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Lanthanoid Complexes as Molecular Materials: The Redox Approach

Moya A. Hay,[® Colette Boskovic™

[l Dr. M. A Hay, Dr. C. Boskovic
School of Chemistry, University of Melbourne, Victoria 3010 (Australia)
E-mail: c.boskovic@unimelb.edu.au

Abstract:

The development of molecular materials with novel functionality offers promise for technological
innovation. Switchable molecules that incorporate redox-active components are enticing
candidate compounds due to their potential for electronic manipulation. Lanthanoid metals are
most prevalent in their trivalent state and usually redox-activity in lanthanoid complexes is
restricted to the ligand. The unique electronic and physical properties of lanthanoid ions have
been exploited for various applications, including in magnetic and luminescent materials as well
as in catalysis. Lanthanoid complexes are also promising for applications reliant on switchability,
where the physical properties can be modulated by varying the oxidation state of a coordinated
ligand. Lanthanoid-based redox activity is also possible, encompassing both divalent and
tetravalent metal oxidation states. Thus, utilization of redox-active lanthanoid metals offers an
attractive opportunity to further expand the capabilities of molecular materials. This review
surveys both ligand and lanthanoid centered redox-activity in pre-existing molecular systems,
including tuning of lanthanoid magnetic and photophysical properties by modulating the redox
states of coordinated ligands. Ultimately the combination of redox-activity at both ligands and
metal centers in the same molecule can afford novel electronic structures and physical properties,
including multiconfigurational electronic states and valence tautomerism. Further targeted
exploration of these features is clearly warranted, both to enhance understanding of the
underlying fundamental chemistry, and for the generation of a potentially important new class of

molecular material.
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1. Introduction

Understanding how the fundamental properties of individual molecules arise and can be
manipulated is critical for the development of new functional molecular materials. Molecules that
can switch between distinguishable stable states by application of an external stimulus have
promise in such materials.l! Within molecular inorganic chemistry there are several classes of
compounds that fall into this category. Spin crossover (SCO) materials switch between high-spin
and low-spin electronic configurations of metal ions on exposure to various physical stimuli,
typically accompanied by a substantial change in physical properties that is amenable to chemical
tuning.? Valence tautomeric (VT) compounds interconvert between states through stimulated
intramolecular electron transfer between a redox-active ligand and metal, giving rise to redox
isomers (valence tautomers).! This has been comparatively less well studied than SCO, but
presents the opportunity to broaden the chromic-based applications.[ Materials that exhibit
charge transfer induced spin transitions (CTIST) are similar to VT materials in that both involve
intramolecular electron transfer; however, in CTIST this occurs between two redox-active metals
accompanied by a spin-transition at one of the metals.®! Single-molecule magnets (SMMs) display
slow relaxation of magnetization at low temperature, originating from an energy barrier to spin
reversal between two magnetic states, evident as magnetic hysteresis.[® Similarly to SCO, VT
and CTIST materials, the magnetic response of SMMs can be controlled by various means to
either enhance the properties, or switch the behavior on and off.[l The characteristic electronic
and physical properties of these classes of compounds gives rise to tremendous promise for new
technological applications, for example molecular spintronics,’® memory-based devices,® and
guantum technologies.*® Furthermore, SCO, VT and CTIST molecular materials exhibit distinct
changes in color on moving from one electronic state to another, and so are excellent candidates

for smart functional materials such as sensors,!*!l actuators,® and optical applications.*?

Lanthanoid (Ln) ions are predominantly found in the trivalent state due to the poor stability
of the Ln(Il)/Ln(IV) states. They have been widely employed in chemical, magnetic, optical, and
mechanical applications, including in petroleum refining, catalysis, optical fibers, lasers,
superconductors, imaging contrast agents, and high-performance alloys.!*3 Significant research
is currently underway into the viability of lanthanoid compounds as new drug candidates for the
treatment of neoplastic diseases,* quantum technologies,** and new catalytic processes.*6l The
inherently large magnetic anisotropies of many lanthanoid ions has prompted much interest in
their SMM behavior.[*”1 The luminescence properties of molecular lanthanoid compounds are also

promising, as their emission covers a large spectroscopic range with narrow lines and sometimes
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long associated lifetimes.[*8l Lanthanoid compounds can be exploited in both homogeneous and
heterogeneous Lewis acid catalysis, with their Lewis acidity tuned through the ligand
environment.[*¥l Lanthanoid metals capable of accessing multiple oxidation states (Ce, Sm) have
been widely used as oxidizing and reducing agents, with these same properties exploited in small
molecule activation (e.g. CO,, CS,).?%l The development of multifunctional lanthanoid materials,
where multiple properties of one molecule can be exploited in a concerted or complementary
manner, is of considerable interest to expand their applicability (Figure 1). For example,
luminescence can be used to probe the electronic structure of lanthanoid based SMMs deposited
on a surface.l?Y Photoredox catalysis, where light alters the redox properties of a compound to
drive chemical reactions, can exploit the unparalleled reducing power of lanthanoid photoexcited
states to activate substrates that would otherwise be inaccessible with more conventional

photosensitizers.[?2

Structura/

Optical Magnetic Catalysis Reactivity

Figure 1. Areas of application and important physical properties of redox-active lanthanoid

complexes.

Of the four types of molecular materials outlined above: SCO, VT, CTIST and SMMs,
lanthanoids have only proved relevant for VT and SMM materials, and only VT compounds

intrinsically involve redox-activity. The unique electronic, and resulting magnetic and

This article is protected by copyright. All rights reserved

Author Manuscript



photophysical, properties of lanthanoid ions, as well as their catalytic and photocatalytic
possibilities, imply that valence tautomerism in lanthanoid complexes would offer possibilities for
applications that are not available with complexes of d-block metals. Stimulated intramolecular
electron transfer necessarily requires a lanthanoid metal that can access a less common oxidation
state coordinated to a suitable redox-active ligand. To date, only two, closely-related, ytterbium
complexes have been reported to exhibit thermally-induced VT.[2% The deliberate extension of
this property to other compounds requires consideration of several factors. The lanthanoid ion
and ligands must be suitably ‘redox matched’ to allow for intramolecular electron transfer, which
is associated with similar energies of the relevant frontier orbitals. It is thus important to
understand how to stabilize lanthanoid ions in different redox states, as well as how redox-active
ligands can be used to manipulate the properties of lanthanoid complexes. Other factors such as

lattice stabilization and solvation effects must also be considered.

This review will focus on molecular lanthanoid complexes with accessible redox features
in a broad sense, covering redox-activity involving both lanthanoid metal ions and coordinated
ligands. Specifically, we will address molecular lanthanoid complexes of non-typical (Ln(Il) and
Ln(1V)) oxidation states and the coordination environments in which these have been stabilized.
We will review how the properties of some lanthanoid complexes can be controlled using redox-
active ligands, focussing on magnetic and photophysical properties and the associated possible
applications. Finally, the combination of redox-active ligands and potentially redox-active
lanthanoid metals within the same molecule will be considered, given the promise of such systems

as basis for design of new molecular switches.

2. Fundamentals
2.1. Electronic Structure of Lanthanoid lons

The lanthanoid metals' preference for the Ln(lll) oxidation state, arises from the stability of the
resulting [Xe]4f"! configuration. Consequently, they are very susceptible to oxidation (or
reduction) if isolated in the Ln(ll) (or Ln(IV)) state. The ability of a lanthanoid ion to reach these
unusual oxidation states is related to the possibility of achieving an electronic configuration

involving an empty, half-filled, or completely full f-shell upon oxidation or reduction.

The interesting magnetic and photophysical properties for which lanthanoid metals are

often exploited, arise because the deeply buried valence 4f orbitals are relatively close to the
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nucleus, and are well-shielded by the 5s and 5p electrons. Correspondingly, the effect of the
crystal field (CF) on the 4f orbitals is minimal and ligands bind predominantly through ionic
interactions with steric effects typically determining the coordination geometry of their molecular
complexes. However, in recent years it has become apparent that the role of covalency from the
5d orbitals can play a role in lanthanoid-ligand bonding.?¥ Several interactions determine the
electronic structure of lanthanoid ions (Figure 2). The interelectronic repulsion, spin-orbit coupling
and CF interactions, through the electrostatic field of the ligand, result in splitting of the 2J + 1
degeneracy of the free ion states, to give the M; states.[?® The M, states are then further separated
in the presence of a magnetic field in accordance with the Zeeman interaction. Most lanthanoid
ions possess innately large spin-orbit coupling (SOC) through unquenched orbital angular
momentum. In fact, for lanthanoid ions SOC is a much stronger perturbation on the electronic
structure than CF splitting. It is the CF splitting that determines the magnitude of the magnetic
anisotropy, a prerequisite for SMM behavior. The highly paramagnetic nature of many lanthanoid
ions also contributes to their magnetic applications, even for isotropic Gd(lIl) (4f"), which has been
widely used in applications such as MRI contrast agents and magnetic coolers.??8! In terms of the
photophysical properties, the very weak interaction of the 4f orbitals with the coordination
environment results in narrow luminescence emission lines, which serve as ‘fingerprints’ for the

Ln(lIll) series.?7]
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Figure 2. Perturbations that act on the electronic structure of lanthanoid ions showing
approximate magnitudes. The inset in blue depicts typical luminescence emission lines from an
excited state to the CF split ground multiplet. The inset in green depicts typical pathways of

magnetic relaxation (Orbach and quantum-tunneling; dashed red arrows).

2.2. Photophysical Properties

The photophysical properties of lanthanoid ions result from transitions between the ground state
and thermally-inaccessible excited states.?”] The most commonly studied ions are Eu(lll) and
Tb(lll), which exhibit intense visible line-like emission.[*8 28-291 However near infrared (NIR)
lanthanoid emitters such as Nd(ll1), Er(lll) and Yb(lll) have gained recent interest with the longer
wavelengths presenting some benefits for certain biomedical and telecommunications
applications.[?®l Due to their relative instability, divalent lanthanoid compounds have not been as
well investigated for their emissive properties, with the exception of Eu(ll) and some of the more
stable divalent lanthanoids (Sm, Yb, Tm) within solid-state materials.l*% This poor stability has
inhibited their application despite showing emission in similar spectral ranges to their trivalent

counterparts, but there is merit in the insight they can provide with regards to electronic
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structure.B%! The isolated Ln(IV) molecular species consist almost exclusively of Ce(lV), which is

an f% ion and therefore there are no 4f < 4f transitions that afford emission.!

Lanthanoid(lll) ions show very specific narrow line emission, which is associated with the
metal-centered intra-configurational 4f <> 4f transitions, with the exceptions of the f° (La, Lu), f*
(Ce) and f13 (YDb) ions.[?”- 32 Inter-configurational 4f" « 4f*15d! transitions can also occur, but for
most Ln(lll) ions the emissions are in the vacuum UV range, and so are not of interest for materials
applications. The notable exception is Ce(lll), for which the f-15d! states lie lower in energy due
to the stability of the Ce(IV) state, and so is emissive in the UV range.?? For the divalent lanthanoid
ions, although the 4f" levels will resemble that of its right-hand neighbor in the Ln(lll) state (e.g.
Eu(lll) and Sm(ll)), the 4f*15d! states in the divalent case lie lower in energy.E%! Consequently,
the metal centered 4f" « 4f"15d! transitions of Ln(ll) ions are typically found within the UV-Vis-
NIR range.[%! The associated transitions are much broader in appearance due to the increased
orbital overlap of the 5d orbitals with the ligand field.

The metal-centered emissions arising from 4f <> 4f and 4f" < 4f15d* transitions are very
different. Despite the well-defined character of the 4f <> 4f transitions due to well-shielded 4f
orbitals, the absorptivity of the 4f <> 4f transitions is small due to their Laporte (parity) forbidden
nature. Although these rules can be somewhat relaxed through molecular distortions or low-
symmetry ligand environments that allow mixing of the wave-functions of the 4f and 5d orbitals,
sensitization of the emission with ligands with large photon absorption is necessary (Figure 3).?%
321 This sensitization occurs in a three-step process known as the antenna effect.*? Firstly, the
lowest-lying singlet excited state (S) of the sensitizer is populated. Intersystem crossing (ISC) can
then occur to its triplet state (T), followed by energy transfer to the lanthanoid center. Therefore,
the ligand must have excited states of the appropriate energy to allow for transfer to the
lanthanoid. If the energy gap is too low (< 1850 cm™) back energy transfer can occur, limiting the
overall quantum yield.[?”-281 Another issue is population of various non-radiative charge transfer
excited states, such as ligand to metal (LMCT) or ligand to ligand (LLCT) charge transfer states.[?”]
Therefore, overall efficiency of the sensitized emissions because of the absorption is dependent
on intersystem crossing and energy transfer efficiency, as well as the intrinsic metal-centered
quantum yield.l?8 The divalent lanthanoids exhibit both Laporte allowed 4f" «» 4f*15d?! transitions
and 4f" < 4f" transitions, the former of which are more intense due to their increased

probability.[%! Unlike the 4f orbitals, the 5d orbitals strongly interact with the local ligand field,

This article is protected by copyright. All rights reserved

Author Manuscript



hence changes in the ligand scaffold can influence the energy of the 4f*5d! states and

accordingly the energetic positions of the 4" «» 4f™15d! transitions.[302 ]

Energy

So— 0
Th(ll) Eu(ll)

Figure 3. The antenna effect for sensitizing the luminescence of Ln(lll) (Ln = Th, Eu). The lowest-
lying singlet excited state (S) of the sensitizer is populated (black arrow), intersystem crossing
(ISC) can then occur to the triplet state (T) (green arrow). Where the energy gap between the
sensitizer T state and the closest (lower lying) state of the Ln is small, back transfer (BT) can
occur (red arrow) and where the energy gap is larger the energy transfer (ET) is complete (blue

arrow).

