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1 Introduction to Single-Molecule Magnets
1.1 Whatls a Single-Molecule Magnet?

We will start with a definition crucial to the whole book, namely of that of a
single-molecule magnet (SMM). The term is self-explanatory, meaning a single
molecule which is a magnet. But what does it take to be a magnet? Normally, we
consider bulk magnets, e.g. materials in which the magnetic moment stems from
the presence of unpaired electrons. Their spins tend to form parallel/antiparallel
arrangements within areas called domains, separated by the so-called Bloch
walls. The currently known most powerful “classical” magnets include SmCo,
and Nd,Fe,,B. On the other hand, if we consider SMMs, we must assume that a
single molecule is a “magnetic domain.” The molecule can be magnetized and
the attained magnetization relaxes slowly on removal of the external magnetic
field. This new concept of molecular magnetism has experimental consequences,
such as out-of-phase signals in ac studies of the magnetic properties. A detailed
discussion of these will be included in Chapter 2 while an overview of the basic
knowledge of them is addressed in this chapter. The unusual quantum phenom-
ena found in SMMs open the possibilities of unprecedented applications, e.g.
in molecular spintronics/quantum computing. These applications will also be
reviewed in the following sections, underlining the interdisciplinary character of
SMM science.

As the famous physicist Richard Feynman stated, “there’s plenty of room at the
bottom.” “Bottom” is the world of atoms and molecules, also magnetic molecules
being SMMs. Starting with this “bottom” to create a magnetic material represents
the so-called “bottom-up” approach [1]. On the other hand, magnetic macro-
materials, such as Prussian blue, may be taken to the “bottom” as a result of a
“top-down” approach [2].

Molecular architecture is the key to understanding the magnetic properties of
SMMs; therefore, X-ray diffraction studies have played a crucial role in the char-
acterization of SMMs and require optimization of their synthesis/crystallization
conditions, as reviewed in Chapter 2. Gaining insight into their magnetic
properties through superconducting quantum interference device (SQUID)
magnetometry or electron paramagnetic resonance (EPR) studies requires
theoretical interpretation and often advanced computations, as described in
Chapters 3 and 4. Further characterization methods include paramagnetic
nuclear magnetic resonance (NMR), magnetic circular dichroism or, in special
cases, M0Ossbauer spectroscopy, as described in Chapter 5.

There are other magnetically interesting molecules related to SMMs, such as
single-chain magnets (SCMs), single-ion magnets (SIMs), and single-toroid mag-
nets (STMs). These materials will be briefly described in the next three sections.
In addition, there will be some brief explanation of possible future applications
and how they could work.

1.1.1 Single-Chain Magnets (SCMs)

SCMs comprise ferromagnetic chain-like molecules that do not interact mag-
netically with each other. The modeling of their magnetic properties is different
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than that for SMMs: classical spin Heisenberg chain or Ising chain equations finds
application in this case.

The first prediction of SCM behavior based on their magnetic properties was
published by Glauber in 1963 [3]. The possibility of slow relaxation of magneti-
zation in zero-dimensional systems was postulated. The necessary conditions to
enable this phenomenon are:

e J/J' >10* (where J describes the magnetic interaction within the chain and J’
between the chains),
e 1D Ising ferromagnetism or ferrimagnetism.

After coining the term SMM in the 1990s, Gatteshi and coworkers [4] were the
first researchers to show that these conditions could be realized experimentally.
They demonstrated this by using the example of a coordination polymer compris-
ing Co(hfac), and radical (NITPhOMe = 4/-methoxy-phenyl-4,4,5,5-tetrameth-
ylimidazoline-1-oxyl-3-oxide) moieties. The polymeric chains behaved as 1D
ferrimagnets with the easy axis of magnetization along their trigonal axis and
slow relaxation of magnetization. On the other hand, these properties could not
be found in the manganese(II) analogue and it was also proven that they could
not result from a spin glass behavior or 3D ordering.

Interestingly, SCMs can be constructed from SMMs. A good example is the
first strategy applied to organize ferromagnetic SMMs into 1D chains as reported
by Clérac and coworkers [5] The applied building blocks were Mn!'-Ni!-Mn!!!
linear trinuclear complexes, [Mn,(5-Rsaltmen),Ni(pao),(phen)](ClO,), (where
R=Cl or Br, Rsaltmen?~ = N,N'-(1,1,2,2-tetramethyl-ethylene)bis(5-R-salicyli-
deneiminate). The SMM properties of these compounds, with ground state of
S = 3 and uniaxial magnetic anisotropy around ~2.4 K, play a crucial role in the
theoretical description of the resulting SCMs.

Currently, a common strategy applied to obtain SCMs is the synthesis of
metal — bulky radical chains where large organic substituents help to isolate
the chains magnetically. Three options are recommended: ferromagnetic,
ferrimagnetic, or spin-canted chains [6].

In recent years, much progress has been noted in SCM science. A review cov-
ering the progress until 2014 was published by Brooker and coworkers [7].

Cassaro, Vaz et al. [8] reported on SCMs with a very high blocking temperature
of ~13.2K and a very high coercive field of 49 kOe at 4.0 K for one of them. The
compounds are based on metal (Mn!" or Co") hexafluoroacetylacetonates and
NaphNN (1-naphthyl nitronylnitroxide) radicals. The remarkably high values of
the relevant properties were detected in the Co'' complex.

Zhang, Wang, Song, and coworkers [9] synthesized SCMs based on octacyan-
otungstate with highest energy barriers for cyanide compounds of 252(9) and
224(7) K for (Ph,P)[Co"(3-Mepy),,(H,0),3W"(CN),]-0.6H,O, and (Ph,As)
[Co''(3-Mepy); WY (CN);] (2,3-Mepy = 3-methylpyridine), respectively.

The use of such cyanometalate complexes is very promising due to the
possibility to construct coordination polymers and also because it is available for
many metals in different oxidation states. Even quite unstable building blocks
such as [Mn(CN),]>~ can be used: Dunbar and coworkers reported on an SCM



4

1 Introduction to Single-Molecule Magnets

{[(tptz)Mn"(H,0)Mn'!(CN),],Mn'(H,0),},, - 4n MeOH-2n H,O  (tptz =2,4,6-
tri(2-pyridyl)-1,3,5-triazine) with an energy barrier of 40.5(7) K [10].

1.1.2 Single-lon Magnets (SIMs)

In the case of single-ion magnets (SIMs or SIMMs — single-ion molecular
magnets or MSMM — mononuclear single-molecule magnets) the magnetic
properties are governed by a single ion, without direct coupling to any other
magnetic centers. Here, particularly suitable building blocks are Dy**, Tb**,
or Ho*"due to their high-spin ground state and unquenched orbital angular
momentum, resulting in high magnetic anisotropy.

In such simple systems the first significant progress in increasing the energy
barrier was achieved with the introduction of Ishikawa’s “double-decker”
bis(phthalocyaninato)lanthanide ions [11].

Recently, SIMs were found also in 3d metal and actinide complexes. From
examples of these materials it became evident how small changes in the central
metal ion coordination environment can impact the magnetic properties. The
main problem in enhancing the lanthanide-based SIMs turned out to be the
quantum tunneling of magnetization.

The first endohedral SMM, DySc,N@Cg,, was reported by Greber and cowork-
ers [12]. A single Dy*" ion was encapsulated in a diamagnetic carbon cage along
with two Sc®* ions and nitride counterions. Its ground state could be stabilized
by the ligand field. By a combination of element-specific X-ray magnetic circu-
lar dichroism (XMCD) and SQUID magnetometry the SMM behavior of this
compound was shown to originate from the single Dy** ion. Especially for the
magnetically diluted samples, very high relaxation times were reported at zero
field and magnetization hysteresis loops were recorded under 6 K. Recently, the
same group contributed to a study of DySc,N@Cg, molecules deposited on a
metal surface. A rhodium (111) substrate was chosen and X-ray absorption spec-
troscopy (XAS) was employed to prove the alignment of the magnetic moments
on this surface for the investigated SMM.

The breakthrough in the introduction of SIMs based on 3d metals was
achieved in 2013 with the report on an unstable linear iron(I) complex,
[K(crypt-222)][Fe(C(SiMe,);),], by Long and coworkers [13]. In spite of the
seemingly unfavorable odds in comparison to lanthanides (lower spin-orbit
coupling constants, the possibility that strong coupling of the d-orbitals to
the ligand field may quench first-order orbital contributions to the magnetic
moment) many new 3d-metal-based systems acting as SIMs followed [14]. These
include Mn(III) [15-17], Co(II) [18-25], Ni(I) [26], Ni(II) [27, 28], or Cr(II)
complexes [29]. An excellent overview of the recent achievements in this field
as well as its future directions were provided by Murugesu and coworkers [14].
Among the future trends, the synthesis of 4d/5d-metal complexes, e.g. Re(IV),
is listed. 4d/5d metal orbitals are expected to be involved in stronger exchange
interactions due to their increased radial extension.

Ruiz, Clérac, Smith and coworkers [30] showed that SMM behavior can
be detected even in a mononuclear, low-spin Mn(IV) (d3, Sy =1/2) com-
plex PhB(MesIm);Mn=N with tris(carbine)borate capping ligand. Owing to
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degenerate electron configuration a Jahn—Teller distortion was observed in this
four-coordinate Mn(IV) complex, which was fully rationalized with electronic
structure calculations. It was demonstrated that the slow relaxation of magneti-
zation under an applied dc field in this case is dominated by quantum tunneling
mechanism (QTM)/Raman mechanism, but that no Orbach contribution is
possible. In order to limit the QTM part enhanced by the Jahn—Teller distortion,
future efforts would address related complexes with less structural deformation
to possibly increase the relaxation times.

