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CONSPECTUS
The discovery of materials capable of storing magnetic information at the level of single
molecules and even single atoms has fueled renewed interest in the slow magnetic relaxation
properties of single-molecule magnets (SMMs). The lanthanide elements — especially
dysprosium — continue to play a pivotal role in the development of potential nanoscale
applications of SMMs, including, for example, in molecular spintronics and quantum computing.
Aside from their fundamentally fascinating physics, the realization of functional materials based
on SMMs requires significant scientific and technical challenges to be overcome. In particular,
extremely low temperatures are needed to observe slow magnetic relaxation, and whilst many
SMMs possess a measurable energy barrier to reversal of the magnetization (Uefr), very few such
materials display the important properties of magnetic hysteresis with remanence and coercivity.
Werner-type coordination chemistry has been the dominant method used in the synthesis
of lanthanide SMMs, and most of our knowledge and understanding of these materials is built on
the many important contributions based on this approach. In contrast, lanthanide organometallic
chemistry and lanthanide magnetochemistry have effectively evolved along separate lines, hence
our goal was to promote a new direction in single-molecule magnetism by uniting the non-
classical organometallic synthetic approach with the traditionally distinct field of molecular
magnetism. Over the last several years, our work on SMMs has focused on obtaining a detailed
understanding of why magnetic materials based on the dysprosium metallocene cation building
block {Cp2Dy}" display slow magnetic relaxation. Specifically, we aspired to control the SMM
properties using novel coordination chemistry in a way that hinges on key considerations, such
as the strength and the symmetry of the crystal field. In establishing that the two

cyclopentadienyl ligands combine to provide a strongly axial crystal field, we were able to



propose a robust magneto-structural correlation for understanding the properties of dysprosium
metallocene SMMs. In doing so, a blueprint was established that allows Ukt and the magnetic
blocking temperature (7B) to be improved in a well-defined way.

Although experimental discoveries with SMMs occur more rapidly than quantitative
theory can (currently) process and explain, a clear message emanating from the literature is that a
combination of the two approaches is most effective. In this Account, we summarize the main
findings from our own work on dysprosium metallocene SMMs, and consider them in the light
of related experimental studies and theoretical interpretations of related materials reported by
other protagonists. In doing so, we aim to contribute to the nascent and healthy debate on the
nature of spin dynamics in SMMs and allied molecular nanomagnets, which will be crucial for

the further advancement of this vibrant research field.



1. INTRODUCTION

Organometallic chemistry has accounted for many significant advances in our understanding of
the lanthanides, with n"-bonded carbocyclic ligands playing a central role in developing the
field.! Since the bonding in lanthanide compounds is predominantly electrostatic, their
organometallic chemistry is dominated by anionic ligands, but none more so than
cyclopentadienyl (Cp) ligands. Following the pioneering work of Birmingham and Wilkinson on
the first lanthanide cyclopentadienyls,? careful applications of the textbook principles of
lanthanide chemistry have enabled striking progress. For example, the facile o~bond metathesis
reaction of methane with the simple metallocene [Cp*;LuMe] provided the first example of
methane activation by a homogeneous organometallic complex.? Catalytic applications of
lanthanide cyclopentadienyl compounds continue to be developed, often resulting in unique
reactivity owing to the distinctive molecular and electronic structures of the metals.* Given that
lanthanides tend to be stuck in the +3 oxidation state, their compounds are not an obvious choice
as reducing agents. However, the bulky cyclopentadienyl complexes [Cp*3M] show a
remarkable ability to transfer electrons to various substrates through ligand-based oxidations,
reactivity known as sterically induced reduction.’ Following Lappert’s discovery of the first non-
traditional divalent rare-earth complex, i.e. the lanthanum(II) species [La{1,3-(Me3Si)>CsHs3}3]~,°
cyclopentadienyl ligands have provided a route into the divalent oxidation state for all
lanthanides (except radioactive promethium) in the series [M {(Me3Si)CsHa}3]".”* The
determination of 4f" 5d! ground-states for some of these complexes and 4! for others revealed,

for the first time, the ligand-dependent electronic structure of divalent lanthanides.®



