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Recent advances in computational modelling of
mononuclear actinide single molecule magnets+

Sourav Dey 2 and José J. Baldovi (2 *

Significant progress has been made in lanthanide-based single mononuclear SMMs in the past two
decades, raising their magnetic memories to liquid nitrogen temperature. On the other hand, a handful of
actinide-based mononuclear SMMs, primarily based on uranium, have been reported. Among the advan-
tages of actinides over lanthanides are their more significant spin—orbit coupling and stronger metal-
ligand covalency, which make them better candidates for providing mononuclear SMMs with high energy
barriers. However, the lack of design criteria based on theoretical studies and their more challenging
experimental preparation has led to limited results that are still distant from their promising potential.
Recently, there has been an increasing interest in their ab initio modelling to understand their electronic
structure and magnetic properties. This has led to setting up the first steps regarding their chemical
design, thus opening new possibilities for improvement in the near future. In this review, we focus on
these recent works and rationalise how far the field has come forward, exploring the potential of design-
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ing an advanced generation of actinide mononuclear SMMs.

Introduction

Magnetic molecules exhibiting slow magnetisation relaxation
below a specific temperature, the so-called blocking tempera-
ture (Tg), are known as single-molecule magnets (SMMs)."™
This class of molecules has gained tremendous interest in the
past three decades due to their potential application in high-
density information storage devices, molecular spintronics
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and quantum computing.’® Indeed, discovering the second
generation of mononuclear SMMs in 2003 amplified this inter-
est, placing lanthanide-based compounds as leading players in
molecular magnetism. This is due to their unquenched orbital
angular momentum resulting from the buried 4f orbitals,
which is critical to attaining higher magnetic anisotropies and
thus increasing the two leading figures of merit of molecular
nanomagnets,'”'! ie. Ty and the effective energy barrier for
magnetisation reversal (Ueg).'"® Besides, the properties of
mononuclear SMMs can be fine-tuned by carefully tailoring
the ligand environment, which can result in unprecedented Ty
values that have recently been enhanced from 60 K to 80 K in
dysprosocenium-based mononuclear SMMs., '3

Although much less explored, actinides have been proposed
as a promising alternative to design even better mononuclear
SMMs.' This is because the more diffuse valence of the 5f
orbital cloud compared to 4f leads to larger metal-ligand
covalency, resulting in significant energy separation between
crystal field states and thus limiting quantum tunnelling of
the magnetisation (QTM).">'®° Furthermore, actinide-based
coordination compounds possess (i) stronger spin-orbit coup-
ling, (ii) an order of magnitude larger ligand field splitting
and (iii) stronger magnetic exchange interactions with neigh-
bouring metal centres.">*'>° Hence, they can combine the
best features of 3d and 4f nanomagnets since 5f electrons can
present strong ligand-field potential and magnetic superex-
change coupling. Despite these advantageous features, the
number of actinide-based mononuclear SMMs still needs to be
increased, and this promise of extraordinary properties is hin-
dered by the challenging theoretical modelling of their
properties.'®***" A major limitation of actinide single-mole-
cule magnets (SMMs) is their generally lower J values com-
pared to ions like Dy** or Er** (J = 15/2). This difference is key
to understanding why actinides’ magnetic properties have so
far been less competitive than those of lanthanides. On the
other hand, the availability of depleted uranium compared to
other actinides also puts them at the forefront of studying
their magnetic properties.

In this work, we review the state-of-the-art electronic struc-
ture of all actinide-based mononuclear SMMs reported so far.
This allows us to analyse the proposed design criteria to create
novel derivatives with more advanced capabilities. We intro-
duce all the reported mononuclear SMMs based on uranium
(m), uranium(v), uranium(v), neptunium(v) and plutonium
(m), discussing the critical role of the ligand field, coordi-
nation environment and symmetry on the magnetic properties
of these complexes.

Theoretical background

Since the twentieth century, most of the actinide compounds
are man-made. Thorium and uranium are found in noticeable
amounts on Earth and are long-lived.*? In early actinides (Ac-
Pu), the near degeneracy of 5f, 6d and 7s orbitals leads to
more electrons forming bonds, resulting in a wide range of oxi-
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dation states from +3 to +7.>* On the other hand, in the late
actinides, the most common oxidation state is +3, which is
similar to that of the lanthanides. The relativistic effect is
more pronounced in actinides than lanthanides due to their
larger atomic number than the latter. Actinide-free ions are
well described within the Russell-Saunders coupling scheme,
where spin-free levels are used to build many-electron states,
and these states are mixed by spin-orbit coupling. The states
of the free ion are described as ***'L;, where S, L, and J are
spin, orbital and total angular momentum, respectively.
Compared to lanthanides, in actinide complexes, (i) the inter-
action of 5f orbital with ligands becomes larger due to the less
effective screening by 6s6p shell and larger radial expansion,
(ii) the electron-electron repulsion is smaller due to the radial
node, and (iii) the j-mixing is larger due to the larger spin-
orbit coupling and the resulting states should be explained
within intermediate coupling scheme. However, the lowest 2] +
1 states are well separated from excited states and, therefore,
can be assigned to ground j-multiplet.

Magnetic properties of mononuclear actinide-based SMMs
governed by the low-lying states up to thermal energy.
Although the ground state properties such as molecular geo-
metries or vibrational frequencies of actinide SMMs can be
accurately modelled with the scaler relativistic methods such
as DFT (density functional theory), it cannot used to describe
the excited states.** As electron—electron repulsion, spin-
orbit coupling, and ligand field are similar in magnitude, 5f
orbitals should be adequately described to achieve qualitative
and quantitative accuracy. The scaler relativistic effect can be
easily described using he non-relativistic machinery.*®
SA-CASSCF (state-averaged complete active space self-consist-
ent field) is one of the central methods for studying actinide-
based metal complexes, effectively incorporating static corre-
lation through a zeroth-order wavefunction.’” This approach
not only provides a reliable estimate of single-ion anisotropy
but also reveals the origin of such anisotropy, offering prin-
ciples for designing high-performance mononuclear actinide
SMMs.*#3% In SA-CASSCF, orbitals are divided into three cat-
egories: closed, active, and virtual spaces (see Fig. 1). Because

Virtual Orbitals

Inactive Orbitals

Active Orbitals {

el

Fig. 1 A schematic diagram to represent the inactive, active and virtual
orbitals in CASSCF calculations.
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dynamic correlation is not fully captured in this method, tech-
niques such as complete active space perturbation theory
(CASPT2),*° N-electron valence shell perturbation theory
(NEVPT2),** or multireference configuration interaction
(MRCI)**** are often employed to accurately estimate single-
ion anisotropy parameters. The spin-orbit coupling is esti-
mated in the last step as a state interaction between many-elec-
tron correlated wavefunctions.** The first-principles calcu-
lations on actinide systems are challenging due to many
aspects of quantum chemistry: (i) as they are open-shell multi-
configuration methods are necessary to describe them, (ii)
consideration of both scaler and spin-orbit relativistic effects
and (iii) incorporation of correlation effects.

The success of SA-CASSCF depends on the choice of active
space, specifically the electrons and orbitals under investi-
gation. For example, in studies on U*" systems, an active space
of three electrons in seven 5f orbitals, denoted as CAS (3,7), is
commonly used. However, the active space must be carefully
selected based on the case, as this affects accuracy. For
example, the smallest active space containing the outermost
orbitals and their corresponding electrons suffices to repro-
duce the experimental magnetic data of 3d transition metal
and lanthanide complexes, but this approach is not always
suitable for actinides. Rajaraman and co-workers highlighted
the role of empty 6d orbitals in the active space of mono-
nuclear U** SMMs for reproducing magnetic properties, while
Bolvin and co-workers emphasized the importance of CASPT2
for accurately describing the electronic structure of U**
SMMS.39’45_47

These theoretical methods have been successfully
applied over the years to explain the magnetic properties of
actinide-based complexes and are now advanced enough to
predict high-performance mononuclear actinide SMMs,
including those yet to be synthesized or magnetically charac-
terized. This review explores recent progress in this field,
where theory and experiment complement each other to eluci-
date the origin of magnetic anisotropy in mononuclear acti-
nide-based SMMs.

