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Blocking Like It’'s Hot: A Synthetic Chemists’ Path to High-Temperature Lanthanide Single Molecule
Magnets

Conrad A. P. Goodwin*f

Abstract

Progress in the synthesis, design, and characterisation of single-molecule magnets (SMMs) has expanded
dramatically from curiosity driven beginnings to molecules that retain magnetization above the boiling point of
liquid nitrogen. This is in no small part due to the increasingly collaborative nature of this research where
synthetic targets are guided by theoretical design criteria. This article aims to summarize these efforts and
progress from the perspective of a synthetic chemist with a focus on how chemistry can modulate physical
properties. A simple overview is presented of lanthanide electronic structure in order to contextualize the
synthetic advances that have led to drastic improvements in the performance of lanthanide-based SMMs from
the early 2000s to the late 2010s.

Introduction

An SMM can be viewed simply as a nanoscopic bar magnet: a molecule whose magnetic moment can be
manipulated, to be programmed or read out as desired, with the underlying physics determined by molecular
structure. Between 1993 and 2020 there have been breath-taking advancements in our understanding of how
to control magnetic properties through synthetic chemistry. This has been driven by sound theoretical principles
and a growing understanding of the underlying physics of molecular magnetism.! The first molecule found to
possess properties reminiscent of a conventional hard ferromagnet was the multimetallic d-block complex
[Mn42045(0Ac)16(H20)4] (1, commonly referred to as “Mn;,OAc” or simply “Mn;,”; Figure 1, OAc = {CH;COQ}).2
First synthesized by Lis in 1980,2 it was thirteen years later that Sessoli, Gatteschi, and Caneschi showed that
1 did not entirely behave as a simple paramagnet at all temperatures, but rather was able to retain its magnetic
moment without an applied field at extremely low temperatures (4 K). The concluding sentences of that paper
have defined the field: “If a means is found of properly addressing individual clusters it might then be possible
to store information at the molecular level — albeit at temperatures no greater than about 4 K in this case”.2 The
read/write-ability of individual SMMs is paramount to their technological utility, though is beyond the scope of
this article and readers are directed to several other works.*® Instead, here the focus is on the second part of
this statement — the need to maintain the magnetic moment at temperatures greater than 4 K. While this is an
enormous task, it has been tackled in practical ways through molecular design guided by experimental evidence
and theoretical predictions, and lanthanide (Ln) ions have emerged as promising candidates for realising this
goal.®'2 Various resources including textbooks and tutorial reviews can provide the reader with a more in-depth
background on the fundamentals behind magnetic materials and molecules,'3-2! indeed the breadth of work in
this area can be overwhelming. Beyond magnetic storage prospects, these materials can also be used to build
nanoscale devices, and to solve fundamental physics questions in a variety of settings and this area has also

been nicely summarised by Coronado, Sessoli and Gatteschi.?225
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This article aims to showcase some modern advances in the development of Ln SMMs from a synthetic
chemists’ perspective to provide a narrative on the natural progression of the research field that has resulted in
magnetic remanence at unprecedentedly high temperatures. Molecular magnetism is a broad and diverse field,
and the topics laid out below are not the only important areas that have contributed to the current state of
research. Contributions from elsewhere in the periodic table (e.g. transition metals and p-block radicals, or
mixed-metal systems) should not be ignored as they have increased our fundamental understanding of
magnetic phenomena,?%27 though it is not possible to encapsulate the field in its entirety across the whole
periodic table in a single article. To help contextualise how the intersection of synthesis and theory has led to
significant progress in recent years, an introduction to some of the underlying electronic structure features is

also provided.

Figure 1. Mn;,OAc (1), H,O molecules and H atoms removed for clarity. Mn** = light green, Mn3* = purple, C =
grey, O =red. OAc = {CH;COOQ}.

Discussion
Anisotropy, electronic structure, and magnetic blocking
Early design principles for d-block SMMs relied on a large total spin, S, and favourable axial magnetic anisotropy
(negative, easy-axis-type, g, > gx,), D, which together can be related to the thermal barrier to the reversal of
magnetization, U for integer S, U = S?D|; and non-integer S, Ues = (S? — 1/4)|D)| spin systems. These
relationships arise from the simplified Hamiltonian A= [DS‘Z2 —-S(S+1)/3+ E(S‘x2 —§y2)] where S’x/y/z are
spin operators describing the spin projection along each axis; while D and E are the axial and rhombic zero-
field splitting parameters, respectively. This would suggest that increasing S would improve U, and thus large
multi-metallic systems are desirable, however after the preparation of many large-spin-ground-state
molecules,?8-3 it was found that when D arises due to spin orbit coupling (SOC), it is inversely proportional to
§2.35 Therefore molecules maximising D should be targeted instead, for which Ln ions are well suited.!214.16

A free ion has no anisotropy as it is spherically symmetric, however, the presence of ligands leads to
splitting of degenerate orbitals (crystal field (CF) splitting). The resultant electronic structures are very different
for 3d-block and Ln ions (Figure 2 for the Ln case). In 3d-block complexes such as 1, the crystal field (CF)
splitting is large (~10 — 35,000 cm-'), and breaks the degeneracy between some or all of the 3d orbitals
depending on local symmetry. Where the ground state is orbitally-degenerate and has non-zero orbital angular
momentum, SOC splits the CF terms into states classified by total angular momentum, J, which each consist of
2J+1 m, states. When the ground term has no orbital angular momentum, there can still be a small zero-field

splitting (ZFS) between the mg states due to second-order SOC with excited states. For Ln ions the CF
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interaction is much smaller (~1 — 2,000 cm~"), so that SOC dominates and splits the ground state into well-
defined J multiplets, which are then split by the CF into 2J+1 m; components. Due to these electronic factors,
single Ln ions have the potential for values of D that are at least an order of magnitude larger than most 3d-
block ions while also having intrinsically large J for the mid-late 4f series. Even the first Ln SMM
[N("Bu),][Tb(Pc),] reported by Ishikawa in 2003 (2-Tb; "Bu = "C4Hs, Pc = phthalocyanine),3¢:37 demonstrated a
larger U value than most TM clusters (230 cm~" in 2-Tb c.f. 42 cm~'in 1), and the area of Ln-based SMMs
has blossomed since.383% Some remarkable exceptions to this generalization are based on highly axial Fe* and
Co?* complexes with relatively large U values by virtue of exceptionally weak ligand fields which don’t fully

guench the orbital angular momentum;*%-42 though Ln-based SMMs are the central focus herein.
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Figure 2. Electronic interactions for a Dy3* ion in an axial crystal field. Red circles show electronic populations
in a sample, blue circles are a visual aid for the relaxation processes which are denoted by blue arrows. a) Spin
orbit coupling (SOC) splits the Russell-Saunders ®H ground term into J states (J = |L-S]... L+S; AJ = 1) — for
Dys3* this is 8Hy5,...8Hsp0; b) In a crystal field, each J state is split into 2J+1 m, states; ¢) Application of an external
magnetic field changes the energies of the m, states (not to scale) and biases the electronic population; d)
Removal of the external field allows the electronic population to relax back to equilibrium via several
mechanisms: 1) quantum tunnelling of magnetisation (QTM), a through-barrier process that can occur at the
ground state; 2) via virtual states in a 2-phonon (Raman) process; 3) thermally assisted quantum tunnelling of
magnetisation (TA-QTM), which is QTM via excited m, states; 4) a stepwise thermally activated (Orbach)
process over the Uy barrier (in real systems U. does not necessarily coincide with the most energetic m;
states).

In practice while the U is an important measure of the ability of an SMM to retain magnetization,
traversing over the barrier does not represent the only pathway to relaxation (Figure 2), thus strategies designed
to hinder all of them have been developed and will be discussed below.43-#% |t is convenient to describe the
splitting of the ground éHys, term (for Dy3*) into well-defined m; states as in Figure 2, however in the absence
of a perfectly axial CF there is always a degree of mixing between the definite m, projections. In cases where
this mixing is considerable it is inappropriate to label states as m,, and instead the expectation value of the
operator (72) could be a useful label. This is simply the linear combination of wavefunction contributions to each
of the Kramers doublets and is convenient as it is proportional to the magnetic moment, which can be measured
directly. In this article m, labels (Figure 3) are used when a state is almost entirely described by a single
contribution (>96%). Numerous other works provide further approachable introductory material and historical

perspectives to the topic of d-block, Ln, or even actinide SMMs. 16:38.46-55
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Figure 3. Angular dependence of the 4f electron density for the m; states of the ground ®H;5, multiplet of Dy3*,
adapted from reference 56 and 57.

