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1. Introduction

We currently live in an era where mostly all of the information
is electronically stored. Relatively few years ago books, notes, doc-
uments, photos, newspapers and so on where typically printed and
paper based. Nowadays, however, all these data could be digitally
found. It is worth mentioning, though, that this new technology
has evolved along few decades involving huge and fast changes.
Indeed, the first data storage devices were launched during the
70 s, which were known as floppy disks. Despite their big dimen-
sions, around 8 in., they could barely store the information corre-
sponding to a simple pdf. Around five decades later, USB flash
drives no bigger than our thumbs are able to accumulate films,
thousands of photographs and millions of documents. The evolu-
tion has been colossal.

In order to be able to save all these data, the devices employ the
binary language: combinations of 1 and 0, which represent the bit
information unit. For instance, the nuclei of hard drives are consti-
tuted by nanoscopic (few tens of nanometers) ferro- or ferrimag-
netic (they behave as magnets below the Cure temperature, T¢)
alloy particles that form individual magnetic domains, where each
of them contains a significant number of magnetic moments.
Below the Curie temperature, T, all the magnetic moments inside
a nanoparticle are aligned giving rise to a resultant magnetic
moment, Ms. Similarly to common paramagnets, all the Ms are ran-
domly oriented due to the thermal energy, but since magnetic
moments are much higher than for a single atom, this phe-
nomenon is named superparamagnetism (Fig. 1).

In the presence of a magnetic field, these nanoparticles could be
easily magnetized in a determined direction (easy axis of magneti-
zation) due to the presence of an axial anisotropy, which depends
on intrinsic factors, such as the type of metallic ions and the shape

T<T¢
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Fig. 1. -Superparamagnetic material.
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Fig. 2. -Energy of the orientation of the magnetization considering the easy axis of
magnetization.
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of the nanoparticles. When a magnetic field is applied, the
nanoparticles tend to point out their magnetic moments collinear
to the field, obtaining the highest magnetic moment (Ms). If the
magnetic field is removed (H = 0) and the temperature of the sys-
tem is below a certain temperature, known as blocking tempera-
ture Tp, the magnetic moment remains blocked in the same
direction. Hence, the system behaves as a magnet, a hysteresis loop
could be observed and, therefore, it has memory effect. This occurs
due to the existence of an activation barrier, AE that prevents the
reorientation of the magnetization, which depends on the aniso-
tropy, K, and the volume of the nanoparticle, V (Fig. 2). Below Tp,
the thermal energy, Er, is not big enough to overcome the energy
barrier (Er < AE) and thus the magnetic moment becomes blocked.
Above Tp, in contrast, the system possesses enough energy to sur-
pass the barrier (Er > AE) and an equilibrium between the two ori-
entations (positive and negative) is obtained, where the material
shows a superparamagnetic behavior and no hysteresis could be
observed. Thus, if the system is maintained below Tj, the orienta-
tion of the magnetization in one direction will represent the infor-
mation corresponding to 1, while in the opposite direction will
represent 0. In consequence, the lower the dimensions of the
nanoparticle, the higher the information density within the device.

Nonetheless, this “up-down” strategy towards information stor-
age devices presents some limitations. As an example, it is not pos-
sible to reduce the size of the nanoparticle as much as desired,
since this inherently reduces the anisotropy value and hence the
thermal activation barrier. Indeed, the critical size of the nanopar-
ticle is known to be around 10 nm, and below it the hysteretic
behavior disappears and therefore is not possible to store informa-
tion (Fig. 3). Moreover, it is a hard task to obtain monodisperse par-
ticles and normally nanoparticles that differ in size and shape are
obtained, which means that the anisotropy values will be different,
as well as their activation barriers.

In this context, Single Molecule Magnets, SMMs, emerged in
1993 when Sessoli and co-workers observed that the coordination
compound named as Mn12-ac (compound 1, Fig. 4) was able to
store information at a molecular level [1]. Thus, the smallest mate-
rial unit with memory effect was heavily reduced in size from few
hundreds of nanometers to few angstroms.

1.1. How do single molecule magnets work?

As it can be deducted from the name, Mn12-ac is a coordination
compound containing 12 metallic centers, four Mn" and eight
Mn" ions. The antiferromagnetic interaction between metallic cen-
ters that possess different oxidation state gives rise to a ground
state with a spin value of S = 10, which is 21-fold degenerate
(Ms = 2S + 1). However, due to the zero field splitting (ZFS), which
fundamentally depends on the axial anisotropy of the ground state,
the 21 sublevels are separated by the energy that follows the
expression: E(Ms) = M2.D (where D is the axial anisotropy parame-
ter, see Fig. 5).

When D < 0, the low lying energy levels are the ones with high-
est |Ms| value, in this case Ms = +10. The magnetization associated
to each of the Ms = +10 sublevels has its particular orientation
along the axial anisotropy axis (as it occurs for superparamagnetic
nanoparticles, Fig. 6), thus Ms = +10 stands for spin up (or 1 in bin-
ary language), whereas Ms = —10 stands for spin down (or 0). How-
ever, when D > 0 the opposite and non-desired situation is given.
The sublevels would be inversely oriented so that the ground state
would be Ms = 0. In this particular situation, there is not any pos-
sibility for a bistable ground state and, hence, the system is not
valid for information storage. Coming back to the first situation,
in order to switch or have an inversion of the magnetization from
Ms=+10to Ms=—10 (or the other way round), the system needs to
overcome an energy barrier, U, as it occurs for superparamagnetic
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Fig. 3. -Evolution of the hysteresis loops considering the particle size.

Fig. 4. -Structure of Mn12-ac (1) from reference [1]. Color code: Mn™, Mn", carbon
and oxygen in purple, green, grey and red, respectively. Hydrogen atoms have been
omitted for the sake of clarity. The figure has been reproduced from reference [2].
Creative Commons license.

materials (Fig. 6). The value of the barrier is the difference between
the highest excited state and the ground state. For systems with
integer and non-integer spin values it is defined as U = S?|D| and
U = §? — 1/4|D|, respectively (S being the spin value of the ground
state).

Following with the example of compound 1, in the absence of
an external magnetic field the Ms = 10 sublevels own the same
energy, are equally populated and thus the system does not pre-
sent any magnetization (Fig. 6, left). When an external polarizing
magnetic field of enough intensity is applied in a determined direc-
tion, one of the Ms sublevels is stabilized in comparison to the
other. Therefore, the material suffers a magnetization, since the
spin of all the molecules point out in the same direction (Fig. 6,
center). When the polarizing magnetic field is removed, the ground
state reaches again a doubly degenerate state and if E; > U, the
material will tend to achieve the equilibrium between the two
orientations (positive and negative) losing magnetization.
Nonetheless, if E; < U, which is the situation that occurs when
T < Tg (Tp is the blocking temperature), the magnetization will be
blocked and that is why SMMs are able to store information. From

Hr=0

E(Ms) = D(MZ — S(S + 1)/3) + gupMsHz
ZFS Zeeman

Fig. 5. -Qualitative energy diagram of Mn12-ac displaying the splitting of the
ground spin state (S = 10) by an axial zero-field splitting (ZFS) Hamiltonian (Ha),
with a transversal Hamiltonian, Hr = 0. The splitting of the ground doublet Ms = +10
by Zeeman interactions is highlighted in the figure.

this fact it is easy to conclude that the larger the energy barrier, the
larger will be the temperature at which the magnetization can be
retained. However, this is not always (or rather rarely) that way.

1.2. Relaxation processes

If the reorientation or relaxation of the magnetization could
occur only by overcoming the energy barrier through all the
excited states, any material displaying a U ~ 298 K (~207 cm™!)
would be valid to implement it in an information storage device.
Maintaining the temperature of the mentioned device below
298 K would assure not losing magnetization and thus, would have
memory effect. Nevertheless, due to the quantic nature of these
materials, the relaxation mechanisms are diverse, complex and
extremely sensitive to numerous factors such as temperature,
magnetic field, hyperfine (interactions between the electronic
and nuclear spins) and intermolecular interactions.

The most common relaxation processes operating in SMMs are
the ones that occur through spin-phonon coupling (Orbach, Raman
and direct processes) or the ones that occur due to the quantic nat-
ure of the materials (Quantum Tunneling of the Magnetization,
QTM, and Thermally Assisted QTM, TA-QTM) [3]. Orbach and
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Fig. 6. -Magnetization projections (yellow arrows) in equilibrium in absence of external magnetic field (left), magnetization of the material due to the presence of an external
field and subsequent stabilization of Ms < 0 sublevels (center) and blocking of the magnetization in absence of magnetic field for T < Ty (right). Modified from reference [2].
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Fig. 7. -Schematic representation of Orbach (top left), Raman (top right) and Direct (bottom left) magnetization relaxation mechanisms. A combination of several relaxation
mechanisms, including QTM and TA-QTM, for a part of double-well energy potential (bottom right).

Raman involve two phonons while a single one assists the direct
process.

An ideal Orbach relaxation would be the one in which the sys-
tem overcomes the entire barrier. The system would absorb pho-
nons from the crystal network containing the exact energy
((h/2m)-m4) to jump from one of the ground sublevels (Ms = £S)
to the highest excited sublevel (Ms = 0). From this excited state
the system would relax to either of the ground Ms = £S state emit-
ting new phonons ((h/2 7)-m,, Fig. 7, top left). Noteworthy, in the
Figure the energies of the initial and final states are splitted by
internal fields caused by dipolar or hyperfine interactions. Thus,
the energy difference between the absorbed and emitted phonon
corresponds to the energy difference between the +Ms sublevels
in the ground state. In any case, the Orbach process usually does
not happen through the highest excited state and, instead, occurs
through the first or second excited state (depending on the axiality
of the system, Fig. 7, bottom right). The large phonon energy

required for this process to occur is the main reason why it usually
operates at highest temperatures.

The energy restrictions related to the Orbach process are not
present for Raman, since this mechanism is driven by inelastic dis-
persion of phonons. The molecule absorbs a phonon (h/2 m)-ms,
reaches a virtual excited state and emits another phonon (h/2 7)-
wy4 (Fig. 7, top right). Again, the energy difference between the
two phonons corresponds to the energy difference between the
*Ms sublevels in the ground state. Meanwhile, the direct process
is a single phonon magnetization relaxation process that directly
emits a phonon ((h/2 1t)-®s) corresponding to the energy difference
of the +Ms sublevels in the ground state.

All these mechanisms occurring due to spin-phonon interac-
tions require of energy (thermal assistance), but for QTM is differ-
ent. This process occurs between the +Ms sublevels of the doubly
degenerate ground state and it is often the primary pathway at
low temperatures, where mainly the ground state is populated
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(Fig. 7, bottom right). However, the relaxation pathway could be a
combination of processes, where the excited states are populated
by absorbing phonons and then QTM might occur between Ms
states of the same energy (but different sign) followed by relax-
ation to the ground sublevel. This combined mechanism is known
as Thermally Assisted Quantum Tunneling of the Magnetization,
TA-QTM (Fig. 7, bottom right). It is noteworthy that processes such
as QTM and direct normally operate at low temperatures, Orbach
at the highest temperatures and TA-QTM at intermediate ones.
Raman, in contrast, could appear in the whole temperature range.
Among all of them, QTM and TA-QTM are considered as through
barrier shortcuts, since the system relax without overcoming it.
Therefore, this causes a diminution on the value of the barrier U
giving rise to an effective energy barrier, Uy This, at the same
time, influences the value of the blocking temperature and the
relaxation time.

The most common strategies in order to suppress the undesired
QTM are: (i) diluting the samples by co-crystallizing the SMM with
diamagnetic analogues (usually with Zn" when working with tran-
sition metals and Y or La! when using lanthanides) to avoid
intermolecular interactions that enhance QTM, or (ii) applying an
external magnetic field that breaks the degeneracy between
Ms = %S sublevels (or M; = ] usually when referring to lanthanides).
Noteworthy, QTM is normally more noticeable for systems with an
integer number of S than for non-integer ones (Kramers ions) due
to cancellation principle of van Vleck [4]. It indicates that the pho-
nons arising from the network could not induce QTM and direct
relaxation processes in Kramers ions in the absence of a magnetic
field. Unfortunately, hyperfine interactions, as well as transverse
magnetic fields (created by intermolecular interactions) split the
Kramers doublets giving rise to new magnetization relaxation
channels for QTM and direct mechanisms. Hence, as it will be
below discussed, when employing lanthanides, Dy is used more
often than Tb"!, which are Kramers and non-Kramers ions, respec-
tively. Moreover, compounds that are based on non-Kramers ions
display an intrinsic tunneling gap in the absence of an applied field
that favors QTM. In summary, the transverse magnetic fields and
the intrinsic tunneling gaps determine the basic relaxation mech-
anism in metal complexes with SMM properties.

Coordination Chemistry Reviews 441 (2021) 213984
1.3. Detecting SMM behavior

Commonly, two techniques are used to determine whether a
material displays slow relaxation of the magnetization or not.
The first and the most used one involves carrying out in phase
(x) and out-of-phase (x},) magnetic susceptibility measurements
with an alternating magnetic field (ac). These kind of measure-
ments are usually performed above 2 K until 300 K varying the fre-
quency of the alternating current (Fig. 8a). In the example shown in
this Fig. 8a, at 20 K and at a frequency of 60 Hz the material does
not show any yj,(T) signal. This means that, at this temperature,
the material has enough energy to follow the variations of the
alternating magnetic field and, thus, the magnetic moment easily
follows the change of direction of the magnetic field being in phase
(x) all the time. When diminishing the temperature below 12 K,
the out-of-phase signal starts to increase. At this moment, the
material possesses lower energy and the magnetic moment of
some of the molecules are not able (due to their axial anisotropy
and, therefore, to Ug) to follow the flip of the alternating current.
In other words, some of the spins are out-of-phase and, hence, an
out-of-phase signal appears. When augmenting the frequency of
the alternating current, for instance to 10,000 Hz, the reversal of
the magnetic field becomes much faster and the signal is detected
at higher temperature. In conclusion, detecting frequency depen-
dent peaks in the y},(T) plots means that the system shows slow
relaxation of the magnetization and SMM behavior. Noteworthy,
the non-zero going signals, or tails, below the peaks are indicative
of QTM. This could also be detected in the yj,(v) plots when the
position of the maxima, which is related to relaxation time, do
not shift when increasing temperature (this is in agreement with
the temperature independent behavior of this process).

The fact that the magnetization of the molecule is not able to
follow the flip of the magnetic field is related to magnetic aniso-
tropy, since every spin projection has its own different energy.
When the relaxation time and the period of the alternating current
coincide, a maximum appears in both the y},(T) plot at different
frequencies and in the yj,(v) at different temperatures (Fig. 8a
and b). Among both types of graphs, x}, (v) plots can be fitted to
the Debye model with the equation of Casimir-Du Pre [5]. The

b) 0.4 C) -9-
— 60 Hz
—~ 200 Hz - VT eese e e
—~ 500 Hz 5 %3 104
— 800 Hz E @ — Simultaneous fit
—~ 1000 Hz S 0.2
—~ 2000 Hz S £ Orbach
—~— 4000 Hz = o A1 Raman
—— 6000 Hz
—— 10000 Hz QT™
0.0 T / A2 ; . ,
100 1000 10000 0.0 0.2 0.4 0.6
vIHz K
4x104+
d) e) ..
- 3x104 ag 03
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_.: g 02
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Fig. 8. -For a random Dy"' based SMM a) temperature dependence of the out-of-phase magnetic susceptibility (yj,) at different frequencies; b) frequency dependence of xj, at
different temperatures; c) fitting of the relaxation times to simultaneous Orbach, Raman and QTM processes; d) the inverse of the relaxation times obtained at different

magnetic fields at a fixed temperature; e) Cole-Cole plot.
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curves at different temperatures that show a maximum in the
studied frequency range (8.0-13.4 K in Fig. 8b) are fitted to the
mentioned model, which allows extracting relaxation times, T,
for each temperature. When the relaxation pathway is purely of
Orbach type, the relaxation times follow the linear Arrhenius law
(Eq. (1)) and the fitting directly provides the value of the effective
energy barrier (Ugy). However, this rarely happens and the relax-
ation of the magnetization usually takes place through diverse
mechanisms. In these cases, the equation needs to be completed
with new fitting parameters referring to other pathways as exem-
plified in Eq. (2) (tgrv ' = QTM; BT" = Raman and AT = direct).
Fig. 8c displays a fitting of the relaxation times considering the
simultaneous presence of Orbach, Raman and QTM processes.
The dashed lines corroborate the previous statement, which indi-
cates that these processes usually operate at low (QTM), interme-
diate (Raman) and high (Orbach) temperatures.