Liu, Chibotaru, Wernsdorfer et al. continued their search for SIMs in the lan-
thanide complexes, which led to a new high magnetization reversal barrier of over
1000 K with magnetic loops up to 14 K [31]. These remarkable properties were
found in air- and heat-stable [Dy(bbpen)X] complexes (X = Cl or Br, H,bbpen =
N,N’-bis(2-hydroxybenzyl)-N,N’-bis(2-methylpyridyl)ethylenediamine)) of a
D, symmetry. The magnetization relaxation pathway for these compounds
was investigated in detail both experimentally and theoretically, leading to the
involvement of the second excited Kramers doublet or the third excited state.
These were assumed to result from an interplay between a strong axial crystal
field and a weaker transverse crystal field. On the other hand, the majority
of known lanthanide-based SIMs favor relaxation through the first excited
+M), state. An important molecular feature governing this turned out to be
the symmetry with two closely spaced axial ligands and five distant equatorial
ligands. The closer to the ideal Dy, case, the higher was the energy barrier. Thus,
quite specific rules were proposed to be pursued in the future.

Chilton, Winpenny, Zheng, and coworkers recently reported on a monometal-
lic dysprosium complex [Dy(O’Bu),(py)s;][BPh,] with a record magnetization
reversal barrier of 1815(1) K and a blocking temperature of 14K [32]. These
outstanding values are achieved by focussing on a strong axial ligand field with
the alkoxy ligands in axial position and weak py ligands in equatorial position
and with the use of a D, symmetry.

1.1.3 Single-Toroid Magnets (STMs)

A special case of magnets related to SMMs are STMs or single-molecule toroics,
SMTs). The concept of STMs was introduced by Chibotaru et al. [33]. These
molecules are bistable and display a toroidal magnetic state that is detectable in
single-crystal magnetic studies. A prominent example of this so far small group
of compounds are dysprosium(III) complexes with a toroidal arrangement of
the local easy axes and non-magnetic ground state [34]. Potential applications of
STMs are, e.g. in quantum computing, as multiferroic materials or for magnetic
cooling. In data storage, SMTs are expected to be even more efficient than
SMMs due to a slower decay of the magnetic field produced by the net toroidal
moment [34].

In 2014, Tang and coworkers provided an overview of STMs in Ising-type
lanthanide molecular clusters [34]. The toroidal moment was stated to arise
from a vortex arrangement of local magnetic moments owing to a wheel-like
arrangement and specific interactions involving the magnetic centers. STMs
should be insensitive to homogeneous magnetic fields and manipulable with
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electrical fields. The examples of STMs reported so far include a heterometallic
1D [CuDy,] coordination polymer [35], a planar [Dy,] complex [36], more
triangular [Dy,] complexes, or a wheel-like [Dy,] complex. Tang and coworkers
classified them into the following four groups:

e net toroidal moment STMs (toroidal magnetic state in the absence of a total
magnetic moment, e.g. the planar complex [Dy,(p;-OH),(u-OH),(2,2-bpt),
(NO,),(EtOH),], where 2,2-bptH = 3,5-bis(pyridin-2-yl)-1,2,4-triazole) [36],

e mixed-moment STMs (the conventional magnetic moments are not canceled
out due to low molecular symmetry, e.g. [Dy;(p;-OH),L;CI(H,0);]Cl;, where
HL = o-vanillin [37],

e zero-toroidal moment compounds (the toroidal moments of the constituent
structural units cancel out, e.g. the coordination polymer [Cu(Val),CH;OH]
[L;Dy;(p;-OH),(NO3),],, where HL = o-vanillin, Val =valine [35],

e enhanced toroidal moment compounds (enhanced toroidal moment due to
ferromagnetic coupling of the toroidal moments of the constituent units, e.g.
[DygL,(py-O)(NO;),(CH;OH)]-CH;OH, where H,L = 2,6-bis((2-hydroxyeth-
ylimino)methyl)-4-methylphenol [38].

These toroidal moments are influenced by molecular symmetry, metal ions
coordination environment, or the bridging ligands transmitting exchange
coupling interactions that are regarded as crucial elements for the design
of STMs.

Tang, Le Guennic, Shi et al. in their pursuit of STMs decided to focus on
triangular [Dy,] units and manipulation of the terminal ligand, also in terms
of charge. This way, SMM behavior and toroidal magnetic moment governed
by the arrangement of the local easy axes could be induced simultaneously.
Thus, a toroidal magnetic moment was observed in a [Dy,L,(n;-OH),(p,-OH),
(H,0),,]gBr-2CH;CN-6CH;OH complex with only neutral terminal ligands.
When these neutral ligands are replaced by charged ligands, such as thiocyanates
or nitrates, the toroidal moment disappears. The result was rationalized with
high-level computational methods and underlined the role of ancilliary ligands
in the design of STMs.

1.2 Historical Aspects

Before embarking on an overview of the recent progresses made in SMM
science, we will focus on the historical aspects that help to have a better
understanding of the present state of the art (Figure 1.1). The first compound
for which SMM behavior was reported was a dodecanuclear mixed-valence
[Mn,,] complex [39]. A simple system of the reaction of Mn** with MnO,~ ions
in acetic and propionic acids yielded a crystalline product that was assigned
the formula [Mn,,(CH;CO0),,(H,0),0,,]-2CH,COOH-4H,O based on full
crystal structure determination with X-ray diffraction studies and wet chemical
analysis. However, the possibility of this formation was already mentioned by
Weinland & Fischer in 1921 [40].
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Figure 1.1 Selected milestones in the history of SMMs.

In the complex molecule (Figure 1.2Aa) of an S, symmetry, a central cube of
four Mn** ions bridged by oxo ligands is interconnected to an outer ring of eight
Mn3* jons bridged by oxo- and acetate ligands. The coordination spheres of the
Mn atoms are completed with terminal water ligands.

Routine studies of the magnetic properties performed with a Foner-type
vibrating sample magnetometer at 3.3-67 K and at 78-300 K with a Gouy bal-
ance led to an increasing magnetic moment with a maximum of 56.5 x 10724 J T~!

7



8| 1 Introduction to Single-Molecule Magnets

(A)

Figure 1.2 (A) Molecular structures of the representative SMMs: SMM:s of historical
importance (a: [Mn,,] [39], b: [Feg] [41], c: oxime-bridged [Mn,] [42], see text). (B) Molecular
structures of the representative SMMs: highlights. (a) (left) TbPc, [43], (right) [Tb,N,]-core
radical-bridged complex [44], (b) (left) rationally designed [Mn,Cr] [45], (right) record energy
barrier complex [Dy] [32] (see text).
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at 17-31 K with a sudden drop at lower temperatures. However, it was stated
that: “if exchange between all twelve Mn(1), Mn(2) and Mn(3) high-spin atoms
is assumed to be via O atoms, such a complicated dodecameric unit should have
interesting magnetic properties.”

In the early 1990s, Gatteshi and coworkers from the University of Florence
revived the story of the [Mn,,] complex. Studies of the magnetic properties of
the [Mn,,] complex led Gatteshi and coworkers to the assumption of a spin
ground state at S = 10, compatible with all Mn(III) spins up and compatible with
all Mn(IV) spins down resembling the behavior of superparamagnets [46]. The
magnetic behavior of the [Mn,;,] complex was explained on the assumption that
the magnetization has a purely molecular origin. The pioneering studies of the
magnetization relaxation dynamics were performed, which formed the basics of
the currently available SMM analyzes. Details of these analyzes will be explained
in Chapter 2.

Later studies, especially the extensive work by Christou and coworkers [47-49],
led to more insights into the [Mn,,] compound in each possible modification
addressing not only the structure of the organic ligands but also the oxidation
states of the metal ions. Thus, for instance, also t-butylacetate, stearate, or trifluo-
roacetate analogues were introduced [50-52]. Such ligand substitution reactions
could be achieved through the original comproportionation method or a ligand
exchange, e.g. in toluene. Sulfur-based side groups were also inserted into the
[Mn;,] core with a view to facilitate future deposition on gold surface [53—55].
Another possibility was to substitute only some ligands as part of a site-selective
substitution, taking advantage of the Jahn—Teller effect for the Mn?* ions. Reac-
tion with iodides led to reduced [Mn,,] complexes [48].

The [Mn;,] molecule was referred to by Prof. George Christou in his excellent
review of a “Drosophila” of SMM science [56]. This is because the most known
research species in genetics is the fruit-fly (Drosophila melanogaster), which
exhibits a role similar to that played by the [Mn,,] complex in the field of SMMs.

In studies of relaxation of magnetization, the so-called Jahn—Teller isomerism
was found to occur in solid phase, leading to two different ac out-of-phase signals.

Ultimately, the spin ground state of [Mn,,] is S =10, and the energy barrier
of ~70 K with a blocking temperature of ~3 K. This blocking temperature was a
record value for almost 10 years.

In 1996, quantum tunneling of magnetization was experimentally confirmed to
occur in [Mn,,] by Friedmann et al. [57]. These observations were also reported
by Hernandez and coworkers [58] and Thomas et al. [59], warranting new break-
throughs in SMM science. This relaxation mechanism could be found experimen-
tally in the form of characteristic steps on magnetization hysteresis curves.

Another SMM model studied with respect to many aspects was the {[(tacn) Feg
(p3-O),(p,-OH);,]Br,(H,O)}Br-8H,O complex (tacn = 1,4,7-triazacyclononane,
Figure 1.2Ab) first synthesized by Wieghardt et al. in 1984 [41] and identified
as an SMM in 1993 [60]. In this cationic complex, the Fe3* ions are linked by
12 p,-hydroxo bridges and by 2 p;-oxo bridges. Six terminal tacn ligands cap
only six of the eight Fe3* cations. The cation has high charge of +8, which is com-
pensated by bromide counter ions. The cation structure leads to spin frustration,
which makes it difficult to predict the spin ground state. The magnetic properties
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show ferromagnetic behavior of the y T product and lead to a spin ground state
of § =10. This could correspond to six Fe** spins (S =5/2) up and to two spins
down. The magnetic anisotropy of this model compound was carefully studied
with EPR. The chemical nature of the complex allows also to employ Méssbauer
spectroscopy, which will be covered in detail in Chapter 5. The [Feg] complex, in
comparison to the [Mn,,] compound, shows smaller zero-field splitting (ZFS) but
the presence of “steps” on the hysteresis curves of magnetization and QTM has a
major impact on its properties as SMM [61]. Detailed account of these properties
can be found in the extensive reviews published by Gatteschi and Sessoli [62, 63].

