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a  b  s  t  r  a  c  t

Single-molecule  magnets  represent  the  ultimate  size  limit  for spin-based  information  storage  and  pro-
cessing;  however,  such  applications  require  large  spin  relaxation  barriers  and  blocking  temperatures.
Ongoing  efforts  to synthesize  single-molecule  magnets  with  higher  barriers  must  take  into  considera-
tion  key  physical  parameters,  such  as  spin  ground  state,  S, and  axial  zero-field  splitting  parameter,  D,
which  are  both  correlated  to the  barrier  height.  A  third  critical  parameter  that has  received  less attention
is  the  exchange  coupling  constant,  J. This  constant  determines  the  degree  of  separation  between  spin
ground  state  and  excited  states,  which  must  be  sufficiently  large  in  a single-molecule  magnet  to main-
tain  slow  magnetization  dynamics  at elevated  temperatures,  and  also  serves  to shut  down  fast  quantum
relaxation  pathways.  Toward  this  end,  one  synthetic  strategy  to engender  strong  magnetic  exchange  is
the incorporation  of  radical  ligands  into  metal  complexes.  Within  these  complexes,  the  presence  of  direct
exchange  between  paramagnetic  ligand  and  metal  units  can  result  in  exceptionally  strong  magnetic  cou-
pling,  much  stronger  in  fact  than  more  common  superexchange  interactions.  This  review  article  provides
a  survey  of radical  ligand-containing  single-molecule  magnets,  with  a  brief overview  of  other  classes
of  metal–ligand  radical  complexes  that  could  be exploited  in  the  design  of  new  single-molecule  mag-
nets.  Furthermore,  ligand-field  and  electronic  structure  considerations  in dictating  exchange  strength
and  slow  magnetic  relaxation  are  highlighted,  with  the  aim of helping  to  guide  the  synthesis  of  future
radical  ligand-containing  single-molecule  magnets  with  even  stronger  exchange  coupling.

©  2014  Elsevier  B.V.  All  rights  reserved.

. General introduction

Single-molecule magnets are molecules exhibiting an energy
arrier to magnetic relaxation that enables them to retain their
agnetization orientation after removal of an applied field.

emarkably, these molecules exhibit bulk magnet-like properties
uch as magnetic hysteresis, while their molecular nature also leads
o quantum phenomena such as quantum tunneling of the mag-
etization. Indeed, the discovery of slow magnetic relaxation in
olecules has sparked a tremendous interest in single-molecule
agnets, owing largely to the potential for their use in applications

uch as molecular spintronics [1–6] and quantum information stor-
ge and processing [7,8]. However, in order for these applications to
e realized, much higher spin relaxation barriers must be attained.

The magnitude of relaxation barrier in a single-molecule mag-
et, theoretically predicted as U = S2|D| for integer-spin molecules
nd U = (S2 – ¼)|D| for half-integer-spin molecules, arises from the
mpact of a uniaxial magnetic anisotropy, quantified by the axial

for single-molecule magnet behavior. As such, increasing the spin
relaxation barrier of a single-molecule magnet necessitates the
maximization of both S and D. Toward this end, an extraordinary
effort has been undertaken by numerous researchers to synthe-
size molecules that possess high spin ground states with a large
magnetic anisotropy.

In addition to the importance placed on designing molecules
with large values of S and D, the exchange coupling constant, J,
must also be considered. In a multinuclear complex, the energetic
separation between spin ground state and excited states is directly
correlated to the strength of exchange coupling between paramag-
netic centers and therefore the magnitude of J. If this separation
is not sufficiently large, the magnetization of the molecule can
undergo fast relaxation through pathways involving spin excited
states. As such, even an exceptionally large anisotropy barrier
will not necessarily lead to a high blocking temperature if the
exchange coupling is not strong. In addition, strong exchange
coupling can serve to shut down quantum tunneling processes
ero-field splitting parameter, D, on a high-spin ground state, S.
y convention, a negative value of D positions the largest MS = ±S

evels lowest in energy, thereby effecting an energy barrier to
pin relaxation from MS = +S to −S that is ultimately responsible
within a single spin state manifold. Indeed, tunneling remains an

important problem in the design of single-molecule magnets with
higher blocking temperatures, especially in f-element-containing
species, as it provides a mechanism through which relaxation
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an short cut the overall anisotropy barrier. Despite the impor-
ance of exchange coupling strength in single-molecule magnets,
n overwhelming majority of these molecules feature structures
omprised of paramagnetic metal centers bridged by diamagnetic
igands. Here, magnetic coupling between metal centers occurs via
n indirect superexchange mechanism, which is often relatively
eak, especially in the case of multi-atom bridging ligands. As

n alternative, connecting paramagnetic metal centers by para-
agnetic bridging ligands can give rise to much stronger direct

xchange coupling between the metals and the spin of the ligand
adical. This strategy can be particularly effective in lanthanide-
ontaining single-molecule magnets, since radical ligands possess
iffuse spin orbitals that can potentially penetrate the core elec-
ron density of the lanthanide ions to reach the deeply buried
f orbitals. Encouragingly, despite the paucity of ligand radical-
ontaining single-molecule magnets, the literature is replete with
xamples of exceptionally strong metal-radical ligand coupling in
olecules that do not exhibit slow magnetic relaxation, and knowl-

dge learned from these work can undoubtedly be extended to the
rea of single-molecule magnets.

Herein, we review the current literature of radical ligand-
ontaining single-molecule magnets. While not intended to
rovide a comprehensive review on other metal–ligand radical
omplexes that do not exhibit slow magnetic relaxation, this arti-
le will nevertheless briefly survey classes of molecules that could
otentially be exploited to realize new, metal-radical ligand single-
olecule magnets. For a more comprehensive account of other
etal-radical ligand complexes, the reader is referred to broader

nd more inclusive review articles [9–21]. For the latest advances
n single-molecule magnets, the reader is referred to some recent
eview articles [22–30]. The scope of this review includes mono-
nd multinuclear molecular complexes, spanning transition metal-

 lanthanide-, and actinide-containing species. Note that organic
adicals that do not possess the ability to coordinate to metal ions,
nd thus cannot act as ligands, are not addressed here. Finally, in
he following discussion, an emphasis is placed on highlighting
he importance of ligand-field and electronic structure considera-
ions in dictating exchange strength and slow magnetic relaxation.
he values of magnetic exchange coupling constant (J) reported
n this review are converted based on the general Hamiltonian

 = –2JSASB, with A and B indicating two interacting paramag-
etic centers, metal ions and/or radical ligands. Fig. 1 provides

 summary of the radical ligands that will be discussed in this
rticle.

. Transition metal-radical ligand single-molecule magnets

.1. Introduction

After the discovery of the first single-molecule magnet, clus-
er compound Mn12O12(O2CMe)16(H2O)4 [31], efforts to increase
he spin relaxation barrier primarily involved research aimed at
ynthesizing larger metal clusters with higher values of S, typi-
ally featuring oxo bridging ligands between metal centers [31–49].
ere, the magnetic interactions between the metal centers occur
ia superexchange coupling through the diamagnetic oxido unit,
nd these interactions can indeed reach appreciable magnitudes
or such one-atom bridging ligands. However, introducing a para-

agnetic center as the bridging moiety can provide even stronger
xchange coupling.

The presence of strong coupling arising from the direct orbital
verlap between radical and transition metal ion has provided

esearchers with great impetus for studying the magnetic inter-
ctions between two different paramagnetic centers [50]. The
igands being utilized for this purpose span a wide range, from
he more established nitronyl nitroxide and benzosemiquinonoid
eviews 289–290 (2015) 149–176 151

ligands [51–54], to the more recently developed verdazyl, thiazyl,
and carbene ligands that already show great promise in gen-
erating materials with interesting magnetic properties [55–57].
Although tetracyanoethylene, 7,7,8,8-tetracyanoquinodimethane,
N,N′-dicyanoquinonediimine, and perchlorotriphenylmethyl rad-
icals have found enormous success in the rational design of
molecule-based magnetic materials, they will not be covered in this
section, owing to the lack of the corresponding molecular analogs
[58–75].

The use of organic radicals to bridge two  or more paramag-
netic transition metal ions in order to build magnetic materials
has provided two  remarkable benchmarks, the first room temper-
ature molecule-based magnet, V(TCNE)x·nCH2Cl2 (x ≈ 2, n ≈ 1/2)
[60] and the first experimental observation of slow dynamics in a
one-dimensional compound, as observed in (NITPhOMe)Co(hfac)2
[76]. Nevertheless, transition metal-based single-molecule mag-
nets incorporating a radical ligand in either mono- or multinuclear
compounds are scarce [77–87]. The following sections will survey
radical ligand-containing mononuclear and radical ligand-bridged
multinuclear transition metal complexes that have been shown
to exhibit single-molecule magnet behavior or that represent
classes of molecules that could lead to new single-molecule
magnets.

2.2. Mononuclear transition metal-radical complexes

2.2.1. Nitroxide radical-containing complexes
Nitronyl nitroxides, which are among the most widely stud-

ied stable free radicals, feature an unpaired electron that is
delocalized over the coordinating oxygen atoms (Fig. 1). Con-
sequently, this family of ligands has been and continues to be
an attractive choice for spin carriers in magnetic materials. A
limitation of these ligands, however, is the poor ability of the
weakly Lewis basic N O group to coordinate to a metal center.
Nevertheless, enhanced binding of monodentate nitroxides can
often be achieved through employment of electron withdraw-
ing groups, such as (1,1,1,5,5,5)-hexafluoroacetylacetonate (hfac)
[88–92], halides [93], and halocarboxylate [94,95], as ancillary lig-
ands in order to increase the Lewis acidity of metal ions and
generate compounds of the form LnM(L′)2 (L = nitroxide radical;
L′ = ancillary ligand; n = 1 or 2). The first structurally [88] and mag-
netically [96] characterized complex of this form, (tempo)Cu(hfac)2
(tempo = 2,2,6,6-tetramethylpiperidinyl-1-oxyl), comprises a dis-
torted square pyramidal CuII center with the nitroxyl oxygen atom
occupying a basal coordination site. The bent metal–ligand bonding
configuration with Cu O N angle of 123.9(4)◦ offers appropriate
symmetry for overlap of nitroxyl �* and copper dx2−y2 orbitals,
enabling strong antiferromagnetic coupling (J ≤ −225 cm−1 [97];
Table 1). While long axial bonds of the NO groups coordinated to
CuII results in moderate ferromagnetic coupling between nitrox-
ide radical and the metal ion [91,98], short equatorial coordination
induces strong antiferromagnetic exchange interactions [95,96], as
rationalized by extended Hückel calculations [98]. Axial coordina-
tion of the nitroxide leads to an orthogonality between the ligand
�* orbital and the metal dx2−y2 orbital resulting in ferromagnetic
coupling. In contrast, orbital overlap increases rapidly for equatorial
coordination, giving rise to antiferromagnetic coupling.

A number of heterocycle-based derivatives of nitronyl nitrox-
ide have also been employed [99–106], as the chelate effect arising
from the heterocycle nitrogen donors enhances the ability of the
nitroxyl group to coordinate a poor electrophilic metal center.
However, the formation of the chelate ring substantially weak-

ens the magnitude of the coupling [102], most likely due to the
�–� mixing of the lone pair of nitrogen and the nitroxide [54].
Recently, the ligand 4,4-dimethyl-2,2-di(2-pyridyl)oxazolidine-N-
oxyl (dmpoNO) [107], which bears two pyridyl donors, was treated
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Fig. 1. Radical accessible ligands covered in this review from top-to-bottom, left-to-right: nitronyl nitroxide, imino nitroxide, nitroxide, oxazolidine-N-oxide, NOpy, ADBP,
DPA,  verdazyl, carbene and various other radical ligands.
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Table  1
Summary of magnetic exchange interactions in selected structurally characterized mononuclear transition metal complexes that contain radical ligands.

Compounds J1 a JL–L
a Reference Compounds J1 a JL–L

a Reference

Nitroxide (monodentate) M(Cl4SQ)3 (M = Fe, Cr) −60 (Fe), −400
(Cr)

[116,118]

(tempo)Cu(hfac)2 ≤−225 [88,96] M(phenSQ)3 (M = Fe, Cr) −100 (Fe),
−350 (Cr)

[116,118]

(tempo)2Mn(hfac)2
b −79c [89] Fe(FADBPISQ)3 −184(5) 0k [158]

(proxyl)2Mn(hfac)2 −105c [89] M(phenSQ)2(py)2 (M = Ni,
Co)

∼0 (Ni), −3.6
(Co)

[118,159]

(NITPh)2CuCl2 −7d [93] Ni(phenSQ)2(bpy) −0.7 [118]
(NITPh)2Cu(hfac)2 <+5 [91] Fe(3,6-DBSQ)3 −139 −235 [119]
(NITPh)Cu(hfac)2 nre [91] Cu(3,6-DBSQ)2 +100 [160]
(NITPh)2Ni(hfac)2 −200 [92] Ni(3,6-DBBQ)(3,6-DBSQ)2 +89.1 −89.9 [161]
(NITPh)2Cu(tfac)2 <−500c [95] Mn(3,6-DBSQ)2(3,6-DBCat) nrf [162]
Nitroxide (bidentate) [Cr(Cl4SQ)2(Cl4cat)]− nri [163]
(NIT2Py)2MCl2 (M = Ni, Mn) −110 (Ni), −79

(Mn)
[99] Cu(ADBPISQ)2 +195j −400 [127]

(NIT2Py)M(hfac)2 (M = Ni, Mn)  −167 (Ni), −65
(Mn)

[99] Fe(ADBPISQ)2X (X = Cl, Br, I) nrk (Cl), −145
(Br), −100 (I)

[164]

[(NITImH)3Mn]2+ −53(2) [102] MnIII(ADBPISQ)2(ADBPPDI) −300 0i [123]
[(NITBzImH)3Mn]2+ −79(5) [102] MnIV(ADBPISQ)2(HADBPPDI) −470 0i [123]
[(NIT2Py)3M]2+ (M = Ni, Mn)  −111 (Ni), −88

(Mn)
[102] MnIV(tBuADBPISQ)2(tBuADBPPDI) −292 [165]

[(2pyNO)2M(H2O)2]2+ (M = Ni, Cu) +88 (Ni), −95
(Cu)

[105] Cu(MeSADBPISQ)2 −207 −57 [127]

[(phpyNO)2Ni(H2O)2]2+ (M = Ni, Cu) +142 (Ni), +151
(Cu)

[106] Ni(tBuPDAISQ)2 nre, −946l [129]

[(phpyNO)2Cu(ClO4)2] +96 [106] [Cu(NH(py)2)(3,5-DBSQ)]+ +110 [121]
[(phpyNO)2Cu(CF3SO3)2] −327 [106] [Ni(CTH)(3,5-DBSQ)]+ nrk, +178l [120,159]
Nitroxide (tridentate) [Ni(CTH)(phenSQ)]+ nrk, +142l [120]
[(2,6-NITpy)2Ni]2+ (M = Ni, Co, Mn)  −167 (Ni), nrf

(Co), −83 (Mn)
−10 [103] [Cr(tren)(3,6-DBSQ)]2+ <−350h [166]

[(2,6-NITpy)2Cu]2+ −320 (eq), +7
(ax)

−14 [103] [Cu(dmtacn)(ADBPISQ)]+ +195 [167]

[(6bpyNO)2Ni]2+ (M = Ni, Cu) +133 (Ni), +140
(Cu)

[104] [Co(Me4cyclam)(phenSQ)]+ −13 [168]

[(dmpoNO)2Cu]2+ −82 [107] [Ni(tren)(ADBPISQ)]+

(M = Ni, Fe)
+200 (Ni), nre

(Fe)
[169]