One aspect of lanthanide organometallic chemistry that remains underdeveloped is
magnetism. The main reason for the paucity of detailed studies on the magnetic properties of
lanthanide organometallics is readily understood: crystal field effects are assumed to be
insignificant, the free-ion approximation holds under normal synthetic conditions and, hence, the
magnetic properties have no bearing on reactivity. Whilst this approach is adequate from a
practical perspective, it neglects the intrinsically fascinating electronic structure of lanthanides,
particularly at low temperatures, where the properties of the crystal field become critical
considerations in explaining the properties. Strictly speaking, the magnetochemistry of
lanthanide organometallics is nothing more than a specialized focus on a certain class of ligand
within the wider family of lanthanide coordination compounds. Indeed, the magnetic properties
of ‘classical’ lanthanide coordination compounds have been studied in considerable detail; the

main features are well established and readily applicable to their organometallic cousins.’

One of the most exciting recent discoveries in lanthanide magnetochemistry is single-
molecule magnetism, a phenomenon in which coordination compounds show slow relaxation of
the magnetization in a manner that does not rely on cooperative interactions across magnetic
domains.'? Rather, SMM behavior can be assigned to the properties of individual molecules.
Following the early advances made with polymetallic manganese single-molecule magnets
(SMMs),'! a step-change occurred with Ishikawa’s elegant work on Dag-symmetric terbium and
dysprosium phthalocyanine (Pc) sandwiches, which were found to display SMM behavior even
though the [LnPc,]"~ complexes (n = 0, 1) only contain a single magnetic center.!> Subsequently,
a huge number of mono- and poly-metallic lanthanide SMMs were reported, with most
containing dysprosium.'3 The considerable attention directed towards SMMs initially stemmed

from their proposed applications in magnetic information storage.'* More recently, SMMs have



been used as components in molecular spintronic devices.'> Of the many challenges to
developing functional SMM materials, arguably the most significant is the fact that extremely
low temperatures are required to eliminate the processes that result in rapid relaxation of the
magnetization. Progress towards overcoming this challenge is typically expressed through two
parameters. Firstly, the effective energy barrier to reversal of the magnetization (U.) is
essentially the energy required to flip a magnetic dipole from ‘up’ to ‘down’, and is
conventionally extracted from measurements of the frequency-dependence of the imaginary
component of the A.C. magnetic susceptibility, i.e. 2"'(1).!® The second and, arguably, more
important parameter is the magnetic blocking temperature, 7, which has defied attempts at a
strict definition and is variously expressed as: (1) the maximum temperature at which isothermal
magnetization vs. field hysteresis loops remain open; (2) the temperature at which the relaxation
time is 100 seconds, and; (3) the temperature at which the field-cooled and zero-field-cooled
molar magnetic susceptibilities (ym) diverge. Methods 1 and 3 incorporate time (sweep rate) as a
third variable, such that 7 is operator-dependent, and values expressed through these routes

should be evaluated in light of the experimental conditions.

Of particular significance for our research was Murugesu’s phenolate-bridged SMM
[Dy(hmi)(NO3)(MeOH)]>, where Hohmi is (2-hydroxy-3-methoxyphenyl)methylene-
isonicotino(hydrazine).!” The Dy, core of this SMM is reminiscent of the extensive series of
dimeric, heteroatom-bridged lanthanide cyclopentadienyl compounds [Cp2Ln(z-X)]», a structural
motif known for all lanthanides with many different Cp ligands and bridging ligands.'® An
advantage of organometallic chemistry is that the bridging ligand can be varied across a much
broader range of p-block donor atoms than can be achieved with classical coordination

chemistry, which allows variations in the crystal field and the exchange interactions to be



explored periodically. The magnetic properties of these cyclopentadienyl compounds have been
studied in very few cases.!” In 2010, it occurred to us that it might be possible to observe SMM
behavior in molecules based on the dysprosium metallocene {Cp>Dy} " unit, and so began our

program of research in this area.