The coupling of spins and phonons further complicates the simple model in Figure 2, and a recent
article explores the complex theoretical background behind this.®® In a perfectly stationary molecule in a
crystalline lattice, akin to a picture on a page, it is not only the charges on bound ligands, but also the presence
of lattice solvent molecules and counterions that effect the electric field about the metal and hence the energies
of the m, states. The vibrational and translational modes of all of these components are the source of phonons
(quanta of energy) for m, transitions.5° If there are no phonons of appropriate energy to facilitate a transition
between m, states, it should be blocked; for example if m; = £13/2 sits 300 cm~! above m; = +15/2 and there
are no phonon modes at this energy available within the lattice, then this transition could be blocked. In a real
system, as these molecular motions occur, they also perturb the electric field and subtly change the energies
of individual £m, levels from that of our static model. Even at mK temperatures nothing is completely stationary,
and thus the first excitation gap described above would deviate slightly from 300 cm~' as a function of the
amplitude of atomic displacements (and hence electric field modulation) during things such as ligand vibrational
modes (e.g. a Dy—N stretch for a Dy amide complex). Thus, we need to consider a wider range of phonon
energies that may be able to couple to the excitation gaps as the gaps themselves are not energetically fixed.
The presence of a large number of low energy ligand vibrational modes, such as when flexible ligands are
present, essentially guarantees that there will be some optical phonons of close-enough energy that will couple
with the spin and affect relaxation at undesirable temperatures. While single-atom approaches to magnetic
bistability are promising and obviate some of the complexities of coordination chemistry, they are exceedingly
difficult to realize at-scale.506

Articles by Sievers,f2 Long,% and Tong,'” have conveniently served to illustrate how molecular
geometry, and hence the CF, of a complex interacts with the m, states of an Ln3* ion; to this end, the size of
Ues is proportional to the strength of the CF in relation to the projections of the m, states. For example, theoretical
work by Ungur and Chibotaru has shown that in the case of a hypothetical two-coordinate Dy3* molecule,
ligand(s) solely along the z-axis would in principle create the largest difference between the m; = £15/2 and m,
= +1/2 states because the ligand electric field is well-placed to destabilize m, = £1/2 whilst stabilizing m, = £+15/2
(Figure 3).6384 Minimizing off-axis contributions ensures sequential ordering and purity of these states. It is
important to note that this it is strictly the disposition (and relative donor strength) of the ligands that is important
with regards to the ordering of the crystal field states, and hence for establishing any potential Ues. In a perfectly
linear [Dy(CHR,)(NR)]* (R = any substituent) molecule there might be no symmetry beyond a mirror plane
bisecting N-Dy—C(H), but this arrangement would still result in the stabilization of m; = +15/2, and destabilization
of my = £1/2. This electronic structure results in “easy-axis” anisotropy for Dy3*. The word axis here does not
refer to the ligand disposition but instead to the energy potential of this electronic state interacting with an
external field. The potential energy of Dy3* m, = £15/2 interacting with an external magnetic field reaches a

minimum/maximum when it is aligned parallel/antiparallel with the external field hence g, > gx,. The opposite to
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this can be illustrated by a hypothetical 2-coordinate perfectly linear [Er(L).]* complex which would likely result
in an my = £1/2 ground state which for Er®* has g,, > g, and thus would have “easy-plane” anisotropy. The
potential energy would reach a maximum when parallel and also antiparallel with the external field, but is at a
minimum when the field is normal to the m; = +1/2 plane.'®'® Axial anisotropy, where the ground state
configuration has g, > g,, is a prerequisite for SMM behavior, but many other factors such as ligand vibrational
modes and symmetry elements dictate the relaxation mechanisms between CF states once an external field is
removed. It should be noted that “low symmetry” never means “no symmetry”, as any real system will have
some form of symmetry or anisotropy in the ligand field and thus there will be some splitting of the CF states;
as before, a free ion in zero-field would have all CF states equal in energy.

For Kramers (odd electron count) ions such as Dy3*, Kramers theorem enforces twofold degeneracy of
each +m, state in zero-field and thus QTM between pure Kramers doublet (KD, m, = £15/2 for example) is
strictly forbidden and a bistable (Ising-type) ground state is ensured. This means equilibrium is reached via 1)
sequential excitation over the barrier in the Orbach process; 2) Raman processes via virtual excited states; 3)
thermally assisted QTM via excited KDs. For non-Kramers ions (such as Tb3*) a bistable ground state is only
enforced in the presence of high and rigorously strict local symmetry leading to cancellation of off-axis terms,
often the states that arise can be termed pseudo-doublets when the CF is well-quantized along a single axis,
or in high symmetry.3® The presence of nearby spins (such as other magnetic molecules) produces a dipolar
magnetic field which can enable QTM even in Kramers ions as the degeneracy of the ground-state doublet is
lifted. This effect is usually small, ca. 0.2 cm~" for Dy3* ions ~12.5 A apart, but degeneracy is still lifted and QTM
can occur. This effect can be reduced by dipolar dilution such as by co-crystallization within a diamagnetic
matrix, e.g. the Y3* analogue for Dy3* complexes, though in practice it is impossible to eliminate all stray dipolar
fields.

A further perturbation to the electronic structure occurs through hyperfine interactions of the electron-
spin, with the nuclear spin (/) on both metal and ligand atoms. For example, Ho has one >99.9% naturally
abundant isotope, '%5Ho, with / = 7/2, and the ground state term symbol for Ho3* is I, which results in each m;
state being split into a total of (2/+1) hyperfine states. For '%*Ho3* there would be 16 hyperfine states (|+tm,, £/
) ) arising from a supposed m, = +8 pair, with 8 non-degenerate %/ levels each; this would be repeated for each
pseudo-doublet. A Zeeman splitting diagram can be constructed that takes this into account (Figure 4). Rather
than crossing (red and blue lines), QTM from |-m,, —I) to |+m,, —I) can occur (green arrow) as the external
field is swept. As this removes the degeneracy of +m, states even at zero-field, Kramers ions can undergo QTM.
For a single (/ # 0) isotope of a metal there are external field strengths where QTM is enhanced,? or it can
suppress QTM at zero-field,%8 or provide insight towards different relaxation phenomena altogether.6” Several
works have shown that the nuclear spin at Dy, and on ligand heteroatoms, has a measurable impact on the
zero-field relaxation in different isotopomers,%-7" but that other effects such as exchange interactions can be
large enough to mask these effects.”? While the role of nuclear hyperfine interactions is not in question, the
molecules studied in these works typically have small U values (ca. <70 cm-"), and thus even at the lowest
temperatures the effect of Orbach relaxation cannot always be discounted. By studying complexes with large
Ut (e.g. >800 cm™") at very low temperature, the Orbach mechanism can be essentially ignored and thus at ~2
K only QTM dictates relaxation rates. Some studies have shown that even in these large-barrier molecules, the

use of isotopically pure 84Dy (/ = 0), and magnetically dilute (~5% Dy@Y) samples does not completely remove
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zero-field QTM steps.” Instead, correlations have been demonstrated between “molecular rigidity”, the density
of states of low energy molecular vibrations that also couple to the electronic spin, and the presence of sharp
zero-field steps;”375 it has recently been suggested that vibrations can open up tunnelling gaps of their own

accord,’® and hence these results point towards theories of vibrationally-driven QTM.
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Figure 4. A stylised depiction of a Zeeman energy diagram for the lowest doublet of an atom (63Ho3*, 5Ig) with
a J = 8 ground state (+xm, = 8) and / = 7/2 in the presence of an external magnetic field along the z-axis and an
arbitrary hyperfine coupling term (Ay;).9> Zoomed area shows an avoided crossing between two hyperfine levels

that can allow adiabatic passage from +m, to -m; when the external field is swept through the avoided crossing.

