show enlargement of high-temperature parts. Reproduced from (a) ref. 78 and (b)—-(d) ref. 79.
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Table 1 An exhaustive list of clusterfullerene SMMs reported to date

View Article Online
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Type EMF Tp,100s [K] T,nys [K|(AH/AE) [T s '] Tp zrc [K(T/de)? [K min "] Uetr [K]  AEapmrm [K] Ref.

NCF-SIMs DySc,N@D;(6140)-Ces  2.3° 5 (2.9) 3.8 (5) 23.6 — 84
DySc,N@Ds,(6)-Cgo  3.6° 7 (2.9) 5.9 (5) 17.7 — 84
DySc,N@I;,(7)-Cso 4.6 7 (2.9) 6.9 (5) 23.6 — 15 and 64
DyY,N@I;,(7)-Cso ~6° 8 (2.9) 8.4 (5) 929 — 79
DyLu,N@I(7)-Cso ~6.5%  9(2.9) 9.5 (5) 24.2 — 78 and 79
HoSc,N@Iy(7)-Cso” — — — 16.5 — 85

NCFs with multiple Dy,ScN@I;,(7)-Cso 5.0 7 (2.9) 8 (5) 10.7/1735 8.1 95

magnetic metals  Dy,YN@I,(7)-Cgo ~3.5 5 (2.9) 4.7 (5) 43.8/680 1.4 79
Dy,LaN®@I;,(7)-Cso ~2 4 (2.9) 3.3 (5) — 1.2 79
Dy,LuN®@1(7)-Cso 5.2 8 (2.9) 8 (5) 4.3 4.3 78 and 79
Dy,GAN@I(7)-Cso ~15 ~1.8 (5.3) — 15.1 — 9
DyErScN@I;,(7)-Co ~4.5 9 (33) ~8(3) 12.5 7.0 97
Tb,ScN@In(7)-Cso 0.4 ~0.4 (3.3) — 1/10.5/ 9.4 98

56.4

Dy,ScN@Ds,(6)-Cgo 2.6 7 (2.9) 5.3 (5) 8.4 — 84
Dy,ScN@D,(51365)-  ~1.8 5 (2.9) 3.3 (5) — — 84
(O
Dy;N@I;,(7)-Cso — ~2(0.8) — — 3.5 93

CYCFs TbCN@C,,(19138)-  — — — 12 — 99
Cre”
TbCN@C,(5)-Csp” — — — 10-20 — 100
TbCN@C4(6)-Cs,” — — — 10-20 — 100
TbCN@C,,(9)-Cs,” — — — 10-20 — 100

OCFs Dy,0@C4(10528)-C;, 3.4 7 (2.9) 8 (5) — 2.2 55
Dy,0@C,(13333)-C,, 5.0° 14 (2.9) 14 (5) — ~0.1 55
Dy,0@Cay(5)-Cso 3.2 6 (2.9) 11 (5) 25.9 ~26.6 101
Dy,0@C4(6)-Cg, 2.8 6 (2.9) 10 (5) 10.8 -10.8 102
Dy,0@Csy(8)-Csz 5.9 7 (2.9) 9 (5) 7.8 -7.8 102
Dy,0@Ca2y(9)-Cs2 3.7 7 (2.9) 8 (5) 18.6 ~18.6 102
Dy,0@C;(26)-Cgs 6.0 8 (2.9) 10.5 (5) 20.4 —23.7 103
Dy,0@Cs(32)-Css 4.6" 8 (2.9) 8.5 (5) — —0.6 103
Dy,0@D,(35)-Cgs 3.9 8 (2.9) 8.5 (5) — 5.2 103

SCFs Dy,S@C,(10528)-C;, — 3.0 (8.33) — — — 29
Dy,S@C(6)-Css — 3.0 (8.33) — 17.8 15.8 29 and 104
Dy,S@C3y(8)-Cs 2.0 5 (8.33) 4.0 (5) 6.0 9.2 29 and 104
DyScS@Cs(6)-Cs ~4 9 (10) 7.3 (5) 15.2 — 105
DyScS@Cs3y(8)-Css ~2 9 (10) 7.3 (5) 6.5 — 105