2. SYNTHESIS AND STRUCTURE OF DYSPROSIUM METALLOCENE SMMs

2.1. Why dysprosium?

The physics of lanthanide SMMs have been the subject of many excellent reviews and
monographs,’?® and only the essential features will be covered here. Firstly, the spin-orbit
coupled ground state of the 4f° ion Dy3" is represented by the °His2 term symbol, which reflects
a very strong orbital contribution to the magnetic moment. Secondly, the critical property to
consider when designing an SMM is magnetic anisotropy, and Dy** is almost unrivalled owing
to the strongly oblate spheroidal shape of its electron density. The anisotropy of dysprosium is
therefore enhanced in environments that generate a strong axial crystal field (i.e. perpendicular to
the plane of the long spheroidal axes) and a weak equatorial crystal field (i.e. coplanar with the
long spheroidal axes).?! This simple yet crucial design principle can be extended in a
complementary manner to erbium(III), which possesses prolate electron density that allows
SMM behavior to be observed in systems with strong equatorial crystal fields, such as [Er(n?-
COT):2] and related SMMs.?? Thirdly, because Dy** is described by Kramers’ theorem, which
states that the energy levels of any system with an odd number of electrons must be at least
doubly degenerate in an electric field,?* the coordination environment does not need to be

perfectly axial for the molecule to show magnetic bi-stability, i.e. SMM behavior.



Thus, making an SMM is easy: just add dysprosium. However, making a ‘good’ SMM
requires more careful thought, and understanding a particular SMM in a way that leads to
targeted improvements in the properties, represents real progress. In the following sections, we
show how our initial approach was rewarded with good fortune, which subsequently led to the
development of a magneto-structural correlation that allows the SMM properties of dysprosium

metallocenes to be enhanced in a rational way.

2.2. Synthesis of Dysprosium Metallocene SMMs

A consideration of the ionic bonding in lanthanide cyclopentadienyl compounds allowed us to
develop general methods for the targeted synthesis of structurally similar SMMs with different
bridging ligands (Chart 1). The simplest route involved direct deprotonation of acidic E-H
substrates by (CpR)sDy (E = p-block element; CpR = CsHs or CsHsMe), which gave the nitrogen-
bridged dimer [Cp2Dy(u-bta)]2 (1, bta = benzotriazolate)?* and the selenolate-bridged trimer
[(M’-Cp'2Dy){u-SeMes} |3 (2, Mes = mesityl).2> For weakly acidic pro-ligands, lithiation of the
pro-ligand followed by reaction with (CpM®);Dy and elimination of CpM©Li is an effective route
to the thiolate-bridged dimer [(CpM©)Dy(1-SSiPh3)]2 (3).2° Combinations of (CpM®);Dy and
MesEH: (E = P, As) give the Lewis adducts [(CpM©)sDyE(H)2Mes], which can be deprotonated
by "Buli to give the phosphide- and arsenide-bridged trimers [(n’-Cp'2Dy) {~ER(H)Mes} |3 (4,
4as).2>27 Further deprotonation of 4p and 44s by "BuLi produced the phosphinidene- and
arsinidene-bridged species [Li(thf)s]2[(n>-Cp'2Dy)s3(13-EMes)sLi] (5p and 54s), the latter being

the first lanthanide arsinidene complex.?® The use of more reactive [(CpMe),Dy("Bu)]z (6)
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Chart 1. Dysprosium metallocene SMMs.

allowed deprotonation of MesSbH> to give the stibinide complex [(n?-Cp'2Dy){u-ER(H)Mes} |3

(4sp).? Although the stibinidene analogue of 4sp could not be isolated, it was possible to convert



this compound into the unusual Zintl-bridged complex 7 through a dehydrocoupling reaction

with MesSbH5.