[(dmmpoNO)2Cu]2+ −78 [107] [Fe(FPDAISQ)(FPDAPDI)] nrh, −640l [130]
[(dmpoNO)2Co]2+ g +64 [109] Verdazyl and Thiazyl
Nitroxide (tetradentate) (pyvd)M(hfac)2 (M = Mn,

Ni)
−23 (Mn), +120
(Ni)

[170]

(NITbpy)Cu(ClO4)2 −168 [100] (imvd)M(hfac)2 (M = Mn,
Ni)

−31 (Mn), +97
(Ni)

[139]

[(NITbpy)Ni(H2O)2]2+ +39.6 (JNi-rad) [101] (pyDTDA)Mn(hfac)2

(M = Mn,  Fe, Co, Ni, Cu)
nrm (Mn),
−41.9 (Fe), nrm

(Cu), +91.7 (Ni),
+41.1 (Co)

[142–144]

[(NITbpy)Ni(H2O)(ClO4)]+ +27.8 (JNi-rad) [101] [(bipyvd)2Mn]2+ (M = Mn,
Ni, Cu)

−46.5 (Mn),
+120 (Ni), −2.3
(Cu)

[147]

[(NITbpy)Mn(H2O)(ClO4)]+ −65.3 [101] [(dpvd)2Ni]2+ >+110 >+50 [148]
[(NITbpy)Co(H2O)(ClO4)]+ +0.4 (JNi-rad) [101] (cbvd)2Ni(H2O)2 (M = Ni,

Co)
+188 (Ni), +68
(Co)

−42 [171]

Benzosemiquinonoid Carbene
Fe(3,5-DBSQ)3 −190h [116,118] [Co(EBAMP)(NCO)2(C1py)] −35.6 [156]

a J values were estimated based on the general Hamiltonian H = −2 J1SMSL1 − 2J2SMSL2 − 2JL–LSL1SL2 and are shown in units of cm−1.
b For (tempo)2M(hfac)2 (M = Ni, Co), the magnetic interaction was shown to be antiferromagnetic, but no values of J were reported.
c No Hamiltonian was  reported.
d A chain model based on Bonner–Fisher theory was  used due to the presence of intermolecular interactions.
e Diamagnetic at room temperature.
f Antiferromagnetic.
g Single-molecule magnet.
h S = 1 at room temperature.
i S = 1/2 at room temperature.
j This value was fixed to fit the susceptibility data.

ion; n

w
[
t
t
m
i

k S = 3/2 at room temperature.
l Theoretical value obtained from DFT calculation.

m Magnetic behavior of isolated metal ion due to intermolecular ligand dimerizat

ith divalent metal salts in a 2:1 ratio to afford the compounds
(dmpoNO)2MII]2+ (M = Co (1; Fig. 2), Fe, Cu) [107–109]. Among

hese complexes, the cobalt analog 1 is intriguing not only due to
he observation of spin crossover but also to its single-molecule

agnet behavior. Variable-temperature dc magnetic susceptibil-
ty data for 1 showed a gradual decrease in �MT from 400 K to
r = not reported.

218 K, reflecting the presence of an incomplete spin crossover.
Below 200 K, the magnetic behavior is governed by the interactions

between spin centers, and a fit to the data provided the coupling
constants JCo–L = +63.8 and JL–L = +63.9 cm−1, respectively, for the
cobalt-radical and the intramolecular radical–radical interactions.
Overall, this affords a ground state of S = 3/2. The observation of
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lue, red, and gray spheres represent Co, N, O, and C atoms, respectively; H atoms
re  omitted and selected C and N atoms are faded for clarity.

 ferromagnetic Co-radical interaction presumably arises from the
rthogonality of the CoII 3dz

2 orbital and nitroxide �* orbital, while
he small overlap between two radical orbitals due to a lack of
rominent spin polarization through the low spin CoII center is
esponsible for the radical–radical ferromagnetic interactions. Ac
agnetic susceptibility data reveal frequency-dependent peaks in

xternal dc magnetic fields of 2000 and 5000 Oe, leading to spin
elaxation barriers of Ueff = 7.4 and 5.3 cm−1, respectively. Similarly,
ome mononuclear CoII complexes with N-aryl-N-pyridylaminoxyl
igands of general formula L4CoX2 (NOPy)4CoX2 (X− = NCS− or
CO−), where a pyridyl nitrogen atom instead of the nitronyl
itroxide unit is coordinated to the metal ion, have shown slow
agnetic relaxation [110,111]. Finally, note that the strategy of

ombining transition metal ions and radicals has also led to sys-
ems with higher nuclearity and dimensionality greater than zero,
esulting in high spin clusters [112], single-chain magnets [76], and
ompounds exhibiting long-range magnetic order [113]; however,
hese compounds are beyond the scope of this review.

.2.2. Benzosemiquinonoid radical-containing complexes
Compared to nitronyl nitroxides, benzosemiquinonoid radicals

ontain much stronger oxygen donors, resulting in stronger mag-
etic exchange coupling with metal ions [114,115]. Additionally,
he metal and benzosemiquinonoid radical orbitals are closer in
nergy, thus providing a more efficient exchange bias.

Homoleptic compounds of formula MSQ3 (M = CrIII, FeIII;
Q− = benzosemiquinone radical anion) exhibit strong intramolec-
lar antiferromagnetic exchange interactions between the metal
enter and the radical ligands, resulting in spin ground states of

 = 0 and S = 1 for CrIII and FeIII, respectively [51,116–119]. The
trength of the exchange can be readily modulated by varying
he substituents on the benzosemiquinone ligands. For instance,
ncorporation of aryl rings or electron-withdrawing groups such as
hloride onto o-benzosemiquinone decreases the amount of elec-
ron density on the oxygen atoms, resulting in weaker magnetic
oupling (Table 1). In contrast, the introduction of electron-
onating substituents such as t-butyl groups provides stronger
xchange, stabilizing the spin ground states of both CrIII and FeIII

omplexes well below their excited states even at 300 K. In addi-
ion, as expected, the orthogonality of the magnetic orbitals of the
enzosemiquinone radical anions and the NiII or CuII ions in C2v
ymmetry was shown to provide an efficient pathway for strong
erromagnetic coupling [120,121].
The more diffuse orbitals and lower electronegativity of
he nitrogen donor atoms in o-iminobenzosemiquinone and o-
iiminobenzosemiquinone radical ligands have been found to
rovide better orbital overlap within the metal–nitrogen bond,
eviews 289–290 (2015) 149–176

leading to an increase in the strength of the exchange cou-
pling [122–131]. Moreover, functionalization at the nitrogen
atoms allows control of the steric hindrance at the metal
center and ultimately the electronic environment of the lig-
and. The presence of strong magnetic coupling between the
metal centers and the o-diiminobenzosemiquinone ligands is
reflected in all reported mononuclear compounds, which exhibit
temperature-independent �MT values up to 300 K. Theoretical
calculations performed on Ni(tBuPDAISQ)2 (tBuPDA = N,N-bis(3,5-di-
tert-butylphenyl)-1,2-phenylenediamine) afforded an exception-
ally large coupling constant of J = −946 cm−1 [129].

In addition to strong magnetic exchange, the aromatic �
orbitals in benzosemiquinone radicals can facilitate electron delo-
calization between two ligands coupled through a central metal
ion. For instance, DFT calculations of the coupling constant in
Fe(tBuPDAISQ)(tBuPDAPDI) resulted in values near J = −640 cm−1, cor-
responding to an intermediate spin of S = 3/2 for the FeIII center
that is strongly antiferromagnetically coupled to the S = 1/2 radi-
cal ligand [130]. The ligand-to-ligand intervalence charge-transfer
band located at 1190 nm suggests that the complex can be assigned
to a fully delocalized class III mixed-valence system, as a result
of electron delocalization between one benzosemiquinone radical
and one closed-shell dianion ligand, similar to related compounds
of NiII, PdII, and PtII [129,132]. The significant enhancement of cou-
pling between ligands via electron delocalization was  explained
by efficient back-bonding interactions to the central metal cen-
ter [133]. Here, the close proximity of energies between frontier
orbitals for the metal centers and radical ligands not only leads to
strong coupling, but can also induce electron transfer between the
metal and the ligand in these complexes. This electron-transfer pro-
cess is known as valence tautomerism, and is currently an active
area of research in the field of molecular magnetism [52,134–138].

2.2.3. Verdazyl and thiazyl radical-containing complexes
Verdazyl radicals represent another class of free radicals that

show remarkable air and moisture stability, even without the use of
bulky substituents [10]. This stability, in conjunction with the ease
through which they can be functionalized, make verdazyl ligands
attractive alternatives to nitronyl nitroxides for the construction of
molecular magnets.

Variable-temperature dc magnetic susceptibility measure-
ments performed on LM(hfac)2 (L = pyvd, imvd; M = Ni, Mn)
complexes revealed that the metal–verdazyl radical coupling is
antiferro- and ferromagnetic for the MnII and NiII congeners,
respectively (Table 1) [139]. This difference in the type of magnetic
interaction can be explained by orbital symmetry considera-
tions. The unpaired electrons of the NiII center and the verdazyl
radical reside in orbitals of � and � symmetry, respectively,
which are orthogonal to each other. By contrast, � overlap
between the half-filled t2g orbitals of MnII and the verdazyl
SOMO induces antiferromagnetic coupling. Wave function calcula-
tions of the system confirmed the experimentally obtained values
and suggested that the �* donor character and a spin polariza-
tion effect on the verdazyl serves as the main contribution to
the strong ferromagnetic exchange interaction in the Ni analog
[140]. In addition, verdazyl radical-bridged dinuclear complexes
[(hfac)2M(pmvd)M(hfac)2] (M = Mn,  Ni; pmvd = 1,5-dimethyl-3-
(4,6-dimethylpyrimidin-2-yl)-6-oxoverdazyl radical) were found
to have metal-radical coupling constants similar to those found in
the mononuclear complexes [141].

The ligand 4-(2′-pyridyl)-1,2,3,5-dithiadiazolyl (pyDTDA) [142],
is similar to the aforementioned verdazyl-derived ligands in terms

of coordination environment and distribution of electron density
on the ligand. Although the ligand composition within the molecule
is identical in complexes of the type (pyDTDA)M(hfac)2 (M = MnII,
FeII, CoII, NiII, CuII) [142–144], subtle differences in coordination
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ig. 3. Structure of (D1py)4Co(SCN)2 (2), with purple, blue, yellow and gray spheres
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eometries around each metal ion resulted in significantly differ-
nt crystal packing. Variable-temperature dc susceptibility data
evealed an antiferromagnetic metal-radical interaction for the FeII

pecies and ferromagnetic interactions for the CoII and NiII com-
lexes (Table 1). In addition, the �MT observed for the MnII and CuII

nalogs were temperature-independent above 50 K with values of
.2 and 0.42 cm3·K/mol, indicative of ligand dimerization and thus
agnetic behavior associated with an isolated metal ion. Never-

heless, solution measurements of the magnetic moment indicated
he presence of antiferromagnetic and ferromagnetic coupling
etween the metal center and the radical ligand in the MnII and
uII analogs, respectively. A similar trend for metal-radical coupling

n dinuclear complexes was also observed with 2,2′-bipyrimidine-
ubstituted thiazyl and selenazyl bridging ligands [145].

Strong antiferromagnetic and ferromagnetic interactions were
ound in the homoleptic complexes [(bipyvd)2M]2+ (M = Mn,  Ni,
u) and [(dpvd)2Ni]2+, similar to those arising within LM(hfac)2
omplexes [146–148]. While the intramolecular radical–radical
oupling in [(bipyvd)2Mn]2+ was estimated as |J| ≤ 5 cm−1, the cor-
esponding value for [(dpvd)2Ni]2+ was found to be J ≥ +50 cm−1.
his observed strong ferromagnetic coupling between verdazyl
adicals is in contrast to that observed in [(bipyvd)2M]2+, suggesting
hat the verdazyl-verdazyl exchange interaction is highly depen-
ent on the relative orientation of the two verdazyl groups within
he inner coordination sphere.

Although verdazyl radicals generally provide weaker exchange
ompared to benzosemiquinonoid radicals (Table 1), their imple-
entation as building units within larger molecules is nonetheless

dvantageous due to their chemical stability and synthetic ver-
atility. Notably, dynamic magnetic measurements have not yet
een reported for verdazyl and thiazyl radical-containing transition
etal complexes.

.2.4. Carbene radical containing complexes
A recently discovered strategy for the generation of organic

olecules and metal complexes with high spin multiplicities
nvolves the photolysis of diazo compounds to yield triplet car-
enes [149–154]. Indeed, reaction of Dnpy with Co(SCN)2 afforded
rystalline complexes of general formula (Dnpy)4Co(X)2 (X = SCN−

2), Cl−, NCO−; Fig. 1) [77,79,155]. Here, the CoII center resides in
 distorted octahedral coordination environment with four pyridyl
itrogen atoms in an equatorial plane and two trans-disposed SCN−

igands (Fig. 3). Variable-temperature ac susceptibility measure-
ents carried out on a frozen solution of (D1py)4Co(SCN)2 below
0 K showed a value �M
′T ≈ 2 cm3 K/mol prior to irradiation, in

greement with an isolated S = 3/2 CoII ion. Upon irradiation to form
C1py)4Co(SCN)2, the magnetic moment was found to increase sig-
ificantly to a value of �M

′T = 11 cm3 K/mol. This value is higher
eviews 289–290 (2015) 149–176 155

than the expected value for four non-interacting triplet carbenes
and a CoII center, suggesting the presence of ferromagnetic cou-
pling between the CoII center and the triplet C1py carbene diradical
ligands [77]. Most importantly, ac susceptibility measurements of
(C1py)4Co(SCN)2 performed at various frequencies revealed a set
of peaks in the plot of �M

′′ vs T, with fits to the corresponding Arrhe-
nius plot affording a relaxation barrier of Ueff = 62 cm−1. Below 2.5 K,
the relaxation time was temperature-independent, indicative of
quantum tunneling of the magnetization with the characteristic
time estimated as �Q = 6 × 102 s. By replacing SCN− ligands with
Cl− and NCO−, the relaxation barrier was increased to Ueff = 63
and 90 cm−1, respectively, with lengthened tunneling times of
�Q = 4 × 103 and 2 × 105 s [155]. The elongation of �Q probably ham-
pered the onset of quantum tunneling and consequently increased
the relaxation barrier. This effect might be due to the modification
of the magnetic anisotropy through changing the strength of the
axial ligand field.

A 1:2 mixture of Co(p-tolsal)2 and Dnpy yielded compounds of
form (Dnpy)2Co(p-tolsal)2 in solution [82]. Here, the number of car-
benes in each peripheral ligand was increased by connecting diazo
moieties with m-phenylene linkers, leading to D2py, D3py, and
D4py ligands (Fig. 1). The value of �MT = 1.6 cm3 K/mol observed
for (Dnpy)2Co(p-tolsal)2 at 10 K was  increased to 6.2, 12.8, 23.8, and
32.1 cm3 K/mol for the irradiated compounds (Cnpy)2Co(p-tolsal)2
(n = 1, 2, 3, and 4, respectively), indicative of two carbenes with
spin multiplicities of S = 1, 2, 3, and 4, in each case ferromagneti-
cally coupled to a CoII center. Sets of frequency-dependent peaks
were observed in the �M

′′ vs T plots for these compounds, indi-
cating the presence of slow magnetic relaxation. Interestingly, the
relaxation barrier was  found to gradually increase with spin ground
state, affording barriers of Ueff = 28, 45, 51, and 51 cm−1, respec-
tively, accompanied by substantial increases in the characteristic
time for quantum tunneling. Since the radical-free model complex
(py)2Co(p-tolsal)2, exhibits slow magnetic relaxation only under an
applied dc field, these results suggest that the magnetic coupling
between the carbenes and the CoII center suppresses the tunneling
pathway, leading to the single-molecule magnet behavior observed
at zero dc field [79].