2.3. Magnetic Properties

The magnetic properties of lanthanoid(lll) complexes have been well studied in the field of
molecular magnetism, but much less so those of the less common lanthanoid(ll) ions. Tetravalent
lanthanoid complexes predominantly consist of Ce(lV) with an f° configuration, which is
diamagnetic and of limited magnetic interest. The substantial single-ion anisotropy associated
with many lanthanoid ions, in combination with the large magnetic moments associated with the
stabilization of high + M; states, are key factors that make Ln-SMMs preeminent in the field.[381 A
requirement for SMM behavior is the existence of a magnetic doublet ground state, which must
be well separated from relevant higher lying states such that a thermal energy barrier needs to

be overcome for the spins to relax.'’d As breaking of the degeneracy of the = M; states is
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forbidden for Kramers ions such as Dy(lll) in zero applied field, these are widely employed in the
design of new SMMs.[?4 However, for non-Kramers ions such as Tb(lll), imposition of a specific
CF symmetry is necessary to give rise to a ground doublet. The type of CF required is dependent
on the shape of the f-electron charge cloud (electron density) of the free ion, which arises from
the strong angular dependence of the f-orbitals.l*”® The divalent lanthanoid ions also exhibit
significant magnetic anisotropy, however these have not been not very well explored as SMMs
because of their relative instability.[* A recent ab initio study by Ungur and Chibotaru assessed
the potential for divalent lanthanoids to show SMM behavior, remarking that lanthanoid(ll)
compounds possess the potential for blocking the magnetization at equally high temperatures, or
even exceeding those of top performing lanthanoid(lll) SMMs.[3¢l Research into Ln-SMMs based

on divalent lanthanoid ions therefore presents a new avenue for exploration.

Although the ideal pathway for magnetic relaxation is thermally activated excitation
followed by relaxation to either of the ground state spin orientations, there are additional pathways
which often contribute to the relaxation of SMMs, particularly in the ultra-low temperature regime.
These pathways include three types of phonon assisted (spin-lattice) pathways — single phonon
direct, two phonon Orbach and Raman processes — as well as quantum tunneling of
magnetization (QTM) (Figure 4). As the different processes have different dependencies, within
different applied field and temperature ranges, their relative contributions vary fro different
SMMs,[6b. 37]

Orbach
(@) =/
A

Virtual

Raman

[ =% = |
Direct
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Figure 4. a) Simple schematic of phonon relaxation mechanisms that can contribute to the
relaxation of magnetization in Ln-SMMs; b) Magnetization hysteresis of a high-performance Ln
SMM [(CpP5)Dy(Cp»)]* (Cp'Pr® = penta-iso-propylcyclopentadienyl; Cp* =
pentamethylcyclopentadienyl) with hysteresis observed up to 80 K. Figure 4b adapted with
permission.B4 Copyright (2018) Science.
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2.4. Redox Properties

The ionization energies are correlated to the stability of the available lanthanoid redox states (lI,
11, 1V).28 For example, the third ionization energy (I3) is high for Eu and Yb as this corresponds
to loss of an electron from a half-shell and full-shell configuration, respectively. Similarly, the fourth
ionization energy (l4) is low for Ce. The cumulative ionization energies I (. + I + I3 + 14) reflect
these trends (Figure 5).[38 However, this does not account for the breadth of redox behavior
observed across the series, for example molecular compounds of all divalent lanthanoids have
now been reported despite lower |5 values.*¥ Appreciation of the thermodynamic considerations

is required to better understand the redox properties.
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Figure 5. Sum of first four ionization potentials in kJ mol™ where lower values suggest

stabilization of the Ln(IV) state and higher values the stabilization of the Ln(ll) state.38a

The characterization of thermodynamically stabilized divalent and tetravalent lanthanoid
ions in solid-state materials has assisted with progress in overcoming the synthetic challenges
associated with isolating these ions in molecular complexes, providing initial experimental data
on these ions as well as information on stabilization in the solid-state. Thermodynamic
stabilization in the solid-state has been particularly well reviewed in the context of the lanthanoid
halides LnX, (X = halide; y = 2, 3, or 4).1*0 For simplicity, free energies will be approximated to
enthalpies within this discussion, as is often encountered in relevant texts. The enthalpies of
formation of LnXy are largely accounted for by the lattice energy (exothermic contribution) and the

sum of the first four ionization energies I; (endothermic contribution).38 Smaller effects such as
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the enthalpy of sublimation also contribute and can have substantial influence over the
stabilization of ‘non-traditional’ LnX; or LnX4 solids, particularly for Dy.[2 41 If only the enthalpies
of formation are considered, formation of LnX, solids is unanimously favorable (exothermic).l4% bl
However, di- and tetravalent lanthanoid ions are susceptible to decomposition reactions (LnXa4)
and disproportionation (LnXz) leading to LnXs.*%! For example, despite being next to one another
in the periodic table, Ce forms both CeFs; and CeF4, however La only forms LaFs. Based on the
enthalpy of formation, it should also be possible to obtain LaF4 [ However, the decomposition
of LaF,4 to LaFs is thermodynamically favorable as the sum of the enthalpies of formation of the
products is much smaller than that of the reactants on both enthalpy and entropy grounds (with
the production of fluorine gas). The enthalpies of formation for CeFs and CeFs are much more
similar ZAH; (products) ~ ZAH (reactants)), and the decomposition of CeF, is unfavorable at
ambient temperatures.[38. 40 Stability of the dihalides are governed in a similar way with
decomposition via disproportionation, which is exothermic unless the ratio of the enthalpies of
formation for LnX3 versus LnX; is small (< 1.5).32.40°I The disproportionation pathway is more likely
to be endothermic and therefore stabilize the Ln(ll) state when I3 is high (Figure 5), which is most
likely for Eu, Sm and Yb.[*%®l Based on this criterion the halide most likely to stabilize many Ln(ll)
ions (Ln = Pr, Nd, Pm, Sm, Eu, Dy, Ho, Er, Tm, Yb) is the iodide ion, which will reduce the lattice
energy of both tri- and divalent species and so the difference between these will become less
significant, favoring the divalent ion, which is indeed reflected in the reported solid state
structures.“°. 42 This trend is also evident in the stabilization of the divalent state in molecular

compounds, with the isolation of the first Ln(ll) (Nd, Dy, and Tm) all involving iodide ligands.*!

The aqueous chemistry of the lanthanoid metals is dominated by the Ln(lll) state, with the
Ln(lll) — Ln(0) (aq) reduction potentials negative and Ln(ll) and Ln(IV) ions readily oxidized and
reduced, respectively, with processes 1 and 2 shown in Figure 6 thermodynamically favored.[38
4l There are some exceptions where kinetic stability is sufficient that decomposition or
disproportionation to Ln(lll) is slow enough to observe more unusual oxidation states, in particular
for Ce(lV) and Eu(ll).! The redox stabilities can be considered based on the enthalpies of
oxidation (for Ln(ll)) and reduction (Ln(lIl)), which are related to the enthalpies of hydration and
Is. The enthalpies of hydration are impacted most significantly by the size of the ions, so show a
smooth increase as the ions become smaller with increasing atomic number, and their attraction
for water molecules increases, with difference between hydration enthalpies of different oxidation
states less as the size of the ion increases.®? 4% The most significant contribution is the I3, with

a high value associated with a more positive enthalpy.
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Ln?* (g) » Ln* ()

— AH(hyd) H*(g) » H(g) AH(hyd)
AH(hyd) AH¢ (H.9)
Ln#(aq) + H*(aq) — "/;H,(g) + Ln**(aq)
Process 1

A
Ln* (g) Ln®* (g)

~ AH(hyd) Hig) —"_, H*(g) AH(hyd)
AHpP (H,g)l AH(hvd)l
Ln**(aq) + '/,H,(g) — H*(aq) + Ln**(aq)

Process 2

Figure 6. Thermochemical cycles for the stability of divalent process 1 (top) and tetravalent

process 2 (bottom) aqua ions E°(Ln"—Ln") and E°(Ln"V—Ln").[74]

The trends in the redox potentials for the Ln(lll) + e~ — Ln(ll) reduction process and the
Ln(IV) + e~ — Ln(lll) oxidation process reflect the general stability of the ions (Figure 7).32 38 Ag
I relates to the change in enthalpy for the process a relationship with AG (= —nFE where AG =
Gibbs free energy, n = number of moles of electrons, F = Faraday constant, E = redox potential)
is expected.3? Experimental data for the Ln(IV)/Ln(lll) and Ln(lll)/Ln(ll) reduction potentials is
limited, and so is often estimated based on Gibbs free energies of formation for the aqua ions,
and spectroscopic measurements.*8 However, for the most part Ln(lll) ions are essentially

redox-inactive under most conditions.
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Figure 7. Standard reduction potentials for redox couples Ln®* — Ln?* and Ln* — Ln%* (E vs.

NHE) as calculated based on free energies of formation AG{ (Ln?*, Ln3*, Ln**; aq).[38

In non-aqueous solvents, the range of accessible redox states of lanthanoid metals is
much wider although observation is still often restricted to the metals which are most stable in the
di- and tetravalent oxidation states.[*52 b. 461 Polar aprotic solvents can allow for the observation of
metal-ligand interactions which would normally be hindered in aqueous conditions due to several
factors (ligand protonation equilibria, Ln(lll) hydrolysis, hydration of the cations). As the
coordination of a ligand and a metal ion in solution occurs in competition with the solvation of the
individual components (with highest competition for the cation), solvent binding strength of the
lanthanoid plays an obvious role in the thermodynamics of ligand coordination in non-aqueous
solvents, and thus the stabilities of the complexes.*>d Kimura et al. found that the size of the free
energy of transfer of the ions from water to a non-agueous solvent followed the solvent donor
number (DMSO > DMF = H,O > methanol > ethanol ~ acetone > acetonitrile ~ THF).[*52 471 The
solvation of the metal ion also depends on both electrostatic and steric factors including the ionic
radius, the nature of the solvent, and molecular volume.*53 The ligand environment influences the
energy differences between the highest occupied and lowest unoccupied molecular orbitals
(HOMO and LUMO, respectively), with the associated energy gap concurrently affecting the redox

potentials. Factors that are considered with regards to ligand stabilization include the saturation
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of the coordination sphere, type of donor atoms, and steric influence of the scaffold.*5d Albrecht-
Schmitt et al. compared the electrochemical behavior of a series of 222-cryptand complexes of
Sm, Eu, and Yb under non-aqueous conditions (0.1 M NPrsBArf,, THF).[*8l The ease of
Ln(l1)/Ln(ll) reduction follows the expected stabilities based on the standard redox potentials (Eu
> Yb > Sm), with all showing quasi-reversible behavior. The Sm analogue exhibited the least
reversibility, suggesting that despite the stabilization of Sm(ll) by the ligand, the divalent state in
this case is still relatively unstable. The cyclic voltammogram for the Yb analogue showed greater
reversibility, which was attributed to solvent dynamics. The Yb analogue has a higher charge
density and so is more likely to be stabilized by the cryptand in relatively non-polar solvent such
as THF, compared to Eu and Sm. Modulation of the ligand field in a series of Eu and Yb cryptand
complexes was also recently reported, investigating whether the ligand effects observed originally
for the Eu series were translatable to other divalent lanthanoid ions.*! Coordination induced
differences in the electrochemical properties between the small Yb(ll) and mid-sized Eu(ll) ions
were observed when a series of four cryptand scaffolds were altered to induce variations in
electronic and steric character.*? Similar trends in the redox potentials (0.1 M EtsN(CIO4) in N,N-
dimethylformamide (DMF)) were observed for both ions across the ligand series (nitrogenous
donors stabilizing the Ln(ll) state) with Yb(ll) cryptates having more negative potentials for the
Ln(lIH/Ln(ll) couple in-line with the standard reduction potentials. Schelter et al. investigated the
modulation of the coordination environment in a series of cerium(lV) tetrakis(pyridyl-nitroxide)
compounds along with their Ce(ll) counterparts with varying ligand field strengths used to assess
the tuning of the reduction potentials in non-agueous conditions (0.1 M ["PrsN][BArF,] in
THF/MeCN (1:4) solution).5 The complexes of general formula [Ce'"(u-(R-2-ON'Bu)py))(R-2-
(ONBu)py)2]2 (1) and [CeVY(R-2-(ON'BuU)py)4] (2) where R = 5-CF3, 5-Me, 3-OMe, 5-para-NMey,
and 4-meta-NMe; were synthesized to investigate the effect of electron-withdrawing and electron-
donating substituents, with solution electrochemistry experiments indicating a shift in the potential
of the Ce(IV)/Ce(lll) couple of ~ 500 mV with —1.46 V for CF; and —1.94 V for m-NMe; substituted

ligands (Figure 8), and corroborated by extensive density functional theory (DFT) investigations.
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Figure 8. Structure of 2-CF3; and 2-mNMej; (left) and cyclic voltammograms (0.1 M [nPr4N][BArF4]
in THF/MeCN (1:4)) of the isolated Ce(IV)/(lll) reduction features in the full series of 2-R
complexes (right).% Color scheme: lanthanoid (pink), carbon (dark gray), fluorine (mint green),
nitrogen (blue), oxygen (red), cerium (purple). Hydrogen atoms have been omitted for clarity.