Compound 6 also deprotonates ferrocene to give the double sandwich compound
[(CpMe),Dy(x: 17°-CsHa)FeCp]z (8).3° Deprotonation of indigo by [Cp*“2Dy(7°-CsHs)] allowed
isolation of [(Cp*:Ln)2(x~ind)] (9), and reduction of 9 by KCs gave the radical-bridged salt
[K(thf)s][(Cp*2Ln)2(u-ind)] ([K(thf)s][10]).3! Finally, salt metathesis provided access to the
isocarbonyl-bridged metallocene [Cp*:Dy(u-Fp)l> (11, Fp = CpFe(CO)2) from KFp and
[Cp*2Dy(BPh4)],*? and to the chloride-bridged compounds [Cp2Dy(u-Cl)]. (n = 2, 12; n = «, 13)

and [Cp2Dy(u-Cl)(thf)]2 (14).3*

Our synthetic approach yielded a broad range of metallocene SMMs, and our next aim
was to understand how different hard and soft donor atoms influence the magnetism of [Cp2Dy]*
units and the exchange interactions between them. The broader significance of the pnictogen-
ligated SMMs 4 and S stems from the fact that heavier p-block elements are very rarely studied
in molecular magnetism. In focusing on heavier p-block ligands, we sought to explore the impact
of variations in the covalency on the properties, and whether or not the spin-orbit coupling

properties of the donor atoms influence the magnetism in a meaningful way.

3. MAGNETIC PROPERTIES OF DYSPROSIUM METALLOCENE SMMs

3.1. Dynamic Magnetic Susceptibility Measurements and Magneto-Structural Correlations
An essential component of the magnetic property analysis was to establish the role of the
cyclopentadienyl ligands and how they influence the energies of the eight Kramers doublets

arising from the J = 15/2 ground term. Here, ab-initio theoretical studies were invaluable in
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demonstrating that the magnetic ground state of Dy*" in compounds of the type [Cp2Ln(u-X)]n is
typically a Kramers doublet with significant M; = +15/2 character; the main magnetic axis in this
ground doublet is oriented towards the two cyclopentadienyl ligands in every case studied.!?2433
Hence, an axial direction can be defined according to Scheme 1, with the dominant crystal field
being provided by the cyclopentadienyl ligands (see also Figures 1 and 2). The equatorial
coordination sites comprises the ligands X, whose presence diminish the axiality, meaning that
the SMM properties vary to an extent that depends on the g-bridging ligand. The results of our
studies are consistent with those reported by others on related metallocene SMMs, notably Long,

Nippe, and Gao and Wang 3436

Scheme 1. The easy-axis of magnetization in the ground Kramers doublet of a dysprosium

metallocene SMM.

Our first foray into the world of SMMs was a detailed study on 1, which was found to have a
small energy barrier of Uesr = 32(2) cm™! in zero applied field.!” DFT calculations of Mayer bond
orders and Mulliken population analyses revealed that the equatorial nitrogen donors in the bta 1-
and 3- positions engage in strong interactions with Dy3", as do the cyclopentadienyl carbon
atoms. The magneto-structural correlation in Scheme 1 implies that an appreciable, equatorial
crystal field arising from the harder nitrogen donors significantly limits the magnitude of Uk,

whilst also producing closed hysteresis loops even at 1.8 K. Similar conclusions can be drawn

11



about the chloride-bridged SMMs 12-14, which show barriers of 26(1), 68(1) and 34(1) cm™,
also with narrow hysteresis loops at liquid-helium temperatures.>?
In the thiolate-bridged SMM 2, the soft sulfur donors provided a weaker equatorial field,

leading to a larger energy barrier of 133 cm™!, consistent with Scheme 1 (Figure 1).2
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Figure 1. Molecular structure of 3 (left), and associated out-of-phase A.C. susceptibility (center)

and main magnetic axes (dashed lines) of the ground Kramers doublets of Dy’" (right).