Phthalocyanine-based SMMs have greatly contributed to our understanding of Ln electronic structure
and magnetic relaxation mechanisms.3¢77 However, most examples contain non-Kramers Tb3* and thus are
usually in-field SMMs which require an external field to suppress QTM.78-80 Despite this shortcoming, the
rigorous D,y symmetry of Tb-phthalocyanine complexes has inspired further diverse motifs such as
polyoxometallates as ligands for Ln3* ions, e.g. {W5s04g}%-.8".82 Another promising avenue to constrain local
geometry is to sequester Ln3* ions inside highly symmetric MOFs where the rigid framework could enforce
specific symmetries at the Ln.83 Ln multi-metallic cage and cluster complexes, or mixed 3d/4f systems,84-87 could
hold promise by analogy to 3d-block SMMs,8-% however they suffer from the same issues: greater total spin,
S is inversely proportional to D and thus large U values are hard to realise.?8-339 These observations have
led to well-described design criteria for Ln-based SMMs:35:97-100 j e. Kramers ions that have highly magnetic
ground states (Dy%*, Eré*) with appropriate ligand-field geometry;®>'" or, non-Kramers ions combined with
rigorously high-symmetry environments (Tb3*, Ho%*). Other Lns such as Tm3 and Yb3* have unique
spectroscopic handles and can aid our understanding of Ln electronic structure through combined magnetic-
photophysical studies.''19%2 The combination of single-crystal susceptibility measurements and luminescence
can afford a detailed understanding of the ground state splitting and anisotropy axis even in Dy3* which is
typically only weakly luminescent,'31% and such studies have been foundational to our understanding of

magnetic anisotropy in Ln ions.

How do you measure a magnet?
It is essential to compare SMMs consistently. The SMM community has coalesced around several figures of
merit largely borrowed from the study of superparamagnetic nanoparticles. Some of these include: 1) the

effective energy barrier to reversal of magnetisation (U.), typically quoted in units of K or cm=';# 2) the

 Values quoted in cm™ rather than K can help provide clarity between energy values, and temperature.
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temperature at which the zero field cooled (ZFC) susceptibility reaches a maximum (Tg.); 3) the “100 s blocking
temperature” (Tg;), the temperature at which the relaxation time (7) is 100 seconds; 4) the maximum
temperature at which hysteresis is observable (Ty). Of these four, U and Tg, are the gold standards for
comparison, and are the most frequently used to compare different molecules between different experimental
groups. U is determined from fits of relaxation times (Figure 5a) from AC susceptibility measurements.!05
Values for Tg, are recovered from AC susceptibility measurements and DC magnetisation decay. However, this
value is not always within the experimental window of either measurements,'® and results should not be
extrapolated due to the confluence of multiple relaxation processes that could be fitted incorrectly,'%” or due to

other relaxation mechanisms yet to be observed.
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Figure 5. a) Stylised depiction of In () vs T~ (tin's, T in K) for a hypothetical SMM, showing low temperature
(green line, constant rate, QTM) fit, intermediate temperature (purple line, Raman) fit, high temperature (blue
line, Orbach) fit, and a full idealized fit (dotted line) to Eq. 1; b) Stylised depiction of a magnetic hysteresis plot
for a fictitious SMM. Red line represents a forward scan, blue line represents the reverse scan, green line shows

a different SMM with a pronounced drop at zero-field (QTM), which is “waist-restricted” or “butterfly-shaped”.

Metrics such as Tg4 and Ty depend on temperature, or field sweep rate, thus barring identical (or close)
experimental conditions, the reader is cautioned against universally comparing these values. A fast sweep rate
about the zero-field point while measuring a hysteresis loop (Figure 5b) can lead to open loops at erroneously
high temperatures when compared to literature examples. There are other metrics which serve specific
purposes, for example a recent criterion is the relaxation time at which the Orbach mechanism dominates over
the Raman mechanism (Tswitch). This is useful for comparing series of closely related molecules, such as
[Ln(L)s(solvent),]-type complexes where only (solvent) is varied as one would expect these to have similar
Raman and QTM regimes.'% Furthermore, T, is sometimes used which is the temperature at which field

cooled (FC) and ZFC susceptibility data diverge.
(Eq. 1) T71 = 1y +CT™ + 757 Le(~ Ver/kaD)

Relaxation times () or rather relaxation rates (r~1) extracted from AC susceptibility and DC
magnetization decay experiments can be fitted to Eq. 1 to extract U and other terms; where T is temperature
(K), ks is Boltzmann’s constant, tqtu is the relaxation rate (s~') in the QTM regime, C and n are empirical terms
relating to two-phonon Raman relaxation, and 74! is the attempt rate which is the time scale on which relaxation
events occur for a given material. It is important to note that all processes are potentially in action (QTM, Raman,

Orbach) at all temperatures. An example plot is shown in Figure 5a which depicts a graph of In (7) vs T-" for a
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fictitious SMM. For a real experiment, this data is extracted from frequency and temperature dependent AC
susceptibility measurements, and DC magnetization decays, and the reader is directed to other works for a
more detailed description of data collection and workup.'” Figure 5b shows a hypothetical hysteresis plot. During
the measurement of a single hysteresis loop the magnetization of the sample is recorded at a fixed temperature
against a swept magnetic field which is either parallel (+Hey) or antiparallel (—Hey) with respect to the lab-frame
z-axis. The magnetization in each opposing sweep direction should be symmetrical, but the value of |[M / M|
at a given value of H,,; depends upon the magnetic history (hence hysteresis) of the sample. Precipitous drops
in magnetization (green line) are ascribed to QTM. AH between H,,; = 0 and the field at which |[M/ Ms4| reaches
zero is the coercive field, denoted by the dashed arrow and line.

At high temperatures where the Orbach process dominates, relaxation is governed by the rate of
transition (and hence separation) between the KDs, and thus the strength of the crystal field is important. At
extremely low temperatures (~2 K) QTM is usually dominant, and the rate is effectively governed by the
transverse anisotropy which bridges +m, states and thus is influenced by the off-axis contributions to the crystal
field, along with hyperfine interactions and transverse (including dipolar) magnetic fields. In the presence of
stray fields this applies for both Kramers and non-Kramers ions though it is worth noting that these factors
generally cannot explain the entirety of zero-field relaxation even at 2 K.”3 The intervening temperature range
is less understood as the terms C and n are empirically derived from the experimental data where the
theoretically-predicted values are obtained on the basis of vast approximations.'%® Experimental values of n
typically range from ~1 up to ~8, and thus the temperature dependence in the Raman regime differs enormously
between different molecules. In the following sections an account is provided through select examples of how
synthetic chemistry has afforded control over, or at least significant insight into, disfavouring the QTM relaxation
mechanism, and how values of U approaching, and breaking past 1,000 K (695 cm-') have now been
achieved. These developments have led to an understanding of design strategies for molecules where n is ~1
to ~2 and thus display very slow relaxation right up to Tswitch Where the Orbach mechanism becomes dominant.
A deeper understanding of the electronic structure in SMMs requires recourse to more specialised techniques
and a multi-disciplinary approach, as typically modelling magnetization data alone does not necessarily provide

sufficient insight towards further strategies for improvement.110-113

Discussion

High symmetry or bust?

High-symmetry is an essential requirement for non-Kramers ions (e.g. Tb3*, Ho3*, Tm?*) to ensure a bistable
ground state, while for Kramers ions in low symmetry (e.g. Dy%*, Er3*, Yb3) QTM is still formally forbidden
between degenerate KDs in the strict absence of any external field. However, this is unrealistic to achieve
experimentally, as even the spin on distant neighbouring molecules will induce a small splitting between formally
degenerate +m, states, allowing QTM.'” One approach to obviating this issue is to simply make the CF splitting
substantially larger than the energy available to the system at a given temperature and take advantage of the
fact that certain symmetries suppress specific types of CF transition.’ As mentioned above, ligand disposition
will effect whether a molecule has easy-axis anisotropy, a requisite for SMM behaviour, or instead easy-plane
anisotropy. Two early SMMs by Wang and Gao both feature Kramers ions in formally low point group symmetry
are [Dy(acac)3(OH,),] (3, acac = {CH(CMeQ),}),'"* and [Er(COT)(Cp*)] (4-Er, COT = {CgHg}; Cp* = {CsMes}),"1®
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shown in Figure 6. Complex 3 is 8-coordinate with three acac ligands and two bound water molecules; the
inequivalence in donor atoms makes it formally low symmetry and it should not be described using high
symmetry point groups, however its coordination environment considering just the O atoms approximates a