CCFs DyYTiC@I(7)-Cso ~5° 7 (2.9) 8 (5) 14.9 — 106
Dy, TiC@I},(7)-Cso 1.7 3 (5) — 9.5 12.2 107
Dy, TiC,@(7)-Cso — 1.8 (5) — — — 107
Dy,TiC@Dsn(6)-Cso ~ — 1.8 (5) — — — 107
Dy,C,@Cs(6)-Cs; — 3.0 (8.33) — 17.4 17.4 29
Dy,C,@Cs(32)-Css — 2.1 (2.9) — — 9.1 103
Dy,C,@D(35)-Cgs — 2.1 (2.9) — — 4.7 103

“ The value of Tg 1005 is determined under an applied magnetic field of 0.2 T. % Field-induced SMMs. ¢ The value in the bracket indicates the field
sweep rate (mT s~ ') used to record hysteresis loops. ¢ The value in the bracket indicates the temperature sweep rate (K min~") used to record ZFC/

FC curves.

is expected to be another degree of freedom that can be used for
chemical design towards such a goal. In this line, it is the
carbon ring motifs coordinating to the metal inside the cage
that are of significance to the single-ion anisotropy and ligand
fields, which include various binding sites such as a hexagon,
pyracylene, and a fused-pentagon in a cage violating the
isolated pentagon rule (IPR).**® However, the number of
mixed-metal NCFs based on fullerene cages instead of I,(7)-
Cgo is rather limited, partly due to the exceptional stability and
high yield of Cg°  and also associated with the synthetic
difficulty in HPLC separation of NCFs with different metallic
clusters inside the same cage. Popov et al. reported the

2870 | Chem. Soc. Rev, 2024, 53, 2863-2897

synthesis of DySc,N nitride clusterfullerenes with different
carbon cages, including D3(6140)-Ceg and Dsp,(6)-Cg, as well as
the well-studied I,(7)-Cgo.®* Magnetic characterization of this
series of NCFs shown in Fig. 4a and c indicates cage-dependent
SMM properties, with the I;(7)-Cg case as the best SMM
featuring the broadest hysteresis loop at 2 K, the longest
relaxation times and the highest bifurcation temperature
(Tgzrc) of 7 K in ZFC/FC curves, the Dsu(6)-Cg, fullerene as
the intermediate one with Tpzrc = 5.9 K followed by the
D3(6140)-Cgg non-IPR cage with only 3.8 K.

The possibility to construct NCF-based SIMs using other
anisotropic Ln** ions, instead of Dy**, has also been explored.

This journal is © The Royal Society of Chemistry 2024
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(@) Magnetic hysteresis loops for different Dy-Sc NCFs, with the DySc,N cluster encapsulated inside D3(6140)-Cgg, Dsn(6)-Cgo and /,(7)-Cgo

cages, measured at 2 K with a field sweep rate of 2.9 mT s~1. (b) Magnetic hysteresis loops for NCFs, with the Dy,ScN cluster encapsulated inside Dsp(6)-

Cgo, In(7)-Cgo and C¢(51365)-Cg4 cages, measured at 2 K with a field sweep rate of 29 mT s

~1 (c) and (d) Magnetization relaxation times of DyScoN@Co,

(2n = 68, 80 (two isomers)) (c) and of Dy,ScN@C,, (2n = 84, 80 (two isomers)) (d). Reproduced from ref. 84.

AC measurements of HoSc,N@I},(7)-Cs, reveal that it is a field-
induced SMM, that is, slow relaxation of magnetization is only
shown in the presence of an applied DC field.*® Although it is
not a ‘“genuine” SMM that functions at zero field, relaxation
times in the order of milliseconds are determined below 6 K.
The much faster relaxation rate of HoSc,N@Cg, in comparison
with that of DySc,N@Csg, is attributed to its low-symmetry
ligand field imposed by the cage which efficiently promotes
the magnetic relaxation in the non-Kramers SIM. Similar to Dy-
NCFs discussed above, the metal-dependent single-ion aniso-
tropy of HOM,N@Cs, (M = Sc, Lu, Y) was studied by paramag-
netic "?C NMR studies, XMCD analysis and ligand field
calculations using a point-charge model.®® The results indicate
that despite the same magnetic ground state of Ho** with |m| =
8 in these molecules, chemical shifts and ligand fields are
strongly dependent on the size of the M*" ion, which is
consistent with the conclusion extracted from DyMzN@C80.79
Furthermore, an interesting behavior was revealed for
HoLu,N@Cgy, in which the encapsulated cluster can be
oriented in a magnetic field since the Ho magnetic moment
aligns along the Ho-N axis due to the strong ligand field.®”
Thus, a hopping motion of the cluster is possible upon apply-
ing external magnetic fields, and the activation energy