A theoretical study of 1 and 3 allowed a comparison of their properties and led to a magneto-
structural correlation for dysprosium metallocene SMMs. The ground Kramers doublets possess
significant M; = 15/2 character, with the easy axis of magnetization being oriented towards the
methylcyclopentadienyl ligands, approximately perpendicular to the Dy---Dy axis. In the case of
3, the calculated energy gap between the ground and first-excited doublets is 113 cm™, a
sufficiently close match to the experimental energy barrier to suggest that the dominant
relaxation mechanism is of the Orbach type. For 1 and 12-14, the calculations revealed that
relaxation via quantum tunneling of the magnetization (QTM) is more prominent, the main
implication being that the observation of any barrier-like relaxation process is due to the axial

[Cpl ligands and the symmetry of the individual dysprosium sites, whereas the size of the

12



barrier is moderated by the strength of the equatorial field, i.e. softer donors should produce
larger barriers than harder donor atoms.

We next turned our attention to metallocene SMMs containing phosphorus, arsenic and
antimony donors. The trimetallic structures of 4 occur because of the steric demands of the
‘flat> mesityl substituents (Figure 2).232"-% Since the {Cp2Dy} units are isostructural, these
compounds provide an opportunity for studying the effects of periodic variations in the donor
atom within the same p-block group. The differing degrees of non-metallic and metalloid
character also potentially lead to varying covalent contributions to the metal-ligand bonds. The
most obvious trend in the SMM properties of 4g is the gradual increase in Uetr on descending
Group 15, i.e. Uesr was determined to be 210 cm™!, 256 cm™! and 345 cm™!, respectively. The
effects of exchange interactions were probed through magnetic dilution experiments; 5% or 10%
dilution was achieved by synthesizing the heterobimetallic analogues [(1°-Cp’2Dy)(1°-
Cp'2Y)2{-ER(H)Mes} ] dispersed in a matrix of the diamagnetic species [(n>-Cp'2Y){ -
ER(H)Mes!} Js. The energy barriers in diluted 4p and 445 increase to 256 cm™' and 301 cm™,
whereas that of 4sp remained constant. Inspection of the metric parameters in 4g, revealed the
expected significant differences in the dysprosium-pnictogen distances, i.e. 2.920(6)-2.946(6) A,
2.984(2)-3.012(2) A and 3.118(2)-3.195(2) A, respectively. To rationalize the variation in U,
the diminishing influence of the formally mono-anionic equatorial ligands as the Dy—E bond
length increases can be applied. A similar argument explains why the Uer of 23 cm™ for the
arsinidene-bridged trimer 54, is larger than that of 13 cm™! for phosphinidene- bridged 5p.2>?7
Furthermore, the dramatic decrease in Uefr when the formal charge on the bridging ligand

increases from [~E(H)Mes] in 4g to [1-EMes]?>~ in 5g can

13
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also be explained by applying the magneto-structural correlation in Scheme 1, whereby the easy
axis of magnetization is oriented towards the [Cp]~ ligands, with the pnictogen ligands occupying
the equatorial plane. Although the calculated (LoProp) charges on the bridging donor atoms were
found to be much lower than the formal charges, the difference in the charge is still significant,
i.e. much greater in Sk than in 4. Because the Dy—E bond lengths in Sk are significantly shorter
than those in 4g, the influence of the equatorial crystal field in the former is much stronger and
the overall axiality of the system is diminished, along with the SMM properties.