7' =1 g'exp(—Ueg/ksT) (1)

T =T oy + AT + BT" + 7 5 exp(—Uep/ksT) 2)

Although relaxation times are commonly fitted to several mech-
anisms as in the example shown above, sometimes, when too
many processes are included in the equation, this might be consid-
ered as an overparameterized situation. Including several mecha-
nisms within the model could give us a better fit, but the
obtained values for each mechanism will probably lose the physi-
cal meaning. In order to overcome this situation, additional exper-
iments can be carried out. By studying the field-dependence of the
relaxation times at a fixed temperature, a similar plot to what is
shown in Fig. 8d can be obtained. As it can be observed, relaxation
times become larger and the relaxation processes slower as the
value of the external magnetic field is increased. This occurs up
to 0.1 T, the value of the external magnetic field at which the relax-
ation process becomes the slowest, probably due to the quenching
of QTM. Above it, relaxation times start to become faster again,
which is probably originated by the enhancement of a direct pro-
cess. Thus, this curve can be fitted to the following Eq. (3), which
accounts for the field-dependency of QTM and direct processes:

T = AH'T + Bl/(l +BzH2> +C 3)

The first term corresponds to the direct process, which explains
why at high fields becomes predominant (depends on H?). The sec-
ond term accounts for QTM and the constant term C accounts for
field-independent relaxation processes. Hence, studying the field-
dependence of the relaxation times could provide us additional
information of the relaxation mechanisms. Once the parameters
corresponding to direct and QTM mechanisms are obtained from
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this fit, they can be fixed in Eq. (2) avoiding overparameterization.
This will allow us to obtain more reliable parameters for each
relaxation mechanism.

Even though the lack of linearity in the Arrhenius plot (Fig. 8c)
already indicates that numerous processes are operating, this could
be indeed proved by the Cole-Cole plots (Fig. 8e). In these plots, 7},
vs x}, curves display semicircles for each temperature and can be
fitted to the generalized Debye model [6]. The fit provides o values
between 1 and 0, where o = 0 stands for a single relaxation mech-
anism, whereas for values nearer 1, the higher is the number of
relaxation pathways operating simultaneously. Noteworthy, it is
somehow common to find in the literature materials that display
two sets of maxima in the y},(T) plots instead of one (this, at the
same time, provokes the presence of two sets of maxima in the
xm(v) plots and the sum of two semicircles in the Cole-Cole plots)
[7-9]. This is associated to the presence of two thermally activated
Orbach processes. The origin of this it is not always clear, but sev-
eral reasons have been postulated and it can differ from one case to
another. The presence of two crystallographycally independent
compounds in the same structure could be a reason [10], although
several compounds have been reported displaying two sets of max-
ima and with a single paramagnetic ion within the crystal struc-
ture [11]. In such cases, the presence of two thermally activated
processes has been attributed to direct processes arising from the
multi-level system (originated by the presence of an external mag-
netic field) or intermolecular interactions [12,13]. Anyway, in this
special cases the data can be treated by using a sum of two modi-
fied Debye functions obtaining relaxation times for each single
process. This can be easily done with the software CCFIT that Chil-
ton et al. recently developed [14].

The second technique to determine whether a system behaves
as SMM or not is the field dependence of the magnetization at dif-
ferent temperatures. When the compound is an SMM, the hystere-
sis cycles are often open (Fig. 9). Strictly speaking, this is the most
relevant feature of an SMM to evaluate its potential. As it will be
described during the following sections, even though a consider-
ably large amount of SMMs have been described in the literature
with high Ugy's (>500 K), most of them do not display clear open
hysteresis loops or these appear at very low temperatures, around
2 K (Fig. 9a). Ideally, the hysteresis loop displayed in Fig. 9b would
be the desired one, which even at zero field would maintain all of
the magnetization and at room temperature. Nowadays, open
hysteresis loops have been reported at up to 80 K (see below)
and this has been considered a huge step in the field, because this
temperature is higher than the liquid nitrogen temperature.

In contrast to ac measurements, this technique allows us to
define a very important parameter characterizing SMMs, the block-
ing temperature (Tg). The most common definition of it stands for
the highest temperature at which an open hysteresis cycle can be
observed. However, this temperature is largely depending on the

b)
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Fig. 9. a) Common hysteresis cycle highly influenced by QTM at 2 K. b) Ideal hysteresis loop at room temperature.
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magnetic field sweeping rate and, therefore, when comparing dif-
ferent SMMs using blocking temperature, it is mandatory to be
sure that the hysteresis loops were recorded under the same
experimental conditions. Noteworthy, there exist some other crite-
ria to determine the Tg: (i) temperature at which 7 = 100 s or (ii)
temperature at which the FC (Field Cooled) and ZFC (Zero-Field
Cooled) magnetic susceptibility curves differ.

2. The beginning: the age of metal clusters

The discovery of Mn12-ac was a milestone in materials science,
specifically in the field of molecular magnetism. Indeed, if the tem-
perature at which the SMMs based on transition metal clusters
operate (typically below 5 K) was raised over the liquid nitrogen
temperature, their application in data storage devices would be
really promising. To try to overcome the handicap of the very
low working temperature of these systems, it should be kept in
mind that the effective energy barrier that prevents the reorienta-
tion of the magnetization depends simultaneously on the total
value of the spin and anisotropy:

U= S-|D|; S = integer

(4)

U

non — integer (5)

Regarding the quadratic spin dependence of the energy barrier,
the most logic and simple way to enhance the energy barrier, and
therefore the blocking temperature, would be that of increasing
the spin of the ground state. For it, ferromagnetically coupled high
nuclearity systems were synthesized. Among them, those contain-
ing the Mn'"" ion were appropriate candidates for exhibiting SMM
behavior because twofold: (i) in the high spin configuration pos-
sesses up to 4 unpaired electrons, which is positive in terms of
enhancing the total value of S and (ii) in an octahedral crystal field
(the most common for this metal ion), the Mn'" is subjected to
Jahn-Teller distortion, leading to zero-field splitting (ZFS) of the
ground state and to axial anisotropy, characterized by the D
parameter. In addition, numerous theoretical and experimental
studies were carried out during these years with the aim of finding
out new magneto-structural correlations that enable chemists to
deliberately design and synthesize novel transition metal clusters
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displaying ferromagnetic interactions between metal ions
[15-20]. It is worth mentioning that in some cases azide was used
as auxiliary ligand because in its end-on bridging mode could lead
to ferromagnetic interactions [21,22]. Moreover, apart from the
conventional synthetic routes (reactions under atmospheric pres-
sure and at temperatures that were limited to the solvent boiling
point), some research groups started to exploit solvothermal tech-
niques, which afforded polynuclear complexes [23]. Synthetic
strategies based on all this previous information allowed the suc-
cessful preparation of a large number of high nuclearity systems
with high spin ground state containing not only Mn™ ions, but also
other transition metal ions. Examples of these type of polynuclear
complexes are MngMog (2), Feig (3), Mnyg (4) and Mnys (5) [24-
27]. It is worth highlighting that 4, which really is a MnMn!} com-
plex, exhibited the record spin value of S = 83/2 (Fig. 10). In spite of
the large ground state S value found for all these coordination com-
pounds, they exhibited unexpectedly poorer magnetic properties
than Mn12-ac in terms of Uey and Tp. Specifically, compound 4 pre-
sents a negligible anisotropy and a Uey= 5.8 K (4 cm™").

Over the course of the time, the problem was more and more
evident. Introducing a great number of paramagnetic ions within
the system inherently reduced drastically the value of anisotropy.
Several studies have proved that the overall anisotropy value is
sensitive to the orientation of the Jahn-Teller axis of each single
metallic center, diminishing the total anisotropy value when the
Jahn-Teller axes are not collinear. Therefore, when including a
huge number of metal ions into the cluster it is normal to have a
smaller final D value [28]. Indeed, some mathematical expressions
have been proposed to calculate the total anisotropy of a cluster
considering D and the angle of the Jahn-Teller axis respect to the
total anisotropy axis (o) for each ion [29]. In addition, theoretical
studies carried out by Neese and co-authors demonstrated that
D o 1/S* and, therefore, U= DS? is, in a good approximation, inde-
pendent of S [30].

All these results lately propitiate a new era for SMMs, in which
the coordination compounds with lower nuclearity, but higher
magnetic anisotropy became more important.

In order to get very high values of magnetic anisotropy, mainly
two options exist: (i) transition metal mononuclear coordination
compounds with a very high single-ion magnetic anisotropy and
(ii) coordination compounds containing lanthanide ions, which
have exceptionally high single-ion anisotropy (with the exception

Fig. 10. -Perspective view of compound 4 (Mn;s). Color code: Mn", Mn™, carbon, nitrogen and oxygen in light blue, purple, grey, dark blue and red, respectively. Hydrogen
atoms have been omitted for the sake of clarity. Generated from the crystal structure in reference [26].
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Fig. 11. Perspective view of the anionic structure of compound 6. Color code: Fe',
carbon and silicon in orange, grey and yellow, respectively. Hydrogen atoms have
been omitted for the sake of clarity. Generated from the crystal structure in
reference [44].

of the GdM ion that is isotropic). In the former case, low-
coordination complexes lead to weak crystal fields, which favor
the presence of orbital angular momentum, spin-orbit coupling
and then to high magnetic anisotropy. In the latter case, the inher-
ent large magnetic anisotropy is the result of the combined actions
of strong spin-orbit coupling and crystal effects. In addition to this,
the geometry plays an essential role in influencing the SMM
behavior.

3. Transition-metal based low-coordinated single ion magnets
(SIMs)

The idea of substantially enhancing the total S value of the com-
pounds was then somehow set aside and the strategy of increasing
the anisotropy value became more prominent. In contrast to the
valence electrons in lanthanides, where 4f orbitals are spatially
‘buried’ inside the atom and are shielded from the ligand field (vide
infra), in first row transition metals the 3d orbitals, even though
they are very contracted, are much more exposed to the ligand
field. Therefore, the ligand-field splitting can in some cases,
depending on the metal ion and symmetry, readily quench the
orbital angular momentum, consequently quenching the first order
spin-orbit coupling (SOC) [31]. This statement means that the SOC
causing magnetic anisotropy often arises from second order SOC
derived from the mixing between the excited states with the
ground state through the spin-orbit operator [32,33]. However,
the first order spin-orbit coupling could be preserved by a rational
design of the ligand field, which involves low coordination num-
bers. Although numerous examples of transition metal complexes
with low-coordination number and SIM behavior have been
reported to date [34-38], we are going to present here only those
having the best SIM properties, which possess linear geometry and
contain Kramers metal ions.

Coordination Chemistry Reviews 441 (2021) 213984

Based on these considerations and after the intriguing results
observed for linear Fe'' systems with S = 2 displaying field-
induced SMM behavior [39-43], Long and co-workers decided to
explore the possibility of achieving large energy barriers for the
reversal of the magnetization in the absence of a magnetic field.
So as to do that, they smartly took advantage of the Kramers the-
orem studying a linear Fe' based coordination compound with
S = 3/2 shown in Fig. 11 and with the general formula [K(crypt-
222)][Fe(C(SiMes)3),] (6) [44]. Based on the ab initio calculations,
they demonstrated that the combination of a low coordination
number together with the low oxidation state gives rise to a
remarkably weak ligand field unable to quench the orbital angular
momentum, thus enhancing the total anisotropy of the compound.
This leads to a splitting of the “E ground state into four Kramers
doublets (KD) better determined by M; quantum numbers with
M;=%7/2,+5/2, £3/2 and +1/2. Besides, the energy difference calcu-
lated between the ground and first excited state was large, indica-
tive of potential SMM behavior.

Indeed, ac measurements carried out at zero dc field showed
SMM behavior for this compound with an experimentally calcu-
lated U of 325 K (226(4) cm~ ). This value of the effective energy
barrier is close to the calculated energy gap between the ground
(M; = £7/2) and first excited state (M; = £5/2), indicating that the
relaxation most likely occurs through this first excited state. Even
though the relaxation times follow the Arrhenius law in the 20-
29 K temperature range, giving rise to the mentioned Uy, the 7 val-
ues notably deviate from linearity below 20 K indicating that at the
lower temperatures a tunneling relaxation that shortcuts the bar-
rier is operative.

As mentioned in the general introduction, another way of deter-
mining the blocking temperature (Tp) is performing FC/ZFC mea-
surements. This is because when magnetic blocking is present in
a compound, y,, vs T curves must be different when the measure-
ment is accomplished in the presence or absence of a magnetic
field. In fact, for compound 6 the divergence of both curves was
observed at 4.5 K. Since this suggests that hysteresis loops may
be observable, they were measured in the 1.8-6.5 K temperature
range. The loops showed butterfly shaped or waist-restricted fea-
tures due to tunneling effect already observed in the ac measure-
ments. With the aim of knowing the origin of QTM, they carried
out the same magnetic measurements for frozen solutions of 6,
since it is well known that dipolar intermolecular interactions
could provoke transverse fields inducing QTM. The data, however,
was overall comparable to the one collected for microcrystalline
material confirming the molecular origin of such tunneling short-
cut. Thus, they attributed this effect to geometric distortions that
the C—Fe—C bond could suffer in both solution and solid state (of
course, less in the latter) enhancing transverse components that
facilitate the shortcut and to vibronic Renner-Teller activity [43].

Apart from the showed example, other researchers also
reported on two-coordinated homoleptic compounds based on
iron, cobalt or nickel, though not all of them displayed such a good
performance due probably to stronger QTM [34,35,38,45,46]. As
abovementioned, the vibronic couplings could lead to fast tunnel-
ing and this is a clear consequence of the dynamic distortion of the
long metal-ligand bonds present in the previous cited examples.
To overcome these problems, Atanasov, Neese and co-workers pro-
vided a theoretical study analyzing the role of chemical bonding,
vibronic coupling and magnetic anisotropy in linear Fe' complexes
showing SMM behavior [43]. As a general conclusion, they sug-
gested that metal-ligand bonds with an increased covalency may
be the objective towards reducing vibronic coupling and, at the
same time, increase magnetic anisotropy.

In the pursuit of obtaining coordination compounds with
enhanced covalency, Gao et al., reported on the synthesis and mag-
netic properties of three Co' based compounds with the general
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American Chemical Society.

formula [(NHC)CoNDmp] where Dmp = 2,6-dimesitylphenyl and
NHC are different N-heterocyclic carbene ligands as depicted in
Fig. 12 (7-9) [47]. Note that the synthesis, structure and reactivity
of compound 7 was previously reported [48]|. These two-
coordinate cobalt imido compounds showed an almost linear
arrangement of the ligands with very short Co-Njmiqo bond dis-
tances (1.691(6) A) in agreement with a formal bond order of two.

