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The discovery that some bis-(phthalocyaninato)lanthanide complexes are molecular magnets triggered
interest in lanthanide ion complexes. Theoretical and experimental observations have shown that the
magnetization dynamics of such complexes can be tailored by tuning the coordination geometry and
ligand-field around the metal centres. In particular, low-coordinate Ln(III) complexes seem to be quite
attractive as molecular magnets, some of them displaying significantly large energy barriers for magne-
tization reversal with high blocking temperatures. In this review article, a concise but comprehensive
introductory section to the basics of the magnetic anisotropy of the lanthanide ions is portrayed along
with the conventional classifications and quality-check parameters of the molecular nanomagnets. We
have elaborated with examples the magneto-structural correlation in various lanthanide-based molecu-
lar complexes with coordination numbers ranging from one to seven, and have highlighted the most
promising systems as nanomagnets. We have also reviewed various examples of low-coordinate
lanthanide-based molecular nanomagnets that are encapsulated inside fullerene cages of various sizes.
A short section dealing with the lanthanide ions-based magnetic systems exhibiting slow relaxation of
magnetization is also included. A special attention is also paid to the magneto-structural correlation of
the lanthanide-based half-sandwich, pseudo-sandwich and a special class of sandwich complexes.

� 2018 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

1.1. Definition and classification of molecular nanomagnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
1.1.1. Single-ion magnet nomenclature: a few more remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

1.2. Electronic states of Ln(III) ions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
1.2.1. Additional perturbations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

1.3. Crystal-field symmetry and ionic anisotropy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
1.4. Determination of crystal-field parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
1.5. Quality-check parameters of Ln single-molecule magnets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
1.5.1. Determination of the effective barrier height (Ueff) for magnetization reversal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
1.5.2. Determination of magnetization blocking temperature (TB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
1.6. General mechanisms for magnetization relaxation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

1.6.1. Temperature dependence of spin-phonon coupling relaxation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

2. Overview of the reported literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

2.1. Magnetic sites doped on surfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
2.2. Hepta-coordinate lanthanide complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
2.3. Hexa-coordinate lanthanide complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ccr.2018.03.022&domain=pdf
https://doi.org/10.1016/j.ccr.2018.03.022
mailto:amiakb@gmail.com
mailto:rajaraman@chem.iitb.ac.in
mailto:vc@iitk.ac.in
mailto:vc@niser.ac.in
https://doi.org/10.1016/j.ccr.2018.03.022
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr


164 A.K. Bar et al. / Coordination Chemistry Reviews 367 (2018) 163–216
2.4. Penta-coordinate lanthanide complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
2.5. Tetra-coordinate lanthanide complexes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
2.6. Tri-coordinate lanthanide complexes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
2.7. Bi-coordinate lanthanide complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
2.8. Mono-coordinate lanthanide systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
2.9. Pseudo-sandwich and half-sandwich lanthanide (III) complexes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
2.9.1. Pseudo-sandwich lanthanide (III) complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
2.9.2. Half-sandwich lanthanide complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
2.9.3. Cycloalkenyl-capped sandwich lanthanide complexes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

3. Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
1. Introduction

The discovery of slow relaxation of magnetization, at very low
temperatures, in a Mn12 cluster, by Sessoli et al. [1–3] has triggered
an intense flurry of research activity in the field of molecular mag-
netism, with enthusiastic participation from the physics, chemistry
and materials science community [4–15]. The ultimate goal of
these research activities is to achieve magnetically bi-stable molec-
ular complexes, also known as single-molecule magnets (SMMs)
that can exhibit magnetization-blocking at readily accessible tem-
peratures so that such complexes can be utilized in novel applica-
tions such as information storage, spintronics, quantum
computing, multiferroics, etc. [4,6,7,13–16]. While realizing these
goals, in full, appears distant at the moment, the focus of immedi-
ate endeavours is to understand the fundamental factors that con-
trol SMM behaviour and then to translate the understanding
gained to come out with better synthetic methodologies for assem-
bling SMMs with improved properties. Through such work, involv-
ing both experimental and theoretical research, it has been realized
initially that the effective energy barrier (Ueff) for magnetization
reversal in transition metal-based magnetically bi-stable
molecular complexes depend linearly on the zero-field splitting
parameter, D, and quadratically on its ground state spin, S; i.e. Ueff

= |D|S2 for integer spin and Ueff = |D|(S2 � ¼) for half-integer spin
[4–16].

The initial efforts looked at the quadratic dependence on S as
the main means to prepare high-performance molecular magnets
[9,14,17]. Thus, several polynuclear paramagnetic transition metal
complexes were prepared and studied with the aim of achieving
very large ground-state spins [4,16]. But, while large ground-
state spins have been achieved in many complexes, the overall
molecular D parameters of such magnetic clusters, in general, are
found to be very low [4,16]. It is worth emphasizing here that for
the polynuclear molecular nanomagnets, it is very difficult to
enhance concomitantly both the S and D parameters. The depen-
dence of Ueff on S is essentially linear instead of quadratic for the
cluster molecular nanomagnets that incorporate relatively larger
number of magnetic centres (metal ions) [18,19]. The overall
molecular D parameter, which is a resultant of all the contributions
from each and every local anisotropic metal centre in the cluster, is
obviously expected to be low where the ionic magnetic anisotropy
axes of the constituent metal centres are randomly orientated,
which is more like a general phenomenon rather than an excep-
tion. The magnitude of the overall molecular D parameter of the
cluster molecular nanomagnets follows inverse proportionality to
the ground state spin, S, i.e., D a 1/S, and the nature of D parameter
(easy-plane or easy-axis) is largely influenced by the nature of the
magnetic exchange interactions (ferromagnetic or anti-
ferromagnetic) among the metal centres in the clusters [19]. There-
fore, assembling very large-sized clusters possessing a gigantic
spin ground state does not guarantee, in any way, SMM behaviour
[16]. It is worth remembering that the expression of Ueff associat-
ing D parameter and ground state spin, S, as mentioned above, is
valid only for the transition-metal based molecular nanomagnets.
It does not hold for the lanthanide based molecular nanomagnets.
However, in transition metal complexes the crystal field (CF) split-
ting is found to be larger compared to spin–orbit coupling (�103

cm�1 and �10 cm�1 respectively for 3d series) and the orbital
angular moment is quenched in most of the cases (except for the
low-coordinate complexes). Contrary to this, in lanthanide com-
plexes, the valence 4f orbitals are deeply buried and almost non-
interacting with ligand field, resulting in a small CF splitting com-
pared to the spin-orbital coupling. As a result, lanthanide ions
(except La(III), Gd(III), Lu(III)) possess large unquenched orbital
angular moment along with a large magnetic moment. Therefore,
lanthanide ions have attracted considerable attention in the arena
of single-molecular magnetism [20–32]. However, fine tuning the
magnetic anisotropy in polymetallic complexes that are usually
prepared via serendipitous synthetic strategies is extremely diffi-
cult considering the many variables such as the orientation of
the magnetic anisotropy axes, chemical environment, crystal-
field strength and coordination geometry of the constituent para-
magnetic anisotropic ions. On the other hand, tailoring magnetic
anisotropy of paramagnetic metal ions in mononuclear complexes
via chemical and geometric tuning appears relatively easier
[21,22,27,33].

Notably, significant impact of strong magnetic anisotropy of the
Ln(III) ions towards the enhancement of coercive field for the mag-
netization blocking in 3d-4f three-dimensional coordination
frameworks was well documented as early as in 1976 [34]. Slow
relaxation of magnetization of single-ion origin was reported by
Gao and co-workers for a 3d-4f two-dimensional coordination
polymer [NdIIICoIII(bpym)(CN)6(H2O)4]�3H2O (where bpym = 2,20-
bipyrimidine) in 2001 [35]. However, observation of slow relax-
ation of magnetization in Ln(III) based mononuclear sandwich
complexes was first reported by Ishikawa and co-workers in
2003 [36], and this report has since triggered interest in complexes
containing Ln(III) ions. As low-coordinate high-symmetry com-
plexes are anticipated to possess large magnetic anisotropy
[27,33,37], there has been a natural motivation to explore such
compounds. Between low-coordinate lanthanide-based and transi-
tion metal ion-containing single-ion magnets, the former are more
challenging because of the following reasons. First, as Ln(III) ions
are bigger in size and contain shielded 4f orbitals, they prefer large
coordination numbers and hence, stabilization of low-coordinate
Ln(III) complexes requires appropriate synthetic strategies [38].
Second, prediction and rationalization of magnetic anisotropy in
Ln(III) complexes is more difficult than in transition metal com-
plexes because of the complexities involved in the theoretical stud-
ies of the former [39]. Nonetheless, there have been successful
efforts at assembling low-coordinate Ln(III)-containing molecular
magnets and studying them both experimentally and theoretically.
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It may be recalled from the tenets of coordination chemistry
that Ln(III) ions prefer higher coordination numbers, usually eight
to twelve, due to large ionic radii and strong ionic bonding [40–43].
In order to assign the low or high coordination numbers of Ln-
based complexes, it is worth citing the extensive survey by Huang
[40]. Analysis of 1389 crystal structures of well-defined Ln com-
plexes revealed that the most abundant coordination number is
eight and the population steeply decreases upon moving towards
either higher or lower coordination numbers (Fig. 1). Coordination
numbers of seven and below for Ln(III) ions thus may be consid-
ered as low.

Low-coordinate Ln-complexes including pseudo-sandwich,
half-sandwich, a special class of sandwich complexes and Ln(III)
clusters encapsulated within fullerenes, are the focus of this article
[21,22,25,38,39,44–56]. The aim of this article is to present an
overview of the most important aspects of the low-coordinate Ln
(III)-based single-ion magnets (SIMs). These include their synthetic
design and structural features along with their magnetic beha-
viour. An effort would be made, wherever possible, to focus on a
rational understanding of the observed magnetic anisotropy and
slow magnetization dynamics of such complexes in terms of the
coordination geometry and ligand field. It is also important to note
that even though many complexes can be considered as low-
coordinate considering only the strongest interactions, many of
them show significant short contacts that may play an important
role in the observed magnetic behaviour. In most cases, therefore,
ideal coordination numbers/geometries are not observed. This
reality has to be kept in mind when generalizations of magnetic
behaviour and correlating them with structural features are
attempted. The conclusions drawn in all such cases have to be tem-
pered with caution because even minor changes can make a major
impact on the observed magnetic behaviour. Before embarking on
the main subject matter of this article, we begin with a brief intro-
duction to the general area of molecular magnets and the charac-
teristics of the Ln(III) ions that are of relevance to their use in
molecular magnets.

1.1. Definition and classification of molecular nanomagnets

Though this review is devoted to monometallic Ln-based nano-
magnets, for the comparison purpose, it is worth mentioning dif-
ferent nomenclatures of molecular nanomagnets. Overall,
molecular complexes with paramagnetic metal ion(s) that exhibit
Fig. 1. Abundance of coordination numbers in Ln-complexes (La–Nd, Sm–Lu, Y)
based on the analysis of 1389 crystal structures published between 1935 and 1995.
The plot is created using the data reported in Ref. [40].
slow magnetic relaxation and magnetic hysteresis loops are
referred broadly as Single-Molecule Magnets (SMMs) [2]. Often
many compounds do not exhibit hysteresis loops at accessible
temperatures of a normal SQUID magnetometer. Thus, non-
observation of magnetic hysteresis at the accessible measured
temperatures needs to be considered only as negative evidence
for lack of SMM behaviour. However, slow relaxation of magnetiza-
tion is evidenced in the alternating current (ac) magnetic suscepti-
bility measurements. The SMMs exhibiting the slow relaxation in
absence of externally applied direct current (dc) magnetic field
are generally referred as zero-field SMMs. In some instances, how-
ever, a constant dc field is applied to observe the slow relaxation
(field-induced SMMs) if no signals are witnessed at zero-field.
Notably, these characteristics have to be of purely molecular origin.
A further useful sub-division in classification is based on the num-
ber of paramagnetic ions present and the structural dimension of
the compound: (i) discrete molecules containing more than one
paramagnetic metal ions where, if not all, at least, the neighbour-
ing paramagnetic centres are magnetically coupled are still called
SMMs [2]; (ii) coordination polymers, typically one-dimensional,
containing paramagnetic metal ions in the backbone and where
the neighbouring metal ions are involved in magnetic exchange
interactions are commonly known as single-chain magnets (SCMs)
[11,57–60]; (iii) finally, if a paramagnetic complex contains a sin-
gle metal ion, yet exhibits the feature of an SMM, it is known as
a single-ion magnet (SIM) [36,61,62]. All these three types of
molecular magnets exhibit the property that once they are magne-
tized below certain temperatures, they retain the magnetization
even after the field is switched off. In principle, such systems once
magnetized can remain magnetized indefinitely, below certain
temperatures. However, in practice, particularly above the critical
temperatures, the magnetization is lost as a result of multiple
relaxation pathways that the system can access. We tabulate
herein the characteristics of a few representative molecular nano-
magnets of all types: 3d transition metal-based mono-/
polynuclear, 4f Ln-based mono-/polynuclear and 3d-4f mixed-
metal polynuclear molecular nanomagnets (Table 1).
1.1.1. Single-ion magnet nomenclature: a few more remarks
The term ‘‘single-ion magnetic materials” existed in nuclear

magnetic resonance (NMR) spectroscopy (lanthanide shift
reagents) long before the discovery of today’s single-ion magnets
(SIMs) [32]. In NMR spectroscopic techniques, several paramag-
netic lanthanide-based mononuclear complexes are used as shift
reagents [75,76]. The unpaired electrons of the lanthanide ions
are accommodated in the deeply shielded 4f-orbitals and hence,
they are not significantly influenced by the coordinating ligands.
This is one of the reasons why such complexes are used as the
standard paramagnetic shift reagents for enhancing the resolu-
tion of NMR signals via increasing the coupling constants of
the neighbouring NMR active nuclei [75,76]. A single-ion magnet
is now a widely accepted term for any complex that contains
one paramagnetic metal ion, and that exhibits slow relaxation
of magnetization which is of purely molecular origin. The first
discovery of a lanthanide-based mononuclear complex exhibiting
slow relaxation of magnetization was reported by Ishikawa et al.
in 2003 for Tb(III) and Dy(III) containing double-decker com-
plexes [36]. On the other hand, the first transition-metal based
SIM was reported later by Long et al. in 2010 involving a
high-spin Fe(II)-based mononuclear complex [62]. It is important
to note here that the term single-ion as used in the molecular
magnetism literature merely means that the compound in
question has a single paramagnetic ion while containing a large
non-magnetic organic shell and sometime even diamagnetic
transition metal ions.



Table 1
Representative single-molecule- and single-ion magnets that display high energy barriers (Ueff) and high blocking temperatures (TB).