For the selenolate-bridged trimer 2, the Uesr of 252 ¢cm™! is essentially the same as in
arsenide-bridged 4as.?° In terms of molecular structure, the only noteworthy difference between
the two compounds is the markedly shorter Dy—E bonds in 2, i.e. 2.9083(15)-2.9330(17) A,
however they also show similar splitting of the eight lowest-lying Kramers doublets, and so their
SMM properties are closely matched. Similarly, the geometric parameters within the Zintl-
ligated SMM 7 and those in 4sp are the same within statistical error, as are the calculated
energies of the lowest-lying Kramers doublets. The different Uefr values of 4sp and 7, i.e. 345
cm ! and 272 em™!, respectively, are therefore likely to be linked to the charges on the equatorial
antimony donor atoms. The calculated (LoProp) charges are —0.17 to —0.23 for 4sp and —0.28 to —
0.29 for 7, with the slightly greater charges in 7 producing a smaller Utr.

The observations on 1-7 were critical for developing a understanding of the relationship
between the molecular structure and the SMM properties, particularly Uesr but also the blocking
temperature (see below). Evidently, the observation of any slow magnetic relaxation in zero
applied magnetic field is due to the strongly axial crystal field provided by the cyclopentadienyl
ligands, with the equatorial heteroatom ligands moderating the magnitude of U.s. In some cases,

the competing equatorial field is strong enough to preclude slow relaxation in zero field, as in 6

15



and 8, where the butyl and ferrocenyl ligands promote strong mixing of the M, states even in the

ground Kramers doublet3® On the other hand, a very weak-field ligand would allow this

hypothesis to be tested, and the charge neutral isocarbonyl ligand was identified as candidate for

raising the barrier further. Not only did 11 show an extremely high energy barrier of 662 cm™ in

zero D.C. field, a theoretical study revealed that the dominant relaxation pathway was,

unprecedentedly, via the fifth or sixth Kramers doublets, with the four lowest-lying Kramers
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Figure 3. Molecular structure of 11 (top left) and associated out-of-phase A.C. susceptibility (top
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doublets being well described by near-pure [M;] = 15/2, 13/2, 11/2 and 9/2 states.’? The U.sr value
for 11 was determined by fitting the relaxation time (7) data across the full temperature range

according to equation (1).16

_Yeft
1= 15te kT + CT" + 157y (1)

The Orbach parameters are denoted by 75! and U, the Raman parameters are denoted by C and
n, and the QTM rate is T(i%M. Since typical values of the Raman exponent are n = 5-9, the best-fit
value of n = 3.33 was intriguing, however such values are seemingly common in dysprosium
metallocene SMMs, including a value as low as n = 2.73 for 2.2’ The dramatic decrease in the
rate of QTM upon magnetic dilution of 11 is also noteworthy, with Tqry increasing from 0.23(2)
s to 17(3) s, indicating that oscillating dipolar fields on nearest-neighbour Dy>" ions induce rapid

relaxation.

3.2. Magnetic Hysteresis and Coercivity

Whilst the energy barriers of Ln-SMMs provide a benchmark when a new record is established,
the true test lies within the magnetic hysteresis. To stand any chance of being incorporated into
an ‘information storage’ device, molecular magnets must present a viable alternative to
traditional atom-based materials currently used for this purpose, such as NdFeB magnets.?’
SMMs should be able to compete in terms of the temperatures at which they function, and in
terms of coercive fields and remanent magnetization. To that end, SMMs currently offer
potential, albeit some way from fulfilment. In most Ln-SMMs, the isothermal M(H) hysteresis

loops are S-shaped and essentially closed even at 2 K, although the effects of magnetic dilution

17



can open the loops at |H| > 0, as exemplified in Figure 3 for 11. A sharp drop in magnetization on
approaching zero field has become a hallmark of Ln-SMMs, and is taken as an indication of
rapid QTM in the ground state.