This journal is © The Royal Society of Chemistry 2024

associated with such a process can be determined for
HoLu,N@Cg, as well as for TbSc,N@Cg,, providing insights
into the cluster-cage binding interaction.

Popov et al. systematically studied MSc,N@Cg,, using para-
magnetic NMR combined with point-charge calculations, with
M including all lanthanides (M = La, Ce, Pr, Nd, Tb, Dy, Ho, Er,
Tm, Lu) that can be introduced into NCFs.*® The **Sc NMR
spectra are especially useful for the study of the magnetic
properties of these NCF-based SIMs. The interpretation of these
spectra accomplished by the point-charge model shows a
strong axial ligand field generated by the short M-N bond
length in each case. This leads to an easy-axis magnetic
anisotropy for the lanthanide ions with an oblate shape of
the 4f density (Ce*", Pr**, Nd**, Tb**, Dy*", and Ho*"), and an
easy-plane anisotropy for prolate lanthanide ions Er** and
Tm®".

4.1.1.2 NCFs with multiple magnetic metal ions. Soon after
the discovery of DySc,N@Cg, as the first EMF-SMM, its single-
ion anisotropy was investigated by Chibotaru et al. through
ab initio calculations, revealing a large effective barrier exceed-
ing 1000 K.*® This high height of the barrier, however, does not
simply guarantee a high blocking temperature due to the fast

Chem. Soc. Rev,, 2024, 53, 2863-2897 | 2871
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QTM in the ground doublet as discussed above, which is
further facilitated by hyperfine coupling to nuclear spins.™°
How to inhibit QTM has been central to the studies of SMMs
directed towards magnetic bistability at high temperatures. To
this end, the local symmetry of the coordination environment is
found to be crucial to suppress QTM by minimizing the
transverse ligand fields and reducing the mixing between
different m; states.” Another synthetic strategy is to design a
di-nuclear SMM in which simultaneous reversal of magnetic
moments on both lanthanide ions becomes difficult due to
magnetic exchange interaction (or magnetic coupling) between
them.®"*> However, it is challenging in conventional organo-
metallic compounds to achieve strong magnetic exchange
between lanthanide ions having well-shielded 4f electrons.
The confined sub-nanospace provided by a rigid fullerene cage,
on the other hand, offers a possibility to enforce close proximity
of Ln ions in an encapsulated metal cluster so as to enhance
their magnetic coupling.

An ab initio investigation of the dinuclear Dy,ScN@Cg,
shows an exchange splitting with an energy barrier of
~8 cm™ !, which is expected to efficiently block the QTM
process at low temperatures, and thus may give rise to a
high-performance SMM with a long magnetic relaxation time
and large magnetic remanence.®® Indeed, this prediction was
later confirmed by magnetic characterization showing a much
wider magnetic hysteresis at 2 K in contrast to the butterfly-
shaped hysteresis of mononuclear DySc,N@Cgo.”> The sup-
pressed QTM in Dy,ScN@Csg,, as predicted by Chibotaru
et al.,* is ascribed to a ferromagnetic coupling between two
Dy*" ions in the molecule. As a result, a 100 s blocking
temperature Ty j00s in the absence of a magnetic field is
determined to be about 5.5 K. The angle between the magnetic
moments on the two Dy sites can be precisely determined from
temperature-dependent magnetization curves, in excellent
agreement with the theoretical result showing that the quanti-
zation axes of the two Dy ions are collinear with the two Dy-N
bonds.’! Slow magnetic relaxation of DySc,N@Csg, at higher
temperatures can be probed by AC magnetometry up to 76 K.**
A remarkably high effective barrier Ues of 1735 K is extracted
from the temperature dependence of 7, which exhibits an
Orbach process functioning above 60 K. This thermally acti-
vated relaxation process is understood by ab initio calculations,
and takes place via the fifth-excited Kramers doublet of the
single-ion ligand field splitting in Dy,ScN@Cs,.