The first clear evidence of the retention of first order SOC was
already identified from dc data (Fig. 12c, left). The very large yuT
values (3.86, 3.72 and 3.74 emu-K-mol~! for 7, 8 and 9, respec-
tively) at room temperature confirmed the unquenched orbital
angular momentum provoked by the weak ligand field. Moreover,
for compound 9 an abrupt drop was identified at 3.5 K indicative of
a blocking of the magnetic moments, which was then further ver-
ified by measuring hysteresis loops. ac measurements showed that
the three complexes were single molecule magnets under a zero
applied dc field. Noteworthy, the maxima within the yj,(v) plots
for 9 were found at up to 50 K at the frequency limit of
10,000 Hz (Fig. 12c, right), which gave rise to an effective energy
barrier of 594.2 K (413 cm™'), the highest reported until that
moment for a 3d based SMM.

With the purpose of shedding some light to explain this
extraordinary behavior and make magneto-structural correlations,
they performed exhaustive theoretical studies. As expected from
the short Co=N bond distance, the simulated variations in terms
of this bond length provoked remarkable consequences. In fact,
the energy gaps between the ground and excited states, as well
as the axiality of the system were dramatically modulated by sim-
ply slightly lengthening or shortening the bond, which confirmed
its role in determining the total magnetic anisotropy of the com-
plexes. Finally, even though they did not exclude the possibility
of considering the simple Co" based mononuclear SMM model,
they proposed that the large magnetic anisotropy of the systems

arises from the [CoN]" core featuring a M; = +7/2 ground Kramers
doublet with a large Co-N exchange coupling. This model could
somehow explain the significant diminution of undesired QTM.

Finally, Long et al. recently reported compound 10 (Fig. 13) with
general formula [Co(C(SiMe,ONaph)s),] being Naph = naphthyl
[49]. They were motivated by the fact that calculations on the
hypothetical [Co(C(SiMe3)s),] predicted a ground state with L = 3
arising from a non-Aufbau 3d-orbital filling [50]. This would some-
how mimic what is seen for lanthanides obtaining maximal orbital
angular momentum and, thus, very large magnetic anisotropy.
However, obtaining the targeted compound was expected to be
arduous from the very beginning, since two-coordinate transition
metal complexes involving alkyl ligands were only found as [M(C
(SiMes)3),]%'~, being M = Fe' [51], Fe' [44], Mn" [52] and Mn!'
[53]. For Co'", instead, other systems such as the above cited ones,
as well as [0Co0] ~ anions inserted into an apatite’s channel [54]
and single Co" atoms on MgO surfaces have been described [55].

Prior to obtain the desired linear two-coordinate Co" com-
pound, they had a lot of synthetic challenges such as the strongly
reducing nature of the carbanions, bent C—Co—C angles when try-
ing with some other substituents within the ligands and formation
of undesired dinuclear systems, among others. Lastly, however, by
including —ONaph groups within the structure they crystallized
the desired linear compound. Single crystal structure analysis sug-
gested that —C—H--- © interactions may be of relevance in the sta-
bilization of the compound.

As expected from calculations that were previously made, the-
oretical analysis that was carried out for 10 revealed that the *®
ground state follows a non-Aufbau filling of the d orbitals with a
resulting (d,._,2,dy)’ (dx, dy;)*(d2)". The ligand field was so small
that a high spin state with a maximized angular momentum was
obtained. As a result, a 3d ion based SIM with a record Uy value
of 647.5 K (450 cm™!) was obtained, the largest reported so far
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Fig. 13. Perspective view of compound 10 (left). Molecular structure of 10 viewed along the c axis (right). Color code: Co", carbon, oxygen and silicon in purple, grey, red and

pale yellow, respectively. Generated from the crystal structure in reference [49].

for a transition metal based SMM. The value of the effective energy
barrier represents the energy separation between the ground
M; =£9/2 and the first excited M; = +7/2 states, which was deducted
from theoretical calculations, far-infrared (FIR) spectroscopy and
ac measurements.

4. The age of lanthanides

The first examples of rare-earth or lanthanide based SMMs were
reported by Ishikawa and co-workers in the year 2003 [56]. These
were sandwich type coordination compounds previously described
by Ohashi et al., in which two phthalocyanine ligands surround the
Ln" jons forming double-deckers (11, Fig. 14) [57]. Within the lan-
thanide series, the Tb™ (12) and Dy" (13) counterparts displayed
effective energy barriers of 330.9 and 40.3 K (or 230 and
28 cm™!), respectively. This fact confirmed that a single metal cen-
ter could be enough for the design of high U owning compounds
with SMM behavior.

In contrast to transition metals, the advantage for lanthanides is
that, as indicated above, the 4f orbitals are spatially ‘buried’ inside
the atom and are shielded from the ligand field by the fully occu-
pied 5s% and 5p°® orbitals. This implies an almost purely electro-
static interaction between the donor atoms of the ligands and

Fig. 14. Perspective view of the cationic sandwich type double-decker described by
Ohashi et al. [57]. Color code: Nd™, carbon and nitrogen in green, blue and grey,
respectively. Hydrogen atoms have been omitted for the sake of clarity. Reproduced
from reference [2]. Creative Commons license.
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the lanthanide ion and, consequently, the spin-orbit coupling
(main cause of the magnetic anisotropy) cannot be quenched so
easily as for transition metals. This means that, in principle, the
anisotropy value will usually be higher for lanthanides than for
transition metal complexes, so that, in theory, one could expect
the achievement of SMMs with improved properties. However, as
further discussed below, they also exhibit some disadvantages that
are not so common for transition metals.

Due to the strong spin-orbit coupling, for most of the lan-
thanide ions, the spin is not the unique source of the angular
momentum. Therefore, when describing their magnetic properties,
it is necessary to consider spin-orbit coupling terms (characterized
by the quantum number J) and their splitting by the ligand field,
leading to the sublevels that are described by M; instead of Ms
quantum numbers. Even though the meaning differs from one to
another, the interpretation is still similar. Indeed, when designing
SMMs, the ground state should possess a well-defined ground state
with the highest possible absolute value of M;, which could be
accomplished when the anisotropy of the ground state is axial.
Moreover, the energetic separation between M; and M + 1 states
needs to be as high as possible to obtain high Uy values and this
implies a rational design of the ligand field.

For the mentioned rational design, Rinehart and Long proposed
some very useful guidelines that were conceptually easy to under-
stand [58]. Within the lanthanide series, each of them contains its
own characteristics. For instance, although most of them have con-
siderable spin-orbit coupling, the Gd"' ion is completely isotropic.
Hence, in spite of the fact that it possesses the greatest number of
unpaired electron spins possible for a lanthanide ion (which, in
principle, would favor a high S value in the ground state), its poten-
tial for the design of SMMs is null. Among the ions with anisotropic
electron density, two main groups may be distinguished (Fig. 15):
oblate type ions (Tb™ and Dy", among others) and prolate type
ones (Er'" and Yb", among others).

The mere fact of knowing how the shape of the electron density
looks like for each rare-earth ion enables a more effective rational
design of the specific ligand field with the purpose of achieving
large axial magnetic anisotropy (the ground state has the largest
M; value). Thus, for oblate type of ions, the ligand donor atoms with
greatest electron density should coordinate at axial positions
(Fig. 16, top). This disposition will cause less electronic repulsion
between the oblate electronic density of the lanthanide ion and
the ligands donor atoms with greatest electron density, stabilizing
the ground state with higher M; values. In this situation, the aniso-
tropy axis, which is perpendicular to the oblate shaped electron
density, points to the donor atoms with greater electron density
and shorter Ln-X (X being the donor atom) distances. It is worth
noting that if no donor ligands are coordinated in the equatorial
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Fig. 16. How to enhance or quench the anisotropy for oblate and prolate type of ions. Modified figure under Creative Commons license.

positions, the electron density will expand along the plane
enhancing the axial anisotropy. In contrast, if the donor atoms
coordinate within the equatorial plane, the electron distribution
will become more isotropic losing the potential to behave as
SMM (Fig. 16, bottom).

Regarding the prolate type of ions, the ligand donor atoms with
greatest electron density should coordinate at equatorial positions
for achieving axial anisotropy. In this disposition, the electronic
repulsion between the prolate electronic density of the lanthanide
ion and the ligands donor atoms with greatest electron density is
smaller and the anisotropic axis, which is parallel to the prolate
electron density, lies perpendicular to the plane where are located
the ligands donor atoms with greatest electron density. If there are
no donor ligands in axial positions, the electron density of the lan-
thanide metal ion can be expanded along the axial direction lead-
ing to a larger axial anisotropy. Conversely, the coordination in
axial positions induces a more isotropic electron distribution, so
that the anisotropy decreases (Fig. 16, bottom).

Even though the approach looks simple, the great ionic radii of
lanthanides becomes a huge obstacle. Indeed, when the ligands are
not specifically designed to obtain a certain geometry, it is very
common to obtain high coordination numbers (>8). However, here
are shown two great impact studies that prove that the guidelines
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proposed by Rinehart and Long show the way towards the
enhancement of the magnetic anisotropy.

In 2013, the group of Murugesu studied the magnetic properties
of six very similar Dy based dinuclear systems, whose main dif-
ference resides in the electron donating character of the ancillary
bidentate ligands (in the present work only three of them are
described) [59]. In order to do that, they were based on their pre-
viously studied dinuclear compound 14 (Fig. 17, left) [60,61].
Maintaining the core structure, they were able to substitute the
nitrates in the equatorial plane (a phenoxido group provides axial-
ity to the system) by other auxiliary ligands such as acetylaceto-
nate, acac, (15, Fig. 17, top) or hexafluoroacetylacetonate, hfac
(16, Fig. 17, bottom), which are more and less electron-donating
groups than nitrate, respectively.

For compound 15, the switching from nitrates to acetylacetonates
provokes a shortening of the Dy-O.pe; distances due to the greater
charge of the donor atoms. Thus, the ligand field in the equatorial
plane becomes more prominent. This was proven by measuring the
ac dynamic magnetic properties and fitting the relaxation times to
the Arrhenius law. The fit provided Uy values of 76 and 16 K (or
52.8and 11.1 cm™") for 14 and 15, respectively. When replacing the
acac ligands by the hfac counterparts to afford 16, the oxygen atoms
become less donating, even less than the nitrate oxygen atoms (this
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coordinating O’s

Fig. 17. Compound of reference 14 (left), compound with acac chelates 15 (top right) and compound with hfac chelates 16 (bottom right). Black inset: order of the chelates
depending on the charge they provide to the lanthanide ion; based on ab initio calculations. Color code: Dy, carbon, nitrogen, oxygen and fluorine in turquoise, grey, blue, red
and green, respectively. Hydrogen atoms have been omitted for the sake of clarity. Generated from the crystal structures in references [59,60].
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Fig. 18. Structure of 18 (left) and energy diagram of the eight Kramers doublets for 17 and 18 (right). Color code: Er', carbon, nitrogen and silicon in pink, grey, blue and
green, respectively. Hydrogen atoms have been omitted for the sake of clarity. The perspective view of 18 has been generated from the crystal structure downloaded from
CCDC (YIBRUW). The energy diagram has been adapted with permission from [62]. Copyright 2014 American Chemical Society.

was proven by ab initio calculations). Thereby, Dy-O,e; bond dis-
tances become larger, the electron density within the equatorial
plane diminishes and the Uggvalueincreasesupto 110K(76.4 cm ).

Among the SMMs containing prolate lanthanide ions, those
based on Er'! are the most common ones. In a research published
by the group of Tang [62], they compared two systems with the
general formula Ln[N(SiMes),]s5, where Ln™ = Dy"' (17) and Er'"
(18). Because of the opposite electron cloud distribution for these
two lanthanide ions, the crystal field causes reversed effects. As
it is shown in Fig. 18, the order of the Kramers doublets (KD) is
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exactly the opposite for both compounds. The ground state KD is
M; = £1/2 for 17, whereas for 18 M; = +15/2 KD is the most stable
one. These results agree with the model proposed by Rinehart
and Long. A strong equatorial ligand field diminishes the electronic
repulsions for prolate ions such as Er'!!, thus stabilizing the KD with
the highest M; value as ground state (axially anisotropic ground
state). As aforementioned, one of the most important prerequisites
to observe SMM behavior is to stabilize the M; states with highest
absolute values as ground KDs (axially anisotropic ground KD).
Hence, it looks reasonable that compound 18 displays an energy
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Fig. 19. a) Perspective view of the cationic structure of 19. b) The Mannich base ligand used in this research (top) and DyOg coordination environment of the complex
(bottom). c) Temperature dependence of y}, under zero dc applied field and at Hy. = 1000 Oe (inset) for 19. Color code: Dy", Zn", carbon, oxygen, nitrogen, bromide and
chloride in green, pink, grey, red, blue, brown and yellow, respectively. Hydrogen atoms and counterions have been omitted for the sake of clarity. Generated from the crystal
structure in reference [63]. Magnetic data reprinted with permission from [63]. Copyright 2014 John Wiley and Sons.

barrier for the reversal of the magnetization of 122 K (84.8 cm™),
while compound 17 does not show slow relaxation of the
magnetization.

Based on the described oblate-prolate model, our research
group made important contributions to the field of SMMs. For
instance, the trinuclear Zn"Dy"'Zn" system, 19, was prepared using
a compartmental Mannich base ligand containing bridging phe-
noxido groups [63]. This kind of assembly was proven to be effec-
tive in order to stabilize a ground state with highest M; state (axial
ground state), because the four phenoxido oxygen atoms (those
having the highest electron density) are placed by couples in oppo-
site sides of the Dy ion (Fig. 19). Besides, the incorporation of dia-
magnetic Zn" ions within the structure may have several benefits.
On the one hand, in contrast to diamagnetic Zn', paramagnetic
metal centers are known to create transversal magnetic fields that
enable fast relaxation of the magnetization through QTM [64]. On
the other hand, Rajaraman et al. reported that, for phenoxido con-
taining systems, the inclusion of diamagnetic ions can provoke
greater charge polarization for the bridging phenoxido groups, thus
creating a bigger energy splitting between the ground and excited
states [65].

Compound 19 exhibits a DyOg coordination environment that
fits best to a square antiprism geometry (calculated by the SHAPE
software [66]). Even though the presence of QTM is noticeable in
the yj, (T) plots (Fig. 19¢), it displays zero field SMM behavior. This
is in fact due to an almost pure M; = ¥15/2 ground state with a
marked axiality and with negligible transverse components calcu-
lated from CASSCF + RASSI methods. As expected for an oblate type
of ion with well-defined axiality, the magnetic moment points to
the stronger electron donating phenoxido oxygen atoms, so that
it is oriented roughly collinear with the two shortest Dy-O dis-
tances and perpendicular to the oblate electron density.

For further confirming the appropriateness of the ligand field in
19, electrostatic potential maps caused by the ligands and pro-
jected into the Dy"' ion were calculated. It was proven that the beta
electron density of the oblate ground state was accommodated in
the region where the electronic repulsion was less important,
whereas in the perpendicular direction the magnetic moment
points to the more electron density donating phenoxido oxygen
atoms. Finally, as a proof of concept, the isostructural analogue
of Er'" (20) was also studied. As expected, the ligand field was
shown to be suitable for stabilizing high magnetic M; states for
oblate ions, but not for prolate ones. The latter ions require strong
ligand fields in the equatorial plane. Thus, compound 20 exhibited
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a field induced SMM with a very modest energy barrier for the
reorientation of the magnetization.