Complex Ueff (cm�1) (Hdc = 0 Oe) TB (K) Sweep rate (Oe/s) Refs.

Transition Metal ion based SIMs and SMMs
[(IPr)CoNDmp] 413 9.5 700 [63]
[K(crypt-222)] [Fe(C(SiMe3)3)2] 226 4.5 50 [64]
[MnIII

6 O2(Et-sao)6(O2CPh(Me)2)2(EtOH)6] 60 4.5 1400 [65]
[Mn12O12(O2CCH2Br)16(H2O)4] 52 3.6 20 [66]

Ln(III -based SIMs and SMMs
[Cpttt)2Dy][B(C6F5)4] 1277 60 39 [67,68]
[Dy(OtBu)2(py)5][BPh4] 1261 14� – [69]
Dy(Cy3PO)2(H2O)5]Br3�2(Cy3PO)�2H2O�2EtOH 377 20 200 [48]
[Dy(bbpen)Br] 712 14 200 [46]
[Tb((O-(C6H4)-p-tBu)8 Pc)(Pc)] 652 2 y [70]
[K(18-crown-6)][Er(COT)2] 199 11 35 [71]
[Dy4K2O(OtBu)12]�C6H14 481 5 1400 [56]
[Dy5O(OiPr)13] 368 1.85 y [72]
[K(18-crown-6)(THF)2][{[(Me3Si)2N]2(THF)Ln}2(l-g2:g2-N2)] 227 14 9 [53]
[Dy4(l3-OH)2(bmh)2(msh)4Cl2] 118 7 1400 [73]
Heterometallic 3d-4f SMMs
[Fe2Dy(L1)2(H2O)]ClO4�2H2O 319 – – [74]
[Zn2Dy(L2)2(MeOH)]NO3�3MeOH�H2O 305 11 200 [54]

Ligand abbreviation: Cy = cyclohexyl; bbpen = N0-bis(2-hydroxybenzyl)-N,N0-bis(2-methylpyridyl)ethylediamine;crypt = cryptand; py = pyridine; pc = phthalocyanine; dmp
= 2,6-dimesitylphenyl; IPr = N, N0-bis(2,6-diisopropylphenyl) carbine; sao = salicylaldoxime; COT = cyclooctatetraene; THF = Tetrahydrofuran; H2bmh = 1,2-bis(2-hydroxy-3-
methoxybenzylidene) hydrazone; msh = 3-methoxysalicylaldehyde hydrazine; L1 = 2,20 ,200-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene)) tris(4-chlorophe-
nol); L2 = 2,20 ,200-(((nitrilotris(ethane-2,1-diyl))tris(azanediyl))tris(methylene))tris-(4-bromophenol); Cpttt = 1,2,4-tri(tert-butyl)cyclopentadienide.
y Field sweep rate is unknown.
� obtained from zero-field cooling experiment.
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1.2. Electronic states of Ln(III) ions

Since this review deals with molecular magnets based on lan-
thanide complexes, it is pertinent to give a brief overview about
the magnetic properties of Ln(III) ions. For greater details the
reader is referred to authoritative review articles [31]. Compared
to the first row transition metal ions, Ln(III) ions possess large spin
ground states and an inherently stronger magnetic anisotropy [9].
Notably, Gd(III) (4f7) is magnetically almost isotropic in nature. Eu
(III) (4f6) inherits a non-magnetic ground state (total angular
momentum quantum number J = 0). Apart from these two ions,
all the remaining Ln(III) ions could be potential candidates for
molecular nanomagnetism. However, Dy(III) ion is endowed with
a unique characteristic of the largest free-ion magnetic moment
among its congeners resulting from the combination of a high total
angular momentum (J = 15/2) and large g-factor (gj = 4/3) [9]. Con-
sequently, the central ion in the arena of Ln(III)-based molecular
nanomagnets is Dy(III) and a vast number of Dy(III)-based com-
plexes are found to exhibit fascinating SMM behaviour. However,
as mentioned before, since the unpaired electrons of the Ln(III) ions
reside in the significantly shielded 4f orbitals, the orbital angular
momentum remains mostly unquenched by crystal fields resulting
in a significantly strong first order spin-orbit coupling (SOC) [9].
This is one of the important reasons, from the magnetism point
of view, for the interest in Ln(III) complexes [10]. In order to have
at least a qualitative understanding of the electronic states of the
Ln(III) ions, a representative energy spectrum of the electronic
states and the commonly involved perturbations for Dy(III) ion is
depicted in Fig. 2. The electron-electron repulsions within the 4f
orbitals results in several possible electronic states according to
the Russel-Saunders coupling scheme (Fig. 2) [9]. In the case of
Ln(III) ions, the effect of SOC is much larger than crystal field
effects on the splitting of the electronic states. Hence, the effect
of the latter can be considered as a perturbation to the electronic
states generated by the former. With this brief background, let us
examine the electronic energy levels of Dy(III). The ground state
term symbol can be determined by Hund’s rules [77] which for
Dy(III) is 6H15/2 (Table 2). The degeneracy of the magnetic eigen
states present in the term symbols is lifted due to SOC. For the
Ln(III) ions possessing oblate electrostatic potential surfaces corre-
sponding to the eigen states of the ground J manifold, the eigen
state with the larger total quantum number (MJ value) will be more
stable for strong axial crystal-field environments (Fig. 2). Each of
these eigen states corresponds to a defined magnetic moment ori-
ented along a particular direction with respect to ionic local coor-
dinates. Because of this, the measurement of a magnetic property
such as magnetic susceptibility will sense different magnitudes
for different polar and azimuthal angles which are described as
magnetic anisotropy. The various energy levels of the eigen states
lead to preferential population distribution, particularly below a
certain temperature. Hence, the macroscopic magnetization
moment and its orientation are dictated by the most-populated
eigen state.

1.2.1. Additional perturbations
In addition to the description given above, each of the magnetic

eigen states of the free ion will again split into several (2J + 1) pos-
sible electronic states (spectroscopic terms) if the Ln(III) ion is
under the influence of a non-spherical ligand field. From the coor-
dination chemistry of lanthanide ions, it can be readily seen that
most of them prefer large coordination numbers in the range of
eight to eleven with generally distorted coordination geometry
and hence possess low symmetry. Therefore, in most of the cases,
the degeneracy of these spectroscopic terms is completely lost,
what remains is the so-called time-reversal symmetric degeneracy.
As the electronic spins constitute time-reversal symmetric quan-
tum eigen states, each of the electronic states is at least doubly
degenerate except under few conditions. For the systems with an
integer value of J, the non-Kramers ions, this double degeneracy
of MJ level is lifted in low symmetric environment by crystal field
of the ligands. On the other hand, for the systems with a half-
integer value of J, the Kramers ions, these factors cannot remove
the degeneracy according to the Kramers double degeneracy theo-
rem [9]. However, irrespective of the nature of J, this double degen-
eracy is lost in the presence of an external magnetic field, which is
the Zeeman effect [9]. Each of the Zeeman lines can again be split
into a set of very closely spaced (Fig. 2) electronic states owing to
coupling with nuclear spins (hyperfine splitting); however, this



Fig. 2. A schematic relative energy spectrum (not to the scale) of electronic states originated from 4f orbital of the Dy(III) ion (4f9) via perturbations through (from left to right)
electron-electron repulsion (only the ground state term symbol, 6H15/2, is shown), SOC, CF interactions, Zeeman effect (under � 1 T dc field) and electron-spin-nuclear-spin
coupling (hyperfine coupling), respectively.DE refers to the approximate energy separation between the ground and excited states of the respective perturbation domain. It is
important to note here that there are seven stable isotopes for Dy, among which the 161Dy (I = +5/2) and 163Dy (I = �5/2) are the only two nuclear spin active isotopes. The
natural abundances of these two isotopes are 18.9% and 24.9%, respectively. For simplicity, only one isotope of Dy(III) is considered here.

Table 2
Spin-orbit ground term symbols for Ln(III) ions.

Ln(III) Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb

fn f 1 f2 f3 f4 f5 f 6 f 7 f 8 f 9 f 10 f 11 f 12 f 13

Term symbol 2F5/2 3H4
4I9/2 5I4 6H5/2

7F0 8S7/2 7F6 6H15/2
5I8 4I15/2 3H6

2F7/2
Free ion g-value 6/7 4/5 8/11 3/5 2/7 0 2 3/2 4/3 5/4 6/5 7/6 8/7
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perturbation is usually weak. In situations where crystal-field per-
turbation is significant, hyperfine splitting influences the macro-
scopic magnetic properties prominently [78–82]. This influence is
particularly manifested in magnetization relaxation of such sys-
tems through the mechanism of quantum tunnelling (vide infra).
Finally, it may be mentioned that since the electronic energy levels
are influenced by SOC in conjunction with CF, the macroscopic
magnetic properties of the Ln(III) ions become complicated and
hence, the temperature dependence of the magnetic susceptibility
of these systems does not follow the phenomenological Curie-
Weiss law [9,10].

1.3. Crystal-field symmetry and ionic anisotropy

From the chemists’ viewpoint, it is immensely important to
know what kinds of chemical and geometric environments around
the metal ions are to be targeted in order to induce desired mag-
netic properties. It is worth recalling here, at least qualitatively,
the impact of crystal-field symmetry on the magnetic properties
of the Ln(III) ions. As mentioned in the preceding section, any
low-symmetry ligand field around the Ln(III) sites lifts the 2J +
1degeneracy of the free-ion eigen states (Fig. 2) [83]. For an elec-
tron, i, such perturbation can be described by a one-electron oper-
ator, uCF(i), accounting for the potential generated by a charge
distribution q(R) as a function of radial distance, rj, as expressed
in Eq. (1).
uCFðiÞ ¼ �e
Z

qðRÞ
jR� rjjdv ð1Þ

The overall perturbation (UCF) on an ion constitutes the sum of
these one-electron operators acting on all the electrons. One can
thus determine the CF perturbation from the solution of a secular
determinant with matrix elements of the genre <Wk|UCF|Wk>,
where W corresponds to the many-electron eigen function [83].
It is worth noting thatWk can be expressed by spherical harmonics.
Thus, there is complete freedom to analyse all the possible symme-
tries of perturbations around metal ion sites. In reality, according
to Stevens, the product of a radial function and of Legendre polyno-
mials can describe satisfactorily the electrostatic potential around
the Ln(III) ions satisfying all the possible symmetry conditions [84].
Thus, one can express the potential in terms of an irreducible
representation of a sub-group of the rotation group. Following this,
an operator equivalent approach, where the overall potential is a
sum of equivalent angular momentum operators, enables one to
express the above mentioned matrix elements via choosing an
appropriate constant element. Under this circumstance, the

Hamiltonian, ĤCF , describing the overall CF perturbation can be
then expressed through a phenomenological relation according to
the Wybourne formalism [85] as in Eq. (2).

ĤCF ¼
X
i;k;q

~Bq
kCðiÞqk ð2Þ
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Where ~Bq
k corresponds to crystal-field (CF) coefficients, CðiÞqk stands

for a one-electron operator equivalent acting on ith electron and it
can be defined by spherical harmonics, PðiÞqk , as defined by Eq. (3):

CðiÞqk ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p

2qþ 1

s
PðiÞqk ð3Þ

It is important to note that the Eq. (2) stands meaningful only
for well-defined coefficients. For example, for the Ln(III) ions, it is
limited to k67 and �k 6 q 6 k. The parts associated with even k
(0, 2, 4, 6) determine the CF splitting and the parts associated with
odd k (1, 3, 5, 7) determines the electronic dipole transition prob-
ability in optical spectroscopies [86,87]. In view of magnetic prop-
erties of the Ln(III) ions, it is quite reasonable to consider only the
ground state eigen functions of the ions, i.e. considering only even
k. Again at the same time, where the SOC renders much more
energy splitting than the CF splitting, as in Dy(III) complexes, one
can assume negligible mixing between different J multiplets. Thus,
in the cases of Ln(III) ions, the CF Hamiltonian can be simplified
according to Stevens formalism [84] as in Eq. (4), where the one-
electron operator equivalent Pq

k can be expressed as a function of
total quantum number J.

ĤCFðJÞ ¼
X
k;q

Bq
kP

q
k ¼

X
k;q

akð1� rkÞAq
k < rk > Pq

k ð4Þ

where k is the operator order; <rk> is the expectation value of rk; ak
corresponds to the Stevens equivalent coefficients a, b, c for k = 2, 4
and 6, respectively; rk represents the shielding parameters of the 4f
shells of the Ln(III) ion. Notably, both Aq

k and Bq
k correspond to the

ground state CF parameters. The non-zero q terms must be consis-
tent with the point group symmetry around the Ln(III) ion sites. The
non-vanishing CF parameters associated with the Ln(III) ion sites
under commonly observed symmetries are well-described [88,89].
The negative q values correspond to the complex operators, but
all the Stevens coefficients are real [90]. The detailed expressions
of the operator equivalents and the corresponding matrix elements
are described [89,90]. It is worth emphasizing that one can establish
a correlation between the CF parameters ~Bq

k and Bq
k , where the for-

mer is associated with both the ground and excited states and the
latter with only the ground states, in terms of a, b and c by using
Eqs. (2) and (4). The subtraction transformation ~Bq

k � Bq
k can be used

for the assessment of the nature of magnetic anisotropy. Notably, in
an identical ligand environment, drastically different magnetic ani-
sotropy can result for different Ln(III) ions [33,91]. Using these
parameters, one can speculate whether a particular Ln(III) ion in
the ligand environment will be an easy-plane or an easy-axis (vide
infra) anisotropic system [92,93].

Rinehart and Long have given a qualitative picture to assist in
maximizing the single–ion anisotropies of Ln(III) ions in a particu-
lar crystal field environment [33]. The strong angular dependence
of 4f orbitals leads to different 4f electron charge densities in the
Ln(III) ions. The basic shapes of the charge density distributions
corresponding to various eigen states in the ground J manifold
for various Ln ions are calculated mathematically by a quadrupole
approximation [33]. For the same purpose, with more rigorous
mathematical calculations considering higher ranking terms, Jiang
et al. have employed an electrostatic model with an effective point
charge displacement consideration [94]. However, the shapes are
found to be prolate (axially elongated), oblate (equatorially
expanded), or isotropic (spherical) in a given frame of reference.
The shapes of the electrostatic potential surfaces corresponding
to the eigen states with the maximum MJ values of ground J man-
ifolds for different Ln(III) ions, as evaluated by Jiang et al. [94], are
shown in Fig. 3 (top). On the other hand, Fig. 3 (bottom) also dis-
plays the variations of the shapes of the electrostatic potential sur-
faces corresponding to the eigen states of different MJ values of the
ground J manifolds for different Ln(III) ions, as calculated by Long
et al. [33].