The first metal complex with a blocking temperature of more than 2 K, after the
famous [Mn,,] compound, was [Mn"',O,(sa0)s(O,CPh),(EtOH),] (sao = doubly
deprotonated salicylaldoxime, Figure 1.2Ac) which comprises two triangular
[Mn'",O] units with a central p;-oxo ligand and bridging oxime groups at the
edges of the formed triangles [64]. These units are linked through two Mn—O
bonds. The oxime groups are donated by six salicylaldoxime ligands, there are
also two terminal benzoate ligands in the complex molecule. For this complex
the ac out-of-phase signals at 1-1000 Hz were detected at 1.96-3.30 K. The
effective energy barrier to spin reversal was found at 28.0K with 7, =3.6-107% s
and spin ground state of S =4. This promising initial platform was improvised
later on by manipulating the bulk bridging ligand [42]. Replacement of the
salicylaldoxime with ethyl-substituted salicylaldoxime ligand and the terminal
benzoate with a 3,5-dimethylbenzoate ligand resulted in a further distortion of
the [Mn'',O,] core. Thus the spin ground state of S =12 was achieved with a
record-breaking blocking temperature of 4.5 K and the effective energy barrier
to spin reversal at 86 K.

Systematic studies of a series of complexes with a substituted salicylaldoxime
ligand allowed to correlate the Mn—-N-O-Mn torsion angle of the central
[Mn',O,] unit with the dominant magnetic coupling of the Mn>* ions [42].
A “magical” value of ~31° was found above which the dominant coupling was
ferromagnetic with a high spin ground state up to 12.

Further research explored the rich chemistry of different oxime ligands leading
to new topologies of homo- and heterometallic compounds. The chemical
aspects of SMM science published during recent years will be described in
Chapter 6.

Further insights into the features of SMM behavior allowed to derive other
guidelines for the design of SMMs. For instance, the importance of a high-spin
ground state was undermined by publication of an [Mn,;y] complex with a
mixed-valence [Mn™,Mn'.] core and a record spin ground state of 83/2
which did not display SMM behavior, obviously due to too low magnetic
anisotropy [65].

On the other hand, in 2003, Ishikawa reported on the first mononuclear SMM,
[Tb(pc),]™ (Figure 1.2Ba) with a huge leap in the energy barrier, this time reach-
ing the value of 790 K [11]. With this discovery, a new type of SMMs was intro-
duced, based on orbital and spin angular moments of a single lanthanide ion, gov-
erned by the ligand field. The first indicates that this discovery could possibly stem
from Ishikawa’s study on multidimensional minimization analysis of the mag-
netic susceptibility and "H-NMR data [66]. A comprehensive study of a series of
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[Pc,Ln~]-TBA™ salts (pc = dianion of phthalocyanine, TBA* = N(C,H,),*, Ln =
Tb, Dy, Ho, Er, Tm, Yb) showed that only the Tb and Dy are representative of
SMMs with slow relaxation of magnetization.

Owing to ease of tracking with scanning tunneling microscopy and manip-
ulation, the [Tb(pc),]~ was subject to many pioneering studies targeting
at applications in spintronics. The recent progress is briefly reviewed in
Section 1.3.5.

This complex was also subject to further improvements. For instance, de la
Torres and coworkers managed to increase the effective energy barrier to spin
reversal to 938 K by modifying one of the phthalocyanine ligands via peripheral
substitution to achieve a heteroleptic [Tb(pc)(pc’)] complex [67].

Following the success with strong magnetic anisotropy of the lanthanide com-
plexes, a logical research target in SMM science was the complexes formed by
actinides. Despite the limited range of applications due to radioactivity issues
they still represent an interesting subject for research bringing new insights into
the fundamentals of SMM behavior. The first report on the actinide-based SMM
was with regard to a uranium(III) complex [68].

Recently, Long and coworkers [69] showed that mononuclear SMMs can be
formed not only by 4f/5f metals but also by 3d metals. Several features of these
metals hamper the detection of an SMM property. The spin—orbit coupling in the
first-row 3d metals is lower and the orbital moment is usually quenched by the
ligand field. Molecular vibrations affect the degeneracy of the d orbitals and lead
to a weaker ZFS. The first 3d-metal-based SMM was a high-spin Fe(II) complex
([(tpa™*)Fe]~ where tpa™ =mesityl-substituted tris(2-pyridylmethyl)amine)
[69]. The complex displays an S = 2 spin ground state, an effective energy barrier
to spin reversal at 60.4 K. Owing to slight deviation from a threefold symmetry
a transverse component of the magnetic anisotropy is also observed, leading to
additional tunneling pathways that decrease the theoretically achievable energy
barrier of 227.3 cm™!. Circumventing this challenge was listed as one of the
future research directions.

A two-coordinate low-valent iron(I) compound was also shown by Long and
coworkers [70] to display SMM behavior. This was achieved by a good under-
standing and modeling of the crystal field effects. The central ion adopts a low
oxidation state, ensuring a high-spin d electron configuration and d electrons
located in close-lying d orbitals. The linear geometry of the complex favors the
formation of an easy axis of magnetization. A high effective energy barrier to spin
reversal at 328 K was reported.

A considerable rise in the blocking temperatures was achieved in the
radical-bridged 4f complexes by the same group that introduced the first 3d-
metal-based SMMs. In 2011, Long and coworkers reported a series of dinuclear
N,3~-bridged complexes, [K(18c6)(THF),]{[(Me,Si),N],(THF)Ln}, [13]. These
products were obtained in a reaction of the {[(Me,Si),N],(THF)Ln}, complex
with potassium graphite and 18-crown-6 in tetrahydrofurane (THF). The applied
strategy was to overcome the usually observed weakness of Ln- - -Ln interactions
involving f orbitals by the use of radical bridging ligands. For the Dy(III)
complex, a record blocking temperature of 8.3 K was reported at a sweep rate
of 0.08 T s™!. The Gd(I1I) analogue turned out to display the strongest magnetic
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coupling. The driving force behind these remarkable features was proven to be
the intramolecular exchange coupling.

In a later report from the same group, further progress was achieved by
introducing a radical-bridged terbium complex exhibiting magnetic hysteresis at
14K [44]. The same reduction of N,-bridged lanthanide complexes by potassium
graphite yielded new Tb, Ho, and Er analogues. The new record-breaking Tb
complex displayed also multiple relaxation processes. Thus, the Long group
doubled and quadrupled the record for the blocking temperature in SMMs
within a short time-span. In Chapter 7 the radical-bridged SMMs will be
reviewed in detail.

The field of SMM science is still rapidly developing as evidenced in the next
sections on their recent progress.

1.3 Recent Progress

The past years have brought much progress into the field of SMM science and
many new unexpected directions emerged.

The field is highly interdisciplinary as SMMs may find different applications.
Their sophisticated structures and chemistry are interesting for a chemist, their
quantum phenomena are fascinating for a physicist, and they may serve as drug
carriers in medicine, to name only a few. Perhaps, the most frequently mentioned
is in terms of increasing the data storage density. As predicted by Moore’s law, the
miniaturization of electronic data carriers is expected to progress and physical
limits may stop us from utilizing this technology. On the other hand, applying a
“bottom-up” approach, magnetic molecules could be organized on the memory
carriers and much more data than has been achievable so far could be input. In the
following sections some recent achievements will be highlighted. The presented
overview is not exhaustive and should be regarded as an appetizer — many topics
will be covered in more detail in the following chapters.

1.3.1 SMMs Based on Actinides

The progress in actinides-based SMMs started with the introduction of the first
uranium(III)-based representatives (U(Ph,BPz,);) [68—72] and has resulted in
some new developments in recent years. Much of the new facts in actinides chem-
istry were discovered by Liddle et al. Meihaus and Long provided in 2015 an excel-
lent tutorial review on fundamental aspects of the actinide-based SMMs [72].
In the actinide ions the spin—orbit coupling is stronger than the crystal field split-
ting. The source of the magnetic anisotropy is crystal field splitting, giving rise
to M;-microstates. Future developments should aim at addressing the under-
standing of the electronic structure and magnetism as well as its dynamics in
5f compounds [71].

Most of the known actinide-based SMMs are uranium(III) complexes. U3+
(5f%) is a Kramers ion, displaying a large total angular momentum ground state,
J =9/2, with oblate-type anisotropy. A good overview of recently discovered
actinide-based SMMs is provided by Meihaus and Long [72].
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In the first known uranium(III) SMM, mononuclear U(Ph,BPz,),, thermally
activated slow magnetic relaxation was observed under zero applied field with
the effective barrier to spin reversal of 28.8 K and the relaxation time 7, =107 s
[71]. In later studies, this complex molecule was modified, e.g. by removing
the phenyl groups from the organic ligand to obtain U(H,BPz,), with axially
elongated coordination polyhedron, as compared to U(Ph,BPz,), [73]. For the
field values higher than 500 Oe an additional relaxation process was observed,
most probably as a consequence of intermolecular interactions. Further studies
on uranium(IIl) scorpionate complexes revealed that for the isostructural
U(BcMe), ([BcMe]~ = dihydrobis(methylimidazolyl)borate anion) and U(BpMe),
([BpMe]~ = dihydrobis(methylpyrazolyl)borate anion) compounds, the donor
power of the N-heterocyclic carbene ligands helps to influence the temperature
dependence of the slow relaxation of magnetization [74]. For the U(BcMe),
compound, a moderate effective energy barrier to spin reversal of 33.1 K was
found. Similar values were found for other uranium(III) scorpionate complexes,
including [UTp™e%,(bipy)]l ([TpM®2]~ =hydrotris(dimethylpyrazolyl)borate
anion, bipy=2,2'-bipyridine) and [UTpM%,]I with energy barriers at
26.2 and 30.2K, respectively [75]. Other recently reported mononu-
clear uranium(Ill) SMMs include [U(TpMe?),(bipy)]* cationic complex
([TpMe2] = = hydrotris(dimethylpyrazolyl)borate anion, bipy=2,2'-bipyridine)
with an energy barrier at 26.2K. An organometallic dinuclear uranium(III)
complex, [UBIPM™SH)(D)],(p-C4H;CH;) (BIPM™S = C[PPh,NSiMe,],), was
found to show slow relaxation of magnetization under a dc field of 0.1 T; however,
no relaxation times could be extracted from the available data [76]. Studies of a
series of structurally unrelated trivalent uranium complexes emphasized the low
dependence of this ion on the symmetry of the surroundings or ligands [77].