As discussed, great efforts were done in synthesizing lanthanide
based SMMs and understanding their magnetic properties. Indeed,
the rational strategy following the oblate-prolate model allowed
the researches to make magneto-structural correlations and be
able to modify the ligand fields on demand. Some clear examples
of it are the pentagonal-bipyramidal (PB) compounds. Overall,
these systems contain strong oxygen donor atoms in the apical
positions, for instance: phenoxido groups, phosphine oxides or
siloxides. In contrast, the equatorial pentagonal positions are usu-
ally occupied by neutral atoms arising from solvents (tetrahydrofu-
ran or pyridine, for example) or weakly coordinating macrocyclic
and non-macrocyclic ligands. Within this family, some of the most
cutting-edge examples are [Dy(O'Bu),(py)s][BPh]4 (21, O'Bu = tert-
butoxide, py = pyridine) [67] [Dy(bbpen)Br] (22, Hybbpen = N,N’'-
bis(2-hydroxybenzyl)-N,N’-bis(2-methylpyridyl)ethylenediamine)
[68] and [Dy(CysP0O)y(H,0)s]Br3-2(Cy3P0O)-2H,0-2EtOH (23,
CysPO = tricyclohexyl phosphine oxide) [69]. In all these systems,
the axiality is provided by strong oxygen donor atoms in the apical
positions while the equatorial planes are occupied by less electron
donating atoms with subsequent longer bond distances. The effec-
tive energy barriers were experimentally estimated to be of
1815 K, 1025 K and 543 K for 21, 22 and 23, respectively. Moreover,
even though usually Orbach relaxation pathways occur through
the first excited state (which could be better described as TA-
QTM), the proper ligand field in those compounds provokes relax-
ation pathways involving higher excited states achieving high
effective energy barriers. Lastly, it is worth mentioning the impor-
tance of designing and synthesizing compounds with improved
properties, but being air stable. From the last three cited com-
pounds, the one with the highest effective energy barrier (21) is
air sensitive, a fact that complicates its implementation in future
devices. In this sense, some other air stable compounds with high
effective energy barriers have been reported, either with PB geom-
etry or by using very electron-donating groups such as F~ to pro-
vide an axial ground state very well isolated from excited states
[70-73].

One could think about these latter systems as ideal candidates
for implementing them in information storage devices. However,
the vast majority of lanthanide based SMMs face a common and
important handicap: low blocking temperatures. Compound 21,
for example, displays a Tz of “only” 14 K (defined by FC/ZFC
experiments), which is mainly due to fast QTM at zero field. This



A. Zabala-Lekuona, José Manuel Seco and E. Colacio

24

-

3

€

x
e H, =00¢
o H =50e¢
\ ac

~

s

N 0 ——1Hz ——499 Hz
— 0.5 ——19Hz ——801 Hz
g 0.4 99 Hz —— 1488 Hz
- 0.3- 299 Hz

5 oa]

~zg":: NS
NUTTT 0 15 B 3 % %

T/K

Coordination Chemistry Reviews 441 (2021) 213984

( )

" 8+
o
E 64 —e—1Hz
E 4] —+— 1488 Hz
~
z 24
=

04
. 124
o
E o0s] H, =00e
g 0.6 H_=50e
\03
- 2034
hOO \‘0‘.....

2 a4 6 8 10 12 14 16 18 20
T/K

Fig. 20. Structure of the complexes 24 and 25 with their respective coordination polyhedra for Zn'" and Dy" (blue insets). Temperature dependence of yj, under zero dc
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have been omitted for the sake of clarity. Adapted with permission from [74]. Copyright 2013 The Royal Society of Chemistry.

is one of the biggest problems that researchers are nowadays fac-
ing in the way to achieve high blocking temperature SMMs.

5. QTM: the undesired phenomenon

As previously discussed, it must be said that, in general, it is
easier to synthesize a coordination compound with SMM proper-
ties when lanthanides are used. Besides, the effective energy barri-
ers that they show are often greater than those found for SMMs
based on transition metal ions. However, the QTM is, most of the
times, very strong when the external magnetic field is removed
and this means that there is not remnant magnetization at zero
field. This is a huge problem for using these materials in a future
device. Therefore, the QTM effect has been widely studied in the
past few years and little by little we are learning how to quench it.

Tong’s group, for instance, studied the effect of geometry of the
coordination sphere on the QTM [74]. In order to do that, they
investigated two very similar trinuclear Zn"'Dy"Zn" systems,
where the main difference between them consisted in the pres-
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ence/absence of a methanol molecule within the equatorial plane
(Fig. 20). Compound 24, with methanol, displays a pentagonal
bipyramid geometry around the lanthanide ion, whereas 25, with-
out methanol, shows an octahedral coordination environment.
Even though with the exception of the methanol oxygen atom in
24 all the oxygen donor atoms around the Dy"! ion belong to phe-
noxido groups, the ligand field could be considered as optimum in
reference to the model suggested by Rinehart and Long. This is
because the oxygen atoms in the apical positions of the PB geom-
etry show considerably shorter bond distances than those in the
equatorial plane. Being so similar compounds and with a well-
defined axial ligand field, it is interesting to remark that compound
24 shows a Ugr=438.8 + 4.3 K (305 £ 3 cm '), whereas compound
25 barely displays out-of-phase signals in the yj,(T) plots due to
fast QTM (they manage to suppress it with an optimum external
magnetic field). With the aim of rationalizing this behavior, they
used ab initio calculations. They concluded that, as aforementioned,
the PB geometry is an ideal candidate to observe SMM behavior,
while octahedral ligand fields are prone to present tunneling. It
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is worth mentioning that the geometries are never ideal, which
leads to adverse effects for the SMM behavior (in fact favors
QTM). In connection with this, in compound 24 the SMM behavior
is not as good as expected, whereas QTM could be suppressed for
25 by applying an external magnetic field, thus emerging slow
magnetic relaxation.

In view of the essential role that plays symmetry for achieving
high performance lanthanide-based Single-Molecule Magnets,
Tong and col. recently carried out a qualitative study, based on
an effective charge model, which showed that certain symmetry
groups, such as Cn (n > 7), Sg/Da4g, Csn/Dsn and Sq/Dgq could min-
imize transverse crystal field parameters (CFs) and then the QTM
[75]. It is worth noting that none of these symmetries exists in
all the 32 crystallographic point groups and, therefore, it would
be impossible to reach such perfect geometries in crystalline com-
plexes. In spite of this, one can attempt to achieve a symmetry as
close as possible to the above-indicated symmetries. Experimental
results, like those indicated above for compounds 21-23, among
others, support these qualitative expectations. It is worth mention-
ing that, to minimize the transverse CFs and then the QTM, the
magnetic anisotropy axis for the +M; ground doublet state should
coincide with the principal symmetry axis. When this occurs, the
anisotropy axes of the low-lying excited states and the ground
state are parallel and the magnetization relaxation does not take
place through the first excited state, but through higher excited
states, thus leading to higher U,y values. This is the case generally
occurring for Dy complexes with high-performance SMM behav-
ior. For instance, in compound 21, the anisotropy axes for the three
low-lying excited states are almost collinear with that of the
ground state, so that the magnetic relaxation occurs via the highly
bunched set of states close in energy to the four excited state. It is
also worth remarking that the change of charge density distribu-
tion around the trivalent lanthanide ion is more essential for deter-
mining the symmetry than the molecular geometry.

Another fundamental aspect to quench QTM is to prevent, as
much as possible, weak intermolecular interactions. It is of vital
importance to have single molecules well isolated within the crys-
tal structure, so that there are no magnetic interactions between
adjacent paramagnetic ions. This is because these interactions
could provoke transversal magnetic fields favoring QTM. A widely
used strategy is that of designing ligands that are not able to form
intermolecular hydrogen bonds and thus the molecules should be
isolated within the bulk structure [76]. However, this method is
not always effective and even though, at first glance, the single
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molecules might be separated by a considerable distance they
could show weak dipolar interactions. Another synthetic strategy
could be that of diluting the paramagnetic centers within a dia-
magnetic matrix. In order to do that, the target compound needs
to have isostructural counterparts that crystallize with diamag-
netic ions. For instance, when using lanthanides, Y is usually
employed since it contains a similar ionic radius compared to Dy™
and Er'! (La'" is also diamagnetic, but its ionic radius is larger and
could not give rise to the same compound). Thus, both paramag-
netic and diamagnetic compounds are co-crystallized in different
ratios eliminating, at least partly, the undesired intermolecular
dipolar interactions. This strategy was already employed by Ishi-
kawa and col. when they discovered the first lanthanide based
SMM, and it has been profusely used by other research groups dur-
ing the last years [77-80].

Probably not at the same level as intermolecular dipolar inter-
actions, the removal of hyperfine interactions between electrons
and active nuclei has been proven to be another effective strategy
towards diminishing the tunneling effect. In this regard, Cador and
co-workers applied this approach firstly in the mononuclear [Dy
(tta)3(L)]-CsH14 (26, Fig. 21) compound (tta~ = 2-thenoyltrifluoroa
cetonate and L = 4,5-bis(propylthio)-tetrathiafulvalene-2-(2-pyri
dyl)-benzimidazole methyl-2-pyridine) [81]. This study aimed to
intrinsically improve the magnetic behavior of single molecules,
since magnetic dilution strategies are a way to optimize the effect
of the environments and not of the molecule itself. For this
purpose, they synthesized first 26 with natural Dy ion, which is
mainly a mixing of the four out of seven different isotopes: '¢'Dy
(18.9%) and '®°Dy (24.9%) with I = 5/2 and '®2Dy (25.5%) and
164py (28.2%) without nuclear spin. Then, natural Dy™ jons were
replaced by '®'Dy (I = 5/2) or '%*Dy (I = 0) to isotopically enrich
them, named 6726 and 426 from now on. Both isotopically
enriched compounds display frequency dependent out-of-phase
susceptibility signals below 14 K at zero applied dc field, although
they show notable differences. The maxima of the yxj,(v) curves
are much more shifted to lower frequencies for 1%426. Indeed, even
though the thermally activated regime coincides for both com-
pounds regarding 7o and Ugys values, the relaxation times in the
temperature independent regime are increased around an order
of magnitude for the compound with a non-active nucleus.
To verify that the increment in relaxation times corresponds to
the quenching of the hyperfine interactions, they repeated the
measurements under an optimum external magnetic field sup-
pressing the residual QTM. The extracted relaxation times

Fig. 21. Structure of the complex 26 (left). Hysteresis loops at 0.46 K for 26 and 5426 (right). Color code: Dy", carbon, nitrogen, oxygen, sulfur and fluorine in pink, grey, blue,
red, yellow and green, respectively. Hydrogen atoms and solvent molecules have been omitted for the sake of clarity. Reproduced with permission from [81]. Copyright 2015

John Wiley and Sons.
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Fig. 22. Structure of the complex 28. The dashed lines correspond to the main
magnetic axes of the Dy" ions. The arrows show the orientation of local magnetic
moments in the ground exchange doublet state (top). Hysteresis loops measured
with an average sweep rate of 0.003 T/s (middle). Low-lying exchange spectrum
with the magnetization blocking barrier indicated by dashed green lines. The
numbers for the horizontal blue arrows (A,) indicate an effective quenching of
QTM (bottom). Color code: Cr', Dy", carbon, nitrogen and oxygen in yellow, purple,
grey, blue and red, respectively. Hydrogen atoms have been omitted for the sake of
clarity. Reproduced with permission from [83]. Copyright 2013 John Wiley and
Sons.

coincide for all the derivatives, which clearly indicates that the iso-
topic enrichment only influences the temperature-independent
regime.
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This slowing down of the relaxation times in the temperature-
independent regime was further confirmed by hysteresis loop
measurements (Fig. 21, right). Compound 26 displays the typical
butterfly shape losing the vast majority of the magnetization at
low fields. However, for isotopically enriched 16426, the opening
at zero field is more pronounced, which demonstrates that sup-
pressing hyperfine couplings somehow enhances the SMM proper-
ties. Nonetheless, this finding might be cautiously taken, since
even combining different strategies including the isotopic enrich-
ment the QTM persists. Related to this work, Chilton and co-
workers made an exhaustive field- and temperature-dependent
study in a high effective barrier SMM [82]. In that work, although
they confirm that magnetic dilution and isotopic enrichment
strategies are effective to modify the magnetic behavior at low
temperatures, they remark that probably the way forward still
resides in the engineering of the molecular structure to avoid tun-
neling through crystal field effects.

Completely opposite towards the previous strategy of eliminat-
ing any possible magnetic interactions of the paramagnetic centers
with nuclei or other neighboring ions that could cause transverse
magnetic fields, is to look for strong enough metal-metal interac-
tions that might cause the contrary effect. Murray and co-authors
reported the comparison between two butterfly type of complexes,
namely CoY'DyY' (27) and Cri'DyY' (28) systems (Fig. 22, top) [83].
For the former, taking into account that Co™ ions are in the dia-
magnetic low-spin state, the magnetic properties only arise from
Dy™ jons. For the latter, the exchange interactions between both
Cr'" and Dy™ paramagnetic ions are important. Even though the
height of the energy barrier for both compounds is comparable,
compound 27 crosses to a pure quantum regime below 2.5 K. In
contrast, compound 28 displays open hysteresis loops up to 3.5 K
with coercive fields as large as 2.8 T at 1.8 K (Fig. 22, middle). They
carried out ab initio calculations to explain this huge difference in
magnetic behavior. According to them, for the exchange coupled
system the ground-state and thermally-assisted QTM are effi-
ciently quenched and, thus, open loops are observable (Fig. 22, bot-
tom). This research reveals the impact of magnetic exchange
interactions within relaxation pathways.

Rajaraman et al. also made exhaustive studies regarding 3d-4f
mixed systems. In a paper published in 2017, they compared four
related octanuclear systems, in which they maintained their core
structure, but modified either metal-metal bridging ligands and/
or 3d metal ions [84]. The compounds 29 and 30 contained Co}{'Dy,
" cores mainly differentiated by bridging OH™ (29) or F~ (30)
groups, whereas 31 and 32 display two types of paramagnetic ions,
cri'DyY!, with bridging F~ (31) or N3 (32) groups (Fig. 23). Note-
worthy, compounds 31 and 32 were previously reported [85,86].
Initially, leaving aside the effect of the 3d metal ion, they discov-
ered that F~ bridges provide a bigger splitting between the ground
and first excited states. Even though they both (29 and 30) have an
M; = £15/2 as ground state and M; = £1/2 as first excited state, the
higher electron density in fluoride ensures a better separation
between both states. Hence, compound 29 is not an SMM, but 30
it is with a still marked QTM. When switching to structures con-
taining a second type of paramagnetic ion, compound 32 displays
two improved features in comparison to 30. The height of the bar-
rier was increased and QTM was effectively quenched. Moreover,
when combining both strategies of implementing Cr'" ions and
F~ bridges, the resultant compound 31 displayed the best results
with the highest Uy and suppression of QTM. This fact was then
clearly proved by ab initio calculations. Without considering
intramolecular exchange interactions, 31 should have even a more
marked ground-state tunneling than 30, which is contrary to what
experiments showed. Therefore, Cr--Dy and Dy--Dy exchange
pathways should have been included in the calculations. In such
case, considering the polynuclear framework for relaxation
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Fig. 23. Structure of the complexes 29-32. Color code: Co', Cr'", Dy", carbon, nitrogen, oxygen and fluoride in purple, light grey, turquoise, grey, blue, red and green,
respectively. Hydrogen atoms, solvent molecules as well as disordered fragments have been omitted for the sake of clarity. Generated from the crystal structures in references

[84-86].

mechanisms, they verified that the presence of paramagnetic Cr'"

ions were responsible of quenching the low temperature relaxation
channels present in compound 30.