square antiprism.
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Figure 6. a) [Dy(acac);(OHz),] (3); b) [Er(COT)(Cp*)] (4-Er). A H-bonded H,O and EtOH have been omitted
from 3. acac = {CH(CMeOQ),}, COT = {CgHg}, Cp* = {CsMes}.
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Complex 3 has a modest Us; of 46 cm~', and shows only butterfly-shaped hysteresis even at
temperatures below 2 K. Magnetometry measurements of both spin-dilute (1:20 Dy:Y doping), and pure Dy
systems at ~0.5 K showed that the reduction of dipolar interactions did not change the hysteresis profile which
was still completely closed at zero-field."* The calculated gap between the ground KD (m; = £13/2) and the 15t
excited KD of 28 cm~" is somewhat close to the experimentally observed U, suggesting 3 relaxes via this state
at high temperatures. Complex 4-Er was the earliest organometallic Ln SMM and formally features C;
symmetry.!'® 4-Er shows two U barriers (137 cm~' and 225 cm~"), indicative of multiple relaxation processes
occurring in the Orbach regime, which the authors attributed to two different crystallographically observed
conformers of the molecules. In common with 3, hysteresis loops for 4-Er are butterfly-shaped at all
temperatures, and thus rapid QTM is operant though Ty = 4 K in this instance.'*115 Despite both molecules
possessing low formal symmetry, the favourable ligand arrangements and strong ligand field ensured that for
both the ground-state has easy-axis anisotropy and thus they both have a barrier to their magnetic reversal.
However, symmetry can be important for obviating zero-field relaxation even in Kramers ions,'” and thus both
have butterfly-shaped hysteresis profiles. This is further demonstrated upon moving to higher formal symmetry
molecules such as in the [Er(COT),]- anion which has a similar ligand set to 4-Er (vide infra). The 4-Ln (Ln =
Tb, Dy, Ho, Tm) analogues of 4-Er were subsequently synthesized,!'® which allowed similar conclusions to be
drawn. Long,'” and also Chibotaru and Murugesu,''® sought to see if the previously reported [Er(COT),]-
anion,'® which is related to 4-Er but could display higher symmetry (Dg, or Dgq), would engender better
magnetic performance than 4-Er. The complex was synthesized as: [{K(18-crown-6)}(u:n8:n8-COT)Er(COT)] (5-
Er)'17.118 which has the K* coordinated n2- to one of the COT rings; or [K(18-crown-6)(THF),][Er(COT),] (6-Er,

Figure 7) with a non-coordinated cation."”
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[K(18-crown-6)(THF) 5]

(okst

6-Er 8-Er, R = SiMe3
Figure 7. a) [K(18-crown-6)(THF),J[Er(COT),] (6-Er); b) [Ero(COT")s] (8-Er). COT = {CgHs}, COT" = {CgHes-1,4-
SiMe3}.

Both 5-Er and 6-Er feature essentially, or perfectly, co-planar COT rings, and the large 1-systems are
perfectly disposed to stabilize an m; = £15/2 ground state at Er3* which requires an equatorial crystal field (U
=147 cm=,"7 or 199 cm-" for 5-Er;"'8 and 150 cm-' for 6-Er''"). Both complexes 5-Er and 6-Er displayed
butterfly-shaped hysteresis loops up to at least 10 K,'17:118 while the Dy3* analogue (5-Dy) did not display
hysteresis at any temperature.'® Complex 5-Er is not Dg,-symmetric due to a small degree of ring twisting (~2.8
°) and very slight COTent -Er---COTent bends (175.19° and 173.85°) and 6-Er features essentially perfectly
eclipsed rings,"” and the bend angle is fixed at 180° by symmetry.!'7.1'® Despite these small differences in
symmetry, both display superimposable magnetization data, thus low symmetry is not the sole cause of the
QTM-like drop at zero-field. Spin-dilution of 6-Er into a matrix composed of the diamagnetic Y3* complex, 6-Y,
resulted in hysteresis loops that were open at zero-field up to at least 6 K, but T remained at 10 K.''7 The
{Ln(COT),} (n =1 or 2) moiety is a versatile building block,2%12" and to that end several multi-decker complexes
have been shown to act as SMMs. For example, mononuclear [Li(DME)][Er(COT"),] (7-Er, COT" = {CgHe-1,4-
SiMe3})™22 (Uer = 130 cm™!, Ty = 8 K) can be transformed into the triple-decker [Ery(COT")s] (8-Er), which
features weak exchange coupling between Er3* atoms.'?3 Exchange constants cannot be readily measured for
most Ln3* complexes (where L # 0), except for Gd®* which has an orbital singlet ground state (8S7,,, S=7/2, L =
0, J = 7/2) thus 8-Gd was characterized by magnetometry and showed J = -0.448 cm~' (-JS;S, formalism).%2
When compared to mono-metallic 5-Er, 6-Er, or 7-Er, complex 8-Er showed an improved Ug (219 cm~), and
T = 12 K (frozen dilute solutions gave Ty = 14 K), both demonstrate that the weakly exchange coupled complex
has slightly better magnetic performance.7.118.122-124

The family of f-element sandwich complexes with carbocyclic rings larger than CpR, such as complexes
4-Er to 8-Er above, has been expanded to include {CgHg}~ in [Er(COT)(CgHy)] (9-Er)."25 Due to its large size this
could be expected to stabilize prolate ground states such as m; = £15/2 for Er3* similare to {COT}?~. Indeed,
complex 9-Er has a relatively high Ue of 251 cm~' and ab initio calculations suggest the first few m, states are
ordered as £15/2, £13/2, £1/2, where the m; = £1/2 state lies at 268 cm~! above the ground state which is in
excellent agreement with the experimental Ug and is the most likely relaxation pathway.'?® Even at 1.8 K 9-Er
displays butterfly-shaped hysteresis with no opening at zero-field, indicative of highly efficient QTM. This is likely
a further indication that the design of Er3* SMMs requires a good degree of local symmetry or exchange
coupling, and shows that the design of such molecules is very difficult. An alternative avenue might be the
exploitation of more symmetric divalent homoleptic bis-{CqHo} complexes.'?® Structural and magnetic data for
4-Er to 8-Er is summarized in Table 1, unfortunately the disordered structure of 9-Er does not permit detailed

comparison to the bis-{COT} complexes.'?>
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Table 1. Structural and magnetic parameters for complexes 4-Er to 8-Er.

Uy / ecm™1 T/ K Leent*"Er-*COTgene / ° T
4-Er 1371225 ~4 171.14(10)
5-Er 1477 or 19918 10 178.62(15)"7 or 173.85(6)''8
6-Er 150 10 180
7-Er 130 8 176.45(5)
8-Er 219 12 178.24(10)*

T L is either Cp*, or a COT ligand. * Er---COT"---Er angle = 175.65(11) °

An understanding of the orientation of the anisotropy axis of Ln complexes, as defined by the ligand
field, is essential for the rationalization of magnetic properties and for guiding future synthetic targets. Indeed,
the realization that the bis-{COT} framework does not provide an axial ligand field was essential to explaining
the properties of the 5-Ln complexes (Ln = Er¥* and Dy3*). The development of ab initio electronic structure
methods that could predict the anisotropy axis in real molecules has helped in this respect.43:89.127.128 Ag most
low-symmetry Dy3* complexes possess a strongly axial ground-state m; = +15/2, approximations can be made
instead for this ion, and an alternate model was developed using an electrostatic optimization methodology,
which requires only an X-ray diffraction structure as input.®”.12°

Preventing QTM through exchange interactions
Whilst high symmetry can help reduce QTM, nearly all high-performing SMMs still display a precipitous drop of
magnetization at zero-field due to QTM. One elegant approach to suppress QTM and hence resolve the
butterfly-shaped hysteresis issue is to use strategies from the d-block, and synthesize molecules that utilize
ferromagnetic or antiferromagnetic exchange interactions leading to exchange bias.'3® The tris-
[1]ferrocenophane (Fc = {Fe(CsH4),}2-) complexes [Li(THF)4][Ln(Fc)s{Li(THF)},] (10-Ln, Ln = Tb, Dy, Ho) have
approximate trigonal prismatic symmetry about the metal and exemplify these complexities very well. They also
show modest U values in zero-field (Ln = Tb, 274 cm~'; Dy, 110 cm~'; Ho, two processes 110 cm~" and 131
cm-"), and show butterfly-shaped hysteresis (Ty ~4 K), except for the Ho3* congener which showed closed loops
even at 2 K.13"133 Two units of monomeric 10-Dy can be bridged by a third Dy3* to form centrosymmetric
[{Li(THF)3}o(u-CD][{Dy(Fc)s}2(ue-Dy)] (11-Dy) which shows two U values (261 cm~! and 268 cm-') due to the
two Dy3* environments, and Ty = 5 K with open loops even at zero-field.'3* Susceptibility measurements suggest
ferromagnetic exchange is behind the improved performance relative to 10-Dy, though further study is needed
to determine if dipolar (through space) coupling,'351% or superexchange (mediated by the electrons on
intervening atoms) dominates. %7

Direct Ln---Ln exchange is usually small due to the poor radial extension of their valence orbitals (|J] <
1 cm~! typically),'38.13% and superexchange pathways are correspondingly limited for the same reason.40-143 For
example, in a series of pnictogen-bridged trimetallic cyclopentadienide complexes,'44146 the magnetic
behaviour is best described as a series of non-interacting SMMs with axial crystal fields. Indeed, even relatively
small charge diffuse bridges can be inefficient at mediating superexchange, while also keeping Ln3* ions too far

apart for significant direct exchange.#” It should be noted that in rare instances, Ln---Ln exchange interactions
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can be ferromagnetic rather than the much more common anti-ferromagnetic.#8-151 This can help to suppress
QTM and appears to be related to having the anisotropy axis on each metal coincident, or close to, the Ln---Ln
vector.