SMM behavior was also reported for uranium complexes at oxidation states
other than +3. The uranium(V) UO(TrenTIPS) (TrenTIPS = [N(CH,CH,NSi
Pr,;),;]37) complex displays a slow relaxation of magnetization only when an
applied dc field is present, with an effective energy barrier to spin reversal at
21.4K and magnetic hysteresis loops up to 2.4 K [78]. Despite the unfavorable
electron configuration of uranium(IV) (2 system, *H, ground state, orbital singlet
ground state at low temperatures, non-Kramers ion) there also exist examples
of the first uranium(IV)-based SMM: [{(SiMe,NPh),-tacn}U"(#*-N,Ph,")]
[79]. The compound was synthesized as a result of a one-electron reduction of
uranium(III) starting mononuclear complex with azobenzene. In fact the starting
uranium(III) substrate, [U"{(SiMe,NPh),tacn}], was also the first uranium(III)
complex that exhibited slow relaxation of magnetization at low temperatures,
from 1.7 K. Observation of SMM behavior in the uranium(IV) product was
possible due to the employment of a radical ligand, assisting the slowing down
of quantum tunneling of the magnetization. Obviously, this ligand switches U**
to a Kramers ion.

The transuranic SMMs are extremely rare and only a handful of recent
examples are known. An inherent problem affecting the studies of magnetic
properties at low temperatures are self-heating effects due to radioactive
decay. The Méssbauer spectra recorded at 4.2K for a homoleptic Np'V(COT),
(COT = cyclooctatetraenyl) complex of Dy, molecular symmetry already pointed
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to the phenomenon of slow spin—lattice relaxation [80]. The complex shows
slow relaxation of magnetization under applied dc fields of more than 0.1T.
Despite the previous observation of slow magnetic relaxation and superexchange
interaction in other trimetallic Np complex [81], the Np!Y(COT), complex is the
first example where also butterfly-shaped magnetic hysteresis curves and the
resulting magnetic memory effects were detected. Ac magnetic susceptibility
studies led to the assumption of different relaxation mechanisms. It was shown
that in spite of a relatively low-spin ground state no saturation is achieved even at
14 T. All these effects allowed the authors to expect that 5f-based SMMs should
display higher energy barriers to spin reversal and larger coercive fields than
their 4f-based analogues. However, in contrast to the 4f systems, the current
experimental values for energy barriers in actinide-based SMMs are much lower
than their theoretical predictions. Several reasons for this were listed in the
review of Meihaus and Long [72], including the view that the ground M; state is
not maximal for the mononuclear complexes. A remedy for this could include
manipulation of the coordination sphere symmetry and the metal-ligand
distances, which would be a significant synthetic challenge.

With the advent of organometallic SMMs, described more in detail in
Section 1.3.2, new elements and oxidation states turned out to be accessible for
f-electron-based SMM science. Dutkiewicz et al. [82] synthesized a transuranic
neptunium(II)-based organometallic SMM, providing also more insights into
the covalent part in the metal-ligand bonding. The complex, formed in a reaction
of Z’NpCl, with K,LA" (H,LA" = frans-calix[2]benzene[2]pyrrole), is [(LA)2%
NpCl]. Most probably the slow relaxation of magnetization takes place under
the experimentally inaccessible temperature range of below 2 K, as evidenced by
the ac studies results with an increase in ac susceptibility below 10 K.

In 2014, Magnani, Caciuffo et al. reported on the first plutonium-based SMM,
[tris(tri-1-pyrazolylborato)plutonium(III)] of C;, molecular symmetry [83]. The
SMM behavior was identified based on slow relaxation of magnetization detected
at temperatures below 5 K. The effective energy barrier was found to exceed five
times this value for the isostructural uranium(III) analogue. However, the hys-
teresis loops of magnetization were not observed down to 1.8 K.

Owing to the rich chemical properties of plutonium, with five different oxi-
dation states, more interesting information on the chemistry of SMMs and the
opportunities to conduct systematic studies can be expected in the future. As
there are more analogous actinide SMMs with the same ligand, the homoscorpi-
onate complexes can be considered as model compounds.

Polynuclear actinide complexes have also been investigated [76, 81, 84—88].
Particularly promising is the perspective of using radical bridging ligands, which
helped to enhance the magnetic properties of lanthanide-based compounds dra-
matically [13]. As compared to lanthanides, the actinides show higher spin—orbit
coupling effects, and the 5f orbitals, as compared to the 4f orbitals, show higher
radial distribution and, as a consequence, the covalency of the bonds involving
these orbitals may be higher, leading to stronger magnetic coupling [72]. Nev-
ertheless, the actinide-based systems are still challenging in terms of rational
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design, predominantly due to the bonding covalency issues, oxophilic properties,
and large radii range of actinides, as compared to lanthanides [72].

Strong magnetic coupling in polynuclear actinide complexes, suppressing
quantum tunneling of magnetization, was mentioned as a key factor in the
development of actinides-based SMM science by Liddle and van Slageren [89].
Particularly attractive are the uranium(V) complexes, also in combination with
3d metals [90, 91].

The first polynuclear actinide-based SMM was the triangular mixed-valence
complex (Np"10,Cl,)[NpYO,CI(THF),], with two chloride-bridged neptunyl(V)
moieties, capped with a neptunyl(VI) group [81]. In this complex, strong cou-
pling of Np>* and Np®* ions was observed. The slow relaxation of magnetization
was detected already under no applied dc field. The effective energy barrier to
spin reversal of 140 K is higher than the values achieved in mononuclear actinide
complexes. One of the possible interpretations of the magnetic behavior of this
compound was the excited M, = +5/2 state of Np®* and a single-ion origin of the
SMM property.

A mixed 3d—5f complex comprising uranyl(V) moieties and Mn?* ions was
introduced by Mazzanti and coworkers [84], motivated not only by its expected
interesting magnetic properties but also because of its relevance to environmen-
tal clean-up strategies. This compound is a wheel-like {{UO,(salen)],Mn(py)s}s
(py =pyridine) complex obtained by the reaction of [Cp*,Co][UO,(salen)(py)]
([Cp*]- =decamethylcyclopentadiene anion) with Mn(NO,),. Interestingly,
when CaCl,(DME) (DME =dimethoxyethane) substrate was used instead
of Mn(NO,),, only a lower-nuclearity complex {[UO,(salen),]Ca,} could be
isolated. The UO,—Mn complex shows an open magnetic hysteresis loop at
low temperature, non-zero coercive field below 4K and evidence of quantum
tunneling steps below 2.5 K. In this case, SMM behavior was detected for the
first time in a 3d—5f assembly, in spite of the previous studies in which evidence
of a magnetic exchange in such a heterometallic trinuclear/dinuclear complexes
[92-95] was found. Thus, control of a 3d—5f cation—cation interaction turned
out to be a good strategy to construct heterometallic SMMs.

1.3.2 Organometallic SMMs

Initially, SMM research was focused on coordination compounds, a good
representative being the “archetypic” [Mn;,] complex. In spite of the advanced
stage of development and well-controlled principles in the synthesis of
organometallic compounds, these were scarcely used in SMM science until
recently. The organometallic approach has been popularized in particular
by Layfield and reviewed in 2014 [96]. The first report on an organometal-
lic SMM appeared in 2010. These are [{Cp,Dy(u-bta)},] (1) (btaH=1H-1,
2,3-benzotriazole) and [{Cp,Dy[u-N(H)pmMe,l},] (2) (NH,pmMe, = 2-amino-
4,6-dimethylpyrimidine) compounds showing similar behavior of their magnetic
properties. However, weak interaction between the Dy*" ions in 2 clearly
hampers the observation of SMM properties in this case. Thus only 1, with
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electronically isolated Dy** ions, is an SMM with the effective energy barrier to
spin reversal of ca. 57 K. The currently known organometallic SMMs include
mainly 4f and 5f systems, but 3d systems have also been reported. Some of these
SMMs have already been mentioned in the previous sections.

Harriman and Murugesu [97] have recently demonstrated an organolan-
thanide building block approach to SMMs. The strategy was to use highly
anisotropic late 4f elements, Dy'! and Er'"!, as metallocenes with COT and the
related ligands, in spite of their sensitivity to air and moisture. In this approach,
the organic ligand n-electron clouds are used to assist Ln: - -Ln interactions by
perturbing their shielded 4f orbitals. Sandwich-like molecular architectures are
targeted, reminiscent of the success of Ishikawa’s Tb(Pc), molecule, being a
sandwich-type complex of phthalocyanine. Successful output includes an Er'!!
derivative [Er',(COT"),] (COT” =1,4-bis(trimethylsilyl)cyclooctatetraenyl
dianion), reaching blocking temperature of 14 K in frozen solution and magnetic
hysteresis up to 12K in solid state. Exchange interaction between the Er3* ions
was listed as the reason for enhancement of the SMM properties as compared
to the mononuclear precursor used to synthesize this remarkable compound. It
was shown on the example of some model compounds how critical the impact of
molecular symmetry is on the overall SMM properties. Synthetic challenges of
controlled stacking of multiple sandwich-type complexes need to be addressed
in the future. In particular, the prospect of creating chains of the successful
building units seems to be very intriguing.