Even though the mentioned examples imply the presence of
cr' ions, more examples including other 3d metals such as Mn",
Fe'' and Co' have been also reported [87-90]. Apart from them,
the exchange coupled relaxation mechanisms were also investi-
gated by Rajaraman et al. [91] for a previously reported NizDy
(33) tetranuclear compound (Fig. 24, top) [92]. Although weak,
the compound displays zero field SMM behavior. As shown for
compound 25, the octahedral coordination environments are not
the most suitable in order to design high performance SMMs. Thus,
it is not surprising that the distorted octahedral environment
around the Dy" ion in 33 is not able neither to stabilize
M; = +15/2 states as ground state nor to create huge splitting
between the ground and first excited state. In fact, the ground state
in this compound is far from being of pure Ising-type with a mixed
wavefunction mainly composed of M; = £13/2. In addition, even
though the g-tensor values indicate that the ground-state is axial,
the transverse components are not negligible. All in all, the calcu-
lations suggest that the compound will show QTM and that is not a
potential candidate to be an SMM. However, once again the calcu-
lations based on the exchange-coupled system suggest that QTM is
partially suppressed due to strong Ni---Dy interactions enabling
zero-field SMM behavior (Fig. 24, bottom). Nonetheless, including
paramagnetic 3d ions in 3d-4f mixed compounds is not always
positive. The relaxation pathways in these complexes are not triv-
ial and slight structural differences might be the line separating
systems in which paramagnetic or diamagnetic 3d ions improve
or deteriorate the SMM properties [93].

Different bridging groups or heteroatoms could give rise to dif-
ferent exchange, either in nature (ferro- or antiferromagnetic) and
strength. However, because the 4f valence electrons are deeply
buried below 5s2 and 5p® electrons, the metal-ligand interactions
are usually purely electrostatic in nature and, thus, when a het-
eroatom acts as bridging group between two Ln" ijons weakly
interacting exchange coupled systems are observed. Therefore,
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for polynuclear Ln'™! systems the SMM behavior could be directly

associated to single ion behavior and, often, the weak interactions
may be an unfavorable factor provoking transverse fields. A very
promising strategy towards obtaining stronger metal-ligand inter-
actions is to use paramagnetic ligands or, in other words, radicals.
Their diffuse feature has been proved to be very effective to pene-
trate through the lanthanides orbitals and provide strong metal-li-
gand interactions that cannot be obtained through diamagnetic
ligands. Clear examples of it are the N3~ bridged dinuclear com-
pounds of formula [K(18-crown-6)][{[(MesSi),N]o(THF)Ln},(p-#%:
7%-N,)], where Ln = Gd" (34) and Dy" (35) compounds (Fig. 25)
[94]. The very strong metal-radical interaction was proven by the
noticeable rise in T observed in the yyT vs T curve below room
temperature due to strong antiferromagnetic interactions. In fact,
the value at 300 K for 34 was already lower than that expected
for two non-interacting S = 7/2 Gd" ions and a single radical
S =1/2 N3~ unit in agreement with the mentioned antiferromag-
netic interactions. The fitting of the data afforded a strong
J=-27 cm~! exchange constant, notably higher than those usually
found for Gd™ systems usually below 3 cm™~' [95]. To verify that
the strong interaction arises from the diffuse nature of the N3~ rad-
ical, the non-radical N3~ bridged analogues were also studied (Gd™
(36) and Dy" (37)). Although it was already evident from yyT
curves, the fitting of the data for 36 supported a weak antiferro-
magnetic exchange interaction with J = —0.49 cm™! constant.
Noteworthy, the non-radical counterparts displayed some differ-
ences regarding structural parameters, but they were the best
models to compare it to the data obtained for 34 and 35.

The lack of spin-orbit coupling in Gd" ion is a good feature in
order to evaluate the dc data and somehow easily obtain exchange
coupling constant values. However, its isotropic character prevents
it to be a potential candidate for the design of SMMs. The Dy
based compound 35, instead, displays zero-field SMM behavior
due to its anisotropic nature. The calculated Ugs of 177 K
(123 cm™!) is comparable to other Dy!! based SMMs, whereas
the low temperature regime differs from usual. Some other com-
pounds with similar effective energy barriers [96] display devia-
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reproduced with permission from [91]. Copyright 2016 John Wiley and Sons.

tions in the Arrhenius plots that are clearly related to under barrier
shortcuts. Compound 35 displays a clear linear dependence in the
whole studied temperature range related to a pure Orbach mecha-
nism. Moreover, N3~ bridged 37 displays a modest barrier of 25.9 K
(18 cm~1') with nearly constant relaxation times in the low temper-
ature regime indicative of fast tunneling. Differently to 35, weakly
coupled SMMs usually behave as single ion magnets instead of sin-
gle molecule magnets highlighting the importance of strong
exchange coupling constants. Finally, SMM behavior was verified
by measuring hysteresis loops up to 8.3 K with large coercive
fields.

After the research related to Gd"™ and Dy" ions, the Long’s group
continued exploring N3~ bridged systems. Firstly, maintaining the
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structure, but switching to Tb™ (38) they obtained even better
results since it showed a blocking temperature as high as 14 K
[97]. After that, and in view of the great results obtained for sand-
wich type of complexes (later discussed) with cyclopentadienide
derivatives, they managed to introduce again the N3~ radical to
bridge Dy™ and Tb™ ions [98]. Among other compounds, they
reported on the synthesis, characterization and magnetic proper-
ties of four novel compounds with general formula [K(crypt-222)
(THE)][(CpY**"Ln(THF)),(u — N3)] for Tb™ (39) and Dy (40) and
[K(crypt-222)][(CpYe*HLn),(n — N3)] for Tb™ (41) and Dy" (42)
where crypt-222 = 2.2.2-cryptand and CpM®*" = tetramethylcyclopen
tadienyl (Fig. 26). Structurally speaking, the main difference between
both structures is the presence/absence of a THF molecule coordi-
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Fig. 25. Structure of the [{[(MesSi),N]5(THF)Gd},(p-n%: n?-N,)] anion in 34 Color
code: Gd", carbon, nitrogen, silicon and oxygen in turquoise, grey, blue, yellow and
red, respectively. Hydrogen atoms and counterions have been omitted for the sake
of clarity. Generated from the crystal structure in reference [94].

nated to the lanthanide ions. This was then easily removed by disso-
lution in 2-methyltetrahydrofuran. Even though compounds 39-42
are all zero field SMMs, there are some remarkable differences
among them. Relaxation times extracted from ac measurements fol-
low the Arrhenius law in the whole temperature range except for 40,
which crosses to a pure QTM regime at the lowest temperatures. This
was then verified by variable-field magnetization measurements; in
which it did not show any remnant magnetization even at 2 K. How-
ever, the removal of the THF molecules from the coordination envi-
ronment substantially improved the magnetic behavior for 40 and
open hysteresis loops were observed up to 8 K for 42. Considering
that Tb"' based compound 39 was already displaying open loops
up to 15 K, great improvements were also predicted for 41 after
THF removal. Indeed, open hysteresis loops were measured up to
30 K with a 100 s-magnetic blocking temperature of 20 K. Therefore,
these research works regarding radical bridged coordination com-
pounds exhibited great potential in terms of future design of high
performance SMMs.

As it will be further discussed in the next section, compounds
with a single paramagnetic ion (SIMs) compose the state of the
art for SMMs, since so far they have shown the greatest properties.
However, it is still necessary and challenging to study polynuclear
systems that maintain the high anisotropy. The group of Rinehart
employed the [Er(COT)]* (COT?~ = cyclooctatetraenide anion) as
building block to construct four novel compounds; a mononuclear
one (43) and three dinuclear systems (44-46) [99]. This fragment
was selected because it is well known that it is suitable to stabilize
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the states with highest magnetic moment (M; = +15/2) for the Er'™
ion and the anisotropy axis is known to point along the
Er-COTcentroia axis. The coordination spheres were completed by
I ions and weakly coordinating phosphines (Fig. 27). Within the
dinuclear systems, the former ones act as magnetic coupling
bridges, while the latter non-coupling ligands were introduced to
modulate the angles between the magnetic anisotropy axes. Note-
worthy, phosphine ligands were selected based on their weakly
coordinating character, which was not expected to alter the
Er-COTeentroia based anisotropy axis. Several interesting conclu-
sions were obtained from the study of these four compounds. On
the one hand, the effective energy barriers for 44-46 were around
150 K higher than for 43, and very similar between them. However,
the hysteretic behavior at 2 K did not follow the same trend
(Fig. 27). Compounds 43 and 44 displayed waist-restricted
butterfly-shaped hysteresis loops in agreement with a large influ-
ence of QTM. In contrast, compounds 45 and 46, which show
greater angles between Er-COT centroids, displayed open hystere-
sis loops without clear QTM contribution at zero field. Thus, this
study emphasizes the importance of aligning the anisotropy axes
in polynuclear systems (as it was previously demonstrated for
transition metal clusters). In addition, relaxation times at 2 K were
enhanced around six orders of magnitude from 43 to 46, hence
reaffirming the relevance of nuclearity and orientation of the axes
in terms of slow relaxation of the magnetization.

6. State of the art: dysprosium metallocenes

As discussed along the paper, during the last decades several
SMMs have been reported displaying large effective energy barri-
ers to prevent the reorientation of the magnetization. Blocking
temperatures, in contrast, have not been enhanced at the same
pace due to the additional relaxation pathways that shortcut the
energy barrier. Designated as outliers in this trend, trivalent dys-
prosium based metallocenes are the current state of the art of
SMMs displaying magnetic blocking temperatures already above
the liquid nitrogen. In the same way that COT ligands are appropri-
ate for the design of Er'' based SMMs, Cp derivatives (Cp = cyclo
pentadienyl anion) have provoked a revolution among Dy"' based
systems. Already from Rinehart and Long’s design principles, Cp
sandwiched Dy compounds (without ligands in the equatorial
plane) were envisioned as potential candidates, although the large
ionic radii of Ln ions hindered or complicated their synthesis. How-
ever, Mills et al. and Layfield et al. almost simultaneously reported
on a sandwiched dysprosocenium compound with Cp*™ ligands
(Cp™* = {CsH%Bus-1,2,4} and '‘Bu = C(CH3)3) (47, Fig. 28, top left)
[100,101]. Compound 47, with general formula [Dy(Cp'™),][B
(CgFs)4], shows a wide bent Cp-Dy-Cp angle of 152.56(7) © with rel-
atively short Dy-Cpcentroia distances of 2.316(3) A [100]. Already

/0@0
%

Fig. 26. Structure of the anionic complexes 39 and 41. Color code: Tb", carbon, nitrogen and oxygen in turquoise, grey, blue and red, respectively. Hydrogen atoms and
counterions have been omitted for the sake of clarity. Generated from the crystal structures in reference [98].
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Fig. 27. Structure of the complexes 43-46 along with Er-COTcenroiq Vector directions (left). Hysteresis loops at 2 K with a sweep-rate of 10.1 Oe/s (right). Color code: Er

M (“B mol'1)
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Fig. 28. Cationic structures of complexes 47 and 48 (top). FC/ZFC variable-temperature magnetic susceptibility under 1000 Oe (bottom left), hysteresis loops in the 2-75 K
temperature range using a sweep rate of 200 Oe/s (bottom middle) and hysteresis loops at 80 K using a sweep rate of 25 Oe/s for 48 (bottom right). Color code: Dy

111 and

carbon in turquoise and grey, respectively. Hydrogen atoms and counterions have been omitted for the sake of clarity. Generated from the crystal structures in references
[100,102]. Magnetic data reproduced with permission from [102]. Copyright 2018 The American Association for the Advancement of Science.

from this structural features, it was evident that the slow relax-
ation dynamics were going to be really promising. Indeed, open
hysteresis loops were observed below 60 K (measured with a
sweep rate of 22 Oe/s), although a zero-field step was already
observable at 2 K attributed to QTM. FC/ZFC measurements
confirmed the value of Ty displaying a bifurcation of both curves
at 61 K.
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In order to study the mechanism of magnetic relaxation, ab initio
calculations were performed. Interestingly, the spin-phonon cou-
pling arising from C-H vibrational mode in the Cp" ligands was
found to be of relevance promoting the first transition from the
ground +15/2 state to the excited +13/2 one. Thus, pointing out
that the substitution of such groups should potentially enhance
the hysteretic behavior of dysprosium metallocenes. Furthermore,



A. Zabala-Lekuona, José Manuel Seco and E. Colacio

the outlier character of this compound was attributed to the partic-
ular ligand field around the ion, since the rigid Cp™ ligands con-
strain metal-ligand vibrational modes that could enhance the
through barrier shortcuts. In fact, the obtained energy barrier of
1760 K (1223 cm™!) was found in the range of other previously
reported SMMs such as [Dy(O'Bu),(py)s][BPh]s (21) [67], the
blocking temperature, however, is far greater for 47. When com-
paring both systems, the former one contains single donor atoms
in the first coordination sphere displaying a more pronounced
metal-ligand flexibility, which might provide detrimental vibra-
tional modes accelerating relaxation times through barrier
shortcuts.

In light of these outstanding results, in 2018 again Layfield and
co-workers went further and synthesized another dysprosocenium
compound with enhanced performance [102]. By studying com-
pound 47, the design principles for an improved ligand field were
clearer: (i) shorter Dy-Cp bond distances, (ii) wider Cp-Dy-Cp
angles and (iii) absence of C—H bonds were targeted. However,
in order to fulfil these purposes a compromise needed to be taken,
since bulky ligands could provide wide angles (and absence of
equatorially coordinated ligands), but too bulky ones favor longer
bond distances. All in all, they managed to synthesize the targeted
compound 48 (Fig. 28) with general formula [(1°-Cp*)Dy(n°-
Cp™™)][B(CgFs)4)] where Cp* = pentamethylcyclopentadienyl and
Cp™™™ = pentaisopropylcyclopentadienyl (Fig. 28, top right). As a
result of the appropriate ligand design, from the crystal structure
analysis they concluded that the Dy-Cp* and Dy-Cp™™ distances
were on average 0.026 A shorter compared to 47. Moreover, the
Cp*-Dy-Cp™™ angle showed a notably wider value of 162.507(1)°,
almost 10° nearer from the perfectly lineal value of 180°. Thus,
already from these considerations, a stronger crystal field effect
along with an enhanced magnetic behavior was expected.