Obviously, the eigenstate(s) (with pure MJ or mixed state) asso-
ciated with the minimized electron-electron repulsive contacts
between ligand and 4f electron charge cloud will be the most
stable. Naturally for best SIM characteristics, one needs the largest
MJ value as a ground state and the gap between the ground and the
excited states has to be as large as possible. Ideally, relaxation via
the highest lyingMJ energy level would render the highest possible
energy barrier for magnetization reversal. To achieve this, the ori-
entation of the anisotropic axes of the excitedMJ levels must be co-
linear with the ground state anisotropy axis. This condition is dif-
ficult to meet in an asymmetric ligand field environment. However,
if desired symmetry/pseudo symmetry is maintained, this is cer-
tainly achievable and in this regard low-coordinate lanthanide
complexes have a better chance of being good molecular magnets
than other classes of compounds.

1.4. Determination of crystal-field parameters

Complete understanding and analysis of magnetic behaviour of
SIMs require accurate determination of CF parameters (the Stevens
coefficients). According to the Stevens formalism (Eq. (4)), if we
ignore hyperfine splitting (Fig. 2), the magnetic behaviour of a Ln
(III) ion is characterized by as high as 27 independent coefficients
if the Ln(III) ion is under a non-spherical field. Therefore, reliable
determination of magnetic properties of such systems through
model-fitting is nearly impossible due to over-parameterization
issues. However, higher symmetry reduces the number of Stevens
coefficients and therefore makes it easier to simulate magnetic
data. The allowed Stevens coefficients for different ligand-field
symmetries are described in literature [95,96]. It is also worth not-
ing here that the angular overlap model [97–99] can also be
employed alternatively for describing CF perturbation where the
parameters are chosen intuitively based on the chemical models.
However, the recommended ways of accurate determination of
the crystal-field parameters are spectroscopic techniques in con-
junction with the magnetization measurements. In principle, the
eigen function corresponding to each electronic sub-multiplet
can be scrutinized and the associated eigen values can be probed
by appropriate spectroscopic techniques subject to the practical
limitations. The useful spectroscopic techniques are electron para-
magnetic resonance (EPR), [100] inelastic neutron scattering (INS),
[101,102] nuclear magnetic resonance (NMR), [103–106] low-
energy X-ray absorption (X-ray absorption spectroscopy (XAS)
and X-ray magnetic circular dichroism (XMCD), [107–109] and
optical absorption and luminescence [110–112]. A qualitative dia-
gram depicting the energies involved in various spectroscopic
measurements is portrayed in Fig. 4.

Considering the vast possibilities of coordination geometries
and chemical environments around various metal centres, theoret-
ical prediction of model complexes for potential SIMs bears
immense importance. In this regard, considerable attention has
been paid to formulate reliable methodologies for accurate deter-
mination of CF parameters using first principle methods. This is
difficult and computationally highly expensive. Nevertheless, sev-
eral approaches are now in use. For example, the magnetic proper-
ties of Ln(III) ions are well reproduced via ab initio calculations
using multi-configurational self-consistent field methods (eg.
CASSCF) [113–115]. Simulation of the magnetic property of Ln
(III) ions considering full Hilbert space of all possible microstates
of the 4f shell can be satisfactorily performed by the CONDON pro-
gram [116–118]. The SIMPRE program [119], which is coded with
the Stevens coefficients considering effective point-charge models,
is attracting attention recently for computing magnetic properties



Fig. 3. Electrostatic potential surfaces corresponding to the eigen states with different MJ values for each Ln(III) ion. In absence of crystal-field, all the eigen states with
different MJ values are degenerate for a particular Ln(III) ion. The shapes are evaluated with respect to the local reference frame for the electrostatic potential surfaces
corresponding to the eigen states with the maximum MJ values (top) [94] and with different MJ values (bottom) [33] for the ground J manifolds of the Ln(III) ions. Figure and
captions are reprinted from the Ref. [33], and the Ref. [94] with permission from Royal Society of Chemistry.
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Fig. 4. The eigen states landscape (not to the scale) of Dy(III) ion portraying the energy levels associated in optical absorption (Abs), magnetic circular dichroism (DCM), far
infra-red (FIR), inelastic neutron scattering (INS), electron paramagnetic resonance (EPR), emission and Raman spectroscopic phenomena. Zeeman effect in general and
hyper-fine splitting are omitted for clarity.
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of Ln(III) SIMs [119–123,119,120,122–124]. The orientation of the
magnetic anisotropy axes and the energy level structures of Dy
(III) complexes can be determined by MAGELLAN program which
uses electrostatic optimization of the aspherical electron density
distribution [120]. But, it is worth pointing out that such evalua-
tion by MAGELLAN program requires the ground doublet to be
MJ = ±15/2 state and no mixing of the ground MJ with excited MJ

is expected. For a complex having low-symmetry environment,
with strong equatorial ligation, this program cannot be employed.

1.5. Quality-check parameters of Ln single-molecule magnets

For a paramagnetic metal ion possessing magnetic anisotropy
that originates from spin-orbit coupling (SOC), the total angular

momentum vector, Ĵ, is a linear combination of the total ground

state spin vector, Ŝ, and orbital angular momentum vector, L̂. The
total quantum number is given by either J = L � S if the open shell
is less than half-filled, or J = L + S if the open shell is more than half-
filled. It is worth remembering that, for the 3d-transition metal
ions, the CF perturbation is much stronger than SOC perturbation.
Therefore, the magnetic microstates (MS) can be defined by the
total ground spin (S) and the energy landscapes of these magnetic
microstates is governed by the uniaxial magnetic anisotropy
parameter [9]. In contrast, for the lanthanide ions, the SOC pertur-
bation is far stronger than the CF perturbation. Therefore, the mag-
netic microstates (MJ) can be represented by the total quantum
number, J, essentially resulting in a total number of (2J + 1) number
of magnetic microstates for a particular 2S+1LJ term symbol [9].
However, in the majority of the Ln-based SIMs/SMMs, there exists
significant mixing of the eigenstates in the J manifold, which leads
to complicated energy landscapes. As mentioned earlier, different
Ln(III) ions experience different CF perturbations even in the same
coordination geometry and ligand environments, and thus differ-
ent energy landscapes are expected. To have an insight into this,
it is worth citing here the detailed calculations by Ishikawa et al.
for the energies of the sub-states of the J manifolds for a series of
bis(phthalocyaninato)lanthanide complexes where the Ln(III) ions
are sandwiched between two phthalocyaninato ligands (Fig. 5)
[93,125]. Effectively, the Ln(III) ions are octa-coordinated and in
distorted square-antiprism symmetry. From Fig. 5, it is evident that
the eigen states are not necessarily organized following the
decreasing/increasing order of either the MJ quantum number or
the energy spacing between two adjacent eigen states. Moreover,
the direction of the magnetic anisotropy axis may also be different
for the eigen states with different MJ quantum numbers [126].
1.5.1. Determination of the effective barrier height (Ueff) for
magnetization reversal

For an Ising-type system with ground J = 15/2 (ca. Dy(III) single-
ion magnet) under extremely axial CF, the energy landscape of the
magnetic microstates could resemble the time-reversal symmetric
double-well potential as depicted in Fig. 6. It is also worth men-
tioning the difference between the height of the double-well
potential and the effective energy barrier (Ueff) for magnetization
reversal. Provided all but Orbach mechanisms of relaxation (vide
infra, Fig. 6) are prohibited, the molecules in principle can revert
their magnetization moment (i.e. jumping from one potential well
to other in the double-well potential) via climbing through all the
possible MJ states as depicted by dashed-green arrows in Fig. 6.
Thus, the energy required for such magnetization reversal equals
to the height of the double-well potential (U = Ueff; for the defini-
tion of Ueff see below.). But, in practice, spin-lattice relaxations
(direct/Raman) and quantum tunnelling of magnetization accom-
pany the Orbach process. The former processes are more prone
in the excited states. Therefore, it is not necessary for the system
to climb all the possible MJ states for magnetization reversal.



Fig. 5. Left: the structure of bis(phthalocyaninato)lanthanide complex anions; Right: energy landscapes of the sub-states of the ground J manifolds of [Pc2Ln]�TBA+(1) (Ln =
Tb, Dy, Ho, Er, Tm, or Tb; TBA = tertiary butyl ammonium). The MJ value of each sub-state is indicated to the right hand side of the corresponding energy level. Figure and
captions are reprinted with permission from the Ref. [93]; Copyright @ 2003, American Chemical Society, and the Ref. [125]; Copyright @ 2004, American Chemical Society.

Fig. 6. The most common mechanisms involved in the magnetization relaxation of
magnetically bi-stable systems. Colour codes: green = thermally activated (Orbach)
process; red = quantum tunnelling of magnetization (QTM) or thermally assisted
(TA) QTM; blue = phonon-triggered direct (Raman) spin-lattice relaxation. Gener-
ated based on the Ref. [6].
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In the majority of Ln(III) based SIMs/SMMs, magnetization
reversal takes place through first (eg. MJ = +15/2?MJ = +13/2?
MJ = �13/2?MJ = �15/2; Fig. 6) or second (eg. MJ = +15/2?MJ

= +13/2?MJ = +11/2?MJ = �11/2?MJ = �13/2?MJ = �15/2;
Fig. 6) excited state [20–33]. Therefore, the effective energy (Ueff)
required for the magnetization reversal is the energy spacing
between the ground state (MJ = +15/2) and the first excited state
(MJ = +13/2) or the ground state (MJ = +15/2) and the second
excited state (MJ = +11/2), respectively in the above both cases. It
is worth emphasizing further here that, as mentioned earlier, the
eigen states are not necessarily organized following the decreas-
ing/increasing order of the MJ values. As portrayed in Fig. 5, the
ground, the first- and second excited states for Tb analogue associ-
ate with MJ = ±6, ±5 and 0, respectively. On the other hand, those
states for Dy analogue correspond to MJ = ±13/2, ±11/2 and ±9/2,
respectively.

However, the quality of an SIM/SMM is certified with the mag-
nitude of the Ueff and the threshold temperature (TB, known as
blocking temperature, vide infra) below which the slow relaxation
of magnetization or magnetic hysteresis loop is exhibited. In other
words, the larger the Ueff and TB values are, the better the SIM/SMM
is. Experimentally the value of effective energy barrier for magne-
tization reversal can be determined by the relaxation times (s)
which itself can be extracted from out of phase components (v00)
of the alternating current (ac) magnetic susceptibility, which is
elaborated in Section 1.6.1. Several transition metal and lanthanide
metal complexes with very large Ueff values are reported in the last
two decades. Some of the reported lanthanide-based SIMs possess
Ueff values which are much larger than many of the transition
metal SMMs such as {Mn12} (See Table 1). However these large
values are not directly translated into magnetization blockade in
lanthanide complexes as the other relaxation processes are often
prominent, rendering Ueff value not so useful parameter in the
assessment of the efficacy of lanthanide-based SMMs.

1.5.2. Determination of magnetization blocking temperature (TB)
In order to quickly ascertain the viability of a molecular magnet

for any potential utility one of the first criteria that need to be
assessed is the blocking temperature, TB, below which the
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magnetization is blocked and the system continues to be magne-
tized even after the field is switched off. However, the magnitude
of TB is subject to the methods that are employed to determine
it. Though various schools prefer to express TB in various ways,
there are three basic methods for determining it. The old-
fashioned text book definition for TB is the particular temperature
where the zero-field cooled (ZFC) vM vs T plot exhibits a maximum,
but field-cooled (FC) vM vs T plot does not (vM = the molar mag-
netic susceptibility and T = the temperature in absolute scale). It
is to be noted that the value of TB in this method depends on the
applied dc magnetic field and the temperature sweep rate. A higher
TB value is expected for weaker applied dc magnetic field and for
faster temperature sweep rate. The blocking temperatures mea-
sured by this method for two isostructural SIMs, [Dy(Cy3PO)2(H2-
O)5]Cl3�(Cy3PO)�H2O�EtOH (2) and [Dy(Cy3PO)2(H2O)5]Br3�2
(Cy3PO)�2H2O�2EtOH (3) (Cy3PO = tricyclohexylphosphine oxide)
are 8 K and 11 K, respectively, under 1 kOe dc field at 2 K/min tem-
perature sweep rate [127]. The second method is associated with
the field-dependent magnetization measurements where TB is
defined by the maximum temperature (in absolute scale) above
which no hysteresis loop is observed at a reference field-sweep
rate. Faster field-sweep rates render higher TB values [127]. For
the above two isostructural SIMs, the blocking temperatures mea-
sured by this method are 11 K and 20 K, respectively, at a field-
sweep rate of 200 Oe/s [127]. The most common method for
expressing TB includes investigation of slow-magnetic dynamics
via ac magnetic susceptibility studies. The thermally activated
slow-relaxation of magnetization follows first order kinetics [9].
Provided this process is dominant over other processes (vide infra),
the magnetization blocking is characterized by the maximum
observed in the frequency-dependent or temperature dependent
out-of-phase (v00

M) ac magnetic susceptibility [4,53,128]. The block-
ing temperature determined in this method corresponds to the
highest temperature at which the average life-time of the magne-
tization moment is a given period of macroscopic time [7]. A char-
acteristic blocking temperature is observed for a particular ac
frequency under a given applied dc magnetic field for a molecular
magnet. TB = 2.5 K for the first discovered SMM, Mn12ac, under a
minimal applied dc magnetic field that is required to suppress
quantum tunnelling of magnetization (QTM) [2].