Clérac, Smith, and coworkers [98] showed how exploring new synthetic routes
can lead to new organometallic SMMs. An incomplete nitrogen atom transfer
from the PhB(Meslm);Fe!VN (where [PhB(MesIm),]~ = phenyltris(1-mesity-
limidazol-2-ylidene)borate) to the V!'(Mes),(THF) complex led to a bimetallic
PhB(MesIm),Fe-N=V(Mes), product. In this product the high-spin Fe!' and
VV centers are linked through a linear nitride bridge. The two-electron transfer
occurrence is confirmed spectroscopically. The product is an SMM with slow
relaxation of magnetization under applied dc field and an effective energy barrier
to spin reversal of ca. 10K. The source of the SMM behavior is the high-spin
Fe* ion. It is expected that application of the discovered synthetic principle to
other low-coordinate complexes will yield products with even more magnetic
centers linked by nitride bridges.

Layfield and coworkers [99-101] introduced a series of SMMs containing
a dysprosium metallocene unit {Cp’,Dy} (Cp’ =substituted cyclopentadienyl)
with soft donors as bridging ligands: [Cp’,Dy(p-X)], (n = 2, 3, eg. X=P,
As, S, Se). As a continuation of this research, Layfield and coworkers [102]
recently reported on a new low-symmetry dysprosium metallocene SMM with
a high anisotropy barrier. The compound is an isocarbonyl-ligated [Cp*,Dy
{p-(OC),FeCp}], complex with a rhombus-shaped [Dy,Fe,] core. The complex
was obtained in the salt elimination reaction of [Cp*,M(p-Ph),BPh,] (M =Y, Dy;
Cp* = pentamethylcyclopentadienyl) with K[Fp] (Fp=CpFe(CO),), along with
its yttrium-analogue used for the sake of comparison. As a result of a strong
axial ligand field of the cyclopentadienyl ligands a large energy barrier to spin
reversal of 662 cm™ under zero applied field is observed. The computational
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studies revealed an unprecedented pathway of the magnetization in this case,
through at least the fourth-excited Kramers doublet, and probably also through
the fifth- and sixth-excited states which is seen as a good guideline for the future
design of organometallic SMMs.

1.3.3 Rational Design of SMMs

Owing to many often serendipitous syntheses reported for SMMs a need was
identified to rationalize their design [103]. First ideas of such a rationaliza-
tion came up with investigation on the potential barrier U 4. It is defined as
U, =|D| S? for integer spins and U 4 =|D| (S—0.5)? for half-integer spins
with D =zero-field splitting and S =spin ground state. Control of D is hard to
accomplish but can be directed through choice of metal and, therefore, highly
magnetically anisotropic metals, such as Mn(III) or lanthanides, are favorable.
Also, it is evident that a high-spin ground state increases the potential barrier
[104—108].

This could be achieved by the use of linking functional groups, such as oximes
or carboxylic acids, along with metal ions with high-spin state like (d*-d®).
Such first design criteria led to advances in the field, concentrating on the
high-nuclearity clusters with manganese. The previously mentioned “magic”
angle for oximes was an alternative which also led to further improvements. This
culminated in the synthesis of an [Mng,] cluster, but its magnetic properties
were far behind expectations [109] and other high spin record holder, such as
the [Mn,,] complex with S =37, did not display enhancements in their SMM
properties [110, 111]. Altogether it was concluded that the ZFS parameter D and
the spin ground state S should not be optimized independently [112-114].

This opened the scope to ligands that tend to propagate ferromagnetic cou-
pling and to the use of magnetically anisotropic ions rather than to maximize
the cluster size. As the understanding of the processes progressed, quantum
tunneling of magnetization was considered a serious problem [57, 59, 115, 116].
It was shown that it strongly depends on the symmetry of the complex and
vanishes for at least trigonal symmetry through minimization of the rhombic
components in the magnetic anisotropy. This criterion had a major influence on
the field and ligands were developed to direct C; symmetry on the cluster. Glaser
[117] focused on a phloroglucin backbone with three salene units attached to
it. This ligand also included the possibility to propagate ferromagnetic coupling
through a spin polarization mechanism which could be perfectly achieved in a
phloroglucin-backbone. The use of this ligand yielded bowl-shaped trinuclear
clusters with favorable ferromagnetic coupling. In a further step, a reaction of
the compound was performed with hexacyanidometallates to maximize the spin
ground state and add even more anisotropy to the system.

Thus, for instance, a series of isostructural cationic complexes [Mn" M]3+
(M =Cr', Fe'l, Co™) could be isolated, among which the Cr(III) product is an
SMM (Figure 1.2B) [117]. Based on this example, general trends possibly leading
to optimization of the SMM property were analyzed. The role of attractive
van der Waals interactions between two bowl-like units capping the central
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hexacyanidometallate moiety was underlined and showed to influence the mag-
netic coupling. In order to increase the energy barrier, such steric factors would
need to be considered without biasing the ability of the used building blocks
to self-assembly. Other important factors are solvent coordinating to the metal
ions, intermolecular interactions in the crystal structure, and stabilization of
the spin ground state via increase in the contribution of the spin-delocalization
mechanism. The last factor could be manipulated through exchange of hydroxyl
O atoms in the phloroglucyl backbone with softer sulfur atoms. The whole
arsenal of organic chemistry of the ligand could also be employed to influence
its aromaticity, e.g. by exchanging the imine units with amine groups [117].

Christou and coworkers [118] developed a magnetostructural correlation
useful for studies of molecular magnetism, predicting the exchange interaction
constant between two Fe** ions, dependent on the Fe—O bond lengths and
Fe—O-Fe angles involving the bridging ligands. In this study, polynuclear Fe(III)
complexes of 8-hydroxyquinoline (hqnH), [Fe;O,(O,CPh),,(hqn),(OMe),], and
[Fe,O,(OH),(O,CPh),,(hqn),], were investigated. The developed correlation
was successfully used to interpret the magnetic properties of the lower-nuclearity
Fe complexes reported in literature.

Systematic computational studies also provide insights and conclusions that
could be useful for rational design of SMMs. Aravena et al. [119] studied with ab
initio calculations and ligand field analysis three [M(y-SiW,,05¢),] (M =Mnl!,
Fe'!, Co'") complexes previously obtained by Sato et al. [120]. These model
compounds were the first rigid polyoxometalate (POM)-based SMMs with
single transition metal ions, showing SMM behavior under the applied dc
field. For the Co(II) and Mn(III) complexes, the magnetic properties could be
rationalized in terms of low-energy excitations, of higher energy for Mn(III).
This results in a strong unquenched ground-state momentum for the Co(II)
complex and no measurable energy barrier for the Mn(III) complex. For the
Fe(III) complex, the presence of low-lying quartet and doublet Fe(III) states was
used to explain the small relaxation barrier for normally magnetically isotropic
high-spin d® electron configuration. In this case the rigid POM ligand imposes
an axially elongated coordination environment on the central Fe3* ion. It was
possible to reproduce the ZFS parameter significantly for the Co(II) case but
for Mn(IlI)/Fe(IlI) the values were underestimated due to the possibility of
specific-multiplicity states transitions that were absent for Co(II).

Another step toward rational SMMs, in particular for applications in data stor-
age, was reported by Cador and coworkers [121]. A model [Dy(tta);(L)] - C;Hy,
(tta~ =2-thenoyltrifluoroacetonate and L =4,5-bis(propylthio)-tetrathiafulval-
ene-2-(2-pyridyl)-benzimidazole methyl-2-pyridine) solid complex displaying
SMM behavior was subject to isotopic enrichment experiments. In the initial
product four stable abundant isotopes were present, 1*'Dy (18.9%) and 93Dy
(24.9%) with I =5/2, as well as either the 1°' Dy or 1**Dy (28.2%) isotopes without
non-zero nuclear spin. This product was enriched with either the ®'Dy or
164Dy isotope. Such isotopic enhancement had a drastic effect on the thermally
independent relaxation of magnetization: for the “magnetic” *'Dy isotope
relaxation time increased 10 times. Thus the data storage capability could be
improved in a targeted way with this approach.
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1.3.4 Quantum Computing

Owing to their magnetic bistability and demonstration of quantum phenomena,
SMMs are promising candidates for applications in quantum computing.

Quantum computing has already reached the stage of commercialization.
Quantum computers use atoms and molecules to perform memory and pro-
cessing tasks. Initially, theoretical considerations on quantum computers were
proposed in 1982 by Benioft [122]. Quantum computing makes use of phenom-
ena such as superposition and entanglement of states. This could revolutionize
areas such as encryption or quantum simulation. A prototype theoretical
model of a quantum computer is the so-called “quantum Turing machine.” The
equivalents of traditional bits are the so-called qubits which may adopt also a
superposition of “0” and “1” states. Application of SMMs as qubits is limited
by their spin—lattice relaxation times that should be long enough to afford long
spin—spin relaxation time but short enough for an optimal qubit reset time
[123]. Qubits could also be realized as photons, ions trapped in potential wells
or superconducting circuits [124].

The first quantum computing company was founded in 1999 in Vancouver
(Canada). The goal of this company is development, fabrication, and integration
of superconducting quantum computers. In 2010, the first commercial system,
the D-Wave One quantum computer, was released. In 2013, a 512-qubit D-Wave
Two system and in 2015 a 1000+ qubit D-Wave 2X system was announced.
The latter system can evaluate 2!°% possible solutions at the same time, using a
quantum annealing algorithm. So far, the D-Wave systems have been used, e.g.
in the aerospace industry (Lockheed Martin, NASA).