Cyclic voltammograms adapted with permission.5% Copyright (2015) American Chemical Society.

Table 1. Compounds discussed in this review with the lanthanoid oxidation state, innocent (redox-
inactive) ligand and redox-active ligand provided where applicable.

Formula 25! Oxd. State Innocent Ligand® Redox-active ligand“ Ref.
1 [Ce(u-(R-2-("BUNO)py))(R-2- 11l R-2-('BUNO)py - 50

(BUNO)py)2lz
2 [Ce(R-2-(BUNO)py).] v R-2-(BuNO)py - 50
3 [EU"(N(Si(CHs)3)2)2(DME);] I N(Si(CHa)s)2 - 56a
4 [EU"(N(Si(CHs)s)2)2(bpy)] I N(Si(CHz)s)2 - S6a
5 [Ln"(N(Si(CH3)3)2)2(DMPE)1 5] Il N(Si(CHa)s)2 - 54a
6 [LnI,LPY(THF)] I LPn - 57
7 [LNLLSY(THF)] I LSy - 57
8 [YB(NsLcrypy)] 1l NsLcrypt - 49
9 [Yb(MeeNsLeryp)] I MesNaLorypt - 49
10 [YB(O4N2Leryp)] 1l O4NaLerypt - 49
11 [Yb(PhO4N,Lcrypi)] 1l PhONsLcrypt - 49
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12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40
41
42
43
44
45
46

47

48
49
50
51
52
53
54

[Ln(MeaN4L)(THF),]
[Eu(DOTA-4AMC)]
[Ln(TPA)I;]

[Ln(TPA)]I>

[Eu(BPA),]
[Yb(BPA)I(CHsCN)],
[Tm(u-OTf)z(dme)z]n
[Tml;(18-c-6)]
[Nd(OTf)z(crypt)]
[K(18-crown-6)(OEt,)][LaCp”3]
[K(2.2.2-cryptand)][LaCp"3]

[K (18-crown-6)(OEt,)][LnCp’3]
[K(2.2.2-cryptand)][LnCp'5]
[EuCl(aza-2.2.2-crypt)]
[Ce(salophen),]
[Ce(5,5'-(OMe),-salen),]
[Ce(5,5'-(Br).-salen),]
[Cex(O'Bu)g]
[Ce(O'Bu)AN(SiMes).},]
[Ce(MBP),(THF),Li(THF),]
[Ce(MBP),(THF),]
[Ce(MBP)x(bpy)Li(THF),]
[Ce(MBP)2(bpy)]]
[Cex(pTPR)(THF)J]

[K(THF)A][ Ce2(pTPR)(THF)4K]
[Ce(NO3)(O'Bu)s(THF).]
[{O(OSiPh,),}].[Ce(O'Bu).]
[{KO'Bu(DME)KO(OSiPh,),}.][Ce{KO
(OSiPho)}].

[Ce(OSi(O'Bu)s)4]
Ce(OSi(0'Bu)3)4(THF)]
[M3(THF),][Ce(BINOLate)s]
[Lis(THF)s][Ce(BINOLate)sCl]
[Ce(NP(pip)s)a]
[Ce(NP(pip)s)(Et20)K]
[Tb(NP(1,2-bis-Bu-
diamidoethane)(NEt,)),]
[Tb(NP(1,2-bis-Bu-
diamidoethane)(NEt,))4(Et,O)K]
[Tb(OSi(O'Bu)s)4K]
[Tb(OSi(O'Bu)s)4]
[Tb(OSiPhs)4(MeCN),]
[Tb(OSiPh3)4(THF)K]
[Pr(OSiPhs)4(MeCN),]
[Pr(OSiPhs)4(THF)K]
[NdIs(**ig°),]
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Me,N,4L
DOTA-4AmC
TPA

TPA

BPA

BPA

OTf

18-crown-6
Aza-2.2.2-cryptand
Cp”

Cp”

Cp’

Cp’
aza-2.2.2-cryptand
salophen
5,5'-(OMe),-salen
5,5'-(Br),-salen
O'Bu

O'Bu/ N(SiMe3),
MBP

MBP

MBP

MBP

pTPR

pTPR

O'Bu

OSiPh,

OSiPh;

OSi(O'Bu)s
0Si(O'Bu)s
BINOLate
BINOLate
NP(pip)s
NP(pip)s
NP(1,2-bis-'Bu-
diamidoethane)
NP(1,2-bis-'Bu-
diamidoethane)
(OSi(O'Bu)s)
(OSi(O'Bu)s)
OSiPh;

OSiPh;

OSiPh;

OSiPh;

|

dippiq

60a
60i
61
61
61
61
68a
35¢c
68b
70b
70b
74a, 75
7la
59a
86
86
86
88
88
89
89
89
89
90
90
90
91

91

92
92
96a
96a
99
99
97a

97a

82b
82b
100
100
82a
82a
105a
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55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

[Nd(*PPisq)ol(THF)]
[K(18-crown-6)][Nd(“PPap),(THF).]
[Eu(FOD)s3(Lrere)]

[Th(NOs)Lphen]

[YB(NOs)Lphen]

[Eu(tta)s(Ly)]

[Sm(tta)s(L,)]

[Eu(tta)s(Lz)]

[Tb(Pc).]

[TBA][Tb(Ly)2]

[TBA][Tb(L.).]

[TBA][Tb(Ls)2]
(R)/(S)-[Dy(Pc(OBNP),)(TCIPP)H]
(R)/(S)- [Dy[(Pc(OBNP),)(TCIPP)]
[K(18-crown-

6)(THF)2][(THN(SiMes),)o( THF))2(u- -

N2™)]

[(Ln(Cp*)2)2(geind)]™
[(Ln(Cp*)2)2(u-ind)]™
[Dy,(tmhd)s(bptz)]
[CoCp.]'[Dy2(tmhd)s(bptz*)]
[(Ln(HB(pz)s)2)(u-tetraoxolene)]
[CoCpa][(Dy(HB(pz)s)2)2(1-CA™)]
[CoCp2][(Th(HB(pz)z)2)2(u-CA™)]
[CoCp2][(GA(HB(pz)s)2)2(1-CA™)]
[(Dy(HB(pz)3)2)2(1-CA)]
[(Th(HB(pz)s)2)2(1-CA)]
[(GA(HB(pz)3)2)2(1-CA)]
[(Dy(HB(pz)3)2)2(1-CA)]
[CoCp2][(Dy(HB(p2)s)2)2(1-BA™)]
[Dy(hfac)s(L)].
[Dy(tta)s(L)]-1.41CH,Cl,
[Yb(tta)s(L)]-2CH.Cl,
[Yba(hfac)s(H:zLsq)]-0.5CH,Cl;
[Ybz(hfac)s(Lo)]
[Yb"(MesCs)2(bpy*)]
[YbCp*,(4-Me-bpy)]
[YbCp*2(5-Me-bpy)]
[YbCp*,(6-Me-bpy)]
[YbCp*,(4,4'-Me,-bpy)]
[YbCp*2(5,5'-Me,-bpy)]
[YbCp*(6,6'-Me,-bpy)]
[Yb(n®-CsH7)2(IPYO)]
[YbCp*,(A-IPy)*]
[YbCp*»(B-1Py)]
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1]
1
1
1]
1
1
1
1]
1
1
1
1]
1
1
1]
1
1]
1
1
1
1/
1
1/
1
1/
l
1
1l

IITHF
THF
FOD
Lphen
Lonen
tta
tta
tta

TCIPP
TCIPP
N(SiMe3),

Cp*
Cp*
tmhd
tmhd
HB(pz)s
HB(pz)s
HB(pz)s
HB(pz)s
HB(pz)s
HB(pz)s
HB(pz)s
HB(pz)s
HB(pz)s
hfac

tta

tta

hfac
hfac
Cp’

Cp’

Cp’

Cp’

Cp’

Cp’

Cp’
n>-CoHz2
Cp’

Cp’

dippigy
dpgp

Lrerp

Lphen

Lpnen

L: (TPA-bpy)

L, (TPA-bpy)

L. (TPA-xy-bpy)
Pc

L1

L2

Ls

Pc(OBNP),]
Pc(OBNP),]

N

wp-ind

p-ind

bptz

bptz
p-tetraoxolene
1CA*
1-CA*
H#-CA*

#-CA

#-CA

#-CA

#-BA

H-BA*

Lrre

Lrre

Lrre

Halsg

Lo

bpy
4-Me-bpy
5-Me-bpy
6-Me-bpy
4,4'-Me,-bpy
5,5-Me-bpy
6,6'-Me,-bpy
IPy°

H-IPy
C4HsO-IPy

105a
105a
107
109a
109a
30d
30d
30d
110
114
114
114
117
117
120

122
122
125
125
126
126
127
127
127
127
127
128
128
131
131
131
132
132
135
133c
133c
133c
133c
133c
133c
139
138
138
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98 [YbCp*2(C-IPy)?] 1l Ccp’ C4HsS-IPy 138

99  [YbCp*y(D-IPy)] i cp’ CsHs-IPy 138

100 [Yb(dpp-BIAN)(u-Br)(DME)], I (278 K) 11 (368  Cl/dme dpp-BIAN 23a
K)

101 [Yb(dpp-BIAN)(u-Cl)(DME)]; AN (< 150 K) Clidme dpp-BIAN 23b
/1 (> 150 K)

102  [Eu(dpp-BIAN)(p-Cl)(DME)], 1] Cl/dme dpp-BIAN 140a

103  [Eu(dpp-BIAN)(u-Br)(DME)], 1l Br/dme dpp-BIAN 140a

104  [Eu(dpp-BIAN%)(dme),] 1l dme dpp-BIAN 140b

105  [Yb(dpp-BIANZ)(dme),] I dme dpp-BIAN 140b

106  [Eu(dpp-BIAN %) (bpy).] I dpp-BIAN/bpy 140b

107  [Yb"(dpp-BIANZ)(bpy*)(bpy)] n dpp-BIAN/bpy 140b

[a] Ligand definitions can be found in main text. [b] Where Ln has been denoted, the associated
lanthanoid metals are indicated in the main text. [c] Chemical drawings of the ancillary ligands
can be found in Schemes 1 and 2. [d] Chemical drawings of the redox-active ligands can be found

in Schemes 3 and 4.

3. Lanthanoid Complexes with Unusual Lanthanoid Oxidation States
3.1. Lanthanoid(ll) Complexes

Isolated molecular complexes involving divalent lanthanoid ions are comparatively more
accessible than those involving the tetravalent oxidation state, with all the divalent lanthanoids
now reported in molecular compounds, except for radioactive promethium.5 Although the
existence of Ln(ll) in solid state materials had been known for many years, it has taken much
longer for molecular Ln(ll) species to be isolated. The more accessible Ln(ll) ions (Eu, Sm, and
Yb) have been reasonably well explored in molecular species, and continue to gain attention for
applications as reduction reagents, catalysts, and for small molecule activation.?%® 52 Among the
first Ln(ll) complexes to be reported were those featuring the bulky cyclopentadienyl (Cp) and

cyclooctatetraene (COT) ligands,®® phosphane, ¥ selenolate,®! and silylamide ligands (
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Scheme 1).581 For example, bis(trimethylsilyl)amine ((CHs)sSi)o.N)~ was used to prepare six-
coordinate [Eu"(N(Si(CHs)s)2)2(DME);] (3) (DME = 1,2-dimethoxyethane) and four-coordinate
[EU"(N(Si(CHs)3)2)2(bpy)] (4) (bpy = 2,2-bipyridine).l5%a Similar species were then used as
precursors to obtain the phosphine complexes of Yb(ll) and Eu(ll) in which a silylamide ligand,
and a coordinated diethyl ether in the case of Yb, was displaced by 1,2-
bis(dimethylphophanyl)ethane (DMPE) giving [Ln"(N(Si(CHs)s)2)2(DMPE)] (5).554a More recently
Nocton and co-workers have studied the coordination of Yb and Sm with iminophosphorane
ligands.'®9  Two related ligands were investigated: LP" and L% (L =
bis(methyliminophosphoranyl)pyridine, where Ph and Cy denote triphenyl and tricyclohexyl
substitution at the phosphorus position, respectively) resulting in the formation of [Lnl,LPP(THF)]
(6) and [Lnl.L®Y(THF)] (7).5"1 Reaction of the Yb analogues with benzophenone resulted in the
displacement of the coordinated THF and one-electron reduction of the ketone, with the stability
of the resulting ketyl radical found to be dependent on the steric demand of the ligand. Cryptand
complexes of the traditional divalent lanthanoids were some of the first to be investigated, with
the benefit of encapsulation aiding in the stabilization of Ln(ll) state and facilitating studies of
luminescent properties through prevention of quenching by deterring inner sphere solvent
coordination.8 A recent spectroscopic and electrochemical investigation of Eu(ll) and Yb(ll)
complexes ([Yb(NsLcrypi)] (8), [Yb(MesNsLcrypt)] (9), [YB(OsN2Lerypt)] (10), and [Yb(PhO4N2Lerypi)] (11)
(Scheme 1)) probed the impact on the redox properties of systematic variation of the electronic
and steric properties of cryptand ligands.*?! Although the Eu(ll) analogues were previously
reported,58 ¢ 59 these had not yet been investigated for Yb. Overall, similar trends in the order of
redox potentials for the Yb series and the Eu series were observed, with the processes for the
Yb(Il) complexes exhibiting more negative potentials than the Eu(ll). The study revealed that