In order for the blocking temperature to be a universal quality
check parameter a universal set of measurements need to be fol-
lowed. For example, in the case of the Tb(III) SIM, [([(Me3Si)2N]2(-
THF)Tb)2(l-g2:g2-N2)]� (4) [53], magnetization blocking has been
investigated by all the above described three methods. The ZFC vM

vs Tplot revealed TB � 15 Kunder an applieddcfield of 1 T.Magnetic
hysteresis loops are observed up to 15 K for a field-sweep rate of 9
Oe/s. The magnetization blocking is observed up to 34 K within
1.5 kHz ac frequency under zero-applied field. Hence, the TB could
be set to 15 K irrespective of the determination methods provided
a specific set of parameters (e.g. applied dc field and temperature
sweep rate for ZFC-FC susceptibility study; dc field-sweep rate for
hysteresis loop study; and applied dc field and ac frequency for ac
susceptibility study) are set for a specific method. If one uses such
specific parameters as the reference parameters for expressing TB,
the relative quality of molecule-based magnets could be judged
universally.
1.6. General mechanisms for magnetization relaxation

The physical significance of the double well potentials depicted
in Fig. 6 is that, if the molecules in a potential well have all the
spins up, then the molecules in the other potential well will have
all the spins down. For the Ising-type systems, the deepest portions
of the potential wells are ground states. Movement from one well
to the other well is accompanied by spin-flipping i.e., the magneti-
zation is reversed. If the system is kept below a certain threshold
temperature (referred as the magnetization blocking temperature;
TB), the molecules cannot shuttle between the potential wells via
the kinetic energy. Under this circumstance, once magnetized,
the magnetization moment will remain oriented along the aniso-
tropy axis for a macroscopic time period before it relaxes back to
the ground state. However, such magnetization relaxation of
molecule-based magnets can well resemble with the longitudinal
relaxation of an angular momentum characterized with the time-
scale, s, which takes place through exchange energy with crystal
lattice in a phonon bath. In some of the SIMs, the effective magne-
tization reversal occurs between the lowest energy eigen states
(Ising-doublet states) involving with a third excited eigen state.
The lowest energy Ising doublet states are mutually correlated with
the time-reversal symmetry and they incorporate hyperfine split-
ting (for the systems with non-zero nuclear spins). Therefore,
quantum tunnelling of magnetization (QTM), a mechanism for
magnetization reversal which does not require any energy barrier,
is inevitable in SIMs. QTM is highly efficient in the low-
temperature domain and is further promoted by inter-molecular
spin-dipolar interactions. Though the ground state QTM is temper-
ature independent, it can also take place between excited Ising
doublet states being assisted by temperature (as depicted by red
dashed lines in Fig. 6). The QTM phenomena in SIMs/SMMs have
been extensively studied and elaborated in several reviews and
books [7,129,130]. However, it is worth pointing out here that
QTM limits the magnetization relaxation times at the lowest tem-
peratures and it decreases the Ueff by depleting the ground state
magnetization strength [7]. But, QTM can be suppressed signifi-
cantly by lifting the degeneracy of the Ising doublet states by
means of applied dc magnetic field and/or strong magnetic
exchange bias [4,6]. Moreover, symmetry of the coordination
geometry and the CF strength of the ligand environment around
the metal ions also play crucial roles in influencing the QTM. As
mentioned earlier, the Stevens-Wybourne formalism could enable
one to assess the nature of anisotropy of a molecular complex.
Employing this knowledge, one can design appropriate ligand envi-
ronments to stabilize the highest anisotropic ground states and can
suppress QTM. For example, the perturbation leading to QTM
between any Ising doublet states can well be described by the
pseudo-half spin two-state Hamiltonian for the Ising doublet states
[7]. Any CF environment which stabilizes the axial anisotropy sup-
presses QTM by preventing the depletion of the magnetization
moment. On the other hand, any CF perturbation (even though
very small, which is the case for Ln(III) ions), which leads to off-
diagonal elements in the matrix representation of the Hamiltonian,
renders QTM. In addition to these, hyperfine interactions [82] and
spin-dipolar interactions [131] promote QTM. Therefore, in most of
the cases, in order to exclude intermolecular contribution and in
order to judge the slow dynamics of magnetization of purely
molecular origin, investigation on magnetically diluted sample is
mandatory [132].

On the other hand, magnetization relaxation through spin-
phonon coupling is temperature dependent and it can occur
through several modes. The most common modes are (1) one-
phonon (direct) process [133,134], (2) two-phonon Orbach process
[135] and (3) two-phonon Raman process [100,133]. The tempera-
ture dependence of these processes is briefly described in the fol-
lowing section.

1.6.1. Temperature dependence of spin-phonon coupling relaxation
The relaxation through spin-phonon coupling involves the

Zeeman-split doublet states. The one phonon (direct) relaxation
is the least energetic process and is associated with the Zeeman-
split doublets of Ising double states without involving any third
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excited state (blue dashed lines, Fig. 6) [133,134]. It can be proved
that the rate (K) for the dynamics of magnetization relaxation (in
other words, the inverse of the relaxation time constant, 1/s)
through such a process is subject to the applied magnetic field
(B), temperature (T) of the system and the number of electrons
(n) in the open shell of the ion [100]. For the SIMs with n = odd
(Kramers ions), the rate can be expressed as K(DK) = 1/s = s0B5-
coth(l0lBgB/2kBT) � B4T; and the rate for the systems with n =
even (non-Kramers ions) is K(DK0) = 1/s = s0B3coth(l0lBgB/2kBT)
� B2T, where s0 = proportionality constant; lB = Bohr magneton;
g = g-factor of the ion; kB = Boltzmann constant. Notably, the above
final approximations for both the cases hold only when the Zee-
man splitting energy (l0lBgB) is negligibly smaller than the kinetic
energy (2kBT). In such a circumstance, the effective phonon density
of states is very small and hence, the direct process for the magne-
tization relaxation is inefficient. Therefore, systems tend to revert
their magnetization through two-phonon relaxations.

If a system relaxes between the Ising doublet states (with
energy E1) via a third excited state (with energy E2) by means of
two-phonon Orbach process, the rate can be expressed as K(O) =
1/s = s00(Ueff)3exp{�Ueff/(kBT)}. Where s00 = proportionality con-
stant; kB = Boltzmann constant; T = temperature in absolute scale
and Ueff = energy barrier for the magnetization reversal = E2 � E1
[135]. The Orbach process is more prone in relatively higher tem-
perature domains, but holding the condition E2 � E1 » kBT. It is evi-
dent that the above relation resembles with the Arrhenius law for
the temperature dependence of rate constant, k = A0exp(�DE/kBT)
where A0 = pre-exponential factor, DE = activation energy, kB =
Boltzmann constant and T = temperature in absolute scale. The ln
(s) value is linearly dependent on the inverse of temperature (1/
T). The slope of such a linear plot reveals Ueff for the process. The
temperature dependence of s can be determined from the real
(v0

M) and imaginary (v00
M) components of the alternating current

(ac) magnetic susceptibility with the help of generalized Debye
equation [136]. The magnitude of Ueff can be estimated from the
linear regime of the ln(s) vs 1/T plot by fitting with the Arrhenius
equation [56]. The constant term s00(Ueff)3 refers to the pre-
exponential time constant and it is represented by s0. Smaller mag-
nitude of s0 implies low rate constant, i.e. slower relaxation of
magnetization.

The magnetization relaxation through a two-phonon process
may also be dependent on the applied magnetic field in conjunc-
tion with the temperature (Raman process). Similar to the one-
phonon direct process, the field and temperature dependence of
the Raman process are subject to the number of electrons in the
open shell of the ions [100,133]. The Raman process rate for the
Kramers ions is expressed as K(RK) = 1/s = RrT

9 + aBR0
rT

7B2 and for
the non-Kramers ion, it is expressed as K(RK0) = 1/s = RrT

7, where
Rr and R0

r are the parameters dependent on the chemical systems,
and aB is a constant. However, it is noteworthy that if there are
low-lying energy states in the proximity of the ground state, the
powers of the temperature terms decrease and thus, markedly dif-
ferent magnetic dynamics are observed [137–139].
2. Overview of the reported literature

As discussed thus far, Ln(III) complexes have promise in the
field of molecular magnets because of the strong SOC which arises
due to the fact that the orbital angular momenta are not quenched
even in the complexes. Since the regular Ln(III) complexes possess
high (8–12) coordination numbers and the possibility of increasing
the magnetic anisotropy is quite large in low-symmetry low-
coordinate complexes there have been efforts to realize such com-
plexes. However, stabilizing Ln(III) complexes with low coordina-
tion is a challenge in view of the large ionic radii of the Ln(III)
ions. Recent research is focusing on overcoming these synthetic
challenges. The status of this subject is reviewed herein. We
describe complexes with coordination numbers ranging from 0 to
7. Even though the extremely low coordination compounds are
not often molecular complexes they are included for the sake of
completion.

2.1. Magnetic sites doped on surfaces

The maximum degree of unquenched orbital angular momen-
tum is associated with the non-coordinated ions/atoms. Ideally,
such a scenario can be possible for a free gaseous ion/atom, which,
however, is of no relevance to practical applications. Moreover, in a
gaseous ion/atom in the absence of external magnetic field, all the
(2J + 1) magnetic microstates are degenerate. Even if the ion/atom
is brought into a specific magnetic state, it would be extremely
subtle. The total angular momentum, J, would interact with the
environment (such as the thermal bath of electrons, nuclear spin,
etc.) leading to the transition to the other possible magnetic states
almost without requiring any energy barriers [51]. Obviously, such
a system appears to be unsuitable even for investigation using the
real world experimental conditions. However, doping an anisotro-
pic paramagnetic atom/ion on a metallic surface could be an excel-
lent approximation to such an ideal scenario. The dopant (the
doped ion/atom) will interact with the surrounding atoms of the
substrate (on which the atom/ion is doped) through a variety of
interactions. It may be mentioned that strong orbital overlap
between the dopant and the substrate atoms can render the elec-
tronic ground states of the dopant to mix with the conduction
bands of the substrate, which in general leads to spontaneous elec-
tron spin relaxation [140]. Nonetheless, a proper selection of the
dopant and the substrate surface can enable decoupling of the
magnetization moment of the dopant atom from the conduction
electrons of the substrate, and thus endowing the system with
slow relaxation of magnetization [51,141]. It is also important to
mention that a good orbital hybridization between the dopant
and substrate atoms can lead to shorter average life-time for the
magnetization relaxation [142,143]. As the lanthanides possess
highly shielded 4f valence electrons, their interactions with the
transition metal atoms are very weak. Therefore, lanthanide-
doped transition metal surfaces could lead to promising systems.
Although these systems are not molecular, which is the theme of
this article, in view of their interest and also for the sake of comple-
tion these are dealt herein.

Miyamachi et al. have recently described a system containing a
Ho-doped on Pt(111) surface [51]. The Ho atoms are adsorbed on
the Pt(111) surface at fcc and hcp sites with a C3v local symmetry
(Fig. 7). Theoretical investigation employing first-order perturba-
tion [144] methods reveal the stabilization of the Ho (4f10) atoms
with J = 8. The splitting patterns and the relative energies of the
magnetic eigen states (characterized by the total quantum number,
J) of the Ho atoms under such an environment are portrayed in
Fig. 7. Under C3v symmetry, each of the doublets associated with
MJ = ±6 and ± 3 undergo strong mixing and thereby leading to
zero-magnetization doublet (Fig. 7). The magnetization relaxation
is therefore expected to occur through the second excited state
(i.e. magnetization relaxation taking place at the Ising doublet
eigen states with MJ = ±8 via transition through admixed doublet
eigen states with MJ = ±6) and the estimated energy barrier DE =
62.1 cm�1 (89.4 K) for fcc adsorption sites. The experimentally
observed Ueff values are found to be 65 cm�1 (93 K) and 48 cm�1

(70 K) for fcc and hcp adsorption sites, respectively. More interest-
ingly, the experimental average life-time of the magnetization
moment, which is subject to the excitation energy, is found to be
up to several minutes (�12 min). However, X-ray absorption and
magnetic dichroism studies in combination with CF multiplet cal-



Fig. 7. Magnetic eigen states of Ln atoms characterized by well-defined total quantum number J. (a) Degenerate eigen states of a free atom; (b) Lifting of degeneracy of the
eigen states due to uniaxial anisotropy; (c) The energy landscape of the Ising doublet eigen states for a systemwith J = 8 under C3v point group symmetry. The inset depicts the
fcc and hcp adsorption sites. Figure and captions are reprinted from the Ref. [51] with permission from Nature Publishing Group.
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culations carried out by Donati et al. indicate that such a long aver-
age time for the system is unlikely [145–148].

In a related study it was shown that very interesting magnetic
behaviour was exhibited by the Ho atoms when adsorbed on a
MgO(100) surface that is grown on Ag(100) [145,146]. In this case,
the Ho atoms experience a C4v point group symmetric CF perturba-
tion and there exists a very weak orbital overlap between Ho and
substrate atoms. This leads to admixing of the Ising doublet eigen
states with odd MJ values (MJ = �7, �3, �1 and �5; arranged ener-
getically in an ascending order) resulting in a degenerate ground
doublet. The first excited state was found for MJ = 0 which is sepa-
rated by around 36 cm�1 from the ground doublet (Fig. 8). Due to
such a large energy gap, the Zeeman-split eigen states do not mix
with the higher energy states up to as high as 10 T magnetic fields.
Fig. 8. (a) The DFT simulated geometry of the adsorption sites of the Ho atoms on top
electronic states in combination with Zeeman splitting; (c) The magnetic hysteresis loop a
Ref. [145] with permission from The American Association for the Advancement of Scie
Therefore, the ground state magnetization is protected from QTM
within such a large window of magnetic fields. The magnetic hys-
teresis loop was studied after saturation of ground state population
under an external magnetic field of 6.8 T. Further investigations
revealed a step-less hysteresis loop (Fig. 8) with large coercive field
at 10 K at a field sweep rate of 80 Oe/s. The average lifetime of the
magnetization remnance is remarkable (around 25 min). Interest-
ingly, the magnetization relaxation is found to be temperature-
independent within the 10–2.5 K window. The relaxation is found
to be temperature dependent above 10 K and the magnetization
hysteresis loops were observed up to 30 K at the same field sweep
rate. It is worth pointing that, the slow dynamics of magnetization
was dependent on the thickness of the substrate MgO layers. Dy
atoms adsorbed on graphene deposited over Ir(111) surfaces,
of O on 2-mono layer (ML) MgO/Ag(100); (b) The relative energy of the low-lying
t 6.5 K with a field sweep rate of 80 Oe/s. Figure and captions are reprinted from the
nce.



Table 3
Magnetic parameters of the doped atoms/ions on substrate surface.

Ln(J) Substrate Symmetry* DE(theo) (cm�1)y Hysteresis Sweep rate (Oe/s) s (m) (Temp; K) Refs.

Ho(J = 8) Pt(111) C3v 62.1 (fcc) – – �12 (2.5–10) [51]
Ho(J = 8) MgO(100)/Ag(100) (2-ML) C4v 36 Yes 80 25 (10) [145]
Dy (J = 8) Graphene/Ir(111) C6v 45.2(Hdc=0)

172.6(Hdc–0)
Yes 33 �16 (2.5) [148]

Dy (J = 8) Ir(111)
Graphene/Ru(0001)

– – No
No

– – [148]

Dy (J = 8) h-BN(111)/Ir(111) C3v Ground Jz = 0 No – – [148]
Dy(III) (J = 15/2) SiO2 C1 – Yes 16 – [149]

* The point group symmetry around the doped atoms.
y The most probable excitation energy for magnetisation reversal.
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where the Dy atoms experience C6v CF point group symmetry, also
exhibit promising magnetic hysteresis loops but with relatively
lower average life-time (Table 3) [148]. Although limited, these
examples reveal that such approaches can be a way forward to
realize practical applications. Table 3 summarizes the magnetic
properties of systems involving lanthanide atoms doped on a
surface.