The strength of magnetic exchange between the CoII center and
the carbene ligands was estimated to be J = −35.6 cm−1 in the com-
plex Co(EBAMP)(NCO)2(C1py) [156]. This value is similar to those of
J = +33.4 cm−1 and −17.4 cm−1 reported for carbene-bridged chain
compounds of CuII and MnII, respectively [81,157].

2.3. Radical-bridged transition metal single-molecule magnets

2.3.1. Carbene-bridged single-molecule magnets
As discussed above, triplet carbenes are attractive targets owing

to the ability to introduce multiple carbene units to increase the
spin multiplicity of the ligand, thereby resulting in complexes with
high spin ground states [82]. However, gains in S are offset by an
overall lengthening of the ligand, which consequently increases the
metal-radical distance. Indeed, the relaxation barrier was  enhanced
with increasing number of carbene units attached to a metal cen-
ter up to certain number, after which a plateau is reached at a
fixed value of Ueff [82]. An alternative strategy to increase the spin
ground state of a carbene-based metal complex, while maintain-
ing strong metal-carbene exchange, is to connect multiple metal
centers through a carbene-based bridging ligand.

Toward this end, the didiazo-dipyridine ligand D2py2 has been
employed as a precursor for the corresponding carbene derivative,
in which two pyridyl nitrogen atoms on each terminus of the ligand

serve to link metal ions (Fig. 1). For instance, this ligand gives rise
to the dinuclear complexes (Co(X-hfpip)2)2(D2py2)2 (X = I (3), H
(4), tBu (5)) [84,85], which exhibit a common structure consisting
of a cyclic dimer comprised of two Co(X-hfpip)2 units alternating
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Fig. 4. Structure of (Co(tBu-hfpip)2)2(D2py2)2 (5). Purple, blue, red, green, and gray
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Fig. 5. Variable-field magnetization data collected for (Co(X-hfpip)2)2(C2py2)2 (X = I
(top), H (bottom)) at a field-sweep rate of 0.35 kOe/s.
pheres represent Co, N, O, F, and C atoms, respectively; H atoms are omitted for
larity.

ith two D2py2 ligands (Fig. 4). In each structure, the CoII center
esides in a compressed octahedral coordination environment in
hich two pyridine nitrogen atoms of different D2py2 ligands are

ound in a cis configuration. Notably, the structures exhibit shortest
ntermolecular Co·  · ·Co contacts of longer than 11 Å, suggesting the
bsence of significant intermolecular magnetic interactions.

Unlike the above mononuclear complexes that possess inter-
olecular contacts, limiting their magnetic measurements to

rozen solution, the magnetically isolated dimer structure enabled
rradiation and magnetic measurements of a solid-state crystalline
ample. The �MT product of all analogs before irradiation was  found
o be near 4 cm3 K/mol, and this value increased significantly upon
rradiation to �MT = 29, 24, and 26 cm3 K/mol for 3, 4, and 5, respec-
ively. These values are much higher than the calculated spin-only
alues, indicating the presence of intramolecular ferromagnetic
oupling between the CoII center and the carbene radicals. Indeed,
ariable-field dc magnetization data collected on three irradiated
ompounds revealed the presence of magnetic hysteresis at a field-
weep rate of 0.35 kOe/s, with the coercive fields at 1.9 K of 26,
5, and 10 kOe for 3, 4, and 5, respectively (Fig. 5), demonstrat-

ng that all complexes exhibit single-molecule magnet behavior.
urthermore, relaxation barriers were determined from ac suscep-
ibility measurements, giving Ueff = 97, 94, and 67 cm−1 for 3, 4, and
, respectively.

.3.2. Benzosemiquinonoid radical-bridged single-molecule
agnets

Efforts to generate benzosemiquinonoid-containing transition
etal complexes with a nuclearity of greater than one have

esulted in numerous dinuclear compounds, including those
ontaining metal centers bridged by derivatives of 2,5-dihydroxy-
,4-benzoquinonoids [172–189], bis(pyrazolyl)benzoquinonoids
190–193], bis(phosphine)benzoquinonoids [194,195], bis(amino)
enzoquinonoids [196–202], and bis(amino)diiminobenzoquin-
noids [86,203–206]. Indeed, the radical form of these ligands has
hown enhanced magnetic coupling compared to their non-radical
edox isomers [174,180,182]. In fact, magnetic exchange coupling
n benzosemiquinone radical-bridged dinuclear complexes is so
trong in some cases that the spin ground state remains well-
solated from excited spin states even at 300 K [86,183].

To date, the only known example of benzosemiquinonoid

adical-bridged transition metal single-molecule magnet has been
enerated from the radical form of azophenine (H2

N,NAZPIBQ;
ig. 1) [86]. The reaction of azophenine with in situ-generated
(TPyA)Fe(MeCN)2]2+ (TPyA = tris(2-pyridylmethyl)amine) in the
Source: Figure was reproduced from Ref. [85], with permission of the copyright
holders.

presence of Li[N(SiMe3)2] afforded the complex
[(TPyA)2FeII

2(N,NAZPIBQ)]2+. Subsequent treatment of this complex
with a strong reductant resulted in the one-electron reduced
radical-bridged complex [(TPyA)2FeII

2(N,NAZPISQ)]+ (6; Fig. 6).
The structures of both unreduced and reduced complexes reveal
two [(TPyA)Fe]2+ units connected by a deprotonated azophenine
bridging ligand, with azophenine nitrogen atoms occupying cis-
disposed sites of each FeII center and four TPyA nitrogen atoms
completing the coordination spheres. While the structures of both
cationic complexes are similar, bond lengths in the bridging ligand
backbone reveal several key differences. In particular, moving
from the unreduced to the reduced complex, the decrease in mean
benzoquinone C C distance and in mean Fe-NAZP distance, along
with the increase in mean benzoquinone C N distance, suggest
the presence of a trianionic bridging ligand bearing an unpaired
electron. This assignment is further supported by Mössbauer
spectra of the two  complexes, which reveal identical isomer shifts.

Variable-temperature dc magnetic susceptibility data collected
for the [Fe2]2+ complex revealed the presence of weak anti-
ferromagnetic superexchange coupling with J = −2.90(2) cm−1. In
contrast, the plot of �MT vs T for the reduced complex displays
a temperature-independent profile, with �MT = 8.84 cm3 K/mol in
the temperature range 130–300 K (Fig. 6). This value is in agreement
with an S = 7/2 ground state, resulting from strong antiferromag-
netic exchange between the radical bridging ligand and two  FeII

centers. While the temperature independence of �MT precludes an
exact determination of J, simulations of the data enabled a lower-
bound estimate of J ≤ −900 cm−1, the largest value yet reported for a
single-molecule magnet. Finally, single-molecule magnet behavior

was confirmed through variable-frequency ac susceptibility exper-
iments, which revealed a spin relaxation barrier of Ueff = 50 cm−1

(Fig. 6).
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Fig. 6. Top: structure of [(TPyA)2FeII
2(N,NAZPISQ)]+ (6), with orange, blue, and gray

spheres representing Fe, N, and C atoms, respectively; H atoms are omitted and
selected N and C atoms faded for clarity. Bottom: variable-temperature dc suscepti-
bility data for 6, collected under an applied field of 1000 Oe. Inset: variable-frequency
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Fig. 7. Structures of [(dmp2Nin)Co2(N(SiMe3)2)2]− (8) (top) and [(dmp2Nin)Co2
c  susceptibility data for 6 collected under zero applied dc field.

ource: Figure was reproduced from Ref. [86], with permission of the copyright
olders.

.3.3. Nindigo radical-bridged single-molecule magnets
A wide range of indigo N,N′-diarylimine (Nindigo) ligand

erivatives can be synthesized by treating indigo with an
xcess of aniline-derivatives containing electron-rich, electron-
oor, and bulky substituents in the presence of TiCl4 and
,4-diazabicyclo[2.2.2]octane. Initial investigations of their coordi-
ation chemistry with Pd(hfac)2 demonstrated rich redox activity
nd a near-IR absorption band centered at the ligand, suggesting a
romising, tunable bridging ligand [207,208].

The dinuclear CoII complex (dmp2Nin)Co2(N(SiMe3)2)2 (7)
epresents the only known paramagnetic metal complex of
indigo [87]. The cyclic voltammogram of this species features

our accessible oxidation states, with redox processes centered at
0.12 V, −1.45, and −2.00 V vs [Cp2Fe]0/+. Accordingly, chemical

eduction using 1 or 2 eq. of KC8 afforded the one- and two-
lectron reduced complexes, [(dmp2Nin)Co2(N(SiMe3)2)2]−

8) and [(dmp2Nin)Co2(N(SiMe3)2)2]2− (9), respectively
Fig. 7) [87]. Additionally, the one-electron oxidized complex
(dmp2Nin)Co2(N(SiMe3)2)2(Et2O)2]+ (10) was obtained upon
reatment with [Cp2Fe]+ [209].

Variable-temperature dc magnetic susceptibility data collected
or 7 and 9 reveal similar temperature dependence, featuring a
radual decrease in �MT from 5.5 cm3 K/mol at 300 K to 0 cm3 K/mol
t 1.8 K. This temperature dependence is indicative of intramolec-
lar antiferromagnetic interactions between high spin CoII centers

hrough the diamagnetic bridging ligand, with coupling constants
f J = −11.7 and −14.7 cm−1 for 7 and 9, respectively. Upon one-
lectron reduction and oxidation of 7 to 8 and 10,  respectively, the
ccurrence of strong magnetic coupling between ligand radical and
(N(SiMe3)2)2(Et2O)2]+ (10) (bottom) with purple, blue, red, green, and gray spheres
representing Fe, N, O, Si, and C atoms, respectively; H atoms are omitted and selected
C  and O atoms are faded for clarity.

CoII centers significantly changed the profile of the �MT vs T curves.
Electronic structure calculations and fits to variable-field magneti-
zation data provided estimates of magnetic exchange constants for
the complexes of J = −133 and −138 cm−1 for 8 and 10,  respectively.
The values obtained indicate the presence of antiferromagnetic
metal-radical interactions, leading to a spin ground state of S = 5/2.
The stabilization of the spin ground state through strong magnetic
exchange interactions between high-spin CoII centers and the rad-
ical bridging ligand indeed promote slow magnetic relaxation in
both 8 and 10.  Here, the relaxation dynamics of both complexes
are too fast over the frequency range of 0.1–1500 Hz in the absence
of an external dc field down to 1.8 K to observe in the variable-
frequency plots of �M

′′. Nevertheless, the frequency dependence of
�M

′′ was found to be strongly influenced upon applying an exter-
nal dc field, resulting in an optimum field of 1200 Oe to provide
the slowest dynamics (Fig. 8). Arrhenius fits to the relaxation times
extracted from ac measurements at 1200 Oe afforded relaxation
barriers of Ueff = 23 and 26 cm−1 for 8 and 10,  respectively. Notably,
this series of redox isomers provides the unique ability to “switch”
the single-molecule magnet behavior on and off over four different
oxidation states.

3. Lanthanide-radical single-molecule magnets

3.1. Introduction

An alternative path to generating single-molecule magnets is
to focus on molecules that comprise only one highly anisotropic
metal center instead of maximizing the ground state. This strat-
egy has yielded a number of remarkable breakthroughs in the field
[210–218]. In particular, the combination of metal centers possess-
ing large spin-orbit coupling along with appropriate coordination
environments can give rise to greater relaxation barriers than those
observed for exchange-coupled clusters. The discovery of slow
magnetic relaxation in the series of mononuclear lanthanide com-
plexes [LnPc2]n+ (LnIII = Tb, Dy, Ho; H2Pc = phthalocyanine; n = −1,
0, 1) was a pioneering result and milestone in the field of molecular

magnetism [210–212]. The qualitative method of matching ligand
field symmetry with the electron distribution of the maximal MJ

state presented in this work can be used to elucidate the origin of
slow magnetic relaxation in other mononuclear complexes, such
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Fig. 8. Variable-frequency ac susceptibility data for [(dmp2Nin)Co2(N(SiMe3)2)2]−

(8) (top) and [(dmp2Nin)Co2(N(SiMe3)2)2(Et2O)2]+ (10) (bottom) collected under a
1

S
h

a
C
t
a
H
w
t
y
n
t
o
f
t
s
fi
d
m
t

r
s
m
b
m

3

3

n

the [Pc] ligands are of a �-type antibonding nature that can
undergo one- or two- electron oxidations to afford LnPc2 and
[LnPc2]+, respectively [224]. However, the magnetic properties of
charged phthalocyanine-based lanthanide compounds are better
200 Oe dc field.

ource: Figure was  reproduced from Ref. [209], with permission of the copyright
olders.

s [Ln(W5O18)2]9−, [Ln(�2-SiW11O39)2]13− (LnIII = Dy, Ho, Er, Yb),
p*Er(COT), [Er(COT′′)2]− and [Er(COT)2]− [213–218]. In particular,
he latter two molecules exhibit the highest blocking temper-
tures yet observed for mononuclear single-molecule magnets.
ere, the blocking temperature is defined as the temperature at
hich the relaxation time (�) is 100 s [219]. Notably, expansion

o the triple-decker analogs Er2(COT′′)3 and K2(THF)4[Er2(COT)4]
ielded enhanced magnetic properties, with both exhibiting mag-
etic hysteresis at up to 12 K in the solid state [220]. Despite
he strikingly large relaxation barriers and blocking temperatures
bserved in these complexes, the corresponding hysteresis loops
eature prominent steps around zero field due to facile quantum
unneling of the magnetization. Here, the tunneling is often so
trong that the hysteresis loops are closed or almost closed at zero
elds, as evidenced by small coercive fields Hc. The coercive field is
efined as the strength of the magnetic field required to drive the
agnetization of a compound back to zero following magnetiza-

ion.
In the following sections, mono- and dinuclear lanthanide-

adical complexes are surveyed, with emphasis on the estimated
trengths of magnetic exchange and the observation of slow
agnetic relaxation. An enumeration of relevant spin relaxation

arriers for known radical-containing lanthanide single-molecule
agnets is provided in Table 3.

.2. Mononuclear lanthanide radical complexes
.2.1. Mononuclear lanthanide phthalocyanine radical complexes
Consistent with the scope of this review, we will focus on the

eutral phthalocyanine complexes LnPc2 (Fig. 10) that are obtained
Fig. 9. Structure of Gd[Pc(C6S8)]2 (11) with orange, blue, yellow and gray spheres
representing Gd, N, S and C atoms, respectively; H are omitted and selected C and S
atoms are faded for clarity.

through a one-electron oxidation of [LnPc2]−, where oxidation
of one of the ligands occurs to give an open � electron shell.
Indeed, strong exchange coupling between a lanthanide ion and
the delocalized electron on the coordinated ligand was  suggested
long before the first lanthanide-based single-molecule magnet
was discovered [221]. In particular, the variable-temperature dc
susceptibility data for the GdIII congener could not be fit to the
Curie–Weiss law considering a S = 7/2 ground state. Instead, the
data were best modeled using S = 3 to give a Weiss constant
� = −0.41 K. As such, the data were interpreted as corresponding
to a ground state of 7S3, stemming from strong antiferromagnetic
coupling between the GdIII center and the phthalocyanine radical
electron. In contrast, the GdIII-radical coupling has been found to
be ferromagnetic in the eight-fold hexylthio-substituted gadolin-
ium phthalocyanine complex Gd[Pc(C6S8)]2 (11; Fig. 9), with a
coupling constant of J = +0.2 cm−1 [222]. This magnitude of cou-
pling is considerably weaker than found in other radical-containing
gadolinium complexes, as tabulated in Table 2.

