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Actinide-based single-molecule magnets

Katie R. Meihaus and Jeffrey R. Long*

Actinide single-molecule magnetism has experienced steady growth over the last five years since the first
discovery of slow magnetic relaxation in the mononuclear complex U(Ph,BPz;)s. Given their large spin—
orbit coupling and the radial extension of the 5f orbitals, the actinides are well-suited for the design of
both mononuclear and exchange-coupled molecules, and indeed at least one new system has emerged
every year. By some measures, the actinides are already demonstrating promise for one day exceeding
the performance characteristics of transition metal and lanthanide complexes. However, much further
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work is needed to understand the nature of the slow relaxation in mononuclear actinide complexes, as
well as the influence of magnetic exchange on slow relaxation in multinuclear species. This perspective
seeks to summarize the successes in the field and to address some of the many open questions in this up
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Introduction

The field of single-molecule magnetism has seen tremendous
changes since the discovery of slow magnetic relaxation in the
transition metal cluster Mn;,04,(CH;COO);4(H,0),." Notably,
a significant amount of progress has occurred within the
last ten years, concomitant with the observation of the same
phenomenon in the lanthanide sandwich complexes [LnPc,]”
(Ln = Tb, Dy; Pc*~ = phthalocyanine dianion).” Thus, while
single-molecule magnets were initially thought to be best
engineered through magnetic coupling of transition metal
centers and the generation of a large spin ground state, the
greater magnetic moments and unquenched orbital angular
momentum of the lanthanides challenged this notion. Indeed,
with only a single lanthanide metal center, higher blocking
temperatures have been achieved than with any transition
metal system.” It has also recently been shown that the use of
weakly-donating ligands and low coordination numbers in
mononuclear transition metal complexes can minimize
quenching of orbital angular momentum and maximize an-
isotropy, in a fashion analogous to lanthanide systems.* Multi-
nuclear systems still continue to hold promise, however,
particularly in the light of recent developments with radical
bridging ligands, which can promote exceptionally strong
exchange in both transition metal® and lanthanide molecules.®

The stage was thus set for entrance of the actinides into
single-molecule magnetism. Indeed, the spin-orbit coupling
of the actinides far exceeds the lanthanides,” and the
greater radial extension of the 5f over the 4f orbitals (Fig. 1)°
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introduces the possibility of covalency and strong magnetic
exchange.’ Such an opportune melding of the properties of
lanthanides and transition metals has led to the actinides
being frequently touted as a promising new route to single-
molecule magnets with higher blocking temperatures.
However, research into this area is still developing, and the
systems studied to date have revealed a complexity not yet
encountered with 3d or 4f forerunners. Nonetheless, with an
increased effort in the design and rigorous characterization of
actinide systems, this nascent area has the potential to
blossom just as its predecessors did. This perspective aims to
provide both a survey of the existing systems as well as a criti-
cal examination of the current state of the field, with an eye
toward the most successful routes in the future. The reader is
also referred to a few excellent recent reviews on lanthanide,*°
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Fig. 1 Radial probability distribution functions for trivalent neodymium
and uranium (adapted from ref. 8). Solid blue and green lines represent
the probability distributions for the three valence f electrons of Nd**
and U3, respectively, relative to their core electrons (dashed lines).
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organometallic,"" and actinide'? single-molecule magnets for
additional details and outlook.

Some general considerations

As already mentioned, the actinides are unique given that in
principle they combine the advantageous attributes of both
the lanthanides and transition metals. The combination of
qualities such as large magnetic anisotropy and the possibility
for covalency, however, necessarily adds some new complexity.
For instance, while covalency is advantageous for generating
strong magnetic exchange, on the other hand it introduces a
challenge to the rational design of mononuclear actinide com-
plexes thus far not encountered with the lanthanides. This can
be understood when considering that, to date, arguably the
most common and successful synthetic rationale in the design
of mononuclear lanthanide systems is to choose an appropri-
ate ligand field symmetry such that a maximal M; ground state
electron density distribution is likely to be preferentially
stabilized." One main reason this approach has worked
well for the lanthanides is that they do not participate in
covalent bonding; therefore their orbital angular momentum
remains largely unquenched and the ligand field acts as a
minor electrostatic perturbation that splits the degenerate M,
states within the ground J manifold. With the potential for
covalency and therefore partial quenching of orbital angular
momentum, such an approach for the actinides is less
straightforward.'* Taking a synthetic cue from recent develop-
ments in mononuclear transition metal complexes, a promis-
ing avenue for future mononuclear actinide systems could be
to design low-coordinate complexes of weakly donating
ligands, in order to maximize anisotropy. Given the oxo-philic
nature and large ionic radii of the actinides (~0.95-1.05 A for
An*"), however, such a goal will no doubt be a formidable syn-
thetic challenge.

On the other hand, one advantage of covalency in actinide
complexes may be the resulting larger overall crystal field split-
ting achieved when compared to isoelectronic lanthanide com-
plexes.”®'® Table 1 compares values of the spin-orbit coupling
interaction ((), crystal field splitting, and B,> crystal field
parameter for two different compounds of U*" and Nd*',
obtained from parametric analysis of absorption and fluo-
rescence spectra.’® Both the spin-orbit coupling and crystal

Table 1 Comparison of spin—orbit coupling and crystal field splitting
for isoelectronic U** and Nd** compounds; all values are reported in

cm—l a

Complex Cnp N/A/4an® E (1% excited M) By>
LaCl,:U*" 1607 634 208 260(64)
LaCly:Nd** 880 300 115 163
UTp; 1516 1386 270 -1124
NdTp; 881 514 107 -512

@ All values obtained from ref. 8,15 and references therein. ® Measure
of crystal field strength.
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field parameters are nearly double for both uranium systems
in comparison with their Nd** analogues. Accompanying a
larger crystal field splitting is a larger magnitude for B,?
which influences the sign and magnitude of the overall mag-
netocrystalline anisotropy.’” In turn, the larger crystal field
also yields a larger separation between ground and first excited
M; states. Thus, much larger barriers and preferential Orbach
relaxation might be accessible for the actinides compared to
the lanthanides.”**” This reasoning also suggests that the
study of isoelectronic lanthanide complexes may provide a
simple first pass in order to decipher potentially interesting
actinide systems, especially for more challenging transuranic
elements. For instance, when the study of an f* or f* actinide
system is of interest, an isostructural Ce™ or Nd™ complex
may serve as a good model.