Whilst many successful strategies for increasing Uefr have been reported, occasionally
resulting in barriers >1000 cm™!,3 remarkably little progress has been made towards increasing
the blocking temperature beyond a few Kelvin.®!1!3 Using the unusual S = % radical bridging
ligand [N2]*~ in [K(18-crown-6)(thf)2][ {(Me3Si)2N}2(thf)Tb(u:n?-N2)] introduces ligand-based
spin density that strongly exchange couples to the 4f electrons.?® The resulting exchange bias
significantly reduces the rate of zero-field QTM, with the resulting M(H) data showing a
substantial coercive field of 5 T below 11 K, and with the hysteresis loops remaining open up to
14 K (sweep rate of 0.9 mT s!). Extending this strategy to [K(2.2.2-
crypt)(th)][(CsMesH),Ln(thf)2(u: 77-N2)] produced an SMM with a 100 s blocking temperature

of 20 K and a giant coercive field of 7.9 T at 10 K, (sweep

Figure 4. Molecular structure of [(CsMesH),Tb(thf)2(u:7>-N2)]~ and the M(H) hysteresis data

(sweep rate of 0.01 T s7).
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rate of 0.01 T s™") (Figure 4).*° Whilst the key temperatures for these radical-bridged SMMs are
still firmly in the liquid-helium regime, it has been noted that their coercive fields far exceed
those of commercial rare-earth magnets, further highlighting the potential of SMMs.

Although radical-bridging ligands can have dramatic effects on the hysteresis, the site
symmetry of the individual Tb*" ions also plays a role in governing the magnetic anisotropy.
This observation is consistent with the properties of the dimetallic SMMs 9 and 10, in which the
dysprosium ions are bridged by the dianionic, diamagnetic form and the trianionic, S = 2 form of
the N,O-donor ligand indigo, i.e. [ind]" with n = 2, 3, respectively. Whereas 9 and 10 are SMMs
with barriers of only 39 cm™! and 35 cm™!, respectively, their hysteresis properties are lacking in
coercivity even at 1.8 K (Figure 5). Evidently, the very low symmetry of the individual
coordination sites, coupled with the strong equatorial field provided by the hard O- and N-donor

atoms, is sufficient to enable rapid QTM.3!

—1.8K

MINB

Figure 5. Molecular structure of 10 and the M(H) hyseresis data (sweep rate of 2.1 mT s7).
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Having established that two cyclopentadienyl ligands provide Dy*" with a strongly axial
coordination environment, and that equatorial ligands limit Ue.sr whilst being highly detrimental
to the hysteresis, the next logical step was to propose [Cp2Dy]" itself as an SMM.3? At the same
time, Gao, Wang and co-workers reported ab-initio calculations on the hypothetical cation
[Cp*:Dy]*, which predicted exceptional magnetic axiality and an energy barrier of >1000 cm!.3¢
Thus, the synthesis of [(Cp™)2Dy]'[B(CsFs)4] (15) was accomplished by reacting [(Cp™),DyCl]
with the super-electrophile [(Et3Si):H][B(C¢Fs)s], the bulky ligand 1,2,4-tri(tert-
butyl)cyclopentadienyl (Cp™) preventing formation of a contact ion pair. The structural changes
upon abstraction of chloride are significant, particularly the reduction in the Dy—Cpcent distances
from 2.4126(16) A in [(Cp™),DyCl] to 2.32380(8) A and 2.30923(8) A in 15, and the increase in
the Cp-Dy-Cp angle from 147.59(7)° to 152.845(2)°.#! These changes imply an increase in the
strength of the axial crystal field, complete elimination of the equatorial field, and stronger
axiality owing to the wider angle subtended at dysprosium in 15.