Similar to monodysprosium NCFs, the role that diamagnetic
metals play in the SMM properties can be studied in didyspro-
sium NCFs, where intramolecular magnetic coupling between
two Dy>" ions is of particular importance. Substituting Sc with
Lu in Dy,ScN@Cs, a similar bifurcation temperature (Tg zrc =
8 K) is obtained for Dy,LuN@Cs,, while they differ in the
interaction between the magnetic moments of Dy*", leading
to different temperature and field dependence of the relaxation
times.”® In the series of Dy,MN@Cs, (M = Sc, Y, La, and Lu),
Dy- - -Dy coupling and magnetic relaxation is mainly controlled
by the size of M*".”® The hysteresis becomes narrower when the
ionic radius of M** is larger, and the relaxation rate at low
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temperatures is similar for NCFs entrapping Dy,ScN and
Dy,LuN, but becomes progressively faster for Dy,YN and
Dy,LaN with much larger clusters (Fig. 3b and d). These
observations are correlated with the strength of Dy---Dy cou-
pling, and the corresponding energy difference between ferro-
magnetic and antiferromagnetic states (AEjspm-rv) changes
gradually from 8.1 K to —1.2 K as the size of M** increases.
The mass of M, on the other hand, is less critical for the
magnetic properties, meaning that the phonon degrees of
freedom do not contribute heavily to the relaxation pathways
in didysprosium NCFs compared to the situation in monody-
sprosium SIMs. Substitution of a diamagnetic Sc** ion in
Dy,ScN@Cgo with Gd*" having half-filled f orbitals was also
investigated.’® It is demonstrated that the energy of the excited
exchange state AEspy_pm decreases in Dy,GAN@Cg, relative to
that in Dy,ScN@Cg,. This results in a much faster QTM
in Dy,GAN®@Cs,, as evidenced by its very narrow hysteresis at
1.8 K; this acceleration of magnetic relaxation is due to the fact
that the isotropic Gd** can act as a single-atom catalyst.

The interplay between cage structures and intramolecular
magnetic coupling in didysprosium NCFs has been studied by
encapsulating Dy,ScN clusters into I,(7)-Cgo, Dsn(6)-Cgo and a
non-IPR Cy(51 365)-Cg, (Fig. 4b and d).** Similar to the result of
monodysprosium NCFs employing different host cages, the
best SMM properties of the didysprosium compounds are
found in I;(7)-Cgo, which exhibits the broadest hysteresis and
the highest bifurcation temperature Ty zpc determined from
ZFC/FC curves. The NCF with the non-IPR cage has the worst
SMM performance in the series of compounds. This is also
verified by the larger U.s of the Orbach relaxation in I,,(7)-Cgo
via the exchange excited state compared to that in Dsp(6)-Cgo,
whereas shorter relaxation time of Dy,ScN@Csg,4 precludes the
study of its temperature dependence of relaxation time.

Apart from Dy*", the possibility to incorporate another Ln**
into an NCF-based dinuclear SMM has also been explored. A
heteronuclear NCF DyErScN@1I,(7)-Cgo was reported as an SMM
with a broadened hysteresis close to zero field compared to that
of DySc,N@Cs, due to the suppressed QTM, which stems from
the magnetic exchange interaction between Dy’" and Er*".°”
The more important feature of this molecule is the luminescent
Er’" ion integrated into the cage, which provides an additional
function of characteristic Er** near-infrared emission for the
SMM, rendering a bifunctional magneto-luminescent mole-
cule. Incorporation of two non-Kramers Tb>" ions instead of
Dy’* leads to a Tb,ScN@Cg, SMM exhibiting magnetic hyster-
esis at sub-Kelvin temperatures, at which a relaxation time
in the order of 100 s can be determined.’® Analysis of the
temperature dependence of  indicates an Orbach process with
10 K U arising from the exchange excited state due to
magnetic coupling. The prefactor (t, in eqn (1)) is 4 orders of
magnitude smaller than that of the Dy congener, which is
ascribed to the lack of Kramers protection in Th,ScN@Cgo.
The magnetic coupling can be better studied in dinuclear
systems with two isotropic Gd*" ions instead of other aniso-
tropic Ln**.'°® Despite the fact that strong axial anisotropy is
lacking in Gd*', which is beneficial to the design of an SMM,
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magnetic characterization of Gd,ScN@Csg, clearly confirms a
ferromagnetic coupling between two Gd** ions, and also sug-
gests a non-negligible anisotropy in the molecule.