The remarkable range of oxidation states accessible among
the actinides is another potentially promising peculiarity. For
instance, uranium is synthetically accessible in oxidation
states ranging from +3 to +6, and even very recently +2.'® Even
considering only Kramers ions (S = half integer), which are
guaranteed to possess a doubly-degenerate +M; ground state in
the absence of an applied field, then for the first half of the
actinides there are twice as many potential magnetic centers
as for the lanthanides. The very obvious caveat here is that
this seeming abundance of choices is seriously limited by the
accessibility and practicality of studying certain actinides.
Only a handful of institutions in the world are equipped with
all the means necessary to study transuranic single-molecule
magnets, and the latter half of the 5f elements is perhaps
entirely impractical due to the limitations of short half-lives
and self heating. Not surprisingly, then, the study of slow relax-
ation among the actinides is dominated by the relatively stable
and abundant >**U isotope. However, as discussed below, nep-
tunium appears to be quite promising in both mono- and
multinuclear complexes. Thus, for an ambitious few, the first
half of the series presents a fundamentally fascinating and
exotic playground for molecular magnetism.

Mononuclear and dinuclear complexes

All but three of the known mono- or dinuclear actinide single-
molecule magnets are based on uranium(m), a Kramers ion
with a large total angular momentum ground state (5f°, J =
9/2). The other systems are known with Np" (also 5f°), UY (5f*,
J =5/2), and Pu™ (5f°, J = 5/2). Mononuclear complexes in par-
ticular are ideal for developing a more fundamental under-
standing of slow relaxation among the actinides, as these
systems can be rationally designed and the absence of mag-
netic exchange simplifies computational modelling.

Complexes of uranium(i)

The first actinide system found to display slow magnetic relax-
ation was the mononuclear complex U(Ph,BPz,);."° This mole-
cule had been synthesized ten years earlier and found to
possess a trigonal prismatic geometry arising from the coordi-

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Molecular structures of the first actinide and lanthanide single-
molecule magnets U(Ph,BPz,)s (top)*® and [TbPc,]~ (bottom)?, respect-
ively. Red, orange, blue, purple, and grey spheres represent Tb, U, N, B,
and C atoms, respectively; H atoms are omitted for clarity.

nation of three bidentate diphenyl(bispyrazolyl)borate ligands
(Fig. 2).*° The realization of slow relaxation in this complex
was not serendipitous, however. Indeed, it was observed that
the N donor atoms above and below the plane of the uranium
center should present an axial ligand field somewhat analo-
gous to that of the phthalocyanine sandwich complexes
[LnPc,]™ (Fig. 2).> Given that U*" possesses a ground J = 9/2
with oblate-type anisotropy akin to the highly anisotropic Tb**
and Dy** ions,"*” it was reasoned that this axial donor set
could potentially provide an effective strategy for engineering
slow magnetic relaxation. Indeed, this complex was found
to relax slowly under zero applied field with a thermally-acti-
vated relaxation barrier of 20 em™ and 7, = 1 x 10”7 s. While
the U value was more than an order of magnitude smaller
than record lanthanide barriers at the time, this result
opened up a new area of molecular magnetism based upon
actinide ions.

Subsequent studies sought to discern how slight electronic
changes made via modifications to the ligands might influ-
ence relaxation behavior at the uranium center. By replacing
the ancillary phenyl groups with hydrogen atoms, one obtains
the complex U(H,BPz,);.>" Interestingly, one hydrogen from
each boron center interacts agostically with the uranium, as
confirmed by infrared spectroscopy. This interaction leads to a
tricapped trigonal prismatic coordination geometry, wherein
the trigonal prism of U(H,BPz,); is elongated relative to
U(Ph,BPz,); due to the presence of equatorial electron density
around the uranium center. This axial elongation was origi-
nally given as rationale for the much smaller experimental
barrier of 8 cm™" for this complex, observed only under an
applied dc field.?*

Intriguingly, for fields larger than 500 Oe, U(H,BPz,); also
displayed a second relaxation process, evident as a second
Cole-Cole semicircle in the frequency range 1-1500 Hz (Fig. 3,
blue circles). While initially assumed to be molecular in
origin, measurements on magnetically dilute samples of

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Cole—-Cole plots collected at 1.8 K and under an applied field of
4000 Oe for increasing magnetic dilutions of U(H,BPz,)3 in a matrix of
Y(H,BPz;)s. Blue circles correspond to data for the pure compound
U(H,BPz,)3, for which two distinct relaxation processes occur in the ac
frequency range 0.1-1500 Hz (right to left). With increasing dilution, the
low frequency process moves first out of the ac time-scale (purple
circles, 1:1 dilution) and eventually is extinguished entirely (red circles,
1:90 (U:Y) dilution). When all relaxation processes are accounted for,
the isothermal susceptibility value y agrees with the static susceptibility
Zac value at the same temperature.?®