Direct strong coupling with spin-active moieties such as N,3- radicals,'52-1%5 or organic radicals,56-159
are an alternative that has been shown to engender large antiferromagnetic coupling between the Ln and the
radical spin. As long as the antiferromagnetic Ln---radical exchange coupling is stronger than any Ln---Ln
coupling, all the Ln spins can potentially orient in the same direction, and the whole system can act as one giant
spin that is harder to flip than each spin alone. Several complexes prepared by Evans and Long [K(18-crown-
6)(THF ) J[{Ln(N")2(THF)}>(u-N2%)] (12-Ln, Ln = Gd, Tb, Dy, Ho, Er; N" = {N(SiMe3),}),'®? and also the closely
related [K(2.2.2-crypt)][{Ln(Cp!),(THF),}2(4-N23)] (13-Ln, n = 1, Ln = Gd, Tb, Dy; 14-Ln, Ln = Tb, Dy, n =0
Cptet = {CsMe4H}) by Demir and Long,'® effectively demonstrate the effects of strong exchange coupling

towards generating large coercive fields. Complexes 12-Tb and 14-Tb are shown in Figure 8.

[K(2.2.2- crypt)]
[K(18-crown-6)(THF) 2] ?’
THE, N(SiM
(Me3Si)oN "?“\ ,,\(‘( ':3 %@
(Me3SiN N o3z

12-Tb 14-Tb
Figure 8. a) [K(18-crown-8)(THF),J[{Tb(N")o(THF)}x(1-N>)] (12-Th); b) [K(2.2.2-crypt)][{Ln(Cp'et)(u-N23)] (14-
Tb). N = {N(SiMes)2}, Cp'e! = {CsMe,H).

Complexes 12-Ln, 13-Ln and 14-Ln all feature an N,% radical bridging ligand, the SOMO of which is
comprised of a diffuse T* orbital that lies perpendicular to the Ln,N, plane.'®® The Gd—N, coupling constant was
measured for 12-Gd (J = —27 cm1), and 13-Gd (J = —20 cm~").153.1%4 By virtue of the strong anti-ferromagnetic
coupling between metal and radical in 12-Ln, the spin on the two metals is forced to be co-parallel and leads to
an effective giant spin. Whilst complexes 12-Tb and 12-Dy displayed only modest U values (227 cm~' and
123 cm™', respectively) they both showed giant coercivity and essentially no zero-field step in hysteresis
measurements, high Tgy (14 K for 12-Tb) and record-setting Ty values (14 K and 8 K, respectively).'3? A
theoretical study has proposed values of J for the non-Gd complexes, and that multiples of these values
correlate with the experimentally determined U values in the 12-Ln series.’®® Complexes 13-Ln and 14-Ln
represent a further improvement to this strategy, where the bis-{CpMe,4H} ligand framework engenders a similar
axial field to bis-{N"}, thus U values are similar (13-Tb, 242 cm~'; 13-Dy, 110 cm~'; c¢.f. 12-Th, 227 cm);
furthermore the THF moieties in 13-Ln are easily displaced to afford 14-Tbh and 14-Dy."%* In 14-Tb the loss of
THF led to a significant improvement in the anisotropy barrier, though two thermally activated relaxation
processes were observed (Ug = 276 cm™, Uso = 564 cm™'); along with a remarkably high Ty, (20 K), a giant
coercive field of 7.9 T at 10 K, and Ty = 30 K. For 14-Dy there was almost no effect on the barrier (Ues = 108
cm~') upon removal of THF c.f. 13-Dy; however, while 13-Dy displayed no remnant magnetization at any
temperature above 2 K, 14-Dy showed open hysteresis loops up to 8 K.'5* These data are summarised in Table
2.

12



Page 13 of 31 Dalton Transactions

Table 2. Magnetic parameters for complexes 12-Tb to 14-Tb and 12-Dy to 14-Dy.

12-Tb 12-Dy 13-Tb  13-Dy 14-Tb 14-Dy
Uet / cm™ 227 123 242 110 276 / 564 108
Te2 /K 13.9 6.7 - - 20 -
Ty/K 14 8 15 - 30 8

Nitrogenous heterocycles can also be used to couple Ln centers that have easily displaced ligands
such the weakly coordinating anion {BPh,}~ in [Dy(Cp*)»(BPh,)] (15-Dy).1%6:161.162 Complex 15-Dy, and related
[Dy(CpR)o(X)] (CpR = substituted Cp, X = equatorial ligand) complexes, often show U, values of 150 — 600 cm~!
as they have strong axial ligand fields with correspondingly large KD separations; however, they invariably have
butterfly-shaped hysteresis profiles as the transverse anisotropy induced by the co-ligands allows rapid QTM-
like relaxation at zero-field, even for Kramers ion Dy3+.48.142,143,163-168 The radical bridged complexes in Figure 9,
[{Dy(Cp*)2}2(bpym)I[BPh,] (16-Dy, bpym = 2,2-bipyrimidine),’*® {Dy(Cp*)2}2(tppz)I[BPh4] (17-Dy, tppz = 2,3,5,6-
tetra(2-pyridyl)pyrazine),’®® and [{Dy(Cp*).}s(HAN)] (18-Dy, HAN = hexaazatrinaphthylene),’® have
significantly smaller Ug values (16-Dy, 88 cm-'; 17-Dy, 36 cm~'; 18-Dy, 51 cm~' respectively) than many
[Dy(CpR),(X)] complexes,'63.164 but show open hysteresis loops at zero-field and remnant magnetization (Ty =
6.5 K, 3.25 K, and 3.5 K respectively). The reduced analogue of 17-Dy, [K(2.2.2-crypt)][{Dy(Cp*)2}.(tppz)] (19-
Dy) features a different distribution of spin-density at the tppz3- bridge to 17-Dy, and neither 19-Dy or the Tb
analogue 19-Th show either zero-field or in-field slow relaxation dynamics.'%® This organic linker strategy allows
for significant scope in controlling nuclearity. For all radical-bridged systems, variation of radical ligand oxidation
state allows total spin, and strength of the exchange interaction to be mediated through chemical design.'7®

" !/ \!
7, 7 \

\

" \

[anion] or [cation]

[BPhy]

()

(AR
| H N
cp, N‘:VE’N Cp* TN
/@j : @ X N— )N =N N
Cp™  NTYN Cp C c O
L = - ) - )
[anion] = [BPhy] (17-Dy) or Cp Cp
16-Dy [cation] = [K(2.2.2-crypt)] (19-Dy) 18-Dy

Figure 9. a) [{Dy(Cp*)z}o(bpym)l[BPhs] (16-Dy); b) [{Dy(Cp*)}a(tppz)I[BPhs] (17-Dy) or [K(2.2.2-
crypt)I{Dy(Cp*)2}2(tppz)] (19-Dy); d) [{Dy(Cp*)2}s(HAN)] (18-Dy). bpym = 2,2-bipyrimidine, tppz = 2,3,5,6-
tetra(2-pyridyl)pyrazine, HAN = hexaazatrinaphthylene.