Crystal field parameters in mononuclear actinide-based SMMs

Within crystal field theory, the model-Hamiltonian describing
the f electrons can be written as:

N 2
ACF N Z*e
H = T; —

Z{ ! 4neorl}

i=1

e N, N\ cF ®
P LR MG

i<j -1

where the terms represent the scalar relativistic kinetic energy,
the attraction between electrons and nuclei due to the
screened charge of the nucleus Z*, the electron—-electron repul-
sion, and the spin-orbit and crystal field operators, respect-
ively. In SMMs involving lanthanides or actinides, the splitting
of the f orbitals induced by surrounding ligands can be mod-
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elled using tensor operators O, which operate within the 1
(one-electron), L (spin-free), or J (spin—orbit) manifolds,

k
i 3 Y BOI(X) (2)

k=2,4,6 =k

(X) =

where X =1, L or J, depending on the considered manifold.***®
The B;? are the crystal field parameters (CFPs), ax*= (X||a"||X)
are the reduced matrix elements in the second, fourth, and
sixth order, respectively. The B;? are determined from CASSCF-
based wavefunctions in two ways: (i) from orbital level (X = 1)
employing ab initio ligand field theory (AILFT)*® developed by
Atanosov as implemented in ORCA*® and (ii) from many elec-
tron states with or without spin-orbit coupling (X = J or 1) as
implemented in MOLCAS.>"*> There are 27 CFPs in f
elements, which are reduced by symmetry. The model matrix
of crystal field Hamiltonian is expressed from three Slater-
Condon parameters,® F>, F* and F°® for electron-electron
repulsion, the effective one-electron spin-orbit coupling para-
meter { and 27 crystal field matrix elements. The crystal field
parameters (CFPs) can also be deduced by fitting experimental
magnetic data using PHI, CONDON, or SIMPRE codes.>*>°
The calculated CFPs from these two different levels (orbitals/
spin-orbit) are very similar, suggesting the splitting of the
ground J-multiplet can be analyzed through the orbital level.””
The CFPs from the J-multiplet effectively incorporate all inter-
actions and are, therefore, suitable for modelling magnetic
properties from the ground j-manifold. On the other hand, as
orbital CFPs are unequivocal, they can be used to model the
optical spectra.

As CFPs depend on molecules’s orientation in the cartesian
frame, it is convenient to use the crystal field strength para-
meter (S) for the sake of comparison between different
complexes:*®

1

1 NE
=g e ’
=246

Note that S is rotationally invariant. The parameter S allows
us to analyze the strength of the ligand field, resulting in the
splitting of the ground J multiplet with only one parameter.

Magnetization relaxation in mononuclear SMMs

The mechanism of magnetization relaxation can be qualitat-
ively described through various spin-lattice vibration pathways
after estimating the spin-Hamiltonian and crystal field para-
meters, as discussed in previous sections.>®® In the presence
of an applied magnetic field, one of the M; components of the
spin-orbit eigenstates becomes more populated than the
opposite component. During the demagnetization process, the
spin relaxes back to the ground state via two relaxation path-
ways: (i) spin-lattice relaxation (73) and (ii) spin-spin relax-
ation (7,).>° Spin-spin relaxation occurs in the presence of
surrounding electron or nuclear spins, with the magnetic
moment oriented perpendicular to the applied magnetic field.
This relaxation process is crucial for applications in quantum
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Fig. 2 A schematic view of several spin-phonon relaxation pathways in
mononuclear SMM. The blue lines describe the phonon energy of the
lattice, while the red lines indicate the crystal field energy levels of the
molecule. The Debye frequency represents the cutoff of acoustic
phonons. Reprinted from Liddle et al.® with permission from the Royal
Society of Chemistry.

information processing.®' In most mononuclear SMMs, relax-
ation proceeds through spin-phonon interactions via the
Orbach mechanism (see Fig. 2).°> Recent advances in dysproce-
nium complexes have provided deeper insights into spin
dynamics, aiding in the design of potential SMMs.
Magnetization relaxation can be described as a combination of
three processes:

Acr
v ' = AHMT + CT™ + 1 esT (4)
Direct Raman Orbach

where A, C, and 7, corresponds to that parameter, which
includes the sound of speed and spin-phonon coupling
matrix. The first term in eqn (4) represents a direct magnetiza-
tion relaxation process in a two-level system, which depends on
the applied magnetic field H (Fig. 2). In lanthanides or acti-
nides, where multiple m; states are present, the direct process
has a negligible contribution, and relaxation instead occurs
through two or more steps with significant contributions from
lattice phonons.® When the spin transitions occur from the
ground state to an excited »; state by absorbing thermal energy
or phonons from the lattice, this mechanism is known as the
Orbach process (Fig. 2 and black dotted arrow in Fig. 3). The
spin then relaxes back to the ground state by emitting a phonon
with energy corresponding to the energy gap between the
ground and excited m; states (Fig. 2). This relaxation slows down
in the presence of a strong axial crystal field and generally
occurs at higher temperatures, following a linear dependence of
the relaxation rate (z) on the inverse of temperature (1/T).
Another pathway for magnetization relaxation is known as
QTM, where spins tunnel between opposite magnetization (1)
states in the ground state (Fig. 2 and red dotted arrow in
Fig. 3).°® This phenomenon occurs due to a strong mixing
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Fig. 3 The mechanism of magnetization relaxation of a mononuclear
SMM through low-energy KDs, including various relaxation pathways.

coefficient of the opposite magnetization. For a free Kramers
ion (with half-integer S or J values), this mixing is zero, as dic-
tated by the Kramers theorem of degeneracy. However, in real
molecules, non-axial crystal fields or non-zero nuclear spins
can lead to significant QTM between m; states. A small,
applied dc magnetic field can suppress this QTM, but main-
taining a high axial crystal field symmetry is essential for
quenching QTM in the absence of a magnetic field. In non-
Kramers systems (with integer S or J values), strong mixing
results in the splitting of m; states, which is referred to as
tunnel splitting. This mixing can also occur through excited m,
states, which is termed thermally assisted QTM (TA-QTM).

In the first-order Raman process, the energy released
during magnetization relaxation is absorbed through the
superposition of two lattice phonons, one of which exists in a
virtual intermediate state (Fig. 2).® In contrast, the second-
order Raman process involves both phonons and KDs, transi-
tioning through a virtual intermediate state in a two-step
manner (olive green dotted arrow in Fig. 3).°* Practically, a
system may follow multiple relaxation pathways influenced by
temperature. While molecular vibrations play a significant role
in magnetization relaxation, a more detailed understanding
necessitates considering unit cell vibrations and the corres-
ponding density of states. Consequently, spin dynamics are
crucial in determining the relaxation rate and effective energy
barrier for magnetization relaxation in single-molecule
magnets.

It is often observed that the calculated energy barrier for
magnetization reversal (U.y) tends to be overestimated com-
pared to Ueg. Although expanding the active space and includ-
ing dynamic correlation can improve this estimate to some
extent, the discrepancy appears to be intrinsic. This can be
attributed to several factors: (i) ab initio calculations do not
provide the probabilities of quantum tunnelling mechanisms
(QTM, TA-QTM) and Orbach processes; they only yield the
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corresponding matrix elements; (ii) intermolecular and hyper-
fine interactions present in the crystal structure are often neg-
lected in ab initio calculations, which can promote under-
barrier relaxation processes; and (iii) the presence of under-
barrier Raman relaxation processes.

Mononuclear Uranium(m) SMMs

Until now, most of the reported actinide SMMs are based on
uranium(m). This is due to the Kramers nature of U*", which
guarantees the doubly degenerate m; ground state in the
absence of a magnetic field. Furthermore, it possesses large
orbital angular momentum (5f%, J = 9/2), which creates a sig-
nificant energy separation between ligand field states, result-
ing in a higher energy barrier for magnetic relaxation.
Mononuclear SMMs are ideal for a fundamental understand-
ing of the slow relaxation of magnetisation. On the other
hand, these systems can be modelled quite easily due to the
absence of magnetic exchange.

In this section, we will start by comparing U*" mononuclear
SMMs with their isoelectronic lanthanide analogue, Nd(ur).
Thereafter, we will review the theoretical modelling of the mag-
netic properties of reported U*" coordination complexes exhi-
biting slow magnetisation relaxation, which are the most pre-
dominant actinide-based mononuclear SMMs. We have
divided this section into two parts based on the ligand field
and symmetry.