U(H,BPz,); within a matrix of Y(H,BPz,); revealed this second
process to derive from intermolecular interactions. Indeed,
for a molar dilution of 1:90 (U:Y) this second process was
completely extinguished. The significant impact of magnetic
dilution on this second relaxation process can be visualized by
overlaying the isothermal Cole-Cole plots for the various mag-
netic dilutions under an applied field of 4000 Oe (Fig. 3).
Notably, for a 1:1 (U:Y) molar ratio the intermolecular relax-
ation process is no longer observed in the Cole-Cole plot;
however the discrepancy between y; (the isothermal suscepti-
bility) and yq. for this dilution indicated that a portion of the
total magnetic susceptibility was not being accounted for on
the ac timescale probed. Indeed, variable field magnetization
measurements at low temperature revealed this intermolecular
process was still active, though slowed significantly such that
butterfly magnetic hysteresis could be observed as high as 3 K.
A final consequence of dilution in this system was to increase
molecular thermal relaxation times, leading to a doubling of the
thermally-activated barrier to 16 cm™" for a 1 : 90 dilution.”®

A recent computational investigation using a corrected
crystal field model®* was carried out on U(Ph,BPz,); and
U(H,BPz,); to determine the wave functions and sublevel split-
ting of the ground J = 9/2 state. While this method predicts
comparable ground to first excited state separations for the
two complexes, the values are 190 and 230 cm™" respectively, a
shocking order of magnitude larger than the experimental Ue
values. This experimental and computational mismatch is the
rule and not the exception for mononuclear actinide single-
molecule magnets. For instance, the field-induced single-mole-
cule magnet UTp; presents the most extreme case of this dis-
crepancy, as both spectroscopic and crystal field approaches
predict a relaxation barrier of U ~ 270 cm™" assuming relax-
ation through the first excited state, while the experimental
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Table 2 Actinide single-molecule magnets (and one single-chain magnet) along with relevant diagnostic parameters

Complex Uete® (em™)  Ugale (em™) 74 (s) Crystal symmetry ~ Hysteresis/ (K)  yr matches yq.?"  Ref.
U(Ph,BPz,); 20 190 1x107°¢ P1 Too large 19
U(H,BPz,); 16 230 4x107 C2/c 3¢ Yes 22,23
UTp; 3.8 270 7x107° P63/m Too large 25
[uTp™2,(bipy)]l 18.2 137° 1.4 %107 C2/c 0.32 Yes 27
[UTp™%,(bipy)] 19.8° 3.28x1077 P2,/c 0.8 Yes 31
[uTp™e?, ]t 21.0 187¢ 1.8x107 c2/m 3 Too large 28,29
UI;(THF), 12.9 6.4%x107 P24/c Too large 32
U[N(SiMe3),]s 22 107" P3yc Too large 32
[U(BIPM™)(1,)(THF)] 16.3 2.9x107 P1 Too large 32
U(BCT:)s 23 1x107 R3 Yes 26
U(Bp™); R3 Yes 26
[U(BIPM ™3)1],(-C¢H5sCH3) Fdd2 1.8 33
UO(Tren™"™™®) 14.9 2.6 x1077 P24/c 2.4 Yes 34
{[UO,(salen)|,Mn(Py)s}6 98.7 3x107"? 4 58a
[UO,(salen)(Py)|[Mn(Py),](NO;) 93 3.1x10™" 3 58h
Np(COT), 28.5 1400 1.1x107° P24/n 1.8 35
(Np"'0,CL,)[NpYO,CI(THF);], 97 not reported 9
PuTp; 18.3 332 2.9%x107 P63/m Too large 38

“Obtained under Hg. except for U(Ph,BPz,);, [UTp™?,(bipy)], {{UO,(salen)l,Mn(Py)s}6, [UOz(salen)(Py);[Mn(Py)4](N03), and (Np¥'0,Cl,)[Np'O,Cl-
(THF);],.  Under zero dc field; under 500 Oe the barrier increases to 22.6 cm™" with 7, = 4.68 x 10° s. © Average of the values calculated from
SO-CASPT2 method and a corrected crystal field model (136 cm™ and 138 cm™, respectively). ? Determined from the SO-CASPT2 method
performed on the high-symmetry cationic structure, see ref. 29. ¢ The previously reported 7, value was 1 x 10~ s; however re-plotting of the data
revealed this to be an error, with the actual value equal to 1 x 107 s. /Maximum reported hysteresis temperature. € Hysteresis due to

intermolecular interactions.  See ref. 44.

“barrier” is nearly two orders of magnitude smaller at 3.8 cm™*

(Table 2).>®

Given the predominance of N-donor scorpionate ligands, it
became of interest to study how changing the donor atom
within the same molecular symmetry might influence relax-
ation behavior. A comparison of slow magnetic relaxation in
the isostructural scorpionate complexes U(Bc™®); ([BcM€]™ =
dihydrobis(methylimidazolyl)borate anion) and U(Bp™©),
([Bp™¢]~ = dihydrobis(methylpyrazolyl)borate anion) revealed
that the more strongly-donating N-heterocyclic carbene engi-
neers slower relaxation under an applied magnetic field with a
much greater thermal dependence (Fig. 4).° Simulation of low

temperature X-band EPR data revealed the ground state to be
similar in both complexes, though the N-heterocyclic carbene
donor species is more magnetically anisotropic, providing
some rationale for its slower relaxation behavior. Even still, the
apparent thermally activated experimental barrier for magneti-
cally dilute U(Bc™¢); was only 23 cm™, notably very close to
those determined for U(Ph,BPz,); and U(H,BPz,);. While no
computational studies have been done on U(BcM); or
U(Bp™©),, it is tempting to conjecture that a similar discre-
pancy between calculated and experimental relaxation barriers
will also be encountered for these systems.