Another way of stabilizing the low-coordinate Ln atom/ion is to
trap them in the interior of fullerenes [150–152]. Though, it is dif-
ficult to generalize the coordination number for these endohedral
metallo-fullerenes (EMFs), the nature of fullerene(C)-Ln(III)
interactions are found to be very weak. Therefore, for the sake of
simplicity, we are considering only the atoms which are
Fig. 9. (a) Molecular structure of DyLu@C79N along with their ground and first excited
barrier for the Dy1 ion; (c) ab initio POLY_ANISO computed magnetization blockade barr
X-ray structure of Dy2@C80(CH2Ph) reported by Popov and co-workers; (e) magnetizatio
and (f) plot showing blocking temperature measurement. In (b–c) the x-axis indicates t
denotes the energy of the respective states. The thick black lines imply Kramer’s doubl
possible pathway of the Orbach/Raman contribution of magnetic relaxation. The hollow
reorientation. The dotted red lines correspond to the QTM/TA-QTM/tunnelling relaxation
are the mean value for the corresponding matrix element of the magnetic moment. Figu
Society of Chemistry. Figure (d–f) and captions are reprinted from the Ref. [154] with p
coordinated to the Ln(III) ions, neglecting the coordination contri-
bution from the fullerene ring.

Based on this assumption, trapping the Ln ion(s) inside the
cages can be considered a way to achieve the zero-coordinate con-
dition around Ln ion. It is also worth mentioning that in these
EMFs, it is possible to avoid atoms possessing nuclear spin (such
N and H for example) and therefore the hyperfine relaxation due
to the ligands can be avoided. Besides, the cages are often rigid,
which leads to larger vibrations and reduces the possibility of other
non-Orbach relaxation channels. As the synthesis of EMFs are often
challenging, ab initio calculations coupled with DFT methods can
be a useful tool to predict target molecules of potential interest.
In this regard, it is worth to mention here that theoretical studies
KD magnetic axis. (b) ab initio SINGLE_ANISO computed magnetization blockade
ier for Dy1–radical exchange coupled systems for the DyLu@665-(C79N) model; (d)
n curves measured at various temperatures with the field sweep rate of 2.9 mT s�1

he magnetic moment of each state along the main magnetic axis while the y-axis
et as a function of magnetic moment. The dotted green and blue lines indicate the
black arrows indicate the most probable relaxation pathway for the magnetization
contributions between the connecting pairs. The numbers provided at each arrow

re (a–c) and captions are reprinted from the Ref. [153] with permission from Royal
ermission from Nature Publishing Group.
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performed on {DyLu@C79N}+ suggest relaxation via first excited
state with a calculated effective energy barrier (Ucal) of 244 cm�1

(Fig. 9a-b) [153]. However for a radical fullerene cage such as
{DyLu@C79N}, very large magnetic exchange coupling (286 cm�1)
between Dy-radical(hetero-fullerene) are found boosting the Ucal

value to 711 cm�1 (Fig. 9c). Recently, Popov and co-workers have
synthesized Dy2@C80(CH2Ph) EMF possessing very strong exchange
coupling between Dy(III) and radical fullerene cage leading to a Ueff

value as high as 426 cm�1 and a reported blocking temperature of
18 K [154]. Hetero-fullerenes are expected to have larger magnetic
exchange constant value because of localization of the unpaired
cage- electron between lanthanide ions and are expected to show
even higher Ueff values.

Notably, doping/grafting of the Ln atoms/ions on non-magnetic
surfaces provides not only the opportunity of exploiting the mag-
netic behaviour of the magnetic sites under very weak CF environ-
ments, but it also renders complete isolation (magnetic dilution, in
other words) of the magnetic sites. Recently, Coperét and co-
workers investigated the magnetic behaviour of Dy(III) ion grafted
on the surface of SiO2 nanoparticles [149]. The Dy(III) ions were
grafted on SiO2 surfaces through two-step process starting from
the molecular complex [Dy(OSi(OtBu)3)3(j2-HOSi(OtBu)3] ([L0L3-
Dy]; Fig. 10) where the ligands are kinetically labile. EXAFS studies
revealed that the Dy(III) ions in both [L0L2Dy]/SiO2 and Dy@SiO2

incorporate pentacoordination with non-centrosymmetric coordi-
nation geometry (Fig. 10) [149].
Fig. 10. (a) Molecular structure of [L0L3Dy]. H atoms are omitted for clarity. Colour codes:
SiO2 and Dy@SiO2 along with the synthetic scheme of the later starting from the former. (
2 K. (d) Magnetization hysteresis loops for Dy@SiO2 at dc field sweep rate = 16 Oe/S in 2
with permissions from the American Chemical Society 2017 copyright Act.
Interestingly, the molecular complex [L0L3Dy] does not exhibit
slow relaxation of magnetization. On the other hand, [L0L2Dy]/
SiO2 and Dy@SiO2 are found to exhibit slow relaxation of magne-
tization. While, Dy@SiO2 displays distinct openings in the magne-
tization hysteresis loops at zero-field up to 5 K, the magnetization
hysteresis loop for [L0L2Dy]/SiO2 remains closed at zero-field even
at the lowest temperature (Fig. 10). Slow relaxation of magnetiza-
tion in [L0L2Dy]/SiO2 and Dy@SiO2 in contrast to [L0L3Dy] certainly
stems from magnetic dilution (magnetic site isolation upon graft-
ing on SiO2 surface). Observation of the openings in the magnetiza-
tion hysteresis loops at zero-field for Dy@SiO2 in contrast to
[L0L2Dy]/SiO2 could be attributed to the distortion in coordination
geometry and the change in CF symmetry.

2.2. Hepta-coordinate lanthanide complexes

The most commonly observed coordination geometries for the
hepta-coordinate Ln(III) complexes are the pentagonal bipyramid
(PBP) [46–48,54,155] and the capped-octahedron [45,50,156–
158]. In view of point charge of the ligating sites, several point
group symmetries may associate with a given coordination
geometry (eg. D5h, C2v, C5v etc. for PBP). However, D5h is the highest
possible CF point group symmetry for the PBP coordination geome-
tries. As depicted in Fig. 11(top) for the hypothetical [DyF7]4� spe-
cies, the energy landscape of J = 15/2 manifold for the Dy3+ ion
under D5h CF point group symmetry incorporates well-isolated
grey: C; red: O; yellow: Si; and cyan: Dy. (b) Schematic representations for [L0L2Dy]/
c) Magnetization hysteresis loop for [L0L2Dy]/SiO2 at dc field sweep rate = 16 Oe/S at
–5 K temperature range. The figures and captions are reprinted from the Ref. [149]



Fig. 11. Top: Relative eigen values of the Ising double eigenstates of the ground state J = 15/2 manifolds for Dy(III) ion in hypothetical [DyFn]3�n species under different
possible coordination geometries, where n stands the coordination numbers ranging from 1 to 12.MJ corresponds to the projection of the total angular momentum J = 15/2 on
the magnetic anisotropy axis associated with the lowest energy Ising doublet eigen state. The eigen values were obtained from ab initio calculations for arbitrarily fixed Dy-F
distance = 2.50 Å. Figure and captions are reprinted with permission from the Ref. [21]. Copyright @ 2016, American Chemical Society. Bottom: Ab initio SINGLE-ANISO
computed magnetization blockade barrier for PBP {Er(OH)7}4� (left) and {Dy(OH)7}4� (right) models. Plotted from the data given in Ref. [115].
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doublets and all the doublet eigen states are almost uniaxial for the
Kramers ions [21,159]. Therefore, Ueff is expected to be almost
equal to the height of the energy landscapes. Ab initio calculations
performed by some of us on pentagonal bipyramidal {Er(OH)7}4�

and {Dy(OH)7}4� models with equal Dy-O bond distances (2.35 Å)
[115] suggest relaxation via sixth excited KD for the former with
Ucal value 166 cm�1. Whereas, extensive QTM for the latter is seen
in the ground state (Fig. 11). {Er(OH)7}4� model has strong trans-
verse ligand field. Because of the two axial components of the
ligand field, relaxation is not occurring via highest excited state
but through sixth excited state, QTM has been suppressed up to
higher excited state. Orbach relaxation representing off-diagonal
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elements are also found to be very small up to highest possible
excited state.

The first four KDs are purely Ising in nature and next two KDs
are strongly axial in nature suggesting relaxation via sixth excited
state through TA-QTM. In {Dy(OH)7}4� model, the transverse
ligand field is large enough to cause relaxation via ground state.
To overcome this in pentagonal bipyramidal complexes, weak
transverse ligand field in conjunction with strong axial ligand field
strength is needed to minimize the electronic repulsion between
the f-orbital electrons and ligand field electrons. Kazin and co-
workers have isolated {DyO}+ ions in an apatite matrix with the
nominal composition M10�xDyx(PO4)6(OH1�x/2)2, where M = Ca, x
= 0.5 (5), x = 1 (6), M = Sr, x = 0.1 (7), x = 0.2 (8) [160]. Although
here {DyO}+ is incorporated in the lattice, the Dy(III) ion also inter-
acts with the lattice oxygen forming a seven coordinated Dy(III)
complex. Experimental Ueff values for these systems are found to
be 792 cm�1, 784 cm�1, 1025 cm�1 and 1043 cm�1 for 5–8, respec-
tively, with blocking barriers up to 11 K for 7. SHAPE analysis sug-
gests a distorted pentagonal bipyramidal geometry for Dy(III)
centre. One of the Dy-O bonds is found to be very short compared
to other Dy-O bonds, providing strong axial ligand field and caus-
ing the relaxation to occur via fourth excited state (Fig. 12).

Notably, unlike transition metal ions, chelating ligands are not a
prerequisite for the stabilization of Ln(III) ions in the PBP geometry.
Even, seven mono-dentate ligands can render PBP geometries
around Ln(III) ions (Fig. 13). Considering all the coordinating
Fig. 12. (a) X-ray structure the fragment of the molecule; (b) Magnetization vs. magnetic
are reprinted from the Ref. [160] with permission from John Wiley and sons.
oxygen atoms around the Ln(III) ions point-charge-wise identical
in [Dy(Cy3PO)2(H2O)5]Cl3�(Cy3PO)�H2O�EtOH (2) [48], [Dy(Cy3-
PO)2(H2O)5]Br3�2(Cy3PO)�2H2O�2EtOH (3) [48], [Zn2DyL2(MeOH)]
(9) [54] and [L2Nd(H2O)5][I]3�2L�H2O (L = tBuPO(NHiPr)2; 10) [47],
the CF point group symmetry around these metal ions can be con-
sidered as D5h (Fig. 13).

The energy landscapes of J manifold for Dy(III) in 2 and 3 are
depicted in Fig. 14. The difference in topology of the energy land-
scapes in 2 and 3 compared to [DyF7]4� species stems from the
CF asymmetry induced by the presence of H-bonded Cy3PO moi-
eties in the second coordination sphere of the former. However,
in the case of 2, the Zeeman eigen states corresponding to the
ground and first excited doublets are well separated. But the
admixing of the second excited doublet eigen states is so strong
that it leads to almost zero-magnetization doublet and in turn
opening the gate here for the magnetization reversal. But in the
case of 3, such strong admixing is noticed for the first excited states
which are energetically at close proximity to the second excited
doublet.

Interestingly, the transition matrix element for the ground and
second excited doublet (1.7) is much larger than the ground and
first excited doublet (0.3). Therefore, for both the cases, the magne-
tization reversal is expected to occur effectively through the
second excited state (DE = 368 and 278 cm�1 for 2 and 3, respec-
tively) which supports the experimentally observed effective
energy barriers for magnetization reversal (Ueff = 328 and 377.4
field at 1.8 K and (c) modelled magnetization blockade diagram. Figure and captions



Fig. 13. Single-crystal X-ray structures of 2, 3, 9, 10, 12. Only the first coordination spheres are shown for 2 and 3. H atoms are omitted for clarity. The red and blue dotted
lines in 2 and 3 indicate anisotropy axes of the labelled Kramers doublets (KD). The black solid arrow in 12 represents the C2 axis. Figure and captions are reprinted from the
Refs. [47,54] with permission from Royal Society of Chemistry, the Ref. [48]; Copyright @ 2016, American Chemical Society, and the Ref. [155] with permission from Nature
Publishing Group.
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cm�1, respectively). In the case of 9, the Ueff determined from ac
magnetic susceptibility studies is found to be 305 cm�1, which
agrees reasonably well with the theoretical energy barriers for
the magnetization reversal occurring through the second excited
states (DE = 303.3 cm�1 calculated for 9 and 302.6 cm�1 calculated
for a hypothetical [Dy(H2O)7]3+ (11) species in D5h CF point group
symmetry). Overestimation of theoretical effective energy barrier
owing to ignoring the second coordination sphere can be realized
by considering the magnetic data for 10 (Fig. 13). Ab initio calcula-
tions for 10 considering D5h CF point group symmetry predicts
magnetization reversal to occur through the first excited state sit-
uated above 209.9 cm�1 from the ground state. But, the ac mag-
netic susceptibility studies revealed Ueff = 17.2 cm�1 under zero-
field and 27.2 cm�1 under an applied magnetic field 2 kOe. It is
worth remembering that, in addition to such symmetry omission,
theoretical calculations also put aside the intermolecular spin-
dipole interactions, nuclear-spin coupling, crystallographic tem-
perature for generating geometric parameters, etc. which some-
times render the theoretical predictions noticeably different.
Exhibition of markedly higher effective energy barrier for magneti-
zation reversal by Dy(III) ion in D5h coordination CF compared to its
Nd(III) analogue could be attributed to the difference in the angular
charge distributions of the 4f-electrons. In comparison to Dy(III)
ion, Nd(III) ion bears more diffused 4f-electronic charge on the
equatorial plane of the oblate-like electrostatic potential surface
corresponding to the Ising-limit eigenstates (MJ = ±9/2) [33,94].
Therefore, stronger CF strengths operating on the equatorial plane
of the coordination geometry with D5h symmetry is expected to
render destabilization of Ising-limit eigenstates for the Nd(III) ion.