In agreement with Scheme 1, [(Cp™).DyCl] showed no clear maxima in the »"(v) plots,
and only very narrow hysteresis loops even at 1.8 K. In stark contrast, the 3"(v) data for 15
showed well-defined maxima up to 111 K, a significantly higher temperature than observed with
any previously reported SMM (Figure 6). The resulting analysis yielded a new record energy
barrier of 1,277 cm™!. The most striking observations on 15 relate to the blocking temperature,
which was determined to be 60 K from three separate experiments, i.e. the 100-second blocking
temperature, the maximum temperature at which open M(H) hysteresis loops were observed
(average scan rate of 3.9 mT s7!), and the temperature at which the FC-ZFC magnetic
susceptibilities diverge (cooling rate of 2 K min™!). The coercive field of 0.06 T at 60 K is also

significant. These observations are consistent with the parameters reported for the same system
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in a separate, independent study.*> 4b initio calculations confirmed that the principal axis of
magnetization in the ground Kramers doublet in 15 is oriented towards the [Cp™]~ ligands and,
remarkably, that the angles formed between this axis and those of the higher doublets are less
than ~5.6°. Each of the eight Kramers doublets within the °H;s,» multiplet is well-described by a

single M value, with no significant mixing even in the higher-lying doublets.
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Figure 6. Molecular structure of 15 (top left), associated M(H) hysteresis (top right — the loops
remain open up to 60 K), main magnetic axes in the ground Kramers doublet (bottom left) and

calculated magnetic relaxation barrier (bottom right).
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Thus, the electronic structure of 15 is the nearest that any molecular lanthanide complex comes
to being perfectly axial and, hence, Ukt and Tp are unprecedentedly high.

In recognising the exceptional properties of 15, it is important to state that the most
probable relaxation pathway still does not involve the highest-lying Kramers doublet despite the
near-perfect axiality. More careful consideration of the electronic structure is required to explain
the observed properties. Firstly, “near-perfect” is not the same as perfect, and our studies
revealed that the transverse components of the g-tensors for each Kramers doublet are non-
negligible, with the transition matrix elements connecting consecutive doublets increasing
approximately by an order of magnitude. The strong QTM calculated for 15 in the sixth doublet
precludes relaxation via a higher energy barrier. Consequently, our explanation of the properties
incorporates a strong focus on the coordination geometry and symmetry. In a recent review,
Gaita-Arifio, Coronado et al. asserted that such an explanation could be regarded as naive, since
the bent coordination geometry deviates significantly from an ideal uniaxial symmetry.'%d
Rather, the preferred interpretation is to invoke a dominant role for lattice vibrations and
detrimental relaxation arising from spin-phonon coupling via four C—H oscillations, as proposed
in a separate study on 15.4° However, whilst dysprosium metallocene cations remain represented
by a sole example, it may be that a general explanation for the magnetic relaxation should wait
until more data on closely related systems is available. More research is needed; in the
meantime, the importance of structural factors such as the Cp-Dy-Cp bending angle and the

steric properties of the ligand should not be overlooked.
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4. OUTLOOK: TO LIQUID NITROGEN TEMPERATURES, AND BEYOND?

The properties of 15 suggest that magnetic blocking in a molecular system above the symbolic
temperature of 77 K — at which nitrogen liquefies — should no longer be regarded as an
insurmountable challenge. Since progress in studies of SMMs is generally experiment-led,
synthetic coordination chemistry will continue to play a vital role in advancing our
understanding of these fascinating materials. Ligand design is therefore critical,* and although
varying simple properties, such as the substituents, will account for some progress, there is a
strong argument for devising original chemistry. Here, one can imagine multi-decker
cyclopentadienyl-dysprosium sandwich complexes possessing interesting properties, in addition
to ligands rarely used in lanthanide chemistry, such as cyclobutadienyl and cyclononatetraenyl.
Here, we contend that simple magneto-structural correlations, such as that proposed in Scheme 1,
have a role to play.

Aside from the key performance parameters of SMMs, one must also eventually return to
the issue of device technology and the possible role of organometallic compounds. The air-
sensitive nature of rare-earth organometallics and their lack of thermodynamic stability are
obvious technical issues that will need to be addressed before any prototype can be developed.
However, if the right system can be identified, the methods of nanoscale science may adapt to

incorporate such materials, and SMM-based technology may not seem so remote after all.
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