nitrogenous donors gave rise to bathochromic shifts resulting in visible light absorption. !
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Scheme 1. Ligands and proligands for divalent lanthanoid ions discussed in this review.
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Other macrocycles such as the crown-ethers and polyethylene glycols have also been
utilized.!®? For example, White and co-workers synthesized Sm(ll), Eu(ll), and Yb(ll) complexes
of doubly deprotonated trans-N,N’-dimethyl-meso-octaethylporphyrinogen (Me2N4L) as
tetrahydrofuran adducts [Ln(Me2N4L)(THF),] (12) (x = 2 for Sm and Eu, x = 1 for Yb).[6% |n contrast
to the Eu and Yb analogues, only the Sm adduct was found to oxidize when reacted with ‘Bu-DAB
(= 4-di-t-butyl-1,4-diazabuta-1,3-diene), emphasizing the effects of the metal size and reduction

potential on the reactivity. Allen and co-workers reported the facile conversion of a Eu(lll) center
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to Eu(ll) in a tetraglycinate complex [Eu(DOTA-4AmC)] (13) (DOTA-4AmC = 1,4,7,10-
tetraazacyclododecanel,4,7,10-tetrakis(acetamidoacetate)).% ~ Mazzanti and co-workers
investigated several tripodal N-donor and mixed N,O-donor ligands to isolate Sm, Eu, and Yb
complexes with the aim of investigating the stability of the di- and trivalent oxidation states on
varying the electron richness of the ligand.61 For the investigation three similar tetradentate
ligands — Ns-donor (TPA), N3O-donor (BPA) and N>O> (MPA) — were selected with associated
charges varying from neutral (TPA) to dianionic (MPA). The TPA ligand was found to be most
successful in stabilizing the Ln(Il) compounds forming isolated complexes [Ln(TPA)I2] (14) (Ln =
Eu, Yb) and [Ln(TPA)2]l> (15) (Ln = Sm, Eu, Yb). The dianionic ligand MPA was only able to
stabilize a Eu(ll) intermediate, observed by NMR. The BPA ligand is intermediate in terms of
stabilizing an isolated Ln(ll) species, forming complexes [Eu(BPA)] (16) and [Yb(BPA)I(CHsCN)]>
(17), with the single phenol group reducing the stability of the Yb(Il) complex. Cyclic voltammetry
performed on the bis-ligand compounds of Eu and Yb showed that the metal centered reduction
occurs at significantly lower potentials for the BPA compounds, with the added electron-richness
yielding much more reductive Ln(ll) species, hence preferring the trivalent state. This was also
demonstrated through reduction of CS; using the intermediate BPA complexes.61 Research into
the stabilization of the more accessible divalent lanthanoids using various ligands has continued
to grow over the years with systems such as formamidinates,®2¢ 62 siloxides, % pyrazolates, (4

phenolates, 33 65 and various others.[6¢]

Before the isolation and crystallographic characterization of divalent Tm, Dy and Nd in
their solvated diiodo form [Lnlx(solv)s] (solv = DME, THF), it was believed that molecular
complexes of these ions would result in the decomposition of any solvent due to their reactivity.“3
671 Since then, harnessing the coordinative control necessary to isolate divalent ions of Tm, Dy,
Nd has presented a synthetic challenge. Divalent ions of these three metals have now been
reported, mainly as cyclopentadienyl derivatives, and the majority involving thulium.[35¢. 560 681 A
few notable recent examples include a divalent thulium complex [Tm(u-OTf).(dme).]. (18) on
which the first molecular Tm(ll) luminescent measurements were reported.®8a The luminescent
measurements in corroboration with extensive EPR studies were used to unambiguously define
the nature of the electronic ground state.l68 Soon after, Tm(ll) in the crown ether complex

[Tml2(18-crown-6)] (19) was found to display field induced slow relaxation of magnetization. 35l
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Very recently the isolation of a Nd(ll) in a cryptand complex was reported [Nd(OTf)2(crypt)] (20),

isolated via the chemical reduction of the Nd(ll) cryptand precursor.680]

All six divalent lanthanoid ions discussed so far — Nd, Sm, Eu, Dy, Tm, Yb — share a
common [Xe]4f"*15d°%6s® configuration. With regards to the rest of the lanthanoids, four are known
to form diiodide salts (La, Ce, Pr, Gd) which in the solid state show evidence of occupation of the
5d orbitals, such that their configuration is [Xe]4f"5d16s°.140¢. 42. 691 This ‘configuration crossover’
was found to persist in molecular species of La and Ce.["™ This prompted a race towards
accessing the rest of the divalent lanthanoids (Tb, Ho, Er, Lu) in molecular compounds, which
were later found to have a similar configuration crossover with occupation of the 5d orbital.[5 71
Therefore, the stabilization of these harder to achieve divalent lanthanoid ions was attributed to

lowering the energy of a d-orbital, allowing d-electron participation in metal to ligand bonding.["2

Lappert and Evans were at the forefront of Ln(ll) chemistry with their pioneering work on
Ln cyclopentadienyl (Cp) ligand systems. With the aim of isolating the complexes in the divalent
oxidation state, Lappert and co-workers investigated the Cp”sLn (Cp” = CsMes(SiMes)z-1,3)
system.[”l Ultimately, this resulted in a crystal structure of an isolated La(ll) molecular complex
[KR][LaCp”s] where (21 = R = (18-crown-6)(OEty); 22 = R = (2.2.2-cryptand))."® Based on La(ll)-
Cp” centroid distances in these complexes, which were slightly longer than for the La(lll)
analogue, and in contrast to the previous Ln(lll) and 4f"! Ln(Il) complexes, it was proposed that
La(ll) possesses a 5d* (rather than a 4f) configuration. This is in agreement with EPR, magnetic
susceptibility and DFT studies.[’®! Evans and co-workers expanded on this by testing the
dinitrogen reduction of multiple CpsLa complexes with various substituents on the Cp rings,
suggesting some ligands (those that don’t reduce N.) are better for isolating Ln(ll) complexes.["
This then led to the isolation of the related [K(18-crown-6)][LNnCp’s] (23) analogues where Ln =Y,
Ho, Er and Cp’ = (CsH4SiMes).[7#2 751 Similarly to [LaCp”3], it was found through DFT studies that
the LUMO of the LnCp’s precursor and HOMO of [LnCp's]” products (Ln =Y, Ho, Er) are dz?
orbitals, with the UV-Visible spectra of Ho and Er analogues very similar to the 4d! Y(Il)
complex.[’#a 751 Hence the electronic structure was concluded to be the non-traditional 4f"5d*
configurations. This is rationalized on the basis of the crystal field created by the cyclopentadienyl
ligands lowering the d? orbital so that it can be populated competitively with the 4f orbitals.l’8! The
series was then expanded through use of a different counter cation [K(2.2.2-cryptand)] (24), to
give complexes of Pr, Gd, Th and Lu, all of which agreed with the 4f"5d* configurations (Figure

9).[a Eventually complexes of this form were synthesized across the lanthanoid series to
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compare the configurations and spectroscopic properties. All but Sm, Eu, Tm and Yb were found
to have 4f"5d? configurations, which is evident from analysis of the promotion energies between
the 41 to 4f"5d* configurations (Figure 9).[7#. 771 This is a particularly important observation, as
given that previous reports had suggested 4f" configurations, it appears that the electronic ground
state of Dy(Il) and Nd(ll) could depend on the coordination environment.[’7-78l

uyp*"Eu
3x10* 4 ﬁﬂ
u Tm = Sm
-IE 210 . = Ho Configuration Crossover
G o acDy
- »
> = Pr
o 1x10¢ «Th
e 4f5d'
w s Ce
0
= Gd
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0 0.04 0.08 0.12 0.16
ALn-Cp'(Cnt.) of [LnCp",] vs. [LnCp",] / A
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4x10°
LEJ 3x10°
=

2x10°

1x10° \\/\

600
Wavelength / nm
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Figure 9. Left: Crystal structure of anionic complex 24 (color scheme as per Figure 8 and silicon
(green)). Top right: Plot of the differences in Ln—Cp’ centroid distances of [Ln"'(Cp’)s] and anionic
[Ln"(Cp")s]” (24) vs the 4f"1 to 4f"5d! promotion energies where the grey dashed line indicates
the barrier in promotion energies to reduce the Ln(lll) to a Ln(ll) with a 4f"** (blue squares) or
4f"5d! (red squares) configuration. Bottom right: Experimental UV-vis spectra in THF of 24 (Ln =
Nd, Sm, Eu, Dy, Tm, Yb). Adapted with permission.l’’] Copyright (2015) American Chemical
Society.

With a deeper understanding of stabilization of the divalent lanthanoid ions has come the
investigation of potential applications of molecular lanthanoid(ll) chemistry, for example, the
recent use of Eu(ll) as a photoredox catalyst by Allen and co-workers.”¥1 Metal-assisted
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photoredox catalysis involves the use of light to alter the redox properties of compounds to drive
chemical reactions, and has been demonstrated for the generation of a variety of reactive
species.*4215216] | anthanoid based photocatalysts have the potential to access challenging
organic substrates due to their exceptional reducing power in their photoexcited states. The first
instance of a lanthanoid(ll) ion used in a catalytic capacity employed the complex [Eu'Cl(aza-
2.2.2-crypt)] (25) (aza-2.2.2-crypt = 1,4,7,10,13,16,21,24-octaazabicyclo[8.8.8]hexacosane),
which had previously been investigated for its luminescent properties.[%2 5%l On absorption of
blue light, the Eu(ll) cryptand complex luminesces via a 5d-4f transition in the visible region with
a long associated lifetime and high quantum yield (0.98 us and 37% in methanol respectively).[”
Using a sacrificial reducing agent (Zn°) to ensure the Eu remains catalytic, Allen and co-workers
reported the first example of catalytic C-C bond formation using a divalent lanthanoid and visible
light.[58! Through various experiments, they were able to propose the catalytic cycle shown in
Figure 10, whereby two molecules of the photoexcited Eu(ll)* complex reduce two molecules of
benzyl chloride through electron transfer, followed by reductive coupling.[’® The demonstration of
the negative electrochemical potential (comparable to Sml;) % and the use of air-stable, and
relatively inexpensive, starting materials suggests that there’s significant potential to develop

further Eu(ll) photocatalysts for wider reaction scope.
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Figure 10. Structure of 25 (color code as per Figure 8 and chlorine (green)) (left) and proposed

catalytic cycle for photoredox catalysis (right).l”
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3.2. Lanthanoid(IV) Complexes

With increasing demand for lanthanoid metals, and concerns over their availability, improving
processes such as separation, purification, and recycling is crucial both for ensuring adequate
supply and the development of new applications.[*3 81 Cerium is the only lanthanoid that can
readily cycle between the Ce(lll) and Ce(IV) oxidation states due to its low fourth ionization
potential, with the next most accessible tetravalent lanthanoids, Th(IV) and Pr(IV), only recently
isolated in molecular compounds.5¢ 821 Cerium compounds are well known as one-electron
oxidants, with ceric ammonium nitrate (CAN) widely used. However, its substantial oxidizing

power has inhibited investigation of Ce(IV) reaction chemistry, which has been little explored. !l