Two additional scorpionate-based complexes [UTp™?,-
(bipy)JI*” ([Tp™*]” = hydrotris(dimethylpyrazolyl)borate anion,
bipy = 2,2-bipyridine) and [UTp™°*,]1***° were shown to relax

0 slowly in the presence of a small dc field, with experimental
w relaxation barriers of 18.2 and 21.0 cm™’, respectively. Follow-
-2 ing the same trend as above, these values are only a fraction of

__ 31 the calculated ground to first excited state gaps determined
-2 =4 using the aforementioned crystal field approach or ab initio
=51 methods (Table 2). Notably, the 2,2"-bipyridine radical complex
-6 [UTp™©2,(bipy)],*® obtained from reduction of [UTp™<?,(bipy)]I
= with sodium amalgam, was found to relax slowly under zero dc
-8 - field, with U = 19.8 ecm™.*" This result is a promising indi-
-9 - — T cation that magnetic coupling can efficiently diminish tunnelling
0.2 0.3 0.4 0.5 0.6

1/ T(1/K)

Fig. 4 Plot of In(z) versus 1/T for magnetically dilute samples of 12 mol%
U(BcM®);s (orange circles) and 11 mol% U(BpM®)s (blue circles) in the
corresponding isostructural Y" complex. Black lines represent fits to the
equation 7t = AT™ + 7o texp(—Ux/ksT) + CT" accounting for direct,
Orbach, and Raman spin-lattice relaxation processes, respectively.
Through fitting with this equation, only U(Bc™®); was determined to
relax through a thermally-activated process at high temperatures.2®

2520 | Dalton Trans., 2015, 44, 2517-2528

of the magnetization even in mononuclear uranium complexes.
For all three of the above complexes, magnetic hysteresis
could furthermore be observed at low temperatures. While
[UTp™<2,(bipy)l and [UTp™**,(bipy)] show hysteresis only below
1 K, [UTp™®%,]I presents a butterfly hysteresis loop as high as 3 K.

Three additional mononuclear complexes with more
diverse ligand sets have also been shown to relax slowly in
the presence of a dc field. The compounds UI;(THF),,

This journal is © The Royal Society of Chemistry 2015
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U[N(SiMes),]s, and  [UBIPM™®)(1,)THF] (BIPM™® =
CH[PPh,NSiMe;],) present remarkably similar relaxation with
barriers of 12.9, 22, and 16.2 cm™, respectively, despite their
different symmetries. Although no calculated energy barriers
are available for these complexes, the experimental values are
small and similar to those reported for scorpionate-based
systems. No magnetic hysteresis was observed for these
samples. While solution measurements confirmed the mole-
cular origins of the slow magnetic relaxation, the values of U
were smaller than determined for the concentrated species.*?
Another U** complex reported to show slow magnetic relax-
ation under a dc field of 0.1 T is the dinuclear arene-bridged
species [U(BIPM ™9)I],(-C¢H5CH3;).*>* The observed relaxation
was very fast, however, such that peaks in the out-of-phase sus-
ceptibility were only apparent below 3 K and at high frequen-
cies of the oscillating field, precluding the extraction of
relaxation times. In spite of estimated ac relaxation times on
the order of a few milliseconds, a butterfly-shaped magnetic
hysteresis loop was also reported for this complex at 1.8 K.

Complexes of uranium(v), neptunium(wv), and Pu(m)

Three additional mononuclear systems illustrate the diversity
accessible with actinide single-molecule magnets. The first of
these is the Cz, symmetric uranium(v) complex UO(Tren"'"s)
(Tren™® = [N(CH,CH,NSi'Pr3);]*”), for which a pure M, = +3/2
ground state was inferred from magnetization and EPR
studies.*® Slow magnetic relaxation was observed for this
complex only under an applied dc field, with a relaxation
barrier of 14.9 cm™", the same order of magnitude as observed
for mononuclear U™ complexes. Despite a very small relax-
ation barrier, this UV complex was also reported to show
butterfly-shaped magnetic hysteresis loops as high as 2.4 K.

One of only two mononuclear transuranic systems display-
ing slow magnetic relaxation is the homoleptic bis(cyclcoocta-
tetraenide) complex Np(COT),, as probed under applied fields
greater than 0.1 T.>* Notably, earlier characterization of this
complex at 4.2 K using Mdossbauer spectroscopy revealed mag-
netic splitting of the quadrupole doublet, which was attributed
to the occurrence of slow spin-lattice relaxation.>® A rigorous
ligand field analysis estimated the ground state of this
complex to be predominantly M; = +5/2, separated from the
first excited state by an enormous energy gap of ~1400 cm™".
However, under an applied field of 0.3 T, an energy barrier of
just 28.5 cm™" was determined. Under larger applied fields
(>5 T), it was found that the relaxation times for this complex
slow dramatically, leading to very steep Arrhenius behavior
and the opening of a magnetic hysteresis loop above 5 T at
1.8 K. The fast relaxation at low fields was attributed to hyper-
fine interactions of the M; = +5/2 ground doublet with the I =
5/2 nuclear spin of **’Np.*”

Very recently, PuTp; was reported to show slow magnetic
relaxation under a dc field of 100 Oe (H,. = 10 Oe) and to temp-
eratures as high as 12 K, with U. = 18.3 cm™". This compound
represents the first plutonium-based single-molecule magnet,
and possesses the same symmetry as its U** congener. Accord-
ingly, by using the same crystal field parameters as those

This journal is © The Royal Society of Chemistry 2015
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obtained spectroscopically for UTp; (ref. 15b), the authors were
able to extract wave functions and energies of the sublevels
within the ground J = 5/2 manifold. The ground state is pre-
dominantly M; = +5/2 and separated from a nearly pure excited
M; = +3/2 by 332 cm™', almost 20 times that of the experi-
mental barrier. The authors note that the relaxation mechan-
ism is therefore more complex than for transition metal
clusters (and we add here, also many lanthanide complexes).*®