The pentagonal bipyramidal coordination geometry of [DyNCN]
[155] (NCN = [2,6-(2,6-C6H3R2N=CH)2-C6H3]�; a pincer ligand) (12)
belongs to the C2v CF point group symmetry and the theoretical
energy landscape of the J manifold is as portrayed in Fig. 14. The
magnetization reversal is expected to occur through the second
excited state requiring an energy barrier of 262 cm�1. The experi-
mentally observed zero-field Ueff values (233 cm�1 for the net
polycrystalline solid samples and 270 cm�1 for magnetically
diluted samples (Dy/Lu = 1/19 by population)) agree very well with
the theoretical prediction. However, it is noteworthy that ground
state electron distribution around Dy(III) is oblate in nature and
hence, it prefers strong axial and weak equatorial ligand fields
[33]. The evidence of such a preference can be demonstrated with
the PBP complexes [Dy(bbpen)X] (X = Cl; 13 and Br; 14) [46]. The
coordination environments around Dy(III) ion in both the com-
plexes associate with C2v point group symmetry (Fig. 15). The
experimentally determined zero-field Ueff values are found to be
492 cm�1 for 13 and 712 cm�1 (828 cm�1 for magnetically diluted
samples; Dy/Y � 1/20) for 14. Such a remarkable difference in com-
parison to 12 can be attributed to weak-field halides on the equa-
torial planes and strong-field alkoxy oxygens in the axial positions



Fig. 14. The ab inito calculated low-lying energy levels for 2 (upper left), 3 (upper right), 10 (lower left) and 12 (lower right). The bold horizontal black lines depict the relative
energy of the eigen states of the ground J manifolds. The values indicated on the arrows are the transition matrix elements associated with the connected eigen states.
Magnetization reversals via Orbach mechanism involves the paths marked by the red arrows. Figure and captions are reprinted with permissions from the Ref. [48]; Copyright
@ 2016, American Chemical Society, the Ref. [47] with permission from Royal Society of Chemistry, and the Ref. [155] with permission from Nature Publishing Group.

Fig. 15. The single crystal X-ray structures of the complexes 13 (left) and 14 (right). The purple dotted line represents the anisotropy axis. The equatorial plane around the Dy
atoms is indicated by the green plane. Figure and captions are reprinted with permission from the Ref. [46]. Copyright @ 2016, American Chemical Society.
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Table 4
Magnetic parameters of the hexa- and hepta-coordinate Ln(III) SIMs.

Complex (No.) Ucal(theo) (cm�1)y Ueff (cm�1) (Hdc; Oe)* Hysteresis TB(K)
� Refs.

[Dy(Cy3PO)2(H2O)5]Cl3�(Cy3PO)�H2O�EtOH (2) 368 328 (0)321.1
(1000)

Yes 11 (200 Oe/s) [48]

[Dy(Cy3PO)2(H2O)5]Br3�2(Cy3PO)�2H2O�2EtOH (3) 378 377.4(0) Yes 20 (200 Oe/s) [48]
[Zn2DyL2(MeOH)] (9) 289.9 305 (0) Yes 11 (20 Oe/s) [54]
[L2Nd(H2O)5][I]3�2L�H2O (10) 209.9 17.2 (0)27.2

(2000)
– – [47]

(DyNCN) (12) 262 233270
(0; dil.)

Yes – [155]

[Dy(bbpen)Cl] (13) 586 492 (0) Yes 7.5 (1 kOe)8
(20 Oe/s)10
(20 Oe/s; dil.)

[46]

[Dy(bbpen)Br] (14) 721 712 (0)828
(0; dil.)

Yes 9.5 (1 kOe)14
(20 Oe/s)

[46]

[Dy(OtBu)2(py)5][BPh4] (15) 1220 1261 (0) Yes 14 (2 kOe)8.8
(12 Oe/s)

[69]

(Et3NH)[(H2LDyCl2] (16) – 48.6 (500; dil) – – [161]
[Dy(trensal)] (17) 50 7 (900) No – [50]
[Er(trensal)] (18) 54 22 (800) No – [50]
[Dy(EIFD)(H2O)]�CH2Cl2 (19) – 39.4 (0) Yes – [158]
[Dy(BIPMTMS)2][K(18C6)(THF)2] (23) 515.7

562.9
501.1 (0)565
(0)

Yes 10 (1 kOe)10
(35 Oe/s)12
(100 s)

[55]

[Zn2DyL2] (24) 294.8 – Yes – [54]
[Yb(H3L)2]Cl3�5CH3OH�2H2O (25) �160 No [164]

y The most probable theoretical excitation energy for magnetisation reversal.
* Experimentally observed energy barrier for magnetization reversal.

� The blocking temperature expressed through ZFC susceptibility at Hdc (kOe), or/and hysteresis at DH (Oe/s) or/and average life-times (s) study.

Fig. 16. The single crystal X-ray structure (a), (b), ab initio calculated energy landscape for the ground Jmanifold (c) and the temperature dependent relaxation time constants
(s; open black squares) with the best fit (solid red line) under zero dc field (d) of the complex 15. Figure and captions are reprinted from the Ref. [69] with permission from
John Wiley and sons.
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for 13 and 14. Moreover, Br causes weaker CF in the equatorial
plane than Cl and thus, larger Ueff is expected for the former ana-
logue. It is worth pointing out that all the above complexes with
PBP geometry exhibit magnetic hysteresis loops with low-to-
moderate coercive field (Table 4).

As the Dy(III) ion possesses oblate electrostatic potential sur-
faces in the ground eigen states, the seven coordinated complexes
with PBP coordination geometry that render weaker equatorial and
stronger axial CF are expected to exhibit better magnetization
dynamics. Zheng, Winpenny, Chilton and co-workers investigated
in detail the magnetic property of [Dy(OtBu)2(py)5][BPh4] (15)
where the heptacoordinated Dy(III) ion associates with five pyridyl
N atoms in the pentagonal equatorial plane and with two alkoxy O
atoms in the axial coordination sites (Fig. 16) [69]. The dc magnetic
susceptibility measurement revealed room temperature vMT pro-
duct to be 14.10 cm3 K mol�1, as expected (14.17 cm3 K mol�1)
for a magnetically exchange-free Dy(III) ion [69]. The ZFC-FC sus-
ceptibility study (under 2 kOe dc field) indicated the magnetization
blocking temperature (TB) around 14 K (Fig. 16). Detailed ab initio
(CASSCF-SO) calculations predicted that the low-lying KDs with
relative energies 0, 564, 940 and 1141 cm�1 are constituted by
Fig. 17. (a) The single crystal X-ray structure of the 16. (b) The temperature dependent o
under Hdc = zero (blue) and 1.5 kOe at 1 kHz ac frequency. The solid lines are eye-
susceptibilities (v00

M , solid dots) for the magnetically diluted samples of the Y(III) analogu
only. (d) The temperature dependent relaxation time constants (s; open blue circles: mag
line) under dc fields (Hdc = 1.5 kOe for the neat sample and 500 Oe for the diluted sample)
2018, American Chemical Society.
the eigen doublets with almost pure MJ = ±15/2, ±13/2, ±11/2
and ± 9/2, respectively. The subsequent states are admixed to form
a bunch of narrowly spaced energy states above around 1183–
1237 cm�1 (Fig. 16) and the most probable relaxation of the mag-
netization is predicted to occur through theses bunch of energy
states (Ueff � 1220 cm�1). Detailed ac magnetic susceptibility stud-
ies on the polycrystalline solid samples of 15 displayed out-of-
phase ac susceptibility maximum up to 100 K at 1.5 kHz ac fre-
quency under zero dc field. Analysis of the temperature dependent
relaxation time constants (lns vs 1/T) showed a linear regime
within 67–100 K (Fig. 16). The best fit to the whole temperature
domains resulted out Ueff = 1261 cm�1 with s0 = 1.17(6) � 10�12 s,
which agrees well with the theoretical prediction. Notably, in spite
of such a high Ueff, the openings in the magnetic hysteresis loops at
zero-field are found only up to around 8.8 K for 15 [69]. The alkoxy
O is moderately strong CF donor. Employment of stronger CF
donors, such as cyanide, phosphine oxides, etc. could suppress
QTM more and thereby could result in higher blocking
temperature.

So far we have come across pentagonal bipyramid (PBP) com-
plexes with various ligand environments. The complexes with
ut-of-phase ac susceptibilities (open circles) of the polycrystalline neat sample of 16
guides only. (c) The variable temperature frequency dependent out-of-phase ac
e with 5% Dy(III) site populations under Hdc = 500 Oe. The solid lines are eye-guides
netically diluted sample; solid black circles: neat sample) with the best fit (solid red
. Figure and captions are reprinted from the Ref. [161] with permissions. Copyright @
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weaker equatorial and stronger axial CF are found to exhibit better
SIM behaviour. Therefore, rational tuning of ligand environment,
extremely strong axial CF in comparison to the equatorial CF, can
result in very high magnetization blocking temperatures. It is
worth pointing out that rational design and synthesis of Ln based
PBP complexes are rare in literature. The PBP coordination geome-
try in all the above described complexes is achieved through a
serendipitous manner. Moreover, the coordination sphere in these
complexes is fulfilled by either kinetically labile monodentate
ligands (ca. 3) or multidentate chelating ligands (ca. 9) in such a
manner that further chemical modification within the coordination
spheres does not guarantee the preservation of PBP coordination
geometry.

Therefore, strengthening the axial CF via employing stronger CF
donors at the axial coordination sites in these complexes appears
extremely difficult. Recently, we have reported a synthetic strategy
for a series of Ln(III) based PBP complexes ((Et3NH)[(H2LLnCl2];
H4L = 2,6-diacetylpyridine bis-(salicylhydrazone)) where the coor-
dinating sites in the pentagonal equatorial plane are provided by a
pentadentate chelating ligand (H2L2�) and the axial coordinating
sites are occupied by chloride atoms (Fig. 17). The axially coordi-
nated chlorides are found to be kinetically labile, while the chelat-
ing ligand in the equatorial plane is kinetically rigid. Therefore,
such a complex provides an excellent opportunity to tune the axial
CF strength via employing various ligands in order to tailor mag-
netic behaviour of Ln(III) ions in PBP coordination geometry. How-
ever, the magnetic properties of the Dy (16) and the Tb analogues
with simple chloride atoms in the axial coordination sites are
investigated and SIM behaviour is observed for the Dy analogue.
The room temperature vMT products for both the Dy(III) (14.5
cm3 K mol�1) and Tb(III) (12.2 cm3 K mol�1) analogues are as
expected (14.17 and 11.82 cm3 K mol�1, respectively) for the mag-
netically exchange free ions. The ac magnetic susceptibility studies
revealed that the Tb analogue does not exhibit any out-of-phase ac
signals even under applied dc fields [161]. On the other hand, the
Dy(III) analogue (16) displays distinct maxima in the variable tem-
perature frequency dependent out-of-phase ac susceptibility (v00

M)
plots even under zero dc field. However, the QTM is significantly
large under zero dc field and it is suppressed significantly upon
application of dc fields (Fig. 17b). Detailed ac magnetic susceptibil-
ity studies are carried out under Hdc = 1500 and 500 Oe for the neat
and magnetically diluted samples, respectively. Notably, the mag-
netization dynamics for both the neat and magnetically diluted
samples are found similar, with Ueff � 48.6 cm�1 and s0 = 1.91 �
10�6 s. High QTM and consequently low Ueff in 16 can be attributed
to the stronger equatorial CF and weaker axial CF in this PBP
coordination geometry.
Fig. 18. Schematic draw
Hepta-coordinate Ln(III)-based mononuclear complexes with
principal C3 symmetry axis are in general stabilized by the tripodal
H3trensal/H3trenovan encapsulating ligands or by b-diketone-
based chelating ligands (Fig. 18) [45,50,157,158]. However, Lucac-
cini et al. have performed extensive investigations both theoreti-
cally (using angular overlap model [162]) and experimentally
(EPR spectroscopy) to determine the magnetic parameters for
two C3 symmetric hepta-coordinate complexes [Dy(trensal)] (17)
and [Er(trensal)] (18) (where H3trensal = 2,20,200-Tris-(salicylidenei
mino)triethylamine); Figs. 18 and 19) [50]. Theoretical calculations
predict that each of the eight Kramers doublets are energetically
well separated and the energy separations between the ground
and first excited states are 50 and 54 cm�1 for 17 and 18, respec-
tively [50]. The theoretical effective g-factors for these two com-
plexes are found to be g? = 9.6; g = 2.6 and g? = 1.2; g = 13,
respectively. It is worth pointing out that the complex 17 repre-
sents an easy-plane anisotropic model, while the complex 18 repre-
sents an easy-axis anisotropic model though the Ln(III) ions are in
chemically and crystallographically identical environment
(Fig. 19). The EPR spectroscopic studies also confirm such beha-
viour (g? = 9.4 ± 0.5; g = 1.8 ± 0.1 and g? = 3.6 ± 0.1; g = 11.8 ± 0.4,
respectively). Interestingly, both the complexes are predicted to
exhibit slow relaxation of magnetization (Fig. 19). Ac magnetic sus-
ceptibility studies indeed revealed slow relaxation of magnetiza-
tion with effective energy barriers Ueff = 7 cm�1 under Hdc = 900
Oe and 22 cm�1 under Hdc = 800 for the complexes 17 and 18,
respectively. The experimental Ueff values differ noticeably from
the theoretical predictions because the relaxation of magnetization
in these cases does not occur through the anisotropy barrier;
instead it occurs through multi-relaxation pathways (direct,
Raman and QTM), which is evidenced by detailed investigations
on magnetically diluted samples [50,163]. However, though nei-
ther 17 and 18 exhibits a magnetic hysteresis loop, 17 deposited
on graphene/Ru(0001) or graphene/Ir(111) exhibits distinct mag-
netic hysteresis loops [156].

Using the same approach, magnetic properties of another series
of complexes with the general formula [Ln(trenovan)] (H3treno-
van = 2,20,200-tris(((3-methoxysaliclidene)amino)ethyl)-amine; Ln
= Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb; Fig. 19) have
been investigated. In this case, the Ln(III) centres have a local C3
point group CF symmetry [157]. Interestingly it is observed that
the Nd(III), Er(III) and Yb(III) analogues possess an easy-axis type
magnetic anisotropy, while the Ce(III), Gd(III) and Dy(III) analogues
possess an easy-plane type magnetic anisotropy. Both the classes
exhibit SIM behaviour. Dong et al. have performed magneto-
structural investigations for a series of hepta-coordinated Dy(III)
complexes with the general formula {[Dy(EIFD)X]�Y} (where EIFD
ings for the ligands.



Fig. 19. The representative single crystal X-ray structures of the complexes [Ln(trensal] (Ln = Dy (17) and Er (18); (a)) and [Ln(trenovan)] (Ln = Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, andYb; (c)). Colour codes: fluorescent green/magenta = Ln; red = O; light blue = N; grey = C and light grey = H. (b): Temperature dependence of magnetization
relaxation time constant (s) for 17 (blue) and 18 (red). The inset ellipsoids depict the nature of magnetic anisotropy associated with the ground doublets of 17 (easy-axis type;
below) and 18 (easy-plane type; above). (d): Temperature dependence of magnetization relaxation time constant (s) for [Ln(trenovan)] (Ln = as labelled). Figure and captions
are reprinted from the Ref. [50] with permission from Royal Society of Chemistry, and the Ref. [187]; Copyright @ 2017, American Chemical Society.