In the absence of other Ln(IV) molecular species, Ce(IV) has acted as a surrogate for
understanding the rational design of molecular compounds containing tetravalent lanthanoid ions.
As the 5d orbital is occupied in the Ce(lll) state, the coordination sphere can be used to tune the
Ce(lll)/Ce(IV) redox couple.832 841 Several early examples demonstrated the capability of electron-
rich polyanionic ligands such as alkoxides, siloxides, aryloxides and fg-diketonates to reduce the
Ce(1ID/(1V) potentials thus stabilizing the tetravalent state (Scheme 2).18% For example, a series of
Ce(IV) bis(salen) complexes have been reported, with the electron-donating ability of the ligand
modulated through different substituents used to tune the redox potential.®¢ The unsubstituted
complex [Ce(salophen),] (26) has a reversible Ce(l1)/(IV) potential of —0.521 V (MeCN), whereas
the more electron rich methoxy substituted [Ce(5,5'-(OMe),-salen);] (27) shifts the potential to
-0.776 V, and the less-donating [Ce(5,5'-(Br).-salen);] (28) to —0.529 V. Butoxides have been
commonly employed to stabilize Ce(IV).B1 For example, a homoleptic octakis(tert-
butoxo)dicerium(lV) complex [Cez(OtBu)s] (29) was synthesized via the starting material
[Ce(OBuU)AN(SiMes)2}2] (30), which on heating above 150°C decomposes to form mixed-valence
oxo clusters.!®8 Stabilization of the tetravalent state was observed in a series of bis-phenolate
complexes using 2,2-methylenebis(6-tert-butyl-4-methylphenolate) (MBP?"), accessed via
[Ce"(MBP)2(THF),Li(THF)2] (31) using common oxidants such as CuX; (X = ClI, Br).8 The
reversible metal based oxidation wave in the cyclic voltammogram of 31 at -0.93 V vs Fc/Fc*
(THF) indicates the reducing power of Ce(lll) in this case, with a significant shift relative to the
standard oxidation potential of approximately 2.25 V. The isolated [CeV(MBP)(THF).] (32)
exhibits ligand z to vacant 4f transitions characteristic of Ce(lV), with electrochemical studies
showing reversible reduction at the same potential as the oxidation of its Ce(lll) counterpart. Also
prepared were [Ce''(MBP).(bpy)Li(THF)2] (33) and [CeV(MBP)2(bpy)]] (34), however due to
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displacement of the bpy in solution by THF, solution electrochemical studies were not possible.
Solid-state investigation showed that despite the ability of bpy to act as a redox-active electron
acceptor, electron transfer from the metal center was not induced. Recently, tetraphenolate (pTP
= [{2-(OCeH2R2-2,4),CH}-CeH4-1,4]*") ligands were used to access the metallacyclic 2+2
[CeVa(pTPR)2(THF)4] (35) (R = Me, 'Bu) with an unusual "letterbox" topology. This was achieved
via the oxidation of the Ce(lll) analogue [K(THF)n][Ce2(pTPR)2(THF)4K] (36) with a range of
oxidants (CuX; (X = Cl, OTF), I,, XeF2, HgX, (X = ClI, I, OAc)), involving a rare concerted two-
electron redox process within a single molecule.®® Solution electrochemistry (THF with 0.1 M
["BusN][PFe¢]) indicates significant stabilization of the Ce(IV) cation (-1.83 V vs. Fc/Fc*). Edelmann
and co-workers reported the use of [Ce'V(NOs)('‘BuO)s(THF),] (37) as a precursor to prepare the
first disiloxanediolate complexes of Ce(IV) to give [{K(THF).{O(0OSiPh.).}2[Ce(O'Bu),] (38) and
[{KOBU(DME)}{O(OSiPhy)2}.][Ce{KO(OSiPh,)}]- (39).°Y The ability to stabilize tetravalent cerium
using a tris(tert-butoxy)siloxy ligand was described by Anwander and co-workers in the synthesis
of homoleptic [Ce(OSi(OBu)s)4] (40) and [Ce(OSi(OBu)s)s(THF)] (41).°2 An electrochemical
investigation found a redox-modulated molecular rearrangement process, featuring oxidation-
state dependent formation and release of Ce-O'Bu coordination, which aids the overall
stabilization of the Ce(lV) state. Catecholates are also well known to stabilize the Ce(lV) state,
both in bidentate form and incorporated into larger polydentate ligands such as the octadentate
terephthalamide macrocyclic (LHg) ligand.®®! Schelter and co-workers have contributed
significantly to the investigation of nitroxides which have been found to support tetravalent cerium
ions with low reduction potentials achieved, for examples complexes 1 and 2 (as discussed in
section 2.4) with potentials of —1.95 V vs Fc/Fc* cf. CoCp2 —1.94 V.150. %4 The stabilization of the
tetravalent state was attributed to two factors: i) the strong ionic interactions between the Ce(IV)
and the pyridine nitroxide ligand and ii) the mixing of the nitroxide r* orbitals with the 4f orbitals
of the cerium. Through variation of the electron-withdrawing and electron-donating substituents,
solution electrochemistry experiments indicated a stabilization of the Ce(IV) when electron-
donating substituents (e.g. m-NMe;) were employed. In addition to O- and mixed O,N-donor
ligands, other ligands such as amides, silyamides, amidinates, and various organometallic ligands
(cyclooctatetraene, cyclopentadienyl, carbenes) have been reported, which rely on increased

orbital overlap to stabilize the higher oxidation state. "]
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Scheme 2. Ligands and proligands used to access tetravalent lanthanoid ions.
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There are factors in addition to electron richness that are relevant to whether a ligand can
stabilize a tetravalent lanthanoid ion. For example, flexibility of the coordination environment is
necessary as the inner coordination sphere contracts with changes in the atomic radii moving
between Ce(lll) and Ce(lV).[% %1 Thus, the inner sphere reorganization energies must be
considered. A series of trivalent cerium complexes of general formula [M3(THF)»][Ce(BINOLate)s]
(42) (BINOLate = 1,10-di-2-naphthate; M = Li*, K*, Na* and Cs*) were synthesized by Walsh,
Schelter and co-workers using the silyamide precursors of both the Ce and alkali metal.[®6a The

goal was to assess the impact of ligand reorganization on the oxidation of Ce(lll) to Ce(IV) in each
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case. Using thorough electrochemical and kinetics experiments, electron transfer rates were
found to differ from their chemical oxidation rate, implying ligand reorganization plays a substantial
role in determining the Ce(lll)/Ce(IV) potential. In addition, the properties and reactivity are
tunable by changing the alkali metal present in the secondary coordination sphere, with only the
case where M = Li amenable to chemical oxidation to [Lis(THF)s][Ce'V(BINOLate)sCl] (43).
Consequently it is clear that outer-sphere mechanisms play a role and thus thermodynamics and
kinetic effects must be considered in the design of tetravalent lanthanoid complexes.[5¢ 50971 The
role of 4f covalency in targeting the isolation of new Ce(IV) compounds, as well as new tetravalent
Ln compounds of Tb, has gained significant attentions in recent years, and has been at the core

of the design strategy by La Pierre and co-workers.[?4 46. 98]

Using a dialkyamide-substituted imidophosphorane, La Pierre and co-workers
investigated the role of covalent bonding in controlling the stability of Ce(lll) and Ce(IV).[* As
imidophosphoranes are 1c and 2n donors with respect to the metal-ligand bond in pseudo-
tetrahedral (Td) geometries, the ligand orbitals have the correct symmetry and energy to
effectively covalently bond with tetravalent lanthanoids.??4 The Ce(IV) complex [CeV(NP(pip)s)a]
(INP(pip)s]~ = tris(piperidinyl)imidophosphorane; 44-Ce(IV)) was prepared via salt metathesis and
in-situ oxidation of the potassium cluster [K(NP(pip)s)]. This could then be reduced by KCs to
produce [Ce"(NP(pip)s)4(Et20)K] (45-Ce(lll)), which includes an inner-sphere potassium ion. The
Ce(IIN/(IV) redox couple, as determined via chemical bounding, appeared at much more negative
values on oxidation of 45-Ce(lll) (between —2.64 and —3.10 V (cf. 44-Ce(IV) between —-2.30 and
—2.47 V)). This asymmetry in the redox properties of the 44-Ce(IV)/45-Ce(lll) redox pair was
attributed to the impact of the binding of the potassium in the inner coordination sphere,
contributing thermodynamic driving force for the oxidation of Ce(lll) to Ce(lV), upon which the
potassium ion is eliminated. Confirmation of the Ce(IV) oxidation state in 44-Ce(IV) was provided
through an investigation of the electronic structure in comparison with 45-Ce(lll) via DFT
computational methods and extensive spectroscopic studies (electronic absorption spectroscopy,
X-band EPR, Ls-edge XANES) as well as magnetic measurements (Figure 11). The extremely
negatively shifted redox couple established through reactivity and theoretical studies suggests
remarkable stabilization of the Ce(IV) oxidation state.[®¥ Significant electron donation to the metal
was supported by Mulliken charge analysis with 44-Ce(lIV) showing a smaller positive charge than
related complexes as well as by the Ce L3-edge XANES, where destabilization of the Ce(lll)

character is evidenced.
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Figure 11. Structures of 44-Ce(1V) (above) 46-Th(IV) (below, color scheme as per Figure 8), and
Ls-edge XANES spectra for these complexes and their Ln(lll) counterpart. Ls-edge XANES
spectra adapted with permission.[®7 %9 Copyright (2019) American Chemical Society.

The same strategy was later used to isolate one of the first Tb(IV) molecular complexes
[Tb(NP(1,2-bis-‘Bu-diamidoethane)(NEt2))s] (46-Th(IV)) via a Tb(lll) precursor [Tb(NP(1,2-bis-
‘Bu-diamidoethane)(NEt,))4(Et20)K] (47-Th(lll)) (Figure 11).°7@ This made use of an adapted
imidophosphorane ligand with increased steric bulk to impose the same pseudo-tetrahedral
coordination environment on the smaller ion. Initial investigations using the same ligand system
as 44-Ce(lV) yielded a distorted coordination environment preventing good overlap between
metal and ligand orbitals, resulting in reduced covalency and isolation of a Tb(lll) species. The
isolation of 46-Tb(IV) was confirmed in both the solid state and solution through a similar method

of investigation as its Ce counterpart.

32

This article is protected by copyright. All rights reserved

Author Manuscript



However, it was Mazzanti and coworkers who isolated the first molecular Th(IV) complex
using the electron rich O-donor tris(tertbutoxy)siloxide ligand, a strategy previously used to
stabilize the Ce(IV) analogue.63"! The complex was prepared via oxidation of the Th(lll) precursor
[Th"(OSi(O'Bu)3)4K] (48) employing [N(CeH4Br)3][SbCle] to give [Th'V(OSi(O'Bu)s)4] (49) shown in
Figure 12, with the oxidation occurring at significantly less positive potentials compared to the
standard Th(IV)/Tb(lIl) redox couple.[82"] The isolation of the Th(IV) compound was confirmed via
X-band EPR spectroscopy, where no intense features for non-Kramers Tb(lll) were evident, but
instead those characteristic of Th(IV) in solid-state materials were observed at 20 K. Not long
after this report, Mazzanti et al. reported a related Tb(IV) complex [Tb'"V(OSiPhs)4(MeCN),] (50)
which showed increased stability, despite the bulky siloxide ligand preventing a saturated
coordination sphere.[*% This increased stability was found to originate from a large covalent
contribution to the Th-O bond which was not observed for the Tb(lll) precursor complex
[Tb(OSiPhs)4s(THF)K] (51). This extra stabilization was exploited to achieve the isolation of the
first molecular complex of Pr(IV) for the analogue [Pr'V(OSiPhs)s(MeCN).] (52) reported earlier
this year, again accessed via the Ln(lll) precursor [Pr'(OSiPhs)s(THF)K] (53).82a The
electrochemical behavior of 52 and 53 were compared to their Th analogues, as well as the Ce(lV)
analogue of complex 52 (Figure 12). The oxidation event for Pr(IV) (52) occurs at a slightly more
positive potential than for the Tb(IV) complex 50 (0.67 V for 52-Pr vs 0.49 V for 50-Tb), which
agrees with the trends in their standard redox potentials.[® The metal-based reduction feature of
52-Pr occurs at a more positive potential than for the Th analogue (-0.38 V for 52-Pr vs —0.96 V
for 50-Tb), suggesting it is easier to reduce Pr(IV) to Pr(lll) than the analogous Tb process, and

that therefore Pr(IV) has a lower kinetic stability.
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Figure 12. Left: Structure of 49-Tb(IV) (color scheme as per Figure 8).82" Right: cyclic
voltammograms at ambient temperature of 2 mM solutions of 53-Pr(lll) (green), 52-Pr(1V) (brown),
51-Tb(lll) (black), 50-Tb(IV) (red), and the Ce(lV) analogue (orange) measured in 0.1 M
[NBu4][B(CeFs)4] in THF. Cyclic voltammograms adapted with permission.2a Copyright (2020)

American Chemical Society.

4. Lanthanoid(lll) Complexes with Redox-Active Ligands

Combining a lanthanoid(lIl) ion with a redox-active ligand can provide a route for manipulation of
the detectable properties of a compound,™©U as well as expanding its reactivity.['92 Redox-active
ligands are those with energetically accessible levels for oxidation or reduction, with redox-activity
consequently centered on the ligand, or in some cases the ligand and metal oxidation states
simultaneously (e.g. VT).[> 1928 Redox-active ligands such as catecholates, amidophenolates and
diimines have been widely utilized in coordination chemistry due to their ability to form solution
stable radical species when coordinated. The elucidation of the true electronic structure of such
complexes sometimes requiring significant investigation.[t92¢: 1031 Pajring lanthanoid metals with
redox-active ligands typically affords solely ligand-based redox events with the metal remaining
in the trivalent state.l'® The consequent prospects for catalysis and reaction chemistry are
enticing. For example Bart and co-workers exploited the multi-electron redox chemistry of 4,6-di-
tert-butyl-2-[(2,6-diisopropylphenyl)imino]quinone (9PPig°), with access to the iminosemiquinone
(YPrisg*) and amidophenolate (YPPap?’) states, to isolate a family of Nd(Ill) complexes, all
exhibiting distinctly different colors: [Ndls(%"Pig®),] (54), [Nd(@PPisq*)l(THF)] (55), and [K(18-
crown-6)][Nd(?Prap).(THF),] (56) (Figure 13).110% The reverse multi-electron oxidation of 56,
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containing the amidophenolate (YPPap) ligand, was tested for its capacity to act as an electron
store for future reductants using elemental chalcogens (Ss and Se), with formation of the
isoquinone state (via two one-electron oxidations) accompanied by isolation of the Ss and Ses
complexes.1%%8 As well as for the implications for catalysis and reaction chemistry, understanding
how ligand-centered redox events can modulate the photophysical and magnetic properties of

functional lanthanoid materials.

lanthanoid complexes is of interest for extending the capabilities of optically or magnetically
2KC,
—

A%Uj
isq k= ap

Figure 13. Structures of Nd(lll) complexes (color scheme as per Figure 8; iodine (dark purple))
reported by Bart et al. with ligands in iq (54), isq (55) and ap (56) forms. Images of coloured
solutions (THF) reprinted with permission.[%%a Copyright (2017) Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim.

4.1. Switching Lanthanoid(lll) Luminescence with Redox-Active Ligands

Initial investigations of lanthanoid complexes exhibiting luminescence switching were focused on
combining redox-active metal centered units (e.g. ferrocene)i04h 106 tg control the switching
process. However, more recent strategies have involved the use of redox-active organic ligands,
presenting advantages in their comparative flexibility and potential to be fine-tuned to deliver the
desired properties. This can be achieved either through use of distinct emission sensitizing and
redox-active ligands within the same molecule, or instead incorporating a ligand that fulfils both

roles simultaneously.