The situation gets much more complicated when three
magnetic Ln** ions are embedded simultaneously inside a
fullerene cage using the trimetallic nitride template, where
various ways of coupling three magnetization moments are
possible in the trimetallic triangle. This magnetic coupling was
first analyzed in Ho;N@Cg, and Tb;N@Cg, using magnetiza-
tion curves.'® The strong ligand fields are able to induce a
collinear alignment of the individual moments parallel to the
M-N bonds, giving rise to a ferromagnetically coupled net
magnetic moment in each case. The ferromagnetic coupling
was reported in experiment for Gd;N@Cgo, ****? as well as in
theory for Dy;N@Cg,.* The latter is expected to trigger mag-
netic frustration that can greatly suppress magnetization block-
ing in the SMM regardless of the exchange barrier. Such a
magnetic frustrated state is caused by the quasi-degeneracy of
the three exchange multiplets in the ground state, that is, the
net magnetic moment of the molecule can be aligned along
each of the three Dy-N bonds. These predictions of the mag-
netic properties for Dy;N@Cg, were later confirmed by experi-
ments showing a very narrow magnetic hysteresis at 2 K, which
is caused by the frustrated ground state as one of the simplest
realizations of a frustrated and ferromagnetically coupled
system.”’

4.1.2 Metal cyanide clusterfullerenes (CYCFs). The vast
majority of clusterfullerenes reported so far contain more than
one metal ion inside the cage. Synthesis of monometallic
clusterfullerenes was expected to be challenging since fewer
electrons could be transferred from the encapsulated cluster to
the outer carbon cage, thus contributing less to the stabili-
zation of this type of host-guest molecule. This paradigm has
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been broken down with the discovery of the first monometallic
cyanide clusterfullerene (CYCF) YCN@C;(6)-Cs, by Yang et al.*”
X-ray crystallographic study shows a triangular cluster geometry
which transfers two electrons to the cage, thus facilitating its
encapsulation into the popular Cg, fullerene with the stable 2-
charged state which shares a similar electronic structure with
mono-EMFs M@Cg, bearing a divalent metal ion (M = Sm, Eu,
Yb)."**7*** This monometallic CYCF opens up a new avenue for
the design of EMF-SIMs.

To this end, Tb®" with large magnetic anisotropy was later
introduced to form TbCN@C,(5)-Cg,.""® The same group
further synthesized terbium-CYCF based on three isomers of
Cgy, namely C,(5), Cs(6) and C,,(9), all adopting a triangular
cluster geometry as illustrated in Fig. 5a-c.'® Variable-
temperature magnetization measurements with the aid of a
noncollinear magnetic moment model, which considers iso-
tropic distribution of magnetic moments, reveal a magnetic
ground state of |m;| = 6 for each case. AC susceptibility studies
demonstrate field-induced SIM properties for all these series of
compounds (Fig. 5d-f). Remarkably, it is found that as the
isomeric structure of the Cg, cage varies from C,(5) to Cy(6) and
to Cyp(9), the Tb-N distance becomes shorter, and the relaxa-
tion time increases accordingly, which is likely attributed to the
enhanced ligand fields imposed on the Tb®* ion. Thus, this
direct correlation between the magnetic properties and the
cluster geometry indicates a facile approach to fine-tune
single-ion anisotropy by changing the cage structure in these
SIMs. Indeed, upon further varying the host cage from the
popular Cg, to a non-IPR C,,(19 138)-C,, the embedded ThCN
cluster becomes nearly linear instead of maintaining the trian-
gular geometry.”® This geometric change is relevant to the
strong metal-cage interaction in the presence of the fused-
pentagon motif on the cage, as also evidenced by a combined
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Fig. 5 Molecular structures of ToCN@C,(5)-Cg, (a), TOCN@C4(6)-Cg, (b) and TbCN@C5,,(9)-Cg, (c). Out-of-phase AC magnetic susceptibility of
TbCN@C5(5)-Cgs (d), TOCN@C(6)-Cg, (e) and TOCN@C5,(9)-Cg; (f) at 1.8—-6 K. Reproduced from ref. 100.
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experimental and theoretical study on CYCFs encapsulating a
LuCN cluster into C.¢ and Cg, cages.""” The field-induced SIM
properties were verified by the frequency-dependent out-of-
phase susceptibility ;” observed in AC measurements for
TbCN®@C56, from which a shorter relaxation time is extracted
in comparison with that of its Cg, counterparts. The reason for
the faster relaxation rate in CYCFs with a linear cluster is still
not clear. The QTM process governed by the local symmetry or
spin-phonon coupling mediated by cluster-based vibrations
may be accountable for this observation.