The axial ligand field approach
Most of the Ln SMMs discussed above have first excited KDs high enough above the ground state that there
should not be phonons available to promote excitations at very low temperatures. Other effects such as

transverse anisotropy induced by co-ligands that are not placed with precise point group symmetry are thus
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important. There has thus been a drive to increase U dramatically by maximizing the spatial axiality of ligands
while minimizing equatorial contributions, reducing the off-axis terms as much as possible.'”".172 A larger U
will increase 7 at least in the high-temperature regime. Proposals for high-barrier SMMs that are also
synthetically realistic is of paramount importance. In silico predictions by Ungur and Chibotaru for isolated
[Dy=0J*, and linear [F-Dy-F]* clearly show that they possess the desired ordering of pure m, states and
massive separation of the first two KDs (~490 — 700 cm~1),63.64 however they are not isolable molecules outside
of matrix isolation experiments.'”® It should be noted that while the ordering of m, states in Dy3* from most-
magnetic to least is ensured with a strong axial ligand field, as m; = £15/2 is oblate and m; = +1/2 is prolate,>
the opposite is true for Er3* where instead a strong equatorial ligand field stabilizes m; = £15/2 and destabilizes
my = +1/2. Thus complexes such as pyramidal [Er(N");] (20-Er) which has crystallographically imposed Cs,
symmetry, or [Er(HNDipp)s(THF),] (21-Er, Dipp = {C¢H3-2,6-Pr}) where the anionic charge is concentrated
about the equator, both present modest U values (85 cm-!, 20-Er; 17.4 cm~', 21-Er), though both show
butterfly-shaped hysteresis at 1.9 K.17* Derivatives of 20-Er with axial ligand fields have been studied in depth,
and even weak axial donors result in diminished U, values.'”5176 The large t-cloud in {COT}?- offers a more

equatorial ligand field in 4-Er to 8-Er, than it does axial, hence their good U values.!17.118.122-124

ip Cl [B(CsFs)a
f3 \N @—N'\\ iF’I’g BuCl iPr3 ., @\ » iPr3 [(Et3 )2(H)][B(CGF5)4] iPr3 . @ » iPr3
Prasi’ TP oy 4 - Ets5iCl oo
1 1]
- CaH1o Pr3 r3 - EtzSiH Pr3 r3
22-Sm 23-Sm

Scheme 1. Reaction scheme detailing the synthesis of [SM{N(SiPr;):},][B(CsFs)s] (23-Sm) from
[SM{N(SiPr3),},] (22-Sm), BuCl, and [(Et3Si)o(H)][B(CeFs5)4].

A series of two-coordinate Ln?* silylamide complexes, [Ln{N(SiiPr3),},] (22-Ln, Ln = Eu, Sm, Tm, Yb)
was reported (Scheme 1) which show nearly ideal geometries for a proposed axial Dy3* SMM (e.g. N-Sm-N =
175.52(18)°).177.178 Calculations on a cationic Dy3* analogue of 22-Sm, [Dy{N(SiiPr3),},]*, suggested it could
have a Us > 1,800 cm~', and further work showed that other formally 2-coordinate Dy3* complexes that
represented realistic, albeit challenging, synthetic targets with stronger donors could have even higher Ugk
values.'% Subsequently, [Ln{N(SiPr3),},][B(CsF5)4] (23-Ln; Ln = Sm, Tm, Yb; Scheme 1) were reported as
borate salts, which were derived from oxidation of the 22-Ln complexes with halide sources,'”® followed by
halide abstraction using the super-electrophile [(Et;Si),(H)][B(CeFs)s] (Scheme 1).18 Each Ln3* ion in 23-Ln is
formally two-coordinate, though there is significant deviation from linearity (e.g. for 23-Sm N-Sm-N =
131.02(8)°). Given the only modest dependence of U on L-Dy-L in systems without equatorial Lewis-Base

donors, hypothetical 23-Dy could still have a barrier larger than 1,400 cm=1.100
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Figure 10. Complexes 24-28 (values in brackets refer to the Ue) are five molecules that successively raised
the U record for Dy3* SMMs from 377 cm~" to 1,262 cm~" in one year (2016), while also finally demonstrating
Dy-based SMMs with superior Ue values to {TbPc}-based SMMs. Hydrogen bonded halides and additional
equivalents of phosphine-oxide have been omitted from both 24 and 25 to highlight the five equatorial H,O
moieties, and the axial ligands only. For simplicity, complex 26 is drawn as one extreme of its various resonance

structures.

Shortly after the disclosure of 22-Sm, a number of SMMs (24-28, Figure 10 shows some examples)
were reported with phenomenal U barriers using Dy3*.181-185 Although complexes 24-26 do not represent the
largest values of Ue (377 cm-1, 452 cm~', and 501 cm~'/ 565 cm~") they demonstrate a guided design approach
to synthetically accessible Dy3* SMMs: 1) strong axial ligand fields, with equatorial interactions weakened as
much as possible; 2) equatorial ligands are disposed with fairly high symmetry thus minimizing transverse
anisotropies. All (24-28) have a ground m; = £15/2 with reasonably pure first excited KDs, with 26 and 28
possessing second excited states comprised of >96% m,; = +11/2. For example, in complex 26 the first 3 KDs
are ordered my = £15/2, +13/2, £11/2 and are quantized along the C=Dy=C axis to within a few degrees.®
Complex 28, a cationic bis-alkoxide [Dy(O'Bu),(Py)s][BPh,] features an extremely large barrier (U = 1,262 cm-~
") by virtue of the two strong axial alkoxide donors and comparatively weak equatorial pyridine donors. Despite
this large barrier, 28 displays butterfly-shaped hysteresis (Ty = 4 K), though Tg¢ = 14 K. An exhaustive study of
an extended family of pentagonal bipyramidal complexes related to 28, where the axial and equatorial ligands
were systematically changed, showed a good correlation between U and Ty within this structurally analogous
series of complexes.'8 Such studies are unfortunately rare, and should be considered essential to further
progress. The exceptional barriers of these complexes have raised interesting questions regarding the
fundamental assumptions about how SMMs lose magnetization. Since high barriers alone do not preclude
alternative relaxation mechanisms, a better understanding of the relationship between structure and relaxation

mechanisms is needed, and in particular how ligand vibrations interact with the magnetic moments.73:105,108,113,187

High-temperature remanence in Ln metallocene(ium)s

Ab initio calculations suggest that an isolated [Dy(Cp*),]* cation, featuring a Cpcent'**Dy--*Cpcent angle of just 136°
could possess a U of over 1,000 cm~', and extremely small transverse anisotropy up to at least the 3 or 4t
KD, this could result in an SMM with high-temperature magnetic remanence.'®* Unfortunately, the (relatively)
small size of the Cp* ligand precludes the isolation of such a species with Ln3* ions, and even with smaller
metals such as Sc3*.157.161.188-190 Numerous studies on real molecules have demonstrated that the crystal field
in {Dy(CpR),}-containing complexes is dominated by the CpR-Dy-CpR motif, and thus such species are

desirable targets.'.192 Two complexes have exemplified the difficulty in synthesizing isolated [Dy(Cp*).]*
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cations due to their extreme electrophilicity, and also on the sensitivity of relaxation mechanisms to subtle
structural changes.'931% The centrosymmetric complex [{Dy(Cp*)2}{u-AlMesNEt;},][AKOC(CF3)s}4]. (29-Dy)
features neutral bridging ligands (AIMe3NEt;) bound only through agostic-type C-H---Dy or C:---Dy
interactions;'®3 and [{Dy(Cp*)2}.(M-BPh4)][A{OC(CF3)s}4] (30-Dy) which is bridged by formally anionic {BPh,}~
194 Complexes 29-Dy and 30-Dy are almost identical metrically by inspection of their respective Cpeent':-Dy
distances (29-Dy, 2.348(3) A and 2.388(3) A vs 30-Dy, range: 2.357(2) A to 2.359(2) A) and Cpeent'*Dy-*CPeent
angles (29-Dy, 138.03° vs 30-Dy, 134.7° and 135.4°), and the range of Dy—Cyqqe distances differ by less than
0.15 A in total. Coincident with these minimal structural changes, their electronic structures from ab initio
calculations are similar for the first 4 KDs (m, = £15/2, £13/2, £+11/2, £9/2). However, for 30-Dy the main
anisotropy axis of the 5" KD (668 cm~' avg. across both metals) lies perpendicular to the {Dy(Cp*),} axis and is
highly mixed,'®* whereas this occurs at the 6" KD (E = 842 cm™') for 29-Dy which is coincident with the
experimental Ug (860 cm~").193 For 30-Dy the U (340 cm) is close to the average values for both the 2 KD
(246 cm~") and 3 KD (460 cm~') between both metal sites. Both complexes display butterfly-shaped hysteresis
profiles, and values of Ty (6.5 K, 30-Dy; and 12 K, 29-Dy) broadly agree with the differences in Ues. Thus, it
appears that the presence of a neutral vs anionic bridge is important.