In 2012, the first example of an organic redox-active ligand used to induce luminescence
switching, a triarylamine terpyridine, was reported by Yano et al.l*%”l The compound
[Eu"(FOD)s(Lverp)] (57) (FOD = 6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl3,5-octanedionate, Lterp =
4, 4’-dimethoxytriphenylamine) incorporates a distinct sensitizer (FOD) and redox-active ligand
(Ltere). The terpyridine ligand had previously been shown to form a stable radical cation upon

both chemical and electrochemical oxidation with associated intense absorptions in the visible
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region.[1%8ll Although single crystals of 57 could not be isolated, complexation was confirmed
through UV-Vis spectral titration and mass spectrometry. Photoexcitation of 57 at 290 nm resulted
in Eu emission at 615 nm, which could then be quenched by addition of the oxidizing agent CAN,
upon which Lyerp®* is formed, as evidenced by a new broad adsorption band at 754 nm.
Spectroelectrochemistry was used to investigate the reversibility of the process, which was found
to be robust over multiple cycles (100 s to switch to ~ 1/10™" emission) with emission intensity
recovered on reduction (Figure 14). The importance of the redox-activity of the ligand on the
Eu(lll) luminescence was confirmed through a control study with an analogue using a related non-
redox-active ligand, for which the luminescence spectral change was absent. The quenching
process is facilitated by Lrerp®*, which allows energy transfer from the excited Eu(FOD)s; moiety,
forming a non-emissive short-lived excited state. Thus, 57 provides a unique example of how

Eu(lll) luminescence can be switched through intramolecular energy transfer.
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Figure 14. Top: emission spectra of 57 before and after oxidation with 1 equiv. of CAN with
images of the solution with and without CAN on a UV-Lamp illuminator shown inset. Bottom:
electrochemical switching of luminescence of 57 at 615 nm (1 mM, dry MeCN, 0.1 M NBu4PFs)
with alternate oxidation at 0.50 V vs. Fc/Fc+ and reduction at —-0.50 V. Adapted with
permission.[%71 Copyright (2012) Royal Society of Chemistry.
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The incorporation of both sensitization and redox-activity within a single ligand was

demonstrated by Thomas and co-workers through use of a phenolate ligand (Lphen;
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Scheme 3). This investigation stemmed from their interest in assessing lanthanoid
compounds paired with redox-active ligands as in vivo redox probes, where the redox status of
the ligands provides information on a biological process.[*% Two analogous compounds were
investigated: [Tb(NOs)Lphen] (58) and [Yb(NOs3)Lphen] (59) (Lphen = N,N’,N,N’-bis[(2-hydroxy-3,5-di-
tert-butylbenzyl)(2-pyridylmethyl)]ethylenediamine)) (Figure 15). On studying their redox behavior
concurrently with their luminescence, both compounds were observed to be reversibly oxidized
to their phenoxyl radical species, accompanied by a quantitative intramolecular quenching of the
luminescence of > 95%, depending on whether the monoradical or diradical species was
accessed (Figure 15).Although it was not possible to identify the quenching mechanism, both
complexes were nonetheless shown to be effective, robustly reversible, luminescence switches

controlled via the redox-state of the ligand.
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Figure 15. Left: Structure of 58 (color scheme as per Figure 8). Right: luminescence spectra for
58 (red) and 59 (blue) at 77 K where ligand is in different oxidation state as denoted. Adapted
with permission. %%l Copyright (2017) Royal Society of Chemistry.
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Scheme 3. Redox-active ligands, other than Pc derivatives which are presented in
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Scheme 4, as discussed in the main text.
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A very recent report thoroughly investigated the solvation effects that impact the redox-
controlled luminescence switching in analogous Eu(lll) and Sm(lll) compounds.%d Similarly to
Yano et al. (vide supra), Chen and co-workers were interested in using a triphenylamine system
as the redox-active component modified with a 2,2’-bipyridine (bpy) coordinating moiety (Figure
16). The ancillary diketonate ligand (2-thenoyltrifluoroacetone (tta)) then acts as the sensitizer.
Two triphenylamine (tpha) ligands were investigated, L1 (tpha-bpy) and L (tpha-xy-bpy), where a
xylene (xy) moiety resides between the tpha and bpy of the ligand (
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Scheme 3), giving rise to [Ln(tta)s(L1)] (Lnh = Eu (60), Sm (61)) and [Eu(tta)s(L2)] (62). The
photophysical properties of these compounds show strong solvent dependence. Emission in less
polar solvents results in 4f <> 4f transitions as well as ligand-centered luminescence, resulting in
white-light emission in such solvents. In more polar solvents, the complexes mainly exhibit 4f <
4f transitions. This is due to the differences in energy between Eu(lll) and the T state of Li: when
the energy gap is large enough ISC to the ligand is prevented and so 60 exhibits pure red Eu(lll)
based emission. This was confirmed through significant photophysical investigations and DFT
calculations. Single-component white-light emitters have great potential in the preparation of
simplified optical devices, bypassing the need for mixing two (blue/yellow) or three
(red/blue/green) separate components. Spectroelectrochemistry was used to investigate the
reversibility of the luminescence on oxidation of L; and L, to the respective radical cations (L1**
and L2 in 60—62, with quenching of the luminescence observed for 60 and 61 originating from
the intramolecular energy transfer from the Ln(lll) ions to the non-emissive excited states of the
radical cations. Complex 62 does not exhibit switching, as the introduction of the xylene spacer

in Ly increases the energy levels of the excited states of the ligand, hence efficient quenching

cannot take place.
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Figure 16. Above: Structure of 60-Eu (color scheme as per Figure 8 and sulfur = yellow). Below:
Luminescence switching study through emission at 612 nm for 60-Eu with switching induced via

alternating the applied electrochemical potential between 1.2 V (red) and -0.3 V (blue) vs Ag*/Ag
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(dry MeCN, 0.25 M (n-C4Ho)4sNPFs). Adapted with permission.3% Copyright (2020) American
Chemical Society.

4.2. Magnetic Properties of Lanthanoid(lll) Complexes with Redox-Active Ligands

Perhaps the best known example of redox-active ligands incorporated into Ln-SMMs is the
archetypal phthalocyanine (Pc) ligand (

43

This article is protected by copyright. All rights reserved

Author Manuscript



Scheme 4). In 2003, the double-decker [Th(Pc);] complex (63) was the first lanthanoid-based
SMM to be reported.[!1% Comprehensive investigations of the magnetic properties of the three
interconvertible redox states ([Tb(Pc)z]” <> [Tb(Pc)2]° <> [Tb(Pc).]*) using ac susceptibility
measurements and magnetic circular dichroism (MCD) spectroscopy revealed that all three
exhibit slow relaxation of magnetization at low temperatures.*'% Since 2003, molecules of this
type have been exceptionally well studied through variation of the lanthanoid, modifications to the
ligands, different structural architectures (e.g. triple decker complexes), which have sought to
understand these factors in relation to their redox and magnetic properties.[*?l As a result of their
interesting magnetic behavior and amenable structure, Ln-Pc compounds have been extensively
investigated for use in nanoscale devices, particularly for their application in spintronic devices,
as they are robust and sublimable.® However, due to their low redox potentials they are easily
oxidized or reduced in the presence of mild reagents, which can present problems when
deposited onto surfaces.!'12" 1131 Despite this drawback, the 16 sites for substitutions offered by
the phthalocyanine ligands provide significant scope for investigation. For example, in 2013
Veciana and collaborators functionalized the Pc ligand with electroactive cyclic imides which
stabilized the anionic double-decker complexes [TBA][Tb(Ln)2] (L =
phthalocyaninatotetradicarboximide; n = 1 = tetrapentadecyl (64); n = 2 = tetrapropyl (65); n = 3
= tetra((S)-methyl(phenyl)methyl (66); TBA = tetrabutylammonium) (
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Scheme 4).11%1 In comparison to the unsubstituted [TbPc;] the first oxidation potentials for all three
complexes were significantly shifted by approximately 0.7 V (+0.3 V for substituted cf. —0.4 V for
unsubstituted vs Fc/Fc*).[114 Investigation of the ac magnetic susceptibility found that the SMM
behavior is comparable to that observed in the unsubstituted [Tb(Pc)2]- complex, which is
dominated by thermal Orbach relaxation, and relatively consistent across the series despite the
different substituent on the imido nitrogen. Similarly to [Tb(Pc)2]-, butterfly-shaped hysteresis
curves were observed stemming from a contribution from QTM to the magnetic relaxation at lower
temperatures, which is more efficient with respect to complex 65 (Lz). By increasing the stability
window (~1.2 V) of these complexes using more electron rich phthalocyanine rings, charge
transfer is restricted between these SMMs and inorganic substrates onto which they have been

deposited for devices. 1121
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Scheme 4. Phthalocyanine ligand derivatives discussed within this review in their neutral form

Due to their large ionic radii and high coordination numbers, lanthanoid ions can form both
planar and sandwich type structures with Pc ligands and their derivatives. Both homoleptic and
heteroleptic mixed-sandwich compounds have been investigated with a view to tuning the
magnetic properties. New heteroleptic triple-decker lanthanoid porphyrin-bis-phthalocyanine
complexes, decorated with bulky groups in the peripheral positions, have been prepared via
microwave-assisted synthesis.['’31 Constructing heteroleptic triple-decker complexes offers a
larger number of oxidation states, with reversible electrochemistry and facile ligand oxidation.
Although these types of structures had been reported previously,[112e: 116l this was the first case
using spectroelectrochemistry to closely monitor the electron-transfer process. The triple-decker
complexes were found to undergo four ligand-centered reversible one-electron oxidations and
three reversible one-electron reductions. The sites at which these occur where then assigned
based on the associated redox potentials and changes the UV-Vis spectra during the electron-
transfer process. Furthermore, the Th analogue exhibits field-induced SMM behavior (1000 Oe)

with contributions from various relaxation processes, as opposed to the dominant Orbach
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relaxation observed for the traditional [Tb(Pc).]- complex. In 2019, a reversible chemical
transformation between a chiral heteroleptic double-decker phthalocyaninato-porphyrinato Dy(lII)
complex was reported.*”] Both enantiomers of chiral mixed complexes in the reduced protonated
form  (R)/(S)-{DyH[Pc(OBNP).J(TCIPP)}  (67) (Pc(OBNP), = binaphthyl-substituted
phthalocyaninate, TCIPP = 5,10,15,20-tetrakis(4-chlorophenyl)porphyrinate) and neutral
unprotonated species (R)/(S)- {Dy[Pc(OBNP);](TCIPP)} (68) were designed. In the case of 68,
where there is a Dy-radical interaction, SMM behavior was only evident on application of an
applied field. This contrasts with 67, with the ligand in the neutral redox state, which shows SMM
behavior at zero-field. The two complexes are easily switched by chemical oxidation/reduction;
hence these related compounds contribute to the small humber of Ln-SMMs with redox-
switchable magnetic properties. The similarities in the Dy(lll) coordination geometries in 67 and
68 excludes geometric factors as the cause of the negative impact of the Dy-radical interaction,
but suggests instead that this may arise as a result of the change in the CF experienced by the
Dy(Ill) for the neutral versus radical ligand (with ~10% reduced electrostatic interaction for radical)

which may alter the uniaxial magnetic anisotropy.117-118l

Incorporation of redox-active ligands into SMMs also offers the possibility of promoting
strong exchange interactions that can result in large thermal barriers to the relaxation of
magnetization through subduing antagonistic QTM.!1°l One of the most notable examples is the
significant magnetic blocking temperature of 14 K for a N*" radical-bridged diterbium complex
[K(18-crown-6)(THF)2][(TbN(SiMes)2)2(THF))2(u-N2*)] (69), reported in 2011 by Long and co-
workers.[1?0 After this report, investigation into radical bridged lanthanoid systems for these
applications expanded significantly, and is still an area of avid interest.'?1l Layfield et al.
investigated the properties of lanthanoid dinuclear complexes [(Ln(Cp*)2)2(x-ind)]" Ln = Gd (70)
and Dy (71) with Cp ancillary ligands and an indigo (ind) radical bridging ligand with the three
accessible redox states of indigo (-2 to —4) probed (Figure 17).1?21 The Gd analogue 70 was
synthesized to straightforwardly determine coupling constants, based on modelling of the
magnetic susceptibility data using a spin Hamiltonian, to assist in the comparison of coupling
strengths in the open shell (ind)3" radical bridged complex versus the closed-shell (ind)>~ and
(ind)* states. A much larger coupling constant was determined for the radically bridged complex
(Jed-rada=—11 cmt; —2J formalism), one of the largest coupling constants reported for a lanthanoid,
indicating strong antiferromagnetic exchange. The relaxation dynamics of the Dy analogue 71

revealed modest barriers which did not change substantially with the nature of the radical ligand,
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suggesting a full understanding the interaction between metal and radical ligands (e.g. donor

atoms, formal charges) requires further consideration.
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Figure 17. Left: Structure of 71 (color scheme as per Figure 8). Right: plots of ymT vs T for 70
and 71 in an applied field of 10 kOe with the ligand in the closed shell (ind)?>~ and open-shell
radical (ind)® redox state. The solid lines are fits of the data for 70 in each case. Adapted with

permission.[?2 Copyright (2017) Royal Society of Chemistry.