Similarly, the complex TbPc2 (12) is regarded as a two-spin
system with an unpaired electron delocalized over both ligands
(S = 1/2) and an 4f8 Tb center (J = 6) [223]. Ac susceptibility data
collected for this molecule revealed out-of-phase (�M

′′) peaks at
50, 43 and 36 K at frequencies of 103, 102, and 10 Hz, respectively,
corresponding to a relaxation barrier of Ueff = 410 cm−1 [223]. This
distinctive magnetization lag to the oscillating field occurs at tem-
peratures more than 10 K higher than in the non-radical anionic
analog [TbPc2]− (13), which exhibits an effective barrier of just
230 cm−1 (Fig. 11).

However, solution 1H NMR  studies of the electronic spin dynam-
ics of [TbPc2]− revealed a much larger barrier of Ueff = 584 cm−1,
and solid samples diluted with the diamagnetic salt (Bu4N)Br,
namely (Bu4N)[TbPc2]·143(Bu4N)Br and (Bu4N)[TbPc2]·9(Bu4N)Br
also displayed considerably higher barriers of 641 cm−1. In the-
ory, the HOMOs of the anionic species [LnPc2]− residing on

2−
Fig. 10. General structure of a double-decker [LnPc2]n− complex. Red, blue and gray
spheres represent Ln, N, and C atoms; H are omitted and selected C atoms are faded
for  clarity.
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Table  2
Summary of magnetic exchange coupling constants (cm−1) for radical-containing gadolinium complexes.a

Complexes Structure JGd–L1 JGd–L2 JL–L JGd–Gd Reference

Gd(hfac)3(NITH)2 Mononuclear +1.81 [249]
Gd(hfac)3(NITH)3 Mononuclear +2.68 [250]
Gd(hfac)3(NITPh)2 Mononuclear +0.62 −2.55 [251]
Gd(hfac)3(NITEt)2 Mononuclear +0.25 −2.15 [251]
[Gd(hfac)3(NITEt)]n Chain +0.21 −2.54 −0.49 [252]
[Gd(hfac)3(NITiPr)]n Chain +0.21 −2.66 −0.19 [252]
Gd(hfac)3(NITiPr)(H2O) Mononuclear +0.33/0.42b [253]
Gd(hfac)3(NIT2Py)·0.5C7H16 Mononuclear +1.52 [254]
[Gd(hfac)3(NIT4Py)]2 Dinuclear +0.89 0.09 [254]
Gd(hfac)3NITBzImH Mononuclear +1.7 [255]
[Gd(hfac)3(NIT-5-Py3Br)]2 Dinuclear +2.6 −0.24 [256]
Gd(hfac)3(NITPhOMe)2 Mononuclear +1.48 −1.82 [257]
Gd(hfac)3(NITPhSCH3)2 Mononuclear +0.55 −0.93 [258]
Gd(hfac)3(NITPhOEt)2 Mononuclear +0.27 −2.97 [259]
Gd(hfac)3(NITPhOBu)2 Mononuclear +0.1 −0.96 [260]
Gd(hfac)3(NITPhOCH2Ph)2 Mononuclear +0.62 −7.01 [259]
Gd(hfac)3(NITPhPh)2 Mononuclear +0.05 −0.15 [261]
Gd(hfac)3(NITNapOMe)2 Mononuclear +3.59 −11.89 [262]
Gd(hfac)3(NITPh(OMe)3)2 Mononuclear +1.46 −1.89 [263]
Gd(hfac)3(NITPh4OCH2CHCH2)2 Mononuclear +1.40/2.08e −4.89/7.21 [264]/[265]e

Gd(hfac)3(NITPh3Br4OMe)2 Mononuclear +5.69 −17.1 [266]
Gd(hfac)3(NITPhiPr)2 Mononuclear +2.42 −8.42 [267]
Gd(hfac)3(NITPh4Cl)2 Mononuclear +0.38 −3.00 [268]
Gd(hfac)3(NITPh3OMe4OEt)2 Mononuclear +2.33 −5.66 [269]
[Gd(hfac)3(NITPhPO(OEt)2)]2 Dinuclear +1.73 Not fitted [270]
[Gd(Phtfac)3(NIT4Py)]2 Dinuclear +1.84 +0.12 [271]
Gd(tfa)3(NITBzImH) Mononuclear +0.99 [272]
Gd(NITtrz)2(NO3)3 Mononuclear +3.05 −3.5 [273]
[Gd(acac)2(NITPhO)]2 Dinuclear +2.75 −0.076c [274]
Gd(acac)3(NIT2Py)·0.5NIT2Py Mononuclear +2.23 [275]
[Gd(pfpr)3]2(NITPhOMe)·H2O Mononuclear +2.14 [276]
Gd(hfac)3IM2Py Mononuclear −1.9/−3.00e [255]/[277]e

Gd(TCNE)3 3D network +0.05 [278]
[Gd(hfac)3imvd]n

Gd[Pc(C6S8)]2

Chain
Mononuclear

−1.58
+0.2d

−0.42 [279]
[222]

Gd(Cp*)(IPy)2 Mononuclear −1.59 −0.97 [280]
[Gd(NITBzImH)4]·(ClO4)3 Mononuclear −1.8 −7.2 [281]
Gd(hfac)3(IM2ImH) Mononuclear −2.59 [282]
Gd(hfac)3IMBzImH Mononuclear −2.6 [255]
[Gd(NITBzMeImH)4]·(ClO4)3 Mononuclear −3.8 −5.6 [281]
Gd(hfac)3(IM5Me2Py) Mononuclear −3.8 [283]
Gd(hfac)3(IM4Me2Py) Mononuclear −3.8 [283]
Gd(hfac)3(IM6Me2Py) Mononuclear −4.0 [283]
Gd(hfac)3(DTBNO)(H2O) Mononuclear −4.03 +0.042 [284]
Gd(NITBzImH)2(NO3)3 Mononuclear −4.05 −0.80 −1.1 [285]
Gd(hfac)3(2PyNO)(H2O)
Gd(hfac)3(6bpyNO)

Mononuclear
Mononuclear

−4.80
−5.53

[249]
[286]

[Gd(Hbpz3)2(dtbsq)]·2CHCl3 Mononuclear −5.7 [287]
[(Cp*2Gd)2(�-tppz•)]− Dinuclear −6.29 [288]
[(Cp*2Gd)2(�-tppz•)]+ Dinuclear −6.91 [288]
[(Cp*2Gd)2(�-bpym)][BPh4] Dinuclear −10 [289]
[K(18-C-
6)]{[((Me3Si)2N)2(THF)Gd]2(�-
N2)}

Dinuclear −27 +0.07 [290]

K{[((Me3Si)2N)2(THF)Gd]2(�-N2)} Dinuclear −27.1 −2.28c [291]

a J values were estimated based on Hamiltonian of H = −2JGd–L1SGdSL1 − 2JGd–L2SGdSL2 − 2JL–LSL1SL2 − 2JGd–GDSGd1SGd2 and are presented in units of cm−1.
b High-temperature fit (4.2–300 K)/low-temperature fit (1.2–4.2 K).
c Intramolecular Gd–Gd interactions.
d Type of Hamiltonian is not reported.
e Multiple values have been reported.
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nderstood compared to their neutral counterparts of the type
nPc2. In fact, relatively few reports of LnPc2 have been published,
ossibly due to the challenging isolation of these radical-bearing
ongeners, which in some cases display solvent-sensitivity such as
xidation in THF [225].
Ac susceptibility measurements for the neutral complex
b(Pc(OEt)8)2 featuring phthalocyanine ligands functionalized by
ctaethoxyl groups, has not been reported. However, oxida-
ion or reduction of Tb(Pc(OEt)8)2 affords [Tb(Pc(OEt)8)2]+ and
[Tb(Pc(OEt)8)2]−, which exhibit spin relaxation barriers of Ueff = 550
and 510 cm−1, respectively [226]. This difference in barrier height
was attributed to a contracted TbN8 coordination sphere that is
accompanied by a two-electron oxidation from [Tb(Pc(OEt)8)2]−

to [Tb(Pc(OEt)8)2]+. Albeit to a smaller extent, the similar tem-

perature shift in the ac susceptibility data observed in moving
from [TbPc2]− to TbPc2 likely arises from a stronger ligand field
induced by removing one electron from the antibonding HOMO
of [TbPc2]−. While the dynamic magnetic behavior has not been
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Fig. 11. Plots of (a) �M
′T, (b) �M

′′ , and (c) �M
′′/�M vs T for solid samples of TbPc2
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Fig. 12. Variable-field magnetization data collected on solid samples of (a)
− +

molecule magnet owing to its higher coercive field than its cationic
congener. In contrast, the cationic complex was found to exhibit a
slower relaxation by ac susceptibility measurements.

Fig. 13. Hysteresis curves of the normalized MCD  intensity vs H recorded at 1.5 K and
12) (solid lines) and [TbPc2] (13) (dashed lines).

ource: Figure was  reproduced from Ref. [223], with permission of the copyright
olders.

escribed for the analogous radical-containing dysprosium analog
yPc2, the anionic complex [DyPc2]− showed relatively fast relax-
tion, corresponding to a barrier of Ueff = 28 cm−1, owing to the
mall energy gap between the ground state and the first excited
tate [210]. While its magnetic behavior remains unclear, the com-
lex Dy(Pc(OEt)8)2 has been used to prepare the oxidized and
educed species[Dy(Pc(OEt)8)2]+ (14) and [Dy(Pc(OEt)8)2]− (15)
212]. The latter complex shows an enhancement of the barrier
rom Ueff = 27 to 55 cm−1 upon two-electron oxidation, which is
ccompanied by a contraction of the DyIII coordination environ-
ent. The magnitude of this increase stands out when compared

o the TbIII analogs, for which the increase is only 8%. Furthermore,
Dy(Pc(OEt)8)2]+ displays a large nonzero remanent magnetization
p to 4 K when compared to the anionic [Dy(Pc(OEt)8)2]− complex,

n contrast to the results observed for the TbIII analogs (Fig. 12).
his large remanent magnetization arises from a DyIII Kramers ion,
hich is corroborated by the lack of a remanent magnetization in

he hysteresis loops for the corresponding non-Kramers TbIII com-
lex.

An intriguing investigation of the hysteretic behavior of the
educed, neutral, and oxidized species [TbPc′

2]n+ (n = −1, 0, 1;
c′ = octa(isopropylidenedioxy)phthalocyaninate) [227] was car-
ied out by magnetic circular dichroism (MCD) spectroscopy [228].
he MCD  spectra were acquired as frozen solutions in CH2Cl2 with
.8 M (Bu4N)(BF4). The intensity of the MCD  bands was  studied
t 705, 664, and 631 nm for the complexes over a magnetic field
ange of H = ±2 T with a sweep rate of 1 T min−1. Both the cationic
nd anionic species displayed waist-constricted hysteresis loops,
pproaching saturation at H = ±2 T with a sudden drop at H ∼ 0 T,
lbeit not fully closing (Fig. 13). In addition, [TbPc′

2]+ displays

 higher coercive field of 0.071 T than the 0.023 T observed for
TbPc′

2]−, and possesses a wider hysteresis loop that is associated
ith a larger separation of the ground state from the first excited

tate (again stemming from the contracted metal coordination
[Dy(Pc(OEt)8)2] (15) and (b) [Dy(Pc(OEt)8)2] (14) at 1.8 K.

Source: Figure was reproduced from Ref. [212], with permission of the copyright
holders.

sphere). Contrary to these results, the neutral complex TbPc′
2

exhibits a fully open hysteresis loop over the entire magnetic field
range of ±1.5 T that does not narrow around zero field. In addi-
tion, this complex exhibited a coercive field of Hc = 0.16 T, indicative
of less apparent tunneling in this neutral species. More impor-
tantly, the hysteresis observed for the neutral complex suggests,
that under the requirements of the MCD  study, it is a better single-
a  sweep rate of 1 T min−1 for the Q-band of [TbPc′
2]+/− (top) and [TbPc′

2]0 (bottom).
The symbols represent 1 of every 5 data points.

Source: Figure was reproduced from Ref. [228], with permission of the copyright
holders.
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Fig. 14. Hysteresis curves of the normalized MCD  intensity recorded at 1.8–1.9 K
and  at a sweep rate of 1 T min−1 for 16-1 (top), 16-2 (middle), and 16-3 (bottom).
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Fig. 15. Out-of-phase susceptibility (�M
′′) for 16cr and 16 at 258 ◦C. The solid lines

18. Notably, both radical-containing species 18 and 19 displayed
ource: Figure was reproduced from Ref. [229], with permission of the copyright
olders.

Fluorine substitution on the phthalocyanine rings in Tb(F64Pc)2
nabled generation of the reduced complexes [Tb(F64Pc)2]1− (16-
), [Tb(F64Pc)2]2−• (16-2), and [Tb(F64Pc)2]3− (16-3) through bulk
lectrolysis [229]. The MCD  intensity was measured at 562, 494,
nd 705 nm for 16-1, 16-2, and 16-3, respectively, in frozen solu-
ions at low temperatures, over a magnetic field range between −2 T
nd +2 T at a sweep rate of 1 T min−1 (Fig. 14). The monoanionic
nd trianionic species displayed waist-constricted hysteresis loops
round zero field that were ascribed to quantum tunneling of the
agnetization. In contrast, the dianionic radical species showed an

pen hysteresis loop over the entire probed magnetic field range,
uggestive of a less-operative tunneling regime.

In summary, for halogenated and unsubstituted TbPc2 com-
lexes with odd charges (+1, −1, −3), butterfly-shaped hysteresis

oops are observed, whereas those with even redox states (0, +2)
isplay open hysteresis loops, presumably facilitated by the delo-
alized electron on the Pc ligand [230,231]. Evidently, the radical
ature of the Pc ligands in the neutral and dianionic complexes
uppress quantum tunneling pathways, possibly through coupling

etween the ligand spin and the metal center, as was  previously
oted for lanthanide double decker complexes [221]. Additionally,
he even redox states TbPc2 and [TbPc2]2+ are Kramers doublets,
dis

represent fits.

Source: Figure was reproduced from Ref. [232], with permission of the copyright
holders.

rendering an electronic spin tunneling impossible and potentially
playing a role in the absence of tunneling steps in the hysteresis
loops.

The neutral complex Tb(Pc(S-DOP)8)2 (17; S-DOP = S-
dodexyloxypropane) is a liquid crystal at room temperature
and a single-molecule magnet at low temperatures [232]. Its
mesomorphism provided a tool for probing the magnetic prop-
erties in various discrete structural situations. The synthesis of a
structurally disordered species, 17dis, an intermediate partially
ordered form, 17po, and an ordered crystalline sample, 17cr, were
achieved by employing different rates of cooling. All phases display
distinct ac peaks that appear simultaneously, where the ratio of
slower and faster magnetic relaxation differs in each state. For
instance, at 25 K, the ratio of slow to fast relaxation was  found to
be 73:27 for 17cr and 41:59 for 17dis, leading to relaxation barriers
of Ueff = 480 and 422 cm−1, respectively (Fig. 15). This result
underscores that the structural environment of a single-molecule
magnet has a crucial impact on its magnetic properties.

The effect of peripheral substitution of Pc ligands with tert-butyl
or tert-butylphenoxy groups has been demonstrated in neutral
homoleptic and heteroleptic complexes of the form TbPc′′

2 and
Tb(Pc′′)(Pc′′′). The single delocalized electron in these compounds
tends to promote higher relaxation barriers than apparent for
their anionic counterparts [225]. Notably, the heteroleptic com-
plexes bearing electron-donor groups led to significantly higher
relaxation barriers and blocking temperatures relative to the cor-
responding homoleptic species. This observation stems from an
increased ligand-field effect, owing to elongated Tb-N distances in
the substituted Pc ring that positions the metal ion closer to the
unsubstituted Pc ligand. In the homoleptic complex TbPc′′′

2, where
Pc′′′ represents an octa-substituted (tert-butylphenoxy) phthalo-
cyanine ligand, the extracted barrier is Ueff = 504 cm−1. Notably,
the heteroleptic complex Tb(Pc)(Pc′′′) (18), where Pc′′′ is function-
alized with eight tert-butylphenoxy groups, displays the highest
relaxation barrier yet reported for any molecular species, with
Ueff = 652 cm−1 (Fig. 16).