Fig. 20. Single crystal X-ray structure (left) and coordination geometry around the Dy ion (right) of 19. Colour codes: Magenta = Dy; green = F, red = O; blue = N and grey = C.
H atoms are omitted for clarity. Figure and captions are reprinted from the Ref. [158] with permission from the Royal Society of Chemistry.
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= 1-(1-ethyl-1H-indol-3-yl)-4,4,4-trifluorobutane-1,3-dione, X =
ancillary ligands such as H2O (19)/DMF (20)/DMSO (21)/TPPO
(TPPO = triphenylphosphine oxide; 22), Y = interstitial solvent =
DCM for 19 and 20 and no solvent at all for 21 and 22; Figs. 18
and 20) [158]. The coordination geometry around Dy(III) in these
complexes is distorted capped-octahedron with approximate C3v
CF point group symmetry (Fig. 20). The geometric distortion from
ideal capped-octahedron is the least for 19 and the most (almost
to the capped-trigonal antiprism) for 22, while moderate distortion
is observed for 20 and 21. Detailed ac magnetic susceptibility
investigations revealed that 19 exhibits zero-field magnetization
blocking in the temperature domain 2–12 K (Ueff = 39.4 cm�1).
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Weak magnetization blocking was detected for 20 and 21 towards
lower temperature only upon employing external dc magnetic
fields and with relatively low Ueff values (19.9 and 19.2 cm�1 under
Hdc = 2 kOe for 20 and 21, respectively). But, no magnetization out-
of-phase ac signal was detected for 22 even under dc fields. More-
over, except 22, rest of the complexes 19–21 display magnetic hys-
teresis loops with low coercive fields, where wider loop-opening is
noticed for 19 compared to 20 and 21. Such a scenario can be
accounted by the suggestion that QTM is more important for larger
geometric distortions. Among these complexes, 19 experiences
strong axial ligand field and thereby stabilizing the oblate elec-
tronic distribution of the ground doublet.

2.3. Hexa-coordinate lanthanide complexes

Hexa-coordinate Ln(III) complexes are far less common unlike
transition metal complexes, where hexa-coordination is usually
the norm. The most frequent hexa-coordination is noticed for the
solvent-free acetylacetonate (acac) or acac-derivative-based Ln
(III) complexes. Even such complexes in the presence of suitable
donor solvents or additional ligands quickly transform to higher
coordination situations [30]. Although examples of hexa-
coordinated Ln(III) complexes that function as SIMs are sparse,
there are several multinuclear SMMs/SCMs incorporating hexa-
coordinate Ln(III) ions [22,56,165–167]. However, as predicted
from theoretical investigations for the hypothetical [DyF6]3� spe-
cies, trigonal prism and trigonally distorted octahedron coordina-
tion geometries stabilize the Ising doublet eigen states with MJ =
15/2 as the ground states and all of the Ising doublets are quite
well-isolated (Fig. 11). The height of their energy landscapes is also
significantly large (over 600 cm�1). Therefore, Dy(III)-based
hexa-coordinated trigonal prism/trigonally distorted octahedron
geometric complexes are worth attempting experimentally. On
the other hand, octahedral geometry leads to well-isolated first
and third Ising doublets, but admixing of the other eigen states
(Fig. 11). Moreover, its Ueff is expected to be quite low compared
to its prism/ trigonally distorted octahedron geometric analogues.

Ab initio calculations performed by some of us on {Er(OH)6}3�

and {Dy(OH)6}3� models possessing ideal octahedral geometry
are worth mentioning here [115]. Calculations performed on these
models suggest relaxation via ground state for both Er(III) and Dy
(III) models because of the cubic ligand field around Ln(III) ion
(Fig. 21). Thus a perfect octahedral geometry is unlikely to exhibit
Fig. 21. Ab initio SINGLE-ANISO computed magnetization blockade barrier for octahe
information, see Fig. 46. Plotted from the data given in Ref. [115].
any interesting SMM characteristics. However there are ways to
improve the properties of octahedral Dy(III) or Er(III) molecules.
For oblate ions (such as Dy(III)) strong axial ligand field is needed
which can be achievable in these octahedral complexes if four
ligands in the equatorial positions are weakly interacting while
two ligands in the axial position are strongly interacting, this
would then stabilize large MJ levels as the ground state leading
to moderate to weak SMM characteristics. On the other hand for
prolate Ln(III) ions (such as Er(III)), strong equatorial ligation and
weaker axial ligation is desired.

Gregson et al. have studied extensively the magnetic behaviour
of [Dy(BIPMTMS)2] [K(18C6)(THF)2] (23, BIPMTMS = {C(PPh2-
NSiMe3)2}2�, 18C6 = 18-crown-6 ether) [55]. The Dy3+ ion in 23 is
hexa-coordinate and it adopts a distorted octahedral (Oh) geometry
(Fig. 22). CF multiplets calculation for 23 revealed that the lowest
three doublets are anisotropically uniaxial. The ground doublet is
purely isolated, the first and second excited doublets are slightly
admixed and a strong admixing takes place for both the third
and fourth excited doublets with proximate eigen states (Fig. 22).
Interestingly, the second excited doublet is essentially axial (gxx
= 0.09, gyy = 0.14 and gzz = 14.27) and hence, QTM is not efficient
in spite of admixing. Such a scenario suggests the probability of
magnetization reversal through the third excited doublet (gxx =
2.09, gyy = 5.61 and gzz = 14.11) and consequently, two relaxation
barriers are expected. Theoretical prediction for the existence of
two relaxation barriers (DE = 515.7 and 562.9 cm�1) is confirmed
(Ueff = 501.1 and 565 cm�1). The complex exhibits magnetic hys-
teresis loops with relatively weak coercive fields. Magnetization
blocking temperature (TB) for the complex was expressed through
all the three methods discussed in Section 1.5.1 and the values
with corresponding parameters are summarized in Table 4.

Ab initio calculations have been performed on [Zn3Dy{(py)2C(H)
O}6](ClO4)3 model complex by some of us [165]. This model has
been obtained from diamagnetic substitution of Ni(II) ion with
Zn(II) ion from a previously reported molecule [165]. This molecule
has a distorted octahedral ligand field around Dy(III) ion and
relaxes at the ground state due to strong tunnelling with a possible
barrier of 16.6 cm�1 in applied field condition (Fig. 23). The local
symmetry of the hexa-coordinate Ln(III) ion in the complex [Zn2-
DyL2] (24; where L = 2,20,200-(((nitrilotris(ethane-2,1-iyl)tris(azane
diyl))tris(methylene))tris-(4-bromophenol))) [54] and [Yb(H3L)2]
Cl3�5CH3OH�2H2O (25; where H3L = tris(((2-hydroxy-3-methoxy
benzyl)amino)ethyl)-amine) [164] is distorted Oh (Fig. 24). Though
dral {Er(OH)6}3� and {Dy(OH)6}3� models (left and right respectively). For more



Fig. 22. (a) Single crystal X-ray structure of the anionic part of 23. H atoms are omitted for clarity; (b) low-lying energy landscapes for 23 from CF multiplet calculations; (c)
magnetic hysteresis loop of 1 at 2.8 K with 35 Oe/s field sweep rate and (d) temperature dependence of relaxation times (stars) and the best fits (solid lines). Figure and
captions are reprinted from the Ref. [55] with permission from Royal Society of Chemistry.

Fig. 23. Ab initio computed orientation of the principal magnetization axes of the ground and first excited KDs along with pseudo C3 axis (left). Ab initio computed
magnetization blocking barrier for single-ion Dy(III) (right). Thick black line indicates KDs as a function of magnetic moment. Dotted green lines show the possible pathway of
the Orbach process. Dotted blue lines show the most probable relaxation pathways for magnetization reversal. Dotted red lines represent the presence of QTM between the
connecting pairs. The numbers provided at each arrow are the mean absolute values for the corresponding matrix element of the transition magnetic moment. Figure and
captions are reprinted from the Ref. [165] with permission from John Wiley and Sons.
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the complex 24 is trinuclear, it can be termed as SIM as the Dy(III)
is the sole paramagnetic centre in the complex. However, none of
these two complexes (24 and 25) exhibit zero-field magnetization
blocking though the first excited state is situated at a considerably
high energy (Table 4). It is quite surprising especially for 24, where
ab initio calculations revealed the ground doublet to be anisotropic



Fig. 24. Single crystal X-ray structures of the complexes 24 (left) and 25 (right), their field-dependent magnetizations (middle) at indicated temperatures and dc field sweep
rates and variable temperature variable frequency out-of-phase ac susceptibility (v00

M; bottom) under indicated ac and dc fields. The color codes: yellow = Dy (24); yellow
(highlighted with octahedron) = Yb (25); green = Zn; brown = Br; red = O; blue = N and grey = C. The H atoms are omitted for clarity. Figure and captions are reprinted from
the Ref. [54] with permission from Royal Society of Chemistry, and the Ref. [164]; Copyright @ 2012, American Chemical Society.
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and almost uniaxial (gxx = gyy = 0.01 and gzz = 19.76). But, in the
case of 25, strong QTM is expected due to a large rhombic CF per-
turbation (gxx = 3.76, gyy = 2.71 and gzz = 0.72). However, external
dc fields induced non-Orbach slow relaxations but magnetic hys-
teresis loops could not be detected for any of them (Fig. 24). To
have an insight of magnetic behaviour for Dy(III) ion in an ideal
Oh geometry with oxygen coordination sites, Liu et al. have per-
formed ab initio calculations for a hypothetical species, [Dy
(H2O)6]3+ (26). They found that the ground Kramers doublet is
completely isotropic (gx = gy = gz = 6.582) and the first excited state
is situated only above 23.3 cm�1 from ground state [54]. Therefore,
the presence of weak slow relaxation in 24 induced by external
fields can be attributed to geometric distortion. On the other hand,
significantly large energy barriers and magnetic hysteresis loops in
23 stem from the strong axial-(C-Dy-C) and weak equatorial (Dy-
N) ligand fields which stabilize the oblate electronic distribution
of the ground state doublet.

2.4. Penta-coordinate lanthanide complexes

Mononuclear penta-coordinate Ln(III) complexes are well
known in the literature [168–173]. The common coordination
geometries observed in such complexes are distorted trigonal
bipyramidal geometry and distorted square pyramidal [174–179].
The trivalent five-coordinate lanthanide complexes find consider-
able interest in the field of catalysis for cross coupling and poly-
merization reactions [180–183]. Interesting magnetic properties
are also observed in multinuclear five-coordinate Ln(III) complexes
[53,184] Here our focus is only on the magnetic features of the
mononuclear analogues.

Ab initio calculations on two different penta-coordinated
geometries, square pyramidal and trigonal bipyramidal models
with molecular formula {Er(OH)5}2� and {Dy(OH)5}2� have been
reported by some of us earlier (Fig. 25) [115]. In the square pyrami-
dal model of Er(III) ion, the first three states are strongly axial in
nature (0.002–0.047). Orbach relaxation representing off-diagonal
elements is found to be small up to the third excited state and
QTM probability is also found to be small for the first three KDs.
Thermally assisted QTM is found to be very dominant between
the third excited state KDs (1.0). This causes relaxation via third
excited state with Ucal value 157 cm�1. On the other hand in the
square pyramidal model of Dy(III) ion, ground state QTM is found
to be very large (1.1) and cause relaxation via ground state KD.

In the trigonal bipyramidal model, the axial ligand field is
expected to be stronger compared to the square pyramidal model.
Because of the stronger axial ligand field in Er(III) trigonal bipyra-
midal model, ground state QTM is found to be significant (0.3) and
first excited state thermally assisted QTM is also found to be extre-
mely large enough (2.2) to cause relaxation through it. However, in
the Dy analogues of the same, QTM has been suppressed up to sec-
ond excited state. Orbach relaxation representing off-diagonal ele-
ments are also found to be very small up to third excited state.
Ground and first excited KDs are purely Ising in nature and second
excited KD is strongly axial in nature. TA-QTM between third
excited state is found to be large (3.5) suggesting relaxation via
third excited state through TA-QTM with Ucal value 475 cm�1.



Fig. 25. Ab initio SINGLE-ANISO computed magnetization blockade barrier for (a) square pyramidal {Er(OH)5}2�; (b) square pyramidal {Dy(OH)5}2�; (c) square bipyramidal
{Er(OH)5}2� and (d) square bipyramidal {Dy(OH)5}2� models. For more information see Fig. 46. Plotted from the data given in Ref. [115].
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Five-coordinate Dy(NHPhiPr2)3(THF)2 (27) and Er(NHPhiPr2)3
(THF)2 (28) complexes were synthesized and characterized by Tang
and co-workers. These complexes contain three sterically hindered
amide ligands (2,6-iPr2-C6H3NH) in the equatorial plane and two
THF ligands in the axial plane (Fig. 26 (a) and (b)) [49]. The Dy
(III) complex has been shown to be a zero-field SIM while the Er
(III) analogue is a field- induced SIM.

The coordination of THF molecules in the axial positions of the
complexes breaks the equatorial crystal field around Dy(III) ions
which stabilizes a highMJ state imposing a large magnetic moment
into the ground states. Dynamic magnetization studies show that
at high temperatures (T > 11 K), the relaxation follows an
Arrhenius-like behaviour affording a barrier Ueff = 34 K and
s0 = 2.07 � 10�5 s. A very narrow distribution of relaxation times
is observed in the Cole-Cole plots with a parameter below 0.25.
It should be mentioned that Cole-Cole plots are a common method
of representation of dispersion statistics. In the current instance
plots of v00 and v0 are used to obtain the multiplicity and distribu-
tion of relaxation times. On the other hand, an effective barrier of
25 K was observed for 28 with s0 = 6.44 � 10�8 s (400 Oe). For
complex 28, the axially coordinated THF molecules increases the
transverse components of magnetic anisotropy leading to fast
quantum tunnelling and consequently the zero field SIM behaviour
is lost. Further insight into the magnetic relaxation and magnetiza-
tion dynamics was obtained by the ab initio calculations [185]. The
ab initio computed orientations of the g-tensors for the ground
state KDs are shown in Fig. 27(a).

The ab initio computed g-tensors for complexes 27 and 28
(Fig. 27) in the ground state KDs, shows a higher degree of axiality
in 27 (gxx = 0.0074, gyy = 0.0128 and gzz = 19.6742) compared to 28
(gxx = 0.0383, gyy = 0.6381 and gzz = 16.1980). Due to the presence
of higher axiality, the first excited KDs of complex 27 are found lying
quite high in energy (199 cm�1) from the ground state in compar-
ison to complex 28 (76 cm�1). In both the complexes, presence of
significant transverse anisotropy components in the first excited
state leads to relaxation of magnetization through this route via
Orbach/TA-QTMprocesses (Fig. 27). The computed transversalmag-
netic moments in the ground state KDs of complex 28 and the pres-
ence of non-axial crystal field B2

2 term suggests that a significant
QTM (0.11 lB) is expected for this complex and therefore it behaves
as a field-induced SIM. However, a comparatively small calculated
ground state transversal magnetic moment and weak axial crystal
field terms present in complex 27 obscures the QTMprocess leading
to zero field SMM behaviour in complex 27 (Fig. 28).