Despite the potential for redox-active ligands to impart switchable behavior on Ln-
SMMs, 23 such considerations are little discussed in comparison to their ability to enhance the
SMM energy barrier or modulate QTM. Although there are significant studies of radical reactivity
in a variety of metal complexes for catalysis, this is still relatively unexplored for the lanthanoids
and so this presents an area of interest for multiple research communities.[*?*l The first report of
this behavior was in 2017 by the Dunbar group.*?5! Two related Dy(lll) compounds were isolated
in their neutral and radical anion forms - [Dy2(tmhd)e(bptz)] (72) and [CoCp2][Dy2(tmhd)s(bptz*)]
(73) (where tmhd = 2,2,6,6-tetramethyl-3,5- heptane dionate; bptz = 3,6-bis(2-pyridyl)-1,2,4,5-
tetrazine) as shown in Figure 18. Compound 73 was formed upon the ligand-centered (bptz)
reduction of 72 with CoCp: in toluene, accompanied by a significant change in the orientation of
the principal axes. Rather than the three aryl rings of the bptz ligand being coplanar, they are
instead inclined towards the [CoCp2]* counterion (Figure 18). The magnetic susceptibility data are
consistent with two uncoupled Dy(lll) ions in the case of 72 and suggest antiferromagnetic

coupling between the radical and each Dy center with an additional S = 1/2 radical in 73. Dynamic
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susceptibility measurements revealed that neutral 72 exhibits temperature independent relaxation
typical of QTM. This is in complete contrast to the radical-containing 73, where a clear
temperature dependence was observed. This suggests that the radical ligand suppresses QTM

and allows 71 to display relaxation at zero field.

a1 e
Frequency | Hz

10 100 © 1000

Frequency | Hz

Figure 18. Structure (color scheme as per Figure 8) and out-of-phase (y”) ac magnetic
susceptibility data from 2 K to 4 K for 72 (bptz® above and 73 (bptz*) below. Adapted with
permission.['?31 Copyright (2017) Royal Society of Chemistry

In 2017, Boskovic et al. reported the synthesis and characterization of a family of
tetraoxolene-bridged lanthanoid dinuclear complexes of the form [(Ln(HB(pz)s)2)2(u-
tetraoxolene)] (74) (Ln = Eu, Gd, Tb, Dy, Ho, Er and Yb; HBpzs = hydrotris(pyrazol-1-yl)borate,
tetraoxolene = chloroanilate (CA2), 2,5-dihydroxy-1,4-benzoquinone (u-dhbq), 3,6-dimethyl
benzoquinone (u-Mezdhbq)) with the bridging tetraoxolenes isolated in the closed-shell dianonic
form.[*26] When combined with Dy, both the dichloro- and dimethyl-substituted tetraoxolene
ligands showed SMM behavior under applied fields with effective energy barriers to magnetization
reversal determined as 47 and 24 K. Solution electrochemical studies were used to confirm the

ligand-centered redox activity of the tetraoxolene ligands, with reversible one-electron reductions
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suggesting access to the trianionic radical-bridged complexes. This access to the radical form
was soon after utilized by van Slageren and co-workers with the report of the open-shell
chloroanilate analogs [CoCp2][(Ln(HB(pz)3)2)2(1-CA*)] (Ln = Dy (75), Tb (76), Gd (77)), accessed
from the corresponding [(Ln(HB(pz)s)2)2(u-CA)] analogues (Dy (78), Tb (79), Gd (80)) analogues
as well as the rare-earth Y analogue, via reduction by cobaltocene (Figure 19).'271 The reduction
could also be performed electrochemically, and tracked through spectroelectrochemistry, with
peaks consistent with ligand reduction evident in the UV-Vis spectra (Figure 19). Isolation of the
radical-containing complexes provided the opportunity for magnetic characterization which
indicated modest antiferromagnetic magnetic coupling between the radical and Gd(lll) ions (J = -
2 cm™t; -2J formalism) and in agreement with high-field EPR spectroscopy. Consequently, the
radical-bridged Dy and Tb complexes display SMM behavior in zero applied field whereas for the
neutral u-CA, this is only observed under an applied field. Boskovic and co-workers expanded on
this further with the fluoranilate (u-FA) and bromanilate (u-BA) analogues. The Dy-u-BA complex
[(Dy(HB(pz)s)2)2(u-BA)] (81) exhibits an out-of-phase response in the ac susceptibility under an
applied field, whilst the exchange coupling between the Dy(lll) and the u-BA*" in the reduced
compound [CoCp2][(Dy(HB(pz)s)2)2(1-BA*)] (82) induces slow relaxation of magnetization in zero
applied field.[128]

o
G
T

Absorbance
o
N
T

0 -1.5 -2.0
E/VvsFc

o
w
T

o
N
T

o
T

7 = §
400 500 600
Wavelength / nm

Figure 19. Left: structure of 75 (color scheme as per Figure 8. Right: corresponding changes in
the UV-Vis spectrum of 75 (blue) during first reduction (CH2Cl;, 0.1 M BusNPFs) with progression
to red showing formation of reduced species with the cyclic voltammogram shown inset as

measured at 295 K. Adapted from reference 127 published by Royal Society of Chemistry.[*?7]
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4.3. Combining Magnetic and Photophysical Properties in Lanthanoid(lll) Complexes with

Redox-Active Ligands

An increasing focus on multifunctional materials has afforded growing interest in combining
luminescence and SMM behavior in the same molecule.l’?®! Of particular interest is using
luminescence properties to facilitate investigating SMMs on surfaces, for instance for determining

surface localization, concentrations and quantum properties.[21b]

The research group of Ouahab has been very active in this area, investigating the
archetypal tetrathiafulvalene (TTF) ligand system. Such ligands are isolable in multiple redox
states, can act as sensitizers for lanthanoid luminescence, and have been used previously to
make SMMs, thus are good candidates to study the synergy between photophysical and magnetic
behavior.[*3% In 2015, based on previous studies using TTF ligands that allowed lanthanoid
complexes to display either luminescence or SMM behavior, modifications to the ligand system
(replacement of dithio with dioxo moieties)°? allowed for the combination of both luminescence
and SMM behavior in a single complex.l*31 The study involved the synthesis of dinuclear
[Dy(hfac)s(Lrrr)]2 (83) and mononuclear [Ln(tta)s(Lrre)]-XCH2Cl2 (Ln(Ill) = Dy and x = 1.41 (84);
Yb and x = 2 (85)). Both 83 and 85 were found to behave as SMMs, while the lack of SMM
behavior for 84 was attributed to a different orientation of the principal anisotropy axes compared
to dinuclear 83. This is due to the stabilization of the charge density around the Dy vs Yb (oblate
vs prolate) with the equatorial ligand field of the ligand stabilizing the prolate Yb ion giving rise to
SMM behavior. In addition, Yb monomer 85 was found to luminesce. Although no switching of the
photophysical or magnetic properties was observed, solution state cyclic voltammetry indicated
that all complexes exhibited ligand-centered redox-activity. Complex 85 can therefore be

described as a redox-active luminescent field-induced SMM.

More recently, Pointillart and co-workers reported extended di-tert-butyl dioxolene TTF
triads (HzLsq) previously used to achieve SMM behavior in a Dy complex to form the dinuclear
complex [Ybz(hfac)s(H2Lso)]-0.5CH,Cl, (86).1*32 The ligand could also be chemically oxidized to
the quinone (Q) state to form the redox isomer [Ybz(hfac)s(Lo)] (87). Both Yb compounds behave
as field-induced SMMs, with the rate of relaxation substantially increased (factor of 5) in the case
of the quinone compound (Figure 20). In addition, the semiquinone moiety efficiently sensitizes
the Yb(lIl) luminescence, while the quinone results in a quenching of the luminescence. This is
an important pioneering example of modulation of both magnetic and luminescence properties

through control of the ligand redox state.

51

This article is protected by copyright. All rights reserved

Author Manuscript



(a) (c)

(b)

x..T/cm®*mol’

—
m

sQ

Intensity / a.u

L

Q

2 P maan
100 1000 10000
Frequency | Hz

10200 10000 9800 9600 9400
Wavelength / nm

Figure 20. a) Structure of 86 (color scheme as per Figure 8). b) Solid-state emission spectra at
77 K of 86 (green) and 87 (red) with irradiation energy of 16,670 cm™. ¢) comparison of the out-
of-phase magnetic susceptibility (y”) for 86 (above) and 87 (below). Adapted (open-access) from

reference 132a.[132a

5. Redox-active Ligands Combined with Lanthanoid-Centered Redox-activity

Although examples are increasing of lanthanoid complexes with the metal in unusual oxidation
states, or featuring redox-active ligands, the combination of both aspects in the same molecule
remains little explored. Using redox-active ligands in conjunction with lanthanoid metals that are
amenable to a change in oxidation state (e.g. Eu(I)/(Ill) or Ce(lID/(IV)) offers the potential to
transfer and store electrons and modulate reactivity. It also offers access to unique electronic

properties and the phenomenon of valence tautomerism.

The late Richard Andersen contributed significantly to the study of the electronic structure
of lanthanoids with redox-active ligands along with co-worker Grégory Nocton. 53133 Of particular
note was the investigation of the YbCp system in conjunction with various bpy analogues, which
sought to probe multiconfigurational ground states, where the valence of these systems was

found to lie between two integer values for Yb(I)/Yb(lIl).'3% This behavior was termed
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‘intermediate valence tautomerism’. Valence tautomerism involves a stimulated intramolecular
electron transfer between a redox-active ligand and metal, yielding two different valence
tautomers with different charge distributions.®] The electron transfer is stimulated by some
external perturbation such as temperature, with the transition impacted by several factors
including ancillary ligand, electronic modifications to the redox-active ligand, cooperativity,
counterion, and solvation. Intramolecular electron transfer between the ligand and lanthanoid
requires that the relevant frontier orbitals are of comparable energy.34 In 2001, Andersen
reported unusual magnetic behavior for [Yb"(MesCs)2(bpy*)] (88).113%1 Although extensive
characterization (*H-NMR, electronic absorption spectra, IR and single crystal X-ray diffraction)
indicated that the bipyridyl complex was paramagnetic due to the radical bpy*, magnetic
measurements afforded susceptibility values that were in between those expected for
[Yb"(MesCs)2(bpy*)] and [Yb'"(MesCs).(bpy?)]. A similar investigation for a range of complexes
involving substituted X-bpy ligands (X = Me, ‘Bu, OMe, Ph, CO.Me, and COEt) showed similar
indications of intermediate valence. In the case of methylated bpy, however, some unusual
temperature dependence was observed in the magnetic susceptibility data.'*8! This was
investigated more thoroughly with a series of (MesCs).Yb(Mex-bpy) complexes (where x = 1, 2)
varying the substitutions between the 4, 5 and 6 positions: [YbCp*,(4-Me-bpy)] (89), [YbCp*2(5-
Me-bpy)] (90), [YbCp*2(6-Me-bpy)] (91), [YbCp*2(4,4'-Me2-bpy)] (92), [YbCp*2(5,5-Me2-bpy)] (93),
[YbCp* (6,6"-Me2-bpy)] (94) (Figure 21) [233¢l Through this investigation it was established that the
methyl substituent position dictates whether the ground state configuration is of predominantly
Yb(ll) or Yb(lll) character.
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Figure 21. Left: Structure of 92 (4,4’-Mez-bpy) (color scheme as per Figure 8). Right: variable
temperature magnetic susceptibility, ymT, for all Me-substituted analogues of 92 in a field of 5

kOe. Adapted with permission.*33 Copyright (2010) American Chemical Society.
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The XANES data suggest that all methylated analogues can be described as mixed-
valence Yb(ll/11l), the 4-Me-bpy analogue (87) closer to Yb(ll) and the 6,6'-Me,-bpy analogue (92)
closer to Yb(lll) (Figure 22). The difference in the temperature independent behavior of the
unsubstituted bpy versus the temperature dependent behavior of the methylated bpy is due to a
difference in their multiconfigurational ground states. For (MesCs).Yb(bpy), the ground state
wavefunction is made up of both the open shell singlet (MesCs),Yb"(bpy*") and the closed shell
singlet (MesCs).Yb''(bpy?). For (MesCs).Yb(Mex-bpy), the temperature dependence arises from an
equilibrium between the ground and 1%t excited open shell singlet states, which lie close in energy.
Both the ground and 15t excited states are multiconfigurational, but the former is dominated by
the Yb(lll) f3 configuration and the latter by the Yb(ll) f14 configuration. The ground state is
dominated by Yb(lll), and thus is favored by enthalpy due to the shorter Yb-N/C bond lengths,
whereas the excited state which is dominated by Yb(ll) is favored by entropy due to the longer
bond lengths. The enthalpy changes are sufficiently small between the two states that the 1%t
excited state at low temperature can become the ground state at higher temperatures. It is
important to note therefore that rather than a mixture of molecules in either the trivalent or divalent
state, the multiconfigurational states are intrinsic to each molecule. As this behavior arises from

multiconfigurational states, this behavior is dubbed intermediate valence tautomerism.*37]
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Figure 22. Variable temperature Ls-edge XANES for 89, 92, 94. Adapted with permission.[*33c]
Copyright (2010) American Chemical Society.