Nief showed that the bulky alkylated {Cp%} ligand (Cp! = {CsH>-1,2,4-Bus}) was capable of supporting
monomeric [Dy(Cpt),(X)] species (X = Br, I, BH,)."™® A modification using DyCl; instead of Dyls, afforded
[Dy(Cpt),(CI)] (31-Dy, Figure 12).1% As might be expected, 31-Dy is a poor SMM (U = 39 cm-', with no
hysteresis down to 2 K).'97.1% Separate works by Mills and Chilton,'® and Layfield,'%® showed that anion
abstraction strategy used to synthesize 23-Ln (Scheme 1) worked with 31-Dy to afford the first
“dysprosocenium” cation, [Dy(Cp™),][B(C¢Fs)4] (32-Dy, Scheme 2).1%.198 |n complex 32-Dy the two Cp! ligands
preclude close contact of the borate anion (nearest Dy:--F = 5.996(3) A), are more axially-disposed than in the
precursor (in cationic 32-Dy, Cpcent:-Dy---Cpeent = 152.56(7)°; c¢.f. 146.67(7)° in 31-Dy), and are more tightly
bound (in 32-Dy mean Cpgen--Dy = 2.316(3) A; c.f. 2.413(3) A in 31-Dy)."9% CASSCF-SO calculations on the
electronic structure using the unoptimized X-ray diffraction structure showed the first six KDs were well-
described by my =+15/2, +13/2, £11/2, £9/2, +7/2, +5/2, and are quantized along the Cp---Dy---Cp axis, whereas
the two highest doublets are characterized by >5% mixing with other states and are oriented perpendicular to
the principal axis.’® AC susceptibility measurements gave U = 1,223 cm~* (or 1,277 cm™"),196.198 while Tg; =
38 K, Tgo =53 K and Tie, = 60 K. The large U suggests that 32-Dy relaxes via at least the 6" KD (1,278 cm~
"), and hysteresis measurements showed open loops (T4) up to 60 K at zero-field.196:198 |nterestingly, zero-field
relaxation is almost entirely suppressed at low temperatures, with only a small step observed.16.198 Fitting
magnetization data to Eq. 1 at low temperature (23 to 50 K; T ~' = CT™) gave an unusually low exponent, n =

2.151.113,196,198
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Scheme 2. The synthesis of [Dy(Cp®),][B(CsF5)s] (32-Dy) from [Dy(Cp't)(Cl)] (31-Dy) and
[(EtsSi)2(H)I[B(CeFs)a]. Cpt = {CsH2-1,2,4-Bus}.

An ab initio spin-dynamics study into the cation of 32-Dy suggested that two ligand vibrational modes
involving the C—H groups are key in mediating the first transition from m, = £15/2 to £13/2 (489 cm="), and hence
substitution of the H atoms could drastically alter the energy of these modes and take them off resonance with
the first excitation.’® New insights into the model system, 32-Dy, have shown that this is an incomplete
picture.'® From a glance at Eq. 1, it should not be surprising that a low Raman exponent is absolutely essential
for high-temperature SMMs as this mediates the relaxation rate up to Tswiteh When the much faster Orbach
mechanism dominates, however the molecular features that define this constant are not immediately obvious.
Combined experimental measurements and ab initio calculations have described the essential components that
contribute to this relaxation regime as: 1) a large CF splitting ensures that only the ground KD is significantly
populated, this is directly controllable via ligand choices leading to strong fields of appropriate geometry; 2)
there should be only small magnetoelastic coupling, meaning that molecular vibrational modes (optical
phonons) that influence the CF at Dy should be high in energy which can be achieved by using rigid ligands; 3)
the optical phonon density of states (DOS) should not increase strongly with energy, i.e. having a large DOS of
low-energy phonons that cannot bridge CF gaps should be acceptable, but the DOS of high-energy phonons
which can bridge CF gaps should be as low as possible.”3113 |t is not immediately obvious how synthetic
chemistry can control properties such as the DOS of optical and acoustic phonons, however extension of the
32-Ln motif to the entire Ln3* series has shown that low Raman exponents are a distinct feature of isolated
[Ln(Cp),]* cations. 99200 The rigid molecular structure increases the energy of intramolecular vibrational modes
(optical phonons), and very weak intermolecular interactions by virtue of the anion-cation ion system which
leads to large separations.

An elegant demonstration of the importance of symmetry in highly-axial complexes with non-Kramers
ions is shown by cationic [Ln(CpiP®),][B(CeFs)s] (33-Ln, Ln = Tb and Dy; CpiP*® = {CsPrs}) complexes which
feature Ln3*, and neutral [Ln(Cpi*®),] (34-Ln, Ln = Tb and Dy) complexes with Ln?* (Figure 11).20.202 Complexes
34-Ln are remarkable for being the first neutral linear 4f metallocenes for Ln # Eu, Yb or Sm.293-206 Both 33-Dy
and 34-Tb have non-integer numbers of electrons in their valence shells (34-Dy is Dy3*, therefore 4f°; and
divalent 34-Tb features a 4f85d" configuration) hence they are Kramers ions. Correspondingly, 33-Tb and 34-
Dy are both non-Kramers ions with 4f8 and 4°5d' configurations respectively. Thus 34-Tb could be viewed as
a higher symmetry analogue of 33-Dy. Non-Kramers 33-Tb displayed essentially no hysteresis even at 2 K (in
analogy to 32-Tb),'% and 34-Dy exhibited butterfly-shaped hysteresis loops up to 75 K.292 Rapid relaxation due
to Raman and QTM processes precluded detailed analysis of the dynamic magnetization properties for 33-Tb,
while a Ug; (37 cm~") could only be determined for 34-Dy in an applied field to suppress QTM. The reader should
note the enormous disparity between the high Ty (75 K, though butterfly-shaped) and small Ues in 34-Dy.
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Conversely, the Kramers ion-containing 33-Dy and 34-Tb show large U values (1,334 cm~" and 1,205 cm™")
both approaching or surpassing that of 32-Dy. They display Ty values (66 K and 55 K, respectively) that
approach that of the boiling point of liquid nitrogen (77 K, —196°C), widely regarded as a floor in performance
for device-usage; and high Tg, values of 56 K and 52 K, respectively.291.202 The much larger power-law
temperature dependence of Raman relaxation for 34-Tb (n = 8.69)22 is likely the cause of the diminished
performance relative to 33-Dy (n = 2.31).20' The role of spin-spin coupling between the 4f and 5d electron in

34-Tb precludes definitive conclusions about these molecules.202:207

[B(CsF5)al
iPrIPr iPr‘@ iPr

iPr 3l T iPr 2+ Pr
i P iPr Pr iPr
Pr<:§ _ iPriPr

iPr
33-Tb 34-Tb

Figure 11. a) [Tb%(CpP®),][B(CeFs)] (33-Th); b) [Tb2*(CpPs),] (34-Th). CpP's = {C5Prs}.

A study of the magnetostructural relationship in a series of [Dy(CpP™R),]* cations (CpPR = {CsPryR};
R = H, 35-Dy; Me, 36-Dy; Et, 37-Dy; 'Pr, 33-Dy, Figure 12) by Long and Harvey has demonstrated the
importance of replacing ring C—H groups with alkylated substituents,'%¢ as well as the fine interplay between
ligand steric bulk and magnetic properties in these metallocenium cations.201202 All four homoleptic
[Dy(CpPR),]* complexes were synthesized analogously to 33-Dy (where R = iPr).201 As previously described,
increasing the axiality (Cp---Dy---Cp angle), and the strength (CpR.entroia/C--Dy distances) of the ligand field will
lead to purer m, states with larger separations. The result of these synergic effects is that U is ordered from
R =H (35-Dy, 1,285 cm™"), iPr (33-Dy, 1,334 cm~"), Et (37-Dy, 1,380 cm~"), Me (36-Dy, 1,468 cm~"). Indeed the
complex with the highest Uq (36-Dy) has the second smallest CpR---Dy---CpR angle (156.6(3)° for 36-Dy vs
147.2(8)° for 35-Dy; 161.1(2)° for 37-Dy; 162.1(7)° for 33-Dy) but also the second shortest average CpR---Dy
distances. All four complexes showed low Raman exponents (range 2.00 to 3.02) typical of Ln3* metallocenium
cations.96-202 The T, values (35-Dy, 32 K; 33-Dy, 66 K; 37-Dy, 66 K; 36-Dy, 72 K) are exceptional, with three
of these examples outperforming 32-Dy.196.1%8 |t js clear that the Ty values and U correlate very well for three
of these complexes; though 35-Dy, where R = H, has a distinctly low Ty (32 K) compared to the Ue. Complex
35-Dy has a significantly larger zero-field step in the hysteresis trace than the others in this series, which is not
removed fully by diamagnetic dilution; thus, it is likely that hyperfine coupling, ligand vibrational modes, or

increased transverse anisotropy leading to QTM are more important than stray dipolar fields for this complex.