Certainly, at a sweep rate of 25 Oe/s the hysteresis loops
remained open up to 80 K, a temperature that is already above
the liquid nitrogen (Fig. 28, bottom right). This blocking

\
\
{
<

Coordination Chemistry Reviews 441 (2021) 213984

temperature was also certified by FC/ZFC measurements, in which
a divergence of both curves was observed at 78 K (Fig. 28, bottom
left). The axiality of the system was further confirmed by ab initio
calculations suggesting a perfectly axial ground state. This was in
fair agreement with the hysteresis loops at 2 K. In contrast to what
observed for 47, there was no sign of any zero-field step suggesting
a total blocking of QTM (Fig. 28, bottom middle). Finally, taking
into account that C—H bonds within the ring were replaced by
either isopropyl groups or methyl groups, the vibrational mode ini-
tiating the first transition from the ground to the first excited state
was found to be the out-of-plane vibration of the Cp* ligand.
Parallel to the discovery of this last metallocene, Harvey and co-
authors reported on four other related Dy" sandwich compounds
(Fig. 29) with general formula [Dy(Cp™™R),][B(CsFs)4] (R = H (49),
Me (50), Et (51), 'Pr (52)) [103]. They were also inspired by com-
pound 47, so they employed four different Cp ligands to mainly
modify the Dy-Cp distance, Cp-Dy-Cp angle and vibrational modes
around the metal ion. The structural parameters that they found
were coherent with the substituents they employed. The more
sterically demanding cyclopentadienyl ligands provoked longer
bond distances, but wider angles (see Fig. 29). This confirmed the
validity of the approach showing that a single modification within
the Cp ring modifies the ligand field around the metal ion, possibly
modulating magnetization relaxation dynamics. The first evidence
of it was observed by FC/ZFC measurements detecting divergences
in the wide range of 28-65 K. From ac measurements they
obtained U values of 1849, 2112, 1986 and 1919 K (1285, 1468,
1380 and 1334 cm ') for 49, 50, 51 and 52, respectively. They were
able to rationalize this trend based on magneto-structural correla-
tions. Between the four compounds, 49 displays the most bent
angle and, thus, the lowest effective energy barrier. Linearity
increases upon introducing bulkier substituents to the fifth posi-
tion of the Cp ligand. However, they theorize that among them
the bond angle is no longer the determinant factor and that the
Dy-Cp bond distance comes into play. Therefore, the value of Uy
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Fig. 29. Cationic structures of complexes 49-52 (top). Expanded view of the hysteresis loops near zero field and at high temperatures (sweep rate of 31(4) Oe/s for H< 2 T)
and carbon in green and grey, respectively. Hydrogen atoms, counterions and positional disorder have been omitted for the sake of clarity. [103] -
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increases from 52 to 50 as the Dy-Cp bond distance decreases.
Following the observed trend, compound 50 exhibited open hys-
teresis loops at the highest temperatures. As a general conclusion,
they suggest that the ligands that are able to find a compromise
between wide Cp-Dy-Cp angles and short Dy-Cp bond distances
are the next target, though an exhaustive knowledge in terms of
spin-phonon coupling is also fundamental as 100 s blocking tem-
peratures are found in the regime where Raman pathway domi-
nates. Although the effect of molecular vibrations in terms of
Orbach relaxation could be evaluated, models are needed for other
under-barrier mechanisms.

In view of the exceptional results obtained for all these Dy
metallocenes, in the last few years several new structures have
been reported. For instance, Mills et al. recently reported a sand-
wich structure in which the chemical nature of the ligands was
modified by changing one carbon atom by a phosphor one in a
bis-monophospholyl dysprosium compound [104]. This new sys-
tem displayed magnetic hysteresis at 48 K. Meng and co-authors
studied exchange coupled dinuclear systems varying the bridging
ligands (CH3, CI7, Br~ and 1) [105]. Furthermore, isocarbonyl-
ligated metallocene coordination polymers have also been studied
[106], as well as dinuclear systems in which fulvalene has been
used as platform instead of Cp rings [107]. All this research evi-
dences that these systems have revolutionized the field of SMMs
and the interested reader is addressed to read further cited litera-
ture [108-111].

111

7. Ab initio methods: Valuable tools for a better understanding
and improved design principles

Ab initio methods have emerged during the last years enabling a
better interpretation, or even prediction, of the experimental
magnetic properties, which at the same time facilitates developing
improved ligand field design principles. The work of some specific
authors in this field is remarkable as they were pioneers setting the
basis of the extensively used softwares ORCA [112] and MOLCAS
[113]. On the one hand, Frank Neese developed the former one
and it has shown its validity for the calculation of g values and zero
field splitting (ZFS) parameters, as well as the splitting of the d
orbitals in transition metal complexes by using the ab initio ligand
field theory (AILF, [50]). On the other hand, striking efforts of
Liviu F. Chibotaru and Liviu Ungur have contributed in a decisive
way to the development of the theoretical study of the electronic
structure and the magnetic properties of lanthanide based SMMs
with the MOLCAS software. In fact, they have built two programs,
SINGLE_ANISO and POLY_ANISO for calculating local magnetic
properties and the exchange energy spectrum and magnetic
properties in polynuclear complexes, respectively, which were
implemented in MOLCAS improving its functionality. Interestingly,
this program can be used not only for calculating the electronic
structure, magnetic properties and the effectiveness of the spin
relaxation pathways in lanthanide based SMMs, but also in transi-
tion metal based SMMs. Apart from the above cited authors,
numerous researchers working in the field of SMMs are notably
contributing to the area of theoretical calculations. For instance,
the results obtained by Gopalan Rajaraman [114], Eliseo Ruiz
[115], Nicholas F. Chilton [116], Roberta Sessoli [117], and Alessan-
dro Soncini [118], among many others, have played an important
role in developing and improving this research field. Note that,
for example, Soncini and co-authors recently developed a novel
ab initio code called CERES (Computational Emulator of Rare Earth
Systems), which is able to efficiently calculate the electronic struc-
ture and magnetic properties in lanthanide complexes [118]. In
this section, we have tried to briefly remark some of the cutting-
edge studies that have been carried out in the last years in the field
of theory.
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Chilton and co-workers have very recently reported a theoreti-
cal study for the prediction of relaxation rates based on ab initio
methods [116]. Within this work, they have implemented a refined
ab initio method to theoretically calculate the relaxation dynamics
of several dysprosium based metallocenes including compounds
47, 48 and 49, which are intermediate, best and worst performing
SMMs, respectively, among compounds that have been considered
in the cited work. Between the latter two, they have concluded that
the most influencing factor regarding relaxation dynamics is the
crystal field splitting related to the static crystal structure. Namely,
the larger energy gaps between ground and excited states for 48 in
comparison to 49 are the reason for a better performance. When
considering 47 and 48, the initial prediction was related to an
improved spin-phonon engineering; in other words, the substitu-
tion of C—H bonds was expected to be the discriminant factor for
the enhanced magnetic properties. In this work, however, they
found out that both a larger CF splitting and a reduced spin-
phonon coupling were responsible of slowing down relaxation
rates, but being the former one the prevailing reason. More inter-
estingly, they also studied some other model compounds with gen-
eral formula [Dy(CsRs),]" and [Dy(C4R4),] ™. From it, they concluded
that organometallic sandwich compounds have probably reached
their limit in terms of Uy with a value of around 2100 K. Neverthe-
less, based on their study, the mentioned spin-phonon engineering
may be now crucial to develop SMMs with improved properties. In
fact, some of the studied model compounds displayed theoretical
Ueg values that were similar to that of 48, but relaxation rates were
expected to be orders of magnitude slower. As they state, this can
be explained by the presence of far fewer available vibrational
modes that are not, at the same time, so frequently on-resonance
with electronic transitions. Hence, they finally remark the rele-
vance of removing detrimental vibrational modes that provoke fas-
ter relaxation times.

Theoretical studies have shown to be important to figure out
some other issues that are not obvious based on experimental data.
The qualitative crystal field design principles proposed by Rinehart
and Long have given rise to a large amount of SMMs with huge U
values and blocking temperatures. However, the results that have
been obtained based on these principles are not always easy to
understand. For instance, why Er'' based SMMs have not shown
such a good performance as Dy'! based ones? Switching the chem-
ical design from an axial ligand field to an equatorial one is not
enough? Theoretical studies based on ab initio calculations are very
useful to understand the reasons behind.

For this purpose, Zhang et al. [119] selected the equatorially
three coordinated compounds 18 (Er[N(SiMes);]3), 53 (Er(dbpc)s;
dbpc = tris(2,6-di-tert-butyl-p-cresol)) and 54 (Er(btmsm)s;
btmsm = tris(bis(trimethylsilyl)methyl)), being the latter two pre-
viously reported by Yamashita and co-authors [120]. For the three
compounds shown in Fig. 30, they observed by theoretical calcula-
tions that the axiality of the systems was quite modest in contrast
to what was expected by crystal field considerations. Indeed, the g,
y values that they obtained for the first excited Kramers doublets
were no longer close to zero. Thus, these transverse components
would be the reason for a fast QTM in the first excited state limit-
ing the value of Uy to the energy difference between the ground
and first excited state. Additionally, they also studied theoretically
the influence that would have the modulation of 6 angles (angle
between the vector connecting Er'" and L ligands and the aniso-
tropy axis, see Fig. 30) and Er-L distances in the height of the
energy barrier. The calculations were partially in agreement with
the design principles proposed by Long et al. On the one hand,
the highest Ugy's were calculated for 6 = 90° angles and, in the other
hand, a lengthening of Er-L bond distances would give rise to a
smaller energy splitting between the ground and first excited
states. In contrast, a shortening of Er-L bond distances would lead
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18 53

Fig. 30. Structural view of complexes 18, 53 and 54. The green axes show the orientations of the local main magnetic axes on Er
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in the ground KDs. Color code: Er'", carbon,

nitrogen, silicon and oxygen in green, grey, orange and red, respectively. Hydrogen atoms and tert-butyl groups in 53 have been omitted for the sake of clarity. Adapted with

permission from [119]. Copyright 2020 The Royal Society of Chemistry.

to an undesired competing effect, since the equatorially coordi-
nated ligands would produce larger transverse components (higher
gxy) in the ground and first excited states allowing fast QTM.
Therefore, they conclude that for equatorially coordinated Er'
mononuclear compounds will be difficult to obtain energy barriers
as high as for Dy™ compounds.

Another very interesting theoretical work was recently reported
by Chibotaru and co-workers [121]. They made an ab initio study
on robust divalent [LnO] units for enhanced SMM properties. Note
that previously was done for the [DyO]" unit [122]. Furthermore,
being aware of the importance of depositing SMMs on surfaces
(see next section) for future devices, they also studied a model
[DyO] unit deposited on the hexagonal boron nitride (h-BN) sur-
face. As they state, the findings they made are important for two
main reasons. Firstly, as it has been shown for several recently
reported Dy metallocenes, the limit of the blocking barrier seems
to have been enhanced to the maximum and, thus, it seems to be
hardly surpassable. This is directly related to the extreme difficulty
of synthesizing low coordinated lanthanide based compounds. For
this reason, switching to [LnO] units is presented as an attractive
alternative towards SMMs with an improved efficiency. The energy
splitting of the eight Ising doublets and a singlet for | = 8 in [DyO]
spreads over 2500 cm~! due to the strong covalent contribution
and short Dy-O distance. Therefore, this system could be a poten-
tial candidate for future experimental studies. Finally, even though
the model [DyO] system deposited on h-BN would theoretically be
in a horizontal fashion (parallel to the surface), it is expected to
preserve intrinsic axiality over the possible low-symmetric contri-
butions from the surface. Consequently, this system is supposed to
have a blocking barrier still exceeding 2000 cm~! and to preserve
excellent magnetic blocking properties even after depositing it into
a surface.

During last years, there has been a more exhaustive study in
order to try to understand how molecular or lattice vibrations
affect the demagnetization process. As another recent example,
Irlander and Schnack showed how phonons could open tunneling
gaps between otherwise degenerate ground states in SMMs
[123]. They believe that these kind of studies are very useful for
future rational designs, since it enables identifying vibrations that
are detrimental and facilitate demagnetization processes.

As a last example in this section, we would also like to remark
an interesting recent paper by Aravena [124]. As it states, ab initio
calculations have been and are very useful to rationalize the
observed experimental magnetic properties. However, these are
often case specific and approaches that could be generalized to big-
ger families of compounds are lacking. Fascinatingly, in this work a
new method was proposed for the prediction of tunneling demag-
netization times (named as tqny in the present work) and effective
energy barriers (Uey). This method could be used by introducing
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the orientation of the molecule in the crystal structure, the ground
and excited states energies and g factors to give rise to an ab initio
prediction. To prove the validity of it, it was evaluated by consider-
ing 18 previously reported Ln™ based compounds (15 Dy based
and 3 Er'" based) and comparing the obtained results with the
experimental ones. As mentioned, we also consider this approach
a valuable tool for evaluating a bigger family of SMMs by the same
method.

8. Hybrid materials based on SMMs for future applications

During the last decades an enormous amount of SMMs have
been reported in the literature. For the vast majority of them, the
magnetic properties were studied in the bulk. However, with the
aim of developing a future device and for reading/writting pur-
poses, incorporating these systems in surfaces is imperative while
preserving their magnetic properties, which could be a handicap
due to potential surface-molecule interactions [125-128]. More-
over, a long range ordering, as well as high density of molecules
is desirable for these hybrid systems. Although numerous exam-
ples of hybrid materials have been reported so far, here we will
only describe a few selected examples of them.

Among different options [129,130], the use of three dimen-
sional metal-organic frameworks (MOFs) could be an attractive
one. Indeed, some of these systems possess pores that could be
suitable to load guest molecules. Even though few of these hybrid
systems have been previously reported [131,132], the problem
usually arises when designing specific pore sizes and functional
groups that point towards the pore stabilizing the guests and pro-
viding great loading capacities. In a recently reported research by
Yuan and co-workers, they synthesized a La"' based mesoporous
MOF based on short and rigid ligands showing 2 nm long pore
diameter [133], suitable for incorporating Mnl12-ac molecules
inside (Fig. 31). By dipping samples of the MOF into saturated solu-
tions of Mn12-ac, the colorless crystals turned from colorless to
brown already indicating that the guest molecules were loaded.
PXRD experiments showed that the 3D network remained intact
after the process and N, adsorption isotherms as well as BET sur-
face measurements were used to prove that the target molecules
were encapsulated within the pores. They concluded that the
designed system had special features that allowed a large loading.
On the one hand, the hydrogen bonds between the —OH groups
pointing to the center of the pores and acetate oxygen atoms
(see red dashed lines in Fig. 31) stabilize the guests and, on the
other hand, the flexibility of the material was essential since the
interactions between the MOF and SMMs provoked a shrinking
of the pores improving the loading capacity. Based on EDX, ICP-
MS and 'H NMR techniques, they calculated a record-breaking
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Fig. 31. Crystal structure of the MOF reported by Yuan and co-workers with a
loading suggestion of Mn12-ac. Reproduced with permission from [133]. Copyright
2019 American Chemical Society.

loading capacity of 40.15 mol%. Finally, by measuring the magnetic
properties of the hybrid system, they proved that the SMM
properties were well preserved since maxima were visible in the
xm(T) and open hysteresis loops were observed at 2 K.

As seen in the previous example and also in previous reported
studies, indirect methods to prove the loading of the SMMs into
the channels of the MOFs are well stablished. However, it was
not until a couple of years that a direct method was employed in
order to visualize guest molecules inside the pores. More specifi-
cally, Wriedt et al. synthesized a SMM@MOF composite using
Mn12-ac as the guest molecule and the Zr"V based MOF NU-1000
[134], named Mn12-ac@NU-1000 [135]. By using a low-dose
High-Resolution Transmission Electron Microscopy (HRTEM) tech-
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nique they were able to unequivocally probe the incorporation of
the SMMs into the channels of the MOF. As depicted in Fig. 32,
the image that was acquired along the [001] direction displayed
discrete particles of a ~2 nm size in the hexagonal channels. This
particle size was in fair agreement with the expected size of
1.6 nm for Mn12-ac. In order to discard the possibility of these par-
ticles arising from the decomposition of the MOF due to prolonged
exposure times, several other images were taken and compared to
unmodified NU-1000, demonstrating that the observed particles
were corresponding to Mn12-ac.

They finally studied the magnetic properties of the hybrid com-
posite showing that the nanoconfinement of the SMM within the
pores of NU-1000 only slightly modified the SMM properties that
are observed for bulk samples of Mn12-ac, thus maintaining the
slow relaxation of the magnetization. Interestingly, the authors
extended their work to the synthesis and characterization of a thin
film of the composite, which would be the next step to implement-
ing them in future devices.