Using the example of a [Dy-radical]- - -[radical-Dy] SMM, Clérac, Preuss, and
coworkers [125] showed how its dynamics can be fine-tuned by the exchange-bias
and an applied magnetic field. The considered model complexes are mononu-
clear, forming a dimeric unit through weak intermolecular interactions. The con-
stituent Dy®* ions are not related by any crystallographic symmetry element. The
applied ligand is radical — 4-(benzoxazol-2-yl)-1,2,3,5-dithiadiazolyl (boaDTDA)
which in reaction with Dy(hfac);(DME) (DME = 1,2-dimethoxyethane) forms an
eight-coordinate complex Dy(hfac);(boaDTDA). The authors show that the com-
plex is an SMM with a single set of thermal and quantum relaxation modes and
acts as a single supramolecular entity. It is possible to “decouple” the weakly inter-
acting Dy>* ions with a weak dc field. Moreover, the interpretation of these results
is supported by studies of the Gd and Y analogues.

Pedersen, Piligkos and coworkers [123] detected quantum coherence in an
SMM Yb(trensal) (Hjtrensal =2,2",2"-tris(salicylideneimino)triethylamine)).
The compound is modifiable with organic substituents, photoluminescent and
sublimable. Moreover, it displays a very large gap between the electronic ground
doublet and the first excited ligand field state, displaying a slow paramagnetic
relaxation effect at the same time. The complex is incorporated in an isostruc-
tural crystal of diamagnetic Lu(trensal). Future studies will aim at further
extension of the spin—lattice relaxation times.

One of the few examples of potential molecular qubits showing room-temper-
ature quantum coherence was reported by Sessoli and coworkers [126]. The
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corresponding system is VOPc SMM dispersed in an isostructural TiOPc matrix.
The system was extensively studied employing pulsed EPR spectroscopy and ac
susceptibility measurements. Quantum coherence with 7, ~1 ps was detected
at 300K, being the highest value obtained so far for molecular electronic spin
qubits.

On the other hand, alternative approaches are also available and Freedman and
coworkers [127] reported on a nuclear spin-free chromium complex for which
forbidden transitions could be employed as qubits. This study is an experimental
demonstration of the model previously proposed by Leuenberger and Loss for
high-spin molecules [128].

One of the most fascinating prospective applications of SMMs is in data
storage. As the famous Moore’s law states, the number of transistors on a
microprocessor doubles every 18 months, which drives the need for device
miniaturization.

The data storage densities reached up to 345 Gbits in.~2 with a growth of 100%
in 2009. The use of SMMs could improve this number by a factor of 10* [129].
SMMs could be considered as qubits, being the processing elements of quantum
computers. These computers could make use of such quantum phenomena as
entanglement/superposition of states. A system of two weakly interacting SMMs
could serve as a model for a 2-qubit quantum gate [130].

Salman and coworkers [131] used muon relaxation and ac susceptibility
measurements to investigate the magnetic properties of the [Dy(hfac),(PyNO)],
(PyNO =pyridine-N-oxide) SMM deposited on polycrystalline-gold-coated
mica surface via a sublimation—resublimation process. The compound was
proved to retain its chemical integrity and SMM behavior. This is observed
in spite of the significant differences of the packing of the SMM molecules in
crystalline phase as compared to their distribution on the investigated substrate.
Molecular spin fluctuations were studied in detail and shown to display no depth
dependence of the spin correlation time, contrary to other studied SMMs, such
as TbPc,.

Suitable choice of the deposition surface may also even enhance the SMM
properties, as recently reported by Dreiser and coworkers [132]. The robust
TbPc, SMM was deposited on insulating MgO thin film on Ag(100) to
demonstrate unprecedented enhancement of the magnetic remanence and the
hysteresis opening. This is observed taking pure Ag(100) surface as a reference for
which the magnetic hysteresis opening is barely visible for the TbPc, molecules.
The MgO layer plays the role of a tunnel barrier; it suppresses the strong scat-
tering of conduction electrons from the metal at the molecule and displays weak
molecule-surface hybridization. Thus, a combination of SMMs and MgO-based
tunnel junctions may lead to SMM-containing tunnel devices in the future.

1.3.5 SMMs in Molecular Machines

Molecular nanomagnets are also potential elements of molecular machines. With
further development of microscopic and molecular manipulation techniques it
became possible to explore this idea. A particularly successful direction turned
out to be the combination of SMMs with carbon nanostructures which yielded
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recently many promising results for the use of carbon nanotubes (CNTs) and
graphene. Such aggregates could find application in spintronics which is a field
combining molecular electronics and spin manipulation. Phenomena observed
in SMMs and useful for electron transport in molecular machines include the
Kondo effect, quantum tunneling, Berry-phase blockade, spin relaxation, or mag-
netic switching [133].

van Slageren, Khlobystov, and coworkers [134] successfully encapsulated
[Mn;,] SMMs in CNTs. The motivation for this study was the possibility to
address SMMs in molecular machines without compromising their magnetic
properties. CN'Ts could also protect SMMs from decoherence which is crucial
in quantum computing. van Slageren, Khlobystov, and coworkers used wide
CNTs with the internal diameter range of 5-50 nm to avoid previously reported
problems with adsorption of SMMs, rather than insertion, when thinner CNTs
were used. CNTs were pretreated with concentrated nitric acid and heated in air
for opening. Supercritical CO, was used to transport the [Mn,,] molecules inside
of the CNTs. An excess of the [Mn;,] complex was eliminated by subsequently
washing with acetonitrile. The successful insertion and solely weak van der
Waals interactions could be confirmed with transmission electron microscope
(TEM) images and energy-dispersive X-ray spectroscopy (EDX) analyzes.
Extensive investigation of the magnetic properties of this hybrid material led
to the conclusion that the SMM properties are fully retained and Jahn-Teller
isomerism is detected, as for the bulk [Mn,,] sample. The electrical properties of
CNTs were found to be modified by magnetoresistance of the [Mn,,] complex.
The SMM molecules are still mobile inside of CNTs and tend to get aligned with
the external magnetic field. The authors predict that this study will be relevant
for spintronics, e.g. via precise control of the CNTs electrical conductivity by the
magnetic states of SMMs as a method for nanoscale generation of spin-polarized
currents. Such materials could become part of ultrasensitive magnetic devices,
including a nano-SQUID or a magnetic force microscopy (MFM) probe.

Yamashita and coworkers [135] used a capillary method to encapsulate
Dy acetylacetonato SMMs in multiwalled carbon nanotubes (MCNTs). This
encapsulation could be followed with transmission electron microscopy and it
was shown with ac susceptibility measurements that the encapsulated molecules
still behave as SMMs, also inside the nanotubes. The MCNTs were purified
and “opened” with usual methods, combined with solution of Dy(acac),(H,0),
in 1,2-dichloroethane, and treated with heat/ultrasonication. This solution
was left uninterrupted for three days to allow for a capillary insertion. The
frequency-dependent ac out-of-phase signal was generated for the obtained
hybrid material, but no enhancement of the SMM property was observed.
Nevertheless, this was the first report on a lanthanoid SMM encapsulated in
MCNTs and spintronic devices combining the magnetic/electronic properties
of SMM/MCNT hybrids could be anticipated.

Nanotubes could also be constructed from SMMs, which display SMM
properties themselves. Powell, Tang, and coworkers [136] reported on hexagonal
tubes out of large 3d—4f-based heterometallic macrocycles with inner diameters
of 16.4, 16.5, and 16.4 A, respectively. This arrangement could be confirmed
with X-ray diffraction studies. The used macrocycles were [Dy,Cu(H,L’),
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Cl,,(H,0)4] - 5ClO, - OH - 30H, 0, [DyCuq(H,L')Bry,(H,0)¢] - 5Cl1O, - OH -
6H,0, and [Dy,Cus(H,L"),Cl;,(H,0)4]-4Cl-20H-39H,0 (H,L' — N-donor
ligand with multiple coordination sites). SMM behavior was observed under the
applied dc field as a result of Dy- - -Cu magnetic coupling.

In 2004, Geim and Novoselov from the University of Manchester isolated
graphene, although existence of this carbon allotrope was foreseen many years
before [137]. In 2010, this discovery was recognized with a Nobel Prize in
physics. For the first time graphene was mechanically exfoliated from small
mesas of highly oriented pyrolytic graphite in the form of stable layers with
thickness of few atoms or even single layers. Graphene is 200 times stronger than
steel, almost transparent, and electrically conductive. Interestingly, for its first
isolation a simple adhesive tape was used. The “miracle material” was expected
to revolutionize molecular electronics.

Yao and coworkers [133] proposed an efficient filter and spin valve compris-
ing an [Fe,] SMM between two graphene electrodes. The computational studies
of such junction indicate that its efficiency should approach 100% and there is
a strong dependence of a spin-polarized transport on the molecular spin align-
ment. The [Fe,(OMe),(dpm),] (dpm = dipivaloylmethane) cluster is used for its
stable magnetic properties and graphene electrodes help to overcome the oxida-
tion of metallic contacts and unstable molecule/electrodes interface in case of the
use of metallic electrodes.

Lumetti et al. [138] combined nanometer-separated graphene elec-
trodes with TbPc, SMM to fabricate novel cryogenic spintronic devices by
feedback-controlled electroburning. This procedure is based on the reaction of
carbon atoms with oxygen at high temperatures resulting from Joule heating
at large current densities. The new molecular devices were subject to electrical
transport measurements and in 17.5% of them Coulomb blockade-like features
were observed. The Pc ligands were found to create a quantum dot in the vicinity
of the Tb?* spin. In one case, the authors were able to estimate the nature and
magnitude of the Pc—Tb exchange interaction.

Islam and Benjamin [139] examined the effect of adiabatic twisting of a Tb(Pc),
molecule embedded in a graphene monolayer. Adiabatic quantum pumping is
defined as charge/spin carriers transfer achieved by a cyclic change of two inde-
pendent system parameters without application of any external perturbation, e.g.
voltage bias. The authors show that through adiabatic quantum pumping pure
spin currents can be generated in the investigated system.