Comparison between Nd(m) and U*" mononuclear SMMs.
Before comparing the magnetic properties of lanthanide and
actinide SMMs, it’s essential to highlight a fundamental differ-
ence in their electronic structures. In lanthanides, interelectro-
nic repulsion and spin-orbit coupling are stronger than the
crystal field, which acts as a perturbation.®® In actinides, these
terms are of similar magnitude, potentially resulting in an
electronic ground state that does not follow Hund’s rule.®®
Consequently, a discussion of orbital splitting and electronic
populations is necessary, as illustrated for [U(O)(N");][(Me)C
(NMeCH),] and [U(NSiMe;)(N");][(Me)C(NMeCH),].*®

However, to make a direct comparison of slow magnetic
relaxation between lanthanide and actinide complex, Long and
co-workers studied two isostructural and valence isoelectronic

(b) ,
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actinide and lanthanide complex; [UTps] (1, Fig. 4a) and
[NdTp;] (2, Tp; = trispyrazolylborate).®” The studies on low-
temperature absorption spectra reveal about twice the energy
splitting of the five kramers doublets (KDs, derived from *Io/,
ground state) as well as KD1-KD2 energy gap in the uranium
congener compared to the lanthanide analogue (Fig. 4b, (267
(1) vs. 115 em™" (2))). This is due to the larger spin-orbit coup-
ling and crystal field in the former compared to the latter, as
stated in the introduction. Furthermore, the magnetisation
relaxation in 1 is found to be one order of magnitude slower
than in 2 with an applied dc field of 100 Oe (Ui = 4 cm ™" in 2
compared to lanthanide congener (Ut = 3 cm™')). To deter-
mine the splitting of KDs and associated wavefunctions,
ab initio calculations were carried out by Rajaraman and co-
workers, which unveiled large transverse anisotropy in ground
KD in both complexes, resulting in significant QTM.®® The
large transverse anisotropy originated from the strong mixing
my = |£5/2) and |+7/2) in the ground KDs in both complexes.
Calculations with an expanded active space that includes 6dz>
orbitals show a significant improvement in the computed T
values compared to experimental data, suggesting that agostic
interactions between the hydrogen of the -BH group and
uranium occur through this orbital. This interaction plays a
vital role in the magnetic properties of uranium complexes
with pyrazolyl borate ligands. However, using a different com-
putational approach with the crystal field model, Coronado
and co-workers also performed calculations on 1 and 2 to
determine the nature of the ground state. Their model
unveiled ground state KD is a combination of m; = +5/2) and |
17/2), suggesting significant QTM in the ground state, explain-
ing the small U, observed in 2.%°

One year later, in line with the previous studies, Murugesu
and co-workers performed a comparison between isostructural
and valence isoelectronic actinide and lanthanide mono-
nuclear SMMs [Li(DME);][U(COT"),] (3, Fig. 4c) and [Li
(DME);][Nd(COT"),] (4) (COT" = bis(trimethylsilyl)cyclooctate-
traenyl dianion).”® As expected, complex 3 is found to possess
a larger barrier height compared to 4 (Uegs = 19 (3) and 15 (4)
em™"). The ab initio calculations on both complexes reveal
stabilisation of m; = |£5/2) as ground KD. The ground and first

800+
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Energy (cm™)

_©

/
/ — |1712>] 2
4
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IR Ap— 2 ©
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Fig. 4

(a) The magnetic anisotropy axis of [UTps] (2). (b) A comparison of CF splitting of five ground KDs of 1 and 2. (c) The magnetic anisotropy axis

of [Li(DME)3][U(COT"),] (3). Colour code: U (cyan), N (blue), Si (violet), B (pink), p (green) and C (grey). Hydrogens are omitted for clarity.
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excited KD energy gap is estimated to be 382 and 207 cm™" for
3 and 4, respectively, which is one order of magnitude larger
than the U values.®® This is quite common in the early
lanthanide and actinides as they do not follow the thermally
activated process for magnetisation relaxation. However, the
studies on complexes 1-4 suggest that screening of isoelectro-
nic lanthanide analogues should provide the first step of deci-
phering potentially interesting actinide systems, especially the
transuranic elements, due to the difficulty in modelling these
complexes.

To enable an accurate and quantitative comparison of ligand
fields in lanthanides (Ln) and actinides (An), Bolvin and co-
workers estimated the crystal field strength parameter (S, see
eqn (3)) for the [Ln(DPA);]>~ and [An(DPA),; ]’ series (where DPA
= dipicolinate) using calculated crystal field parameters
(CFPs).”"7? The § values calculated for [An(DPA),]*~ from both
AILFT and SO-CASPT2 were found to be twice as large as those
for [Ln(DPA);]>~, consistent with the twofold greater crystal field
splitting of the ground j-multiplet in actinides compared to
lanthanides. Additionally, S was observed to decrease with
increasing atomic number in both series, a trend more pro-
nounced in actinides due to their greater covalency relative to
lanthanides. This same trend was also reproduced by Atanasov
and co-workers for the [AnCl]’~ series.”

Effect of ligand field. The ligand field plays a crucial role in
determining the magnetic properties of transition metal and
lanthanide-based mononuclear SMMs. To investigate the same
in actinide-based mononuclear SMMs, Long and co-workers
studied two complexes of general formula [U(Ph,BPz,);] (5,
Ph,BPz, = diphenyl (bis pyrazolyl) borate, Fig. 5a)’* and [U
(HBPz,);] (6, Fig. 5b) through fine-tuning of the equatorial
ligand field by replacing the two phenyl groups with hydrogen
atoms.”® The metal centre in 5 resides in a trigonal prismatic
environment due to coordination from three bidentate diphe-
nyl(bispyrazolyl) borate ligands, while in 6, it resides in tri-
capped trigonal prismatic coordination geometry due to stron-
ger U---H-BH agostic interactions. This leads to the elongated
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trigonal prism in 6 compared to 5, resulting in a lower axial
ligand field in the former. This is quite evident from the Uy
values (20 cm™" in 5 and 8 cm™' in 6) as well as from the
ab initio calculations (U, = 142 and 131 cm™ in 5 and 6,
respectively). The ground KD is found to be a combination of
my = |£7/2), |+5/2) and |+3/2) for 5, while in complex 6, a com-
bination of m; = [+5/2), |+3/2) and |+1/2) was obtained.”®””
The larger m; in the ground KD in 5 leads to a smaller QTM
compared to 6 (0.23 and 1.01up in complexes 5 and 6, respect-
ively), which explains the zero field and field-induced mono-
nuclear SMM behaviour of 5 and 6, respectively. Furthermore,
the theoretical calculations suggested that the agostic inter-
action between H and U*" in 6 plays an essential role in mag-
netic properties compared to 5, where such an interaction is
absent. This leads to the difference in the magnetic properties
between 5 and 6 despite their similar geometry. It is note-
worthy to mention that, a computational study with radial
effective charge (REC) model by Coronado and co-workers®’
yields the KD1-KD2 energy gap of 190 em™" in 5 and 230 cm ™"
in 6.

Furthermore, to determine the structural features governing
the mononuclear SMM behaviour in actinide-based complexes,
Almeida, Bart and co-workers studied four additional closely
related mononuclear SMMs, namely, [U(Tp™*)(THF),] (7,
Tp™® = hydrotris(3,5-dimethylpyrazolyl)borate, Fig. 6), [U
(Tp™*),1] (8, Fig. 6), [U(Tp™*),CH,Ph] (9, Fig. 6) and [U
(Tp™*),(bipy)]I (10, Fig. 6).”*®" The calculations (see ESI} for
computational details for 7 and 9) reveal a vigorous mixing
between several m; levels (dominated by m; = |+7/2) and |£9/2),
see Table 1 and Tables S1, S27) leading to the significant QTM.
The computed QTM is found to be in the order of 7 <9 < 8 <
10 (Fig. 6 and 7). This is in the order of mixing between m;
levels; the larger the mixing, the larger the QTM. However, the
calculations suggest that THF produces the weakest equatorial
ligand field due to the ionic nature of the U-O bond. The com-
puted crystal field splitting from *I,, states is 7 < 8 < 10 < 9.
Moving from 7 to 8, a significant increase in the crystal field

600000000000

100 150 200 250 300
Temperature (K)

Fig. 5 Molecular structure of the complex (a) [U(Ph,BPz,)3] (5) and (b) [U(H,BPz,)3] (6). Colour code: U (cyan), B (pink), N (blue), C (grey). Hydrogens
are omitted for clarity. (c) A comparison of experimental vs. computed temperature-dependent magnetic susceptibility of 6. Experiment (circles),
SO-CASSCF (red), and SO-MS-CASPT2 (set 1 blue, set 2 green). They are reprinted with permission from ref. 77. Copyright 2017 American Chemical

Society.