In addition, the derivative Tb(Pc)(Pc*) (19) where Pc* is tetra-
substituted Pc with four tert-butylphenoxy groups, possesses a
similar barrier of Ueff = 642 cm−1. The difference in relaxation
barriers is attributed to the higher number and strength of electron-
donating tert-butylphenoxy groups on the Pc ligand in complex 18,
which shifts the metal closer to the unsubstituted Pc ligand. More-
over, bulky groups on the ligand facilitate the isolation of complex
higher barriers than their reduced anionic analogs. Furthermore, at
2 K, all neutral and anionic species display hysteresis curves that
are closed at H = 0, (Fig. 17).
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Fig. 16. Out-of-phase susceptibility (�М
′′) of 18 from 10 to 10,000 Hz.

Source: Figure was  reproduced from Ref. [225], with permission of the copyright
holders.
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Fig. 17. Plot of magnetization vs field at 2 K for compound 19.
ource: Figure was  reproduced from Ref. [225], with permission of the copyright
olders.

Structurally related to the double-decker lanthanide phthalo-
yanine complexes are the neutral heteroleptic complexes
y(Pc)(TClPP) (20) and Dy(Pc(˛-OC5H11)4)(TClPP) (21), where
c(�-OC5H11)4 is a pentyloxy-substituted phthalocyaninate and
ClPP is a chlorophenyl-substituted porphyrinate (Fig. 18) [233].
he interaction between DyIII center and the radical was  found to
e ferromagnetic in 20,  consistent with the coupling observed in
is(phthalocyaninato) lanthanide complexes [221]. In the temper-
ture range 2.4–3.5 K, 20 exhibits slow magnetic relaxation at zero
c field, with a relaxation barrier of Ueff = 16 cm−1. In contrast, as

 result of a larger degree of quantum tunneling attributed to its
ower symmetry, 21 displays out-of-phase signals only at applied
elds of 2000 Oe, translating to a barrier of Ueff = 30 cm−1.

Overall, a tremendous effort has been directed toward an
n-depth analysis of phthalocyanine containing single-molecule

agnets, including exploration of their utility for surface deposi-

ion and thus possible spin-based device applications. For instance,
ariations of TbPc2 have been deposited onto pyrolytic graphite
234–236], graphene [237,238], carbon nanotubes [239], copper
1 0 0) [240], copper (1 1 1) [241], ferro-magnetic films [242], gold

ig. 18. Structure of Dy(Pc)(TClPP) (20), with green, blue and gray spheres repre-
enting Dy, N and C atoms, respectively; H and Cl atoms are omitted and selected C
nd  O atoms are faded for clarity.
eviews 289–290 (2015) 149–176

films [243], gold (1 1 1) [244,245]. Interactions of TbPc2 with
single-walled nanotubes (SWNTs) [239,246], within the context of
potential molecular spintronic devices have further been reported
[247,248].

3.2.2. Mononuclear lanthanide nitroxide radical complexes
Encouraged by the success of transition metal complexes that

contain nitroxyl radical ligands, researchers have also explored the
magnetic properties of these radicals coupled to lanthanide ions.
Owing to the large magnetic anisotropy of lanthanides, their com-
plexes with nitronyl nitroxide radical were expected to possess
stronger magnetic coupling. Additionally, the ability of lanthanides
to accommodate high coordination numbers offered possibilities of
extended LnIII-radical networks.

In parallel with the objective of synthesizing complexes
incorporating highly anisotropic lanthanide ions, GdIII-containing
species have been pursued to enable quantification of exchange
coupling. Indeed, the GdIII center, with its isotropic half-filled 4f
valence shell, exhibits magnetic behavior that is free of complica-
tions associated with spin-orbit coupling. Such magnetic behavior
is suitable for a spin-only analysis, similar to that employed for
most transition metal complexes, wherein the orbital moment is
quenched by the environment of the ligand field. As such, among
all lanthanide nitronyl nitroxide radical complexes, those involv-
ing GdIII are the most thoroughly studied, and great emphasis has
been placed on maximizing the value of J and deducing the factors
that influence the sign and magnitude of J. Table 2 summarizes the
relevant coupling constants obtained for GdIII-radical complexes,
the majority of which involve nitronyl nitroxide radicals.

Historically, it was thought that the coupling between GdIII

and nitronyl nitroxide radicals was intrinsically ferromagnetic,
independent of any ligand field effects, as many early examples
exhibited such behavior [251,292]. Specifically, it was  proposed
that the exchange mechanism involves a transfer of a fraction of the
unpaired electron of the radical into an empty Gd 6s or 5d orbital,
which would then maintain a spin parallel in alignment to the 4f
electrons, in accordance with Hund’s rules [293,294]. In addition,
it was assumed that any antiferromagnetic interactions involving
direct exchange between the GdIII center and the radical would be
negligible, given the contracted nature of the 4f orbitals. However,
this theory lost traction following the first observations of antifer-
romagnetic coupling between GdIII and a radical in the complexes
[Gd(NITBzImH)4]3+ and [Gd(NITMeBzImH)4]3+ [281].

Evidently, the coupling between 4f electrons and radical can-
not be neglected, and the observed coupling can be considered as
a sum of competing ferromagnetic and antiferromagnetic inter-
actions, Jobs = JF + JAF. The magnitude of JAF is determined by the
degree of effective overlap between the 4f orbitals and the radi-
cal. As a result, ligands that are more strongly donating give rise to
antiferromagnetic coupling, as in the case of Gd(Hbpz3)2(dtbsq)
[287]. A decrease in overlap of ligand �* and 6s or 5d metal
orbital also leads to observance of antiferromagnetic coupling.
For instance, the more planar chelate ring in the imino nitrox-
ide complex Gd(hfac)3(IM2py) [277], compared to the related
nitronyl nitroxide complex Gd(hfac)3(NIT2py) [254], results in
the ligand �* orbital being more fully orthogonal to the 6s or
5d orbital. Hence, no fraction of the unpaired electron is trans-
ferred, leading to observance of antiferromagnetic metal-radical
coupling in Gd(hfac)3(IM2py). Indeed, all GdIII complexes involv-
ing imino nitroxide ligands exhibit antiferromagnetic coupling.
The low spin density on the donor atoms of nitronyl nitrox-
ides is responsible for providing only weak to moderate coupling,

as shown in Table 2. In further support of the current hypoth-
esis regarding the nature of metal-radical coupling, the largest
observed antiferromagnetic coupling for a Gd3+ nitronyl nitrox-
ide complex, Gd(hfac)3(6bpyNO), was  very recently reported to be
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Fig. 19. Structure of Gd(hfac)3(DTBNO)(H2O) (22) and nearest-neighbor molecular
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Fig. 21. Structure of Tb(hfac) (NITPhOEt) (24) with dark red, blue, red and gray

[304].
rrangement. Orange, blue, red and gray spheres represent Gd, N, O and C atoms,
espectively; H and F atoms are omitted and selected C and O atoms are faded for
larity.

Gd–L = −5.53 cm−1.[286] Accordingly, the authors describe a close
o planar coordination of the nitronyl nitroxide ligand to the metal,
ith a small Gd O N C torsion angle of 16.5(5)◦. Additionally,

he radical ligand �* orbital is orthogonal to the Gd 5d orbital, thus
isfavoring the ferromagnetic state.

Recent efforts to increase the coupling strength in nitrox-
de radical-containing lanthanide complexes have been directed
oward the use of aliphatic nitronyl nitroxides. Hyperfine coupling
rovides a good measure of spin localization, and it has been shown
hat the hyperfine coupling constants for di-tert-butyl nitroxide
DTBNO) of aN = 1.5 mT  is larger than the values of aN = 0.5–0.75 mT
bserved for common nitronyl nitroxides [284,295,296]. Typically,
he higher the spin density at the N and O atoms is, the stronger the
oupling with paramagnetic ions [297]. As a proof of concept, the
ntiferromagnetic coupling between the GdIII center and DTBNO in
he lanthanide amidoxyl radical complex Gd(hfac)3(DTBNO)(H2O)
22) was shown to exhibit relatively strong ferromagnetic coupling,
ith JGd–L = +4.03 cm−1, accompanied by a ferromagnetic interac-

ion between gadolinium centers with JGd–Gd = +0.042 cm−1, the
econd strongest value for Gd–Gd coupling (Fig. 19).

The use of nitronyl nitroxide radicals has found consider-
ble success in the pursuit of single-molecule magnets. The
erbium complex Tb(hfac)3(NIT2Py)·C6H17 (23) represents the first

ononuclear lanthanide species containing a nitronyl nitroxide lig-
nd to exhibit single-molecule magnet behavior (Fig. 20) [298].
requency-dependent ac magnetic susceptibility data collected for
3 reveal a relaxation barrier of Ueff = 12 cm−1 (Table 3) [298,299].
ote that ferromagnetic coupling between metal and radical was

eported for the related complex Gd(hfac)3(NIT2Py)·C6H17, with
Gd–L = +1.52 cm−1 [254]. The complex Tb(hfac)3(NITPhOEt)2 (24)
epresents the first example of a mononuclear lanthanide-based

ingle-molecule magnet where both radical units coordinate the
etal ion only through the N O unit (Fig. 21) [300]. This com-

lex exhibits single-molecule magnet behavior with Ueff = 20 cm−1

300]. In the analogous Gd(hfac)3(NITPhOEt)2, a ferromagnetic

ig. 20. Structure of Tb(hfac)3(NIT2Py)·C6H17 (23) with dark red, blue, red and gray
pheres representing Tb, N, O and C atoms, respectively; H, F atoms, and C6H17 are
mitted and selected C and O atoms are faded for clarity.
3 2

spheres representing Tb, N, O and C atoms, respectively; H and F atoms are omitted
and selected C and O atoms are faded for clarity.

metal-radical interaction was  observed with JGd–L = +0.27 cm−1,
along with an antiferromagnetic radical–radical interaction of
JL–L = −2.97 cm−1 [259].

Similarly, the complex Dy(acac)3(NIT2Py) behaves as a single-
molecule magnet with Ueff = 15 cm−1 [275], and a ferromagnetic
metal-radical ligand exchange constant of JGd–L = +2.23 cm−1

was observed for the GdIII analog [275]. Recently, the ter-
bium derivative, Tb(acac)3NIT2Py·0.5H2O, was also shown to
exhibit slow magnetic relaxation with spin relaxation barriers
of Ueff = 15 cm−1 and Ueff = 18 cm−1 at 1000 Oe  and 3500 Oe,
respectively.[299] Within the series Ln(tfa)3(NITBzImH) (Ln = Gd,
Tb, Dy; tfa− = trifluoroacetyl-acetonate), both the TbIII and DyIII

complexes exhibit slow magnetic relaxation, with barriers
of Ueff = 10 cm−1 and 3.2 cm−1, respectively [272]. Addition-
ally, the GdIII complex was shown to exhibit ferromagnetic
exchange with JGd–L = +0.99 cm−1 [272]. As a result of �–�
stacking, the biradical dysprosium complex Dy(hfac)3(NITmbis)
(25; mbis = 1,3-bis-(1′-oxyl-3′-oxido-4′,4′,5′,5′-tetramethyl-4,5-
hydro-1H-imidazol-2-yl)benzene) was  also shown to display
single-molecule magnet behavior (Fig. 22). Here, the relax-
ation was found to be thermally activated down to 1.2 K, with
Ueff = 8.1 cm−1, and a sharp transition to a pure quantum tunneling
regime at lower temperature [307].

The terdentate picolinate-functionalized nitronyl nitroxide lig-
and (NITpic) was  employed in the synthesis of the neutral
homoleptic complex Tb(NITpic)3 (26) (Fig. 23) [304]. This complex
exhibits a relaxation barrier of Ueff = 16 cm−1. Notably, it displays
magnetic hysteresis below 1 K, marking the first observation of
magnetic hysteresis for a mononuclear lanthanide-radical complex
The stable aliphatic nitronyl nitroxide radical 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) has also been employed in

Fig. 22. Structure of Dy(hfac)3(NITmbis) (25), with green, blue, red and gray spheres
representing Dy, N, O and C atoms, respectively; H and F atoms are omitted and
selected C atoms are faded for clarity.
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Table 3
Spin relaxation barriers Ueff (cm−1) and pre-exponential factors �0 (s) for lanthanide-radical single-molecule magnets.

Complexes Structure Hdc (kOe) Ueff (cm−1) �0 (s) Hysteresis (K) Reference

Tb(Pc)(Pc(O(C6H4)-p-tBu)8) Mononuclear 0 652 1.1 × 10−11 2 [225]
Tb(Pc)(Pc(tBu)4) Mononuclear 0 642 2.2 × 10−11 2 [225]
Tb{Pc(O(C6H4)-p-tBu)8}2 Mononuclear 0 504 2.2 × 10−11 2 [225]
[Tb(Pc(S-DOP)8)2]cr Mononuclear 0 480 6.9 × 10−12 [232]
[Tb(Pc(S-DOP)8)2]dis Mononuclear 0 422 1.7 × 10−10 [232]
TbPc2 Mononuclear 0 410 1.5 × 10−9 [223]
[K(18-C-6)][((Me3Si)2N)2(THF)Tb]2(N2) Dinuclear 0 227 8.2 × 10−9 14 [301]
[K(18-C-6)][((Me3Si)2N)2(THF)Dy]2(N2) Dinuclear 0 123 8 × 10−9 8.3 [290]
[(Cp*2Dy)2(�-bpym)][BPh4] Dinuclear 0 88 1.0 × 10−7 6.5 [289]
[K(18-C-6)][((Me3Si)2N)2(THF)Ho]2(N2) Dinuclear 0 73 3 × 10−8 [301]
[Dy(hfac)3(boaDTDA)]2 Dinuclear 0 71 7.3 × 10−8 [302]
[(Cp*2Tb)2(�-bpym)][BPh4] Dinuclear 0 44 4 × 10−8 2 [289]
[K][((Me3Si)2N)2(THF)Tb]2(N2) Dinuclear 0 41 3.9 × 10−6 3.8 [291]
[K(18-C-6)][((Me3Si)2N)2(THF)Er]2(N2) Dinuclear 1 36 4 × 10−11 [301]
[(Cp*2Dy)2(�-tppz•)]+ Dinuclear 0 36 2.1 × 10−7 Below 3.25 [288]
Dy(Pc(˛-OC5H11)4)(TClPP) Mononuclear 2 30 7.4 × 10−8 [233]
Tb(hfac)3(NITPhOEt)2 Mononuclear 0 20 3.0 × 10−8 [300]
[Tb(hfac)3(NIT-5-Py-3Br)]2 Dinuclear 0 20 5.9 × 10−9 [303]
Tb(acac)3NIT2Py•0.5H2O Mononuclear 1/3.5 15/18 1.0 × 10−7/3 × 10−8 [299]
[Tb(Phtfac)3(NIT4Py)]2 Dinuclear 0 18 4.1 × 10−8 [271]
[Tb(hfac)3(NITPhPO(OEt)2)]2

a Dinuclear 2 17 3.4 × 10−9 [270]
Dy(Pc)(TClPP) Mononuclear 0 16 2.5 × 10−7 [233]
Tb(NITpic)3 Mononuclear 0 16 5.5 × 10−9 Below 1 [304]
[K][((Me3Si)2N)2(THF)Dy]2(N2) Dinuclear 0 15 3.2 × 10−7 [291]
[Dy(acac)3(NIT2Py)]·0.5NIToPy Mononuclear 0 15 1.5 × 10−8 [275]
[Tb(hfac)3(NITPhPO(OEt)2)]2

b Dinuclear 2 15 1.8 × 10−9 [270]
[Dy(Phtfac)3(NIT4Py)]2 Dinuclear 3 14 1.8 × 10−6 [271]
[Tb(hfac)3(NIT3Py)]2 Dinuclear 3 13 8.8 × 10−8 [305]
[Tb(hfac)3(NIT2Py)]·0.5C7H16 Mononuclear 0 12 9.6 × 10−7 [298]
Tb(tfa)3NITBzImH Mononuclear 0 10 4.6 × 10−7 [272]
[Dy(hfac)3(NIT4Py)]2 Dinuclear 2 10 6.7 × 10−7 [306]
[Dy(hfac)3(NIT4Py)]2 Dinuclear 0 9.2 2.3 × 10−8 [306]
[Dy(hfac)3(NIT-mbis)]2 Dinuclear 0 8.1 2.3 × 10−8 [307]
[Dy(hfac)2(NITPhO)]2 Dinuclear 0 5.3 3.0 × 10−6 [308]
[(Cp*2Tb)2(�-tppz•)]+ Dinuclear 0 5.1 6 × 10−6 [288]
Dy(tfa) (NITBzImH) Mononuclear 0 3.2 3.6 × 10−7 [272]
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a Isolated molecule in crystal packing.
b Short contacts between molecules in crystal packing.