Er-based SMM, Er(trensal) (H;trensal = 2,2’,2” -tris(salicylideneimino)triethyl-
amine), was adsorbed on graphene/Ru(0001), graphene/Ir(111), and bare
Ru(0001) surfaces by Dreiser et al. [140]. It was found that on graphene the
SMM molecules tend to form dense islands with their magnetic easy axes
oriented perpendicular to the surface. On bare Ru(0001) the alignment of the
magnetic easy axes is weak and no distinct ordering of the complex molecules
is observed. These phenomena were monitored with STM, XAS, and XMCD
techniques. Thus a demonstration of control of the net magnetic anisotropy
within a molecule—inorganic heterostructure was achieved.

Yamashita and coworkers [141] constructed a molecular machine where
salene-chelated mononuclear Mn(III) SMMs are joined with a photoswitchable



1.3 Recent Progress

ligand and thus their magnetic properties are activated with visible light that
could be used to design new memory devices. The applied ligands were photoac-
tive derivatives of diarylethene with two hydroxo groups, capable of reversible
isomerization to “open” and “closed” forms upon irradiation with UV/Vis light.
For the assembly with the “closed” form of the ligand, no slow relaxation of
magnetization was observed, whereas for the “open” form the SMM behavior
was “switched on.” The effect was attributed to the interplay of two factors:
(i) change in inter- and intramolecular Mn- - -Mn distances, (ii) delocalization of
thiophene n-electron density over the ligand molecule in the “closed” form.

A conducive factor for the application of SMMs in solid state devices seems to
be their organization on surfaces. Within this arrangement the local anisotropy
of SMMs must be controlled and it must be ensured that they retain their
specific magnetic properties. Mannini and coworkers [142] demonstrated
that low-temperature MFM can be used as an alternative to less accessi-
ble laboratory-based magnetometric techniques for XMCD investigation.
TbPc,/PTCDA (PTCDA = perylene-3,4,9,10-tetracarboxylic dianhydride)
model nanosized films on SiO, were investigated and shown to yield analogous
results as obtained by XMCD. The molecular orientation of the Tbpc, SMM was
engineered by means of control of the molecule—substrate interactions, where
PTCDA was used initially as a templating agent, known to direct phthalocyanine
rings to coplanar position.

1.3.6 Magnetic Refrigerants

Magnetic refrigeration is another interesting prospective application of molecu-
lar magnets [143]. This technology could help to tackle such challenges as envi-
ronmental issues — a gas-free and economic process with reduction in energy
consumption and increase in efficiency. A unique feature in the case of molecular
magnets is operation under low temperatures which could be a low-cost alterna-
tive to helium-3. Magnetic refrigeration is characterized by the magnetocaloric
effect (MCE). MCE is defined as change of AS, | (isothermal magnetic anisotropy)
and AT, (change of adiabatic temperature) with change of the applied magnetic
field [144]. For large AS,, values, particularly M vs H data allow to evaluate the
MCE by determination of AS,, using the Maxwell equation:

AS (T) = /[6M(T,H)/0T]HdH

The most common magnetic refrigerants so far are gadolinium(III) complexes.
The isotropic GA(III) spins assist a large change of the magnetic entropy and adi-
abatic temperature on change in the applied magnetic field. In polynuclear metal
complexes in general the desirable species are high-spin isotropic compounds
with weak intramolecular magnetic exchange. This led to the discovery of such
magnetic refrigerants as the [Fe,,] cluster [145-147], supertetrahedron [Mn,,]
[148] or disk-like [Mn,,] complex [149].

Cui, Zhao, and coworkers [150] reported on a series of lanthanide(III) dinuclear
complexes with an 8-hydroxyquinoline Schiff-base derivative as a bridging ligand.
The general formula for these compounds is [Ln,(hfac),(L),] (Ln(IlI)=Gd (1),
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Tb (2), Dy (3), Ho (4), Er (5)), [Ln,(tfac),(L),] (Ln(Ill)=Gd (6), Tb (7), Dy
(8), Ho (9)), and [Dy(bfac),(L),-C,H,,] (10) (L =2-[[(4-fluorophenyl)imino]
methyl]-8-hydroxyquinoline, hfac = hexafluoroacetylacetonate, tfac = trifluoro-
acetylacetonate, and bfac = benzoyltrifluoroacetone). The Gd complexes 1, 6 of
both formulae display cryogenic magnetic refrigeration properties, whereas 3,
7, 8, and 10 are SMMs.

Konar and coworkers [144] performed a lanthanide-directed synthesis of
four tetranuclear quadruple-stranded helicates showing magnetic refrigeration
and SMM behavior. These rare-topology compounds are characterized by the
following formulae: [Ln,L,(OH),](OAc),-¥H,0 (Ln=Gd", Dy and x = 4, 5,
respectively), [Er,L,(OH),](NO,), - 9H, 0O, and [Dy,L,(NO;)](NO,), - 2CH,OH -
H,O with H,L = butanedihydrazide-bridged bis(3-ethoxysalicylaldehyde) ligand.

Evangelisti, Dalgarno, Brechin, and coworkers [151] introduced a new family
of 3d/4f metal complexes employing for the first time methylene-bridged
calix[4]arene ligands. In the family of clusters of the formula [Mn'!, Ln'!, (OH),
(C4),(NO,),(DMF)((H,0)s](OH), (where C4 = calix[4]arene; Ln = Gd, Tb, Dy)
the Tb/Dy complexes are SMMs and the Gd complex is a magnetic refrigerant.
This property of the Gd complex arises due to its low anisotropy that facilitates
facile polarization of the net molecular spin, as well as the presence of low-lying
excited spin states, that adds to the resulting magnetic entropy.

Bendix and coworkers [152] reported on the presence of magnetic refrigerants
in the series of labile, fluoride-bridged [Gd™;M™,] (M = Cr, Fe, Ga) complexes.
A reaction of Gd(NO,);-5H,0 with fac-[CrF;(Me,tacn)]-4H,O (Mestacn=
N,N’,N"-trimethyl-1,4,7-triazacyclononane) led to the [{CrF;(Me,tacn)},Gd;F,
(NO,),(H,O)(CH;CN)] - 4CH,CN complex. Use of fac-[FeF;(Mestacn)]-H,O
and fac-GaF;(Mestacn)]-4H,O led to isostructural [{MF,;(Mestacn)},Gd,;F,
(NO;),(H,O)(CH;CN)] - 4CH,CN (M =Fe, Ga) complexes of Fe and Ga,
respectively. For these complexes, weak exchange interactions were rationalized
computationally. For the Cr and Fe analogues, large magnetic entropy changes
of 38.3 and 33.1] (kg-K)~! were found, respectively, on change in field from
7 to 0T. The differences between these complexes led to the conclusion that
engineering of the close-lying excited states should be an important part of a
magnetic refrigerant design.

Large MCE was also reported by Kong, Long, and coworkers [153] for the
record-nuclearity keplerate [Gd,;,,] compound, [Gd,;n,(ClO,)s(CH;COO)5 (-
OH);65(140)50(H,0),1,1(CLO,),, - (CH;CH,OH), - 140H,O, one of the series,
along with the related Nd complex. The complex, with large metal/ligand
ratio, was self-assembled in hydrolysis of a mixture containing Gd(ClO,),,
Co(CH;COO0), -4H,0 and N-acetyl-D-glucosamine.

Studies of a model magnetic refrigerant on deposition on a surface were
recently undertaken by Affronte and coworkers [154]. The chosen model
compound was [Fe,,(bta),O,(OMe),;Cl;] (bta=benzotriazole), deposited on
a gold surface from a liquid phase. A number of surface analysis techniques
(STM, X-ray photoelectron spectroscopy (XPS), XAS, XMCD) were employed
in this study. It was shown that at the applied concentration range the complex
molecules do not aggregate, but retain their chemical and structural integrity, as
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well as their capabilities as magnetic refrigerants. This proves that at least in this
case the down-scaling of devices for magnetic refrigeration should be possible.

A very original approach was recently developed by Evangelisti and cowork-
ers [155]. In contrast to the widespread research on magnetically isotropic
refrigerants, it was shown that dysprosium acetate tetrahydrate, [{Dy(OAc),
(H,0),},]-4H,0, may also be used for cooling below the temperature of liquid
helium. The effect was achieved through rotation of aligned single crystals in
a constant applied magnetic field. In a cryogenic adiabatic demagnetization
refrigerator a magnetic field of few teslas is applied through a superconducting
magnet and removed in a cycle. The speed of the field removal is a limiting factor
connected with irreversible heat flows. However, it was already shown that the
time of field removal can be reduced from the order of minutes to seconds by
using rotating aligned single crystals of anisotropic HoMn,O. and KEr(MoO,),
[156, 157]. The authors envisage more such examples in the future, leading to
the advent of compact refrigerants based on large single crystals of dysprosium
acetate or their oriented aggregates.

Tang and coworkers [158] showed that the MCE can be enhanced for a
[Gd,(py-O)L,(PhCOO),]-solvent complex (H,L=a bi-Schiff-based ligand) via
absorption of atmospheric carbon dioxide, leading to an assembly of [Gdg(p;-
OH),(CO;),L,(PhCOO),]-solvent product. The authors speculated that this
enhancement may be due to the weak ferromagnetic interaction transmitted
through carbonate bridges.

1.3.7 Applications in Other Disciplines

The interdisciplinary character of the field of SMM science is underlined by the
numerous applications in very different areas. For instance, in biology, SMMs as
polynuclear metal complexes can be used to model active centers of enzymes. The
superparamagnet-like behavior of metal nanoparticles used for drug delivery is
anticipated to be transferable to real analogous applications of SMMs.