1354 | Inorg. Chem. Front,, 2025, 12, 1349-1370

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qi02326a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 1403. Downloaded on 09/01/1405 07:17:45 ..

(cc)

Inorganic Chemistry Frontiers

3

(=) I\m

Q\“N’
\\U N
/ \N'l'\ 2
|
/ S
N=
N =

View Article Online

Review

Fig. 6 The molecular structure of [U(TpMe)I,(THF)2] (7), [U(Tp™M2),1] (8), [U(TpMe2),CH,Ph] (9) and [U(TpM<?),(bipy)ll (10). The counter anion of
complex 10 has been removed and reprinted with permission from ref. 80. Published by The Royal Society of Chemistry.

Table 1 The reported mononuclear actinide SMMs with symmetry and blocking barrier

Field induced/

Local geometry around metal Point Ueg KD1-KD2 zero field
Complex centre group (ecm™") (em™) Ground state 71, SMM Ref.
UTp;] (1) Tricapped trigonal prismatic Dz, 3.8 251.5 +5/2)+|+7/2) Field induced 67 and 68
Li(DME);][U(COT"),] (3) Sandwitched Dgqg  18.7  382.0 +5/2) Field induced 70 and 68
U(Ph,BPz,);] (5) Trigonal prismatic Dz, 20 141.7 +3/2)+|+5/2)|+7/2)  Zero field 74 and 76
U(H,BPz,)3] (6) Tricapped trigonal prismatic Dz, 8 131.3 +1/2)+|+3/2)|+5/2)  Field induced 75 and 76
U(TpV®),1] (8) Pentagonal bipyramidal Ds,  21.0  213.6 +5/2)+|+7/2)+|+9/2) Field induced 76,79 and 108
U(Tp™*),(bipy)]I (10) Distorted dodecahedral C, 182  138.0 +1/2)+|+7/2)+|+9/2) Field induced 78 and 76
U(Tp“*),(bipy.)] (11) Triangular dodecahedron D,y 19.8 Zero field 83
(U{SiMe,NPh};-tacn)(OPPh;)] Tricapped trigonal prismatic Dz,  15.2  147.0 |£5/2)+|£7/2) Field induced 6
(12)
U(Bc™M®);] (13) Tricapped trigonal prismatic Dz, 33.0  102.7 +5/2)+|+7/2) Field induced 85 and 86
U(Bp™©),] (14) Tricapped trigonal prismatic Dz, 0.0 169.2 +5/2)+|+7/2) Field induced 85 and 86
U((OAr**™¢).mes)] (15) Octahedron Oy, 9.7 260.7 +9/2)+|+5/2)+|+3/2) Zero field 87
K(18¢6)] [U(0Si(O'Bu);),4] (16) Tetrahedral Ta 181  97.6 +7/2)+|£5/2) Zero field 26 and 76
K(18¢6)] [U(N(SiMe3),)4] (17) Tetrahedral Tq 16.0  229.8 +7/2) Zero field 26 and 76
U{N(SiMe,"Bu),};] (18) Trigonal planner Dy, 149 3237 +1/2) Field induced 89 and 45
U{N(SiMe;),};] (19) Trigonal pyramidal Csy 215 2117 +1/2) Field induced 88 and 45
UI3(TH€)§4] (22) Pentagonal bipyramidal Cyp 129  304.8 +9/2)+|+3/2) Field induced 88 and 76
U(BIPM ™)(1),(THF)] (23) Spherical square pyramid Cy 162 12041 +9/2)+|£5/2) Field induced 88 and 76
(n-C5""),U] [B(CeFs)s] (24) Sandwitched Dgn, 0.0 296 Field induced 109
{(SiMe,NPh);-tacn}U(n*-N,Ph,C)] Triangular dodecahedron Dyy 9.8 |+4)+|£0) Field induced 93
27
(U(z))(TrenTIPS)] (28) Trigonal bipyramidal Csyy 149 683 +3/2) Field induced 95 and 96
U(Tren"™%)(N)][M(crown),] (29)  Trigonal bipyramidal Csy  14-28 677-824  |+5/2) Field induced 96
U(Tren"™"®)(-N)}{M(crown)}] (30) Trigonal bipyramidal Csy  14-28 613-715  |+5/2) Field induced 96
Np(COT),] (31) Sandwitched Dgn,  28.5 1832 +5/2) Field induced 98 and 99
PuTp;] (32) Tricapped trigonal prismatic Dz,  18.3  332.0 +5/2) Field induced 100 and 101

splitting is observed due to an increase in the axial ligand field
group. Complexes 8 and 10 are magnetically
characterised, and both show slow relaxation of the magnetisa-
tion under an applied dc field, with U of 21.0 and 18.2 cm™
in complexes 8 and 10, respectively.
bipyridine radical complex [U(Tp“*),(bipy.)] (11)* interest-
ingly exhibits slow magnetisation relaxation with U.s of
in zero field. This study indicates that the magnetic

Me2

from the Tp

20 cm™*

77,79,82

This journal is © the Partner Organisations 2025

However, the 2,2'-

1

relaxation of magnetisation in zero field with Ueg = 15.2 cm™ -,
which is 1/10 of the ab initio calculated ground and first

coupling of the U*' ion with the radical ligand can suppress
the QTM even in mononuclear actinide complexes.

To investigate the effect of the axial ligand field on the mag-
netization relaxation, Slageren and co-workers studied [U
({SiMe,NPh};-tacn)(OPPh;)] (12, Fig. 8a) where OPPh; ligand
was introduced in the axial position.® The complex shows slow

1
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Fig. 7 The mechanism of magnetization relaxation of (a) [U(Tp™®)I,(THF)2] (7) and (b) [U(TpM®2),CH,Ph] (9). The red arrows denote the QTM via the
ground state and TA-QTM via the first excited state. The sky-dotted arrow represents the Orbach process. The green arrows indicate the most poss-

ible pathway of magnetisation relaxation.

Ab Initio MCD CF Fit

50 100

Fig. 8

150
T (K)

200 250

(@) The molecular structure of the complex [U({SiMe,NPh}z-tacn)(OPPh3)] (12). Colour code: U (cyan), N (blue), Si (violet), p (green) and C

(grey). Hydrogens of complexes are omitted for clarity. (b) Experimental vs. computed temperature-dependent magnetic susceptibility of 12 (experi-
ment: circles, ab initio: grey, fitted: red). The inset shows the M vs. H comparison of complex 12. (c) The experimental vs. computed crystal field split-
ting energy level of complex 12. Reprinted with permission from ref. 6 and reproduced with permission from John Wiley and Sons.

excited state energy gap (147 cm™') due to the spin-phonon
relaxation with a non-Orbach process (Fig. 8c). The ab initio
computed temperature-dependent magnetization of 12 was
found to be overestimated compared to the experiment
(Fig. 8b). To circumvent this issue, the temperature and field-
dependent magnetisation was fitted with the following
Hamiltonian H = Hy; + Hor in CONDON, where FI corresponds
to the free ion and CF corresponds to the crystal field. The
ground state from the above fitting consists of a mixture of m;
= |+5/2) and |t7/2) contrary to |+1/2) from ab initio calcu-
lations. The computed energy levels showed good agreement
with MCD spectra. This study indicates that an axial ligand
field stabilises a large ground m; which promotes slow relax-
ation of magnetisation compared to the analogue complex
[U({SiMe,NPh};-tacn)] that does not have an axial ligand field.
As most U*" based mononuclear SMMs are based on
N-donor scorpionate ligands,®* it is interesting to compare the
magnetisation relaxation with the ligand donor strength,

1356 | /norg. Chem. Front., 2025, 12,1349-1370

keeping the molecular symmetry intact. In line with this idea,
Long and co-workers studied two isostructural and isomeric
mononuclear SMM, [U(BcM€);] (13), ([Bc™©]™ = dihydrobis-
(methylimidazolyl) borate, Fig. 9a) and [U(Bp"©)s] (14),
([Bp™©]” = dihydrobis(methylpyrazolyl)borate, Fig. 9b).®> The
metal centre in both complexes resides in a tricapped trigonal
prismatic coordination geometry (D3, symmetry) due to the
significant U---H-BH agostic interaction. The magnetic studies
reveal that strongly donating N-heterocyclic carbene ligand in
13 promotes slow relaxation of magnetisation with Uy of
23 em™", the highest reported till now for a U** mononuclear
SMM, while complex 14 relaxes via direct and Raman process
with no blocking barrier. To rationalise this striking experi-
mental observation, Rajaraman and co-workers performed
ab initio calculations on both complexes.®*® The bonding ana-
lysis through NBO (natural bond orbital) and AIM (atoms in
molecules) showed stronger metal-ligand covalency and
U---H-BH agnostic interaction in 13 compared to 14. To