In those previous two examples, the SMMs were successfully
introduced in diamagnetic MOFs. Therefore, the metal-organic
architectures acted only as scaffolds to organize the systems with-
out influencing the magnetic properties. Another intriguing
approach could be to combine magnetically active MOFs with
SMMs. Pardo and co-authors [136] reported on hybrid systems
combining the field-induced SMM [Mn"{(TPP)(H,0),]ClO4 (TPP =
5,10,15,20-tetraphenylporphyrin) [137,138] with the Mn" and Cu"
based 3D MOF Nay{Mny[Cuy(Mesmpba),]5}-60H,0 (Mesmpba?~ =

N,N’-2,4,6-trimethyl-1,3-phenylenebis(oxamate)) [139], which
shows long-range magnetic ordering below 15 K. The SMM was
introduced within the MOF by a single-crystal to single-crystal
post-synthetic procedure obtaining the hybrid MnTPP@1. Interest-
ingly, the magnetic properties of both the MOF and SMM were
modulated. On the one hand, measurements that were carried
out with an alternating current displayed frequency independent
X signals below 20 K, indicating a long range magnetic ordering
5 K above respect to the 3D system without any incorporated
SMM. Regarding slow magnetic relaxation, the hybrid system dis-
played frequency dependent yj, signal in the absence of any exter-
nal field. This unequivocally showed that the internal magnetic

Fig. 32. Structural characterization by HRTEM of Mn12-ac@NU-1000. a) HRTEM image and electron diffraction pattern (inset) of Mn12-ac@ NU-1000 acquired along the
[001] zone axis of NU-1000. Arrows indicate the observed particles that correspond to Mn12Ac. b) and c) Enlarged images of the highlighted areas in areas 1 and 2,
respectively, showing that the clusters of Mn12-ac are precisely encapsulated and perfectly fitted in the hexagonal channels of NU-1000. Images were processed by using a
Gaussian filter to enhance the signal-to-noise ratio. Reproduced with permission from [135]. Copyright 2019 American Chemical Society.
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field provided by the ferrimagnetic MOF was able to somehow
quench the fast QTM present in the unsupported compound. More-
over, an isostructural 3D compound was also synthesized by
changing Mn" with Mg" (Mg,{Mgy]Cuy(Mesmpba),];}-45H,0
[140]), a compound that does not show any long range magnetic
ordering. By post-synthetically modifying it, they obtained another
hybrid system MnTPP@2. Confirming the previously suggested
hypothesis, no yxj, signal was observed in the absence of an exter-
nal magnetic field, pointing out the importance of the intrinsic
magnetic field in quenching the fast QTM.

Another essential feature for reading/writing processes is to ori-
ent the magnetic easy axis of the molecules perpendicular to the
surface, so that many other systems have been reported which
were anchored to two-dimensional layers. For example, Dreiser
et al. reported on Er(trensal) molecules (Hstrensal = 2,2’,2"-tris-(sal
icylideneimino)-triethylamine) anchored to graphene (G) decou-
pling layers that were grown on Ru(0001) and Ir(111) single crystal
surfaces [141]. For comparative purposes, they also studied Er
(trensal) molecules grown in bare Ru(0001). Thus, three hybrid
systems were targeted and named as Er(trensal)/G/Ru(0001), Er
(trensal)/G/Ir(111) and Er(trensal)/Ru(0001). For the two former
ones, scanning tunneling microscopy (STM) images showed that
the lateral size of the unit cell of Er(trensal) molecules anchored
to the surface was comparable to the unit cell of the model system,
suggesting a similar molecular packing on the hybrid materials. In
contrast, the molecules that were grown in bare Ru(0001) did not
display any long-range ordering revealing the importance of
implementing a decoupling graphene layer between the molecules
and the metallic surfaces.

This different packing behavior was then noticeable in the M(H)
curves obtained from low-temperature X-ray magnetic circular
dichroism (XMCD) data. This technique is capable of measuring
the projection of the magnetic moment onto the beam direction.
Thus, if in a certain surface all the molecules have the same orien-
tation, the magnetic anisotropy axes of all these systems will also
have the same direction. Therefore, normal and grazing incidences
of the beam will show different magnetization data. When the
molecules are not properly ordered within the mentioned surface,
the response to the magnetic field will be the same for normal or
grazing incidence. In the present case, the difference between the
hybrid systems containing a decoupling G layer respect to the bare
Ru(0001) was remarkable (Fig. 33). For both hybrid systems with
G, the Er'"" magnetic moment projected onto the surface normal
(black data) is notably stronger than the one measured in grazing
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geometry (red data). Which means that the magnetic easy axes
of the molecules are oriented perpendicular to the G surface, con-
sistent with the STM data. In contrast, for Er(trensal) on bare Ru
(0001), there was not any angular dependence, confirming the
different adsorption conformations to the surface with random
directions for the magnetic anisotropy axes. In addition to this
work, other research papers such as the one reported by Marocchi
and co-workers points out the importance of implementing a
decoupling graphene monolayer between the SMMs and the
metallic surface [142]. Besides the influence that it can have
regarding the orientation and long-range ordering of the mole-
cules, in this latter research work the graphene layer was of vital
importance to maintain the nature of the target molecule. They
anchored the so well-known TbPc, sandwich compounds to G/Ni
(111) substrate, but when G was not used, the radical character
of the phthalocyanine was lost.

Another interesting material for anchoring SMMs is a carbon
nanotube (CNT). For data storage, spintronics or quantum informa-
tion processing purposes, an electrical control of the material is
fundamental [143,144], and since CNTs are excellent electrical con-
ductors [145], CNT-SMM hybrids are of great interest. Moreover,
due to their chemical and thermal stability, they are great candi-
dates for fabrication [146]. CNT hybrid materials have been previ-
ously studied with gold or magnetic nanoparticles, proteins,
enzymes or luminescent molecules [147-152]. These materials,
however, usually display large amounts of anchored molecules
per carbon nanotube, while CNT-SMM hybrids should display a
very controlled amount of magnets within the nanotube.

With this purpose, Bogani et al. designed and synthesized the
compound 55 with general formula [Fey(L),(dpm)s] where
Hdpm = dipivaloylmethane and HsL = 2-hydroxymethyl-2-(4-(py
ren-1-yl)butoxy)methylpropane-1,3-diol [153]. Noteworthy, other
derivatives of this tetranuclear Fe' based structures have also been
extensively studied for their implementation in gold or graphene
based surfaces [154-156]. For the present case, HsL was rationally
designed containing pyrene groups in the side chains, which are
suitable for © - 7 interactions. Compound 55 was proven to be
an SMM displaying open hysteresis loops below 1 K. By immersion
of the CNTs into solutions containing complex 55, they managed to
synthesize the hybrid systems. AFM (Atomic Force Microscopy)
techniques were then used to prove the link between 55 and CNTs.
However, this strategy allowed developing systems in which the
SMM is anchored in the outer surface of the CNT, thus being
exposed to the outside world. Perhaps, a more interesting
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Fig. 34. a) Structure of Mn12-ac with its dimensions. b) Schematic representation of the innermost layer of a GMWNT hosting Mn12-ac molecules. The representation is

based on the original work [158].

approach would be encapsulating the guest SMM within the car-
bon nanotube protecting it from the surrounding and preventing
an undesired decoherence, which is fundamental for information
processing purposes [157].

A clear example of this approach is the research carried out by
Khlobystov and co-workers, who encapsulated Mn12-ac molecules
within CNTs [158]. Firstly, considering the size of Mn12-ac, and
taking into account a minimum van der Waals gap of 0.3 nm nec-
essary between the molecules and CNTs [146], multiwalled carbon
nanotubes (MWNT) were employed, whose internal diameters are
found in the range of 5-50 nm (for this specific case, graphitized
MWNTs, GMWNT, with internal diameter of 6.5 + 1.8 nm were
used). Hybrid Mn12-ac@GMWNT (Fig. 34) were characterized by
TEM (Transmission Electron Microscopy) showing that the SMMs
were inside the nanotubes and not in the outer surface of the tubes
as reported in other works where single-walled carbon nanotubes
were used [153,159,160]. In addition, PXRD and TG experiments
were carried out to prove that the molecules were interacting more
strongly with the interior than with the exterior. The yj}, (T) plots
for the hybrid material confirmed the retention of original SMM
properties for Mn12-ac@GMWNT. However, the fact that two dif-
ferent sets of maxima appeared in this plot was justified by a tilt in
a Jahn-Teller axis for a Mn" species allowing an additional faster
relaxation process. Hysteresis loops were found to be more influ-
enced by QTM in the hybrid material due to larger transverse ani-
sotropy, in fair agreement with the lower calculated energy barrier.
All in all, though, these hybrid materials where the molecules were
encapsulated within the nanotubes showed their great potential
retaining the original SMM behavior.

To end this section, we would like to emphasize the relevance of
implementing theory upon hybrid systems. The main handicap in
these cases is that (normally) there is not a crystal structure that
defines the explicit position of every single atom when the SMM
is adsorbed or anchored to a surface. Therefore, this makes much
harder to unequivocally define magneto-structural correlations.
In this context, in 2015 Sessoli, Totti and co-workers [117] used
ab initio molecular dynamics (AIMD) for the first time to examine
the structural evolution of a previously reported SMM once
adsorbed in a gold surface and, thus, they were able to predict
changes in magnetic properties when going from the bulk to the
anchored systems. Interestingly, they found out that structural
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rearrangements induced by the surface were more relevant than
electronic coupling (with gold) in the final magnetic properties of
the system, which highlights the role of an appropriate ligand
design.

9. Multifunctional SMMs

It is very common to find in the literature SMMs that display
different functionalities and this is very interesting when the
sum of them is synergistic in nature. In words of the philosopher
Aristotle, multiple functionalities for a single system are justified
as long as the “whole is greater than the sum of its parts”. The most
common synergy for Ln-SMMs occurs when magnetic and lumi-
nescent properties are combined. As mentioned above, the
unquenched spin-orbit coupling in Ln"" ions arises from the deeply
buried 4f valence electrons. At the same time, the low sensitivity of
these 4f electrons towards the coordination environment causes
minor variations in the energy level spectrum of each Ln! and,
thus absorption and emission bands are very narrow giving rise
to extremely pure colors. Each emission band, therefore, is a finger-
print of the ion. Along the lanthanide series, emission bands are
found either in the visible (Tm", Tb™, Dy" Eu™ and Sm''
Fig. 35a) or near infrared range (Yb", Nd"! and Er'!; Fig. 35a).

The main problem to overcome arises from the fact that 4f-4f
electronic transitions are parity-forbidden by the Laporte rule,
which causes low brightness emissions. In addition, direct Ln"
excitation is not an effective strategy due to low absorption coeffi-
cients (€). Hence, an effective way to overcome this problem is
introducing the emissive ion within an organic matrix in order to
sensitize the photoluminescent properties. With this purpose,
organic ligands that contain wide absorption bands (ligands con-
taining aromatic or conjugated unsaturated groups, for instance)
are selected to achieve a good sensitization by the so-called
antenna-effect. Such effect, among other factors, depends on the
position of the lowest ligand triplet state (Ty, Fig. 35b) respect to
the excited emissive state of the Ln"". By use of the excitation light,
the ligand is excited to a singlet state (S,) from where can relax
giving rise to fluorescence or it could relax to the triplet T; state.
At the same time, from this level two things could happen: (i)
the ligand can relax to the initial state emitting phosphorescence
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Fig. 35. a) Emission spectra of tris-p-diketonate compounds. b) Simplified Jablonsky diagram. Reproduced with permission from [168]. Copyright 2010 American Chemical

Society. Original data can be found in [169].

or (ii) if the energy difference between the ligand T, and emitting
level of the Ln™ is in the optimal range, an energy transfer may
occur sensitizing the emission of the Ln"" (Fig. 35b). For each triva-
lent lanthanide, the optimum energy difference range between
these two states has been previously reported [161]. After the
sensitization process, though, the deactivation can occur through
non-radiative pathways diminishing the quantum yield (®) of
the emission. Even though we are not going to explain deep inside,
these non-radiative processes, on the one hand, occur more or less
depending on the Ln" ion (intrinsic to the nature of the metal ion),
but, on the other hand, could be enhanced by external factors. The
smaller the energy gap between the emitting state and the first
lower-lying energy level, the bigger the probability to observe
non-radiative deactivating processes (this is one of the reasons
why usually Tb" based compounds display brighter emission than
Dy ones, for example). Moreover, among the external lumines-
cence quenchers, oscillators such as O—H, N—H and C—H groups
are known to enhance the undesired non-radiative deactivation
pathways. Thus, it is of vital importance to avoid these functional
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Fig. 36. The energy level diagram of a Yb"' compound is shown as an example. The
crystal field splitting of the ground 2]-‘7/2 multiplet was constructed based on the
emission spectrum at 6 K (left) and based on the fitting of the dc magnetic data
starting from ab initio studies (right). The presented M; levels in the right side
represent the components with the highest contribution. Reproduced with
permission from [174]. Copyright 2020 American Chemical Society.
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groups in close approximation of the luminophores [162,163].
Since only some of the most important features are going to be dis-
cussed along this section, the reader interested in luminescent Ln-
SMMs is encouraged to read the cited literature [164-167].

One of the exciting benefits of combining both magnetic and
photoluminescent properties is the fact that once the molecules
are anchored or attached to a surface, their emission could be used
to verify the position and quantify the concentration of them in the
material. Noteworthy, in order to develop bright emissions, asym-
metric environments are beneficial in comparison to highly sym-
metric ones. This is somehow incompatible for enhanced
magnetic properties, since as it has been discussed, asymmetric
features could provide the systems with transverse magnetic fields
that provoke faster relaxation times and through barrier shortcuts.
Therefore, when designing these bifunctional materials a compro-
mise should be targeted.

Another interesting aspect of studying the luminescent proper-
ties is to obtain information about the crystal-field energy splitting
of the ground multiplet. Usually, SMMs relax through the first
excited state (or higher excited states when a strong axiality is pro-
vided to the system) and the energy splitting between the ground
and this excited state is often calculated by ab initio computational
methods. However, the narrow emission “lines” are in reality mul-
tiplets that could give us the energy splitting of the M; sublevels
[170-173]. When the excited emitting state of the Ln'" ion relaxes,
the relaxation occurs to every M; sublevels giving rise to the men-
tioned multiplet. Therefore, according to the position of each peak,
the energy distribution of the states could be calculated (Fig. 36).
Nevertheless, this process is not trivial. The emission multiplets
are not composed only by transitions between the lowest emitting
M; and the different M; in the ground state (these transitions are
called zero-phonon bands), hot-bands and vibronic sidebands are
usually present within the multiplet complicating its interpreta-
tion. Hot-bands correspond to transitions between higher M; states
of the emitting level and the ground M; sublevels, while vibronic
sidebands are a consequence of the electron-phonon coupling.
Despite these drawbacks, the “quality” of the spectra could be
improved by carrying out the measurements at low temperatures
diminishing the contribution of the non-desired bands.

Another emerging and interesting synergy between magnetic
and luminescent properties is related to SMM luminescence ther-
mometry. As it has been shown along the entire review, tempera-
ture is a pivotal factor in determining the magnetic behavior of the
systems. Below certain temperature SMMs are able to store infor-
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mation, while above it, the magnetization is lost at zero field and,
thus there is not memory effect. Therefore, the control of the tem-
perature within the system is essential, and taking into account
that we are talking about the temperature of single molecules, con-
ventional contact thermometers are no longer a valid alternative.
An attractive opportunity to substitute these thermometers is to
take advantage of the thermal variations that could be seen in
the emission spectra of Ln'! ions. According to the temperature,
the profile of the spectra may notably change and, hence, this ther-
mal dependence of the emission signal can be used as a contactless
and precise thermometer [174-178]. Anyway, the key point in
combining these two features for a single system lies on the fact
that the working temperature related to magnetic memory and
thermal dependence of the emission signal should overlap, which
would allow to determine the temperature while the system
works.