he synthesis of mononuclear lanthanide compounds. Its hyperfine
oupling constant aN implies the spin localization at the N O unit
s 1.5 mT  [309], indicating that a strong exchange-bias could be
enerated. Although this stable radical, along with its derivatives,
s well-established for spin-probe and -labeled agents [310–312],
nly recently were the first lanthanide complexes containing
EMPO ligands reported: Ln(hfac)3(TEMPO)2 (Ln = Y, La, Gd)
313]. The radical ligands coordinate trans to the metal center,
eading to spin triads SR1-SLn-SR2 (Fig. 24). Variable-temperature
c susceptibility and low-temperature magnetization data for

he GdIII complex suggested a ground state of S = 7/2 for this

olecule. This ground state indicates that the TEMPO radical
pins cancel one another at low temperature. Similarly, strong

ig. 23. Structure of Tb(NITpic)3 (26), with dark red, blue, red and gray spheres
epresenting Tb, N, O and C atoms, respectively; H and F atoms are omitted and
elected C atoms are faded for clarity.
superexchange interactions across diamagnetic lanthanide ions
were first observed for radical–radical interactions across YIII and
LaIII centers, with JTEMPO1–TEMPO2 = −5.2(1) and −17.3(2) cm−1,
respectively. Taking the isomorphous yttrium complex into
account, the exchange interactions between Gd and the organic
radicals have been evaluated to be JGd–TEMPO = −4.5(1) and
+2.8(1) cm−1.

3.2.3. A mononuclear gadolinium benzosemiquinonate radical

complex

The occurrence of ferromagnetic coupling in GdIII-radical com-
plexes was  originally explained by a mechanism involving overlap
of the magnetic orbitals of the radical ligands with the empty 5d

Fig. 24. Structure of Gd(hfac)3(TEMPO)2, with orange, blue, red and gray spheres
representing Gd, N, O and C atoms, respectively; H and F atoms are omitted and
selected C are faded for clarity.
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ig. 25. Structure of Gd(Hbpz3)2(dtbsq) (27), with orange, blue, purple, red and gray
pheres representing Gd, N, B, O and C atoms, respectively; H atoms are omitted and
elected C are faded for clarity.

nd 6s orbits of gadolinium, thereby polarizing the 4f electrons with
heir spins parallel to that of the radical ligand [294,314]. When
he first antiferromagnetic coupling for a gadolinium radical com-
lex was observed (see above), the coupling was  proposed as the
otal of two contributions. The first arises from direct overlap of the
adical orbitals with the 4f-orbitals, commonly leading to an anti-
erromagnetic interaction, and the second stems from the overlap
ith 5d and 6s orbitals to give a ferromagnetic interaction. Here,

he former contribution was proposed to be more important for
tronger donor ligands [287]. As a proof of concept, the gadolin-
um semiquinonate complex Gd(Hbpz3)2(dtbsq) (27) was  prepared
y treating the parent GdIII benzoate derivative with 3,5-di-tert-
utylcatechol and KOH (Fig. 25).

For this complex, variable-temperature dc susceptibility data
eveal an antiferromagnetic interaction with J = −5.7 cm−1 between
he GdIII center and the semiquinonate radical to give an S = 3
round state.

.2.4. Mononuclear ytterbium radical metallocenes
The decamethylytterbocene bipyridyl complex Cp*2Yb(bipy)

28) represents the most prominent radical-containing lanthanide
etallocene complex and is interesting by virtue of its multi-

onfigurational nature (Fig. 26) [315–318]. The coordination of a
ipyridyl radical anion to the [Cp*2Yb]+ cation fragment forms the
ain configuration, |f13, bipy•–〉, while the minor configuration,

f14, bipy〉, comprises a neutral bipyridyl ligand that coordinates to
he neutral Cp*2Yb moiety. Computations revealed that the mul-
iconfigurational ground state stems from a mixing of low-lying
xcited states into the ground state [316,317]. Quantification of
he coupling between two non-identical spin carriers, such as a

III
n -organic radical pair, is very difficult [319] when contrasted
ith the modeling of variable-temperature magnetic suscepti-

ility of two equivalent exchange-coupled Ln ions [320]. One
ay to determine the strength of this coupling involves the

ig. 26. Structure of Cp*2Yb(bipy) (28) (left) and Cp*2Yb(dad-p-tolyl), with dark
reen, blue and gray spheres representing Yb, N and C atoms, respectively; H atoms
re omitted for clarity.
eviews 289–290 (2015) 149–176 165

temperature-independent paramagnetism (TIP) of the open-shell
singlet ground state through employing Griffith’s methodology for
metal ions with unquenched orbital angular momentum [321].
Another method to quantify the strong exchange coupling in 28 is
through employing the Hubbard molecule model (HMM) [322,323],
which is essentially the Hubbard model [324] adapted to a single
molecule [325]. This bonding model encloses the electron corre-
lation and represents an extension of Hückel theory by adding a
parameter that considers electron pairing energy [326]. By extend-
ing the spin-only Heisenberg, Dirac, van Vleck (HDVV) Hamiltonian
to metal ions with unquenched orbital angular momentum, an
extraordinarily large exchange coupling of Cp*2Yb(bipy) was  quan-
tified as J = −460 cm−1, in agreement with the predicted value
from computations [325]. Remarkably, this coupling is about three
orders of magnitude larger than typical coupling constants found
for lanthanide ions [316,317].

In pursuit of a better understanding of the electronic structure
of Cp*2Yb(bipy), a number of related metallocenes incorporat-
ing heterocyclic amine ligands were explored [327]. In these
intermediate-valence compounds, the valence of ytterbium in the
Cp*2Yb moiety is between YbII and YbIII [328–331]. Among the
complexes examined were Cp*2Yb(bipy-X) (X = Me,  t-Bu, OMe, Ph,
CO2Me,  CO2Et) [316,327,328,332], Cp*2Yb(dad-R) (R = t-Bu, i-Pr,
adamantyl, p-tolyl, p-anisyl, mesityl) [316,329], and Cp*2Yb(terpy)
(Fig. 26) [333,334]. A number of these complexes display intriguing
magnetic properties comprising reduced magnetic moments that
are consistent with strong antiferromagnetic coupling. The cou-
pling constants were estimated typically from the temperature of
the peak in the magnetic susceptibility, resulting in |J| = ∼100 cm−1.

Despite this exceptionally strong coupling, studies of other
lanthanide-bearing analogs that may  exhibit slow magnetic relax-
ation have not yet been reported.

3.3. Dinuclear lanthanide radical complexes

A particularly promising route to the design of single-molecule
magnets with high blocking temperatures is through engendering
strong exchange coupling in multinuclear lanthanide complexes
containing highly anisotropic metal centers. Indeed, strong cou-
pling can be successfully realized by employing radical ligands
to bridge lanthanide ions. The radical can serve to significantly
enhance the magnitude of the coupling, as certain radical species
possess diffuse spin orbitals able to penetrate the core electron den-
sity of the lanthanide ions where the 4f spin orbitals lie buried. Here,
the delocalization of the electron in the radical ligand and thus its
ability to provide an efficient exchange-bias is extremely important
with respect to the strength of the magnetic exchange coupling and
the suppression of quantum tunneling relaxation pathways.

3.3.1. Nitronyl nitroxide radical-bridged lanthanide complexes
In addition to mononuclear complexes, nitronyl nitroxide lig-

ands have been employed in the synthesis of dinuclear lanthanide
complexes. The bridging capability of the pyridine-functionalized
nitronyl nitroxide ligand, NIT4Py, was exploited in linking two DyIII

centers to afford the single-molecule magnet [Dy(hfac)3(NIT4Py)]2
(29), which exhibits a spin relaxation barrier of Ueff = 9.2(5) cm−1

under zero dc field and Ueff = 9.5(1) cm−1 under a 2000 Oe dc
field [306]. Notably, this dinuclear complex represents the first
lanthanide-based single-molecule magnet incorporating a radical
ligand. The analog [Gd(hfac)3(NIT4Py)]2 (30) exhibits weak fer-
romagnetic coupling between the GdIII and radical centers with
J = +0.89 cm−1, which was  attributed to an operative spin polariza-

tion mechanism (Fig. 27) [254]. Bridging nitronyl nitroxide ligands
between GdIII centers can give rise to four-spin systems that display
two different types of magnetic interaction: coupling between the
metal center and the N O group of the nitronyl nitroxide radical
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Fig. 29. Structure of Gd (Hbpz ) (dtbsq) (32), with orange, blue, purple, red and
ig. 27. Structure of [Gd(hfac)3(NIT4Py)]2 (30), with orange, blue, red and gray
pheres representing Gd, N, O and C atoms, respectively; H and F atoms are omitted
nd selected C atoms are faded for clarity.

JGd–L1), and the generally weaker interaction of the GdIII center –
ith the ancillary R group of the radical ligand (JGd–L2).

The related radical ligand NIT-5-Py-3Br bridges two  lanthanide
ons in a series of lanthanide-nitronyl nitroxide compounds of
he type [Ln(hfac)3(NIT-5-Py-3Br)]2 (Ln = Pr, Sm,  Eu, Gd, Tb, Tm).
he TbIII congener (31) displays single-molecule magnet behav-
or under a zero dc field with a relaxation barrier of Ueff = 20 cm−1

Fig. 28) [303], while the coupling constants for the GdIII species
as determined to be J1,Gd–L = +2.60 cm−1 and J2,Gd–L = −0.24 cm−1

256]. A related complex, [Tb(hfac)3(NIT3Py)]2, in which meta
yridyl-substituted nitronyl nitroxide ligands link two  TbIII cen-
ers, also displayed slow magnetic relaxation under a 3 kOe dc field,
eaturing a barrier of 13.2 cm−1 [305].

Phosphine oxide-substituted nitronyl nitroxide (NITPhPO
OEt)2) radical ligands were employed in the syntheses of
he complexes [Ln(hfac)3(NITPhPO(OEt)2)]2 (Ln = Gd, Tb, Dy).
n the case of Ln = Tb, single crystals exhibiting two dis-
inct packing modes were obtained. The molecular struc-
ure of [Tb(hfac)3(NITPhPO(OEt)2)]2·2CH2Cl2 shows well-isolated

olecules, as opposed to [Tb(hfac)3(NITPhPO(OEt)2)]2, which fea-
ures intermolecular interactions involving adjacent N O radicals
270]. The former compound exhibits slow magnetic relaxation,
howing out-of-phase signals under an applied dc field of 2 kOe
ssociated with a relaxation barrier of Ueff = 17 cm−1, while the lat-
er displays a barrier of Ueff = 15 cm−1 [270]. For this system, the
dIII analog, [Gd(hfac)3(NITPhPO(OEt)2)]2, exhibits ferromagnetic
oupling with JGd–L = 1.73 cm−1 [270]. Although phenol-substituted
itronyl nitroxide compound [Dy(hfac)2(NITPhO)]2 shows a small
elaxation barrier of Ueff = 5.3 cm−1 [308], the related DyIII species
ith a brominated phenol-substituted nitronyl nitroxide radical

oes not show slow magnetic relaxation. Finally, ac magnetic sus-
eptibility measurements performed on the phenyltrifluoroacety-
acetonate (Phtfac)-containing complexes [Tb(Phtfac)3(NIT4Py)]2

ig. 28. Structure of [Tb(hfac)3(NIT-5-Py-3Br)]2, with dark red, blue, red and gray
pheres representing Tb, N, O and C atoms, respectively; H and F atoms are omitted
nd selected C atoms are faded for clarity.
2 3 2 4

gray spheres representing Gd, N, B, O and C atoms, respectively; H atoms are omitted
and selected N, B and C are faded for clarity.

and [Dy(Phtfac)3(NIT4Py)]2 revealed relaxation barriers of 18
and 14 cm−1, respectively, under a 3-kOe dc field [271]. The
analogous complex [Gd(Phtfac)3(NIT4Py)]2 exhibits ferromagnetic
coupling, with constants of JGd–L1 = 1.84 cm−1 and JGd–L2 = 0.12 cm−1

[271].

3.3.2. Dinuclear gadolinium benzosemiquinonate radical complex
The relatively strong antiferromagnetic exchange of

J = −5.7 cm−1 in the mononuclear complex Gd(Hbpz3)2(dtbsq),
arising from non-negligible overlap between the magnetic orbitals
of the radical and the 4f orbitals of the lanthanide center, inspired
researchers to increase the number of spin carriers. This led to iso-
lation of the dinuclear complex Gd2(Hbpz3)2(dtbsq)4 (32), where
two metal centers are bridged by three benzosemiquinonate radi-
cal ligands (dtbsqB), and the fourth ligand (dtbsqNB) is coordinated
to only one GdIII center (Fig. 29).[335] Variable-temperature dc
susceptibility data, in conjunction with high-field EPR measure-
ments, suggest an S = 7 ground state for this complex. The three
exchange interactions Gd-dtsbqB (J1), Gd-dtsbqNB (J2), dtsbqB-
dtbsqNB (J3) were estimated using two  differing Hamiltonians
to give J1 = +1.26 cm−1/0.88 cm−1, J2 = −0.3 cm−1/0.18 cm−1, and
J3 = +9.08 cm−1/6.43 cm−1. While these values differ depending on
the Hamiltonian employed, one can qualitatively note that the
coupling of the bridging benzosemiquinone radicals to the metals
is weaker than the interaction between the terminal radical and
one of the metal centers. Here, the weaker coupling was attributed
to each of three radicals coordinated to two Gd  ions and to an
average larger Gd-O(benzosemiquinonate)-distance compared
to the Gd–O(dtbsqNB) distance. More importantly, the overall
Gd-radical coupling strength is substantially smaller than that
observed for the mononuclear complex. This result signifies that
geometric arrangements of the radical ligands with respect to the
lanthanide ion may  be of utmost importance in generating an
appreciable antiferromagnetic interaction.

3.3.3. Dinuclear lanthanide-tetrathiafulvalene radical complexes
Although tetrathiafulvalene radicals have been used to con-

struct mononuclear lanthanide complexes and extended solids,
their dynamic magnetic behavior has not been investigated [336].
However, radical cation tetrathiafulvalene-based ligands have also
been used to construct dinuclear lanthanide complexes wherein

the radical tetrathiafulvalene (ttf•+) does not coordinate to the
metals via the S atoms. In the original compound [Gd(hfac)3(�-
TTF•+COO )]2 (33), the radical ligands gave rise to very weak
exchange interactions, as concluded by the small value of the Weiss
constant � = −43 K (Fig. 30) [337].
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Fig. 32. Computed spin density (top) and X-EPR spectra (bottom) of
{[(Me3Si)2N]2(THF)Y}2(�-�2:�2-N2)[K(THF)6] 35-15N2 at 293 K in millimolar
THF solution.
ig. 30. Structure of [Gd(hfac)3(�-TTF•+COO )]2 (33), with orange, red, yellow and
arbon spheres representing Gd, O, S and C atoms, respectively; H and F atoms are
mitted and selected C and O atoms are faded for clarity.