This journal is © the Partner Organisations 2025
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Fig. 9 Molecular structure of the complex (a) [U(Bc™M®)s] (13) (b) [U(BpM®)s] (14). Colour code: U (cyan), B (pink), N (blue), C (grey), H (white).
Experimental vs. computer temperature-dependent magnetic susceptibility of (c) 13 (d) 14 with several active spaces.

capture this significant metal-ligand covalency and agostic
interaction, the 6d orbitals were added in the active space
(Fig. 9c and d). The computed temperature-dependent suscep-
tibility with the addition of 6d,” orbital in the active space
agrees well with the experiment, which implies that the agostic
interaction occurs through the vacant 6d,”> orbitals of
uranium. The striking difference in magnetic properties
between 13 and 14 can be rationalised through significant
superhyperfine coupling between uranium and nitrogen (I = 1)
in 14, which is absent in 13. The studies on complexes 13 and
14 suggested that significant metal-ligand covalency is vital to
increasing the Uy of uranium mononuclear SMMs. Therefore,
to improve the metal-ligand covalency further, an in-silico
model was designed by replacing the carbons in the first
coordination sphere of complex 13 with sulphur. The model
calculations revealed an increase of the crystal field splitting of
200% compared to complexes 13 and 14. This suggests the
importance of metal-ligand covalency in designing potential
U mononuclear SMM. Inspired by our study, Meyer and co-
workers synthesized [U((OAr*®™¢);mes)] (15, Fig. 10) with a
weaker sulphur-based ligand in the equatorial position.®” The
ab initio calculations on 15 reveal minimal QTM and a large
KD1-KD2 energy gap of 260.7 cm™' (see ESIf for compu-

This journal is © the Partner Organisations 2025

tational details). However, this complex is reported to have a
blocking barrier of 10 cm™, a fraction of the computed value,
which can be ascribed to non-Orbach relaxation of magnetisa-
tion such as direct and Raman process. However, designing a
sulphur-based ligand for the equatorial position and a nitro-
gen-based ligand for the axial position should be ideal to
obtain U** mononuclear SMM with a high blocking barrier
and a small QTM. To gain deeper insight into the role of the
ligand bite angle in magnetic anisotropy, a magnetostructural
correlation analysis was performed by varying the ligand bite
angle in complex 13. This analysis revealed that an increased
ligand bite angle enhances the magnetic axiality of complex
13. Since the ligand bite angle in 13 is larger than in 14, the
greater magnetic axiality observed in 13 compared to 14 aligns
with this magnetostructural correlation.

To elucidate the role of the coordinating atom in actinide-
based mononuclear SMMs in lower coordination numbers,
Mazzanti and co-workers studied two low coordinate U**
mononuclear SMMs, [U(OSi(O'Bu);),]” (16, Fig. 11a) and
[U(N(SiMe3),)s]” (17, Fig. 11b), where U*" resides in tetrahedral
geometry.”® Complexes 16 and 17 exhibit slow relaxation of
magnetisation in zero field with U.s of 18 and 16 cm™,
respectively. The larger Uy of 16 is related to the smaller

Inorg. Chem. Front,, 2025, 12,1349-1370 | 1357
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Fig. 10 (a) The g, axis of KD1 of complex [U((OAr*® M¢):mes)] (15). Colour code: U (cyan), S (yellow), O (red), C (grey). Hydrogens are omitted for
clarity. (b) The mechanism of magnetisation relaxation of 8. See Fig. 7 for more details in the figure caption.

Fig. 11 The molecular structure of the complex (a) [U(OSi(O'Bu)s)4l™ (16) (b) [U(N(SiMe3),)4]™ (17). Colour code: U (cyan), O (red), N (blue), Si (violet),

C (grey). Hydrogens and counter anions are omitted for clarity.

average U-O distance compared to the average U-N distance in
17. Very recently, ab initio calculations on these complexes
unveiled a ground state of m; = |+7/2) with [+5/2) in 16, while
almost pure m; = |£7/2) was found in 17.”° But the computed
QTM is insignificant (<0.1ug), suggesting zero field mono-
nuclear SMM behaviour of complex 17, which aligns with the
experiment.

Effect of symmetry. Molecular symmetry plays a pivotal role
in designing potential lanthanide-based mononuclear SMMs.
To investigate the sensitivity of magnetic properties with sym-
metry in actinides, Mills and co-workers studied two closely
related mononuclear SMMs: planar [U{N(SiMe, Bu),};] (18, Ds,
symmetry, Fig. 12a) and pyramidal [U{N(SiMes),};] (19, Ca,
symmetry, Fig. 12b).5®®° The U---Cy-H interaction is found to
stabilise both the complexes in a low coordination environ-
ment and it is found to be stronger in 18 compared to 19 due
to the smaller distance in the former. The magnetic measure-
ments revealed complexes 18 and 19 are field-induced mono-

1358 | /norg. Chem. Front, 2025,12,1349-1370

nuclear SMMs (Ueg = 15 (18) and 21 (19) cm™") with the stabil-
isation of m; = |+1/2) leading prolate ground state with easy
plane anisotropy (gy,>g.).*> The ab initio computed KD1-KD2
energy gap was estimated to be 324 and 212 cm™", one order
of magnitude larger than the U,y values due to the reasons
mentioned above. The DFT calculations revealed significant
metal-ligand covalency in both systems, which is more promi-
nent in 19 than 18 due to the shorter U-N bond distances in
the former. The calculations also indicated that 6d orbitals are
involved in the agostic interactions and take part in the metal-
ligand covalency. Therefore, adding these 6d orbitals in the
active space provides a better agreement between the com-
puted and experimental observables.

To investigate the effect of symmetry on the magnetic pro-
perties further, a T-shape model was constructed from
complex 19, which yields m; = |+9/2) in the ground state,
resulting in the oblate type of ground state electron density.
The KD1-KD2 energy gap on this model was estimated to be

This journal is © the Partner Organisations 2025
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Fig. 12 The computed alpha electron density of (a) [U{N(SiMe,'Bu),}s] (18) (b) [U{N(SiMes),}s] (19) (c) [U(NSi'Pr,),()] (20) and (d) [UNHATriPrg),I] (21).
Colour code: U (cyan), N (blue), Si (violet), C (grey). Hydrogens of complexes 20 and 21 are omitted for clarity.

1116 cm ™. As this is a model complex, a retro search in CCDC
yielded two U** complexes with T-shape geometry, namely [U
(NSi'Pr,),(1)] (20, Fig. 12¢) and [U(NHAT'Pre),1] (21, Ar'Prg = 2,6-
(2,4,6-'Pr;C¢H,),CsH3, Fig. 12d) which are magnetically charac-
terised, but the U.g is unknown. The ab initio calculations on
both complexes also yielded m; = |+9/2) as a ground state, with
computed blocking barriers of magnetisation reversal of 908
and 932 cm™" for complexes 20 and 21, respectively. In a nut-
shell, this study indicated that T-shape geometry should be tar-
geted to achieve a sizeable blocking barrier of magnetisation
reversal in U** mononuclear SMMs.

The effect of symmetry in the magnetic properties was
further investigated in two additional complexes [UI;(THF),]
(22, Fig. 13a) and [U-(BIPM™®)(1),(THF)] (23, BIPM™" = CH
(PPh,NMononuclear SMMej),, Fig. 13b) by Mills and co-
workers.®® The metal centre in complexes 22 and 23 resides in
Cs, and C; point group symmetry, respectively. The effective
energy barrier for slow relaxation was estimated to be 13 and
16 cm™" for 22 and 23, respectively, a fraction of the ab initio
calculated KD1-KD2 energy gap (305 (22) and 120 (23) cm™).
Furthermore, calculations revealed the ground state with a
large mixing of m; = |+9/2) and |+3/2) in 22, whereas m; = |9/

(b)

s

Fig. 13 The computed magnetic anisotropy axis of (a) [Uls(THF),4] (22), and (b) [U-(BIPM™S)(1),(THF)] (23). Colour code: U (cyan), N (blue), Si (violet),
P (green) and C (grey). Hydrogens of complexes 22 and 23 are omitted for clarity.
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2) and |+5/2) in 23. This results in a large QTM that explains
the absence of zero-field mononuclear SMM behaviour in
both.”® Although this study suggests symmetry has a minimal
role in magnetic properties, it should be noted that complexes
22 and 23 possess different ligand fields.