Although no further CYCF-based SIMs have been reported to
date besides TOCN@C-¢ g5, synthetic efforts have been devoted
in the field to expand this family of molecules by introducing
different lanthanide metals and fullerene cages. In this regard,
Dy-based CYCFs are of particular interest owing to their Kra-
mers ion nature, which competes with non-Kramers Tb*" and is
usually associated with the suppressed QTM process. By
employing Prussian blue as a cheap solid cyanide/nitrogen
dual-source, Dy-containing CYCFs can be readily synthesized
with high yields.>* X-Ray crystallographic studies of the three
isomers of DyCN@Csg, indicate the triangular geometry of the
embedded cluster which is tunable upon varying the isomeric
structure of the cage. Recently, the host cage of CYCFs was
extended to Cg, with two isomers C,(13) and C,,(17), while the
metals involved encompass Y, Dy and Tb."'® The missing
C5,(17)-Cg4, which had never been reported before both in
empty fullerenes and EMFs, can be interconverted from the
C,(13)-Cg4 isomer through two steps of Stone-Wales transfor-
mation. This demonstrates the advantage of the monometallic
cyanide cluster in stabilizing novel fullerene structures. The
subtle difference in the ionic radii of Y**, Dy**, and Tb*" gives
rise to a noticeable change in the metal-cage interaction, which
can also be varied within different isomeric cages. Thus, the
metal-cage interactions and the related single-ion anisotropy, if
a magnetic Ln ion is introduced, can be altered via both the
encapsulated cluster and host cage.

An alternative strategy to modify the cluster geometry was
realized by exohedral functionalization on the cage via high-
temperature trifluoromethylation."**"*° This leads to the synth-
esis of multi-trifluoromethylated CYCFs based on Cg, and Cg,.
Different derivatized products, including YCN@Cg,(CF3)16/15
and YCN@Cg4(CF3)16/18, have been structurally characterized
using X-ray crystallography. These compounds are stabilized by
the formation of isolated C—C bonds and benzenoid rings
on the fullerene cages after CF; addition, which is able to
localize the metal atoms within a particular fragment of the
cage. Moreover, the encapsulated YCN cluster with triangular
geometry can be further altered depending on the exohedral
addition pattern. This shall allow the manipulation of the
single-ion anisotropy for Dy*"- or Th*'-based CYCFs and thus
would certainly stimulate further studies on their SMM
properties.