[B(CeF5)al [B(CeFs)al
Pr o ip,
B~ oy |@=H =35-Dy
iPr ' Me = 36-Dy Pr i
iPr ; Et =37-Dy iPr Pr
38-Dy

Figure 12. a) Schematic of the [Dy(CpPR),][B(CeFs5)s] (CpPR = {CsPrsR}; R = H, 35-Dy; R = Me, 36-Dy; R =
Et, 37-Dy; R = 'Pr, 33-Dy) series; b) [Dy(Cp®)(Cp*)][B(CsFs)4] (38-Dy).
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With the significance of the [Dy(CpR),]* framework established, refinements to the motif could be made
to through judicious choice of the CpR ligands. By combining two different CpR ligands, Tong, Mansikkamaki,
and Layfield synthesized [Dy(Cp*™)(Cp*)l[B(CeF5)4] (38-Dy, Figure 12), which met all three requirements: 1)
fully substituted CpR ligands remove the low energy C—H modes present in 32-Dy; 2) the large steric profile of
a {CpP®} ligand ensures there are no equatorial interactions; 3) the {Cp*} ligand is significantly smaller than the
{CpiPR} ligands used in 33-Dy to 37-Dy, which reduces inter-ligand repulsion allowing closer approach to the
metal.2%8 The CpR---Dy---CpR angle of 38-Dy (162.51(1)°) is larger than all other isolated [Dy(CpR),]* cations
(32-Dy to 37-Dy; range: 147.2(8)° to 162.1(7)°), while the CpR enioig---Dy distances (2.296(1) A and 2.284(1) A)
are the shortest observed. AC and DC magnetization measurements of relaxation times gave Uy = 1,541 cm-
', n=23.0 and Tz, = 65 K (Tirev = 78 K) for 38-Dy, and hysteresis measurements show Ty = 80 K,2%8 which is
above the boiling point of liquid nitrogen. Impressively, even at 77 K the lifetime is approximately 50 seconds.
Ab initio calculations of the electronic structure showed the first six KDs well-described as m; = +15/2, £13/2,
+11/2, £9/2, +7/2, £5/2. The 5" and 6% KDs (m; = £7/2, £5/2) have non-negligible transverse components
(though < 5%) and are thus likely responsible for relaxation in the high-temperature regime, indeed the U, and
the energy of the 50" KD (m,; = 7/2, 2,188 K) are in modest agreement. Interestingly, while 32-Dy relaxes via the
5t excited KD, 38-Dy appears to only reach the 4t KD, though the significantly larger separation between the
KDs results in a larger U overall. Table 3 summarizes some properties of the [Dy(CpR),]* complexes discussed
here. This hints at many subtle effects that interrelate, and further examples of the [Dy(CpR),]* family need to

be exhaustively studied theoretically and experimentally.13.186

Table 3. Structural and magnetic parameters for six reported [Dy(CpR),]* cations.

Tu/K Uglem™ Tg /K Cpcent""Dy-""Cpcent / ° T DY'"Cpcent 1At

38Dy 80 1,541 67 162.50(12) 2.284(4) / 2.296(3)8
36-Dy 72 1,468 64 156.6(3) 2.298(5)
37-Dy 66 1,380 57 161.1(2) 2.302(6)
33-Dy 66 1,334 59 162.1(7) 2.340(7)
32Dy 60 1,223 56 152.56(7) 2.316(3)
35-Dyt 32 1,285 18 147.2(8) 2.29(1)

T Averages have been used across disordered parts. * The average of the highest-occupancy part has been

used. § The value of each ring has been given as the complex is heteroleptic.

Conclusions and outlook

It has taken substantial synthetic advances to realize molecules that are remotely close to what theoreticians
have envisaged in the field of Ln SMM chemistry.180.196,198,201,202 The themes of symmetry and fine control of co-
ordination chemistry are present throughout the field, though attention should be brought to a cautionary note.
Complexes that feature perfect Dsy, or Dsy symmetry are a physical impossibility in a real crystalline compound
as five-fold symmetry is not possible in a periodic solid, and any complex with five non-identical equatorial

donors cannot be described as having genuine five-fold symmetry. Therefore, QTM is not suppressed by
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symmetry in such complexes, and over-stating point group symmetry can lead to misconceptions.
Improvements in performance (such as improved coercivity or Ty) could otherwise be rationalised through
reduced mixing of states or by maodification of the ligand vibrational modes and their influence within the Raman
regime. It seems useful to target point groups that are achievable which also lead to cancellation of crystal field
terms such as Dy and Dggy."”

Given that a series of structurally similar [Dy(CpR),]* cations have now been reported which represent
a pinnacle in not just Ueg, but in crucial metrics that would define information storage (such as Tgy), it is useful
to try and see if there are magnetostructural trends. Table 3 shows that for most of these complexes, U is
closely correlated with Ty and Tgp, thus it seems likely there is an intrinsic link between structure and
performance in this class of complex though clearly further studies are necessary to tease out any predictive
mode|s_100,186,201

More high-temperature SMMs are required to further our understanding, and several classes of
molecules show excellent potential here. The tunability of carbocyclic systems in both charge and steric profile,
will likely continue to afford innovative new molecular designs. For example, the cyclobutadiene dianion
{C4(R)4}* is an attractive target due to the high charge density which should produce strong crystal fields. It has
proven problematic to install on lanthanides, leading to ligand non-innocence when homoleptic complexes have
been targeted,209210 though heteroleptic molecules such as 39 (Figure 13) could prove useful. Other exciting
avenues include exchanging C-atoms within the ring in order to drastically change the vibrational modes
available in hetero-metalloceniums,?'! or in heteroleptic sandwich complexes.?'? While complexes that feature
a CpR ligand bridging two Ln ions through all five C-atoms have been reported, for example a Gd—Cp*~Sm
linkage in [Gd{OSi(OBu)s}3(K:n°:n%-Cp*)SM{OSi(O'Bu)s}3Sm] (40),2'3 no study yet appears to have measured
Ln---Ln superexchange coupling through CpR rings; however, a study on the {C;H}* trianion showed related
systems can have significant coupling.2'* The use of multiply-charged carbocycles such as {C4R4}?, {CeRe}%,
{C;R7}*- (R = alkyl, aryl, silyl, H, etc)?'S could afford highly-axial complexes where a closed-shell anionic bridging
ligand is on-axis (41, Figure 13) and thus produce large U values in coupled systems. Another attractive
approach is to continue the development of radically-coupled systems. To date, the majority of such Ln-radical
systems have used the {BPh,}~ salts of {Ln(CpR),}* precursors,'%6-158 or were accessed by reduction of 20-Ln
complexes.'52154 There is a problem with this as a near-ideal ligand field exists in the {Ln(CpR),}* precursor and
the radical bridge is orthogonal to the anisotropy axis for the my; = £15/2 ground state in Dy3* and is thus a
detriment. The design of radically-bridged complexes where the bridge is on-axis, (or on the equator as
necessary) as in 42 (Figure 13), could yield complexes where QTM is suppressed and also with U sufficiently
large enough to afford higher Tu/Tg, values. Such advances have previously been alluded to in Dy---Dy
exchange systems which have anisotropy axis coincident with the Dy---Dy vector which leads to rare

ferromagnetic direct exchange and suppression of QTM.148-151
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[anion]4 Ly [anion] or [cation]

1@@; G {2l FoirisT

{Cn Rn}y
42

Figure 13. Proposed schematic complexes 39,41,42, designed to maximize both U and/or exchange
interactions. R = alkyl, aryl, silyl, H, etc. and y is the charge on a bridging carbocyclic ring, e.g. for {CsRs}'-y is
1. The reader is directed to a review in reference 215 by Diaconescu that includes rare-earth carbocycles and

their charge states.

To conclude, after more than 25 years of concerted collaborative effort between theoreticians and
synthetic chemists, the challenge set forth in 1993 to store information at the molecular level is closer to
realization than ever before. Not only can magnetization be retained above 4 K, it can be done for measurable
periods even at the boiling point of liquid nitrogen. The path forward requires new synthetic strategies, and new
models need be devised to explain the current gaps in our knowledge. If an SMM is to ever sit in a commercial
magnetic storage device, we likely need lifetimes of years at acceptable temperatures (ideally above 300 K)
and ways to address individual spins. These challenges will hopefully inspire groups of theoreticians, synthetic

chemists, and physicists to continue the exploration of this fascinating class of molecule for years to come.
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