To obtain a more clear picture of the effect of geometry and
coordination number in U*' based mononuclear SMMs,
Rajaraman and co-workers performed ab initio calculations on
42 fictitious in silico models [U(OH),(H,0),,]°>" (n = 1-3, m =
0-10) from coordination number 1 to 12.”° Among them,
17 models were found to be the best-performing models with
my = |£9/2) or |+7/2) as the ground state that makes the QTM
minimal (Fig. 14). Furthermore, calculations have been per-
formed on fifteen reported U®" complexes that closely
resemble those best-performing fictitious models to offer
design principles of U’" based on mononuclear SMMs. The
calculations reveal m; = |£9/2) (>90%) ground state for 1, 2, 4
(tetrahedral), 5 (trigonal bipyramidal and square pyramidal), 6
(octahedral), 7 (pentagonal bipyramidal), and 8 (square anti-
prismatic) coordinated models and dominant m; = |+9/2) in
one of the twelve coordinate icosahedron models. On the
other hand, m; = |+7/2) was stabilised for ten (bicapped square
antiprismatic) coordinated models and a dominant m; = |+7/2)
in 11 coordinated (pentagonal antiprismatic) and 12 (icosahe-
dron) models. Finally, a combination of m; = |+5/2) and |+7/2)
was stabilised in 3 (T-shape) coordinated models. Considering
the Orbach process, the U., values of the models were esti-
mated to be very large in the range of ca. 1000 cm™" for most
of the models and ca. 1500 cm™" for some models (T-shaped,
pentagonal antiprism). The extensive theoretical search for
high U, values of U*" mononuclear SMMs from coordination

View Article Online
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numbers 1 to 12 yielded several synthetic targets with Ucy
values more than 1000 cm™.

Exploring uranocenium mononuclear SMM. Motivated by
the groundbreaking discovery of a blocking temperature as
high as 80 K in a dysprosocenium complex,'>'*'>% Layfield
and co-workers investigated a similar coordination compound
based on U*': uranocenium, with the general formula [(n’-
Cs'Pr5),U]" (24, Fig. 15a).”° In this molecule, U** is sandwiched
between two rigid n°>-C5'Pr; rings®® where the ring centroid-U-
ring centroid angle becomes 167.82°, slightly smaller than the
dysprosium complexes. Contrary to the Dy(u) analogue, no
blocking barrier of magnetisation reversal was obtained in
complex 24 since it follows the Raman process for magnetisa-
tion reversal. Furthermore, two additional uranocenium com-
plexes [(Cp'Pr,),UI] (25, Fig. 15b) and [(Cp'Prs),U][B(Ce Fs)a]
(24, Fig. 15¢c) were reported with field-induced slow relaxation
of magnetization.”® On the other hand, the calculations on a
hypothetical complex [U(Cp™),]" by Baldovi and co-workers
revealed strong mixing of 82% of m; = |+9/2) in the ground KD
in contrast to dysprosium where almost pure m; states are
obtained in low lying KDs.”?> The hysteresis temperature is
predicted to be 10 K much lower than dysprocenium
complexes.””** The spin-phonon calculations revealed that the
vibrations causing the magnetisation relaxation are similar to
those in dysprocenium complexes.” By contrast to dysproce-
nium, the absence of zero field mononuclear SMM behaviour
of the uranocenium complex is related to the (i) vigorous
mixing between m; levels in low-lying KDs and (ii) different
electronic structures of Dy(m) and U**, where the former pos-
sesses a ground state of m; = |+15/2) while the latter possesses
a ground state of m; = |£9/2).%>
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Fig. 14 A comparison of the energy levels of five ground KDs of several in silico U** models.
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Fig. 15 The molecular structure of (a) [(n°-CsPrs),Ul* (24) (b) [(Cp'Pr4),Ul] (25), and (c) [(Cp'Pr4),UIIB(CeFs)4] (26). Colour code: U (cyan), | (aqua), N
(blue), Si (violet), B (pink), F (green), C (grey). Hydrogens are omitted for clarity.

Mononuclear SMMs based on U(wv), U(v), Np(wv), Pu(u) and Cf{(m)

The magnetic behaviour of uranium compounds in the +4 oxi-
dation state has barely been explored. U(iv) with 5f> electron
configuration possess a *H, ground term, which often leads to
an orbital singlet ground state at low temperatures.®®
Therefore, U(wv) is not guaranteed a suitable candidate for slow
magnetisation relaxation. However, one mononuclear SMM
containing U(v) ion, [{(SiMe,NPh);-tacn}U(n*N,Ph,C)] (27,
Fig. 16a) was studied by Almeida and co-workers, in which a
radical azobenzene ligand is coupled with U(iv).”* Complex 27
exhibits slow magnetisation relaxation with Ueg of 10 ecm™,
contrary to the analogous trivalent uranium compound, which
does not show slow magnetisation relaxation. This is due to
the coupling of radical with the metal centre, which provides a
magnetization of 2.33 up at 3 K. Furthermore, the yT values at
300 K were estimated to be 1.60 emu Kmol™, substantially
larger than the value found in U(iv) complexes (0.78-1.19 emu

~
=2
~

1.04

-1

%T /| emu-K:mol

Kmol*).>** The simulated magnetic susceptibility using the

crystal field model reveals a good fit at high temperatures, but
a significant discrepancy is observed in the low-temperature
range (Fig. 16b). The computed energy splitting of the ground
multiplet of 27 is larger than the corresponding U*" analogue
due to a more potent ligand field generated from the extra
bipy radical in the former (Fig. 16¢). The ground state 27 is
estimated to be a combination of m; = |t4)and |+0).

U(v) mononuclear SMMs are even more exotic, almost unex-
plored due to their smaller total angular momentum (*Fs,
ground state) and instability at room temperature. However,
they have more substantial anisotropy and a more extensive
ligand field splitting, making them suitable candidates to
exhibit and overcome the mononuclear SMM characteristics
concerning U*". The first example reported was [U(O)
(Tren™™®)], (28, Tren™® = {N(CH,CH,NSi'Pr;);}*~, Fig. 17), in
which the metal centre adopts trigonal bipyramidal geometry
in Cs, symmetry.”® The complex shows slow relaxation with

Elem™

1000

i ==

Ulin 1 UNVin2

Fig. 16 (a) The molecular structure of the complex [{(SiMe,NPh)s-tacn}U(n2-N,Ph,C)] (27). (b) Colour code: U (cyan), N (blue), Si (violet), C (grey).
Hydrogens are omitted for clarity. (b) A comparison of experimental and computed temperature-dependent magnetic susceptibility of 27 (experi-
ment: grey squares for 27 and black circles for its precursor, computed: solid line). (c) The ground state energy splitting of 27 (right) and its precursor
(left). Reprinted with permission from ref. 93 and reproduced with permission from John Wiley and Sons.
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Fig. 17 The energy level splitting of five ground KDs of [U(O)(Tren"'%)] (28), [U(Tren""5)(N)][M(crown),] (29), [U(Tren""S)(u-N){M(crown)}] (30) and
their precursors. Reprinted from the ref. 97 with permission from Springer Nature Publishing Group.

Ueg of 15 em™" in an applied DC field of 1 kOe, in a similar
order with the U’" mononuclear SMMs. The strong axial
ligand field generated by U-O in C;, symmetry generates a
crystal field splitting that allows slow magnetisation relaxation.
The EPR computed g tensor suggests almost pure m; = |+3/2)
ground state and offers its significant potential to behave as
mononuclear SMM. Subsequently Liddle and co-workers
studied other closely related U(v) mononuclear SMMs, [U
(Tren™%)(N)][M(crown),] (29, Fig. 17) and [U(Tren™%)(u-N){M
(crown)}] (30, Fig. 17), (M = Li, Na, K, Rb, and Cs) in which the
0°” in 28 was substituted by N°~ to obtain stronger ligand
field.’® All these complexes display slow magnetisation relax-
ation with improved barrier heights of 14-28 cm™" due to the

(@)

e

Fig. 18

z,T/emuK mol’

larger ligand field splitting generated by N*~ compared to O*".
The ab initio calculations reveal a ground state dominated by
my = |+5/2) in 29 and 30, in contrast to m; = |+3/2) in 28. This
is due to the stronger ligand field of N°~ in the former com-
plexes. The computed g tensors align with EPR, evidencing the
importance of the computational approach.