Fast relaxation and U, discrepancies

From the above survey, two distinct trends distinguish low-
nuclearity actinide single-molecule magnets from their 4f pre-
decessors. The first is the very small (and remarkably similar)
Uegr values across all compounds, when available calculations
predict much larger separations between the ground and first
excited state M; doublets. This difference is illustrated for
[UTp™<2,]1 and [UTp™°?,(bipy)]I in the top panel of Fig. 5, and
is in contrast to many lanthanide complexes, wherein Ue
values have been found to correlate with the ground to first
excited state energy gap.*>>°

T

! // e,
-5 - I] |I / )

ir |I J

I / -

In(z/s)

00 01 02 03 04 05 06 0.7
1/T(AIK)

2 J [U(TpMe2), bipy]l
60 1 ~ 8 ] Lm:r-ngPJ—_Z)3

50 w [t_-!{__TE‘"‘Eiz)Jil

Fig. 5 (Top) Plot of In(z) versus 1/T for [UTpMe2,]l and [UTpM<2,bipyll
(Hgc = 500 Oe). Circles represent experimental data, solid lines represent
linear Arrhenius fits, and dashed lines represent the predicted Arrhenius
behavior assuming calculated ground to first excited M, separations of
187 cm™ and 138 cm™, respectively, and a 7o of 1 x 10~° s. (Bottom)
Plot of the inverse relaxation time versus T for [UTpMe2,]l, [UTp™e2,-
(bipy)ll, U(Bc™®)s, and U(Ph,BPz,)s. Circles represent the full range of
temperature-dependent data and solid lines represent fits to a Raman
relaxation process. Values of C/n were found to be 0.15(7)/7.9(2); 2(1)/
6.2(5); 0.002(6)/9.91(1); and 0.034(8)/8.8(2) for each complex, respect-
ively. In the case of [UTpM<2,]I the fit was improved by also accounting
for quantum tunnelling of the magnetization with zqtm = 1.5(9) ms.
(Inset) Expanded view of the low temperature fit region.“"%'29
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For Np(COT), the mismatch cannot be explained by hyper-
fine interactions, for even under large dc fields where these
should be irrelevant, the experimental barrier is still only a
fraction of the calculated value. For the uranium systems, the
scenario is even more opaque. While >**U has no nuclear spin,
dipolar interactions may play a role in speeding up molecular
relaxation, though measurements on magnetically dilute acti-
nide molecules are sparse. Assuming the predicted relaxation
barriers are correct in their order of magnitude estimate, it
appears that the relaxation observed on the ac timescale must
necessarily be some other spin-lattice relaxation process that is
not truly thermally-activated.

With this in mind, we thought it illustrative to plot the
inverse of the relaxation time, 7™, versus temperature for some
of the aforementioned complexes, to gain insight into the rele-
vance of Raman or direct processes. Interestingly, the whole
range of temperature-dependent data for [UTp™**,]JI and
[UTp™*?,(bipy)]l can be fit quite well to a power dependence
on temperature, i.e. 7 ' = CT", corresponding to a two-phonon
Raman process.*® The same procedure also provides very good
fits for U(Ph,BPz,); and U(Bc™); (Fig. 5, lower). Thus, in the
characterization of future systems it will be important to evalu-
ate the temperature-dependent relaxation data for all relevant
relaxation processes in order to determine which is the most
reasonable. At this point of course, the lingering question
remains as to why Orbach relaxation seems largely inaccessible
in these systems.

One possible culprit is that for all of the mononuclear com-
pounds discussed above, the ground M; is non-maximal.*'
Such a scenario is less than ideal, as a maximal M; ground
state corresponds to the largest projection of the angular
momentum and therefore the greatest magnetic anisotropy. In
the case of the homoleptic scorpionate systems, the ground
state is also impure, due to symmetry-allowed mixing between
M; = +5/2 and M, = £7/2.*> This result derives from the pres-
ence of approximate Cs, or Dz, symmetry for most of these
complexes,*® which will always allow mixing of M; states that
differ by +6 due to the Bg® crystal field parameter.?®** It
may thus seem ideal to move away from ligands that enforce
a trigonal prismatic geometry in pursuit of larger magni-
tude ground states. However, as has been previously
addressed in ref. 24, the solution is not so simple, for
instance in tetragonal symmetry the ground state will likely
be of larger magnitude M; = +9/2 or M; = +7/2, though there
will be heavy symmetry-allowed mixing with M, = +1/2.>*
One remedy is perhaps to move toward systems with much
higher symmetry, such as Ds, or C.,, wherein mixing of
states will be less facile due to the reduction in crystal field
parameters.®® Either of these approaches would present
non-trivial synthetic challenges, however.*> Ultimately, a
more rigorous understanding of the relationship between
the temperature-dependent relaxation and the magnetic
ground state will surely require more exotic experimental
methods and computational analysis. Such an investigation
will certainly be worthwhile toward informing future syn-
thetic designs.
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Magnetic hysteresis and dipolar interactions

The second trend for the foregoing complexes is the existence
of magnetic hysteresis at low temperatures. The pervasive
assumption here is that this hysteresis is due to molecular
relaxation; however only for U(H,BPz,); was the origin of mag-
netic hysteresis thoroughly vetted and found to arise from
intermolecular interactions, even at a separation of ~8.5 A
(importantly, this relaxation process is strongly field-depen-
dent, and grows in magnitude with increasing applied fields).
Therefore, the common logic that a separation of ~8-9 A
should preclude strong dipolar interactions is not wholly
founded. Indeed, even with an average intermolecular spacing
of >11 A fora 1:13 (U: Y) dilution of U(H,BPz,);, a narrow but-
terfly-shaped hysteresis loop was still observed at 1.8 K.>*