Related to photoluminescence, another emerging field is the
one of circularly polarized luminescence (CPL), which could be
detected when left/right circularly polarized emitted light is more
intense than right/left one. Combining SMM and CPL features is
captivating due to the fact that, just like SMMs (see next section),
systems showing this chiroptical property are potential candidates
for spintronic devices [179] and information storage [180] among
other applications [181,182]. CPL is induced by chiral compounds,
though the influence of achiral components such as solvent [183]
or counterions [184] may play an essential role in the final result
[185]. In order to quantify the effect, the luminescence dissymme-
try factor g, is calculated by the following equation (the value
ranges between —2 and +2):

L—Ig Al

Eum = 1/2(IL +IR) T

I; and I stand for left and right circularly polarized emission
intensity, respectively. Whereas for organic molecules or transition
metal based coordination compounds small g, values (<0.2) are
usually found [186-191], the nature of the f-f transitions in Ln™"
ions makes them potential candidates for this effect showing g,
values as high as 1.45 [192]. As an example, the results of two chi-
ral Zn"Dy™ (56-A and 56-A) based coordination compounds are
shown in Fig. 37, which have been recently reported by Sutter
et al. [193]. These compounds exhibited slow magnetic relaxation
below 12 K while gy, values ranging between 0.04 and 0.18 for
56-A and between —0.04 and —0.16 for 56-A were observed van-
ishing at 25 K. Since CPL can be induced by magnetic fields
(whether applied or intrinsic to the material) and not only by chiral
environments [194], the CPL of Zn"Eu'" analogues was also studied
in order to determine the nature of the optical property. Interest-
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ingly, the emission of the two circular polarizations remained
exactly the same down to 5 K obtaining g, values near to zero
and confirming that the structure originated CPL in those com-
pounds was very low.

When chirality is introduced within the molecular structure,
this may give rise to a non-centrosymmetric crystal structure
adopting a space group associated with one of the ten polar point
groups: C;, Cs, Ca, Cay, C3, C3y, C4, Cyy, Cs and Cgy. These materials are
potential candidates to display ferroelectricity [195]. Ferroelectrics
are materials that display a spontaneous electric polarization that
can be reversed by the application of an electric field. In synergy
with magnetic and luminescent properties, materials with all these
functionalities are considered very attractive target compounds
due to their potential applicability as four-level density data stor-
age or multifunctional sensors [196,197]. However, the many
requirements (appropriate ligand fields to enhance anisotropy,
good sensitization of the ion for a good emission and concrete crys-
tallization in a space group, among others) that are needed to
incorporate all these functionalities leads to a rather scarce group
of materials found in the literature [198-201]. Moreover, in terms
of potential applications, all the ferroelectric materials are at the
same time piezoelectric, pyroelectric and they also exhibit
second-harmonic generation (SHG). In contrast to perovskites,
molecular materials display a much higher grade of tunability
due to the flexibility of the ligands and besides they display lower
density. Hence, they are an attractive alternative to them.

As last remarks for this section, SMMs with additional electrical
properties have also been studied. For instance, when protic polar
solvents such as alcohols or water are used, as well as counterions
like sulfate, perchlorate or nitrate, it is possible to obtain hydrogen
bonding networks that lie along an axis. In such cases, the materi-
als are potential candidates to show proton conductivity [174,202].
Additionally, the idea of combining single-molecule magnetism
with electrical conductivity is also promising. In this sense, a bi-
component approach has been usually employed in which the
cationic or anionic extended T -structures act as electrical conduc-
tors, while the counterions contain paramagnetic ions that provide
slow relaxation of the magnetization [203,204].

10. Other potential applications for SMMs

In general, the introduction of this review paper has been
focused on implementing SMMs in information storage devices.
However, nowadays society needs more effective technologies
either for information storage or information processing. For the
first approach SMMs are potential candidates due to the fact that
a molecule with a diameter in the 1-2 nm range would represent
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Fig. 37. a) Scheme of the Zn"Ln" based compounds. b) CPL dissymmetry factor g, as a function of the wavelength for 56-A and 56-A at 5 K. Reproduced with permission

from [193]. Copyright 2020 the Partner Organisations.
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an information storage density of about ~30 Tbit/cm?. For compar-
ative purposes, in 2015 Seagate launched a hard drive with a den-
sity of 0.21 Tbit/cm?, which is more than two orders of magnitude
below the capacity of SMMs. The second approach related to a fas-
ter information processing drives us to quantum computing [205].
The traditional bit can “only” store binary information, while the
qubits (quantum bits) can have both values at the same time due
to their quantum nature. Since SMMs are within the interphase
of classical and quantum nature, they are potential candidates for
quantum computing. Shor and Grover showed that quantum com-
puters can surpass the performance of any classical computers in
terms of factoring numbers and in searching a database
[206,207]. Interestingly, Grover's algorithm was successfully
implemented for molecular magnets proving their candidature
for this purpose [208].

Moreover, the general necessity of miniaturizing magnetic
devices leads to the possibility of studying SMMs for other emerg-
ing applications such as molecular spintronics [130,143], electron-
ics [209] or magneto-optics [210]. The physics behind these other
applications have been widely studied during the last years and
even it is not within the scope of this research work, the interested
reader is addressed to the cited literature for more details.

11. Outlook and future perspectives

The global trend of miniaturizing devices, including information
storage devices, led to scientists to the discovery of the first SMM,
Mn12-ac, a milestone in the area of molecular materials. Along this
entire review paper, we have shown that the trends towards syn-
thesizing these materials have completely changed: starting from
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high spin and high nuclearity metal clusters to highly anisotropic
low nuclearity systems. The last cutting-edge discoveries of Dy
metallocenes have somehow showed the way to follow, since
one of the biggest handicaps towards incorporating them in future
devices has been overcome; surpassing the temperature limit of
liquid nitrogen. The unique coordination environment around the
Dy™ jon constrains unfavorable vibrational modes that provoke
QTM, an under-barrier shortcut that eclipsed the outstanding per-
formance of several SMMs in terms of U Definitely, the discovery
of these new systems has allowed the scientific community to cre-
ate new magneto-structural correlations that facilitate novel
ligand designs. In this direction, Zheng and co-workers [211]
recently reported a research paper in which they improved the
performance, in terms of magnetic blocking temperature, of the
previously cited compound 21 ([Dy(O'Bu),(py)s][BPh]s). They
rationally selected another alkoxide containing a phenyl group
and prepared compound 57 with general formula [Dy(L)>(py)s]
[BPhy4] (HL = (S)-(-)-1-phenylethanol). The aim of including a phe-
nyl substituent was to provoke intra- or intermolecular interac-
tions to stiffen the molecule and suppress QTM. As targeted, the
metric parameters (bond distances and angles) for 21 and 57 were
found to be comparable. But, additionally, 57 displayed the
expected C—H--- 7 intramolecular interactions between hydrogen
atoms belonging to equatorial pyridines and the aromatic rings
in the apical chiral ligands (Fig. 38a). Moreover, intermolecular
C—H-- m and 7 - 7 interactions were also observed (Fig. 38b).
According to density functional theory (DFT) calculations, the
observed interactions must be strong enough to enhance the stiff-
ness of the structure. When measuring the hysteresis loops, they
found out that complex 57 showed open hysteresis loops at con-

Fig. 38. a) Structural view of compound 57 along with intramolecular C—H--- 7 interactions. b) Intermolecular 7 --- ® and C—H---  interactions. Color code: Dy’

" nitrogen,

oxygen, carbon and hydrogen in fuchsia, blue, red, black and white, respectively. Reproduced from [211].
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siderably higher temperatures compared to 21 and the step at zero
field was less pronounced indicative of a quenching of QTM. Con-
sidering that the electronic structure calculated by ab initio calcu-
lations was found to be very similar for both of the compounds, the
authors suggested that the alterations in the ligand periphery and
modulation of vibrational modes must be the reasons of the
observed magnetic properties. This work is also in agreement with
a previously reported study in which Liddle and co-authors empir-
ically proved that the molecular flexibility is related to QTM effi-
ciency [212].

However, as discussed, new theoretical basis is of vital impor-
tance in order to deeply understand spin-phonon interactions
and under-barrier shortcuts that determine the Ts. In fact, even
though we are able to evaluate the effect of these interactions in
terms of Orbach process, it has been seen that the blocking temper-
atures are highly influenced by Raman mechanism [213]. Chilton
et al. made a study selecting some of the reported high performing
SMMs (U> 600 K) and concluded that there could be a correlation
between Ty and the point at which Raman relaxation starts to oper-
ate [214]. Note that the Tp values that we mention in this work are
referred to the ones obtained by FC/ZFC measurements. This speci-
fic relaxation time at which Raman starts to operate was named as
Tswitch- BY plotting log;0(Tg) Vs 10g10(Tswiten) they found a clear linear
correlation. Thus, as mentioned, there might be a strong link
between T and the relaxation time at the point at which Raman
mechanism operates over the Orbach. Hence, the authors empha-
size that further studies are of vital importance in order to better
understand this mechanism and to be able to improve chemical
design principles for improved SMMs.

A last worth mentioning branch related to lanthanides is the
field of clusterfullerenes. Very promising research works have been
reported encapsulating Ln'" ions inside fullerenes [215-217]. These
kind of materials show favorable properties such as thermal and
chemical stability in contrast to the air sensitivity of the record
breaking metallocenes. Moreover, the particularly short Ln-X
(X =N37, S~ or 0?7) bonds that can be obtained inside the fullere-
nes provide strong magnetic anisotropy as well as strong exchange
interactions. The interested reader is encouraged to read the cited
papers as well as the research progress that has been done imple-
menting these materials into surfaces [218-220] and theoretical
calculations [114] that have been carried out for a deeper under-
standing of these systems.

In general, it seems that the employment of lanthanides is a
very promising way to follow. Indeed, they have opened a wide
variety of possibilities to combine multiple functionalities in a sin-
gle system breaking new ground with synergistic applications.
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However, this does not mean that transition metals are discarded
for future devices. In fact, very recently some researchers have suc-
cessfully combined large magnetic anisotropy along with strong
ferromagnetic interactions for high spin ground states in transition
metal clusters. Nevertheless, this was done in a novel way, since
direct metal-metal orbital overlap was involved opening a new
variant in the design of SMMs.

Long and co-workers synthesized the isostructural tetranuclear
M4(NP'Bus)s-n-CgHi4 (M!' = Ni' (58) or Cu' (59); Bu = tert-butyl)
compounds [221] following a modified previously reported proce-
dure [222] and by protonolysis of mesitylcopper(I), respectively
(Fig. 39, left). Furthermore, the oxidized [M4(NP'Bus)4][B(CgFs)a]
(M = Ni'" (60) or Cu'™ (61) were also studied. In 58, the two
coordinate Ni' ions lie in the same plane displaying almost linear
N-Ni-N angles (174.4(6)° in average), which has been shown to
be effective in order to enhance magnetic anisotropy. Moreover,
the average Ni-Ni distances are of 2.3631(1) A falling in the range
of metal-metal interactions [223]. After one electron oxidation in
60, the fact that all bond distances decrease precludes identifying
a localized oxidized site within the structure confirming the delo-
calized character of the electrons in the metal-metal bonded clus-
ter (further electrochemical experiments, as well as dc magnetic
measurements were carried out to confirm this fact).

Easy axis and easy plane types of magnetic anisotropy were cal-
culated for 58 and 60, respectively with relatively high values of D
(D =-1.93 and —1.74 cm™! for 58 calculated from magnetic and
EPR measurements, respectively and D = +7.95 and +9.2 cm™! for
60). However, the easy axis type compound 58 did not displayed
any slow magnetic relaxation probably due to a small energy sep-
aration between the ground and first excited state. As shown in the
literature [224,225], Kramers ions with D > 0 can show SMM
behavior under an external magnetic field and thus, 60 was also
a potential candidate. At zero field, no out-of-phase signal was
detected, but under a small external field of 400 Oe y}, peaks were
observed in the 1.85-2.05 K temperature range with a calculated
Uy of 23.78 K (16.53 cm™!). Furthermore, the fit of the relaxation
times suggested that only Orbach mechanism was operative within
the examined temperature range in contrast to other reported easy
plane SMMs [226]. More interestingly, ac measurements carried
out in frozen solution of 60 showed slow magnetic relaxation
under zero applied dc field confirming that dipolar interactions
were at least partially responsible of originating zero field QTM.
As far as we know, this is the first reported example of a zero field
SMM with D > 0. Finally, compound 61 displayed field induced
SMM behavior relaxing through Raman and direct processes, since
there is no magnetic excited state for a S = 1/2 system. Unequivo-

Fig. 39. Perspective view of compounds 58 (left) and a Fe based compound (right). Color code: Ni', Fe!/Fe'!, carbon, nitrogen and phosphor in green, brown, grey, blue and
orange, respectively. Hydrogen atoms, counterions and solvent molecules have been omitted for the sake of clarity. Generated from the crystal structures in references

[221,228].
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cally, these new type of clusters with direct metal-metal orbital
overlap open a new route for the design of SMMs. In fact, very
recently some other systems have been reported for Co" [227] or
Fe'/ systems [228], for example (see Fig. 39).

The interest regarding high nuclearity metal clusters remains
also intact. For instance, Stamatatos and co-authors recently
published a novel mixed valence Mns; structure with the general
formula [Mn3;024(OH)2(OMe),4(0,CPh);6(rac-mpm),] (62), where
mpmH = o-methyl-2-pyridine-methanol [229]. Within the struc-
ture, {MniMnJsMn"} ions were found, where most of the Mn'" ions
displayed Jahn-Teller axes parallel to each other indicative of a pos-
sible D # 0. Consequently, slow magnetic relaxation was observed
for 62 with a calculated Uy of 58 K and hysteresis loops below
5 K. This value of the effective energy barrier is large when talking
about 3d based SMMs [230,231]. But more interestingly, although
62 is comparable in size to other magnetic nanoparticles, below
0.5 K displays quantum phenomena. Therefore, these kind of com-
pounds could be very interesting to investigate the limit between
SMMs and magnetic nanoparticles.

Even though their impact or future perspectives are not poten-
tially so promising, field induced SMMs based on isotropic metal
ions also have their own place in this field. More specifically, com-
plexes containing almost isotropic Mn" [232], Fe'" [233] or Gd"
[234-238] ions have been reported showing slow magnetic relax-
ation under the presence of an external magnetic field. Moreover,
the use of actinides is also being studied [239,240]. They show
stronger spin-orbit coupling and, in consequence, they may show
enhanced magnetic anisotropy. Within the series, particularly U
based compounds have been reported [241-243], though uranium
compounds in other oxidation states or SMMs with other actinides
such as Np have also been studied [244].

All in all, the field of SMMs can be considered as a young field
barely reaching three decades of life since the discovery of
Mn12-ac. In all these years synthetic and computational chemists,
as well as physicists, have coexisted combining new synthetic
strategies and theoretical knowledge, fundamental to understand
quantum physics determining the slow relaxation of the magneti-
zation. Thus, we would like to remark the importance of combining
these two fields. Synthetic chemists have shown the ability to
design and synthesize compounds almost d la carte, but theoretical
chemists and physicists have a pivotal role in explaining the quan-
tum phenomena behind SMMs.
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