Since the ground state electron configuration of Np(iv) and
U*" is similar, Np(iv) complexes are expected to possess mono-
nuclear SMM behaviour. In line with this idea, Caciuffo and
co-workers investigated a neptunocene complex, [Np(COT),]
(31, COT = CgHg>", Fig. 18a), in which Np(v) is sandwiched
between two COT rings in Dg, symmetry.”® Complex 31 exhi-

bits slow relaxation of magnetisation with an U.g of 29 cm™,

(b)

0.4 1

)
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7./ mol emu’
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> 4
S

(a) Molecular structure of the complex [Np(COT),] (31). Colour code: Np (sky blue), C (grey) and H (white). (b) A comparison of experimental

and computed temperature-dependent magnetic susceptibility of 31 ((experiment: squares, added: line). Reprinted with permission from ref. 98.
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which is 1/100™ fraction of the ab initio computed KD1-KD2
energy gap (1832 cm™"). The calculated temperature and field-
dependent molar magnetisation are in line with the experi-
ment, which evidences that the metal-ligand covalency has
been captured perfectly in the calculation (Fig. 18b). The
ab initio calculations on 31 also revealed that the ground state
is dominated by m; = |+5/2), which is split by the Zeeman and
hyperfine interaction (I = 5/2 for Np), leading to several cross-
ing points between states with opposite m; at low field. This
opens up QTM-like multiple channels for magnetic relaxation.
On the other hand, the computed energy of the five KDs span
an energy range of 4228 cm™ ", which is quite large compared
to the uranium congener (2317 ecm™" in 25).°° It can be
ascribed to the shorter Np-C bond resulting in stronger spin-
orbit coupling of Np(iv) compared to U**,

Inspired by the study of slow magnetic relaxation in [UTp;],
Caciuffo and co-workers studied analogues Pu(m) mono-
nuclear SMM, [PuTps] (32, Tp = tri-1-pyrazolylborate) in the
family of actinide-based mononuclear SMMs.'*® The simu-
lation of temperature-dependent molar magnetisation of 32
yields pure m; = |+5/2) ground state with the first excited state
at 373 cm™" (m; = |£3/2)), which is again a fraction of the
experimental Ue.g value of 18 cm™". This energy is well above
that computed in uranium congener (251 cm™') in 1 due to
stronger spin-orbit coupling and shorter metal-ligand bond
distance in the former."”® As the carbon donor ligand
improves the magnetic properties in 13 compared to the nitro-
gen donor ligand in 14, Gagliardi and co-workers modelled a
hypothetical complex 33 from 32, in which carbon is directly
bonded to Pu instead of nitrogen. The computed Mulliken
charge of Pu in 33 becomes significantly lower compared to
32, indicating stronger o-donation from carbene ligand. Very
recently, Rajaraman and co-workers performed DFT and
ab initio calculations on an experimentally reported Pu(i) ana-
logue of 19 ([Pu{N(SiMej;),};] (34)) to compare its electronic
structure concerning pyramidal [U{N(SiMe;),}s].** The ab initio
calculations on 34 revealed prolate-type electron density,
which stabilises the highest m; = |+5/2) as the ground state.
The magnetisation relaxation is expected via the second
excited KDs, resulting in the massive U, value of 1933 cm ™"
in 34. The results suggest that a suitable metal ion is necessary
to design a potential mononuclear SMM in three-coordinate
pyramidal geometry.

So far, we have examined the magnetic properties of early
actinides (with less than half-filled f-shells), where low ground-
state J values inhibit the thermally activated relaxation process,
resulting in a significantly overestimated ground-state-to-
excited-state energy gap compared to Ueg. This behaviour is
also observed in early lanthanides for similar reasons. In con-
trast, late lanthanides with more than half-filled f-shells, such
as Dy(m) and Er(m) in single-molecule magnets (SMMs),
possess larger J values, which promote thermally activated
relaxation and bring the ground-state-excited-state energy gap
closer to Ugg.

To explore the potential of late actinides in SMM properties
relative to analogous lanthanides, Gagliardi and co-workers

This journal is © the Partner Organisations 2025
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performed ab initio CASSCF/RASSI-SO/SINGLE_ANISO calcu-
lations on a hypothetical Cf(ur) complex, [Cf(dbm);(bpy)] (35,
dbm = dibenzoylmethanoate; bpy = 2,2"-bipyridine), isostruc-
tural to [Dy(dbm)s(bpy)] (36).>'°>'% Their calculations
revealed a twofold increase in crystal field splitting in 35 com-
pared to 36, with magnetization relaxation occurring through
the first excited KDs, resulting in a Uy value of 329 ecm™'—
approximately 200 cm ™" higher than in 36. Calculations were
extended to include the virtual 6d orbitals in the active space
(CAS (9,12)) to account for covalency, which showed an
increase in spin-orbit energy levels due to the large energy gap
between the 5f and 6d orbitals. This separation is a common
occurrence when expanding the active space. To address this,
CASPT2 calculations were conducted with a reduced active
space, CAS (3,7), yielding U, values of 162 cm™" and 419 cm™
for 35 and 36, respectively. It is noteworthy, however, that Cf
undergoes a-decay to Cm, and calculations indicate that the
Cm(m) analogue does not exhibit favourable magnetic pro-
perties for SMMs. Despite this, the study stimulated further
synthesis of SMMs based on late actinides.

Inspired by the above study, Abergel and co-workers pre-
pared Na[Cf(H,O)(DOTA)] (37, where DOTA = 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetate) and compared its mag-
netic properties to the lanthanide analogue Na[Dy(H,O)
(DOTA)] (38).'°*"”” Notably, compound 37 exhibits slow mag-
netization relaxation, marking it as the first example of a Cf-
based single-molecule magnet (SMM). The ligand field split-
ting of the eight Kramers doublets (KDs) in 37 was estimated
to be twice as large as in the lanthanide analogue 38, implying
a greater covalency in 37 compared to 38. The magnetization
relaxation in complex 38 occurs via the first excited KD, yield-
ing a calculated barrier (U.y) of 32 em™, consistent with an
effective barrier (Ueg) of 32 em ™. Although the actinide ana-
logue 37 has a larger first excited KD separation of 89 cm™, it
displays slow relaxation with a U of 11 cm™, about one-
eighth of the first excited KD energy. This suggests an under-
barrier relaxation process, such as QTM or Raman relaxation,
common in U*" SMMs, as previously discussed. The QTM can
be attributed to mixing between the ®H;s,, and low-lying ‘I,
spin-orbit states, along with hyperfine interactions due to the
nuclear spin (I = 9/2) of >*°Cf. However, this study opens new
avenues for exploring the influence of ligand field and coordi-
nation symmetry in designing potential Cf(u)-based SMMs.

Discussion

The number of actinide-based mononuclear SMMs reported to
date is limited. This is mainly due to (i) their complicated
chemistry, which makes coordination complexes of most of
them inaccessible from the experimental point of view, and (ii)
their challenging modelling, which needs to include excited
states in the calculation due to their larger crystal field split-
ting compared to lanthanides. In this perspective, we have dis-
cussed the effect of ligand field and symmetry on the magnetic
properties of actinide mononuclear SMMs from the reported
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examples. The primary outcomes from this study are summar-
ised as follows:

(i) Comparison of mononuclear lanthanide and actinide
analogous SMM: To showcase the better SMM behaviour of
actinide compared to mononuclear lanthanide analogues we
have considered two examples: [UTp;] (1) and [NdTp;] (2), [Li
(DME);][U(COT"),] (3) and [Li(DME);][Nd(COT"),] (4). The cal-
culation on these complexes reveals a smaller QTM and more
significant KD1-KD2 energy gap in the actinide analogues
compared to the lanthanide one.

(i) Effect of ligand field: The m; = |+9/2) KD of U*" pos-
sesses oblate electron density, and it should be stabilized with
a stronger axial and weaker equatorial ligand field."'® A close
look at the ab initio computed results of complexes [U
(Ph,BPz,);] (5) and [U(H,BPz,);] (6) reveals that U---H-BH
agostic interaction weakens the axial ligand field in 6 com-
pared to 5. This leads to a larger blocking barrier of 5 com-
pared to 6. A similar scenario has been observed in [U(Bc™);]
(13) and [U(Bp™©);] (14). On the other hand, between com-
plexes 7-10 in the [UTp,] family, complex 7, with the weaker
equatorial ligand field from THF, produces a smaller QTM
among all the complexes. Similarly, the sulphur-based ligand
in the equatorial position in complex [U((OAr**™¢);mes)] (12)
makes m; = |+9/2) with the dominant contribution in the
ground KD, which makes the QTM minimal and therefore
sulphur-based equatorial ligand should be designed to
prepare high-performance U** mononuclear SMM.