[Mn,,]-based contrasting agents have been considered as an alternative to
gadolinium-based agents for peripheral vascular and coronary artery disease
due to its possible involvement in cases of nephrogenic systemic fibrosis [159].
A clear limitation is the poor solubility and stability in water. To overcome
this, [Mn,,] molecules were grafted on polystyrene beads [160, 161]. Moreover,
a possibility to create an emulsion with [Mn,;,] clusters with acetate ligands
exchanged with stearate ligands was considered [160, 161]. Another strategy was
to create micellar polymeric particles of sub-20 nm size, based on [Mn,,], which
are well-defined and capable of penetrating minuscule blood vessels [159]. This
approach is again based on carboxylate substitution with amphiphilic ligands
in the [Mn,,] core. Such micelles have already been successfully tested in vivo
as magnetic resonance imaging (MRI) agents on a rat model. A significant MRI
contrast enhancement was detected for rat heart, liver, and kidney.

In general, SMMs with large molecular size and often aesthetically pleasing
molecular architectures are considered as representatives of nanomaterials
relevant for nanotechnology. The relevant sizes are from 1 to 1000 nm and
cover not only magnetic, but also semiconductor materials (quantum dots)
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or carbon nanostructures, such as CNTs. These materials already find many
applications due to their unique properties but there is an ongoing discussion
about their possible toxicological impact as no long-term studies are available
yet. In the field of SMMs recently Christou, Stamatatos, and coworkers [162]
reported on a new spherical [Mn,,] molecular cluster with dimensions of
ca. 2.2nm, comparable to smallest magnetic nanoparticles. The compound
was obtained in a comproportionation reaction between Mn(II) and Mn(VII)
starting compounds in the presence of 3,3-dimethylacrylic acid incorporated in
the resulting product. The same group also concurrently reported on two large
molecular toruses, [Mn,,Og,(0,CMe),,(OEt),,(EtOH),((H,0),,] and [Mn,,O,
(0,CMe),,(OC,H,Cl),,(CIC,H,OH),5(H,0),,], of ca. 4nm diameter, crystal-
lizing in stacks to assemble “supramolecular tubes.” These SMMs displayed
hysteresis loops at temperatures below 1.5 K and energy barriers of 23 and 18 K,
respectively. Studies with both classical (Néel-Brown) and quantum approach
were both successful in validating the experimental values and showed that
the molecules are situated at the quantum-classical nanoparticle interface. The
[Mn,,] compounds were obtained as a result of alcoholysis of the [Mn,,] starting
compound in the presence of EtOH and 2-CIC,H,OH, respectively. Reaction
systems related to those that yielded the [Mn,,] and [Mn,,] products have
been previously shown to often yield large manganese clusters and are likely to
produce more in the future.

Another realized direction is adding other properties to the SMM-based
materials. These could be e.g. porosity, opening a way toward application in gas
storage. A good example is from the study published by Kou and coworkers
[163] on porous coordination polymers based on [Mn,] SMMs. Three isostruc-
tural compounds, [Mng(j;-O),(sa0)s(DMF),(L'),;]-4DMF-2H,0O-2CH;0H,
[Mng(p5-O),(sa0)g(DMF),(L?),/5] - 4DMF - 2H,0-2CH;OH, and [Mng(p;-O),
(sa0)¢-(DMF),(L?),,5]-4DMF-4H,0-2CH,OH (DMF = dimethylformamide,
H,sao0 = salicylaldoxime, H;L! = benzene-1,3,5-trisbenzoic acid, HyL? = 4,4',4" -
s-triazine-2,4,6-triyltribenzoic acid, and H,L? = 2,4,6-tris(4-carboxyphenoxy)-
1,3,5-s-triazine), derived from classical oxime-bridged [Mn;] SMMs, were
synthesized. These materials show not only SMM behavior but also selective
absorption of CO, over N, at 273 K.

Applications of SMMs can be extended even further when their specific mag-
netic properties occur simultaneously with such useful photophysical properties
as fluorescence. Such multifunctional SMMs could be used as switches or sen-
sors under different conditions. Lanthanide-based SMMs can potentially display
optical properties useful in organic light-emitting diodes (OLEDs), bioimaging,
time-resolved luminescent immunoassays, and imaging spectroscopy [164].

For instance, Gao, Cui et al. [165] used 8-hydroxyquinolinate ligand to
introduce further useful photophysical properties to lanthanide-based SMMs.
Derivatives of quinoline are known to be luminescent/electroluminescent and
also for their applications in nonlinear optics. In particular, their lanthanide
complexes are promising as constituents of electroluminescent devices. Gao,
Cui et al. studied also the magnetic behavior of such compounds, pointing the
observed SMM behavior as an additional property potentially broadening the
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scope of such devices. Five tetranuclear complexes, [RE,(dbm),L(p; — OH),]
(HL = 5-(4-fluorobenzylidene)-8-hydroxylquinoline; ~ dbm =1,3-diphenyl-1,3-
propanedione; RE=Y, Eu, Tb, Dy, Lu) of butterfly/rhombus topology, were
reported. The Dy complex turned out to be an SMM under a zero dc field with
the blocking temperature of 10 K and the effective energy barrier to spin reversal
at 56 K.

Pinkowicz, Yamashita, et al. [166] reported on a series of 2D lanthanide-based
coordination polymers displaying a photocontrolled SMM behavior. This was
achieved by the use of a photoactive ligand, 1,2-bis(5-carboxyl-2-methyl-3-thien-
yl)perfluorocyclopentene (dae*”) to obtain [{Ln'",(dae);(DMSO);(MeOH)}] - 10
MeOH], (Ln =Dy, Ho) complexes. The Dy complex was found to be an SMM,
undergoing a UV-light-induced ligand isomerization which was shown to affect
its magnetic properties. Apparently, the thus-induced changes in the Dy>** ions
coordination sphere and, as a consequence, the magnetic easy axis, affected the
relaxation of magnetization through quantum tunneling. The changes in the mag-
netic properties turned out to be irreversible.

A frequent limitation of the practical applications of SMMs, their instability,
was overcome by Wang, Gao, and coworkers [167] with the synthesis of rare, ther-
mostable, sublimable, photoluminescent Dy(IlI)-based SMMs. The compounds
are mononuclear ([ADyL,]-[solvent]) with a naphthyridine-like ligand (L=
4-hydroxy-8-methyl-1,5-naphthyridine-3-carbonitrile) and alkali metal ions
(A =Na, K, Rb, Cs). These compounds are SMMs with effective energy barriers
to spin reversal at ca. 137 K under a zero dc field. The stability of these com-
pounds upon sublimation was confirmed with powder diffraction. Studies of the
magnetic properties indicated that also their SMM behavior was retained.

Another aspect is the possibility to manipulate SMMs and to place them
in matrices without bias to their specific magnetic properties. Such a feature
has recently been reported by Mallah, Mialane, and coworkers [168] for an
[(FeW,0,,),Fe,(H,0),]1%~ POM. Both direct and post-synthetic approaches
could be employed to incorporate these molecules in a biopolymer gelatin
matrix. Moreover, other matrices used successfully in this study included
diamagnetic and antiferromagnetic metal-organic frameworks: UiO-67 and
MIL-101(Cr), respectively. Interestingly, the SMM property is fully retained
in the biopolymer matrix and fully corresponds to the values recorded for the
pure SMM in crystalline state. In the diamagnetic metal-organic framework
(MOF) a slight decrease in the energy barrier is observed, whereas placement
in a paramagnetic MOF obviously results in additional magnetic interactions,
reduction in hysteresis loops, and smearing of the quantum tunneling steps.

Pointillart et al. [164] decided to explore a combination of the photophysical
properties of lanthanides with electronic properties of the tetrathiafulvalene
(TTF)-based ligands. The TTF derivatives are known for their use in such
conducting materials as organic conductors, semiconductors, and supercon-
ductors. The authors used TTF ligands functionalized with a differing number
of oxygenated/nitrogenated acceptor moieties coordinating to lanthanide ions.
The starting lanthanide complexes were either with hexafluoroacetylacetonate
or 2-thenoyltrifluoroacetylacetonate ligands. The role played by the TTF-based
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ligands was twofold: to isolate the magnetic centers and to sensitize them as
an organic chromophore. The resulting products displayed both visible/near
infrared (NIR) lanthanide luminescence and SMM behavior. In particular,
addition of 3d metals to obtain heterobimetallic assemblies could extend their
functionality even more, e.g. with the thermal spin crossover or light-induced
excited spin-state trapping (LIESST) properties.

Particularly valuable with respect to sensing/magnetic switching applications
are SMMs in which a switch of the magnetic properties is accompanied by change
in other properties. For instance, Pardo, Cano, and coworkers [169] published
this effect for SIMs. Mononuclear Co(Il) complexes, [Co"(dmbpy),](CIO,),
and [Co"(dmbpy),(H,0)](ClO,), (dmbpy = 6,6'-dimethyl-2,2’-bipyridine), were
investigated, displaying a reversible coordination of a water molecule. The
hydrated form with “fast-relaxing” magnetization (no SIM property) was
reported to be orange, whereas upon water loss a deep red “slow-relaxing” form
(SIM property) was obtained. The phenomenon was explained in terms of local
sterically constrained environment, reminiscent of the natural enzymes “entatic”
state. The switch of optical/magnetic properties is dependent on the relative
humidity and temperature of the environment.

Pointillart, Crassous, Le Guennic, and coworkers [170] combined SIM prop-
erty of Dy** ions with chiral [6]-helicene ligands to obtain chiral SMMs. Chirality
may help in future applications where enantioselectivity plays a role, e.g. in
stereospecific transport of drug molecules in living organisms or, specifically
for lanthanide complexes, circularly polarized luminescence. The investigated
complexes were reported to display a significant difference in the magnetic
properties of the racemic and enantiopure forms: the (+) form was found to be
ferromagnetic with more pronounced SMM behavior than the antiferromagnetic
racemic form in solid state.
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