In fact, before attempting the study of dilute samples, a
very simple check can be performed to determine whether
dipolar relaxation (in the form of fast or slow processes)
deserves further attention. This check is to compare the iso-
thermal susceptibility value (yr) with the static magnetic sus-
ceptibility value at the same temperature (yqc). If the ac
relaxation process under study represents the predominant
one, then these two susceptibility values should agree for a
given temperature and range of magnetic fields. If instead yr is
less than yq, this suggests a slower relaxation process is also
occurring, and perhaps dipolar interactions could play a role.*®
Without variable-field data for most of the compounds under
consideration here, it is impossible to say whether dipolar
interactions are important in the relaxation and observed mag-
netic hysteresis. However, as the following analysis suggests,
the molecular origins of magnetic hysteresis are not necessarily
definitive, and it seems important that dipolar interactions
and the possibility of additional relaxation mechanisms be
considered for these and future low-nuclearity systems.

Consider the example of Np(COT),, which shows very slow
low-temperature relaxation for applied fields greater than 5 T,
and an open magnetic hysteresis loop above this field. While
the provided linear fit of the 7 T Arrhenius data gives a large
barrier to magnetic relaxation of ~471 cm™', the corres-
ponding 7, value is shockingly small, at ~7 x 10™"° s (Fig. 6).
Such a small value is typically not associated with slowly-relax-
ing molecular species but rather relaxation in spin glasses,
and it can often be challenging to distinguish the two.*” Spin
glasses are furthermore often characterized by magnetic hys-
teresis loops that fail to show saturation and exhibit an out-of-
phase signal with little frequency dependence. Both of these
are characteristics displayed by Np(COT), under large applied
fields. For a field of 5 T, the low temperature relaxation time
spikes below ~11 K and, as the authors note, becomes fre-
quency-independent. Thus, it appears that for the relaxation
under large applied fields, and therefore also the magnetic
hysteresis, the possibility of relaxation processes beyond mole-
cular spin-lattice pathways must be addressed.

A similar analysis can be accomplished for [UTp™,]L.
From the Arrhenius data reported at 500 Oe, it is apparent that
below ~3.5 K, the relaxation tends away from thermally acti-
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Fig. 6 Plot of In(z) versus 1/T for Np(COT), (molecular structure inset)
under Hgc = 7 T.%® Circles represent experimental data and the solid line
represents a linear fit to an Arrhenius law, giving Ues = 471 cm™* and 7o
=7 x 107*° 5. The dashed cyan line represents the predicted Arrhenius
behavior assuming a calculated ground to first excited energy splitting
of 1400 cm™and 7o = 1 x 107% s.

vated behavior and becomes temperature-independent. Extra-
polating the given Arrhenius parameters (Ueg = 21.0 cm™" and
7o = 4.3 x 107% §*%), the relaxation time at 2 K is only 0.18 s,
seemingly too fast to allow for the observation of magnetic
hysteresis. The one caveat is that the opening of the hysteresis
loop for this compound occurs at ~1 T, and ac relaxation data
is not provided for this field. However, in the absence of hyper-
fine interactions or other fast relaxation processes at lower
fields, it seems unlikely that the temperature-dependent relax-
ation at 0.05 T should differ significantly from that measured
under a 1 T field. Even if increasing the field lengthens the
low-temperature relaxation, it should still follow the deter-
mined Arrhenius law, and one should not expect to see hyster-
esis. This obvious discrepancy seemingly arises from two
implicit assumptions: (i) there is no additional fast relaxation
process that would significantly speed up the relaxation at
fields below 1 T and (ii) the measured temperature-dependent
relaxation data is truly representative of relaxation between M,
states. For the first point, a simple dilution can be performed
to rule out any fast molecular relaxation due to dipolar fields.

In the second case, we know already that the observed
temperature-dependent relaxation in all of these systems devi-
ates significantly from what is expected based on the splitting
within the ground jJ state. If the hysteresis is molecular,
however, temperature-dependent relaxation data collected at
1 T might more closely represent the calculated M; separation
for this species, or at least show a dramatic lengthening of 7.
Therefore, the measurement of temperature-dependent relax-
ation data at 1 T should reflect this slower relaxation and the
Arrhenius behavior should change dramatically. If instead, the
Arrhenius data at 1 T follows the curvature of that at 0.05 T,
then this is evidence that the hysteresis is extra-molecular.
Thus, with only a few simple additional experiments, it would
be possible to obtain a more thorough understanding of the
relaxation dynamics in this system.

The same unanswered questions arise upon closer analysis
of all the complexes discussed above, and in many cases a few
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simple additional experiments could offer much more clarity.
The mononuclear actinide complexes already appear in some
ways to behave differently than their lanthanide analogues,
and thus at such an early point in their research, a more
thorough and thoughtful analysis of relaxation behavior is
essential. This should involve not only careful choice of
characterization measurements, but a thorough analysis of the
purity and form of complexes under study.*® Only in this way
can we hope that the systems under investigation now will
inform us in a productive manner towards future studies.*’