To verify the role of the axial ligand field in quenching the
QTM, we have performed ab initio  CAS(3,7)/RASSI-SO/
SINGLE-ANISO calculations on experimentally reported
[UPc,|[BF,] (39, Fig. 19) where two —Pc groups lies in the axial
position."™ The calculations on this complex reveal m; = |£9/2)
ground state with minimal mixing with other states, resulting
in quenching of QTM. The magnetisation relaxation should
occur through the second excited state, reaching the U, value
of 180 cm™" (Fig. 19). Hence, experimental magnetic character-
isation of 39 is necessary to design potential U** mononuclear
SMMs.

(iii) Choice of active space in capturing the covalency: In
ab initio calculations of actinide SMMs, the choice of active

y

Fig. 19
magnetisation relaxation of 39. See Fig. 7 for more details.
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space is crucial for accurately reproducing experimental mag-
netic data, as the more diffuse 5f orbitals in actinides form
stronger metal-ligand bonds than those in lanthanides.
Metal-ligand covalency can be accounted for in three ways: (i)
incorporating ligand orbitals into the active space, (ii) adding
virtual 6d orbitals to the active space, and (iii) including
dynamic correlation via CASPT2. Expanding the active space by
including the o-orbitals of ligands does not significantly
improve results, such as g-tensors and energy splitting of the
ground ] manifold, as demonstrated in studies on complexes
[U(H,BPz,);] (6) and [U(BcMe)s] (13). However, adding the 6d
orbitals into the active space, which accounts for agostic inter-
actions, leads to better alignment between computed and
experimental results, as evidenced in [U(Bc"¢);] (13) and [U{N
(SiMes),}5] (19). Additionally, since the 5f and 6d orbitals are
close in energy in actinides, incorporating the 6d orbitals
allows for 5f to 6d charge transfer, providing more experi-
mentally accurate outcomes. While SO-CASPT2 calculations
are computationally demanding, they do not offer substantial
improvements over SO-CASSCF. Thus, including 6d orbitals in
the active space is advantageous, providing reliable results
with a lower computational cost compared to SO-CASPT2.

(iv) Effect of symmetry: The study on complexes [U{N
(SiMes),}s] (19), [UIs(THF),] (22) and [U(BIPM™®)(1),(THF)]
(23) implies that a field-induced mononuclear SMM behaviour
can be obtained even if the complex possesses Cs symmetry
due to the strong axial and weak equatorial ligand field. The
computational study reveals that in the case of three-coordi-
nate geometry, the use of a T-shape ligand gives rise to a very
large blocking barrier. Hence, experimental magnetic charac-
terisation of complexes [U(NSi'Pr,),(I)] (20) and [U(NHAr'Pr),I]
(21) is necessary to verify the computational results.

(v) Uranium mononuclear SMMs with higher oxidation
numbers: Apart from +3, there are few mononuclear SMMs
reported on uranium in the +4 and +5 oxidation states. The
choice of a +4-oxidation state to design uranium mononuclear
SMMs is not a good idea due to its non-Kramer nature, which
can lead to large tunnel splitting. On the other hand, U(v)
mononuclear SMMs possess smaller angular momentum,
which leads to the large QTM, and therefore, high-perform-

b
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(a) The g, axis of KD1 of [UPc,][BF,] (39). Colour code: U (cyan), N (blue), C (grey). Hydrogens are omitted for clarity. (b) The mechanism of
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ance mononuclear SMMs seem to be difficult with uranium in
a +5 oxidation state.

(vi) Role of magnetic exchange in quenching the QTM: As
this review focuses on mononuclear actinide-based SMMs, we
did not highlight the role of stronger magnetic exchange in
enhancing the SMM behaviour of actinides. However, among
the complexes discussed in this review, a closer look at structu-
rally similar U*" complexes, such as [U(Tp"*)I,(THF),] (7), [U
(Tp™*)1] (8), [U(TP™*),CH,Ph] (9), and [U(Tp™)s(bipy ]I (10)
reveals that only the radical complex 10 exhibits zero-field slow
relaxation of magnetization, whereas the others display field-
induced slow relaxation. On the other hand, a U(iv) complex,
[{(SiMe,NPh);-tacn}U(n*-N,Ph,C")] (27), shows slow magnetiza-
tion relaxation, while its U*" analogue without the azobenzene
radical lacks SMM behaviour at low temperatures. This differ-
ence is attributed to the quenching of QTM due to the coup-
ling between U**/U(1v) and the radical ligand. Thus, increased
magnetic exchange in polynuclear actinide complexes could
inspire the design of promising actinide-based SMMs.

(vii) Mononuclear SMMs based on transuranium elements:
Beyond uranium, very few mononuclear SMMs based on nep-
tunium, plutonium and californium were studied. Although
the ab initio calculations on these complexes reveal extensive
energy splitting, the experimental blocking barrier is minimal,
which can be ascribed to the relaxation of magnetisation via
the non-Orbach process.

Outlook

From the collected data in Table 1, we can observe a typical
pattern among all reported actinide-based mononuclear
SMMs, which present a vigorous mixing between the m; levels
in the ground KD. This can offer some early insights that lead
to the significant QTM that hampers them to become a poten-
tial mononuclear SMM. This typical pattern occurs in all the
geometries, suggesting that this is a general feature of J = 9/2
of U*" complexes. Although dysprosocenium-based mono-
nuclear SMMs are the best-performing mononuclear SMMs
among lanthanide-based mononuclear SMMs, uranocenium
derivatives are found to relax via direct and Raman processes.
Indeed, in all cases, the blocking temperature is below 7 K, a
region where Raman processes dominate over Orbach relax-
ation. Also, the theoretically estimated blocking barrier is one
order of magnitude larger than the experimental U.s values.
This explains that actinide mononuclear SMMs do not follow a
thermally activated relaxation mechanism for the magnetisa-
tion reversal. This contrasts with the case of reported lantha-
nides from the second half of the series, such as Dy(m) com-
pounds; the L + S ground state leads to more prominent mag-
netic moments in the ground state and makes this kind of
mononuclear SMMs follow an Orbach relaxation process.
Similar to U(III), the performance of Nd(u) mononuclear
SMMs is much more limited than that of Dy(u1) mononuclear
SMMs.'"?
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Therefore, to design promising actinide-based mono-
nuclear SMMs, one needs to focus on elements from the
second half-row among the actinides, for example, the dyspro-
sium analogue of the series, i.e. californium, due to the stabil-
isation of a high L + S ground state (J = 15/2) that can lead to
higher energy barriers and blocking temperatures. However,
this element spontaneously converts to Cm, and magnetisa-
tion relaxation occurs through a non-Orbach process that
shortcuts the blocking barrier. Furthermore, working with
these elements requires specially equipped and approved lab-
oratories. Hence, alternative ways need to be explored to
design potential actinide-based mononuclear SMM.

In this regard, spin-phonon calculations may play a pivotal
role in optimising the magnetic behaviour of mononuclear
actinide-based SMMs, as they can unveil the low-energy
vibrational =~ modes associated  with magnetisation
relaxation."”*™"** The higher covalency in actinides can lead to
stronger coupling between spin energy levels and molecular
vibrations compared to lanthanides, resulting in low energy
vibrations promoting the Raman relaxation which is com-
monly observed in mononuclear actinide SMMs. Another
problem of U*" is its strongly mixed wave functions even in
rather linear environments, as observed in uranocenium com-
plexes where some extra diagonal terms strongly coupled to
molecular vibrations in contrary to lanthanide complexes.’?
Consequently, uranium-based mononuclear SMMs require
unique design strategies and a deeper understanding of mole-
cular vibrations governing the Raman relaxation. Simply sub-
stituting U** for Dy(m) in high-performance lanthanide SMMs
does not yield equivalent results due to the dominant Raman
relaxation in actinide SMMs. Chemical strategies to quench
low-energy vibrational modes governing the Raman relaxation
might be an exciting research direction that is currently almost
unexplored. Although the challenges are colossal, this, com-
bined with new chemical design strategies and exploring other
actinide elements to create mononuclear coordination com-
plexes, illustrates the main promising routes to improve acti-
nide-based molecular nanomagnets’ performance and reach
their maximum potential.
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