4.1.3 Metal oxide clusterfullerenes (OCFs). Considering
the strong ligand field strategy directed at enhancing single-
ion anisotropy and the effective barrier of magnetization rever-
sal, it is reasonable to choose a stronger ligand over N°~ and
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CN™ in clusterfullerenes as discussed above. This leads to
the entrapment of O as a nonmetal inside the cage with
higher electronegativity. The as-formed oxide clusterfullerenes
(OCFs) were first synthesized by Balch et al. in tetrametallic
molecules Sc,0,@Csgo and Sc,0;@Cg, with the oxygen atoms
as ps-bridging ligands.""'** Note that since scandium has the
smallest covalent radius among the family of rare-earth
metals, these tetrametallic oxide clusters are limited cases so
far, which precludes the synthesis of Ln-congeners with much
larger encapsulated clusters that are of interest in this
review from the magnetic point of view. The same group later
reported another simpler form of OCFs Sc,0@C;(6)-Cg, con-
sisting of a slightly bent dimetallic oxide cluster, whose electro-
nic structure can be described as (Sc**),0>” @Cg,".*® The
formal four-electron transfer from the cluster suggests that
fullerene cages that can form stable tetraanions are
suitable hosts in this type of OCF. Indeed, a series of OCFs
entrapping Sc,O clusters within a variety of fullerenes ranging
from C,, to Cg, were reported by Chen and Feng et al., in which
CO, is found to boost the yields of OCFs during the arc-
discharging production process.'****° This template of OCFs
can also be extended to lanthanide metals,"*°**? with a notable
example of M,0@C,(13 333)-C,, (M = Tb, Ho, Lu) featuring a
linear M,O cluster inside the non-IPR fullerene cage.'****°
Understanding the interplay between the cluster geometry
and the cage structure would be crucial to explore their
magnetic properties.

Magnetic studies on this type of OCF started from a theore-
tical work focused on the single-ion anisotropy of heterome-
tallic compounds DyMO®@C,, (M = Sc, Lu; 2n = 72, 76, 82),
where diamagnetic rare-earth metal ions are used in conjunc-
tion with anisotropic Dy*" to avoid the relaxation pathway
through low-lying exchange excited states that are induced by
generally weak 4f-4f magnetic coupling.'*® As expected from a
more electronegative O~ compared to N*~, ab initio calcula-
tions show a strong splitting of the ®H, 5/, ground multiplet for
Dy*" in each case. Detailed analysis of the wavefunctions of the
doublets and the transition probability among them indicates
that QTM can be quenched up to the third-excited doublet in
the series of compounds. A very large effective barrier U
exceeding 2000 K is determined in DyScO®@Csg,. This highly
axial anisotropy is expected to give rise to a strong SIM.
However, heteronuclear OCFs have not yet been synthesized
due to the difficulties both in synthesis and in separation. It
should be noted that the overall yields of OCFs are much lower
than those for NCFs, and the mixture of Dy,O, Sc,0 and DyScO
species makes the HPLC separation process a challenging task.
Thus, one has to focus on the homonuclear system at this stage,
where two magnetic Dy’* ions are involved simultaneously. In
this context, enhancing magnetic coupling interaction between
two Dy>* ions becomes crucial to suppress QTM as discussed in
the above section on NCFs with multiple magnetic metal ions
(4.1.1.2). Indeed, oxygen-bridged dinuclear compounds in var-
ious organometallic SMMs have been demonstrated to induce
strong coupling between the two Dy*" ions via superexchange
interactions."*” !
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To start with the discussion of the magnetic properties for
these dinuclear Dy-SMMs, their low-energy spin states can be
generally described using the following spin Hamiltonian

I:Ispin = Hypy + Hips — 2ja0Ji)> + Hzee 3)

where the first two terms are the single-ion ligand-field Hamil-
tonian for the i-th dysprosium site, and are obtained from
ab initio calculations of the two Dy fragments substituting the
other Dy*" by a diamagnetic metal ion such as Y**; the third
term represents the magnetic coupling interaction between the
two Dy*" magnetic moments J; with j;, as the coupling constant;
and the last term represents the Zeeman effect upon applying a
magnetic field. The total magnetic coupling j;, is often treated
in the literature, for simplicity, as an effective scalar term
stemming from isotropic interaction, rather than a more
complex anisotropic tensor.'*> This information can be either
derived from the fitting of the isothermal magnetization and
variable-temperature magnetic susceptibility curves, or from
the analysis of temperature-dependent relaxation times corre-
lating exchange excited states (with the energy of AE gy pm)
with U in the Orbach relaxation process. This total coupling
consists of dipolar and exchange contributions, jqip and jexch-
The dipolar term is dependent on the distance and relative
orientation of the magnetic moments (easy axis of each metal
ion) that are extracted from structure and ab initio calculations.
The exchange term, determined as the difference of j;, and jgjp,
represents magnetic interaction at a chemical origin as a result
of orbital overlap between two metal ions, either in a direct way
(Heisenberg exchange) or transferred by the bridging ligand
(superexchange). Note that ins