Slow magnetic relaxation and
exchange in multinuclear complexes

The most successful approach thus far in the design of acti-
nide single-molecule magnets has arisen through the study of
exchange-coupled systems. Magnetic exchange in actinide
complexes has been known for over 20 years, since it was first
observed in the dinuclear UV species [(MeCsH,);Ul,(p-1,4-
N,CeH,4).>® Even before the discovery of slow magnetic relax-
ation in U(Ph,BPz,);, exchange coupling was recognized as a
potential route toward the design of actinide single-molecule
magnets.>"*> Indeed, exchange constants estimated for com-
plexes such as [(MeCsH,);U(1-1,4-N,CeH,) (J = 19(1) em™),
(cyclam)Co[(p-Cl)U(Me,Pz),], (15 em™ > J > 48 em™),>® and
the arene-bridged uranium(iv) complex U[HC(SiMe,Ar),(SiMe,-
p-N)](p-Ar)U(Ts™®)** (J = 20 em™") rival coupling strengths
in transition metal complexes, and are the same order of
magnitude as the strong lanthanide-radical exchange
observed in [{[(Me;Si),N],(THF)Tb},(p-N,)]~, the single-mole-
cule magnetic exhibiting the highest known blocking
temperature.®”

At the same time, strong magnetic exchange is not a necess-
ary prerequisite for the observation of slow magnetic relax-
ation. For instance, magnetic exchange has been successfully
demonstrated in a number of dinuclear lanthanide single-
molecule magnets, though the bridging species are predomi-
nantly diamagnetic, and the coupling is therefore very weak.>”
For most of these complexes, furthermore, slow relaxation
originates from a single lanthanide ion, and in fact sometimes
the weak coupling can even hamper this relaxation due to
closely-spaced exchange coupled states that facilitate fast
quantum relaxation.>® Thus, strong exchange is crucial for
achieving a well-isolated ground state, and thereby favouring
the observation of slow magnetic relaxation. Indeed, only in
the case of [{[(Me;Si),N],(THF)Ln},(p-—n*n>N,)]” has very
strong magnetic exchange been demonstrated to be essential
to the observed relaxation.®”*® The nature of magnetic
exchange is also of significant import, as suggested by recent
DFT and ab initio calculations on these N,*>~ radical-bridged
complexes. The calculations predict strong antiferromagnetic
coupling for Ln = Tb, Dy, and Ho", but ferromagnetic coup-
ling for Ln = Er'", an interesting result given that the Er' con-
gener requires an applied field to observe slow relaxation on
the ac time-scale, and displays the smallest relaxation barrier.
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Ultimately, however, these results suggest that slow magnetic
relaxation should be accessible in multinuclear actinide com-
plexes with an appropriate superexchange pathway.

Cation-cation interactions and strong magnetic exchange

A well-established route to superexchange in actinide-contain-
ing multinuclear species is through cation-cation interactions,
whereby the oxo-ligands of an actinyl unit (commonly
uranyl(v)) interact with another metal center. This linkage
effectively forms an oxo-bridge between metal centers and to
date has been the most successful strategy toward strong coup-
ling between UV centers® and between UY and transition
metal®® or lanthanide centers.*

Perhaps not surprisingly, then, the first multinuclear acti-
nide complex to demonstrate both superexchange and slow
magnetic relaxation was assembled through cation-cation
interactions. The complex (Np“'0,CL,)[NpYO,CI(THF);], is a tri-
angular cluster made up of two chloride-bridged neptunyl(v)
units at the base and a capping neptunyl(vi) unit (Fig. 7). Con-
sidering the environment of the individual neptunyl moieties,
it was found that all three neptunium centers experience a
dominant axial ligand field due to strong, short, and nearly
linear Np-O bonds. Static magnetic susceptibility measure-
ments on the trinuclear complex revealed a rise in the mag-
netic susceptibility below 25 K and 3 T, which was attributed

{[UO,(salen)],Mn(Py),}

Fig. 7 Molecular structure of the neptunium cluster (Np"'O,Cl,)-
[NpYO,CUTHF)3], (top) and uranyl(v) wheel {[UOj(salen)],Mn(Py)s}s
(bottom). Dark blue, orange, yellow, green, red, blue, and grey spheres
represent Np, U, Mn, Cl, O, N, and C atoms, respectively; H atoms are
omitted for clarity.®>8
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to exchange coupling. This data could be fit by accounting for
the strong axial ligand field and also superexchange between
neptunyl centers. Coupling between Np" and Np“" was found
to be quite strong with J = 7.51 cm™", while only very weak
coupling occurs between Np" centers, with J = 0.39 cm™.°

In addition to strong exchange, slow magnetic relaxation
was observed for this complex under zero applied dc field and
a 15 Oe ac field. The temperature-dependent relaxation behav-
ior is approximated well by an Arrhenius law with U =
97 em™" and lacks the marked deviation at low temperature
demonstrated by the mononuclear complexes discussed above.
Interestingly, the authors noted that the calculated energy gap
corresponds well to the presence of an excited M; = +5/2 state
of Np"", which would suggest that the slow magnetic relaxation
originates from a single ion, and further exposes the potential
promise in designing mononuclear complexes of Np*' with
dominant axial ligand fields.

The second actinide-based cluster to demonstrate magnetic
exchange and slow magnetic relaxation was also assembled
through cation-cation interactions, this time between uranyl(v)
moieties and Mn" centers.’®® The large, wheel-shaped cluster
{[UO,(salen)],Mn(Py);}s (Py = pyridine) depicted in Fig. 7 was
synthesized from the reaction of [Cp*,Co][UO,(salen)(Py)]
([Cp*]” = decamethylcyclopentadiene anion) and Mn(NO;), in
pyridine, in a 2:1 ratio. This molecule is structurally unique
in that it is the largest actinide-based multinuclear complex
and the first to be assembled through UO," and Mn" inter-
actions. Additionally, the nature of the early metal cation was
essential to the formation of such a high nuclearity complex,
as the use of Ca" was found to produce only a tetrameric
uranyl(v) cluster. Interestingly, while for (Np*'0,Cl,)[NpY0O,Cl-
(THF);], the cation-cation interactions necessarily occur
between neptunium ions, the wheel complex is assembled in
such a fashion that cation-cation interactions occur only
between uranyl(v) units and Mn" centers; individual uranyl(v)
units are connected only via salen linkages. Static magnetic
susceptibility data collected below 7 T revealed a sharp rise in
ymT below ~60 K, similar to the susceptibility behavior
observed for (Np“'0,Cl,)[NpYO,CI(THF);],. For the wheel
complex, the behavior was also attributed to a combination of
ligand field effects and coupling between metal centers;
however, no modelling of the magnetic data was attempted
due to the complexity of the system.