The radical cation ttf•+-containing dysprosium complex
(Dy(hfac)2(SO3CF3)(L•+))2]2+ (L = 4,5-bis(3-pyridyl-N-oxidemeth-
lthio)-4′,5′-methyldithiotetrathiafulvene) represents the first
tf•+-based single-molecule magnet [338]. The radical cationic lig-
nd is attached to the metal via two distinct coordination modes,
nvolving 3-py-N-oxide functionalities. This molecule displays out-
f-phase ac susceptibility peaks under an applied dc field of
00 Oe and possesses a rather small spin relaxation barrier of
eff = 8.3 cm−1. Since the radical is not directly bridging the metal

ons, the coupling between the two DyIII centers can be expected
o be weak. Consequently, the observation of slow magnetic relax-
tion likely primarily stems from the magnetic anisotropy of the
solated DyIII centers.

.3.4. A dinuclear lanthanide thiazyl radical complex
The dimeric compound [Dy(hfac)3(boaDTDA)]2 (34;

oaDTDA = 4-(benzoxazol-2′-yl)-1,2,3,5-dithiadiazolyl), which
ontains two  dithiadiazolyl radicals, exhibits slow magnetic
elaxation with a barrier of Ueff = 71 cm−1 [302]. Here, the authors
ttribute the relaxation dynamics to a single supramolecular
ntity since the two radical ligands pair leading to weak antifer-
omagnetic coupling between the metal centers. The gadolinium
nalog was estimated to possess a coupling strength of JGd–Gd
−0.007 cm−1. The weak antiferromagnetic interaction between
he two DyIII ions can be compensated by the application of a
00 Oe dc field leading to two distinct relaxation modes. Alterna-
ively, the origin of single-molecule magnet behavior may  be the
esult of single-ion effects which is not discussed in the report
Fig. 31).
.3.5. N2
3− radical-bridged lanthanide complexes

.3.5.1. Discovery and bonding in N2
3−. The biggest success in the

esign of single-molecule magnets possessing high blocking tem-
eratures has been achieved by bridging two lanthanide ions

ig. 31. Structure of [Dy(hfac)3(boaDTDA)]2 (34), with green, blue, red, yellow and
arbon spheres representing Dy, N, O, S and C atoms, respectively; H and F atoms are
mitted and selected C and O atoms are faded for clarity. The shortest intermolecular
istance between S atoms is 2.901(4) Å.
Source: Figure was reproduced from Ref. [339], with permission of the copyright
holders.

with a N2
3–• radical anion, giving rise to an exchange bias with

extraordinarily strong coupling. The dinuclear YIII complexes in
the salts [K(THF)6]{[((Me3Si)2N)2(THF)Y]2(�-�2:�2-N2)} (35) and
K{[((Me3Si)2N)2(THF)Y]2(�3-�2:�2:�2-N2)} allowed both a full
experimental characterization and computation analysis due to the
presence of diamagnetic metal ions [339]. The calculations per-
formed on the N2

2− congeners revealed that the N N bonding
in a diamagnetic N2

2− unit arises from the formation of a 4d-�*
back-bonding interaction where the energetically high and diffuse,
occupied 4d-orbital of yttrium interacts with one of the �* orbitals
of the N2 unit. Hence, the lowest unoccupied molecular orbital
of a N2

2−-bridged complex results from the intrinsically unper-
turbed �* orbital of N2 that is perpendicular to the YN2Y plane.
By contrast, in a N2

3−• bridged complex, this �* orbital is occu-
pied by a single electron, leading to a decrease of the bond order
to 1.5 and the majority of the unpaired spin density is restricted
to the N2 unit. Moreover, EPR spectra featured a nine-line pat-
tern, in accordance with a triplet of triplets that arises from the
splitting by two 15N (I = 1/2) and 89Y (I = 1/2) nuclei. The hyperfine
coupling constant 8.2 G for nitrogen is in good agreement with the

other nitrogen-centered radicals (Fig. 32). The diffuse radical char-
acter of the N2

3–• bridging ligand originates from electron–electron
repulsions associated with the large negative formal charge and is
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Fig. 33. Left: Dc magnetic susceptibility data for 36-Ln with green, yellow, red, purple, and blue data for 36-Gd, 36-Tb,  36-Dy,  36-Ho and 36-Er.  Middle: structure of 36-Tb
with  dark red, green, blue, red and gray spheres representing Tb, Si, N, O and C atoms, respectively. H atoms are omitted for clarity. Right: variable-field magnetization (M)
d T/s.
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ata  collected for 36-Tb collected from 11 to 15 K at an average sweep rate of 0.9 m

ource: Figures (left and right) were reproduced from Ref. [301] with permission of

nticipated to increase the exchange coupling with lanthanide ions
ubstantially.

.3.5.2. N2
3− radical-bridged lanthanide complexes with outer-

phere K+ ion. To probe the magnetism of N2
3−• radical-

ridged lanthanide compounds, the series of dinuclear lan-
hanide compounds [K(18-crown-6)]{[((Me3Si)2N)2(THF)Ln]2(�-
2:�2-N2)} (36, Ln = Gd, Tb, Dy, Ho and Er) was synthesized through

he reduction of the corresponding N2
2−-bridged complexes

((Me3Si)2N)2(THF)Ln]2(�-�2:�2-N2) with KC8 in THF [290,301].
n these compounds, each complex anion features two LnIII centers
ridged by a N2

3−• radical anion. Within the isostructural series,
ach metal ion resides in a pseudo-tetrahedral coordination envi-
onment, where one vertex is occupied by the N2

3−• unit to give a
lanar Ln2N2 moiety.

As the temperature decreases from 300 K, a rise in �MT
s apparent for 36-Ln,  indicative of strong antiferromagnetic
anthanide-radical exchange, followed by a gradual decrease in the
ata for 36-Gd,  36-Ho and 36-Er and a precipitous drop for 36-Tb
nd 36-Dy (Fig. 33). Remarkably, a fit to the data for the GdIII analog
evealed by far the strongest exchange coupling yet observed for
dIII, with J = −27 cm−1. Additionally, the precipitous drop in �MT

or 36-Tb and 36-Dy at the low temperature indicates the onset of
agnetic blocking, in which the strong magnetic anisotropy pinned

he orientation of the total molecular spin, rendering it unrespon-
ive to the magnetic field. Indeed, the sharp divergence apparent
n zero-field and field-cooled data affirmed that the moments are
ffectively blocked.

In line with the observation of magnetic blocking, ac suscepti-
ility data for 36-Dy and 36-Tb demonstrated that both are single-
olecule magnets, with relaxation barriers of Ueff = 123 cm−1 and

27 cm−1, respectively. Notably, the latter barrier is the highest
et reported for a multinuclear single-molecule magnet. By con-
rast, the holmium and erbium congeners 36-Ho and 36-Er afforded
ower barriers of Ueff = 73(6) cm−1 and Ueff = 36(1) cm−1, respec-
ively, and the latter required the application of a 1000 Oe dc field.
he strong deviation from Arrhenius behavior was attributed to a
uch weaker coupling or weaker anisotropy stemming from the
ore spherical and contracted f electron densities of holmium and

rbium.
Hysteresis loops obtained for 36-Dy and 36-Tb do not exhibit

teps, demonstrating that strong coupling can successfully sup-

ress tunneling pathways. The striking hysteresis loops for 36-Dy
nd 36-Tb are widely open up to 8.3 K and 14 K, respectively, with
he latter representing by far the highest magnetic blocking tem-
erature for any molecular species.
pyright holders.

To better understand the remarkable blocking temperatures
observed for 36-Dy and 36-Tb,  DFT methods along with MO and
NBO analysis were applied to probe the nature of the magnetic
exchange interaction [340]. The computational results indicated
that the unpaired electron in the N2

3− unit resides in a �* orbital
that is perpendicular to the {Gd2N2} plane. Furthermore, DFT anal-
ysis revealed that the coupling essentially arises from the strong
overlap of the lanthanide 4f orbitals with the N2

3− ligand orbitals
(�*py) and gave a computed coupling constant of J = −23.7 cm−1,
close to the experimental value of J = −27 cm−1. Importantly, NBO
studies categorized the exchange mechanism to be direct (charge
transfer).

Another DFT contribution including ab initio methods suggested
that the slow magnetic relaxation in the parent molecules orig-
inates from strong Ln-N2

3− coupling, which is antiferromagnetic
for the Gd, Tb, Dy, and Ho species, but contradictory to the exper-
imental result ferromagnetic for the Er congener (B3LYP) [341].
Here, however, the computed coupling constant of J = −38.2 cm−1

for 36-Ln varies tremendously from the experimental value. Fur-
ther, CASSCF calculations on molecular Ln-N2

3− fragments attested
that a synergy between strong Tb-N2

3− coupling (J = −145.8 cm−1)
and the largest energy barrier for a single Tb ion (�Ei = 133.1 cm−1)
gave rise to the highest Ueff for 36-Ln.  Moreover, the energy bar-
rier for a single Er ion (�Ei = 92.3 cm−1) was  computed to be the
second largest in magnitude, however, the weak Er-N2

3− coupling
(J = 28.8 cm−1) leads to the small Ueff for the Er species among the
series 36-Tb through 36-Er.  Enhancing both the strength of the
lanthanide-radical coupling and the single-ion anisotropy was  pro-
posed to increase the spin relaxation barrier of exchange-coupled
lanthanide single-molecule magnets.

The third computational approach yielded values of 2J = 21,
83 and 102 cm−1 for the Dy, Ho and Er species, similar to their
experimentally determined relaxation barriers of Ueff = 36, 73 and
123 cm−1 [325]. The Hubbard Molecule Model employed to elu-
cidate the strong exchange interaction suggested two strategies
to enhance the coupling. The first focuses on lessening the elec-
tron repulsion by matching redox properties of the lanthanide and
the radical. The selection of lanthanides with their intrinsic large
negative reduction potentials to couple with certain radical lig-
ands hinges on the accessibility of the metal oxidation state. Pairing
strongly reducing ligands (like N2

3− or bipy) with lanthanides that
are stable in their divalent oxidation state (Nd, Eu, Sm,  Dy, Tm,  Yb)
or coupling strongly oxidizing ligands to lanthanides with accessi-

ble tetravalent oxidation state (Ce, Pr, Tb) is proposed to lower the
electron repulsion. The second strategy suggested that increasing
the overlap between the metal and the radical ligand results in the
stabilization of the bonding orbital. Albeit no definite solution is
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Fig. 34. Left: Dc magnetic susceptibility data for 37-Gd (black circles) and 37-Gd (green circles). Middle: structure of 37-Tb with dark red, green, blue, red, gray and yellow
s for cla
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J = −27 cm observed in the N2 radical-bridged complex.
Despite the presence of strong coupling, tunneling pathways

are apparent in the ac data of 38-Tb below 3 K. Nevertheless,
the higher-temperature data indicated a relaxation barrier of

Fig. 35. Top: structure of [(Cp*2Dy)2(�-bpym•)]+ (38-Dy), with green, blue and gray
pheres  representing Tb, Si, N, O, C and K atoms, respectively. H atoms are omitted 

.8  to 3.8 K at an average sweep rate of 1 mT/s.

ource: Figures (left and right) were reproduced from Ref. [291] with permission of

roposed for lanthanides, note that the latter strategy is conceiv-
bly feasible with the use of actinides since the radical radial wave
xtensions of 5f orbitals is substantially greater than the lanthanide
f orbitals.

.3.5.3. N2
3− radical-bridged lanthanide complexes with an inner-

phere K+ ion. Computations suggest that the coupling in 36
rises from direct overlap of the 4f orbitals with the N2

3− lig-
nd orbitals [340]. As such, a weaker coupling may  result if
he dihedral angle between the lanthanide and the radical lig-
nd deviates from planarity. This effect was probed by a second
amily of N2

3–• radical-bridged dilanthanide compounds of for-
ula K[(R2N)2(THF)Ln]2(�3-�2:�2-N2) (37-Ln;  Ln = Gd, Tb, Dy and

 = SiMe3), synthesized from chemical reductions of N2
2−-bridged

(R2N)2(THF)Ln]2(�-�2:�2-N2) with KC8 [291].
Notably, the inner-sphere potassium counterion exhibits a dis-

ance of 2.9 Å to the N2
3−• radical, resulting in a folding of the planar

2
3−• unit in 37-Ln.  This bending leads to dihedral angles between

he two LnN2 planes of 13.64◦, 16.12◦ and 15.27◦ in the Gd, Tb and
y species, respectively, and influences the magnetic behavior of
7-Ln dramatically. The molar susceptibility of 37-Gd ascends up
o a lower maximum of 18.25 cm3 K/mol vs 24.38 cm3 K/mol found
or 36-Gd (Fig. 34). While the antiferromagnetic Gd-radical cou-
ling of J = −27.1(4) cm−1 is similar to the parent 36-Gd,  the bending

n the GdIII(N2
3−•)GdIII unit presumably facilitates superexchange

hrough the N2
3−• ligand and therefore causes a sizable antiferro-

agnetic Gd–Gd coupling, with J’ = −2.28(1) cm−1. This effect leads
o an S = 9/2 ground state that is only separated from the first excited
tate (S = 11/2) by 0.29 cm−1. Moreover, the relaxation for the 37-
b and 37-Dy primarily proceeds through a thermally activated
rbach process that affords Ueff = 41.13(4) cm−1 and 14.95(8) cm−1,

espectively. Further, the hysteresis loops for 37-Tb are open up to
.8 K exhibiting at 1.8 K a remanent magnetization of 4.28 �B and a
oercive field of 1.1 T (Fig. 34). The steps in the hysteresis loops stem
rom little separation between ground and first excited state as a
esult of antiferromagnetic TbIII–TbIII coupling or from significant
ipolar interactions leading to tunneling at zero fields.

.3.6. 2,2-Bipyrimidine radical-bridged lanthanide complexes
While engendering strong coupling in lanthanide complexes,

he highly reactive N2
3−• unit presents a synthetic challenge in

uilding larger clusters or extended networks. In addition, syn-
hetic modifications on N2

3−• to enhance the magnetic exchange

re not feasible. Thus, the exploration of more stable organic radi-
al ligands that could possibly deliver similar coupling strengths is
ecessary. For instance, 2,2-bipyrimidyl radical anion has recently
een shown to facilitate strong coupling with two  lanthanide ions
rity. Right: variable-field magnetization (M) data collected for Tb-X, collected from

pyright holders. Images (left and right) taken from Ref. [282].

in the complexes [(Cp*2Ln)(�-bpym•)]+ (38-Ln; Ln = Gd, Tb, Dy;
Fig. 35) [289]. Consistent with radical character, the central C C
bond distance of the bpym unit is short at ca. 1.40 Å. Computed
LUMO molecular orbital for bpym revealed that the radical spin
orbital of bpym has major contributions from both in-phase 2pz

orbitals on the central two  C atoms and opposite phase from the
2pz orbitals on the four N atoms.

A fit to the variable-temperature dc susceptibility data collected
for 38-Gd revealed the presence of antiferromagnetic coupling
between the GdIII centers and the bridging bpym−• ligand, with
J = −10 cm−1. This value is the largest yet reported for an organic
radical coupled to a GdIII center, and second overall only to the

−1 3−•
spheres representing Dy, N, and C atoms, respectively; H atoms are omitted for
clarity. Bottom: variable-field magnetization data collected for 38-Dy at various
temperatures and an average sweep rate of 0.002 T/s.