In a more recent example, Lyssenko and co-workers revisited the archetypal ytterbocenes
investigating the impact of steric bulk of a series of iminopyridine (IPy) redox-active co-ligands.[*38l
As a consequence of metal ion size decrease accompanying oxidation of Yb(Il) to Yb(lll), metal
to ligand electron transfer is inhibited and a diamagnetic closed shell [Yb'(n°-CoH7)2(IPy°)] (95)
results.'39 Extension of the investigation to YbCp*, with unsubstituted and 6-(hetero)aryl-
substituted X-IPy (where X = H for A-IPy, C4Hs0 for B-IPy, C4H3S for C-IPy, CsHs for D-IPy)
ligands afforded a series of di- (for LB - LD) and trivalent Yb (for LA) complexes (Figure 23Figure
23. Above: structure of 96 (color scheme as per Figure 8) with ligand LA highlighted with yellow
bonds, and depictions of the ligands B-IPy, C-IPy and D-IPy as taken from the single-crystal data
for 97-99. Below: magnetic moment (uer) vs T for 97-99. Adapted from reference 138 published
by Royal Society of Chemistry.['38 ) [138] Although these ligands have similar electron-accepting
properties, they vary in both their denticity and steric demands. Use of the unsubstituted A-IPy
gave rise to [Yb"Cp*:(A-IPy)*] (96) whereas use of the substituted B-IPy — D-IPy yielded
[YB"Cp*2(X-IPy)?] (X = B (97), C (98), D (99)). The radical-anionic ligand A-IPy and the neutral B-
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IPy and C-IPy ligands coordinated in a bidentate fashion (N/N, N/O, N/S respectively), whereas
the neutral ligand D-IPy adopts a monodentate mode (Figure 23). Although magnetic data
suggest multiconfigurational ground states for 96, with the most significant contribution from the
Yb'"(D-IPy)°~ state, data for 97 and 98 are indicative of a Yb"(X-IPy)° (where X = B and C) closed
shell configuration. Complex 99 exhibits a very unusual magnetic moment profile (Figure 23). The
data collected between 280 and 2.4 K lie between that of an antiferromagnetically coupled Yb"'(D-
IPy)*~ and diamagnetic closed shell Yb'"(D-IPy)°, but with no indication of multiconfigurational
behavior.'339 On increasing the temperature, the magnetic moment rose, consistent with a strong
antiferromagnetically coupled Yb(lll) radical system, but was found to be irreversible on another
cool-heat cycle. However, the magnetic moment reached the same value above 270K. As the
structure was determined below 270 K, there is no guarantee that the structure of 99 above 270
K is the same as that determined through single crystal X-ray diffraction studies performed at 100
K. Rather than attributing the Yb"(LD)~ to the high temperature behavior, and the structurally
characterized 99 a diamagnetic character, they concede that this is only speculative and that
more evidence is required. However, valence tautomerism was ruled out, as a closed shell
configuration would be favorable at higher temperature on an entropic basis. It is possible
however that some structural rearrangement could take place which favors the Yb'"(D-IPy)*"
charge distribution via a coupled structural-electronic transition, but there are no data to confirm
this. The DFT calculations confirm the ambiguity of the ground state composition, with a very
small energy difference between the open-shell singlet (anti-ferromagnetically coupled Yb"(D-
IPy)*), the triplet state (ferromagnetically coupled Yb"(D-IPy)*), and the closed-shell singlet
(Yb"(D-1Py)O).
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Figure 23. Above: structure of 96 (color scheme as per Figure 8) with ligand LA highlighted with
yellow bonds, and depictions of the ligands B-IPy, C-IPy and D-IPy as taken from the single-
crystal data for 97-99. Below: magnetic moment (er) vs T for 97-99. Adapted from reference 138

published by Royal Society of Chemistry.[138]

The only example of true lanthanoid valence tautomerism was reported by Fedushkin and
co-workers, through investigative work with the ligand 1,2-bis[(2,6-diisopropylphenyl)imino]-
acenaphthene (dpp-BIAN), which is capable of achieving multiple redox-active states.[?32 140 |n
2009, Fedushkin reported the dinuclear complex [Yb(dpp-BIAN)(u-Br)(DME)], (100).23a Variable
temperature absorption spectroscopy and Evans method magnetic measurements indicate an
interconversion between {Yb'(dpp-BIAN)*Br and {Yb"(dpp-BIAN)?>Br} in solution as the
temperature was lowered (Figure 24). The distinction between the temperature dependent
behavior observed for complex 88 and the (MesCs).Yb(Mex-bpy) series reported by Andersen
should be noted, as in the latter case the temperature dependence arises through the small
energy difference in multi-configurational ground and excited states, with the lanthanoid valence
intermediate between the divalent and trivalent states. To date, the only example of VT for a
lanthanoid complex in the solid-state is a single polymorph of the chloride analogue [Yb(dpp-
BIAN)(u-Cl)(DME)], (101) (Figure 25).12%01 Although two different polymorphs and one
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solvatomorph were identified by single crystal X-ray diffraction studies, only one polymorph
exhibits VT upon heating and cooling, as confirmed through magnetometry and variable
temperature single-crystal X-ray diffraction studies. The transition occurs at only one of the metal
centers. At low temperature two Yb(lll) ions are coordinated to closed shell dpp-BIAN?" ligands,
but upon heating one of the Yb centers is reduced to Yb(Il) with an S = 1/2 radical dpp-BIAN*-
ligand (Figure 24). The success in observing VT in these related complexes results from the
closeness of the reduction potentials of Yb" + e~ — Yb'" and (dpp-BIAN)*~ + e= — (dpp-BIAN)?",
and so if redox-matching is suitably harnessed it should be possible to expand the observation of
this behavior to other systems. However, given that this was only observed for a single polymorph
in the solid-state, and the rarity of the observation of VT in lanthanoid systems, this emphasizes
the importance of other aspects of the system which have to be fine-tuned (e.g. crystal packing,
solvation) to achieve this behavior. It is worth noting that VT in cobalt-dioxolene complexes, the
most widely studied VT systems, are driven by the entropy change associated with the change in
bond-lengths and electronic degeneracy on moving between low spin Co(lll) and high spin Co(ll).
Such spin-state transitions are not possible for lanthanoids due to their near degenerate 4f orbitals

and so the entropic driver for lanthanoid VT is less obvious.
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Figure 24. Temperature dependence of the absorption spectra of 100 in DME demonstrating
interconversion between Yb'"(dpp-BIAN) Br at 95°C to Yb'"(dpp-BIAN)? Br at 5°C. Adapted with
permission.[?3a Copyright (2009) American Chemical Society.
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Figure 25. Left: Structure of 101 (colour code as per Figure 8). Right: magnetic hysteresis plotted
as uerr Vs T. Adapted with permission.[23"l Copyright (2012) Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Although Fedushkin and co-workers were later able to isolate the europium analogues
[(dpp-BIAN*)EU"(u-Cl)(dme)]. (102) and [(dpp-BIAN*)EU"(u-Br)(dme)]. (103), the magnetic
moments remain constant over a wide temperature range (295 to 25 K) and are typical of Eu(ll)
in the presence of dpp-bian radical ligands.[*4%a Continuing the search for compounds that display
genuine redox isomerism, the complexes [Eu'(dpp-BIAN?)(dme);] (104) and [Yb"(dpp-
BIAN?)(dme),] (105) were reacted with bpy.14%! This afforded several complexes which
contained both bpy and dpp-BIAN derived redox-active ligands, but with the dianionic dpp-BIAN
showing no change in oxidation state: [Eu'"(dpp-BIAN?)(bpy).] (106) and [Yb"(dpp-
BIANZ)(bpy*")(bpy)] (107). On reaction of the Yb(Il) precursor complex 105, electron transfer from
the metal to bpy resulted in oxidation at the metal center and reduction to the radical anionic state
of the bpy ligand. Despite the closeness of the reduction potentials of Yb(III)/(Il) and dipp-
BIAN(*)/(*) thermally-induced VT was not observed. This reinforces the rarity of such behavior,
and careful design approached that must be pursued to achieve VT in future lanthanoid

compounds.
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6. Summary and Outlook

The library of molecular lanthanoid complexes with accessible redox features is growing. Although
traditionally used in their trivalent oxidation state, exploration of the di- and tetra-valent states is
increasing. Although the practical applications for lanthanoids in unusual oxidation states are
limited due to the issue of stability, the relevant chemistry is of significant interest from a
fundamental point of view. Advances in the chemistry of divalent lanthanoids has been driven by
the isolation of complexes of new lanthanoid metals in this oxidation state, notably through the
pioneering work of Bill Evans in lanthanoid cyclopentadienyl chemistry. The magnetic and
luminescence properties of the more accessible divalent ions (Sm, Eu, Yb) are reasonably well
understood in the context of solid-state materials, it has only been recently that researchers have
started to investigate these in molecular systems. With electronic configurations the same as
those of their right-hand neighbor in the periodic table in the trivalent state, but with a lower
charge, divalent lanthanoid ions exhibit the necessary electronic characteristics for interesting
magnetic and photophysical properties. However, their chemistry is still relatively unexplored and
there is much scope for new research. A strategy for obtaining stable Ln(Il) complexes lies in
moving the redox potential towards more positive values by using ligands with softer donor atoms
or bulky ligands to control the coordinative environment. An elegant survey of the stabilization of
Ln(ll) and Ln(lll) states by Mazzanti et al. conveys this concept nicely, progressively moving from
N donor to N,O donor ligands, observing that adding more oxophilic character stabilizes the Ln(ll1)
state.®® Although the redox potentials of the tetravalent lanthanoids are somewhat less
accessible than the divalent, they have potential to benefit industrial process such as purification
of lanthanoid ores and the separation of lanthanoids from actinoids during processing of spent
nuclear fuel. With increasing demand for lanthanoid metals, improving such processes is crucial
from the viewpoint of sustainability. By far the most well-studied is Ce(lV), with increasing
investigation of the reactivity opening up the potential of these complexes to be used in new areas,
such as photocatalysis. For stabilization of the tetravalent lanthanoids, more electron-rich ligands
should be employed or those with significant orbital overlap to increase the degree of covalency.
Isolation of Ln(IV) species (other than Ce(1V)) is much more recent with significant contributions
from the groups of Mazzanti and La Pierre in the form of several Tb(IV), and the first Pr(IV),
molecular complexes.['3-11% This work provides insights into how these oxidation states can be
achieved and controlled, even while acknowledging stability issues with some of the compounds,

presenting an exciting new direction for lanthanoid chemistry.
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The magnetic and luminescence properties of lanthanoid ions in all oxidation states are of
significant interest. Their use in SMMs relies on their intrinsic magnetic anisotropy in combination
with judicious choice of ligand to impart the required symmetry and facilitate magnetic bistability.
The design of luminescent molecular lanthanoid complexes relies on the position of the triplet
state of a coordinated sensitizer, with molecular distortions often beneficial in allowing for the
relaxation of the Laporte rule which normally forbids the 4f-4f transitions. For divalent lanthanoid
ions, due to a comparative lowering of the 5d orbital energy, 5d-4f transitions (Laporte allowed)
also arise, affording bands within the UV-Vis range that are particularly promising for optical
applications. Both the magnetic and optical properties of the lanthanoid ions can be enhanced
through use of redox-active ligands. For SMMs, use of radical ligands allows for strong coupling
between lanthanoid centers and suppresses antagonistic QTM. For luminescence, using redox-
active ligands enables more control over the properties, enhancing potential applications as
biological redox probes. Integration of both luminescence and SMM behavior within one molecule
could allow for new multifunctional materials and offer a specific (luminescent) probe for SMMs
deposited onto surfaces or devices. This poses a synthetic challenge in finding a ‘middle-ground’
with a ligand scaffold that meets the requirements of controlled symmetry for SMM behavior whilst
permitting some lower symmetry distortions that could enable luminescence within the same
molecule. The highly anisotropic Ln(ll) ions could be a good choice to study such synergistic
properties due to the increased probability of transitions for luminescence from low-lying 5d
orbitals, which may prevail even in higher symmetry environments. Most crucially, incorporation
of redox-active ligands has allowed both luminescent compounds and SMMs to show switchable
behavior. This is promising for electric control over these properties, which is potentially important

for their implementation in next generation devices.

The use of lanthanoids to develop a new class of VT molecular switches has been
considered as part of this review. Given the rarity of its observation one must be careful not to
overstep in what can be taken from the single report of this behavior in terms of design in future
VT lanthanoid compounds.*% However, several factors need to be considered. Firstly, given that
valence tautomerism was only observed for one polymorph of the compound (out of two different
polymorphs and a solvatomorph), a comprehensive understanding of relatively subtle lattice and
solvation effects is important. Therefore, complexes where multiple counterions, solvents or
subtle changes to the ligand scaffold could be investigated could pose an advantage. Also
important is the ability to functionalize the ligands with different groups to provide necessary steric

protection, coordination and electronic effects. Secondly, the electrochemical potential of the
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redox couples of the lanthanoid with the ancillary ligand in both oxidation states and those of the
redox-active ligand will need to be sufficiently similar to facilitate electron transfer. Thirdly,
lanthanoid metals with two accessible redox states (Yb(ID)/(lI), Eu(ID)/(11) and Ce(l1)/(IV)) must
be the focus to enable a systematic study into the origins of this behavior. Success in this
endeavor will inevitably require combining experimental investigations with computational studies
to allow elucidation of electronic structure and ultimately computational prediction of candidate
compounds for synthesis and measurement. Calculations of lanthanoid systems are non-trivial
and computationally expensive, however significant advances in theoretical methods have
occurred in recent years. Ultimately a considered and systematic approach may see the rise of
lanthanoid-based molecular switches. If tied to luminescent, SMM or catalytic behavior, this could
pave the way for a completely new class of functional molecular materials with substantial promise

for applications.
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The redox-activity of lanthanoid complexes can arise from metal, ligand or rarely, both
components. Harnessing the synergy between metal and ligand redox-activity will ultimately

facilitate the development of new molecular materials with novel and enhanced functionality.
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