In addition to evidence of superexchange, blocking of the
magnetization was observed for the U;,Mng cluster in the
form of magnetic hysteresis below 4.5 K. A drop in the magne-
tization at zero field occurs for all reported temperatures and
is most pronounced at the lowest temperature of 2.25 K,
indicative of quantum tunnelling of the magnetization. On the
ac time-scale, slow magnetic relaxation was observed between
5 and 10 K under zero dc field and a 10 Oe oscillating field.
The resulting relaxation times could be fit well to an Arrhenius
law to give Uy = 99 em™ with 7, = 3 x 107'% 5. As the authors
alluded to, diamagnetic substitution of the Mn" centers
within the wheel with Cd"™ or Zn" would provide valuable
insight into the exact nature and origins of the magnetic coup-
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ling. In addition, such an experiment would be an interesting
probe of how the exchange coupling influences the observed
slow magnetic relaxation.

Gratifyingly, it was found that by employing the same synthetic
conditions but combining [Cp*,Co][UO,(salen)(Py)] and Mn-
(NO3), in a 1:1 ratio, the first actinide-based single-chain magnet
could be isolated, namely [UO,(salen)(Py)][Mn(Py),](NO,).°*
While this compound does not qualify as a single-molecule
magnet, its magnetic behavior is noteworthy and further
illustrative of the utility of exchange in actinide systems.
Indeed, below a temperature of 150 K, dc magnetic suscepti-
bility data exhibit a sharp rise in y7, indicative of ferro-
magnetic coupling between the UV and Mn" centers.
Moreover, ac susceptibility measurements under zero dc field
revealed strong temperature and frequency dependence in the
out-of-phase signal, y\", indicative of single-chain magnet be-
havior. This result was further supported by the observation of
a linear regime in In(yy7) versus 1/T. In addition to a large
relaxation barrier of Uy = 93 cm™", an open magnetic hyster-
esis loop was observed for this compound as high as 3 K. Inter-
estingly, the analogous Cd"-containing chain was also found
to show slow relaxation of the magnetization (under an
applied dc field), undoubtedly due to the single-ion anisotropy
associated with the UY centers. As expected, the relaxation was
significantly faster and less temperature-dependent than
observed for the UMn chain compound, although this result
highlights the future utility of dominant axial ligand fields in
mononuclear actinide complexes, as already demonstrated in
the complex UO(Tren™™®). Indeed, mononuclear uranyl(v) com-
plexes with weak equatorial ligands may present a worthwhile
avenue for pursuit.

As the above examples demonstrate, exchange coupling is
a promising route in the design of actinide single-molecule
magnets with higher blocking temperatures. Given the
ambiguous role of magnetic coupling in the slow magnetic
relaxation in the foregoing molecular species, future design
of exchange-coupled molecules might benefit from a view
towards smaller nuclearity clusters, for which diamagnetic
substitution can be more readily performed. Additionally, as
the use of paramagnetic bridging ligands in dinuclear lantha-
nide complexes has proven the most successful route for
exchange-coupled single-molecule magnets, a natural pro-
gression is the pursuit of analogous systems with actinide
elements. While the N,*” radical is rather challenging syntheti-
cally, linkers such as bipyrimidine,* pyrazine,’® and phena-
zine® stand as more stable paramagnetic bridging species. As
an example of the design of such structures, the mononuclear
species [UTp™*,(bipy)]l stands as a useful building unit.
Indeed, exchange of the bipyridine with bipyrimidine or other
bridging N-heterocycles should facilitate the formation of a
dinuclear complex that could be further reduced to form a
radical-bridged species. The design and study of such simpler
exchange-coupled structures holds immense promise, not only
in extending the number of exchange-coupled actinide
systems, but expanding our understanding of their unusual
magnetic behavior.
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Conclusions

Despite its late entrance into the field, actinide single-mole-
cule magnetism is proving to be a richly varied and complex
area of research. A key step forward will be the more rigorous
characterization of relaxation dynamics in low-nuclearity
species, including via dilution measurements, and particularly
when a complex shows markedly different relaxation behavior
depending on the applied magnetic field and/or temperature.
Potentially promising mononuclear systems might be those
with significantly higher axial site symmetries that may mini-
mize state mixing and maximize orbital angular momentum.
However, given the new challenges introduced with the use of
the actinides, such as enhanced covalency and reactivity, it
stands to reason that mononuclear complexes of these ions
may be hard-pressed to succeed in the same way as their 4f
forerunners. On the other hand, the few exchange-coupled
systems studied suggest that rationally-designed multinuclear
complexes may be a more direct route to successful single-
molecule magnets with the actinides. The study of many more
exchange-coupled systems is no doubt necessary to test this
supposition. While no clear correlation currently exists thus
far between superexchange and resulting magnetic properties,
it is likely that strong exchange may help to shut down tunnel-
ling under zero applied field, thereby enabling slow magnetic
relaxation. Even stronger magnetic exchange could potentially
be facilitated through the use of radical bridging ligands.
Undoubtedly progress in this area of research will require
chemists and physicists to tackle new and difficult challenges
in synthesis and characterization. Such efforts hold the
promise of establishing a deeper understanding of actinide-
based molecular magnetism.
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