Source: Figure was reproduced from Ref. [289], with permission of the copyright
holders.
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Fig. 36. Top: structure of [(Cp*2Dy)2(�-ttpz•)]+ (39-Dy), with green, blue, and gray
spheres representing Dy, N, and C atoms, respectively; H atoms are omitted for
clarity. Bottom: variable-field magnetization data collected for 39-Dy at various
temperatures and an average sweep rate of 0.003 T/s.
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eff = 44(2) cm−1. In contrast, the ac measurements for 38-Dy
evealed solely thermally activated dynamics in the temperature
ange 7.5–17.5 K, with Ueff = 87.8(3) cm−1.

.3.7. Tetra-2-pyridinylpyrazine radical-bridged lanthanide
omplexes

In order to further probe the nature of magnetic exchange
etween lanthanide ions and radical spin centers, dinuclear lan-
hanide complexes with multi-electron redox-active ligands have
een explored. Specifically, owing to its bridging capability and
ropensity to accept multiple electrons, tetra-2-pyridinylpyrazine
tppz) was employed in the synthesis of the complexes
(Cp*2Ln)2(�-tppz•)]+ (39-Ln; Ln = Gd, Tb, Dy) and [(Cp*2Ln)2(�-
ppz•)]− (40-Ln;  Ln = Gd, Tb, Dy), which contain bridging mono-
nd trianionic radicals, tppz3−• and tppz3−•, respectively [288].
he coupling constant of JGd–L = −6.91(4) cm−1 observed for 39-
d is smaller than those of the bpym•− and N2

3−• radical-bridged
omplexes, which is expected given the larger region over which
he electron is delocalized. Complex 39-Dy shows single-molecule

agnet behavior at low temperature, with Ueff = 35.9(2) cm−1, sig-
ificantly larger than that of Ueff = 5.1(1) cm−1 determined for
9-Tb. Moreover, 39-Dy displayed open hysteresis loops at zero
eld at temperatures below 3.25 K with a coercive field of Hc = 0.1 T
t 1.8 K (Fig. 36). While the coupling between LnIII center and
ppz3−• is strong enough to suppress a small degree of quantum
unneling, the steps apparent in the hysteresis curves indicate that
unneling pathways are nonetheless still present in the system.

For 40-Gd,  a value of J = −6.29(3) cm−1 was determined, smaller
ut comparable to the tppz−• analog. The calculated SOMOs of

−• 3−•
ppz and tppz of an yttrium-containing model compound
ffered an explanation for this unanticipated result, as it revealed

 perpendicular orientation of the �-interactions to the Ln–Ln axis,
hereas in tppz3−• most intra-ligand �-bonding interactions are
eviews 289–290 (2015) 149–176

oriented parallel to the Ln–Ln axis. Finally, neither 40-Tb nor 40-Dy
exhibited slow magnetic relaxation, likely a result of the symmetry
change of the electron/spin bearing orbitals provided by the above
calculations.

4. Exchange in actinide complexes

4.1. Introduction

An exciting route to the synthesis of single-molecule magnets
with higher blocking temperatures involves the incorporation of
actinide elements, owing to their large spin-orbit coupling and
appreciable metal–ligand covalency [342]. Additionally, in contrast
to lanthanides, actinides provide a wide range of accessible oxi-
dation states [320]. However, only a few actinide complexes have
been shown to exhibit slow magnetic relaxation, with nearly all of
these being uranium complexes [343–351]. Nevertheless, despite
the difficulties associated with handling of the more radioactive
transuranic elements, neptunium and plutonium-based single-
molecule magnets have also been reported [352–354].

As a common approach in designing mononuclear actinide-
based magnets, a qualitative method of matching ligand field
symmetry with the electron density distribution of the max-
imal MJ state has been proposed [355]. This strategy led to
the isolation of the first actinide-containing single-molecule
magnets that possesses axial ligand fields [347,348]. Moreover,
exchange coupling has been estimated in UIV and UV complexes
[356–361] with coupling constants of up to |J| = 48 cm−1, however,
the presence of single-molecule magnet behavior has not been
reported in these compounds. Another approach to the design of
single-molecule magnets involves strong superexchange in actinyl
systems via well-established cation–cation interactions, such as
that observed in the mixed-valence neptunyl cluster compound
(NpO2Cl2)[NpO2Cl(THF)3]2 [352]. The coupling constant for the
NpIV-NpV interaction was reported as J = 7.5 cm−1, an order of
magnitude larger than the typical superexchange in multinuclear
lanthanide complexes, ultimately leading to a high relaxation bar-
rier of Ueff = 97 cm−1. Superexchange was  also observed in a large
5f-3d U12Mn6 wheel-shaped cluster complex, exhibiting open hys-
teresis loops up to 4 K and a spin relaxation barrier of 99 cm−1,
representing the highest barrier yet observed in an actinide-
containing single-molecule magnet [362].

Given the observed strong coupling in actinide complexes
induced by exchange or superexchange involving cation–cation
interactions [352,362–364], the use of radical ligands promises
to yield even higher magnetic blocking temperatures. Indeed,
owing to their large single-ion anisotropies and the greater rad-
ical extension of 5f valence orbitals, the better overlap between
metal and radical ligands should lead to much stronger coupling
than observed for lanthanide-based systems. However, radical-
containing actinide species are scarce since their synthesis is
challenging due to the redox activity of the early actinides. The
few known examples of radical-containing uranium compounds
are presented below.

4.2. Radical-containing uranium complexes

Reduction of Tp*2UI (Tp* = hydrotris(3,5-dimethylpyrazolyl)
borate) with KC8 in the presence of 2,2′-bipyridine affords the UIII

bipyridyl radical complex, Tp*2U(2,2′-bpy−•), 41,  Fig. 37 [365]. This
uranium complex displays slow magnetic relaxation under zero dc

field with an Ueff = 19.8 cm (Ueff = 22.6 cm , 0.05 T) [366]. The
spin relaxation barrier measured at zero field is slightly higher than
that of the complex containing the non-radical bipyridyl ligand
[345].

http://pubs.rsc.org/en/Content/ArticleLanding/2014/SC/C4SC02154A#!divAbstract


S. Demir et al. / Coordination Chemistry R

F ′ −•

s
c

a
(
t
[
w
(
t
1
r
r
U
s
�
a
e
t
(
h
r
1
c
(
i
r
f
t
w
i
r
U
v
s
c
b

F
s
a
f

ig. 37. Structure of Tp*2U(2,2 -bpy ) (41), with orange, blue, purple and gray
pheres representing U, N, B and C atoms, respectively; H atoms are omitted for
larity; selected C and B atoms are faded for clarity.

The UIII complex bearing the hexadentate ligand (1,4,7-tris(3-
damantyl-5-tert-butyl-2-hydroxybenzyl)-1,4,7-triazacyclonane)
(AdArO)3tacn) was shown to reduce CO2 by one electron to form
he UIV radical complex ((AdArO)3tacn)UIV(CO2

−•) (42; Fig. 38)
367]. Variable-temperature magnetic susceptibility data for 42
ere compared with the analogous data of the UIV azide complex,

(AdArO)3tacn)UIV(N3). The corresponding plots of �eff vs T for the
wo compounds are nearly identical from 300 K to 120 K. Below
20 K, the �eff data for the azide complex drops sharply until it
eaches ca. 0.7 �B at 5 K while that of uranium CO2 radical complex
ests at 1.5 �B at 5 K. The increased magnetic moment of the

 CO2
−• complex compared to U N3 at 5 K was attributed to the

ingle unpaired electron residing on CO2. Furthermore, the similar
eff vs T behavior above 120 K for both complexes may  indicate

ntiferromagnetic coupling between the UIV center and unpaired
lectron on CO2 ligand. The same research group later reported
he one-electron reduction of diphenyldiazomethane by trivalent
(t-BuArO)3tacn)UIII ((t-BuArO)3tacn = 1,4,7-tris(3,5-di-tert-butyl-2-
ydroxybenzyl)-1,4,7-triazacyclononane) to produce the uranium
adical complex, ((t-BuArO)3tacn)UIV(Ph2CN2

−•). Here, a �eff of
.75 �B at 4 K was also attributed to the ligand-centered radi-
al. In a related reaction, one-electron reduction of Ph2CN2 by
(AdArO)3tacn)UIII prompted aryl C H activation to form the UIV

ndazole complex ((AdArO)3tacn)U(�2-3-phen(Ind)). A uranium
adical intermediate, [(AdArO)3tacn]UIV(Ph2CN2

−•), was invoked in
ormation of the C H activated product, however, it was too reac-
ive to be isolated. A related trivalent system, ((t-BuArO)3tacn)U,
as found to also singly reduce di-tert-butylbenzophenone afford-

ng ((t-BuArO)3tacn)UIV(•OC(t-BuPh)2) [368]. The low-temperature
ange of the �eff vs T plot shows a similar trend compared to

 CO2
• and ((AdArO)3tacn)UIV(Ph2CN2

•) complexes where an ele-
ated magnetic moment of 1.61 �B at 5 K was due to the unpaired

pin on the benzophenone ligand. Coupling between the uranium
enter and radical ligand was not apparent but may  be possible
ased on calculations that show a SOMO comprising both metal

ig. 38. Structure of ((AdArO)3tacn)UIV(CO2
• ) (42), with orange, blue, red and gray

pheres representing U, N, O and C atoms, respectively; H atoms, adamantyl groups
nd tBu groups on phenyl rings are omitted for clarity; selected carbon atoms are
aded for clarity.
eviews 289–290 (2015) 149–176 171

and ligand character. A trivalent uranium benzophenone radical
complex, [Tp*2U(OC•Ph2)], was  also recently reported [369].

The uranium(III) terpyridyl radical complex U(Cp*)2(terpy•),
synthesized from a one-electron reduction of [U(Cp*)2(terpy)]+

with Na/Hg, represents the first instance where magnetic exchange
interaction was observed between a UIII center and radical, as
evidenced by a precipitous drop in �MT below 20 K [370]. The
respective uranium(III) bipyridyl radical congener, Cp*2U(bipy•)
was also furnished through reduction of Cp*2UI(bipy) with Na/Hg
[370]. Similarly, reduction of Cp′

2UCl2 (Cp′ = 1,2,4-tri-tert-butyl
cyclopentadienyl) with 2 equiv of Na/naphthalene yields U(III)
bipyridiyl radical complex, Cp′

2U(bipy•) [371].
The uranium(IV) bis(amidophenolate) complexes

(Rap)2U(THF)2 (R = t-butyl, adamantyl) bind halogens via “oxida-
tive addition” induced by the amidophenolate ligands to afford
the corresponding uranium(IV) iminobenzosemiquinone rad-
ical complexes [(Risq)2UCl]2(�2-Cl)2 [372]. The radical ligand
was confirmed by both electronic absorption spectra that show
the characteristic �–�* transitions between 700 and 800 nm
for the open-shell, iminosemiquinone ligand, and by X-ray
crystallography, which revealed the expected bond distortions
for a radical species. A diisopropyl-substituted uranium(IV)
bis(amidophenolate) complex was shown to undergo a similar
oxidative addition in the presence of PhICl2, giving rise to a
transient iminosemiquinone containing uranium complex.

The redox-active pyridine(diimine) ligand, MesPDIMe, has
been employed in the formation of two series of uranium(IV)
complexes that contain either ancillary Cp* or 1-(7,7-
dimethylbenzyl)cyclopentadienyl (CpP) ligand. The multielectron
redox capacity of the MesPDIMe ligand in these complexes enabled
the storage of electrons and their subsequent employment in
carbon–carbon bond formation reactions with benzophenone and
aldehyde substrates. Magnetic susceptibility measurements per-
formed on the uranium(IV) radical complexes CpPUI2(MesPDIMe)
and CpPU(O2C2Ph4)(MesPDIMe) revealed moments of 1.25 �B and
1.44 �B at 5 K, respectively. In both cases, the lower than expected
moment for a single radical electron (1.73 �B) was  attributed to
weak antiferromagnetic interaction between the UIV ion and the
ligand-centered radical.

Reductive elimination was observed in the reaction between
U(CH2Ph)4 and the iminoquinone ligand 4,6-di-t-butyl-2-[(2,6-
diisopropylphenyl)-imino]quinone (dippiq). This reaction proceeds
through a purported uranium(IV) iminosemiquinone radical inter-
mediate that reductively eliminates bibenzyl to generate a
uranium(IV) amidophenolate bis(benzyl) complex. The viability of
the intermediate was  probed by synthesizing the uranium(IV) com-
plex UI3(THF)2(dippiq−•) and treating it with benzyl potassium,
whereupon the uranium(IV) amidophenolate bis(benzyl) complex
was regenerated along with 0.5 equiv of bibenzyl. Variable-
temperature magnetization data collected on UI3(THF)2(dippiq−•)
revealed an effective magnetic moment of 3.23 �B at 300 K
and 1.50 �B at 2 K. The elevated moment at 2 K was assigned
to the single unpaired electron residing on the ligand, much
like previously reported complexes ((AdArO)3tacn)UIV(CO2

−•),
((t-BuArO)3tacn)UIV(Ph2CN2

−•), and ((t-BuArO)3tacn)UIV-(−•OC(t-
BuPh)2).

While dc magnetic susceptibility measurements on the afore-
mentioned uranium-radical compounds have been performed, the
corresponding dynamic magnetic susceptibility data have not yet
been reported.
5. Concluding remarks

Strong coupling to yield high-spin ground states along with
effective suppression of fast quantum tunneling pathways and
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solated spin ground states are requisites in the design of single-
olecule magnets that exhibit high blocking temperatures. The

oregoing discussion surveys the current state of research into
igand-radical containing single-molecule magnets and highlights
ther classes of ligand radical-containing metal complexes that
ay  be exploiting in the design of future single-molecule mag-

ets. Indeed, the work highlighted above has demonstrated the
mpact of radical ligands on exchange interactions and also slow

agnetic relaxation. Depending on the nature of both the radical
nit and the metal centers, strong coupling was shown both to iso-

ate the spin ground state and to quench quantum tunneling of
he magnetization. Moreover, more reducing radical ligands such
s azophenine3−•, bipyrimidine1−• and N2

3−• have been shown to
fford even stronger coupling than other ligand radicals. In addi-
ion, the nature of the incorporated metal ion involved in exchange
oupling is of utmost importance with respect to engendering
agnetic hysteresis at higher temperatures. Along this line, high-

nisotropy metal ions hold the greatest promise in the design of
ingle-molecule magnets that operate at high temperatures, in par-
icular lanthanide and actinide ions, but possibly also transition

etal ions with enhanced spin-orbit coupling through ligand field
onsiderations.

One particular line of research that can perhaps be exploited
ore in the future is the synthesis of radical ligand-containing

ctinide complexes. Actinide ions are particularly attractive in
hat the spin-orbit coupling is approximately twice that of the
anthanides, giving rise to much larger single-ion anisotropies com-
ared to both transition metals and lanthanides. Furthermore,
he greater radial extension of the 5f valence orbitals can bet-
er facilitate magnetic exchange through enhanced overlap with
adical-ligands, potentially leading to much stronger coupling than
bserved for lanthanide-based systems. An increase of magnetic
xchange coupling could potentially give rise to longer relaxation
imes and thus, higher blocking temperatures. In addition, the wide
ange of accessible oxidation states for the early actinides makes the
sage of oxidizing and reducing ligands conceivable in the design
f single-molecule magnets that operate at higher temperatures
325]. Specifically, metal centers featuring the electron configura-
ion 5f3 (e.g. UIII, NpIV and PuV) or 5f1 (e.g. UV, NpVI) are of particular
nterest. Unfortunately, the synthetic strategies employed for lan-
hanide systems often cannot be directly applied to actinides owing
o the much greater reactivity of trivalent actinides, such as UIII

ompared to LnIII. As such, the development of radical ligand-
ontaining actinide complexes as single-molecule magnets offers a
ormidable yet exciting challenge to synthetic chemists.
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