Recently, Murugesu and co-workers reported a SIM behaviour in
a five-coordinate mononuclear lanthanide complex utilizing a rigid
ferrocene diamide ligand (NNTBS),(NNTBS)DyI(THF)2, (NNTBS = fc
(NHSitBuMe2)2, fc = 1,10-ferrocenediyl (29) [186]. The coordination
sphere of complex 29 is composed of a near linear arrangement of
N-donor atoms of the diamide, twomolecules of THF, and an iodide
atom in a trigonal bipyramidal geometry. A dominant electrostatic
interaction between the N atoms of the NNTBS ligand and the Dy
(III) ion is noted in complex 29 (Fig. 29). The presence of magnetic
blocking was confirmed by magnetic hysteresis openings at H = 0
Oe up to 5 K, and at H– 0 Oe up to 14 K. Dynamic susceptibility
measurements under zero applied dc field, shows a single peak in
the out-of-phase (v00) susceptibility between 1.9 and 60 K, with
shifting peak maxima towards lower frequency.



Fig. 26. (a) Molecular structure of Er(NHPhiPr2)3(THF)2. (b) Crystal structure of Er(NHPhiPr2)3(THF)2. (c) Temperature dependence of v00 for 27 under a zero applied dc field,
with an ac field of 3 Oe. (d) Frequency dependence under 400Oe-dc field of the out-of-phase (v00) ac susceptibility component at temperatures between 1.9 and 6 K for 28.
Figure and captions are reprinted with permission from the Ref. [49]. Copyright @ 2014, American Chemical Society.
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Fitting the v00 data to the Arrhenius law gives Ueff = 535.7 cm�1

and s0 = 8.20 � 10�11 s (inset Fig. 29(b)). A narrow distribution of
relaxation times was found in the Cole-Cole plots with a parame-
ters 	 0.17. In order to gain additional insight of the observed mag-
netic properties and to analyse the factors governing the
magnetization blocking barrier, ab initio calculations were per-
formed on 29. These reveal that the most probable pathway for
magnetic relaxation encompasses the third and fourth KDs, while
the Ueff lies only marginally below the third KD.

These calculations also reveal that the zero-field SIM behaviour
is due to a small transverse magnetic moment in the ground state
resulting in reduced QTM. The observed lowering of Ueff from the
anticipated energy of third KD could be due to the presence of
mixed relaxation mechanisms or a competitive Orbach relaxation
into the higher excited states (Fig. 29(a)). In order to see the effects
of the coordinating THF and iodide ligands, ab initio calculations
were performed on model complexes by sequential removal of
the ligands. It is observed that in the absence of transverse ligands,
a 33.3% increase in the energy splitting of the first KDs is observed,
with gzz 
 gxx, gyy, even in the fourth KD. A nearly 3-fold improved
value of Ueff was obtained for the model complex (43) without THF
and iodide ligands. The magnetic properties of the five-coordinate
lanthanide complexes are summarized in Table 5.

2.5. Tetra-coordinate lanthanide complexes

Mononuclear tetra-coordinate Ln(III) complexes with a variety
of sterically bulky ligands are known in the literature [188–190].
Solid-state structures reveal that most of these complexes possess
a distorted tetrahedral geometry around the metal centre
[189,191–193]. Although such complexes are well studied in the
field of catalysis for cross coupling [194] and polymerization
[183,195] reactions, there has been a growing interest only in the
recent years to study their magnetic properties particularly those
containing anisotropic Ln(III) ions. Table 6 summarizes the mag-
netic properties of the tetra-coordinate trivalent lanthanide
complexes.

Yamashita and co-workers in 2010 first studied the SMM/Kondo
effect in mononuclear tetra-coordinate LnPc complexes (Ln(III) =
Tb, Dy, and Y; Pc = phthalocyanine) that were anchored on Au
(111) surface [197]. The Kondo effect refers to a phenomenon of
anomalous enhancement in the electrical resistance of an atom
when temperature approaches absolute zero [198,199]. While
attempting to deposit [LnPc2]n+ on an Au(111) surface it was found
that in addition to the deposition of the parent molecule, [LnPc]n+

fragments (formal coordination number = 4) are formed which also
are deposited on the Au(111) surface. A Kondo peak was observed
only for the [TbPc]n+ molecules at 4.8 K with a Kondo temperature
(TK) of �250 K near the Fermi level (V = 0 V). In contrast, DyPc, and
YPc showed no Kondo peak (Fig. 30 (i)). The authors indicate that
such [TbPc] n+ systems could be of interest in futuristic spintronic
applications.

Dunbar and co-workers synthesized a 4-coordinate trigonal
pyramidal complex, [Li(THF)4[Er{N(SiMe3)2}3Cl]�2THF (30), and
studied its magnetic properties [52]. Ac susceptibility measure-
ments reveal that the complex is a zero-field SMM with an effec-



Fig. 27. (a) Ab initio computed orientation of the principal magnetization axis of the ground state KDs for complexes Ln(NHPhiPr2)3(THF)2 on top of the X-ray structure. Colour
code: green (Er), pink (Dy), blue (N), red (O), orange (Si) and grey (C). (b) The ab initio computed magnetization blocking barrier for Er(NHPhiPr2)3(THF)2 complex (left) and Dy
(NHPhiPr2)3(THF)2 complex (right). The thick black line indicates the Kramers doublets (KDs) as a function of magnetic moment. The green lines show the possible pathway of
the Orbach process. The blue lines show the most probable relaxation pathways for magnetization reversal. The dotted red lines represent the presence of QTM/TA-QTM
between the connecting pairs. The numbers provided on each arrow are the mean absolute values for the corresponding matrix elements of the transition magnetic moment.
Figure and captions are printed from the Ref. [185] with permission from Royal Society of Chemistry.
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tive barrier to the reversal of magnetization Ueff = 44 cm�1 and s0 =
1.07 � 10�7 s. The observed butterfly-like hysteresis loop at 1.8 K
for 30 further confirms its SIM behaviour (Fig. 31).

Magnetization dynamics studied with the diluted analogue of
31 reveals retention of the out-of-phase signal with partial sup-
pression of the quantum tunnelling regime and a sharper hystere-
sis up to 3 K [52]. Such complexes with axial chloride ligands could
be considered as convenient precursors for the preparation of a
family of derivatives and even the possibility of device applications
by attaching the molecules to surfaces.

Extensive theoretical exploration on 30 and 31 has been per-
formed by some of us recently to probe the role of Cl� ion in the
estimation of Ucal values [200]. Calculations reveal zero-field
SMM characteristic of 30, which is attributed to local symmetry,
strength of donor atoms and geometrical distortions around the
Er(III) ion. The wave function decomposition analysis indicates that
the highest magnetization state (|±15/2i) contributes dominantly
to the ground state KD in 30 with a slight mixing with the excited
states |±9/2i, (0.87|±15/2i + 0.10|±9/2i), the values indicate the
coefficients of the MJ probabilities). Such a mixing of states can
be attributed to the close proximity (within �100 cm�1 of energy
window) between the ground and excited states. On the other
hand, the first three excited KDs are predicted to be dominantly
|±13/2i, |±11/2i, and |±9/2i, however, the extent of mixing is signif-
icantly larger for these excited KDs compared to the ground KD. Ab
initio blockade barrier indicates a strong TA-QTM is operative via
the 3rd excited KD. Moreover, the Orbach relaxation representing
off-diagonal elements between the |+9/2i and |�11/2i are also very
significant (0.11lB). Thus, the thermally-assisted magnetic relax-
ation is expected to occur via the 3rd excited state which places
the Ucal value as 118 cm�1 (Fig. 32a).

Magneto-structural correlations by changing the out-of-plane
shift parameter (s) and Er–Cl bond distance suggest s parameter
as the most significant parameter to fine-tune the Ucal values as
it brings Er(III) ion in the plane of the equatorial ligand (Fig. 32b-
c). Moving from the tetrahedral geometry (30TD) to trigonal pyra-
midal geometry (30TP) suggest a systematic increase in the barrier
height (Fig. 32d-e). Both the computed and experimental barrier
height follows the same trends. Replacing Cl ion with other halo-
gens suggests a near linear increase in the barrier height as we
move down the halogen group (Fig. 32f). Atom in molecule (AIM)
analysis suggests Er-N and Er-X interactions as electrostatic in nat-
ure. Equatorial ligand field is found to be stronger than axial ligand
field in 30. This rationalizes the reason for the observed SMM beha-
viour in 30.

Detailed theoretical and experimental investigation of the
magnetic relaxation and anisotropy of similar four-coordinate Ln
(III) complexes with a trigonal-pyramidal geometry, Ln[N
(SiMe3)2]3ClLi(THF)3 (Ln = Dy (32) and Er (33) was also carried
out by Tang and co-workers [196]. In both these complexes,



Fig. 28. Structural representation of (A) 29 and (B) NNTBS ligand–metal bonding. Dashed lines represent the magnetic axis in the ground, first excited and second excited
Kramers doublet (KD) states. Figure and captions are reprinted with permission from the Ref. [186]. Copyright @ 2017, American Chemical Society.

Fig. 29. (a) Frequency dependence of the v00 magnetic susceptibility for 29 under zero applied dc field from 6 to 60 K. Solid lines represent best fits to the generalized Debye
model. Inset: Relaxation time of the magnetization, ln(s) vs T�1; the solid black line represents the linear fit to the Arrhenius equation. (b) Magnetization blocking barrier of
(NNTBS)DyI(THF)2. Arrows depict the most probable path for magnetic relaxation (red), QTM (blue) and Orbach relaxation (green). At temperatures where ln(s) = f(1/T)
dependence is linear (see Fig. 29(b) inset), the temperature assisted tunnelling via KD4 is dominant. Figure and captions are reprinted with permission from the Ref. [186].
Copyright @ 2017, American Chemical Society.
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presence of significant magnetic anisotropy and/or low-lying
excited states is observed in the M vs H/T plot at different
temperatures.

AC susceptibility measurement reveals that complex 33 is a
zero field SIM while complex 32 is a field induced SIM. The strong
magnetization blocking behaviour of 33 is indicated in the
observed butterfly shaped magnetic hysteresis at 1.9 K (Fig. 33
(right)). In order to get a better understanding of the relaxation
mechanisms in such low coordinate lanthanide SMMs, ab initio cal-
culations were performed on 32 and 33 [196]. The orientation of



Table 5
Magnetic parameters of the penta-coordinate Ln SIMs.

Complex (No.) Ucal(theo) (cm�1)y Ueff (exp; cm�1 (Hdc) Hysteresis Seep rate (Oe/s) TB (K)� Refs.

Dy(NHPhiPr2)3(THF)2 (27) 199 23 (0) Yes * 1.9 [49,185]
Er(NHPhiPr2)3(THF)2 (28) 76 17 (400 Oe) No – – [49,185]
(NNTBS)DyI(THF)2 (29) 692.2 535.7 (0) Yes 23 5 [186]

y The most probable excitation energy for magnetisation reversal.
� The blocking temperature expressed through ZFC susceptibility (a), hysteresis (b) and average life-time (c) study.

* Accessible with a conventional magnetometer.

Table 6
Magnetic parameters of the tetra-coordinate Ln SIMs.

Complex (No.) Ucall(theo) (cm�1)y Ueff (exp; cm�1 (Hdc) Hysteresis Seep rate (Oe/s) TB (K)� Refs.

[Li(THF)4[Er{N(SiMe3)2}3Cl]�2THF (30) 118 44 (0) Yes 34.6 1.8 [52]
[Er0.1Y0.9{(Me3Si)2N}3(l-Cl){Li(THF)3}]�pentane (31) 28 55.8 (0) Yes 34.6 3 [52]
Dy[N(SiMe3)2]3ClLi(THF)3 (32) 54 12 (600 Oe) No – – [196]
Er[N(SiMe3)2]3ClLi(THF)3 (33) 125 44 (0) Yes * 1.9 [196]

y The most probable excitation energy for magnetisation reversal.
� The blocking temperature expressed through ZFC susceptibility (a), hysteresis (b) and average life-time (c) study.

* Accessible with a conventional magnetometer.

Fig. 30. (i) High resolution STS spectra of (a) TbPc, (c) DyPc, and (d) YPc. The dI/dV data were obtained using the lock-in amplifier with a modulation voltage of 4 mV. (b)
Fitting of the spectrum of TbPc with a Fano-shaped function. The smooth red curve is the result of the best fitting (ii) (a) Top and side view structures of a nonplanar DyPc
molecule. (b) STM image (15 � 15 nm2; �0.95 V, 0.4 nA) about the initial molecule adsorption. Individual molecules are imaged as four-leaved structures. (c) Line profile of a
single molecule captured along the diagonal direction. (d) Preferential accumulation of DyPc molecules (17.3 � 17.3 nm2; 0.5 V, 0.4 nA) in the fcc region of Au(111). Figures
and captions are reprinted from the Ref. [197] with permission from the Royal Society of Chemistry.
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the anisotropy tensors for the Dy(III) and the Er(III) complexes
associated with the gzz direction is shown in Fig. 34 (a) and (b).
Detailed theoretical studies on tri- and tetra-coordinate lanthanide
complexes, 320, 32 and 33 revealed that the key role of the entire
ligand (and not just the coordinating atom) in influencing the elec-
trostatic potential and hence the magnetic anisotropy of these
complexes.

Ab initio calculations performed by some of us on {Er(OH)4}�

and {Dy(OH)4}� square planar models are worth mentioning here,
although no experimental structure of this sort has been reported
yet [115]. Calculations performed on these models suggest relax-
ation via third excited KD for the former with Ucal value 390
cm�1 whereas extensive QTM for the latter is seen in the ground
state (Fig. 35). {Er(OH)4}� model provides maximum transverse
ligand field strength at a given Er-O distance. QTM has been sup-
pressed up to second excited state and relaxation occurs via third
excited state in {Er(OH)4}�. Orbach relaxation representing off-
diagonal elements are also found to be very small up to third
excited state. Ground state KD is purely Ising in nature and first
and second excited KDs are strongly axial in nature. Thermally
assisted QTM between third excited state is found to be large sug-
gesting relaxation via third excited state through TA-QTM.
2.6. Tri-coordinate lanthanide complexes

Ab initio calculations performed by some of us on {Er(OH)3} and
{Dy(OH)3} models suggest relaxation via highest possible excited
KD for the former with Ucal value 544 cm�1. But, extensive QTM
for the latter is seen in the ground state (Fig. 36) [115]. {Er(OH)3}
model provides desired strong transverse ligand field at a given
Er-O distance. Because of the absence of axial component of the
ligand field, QTM has been suppressed up to higher excited state
and relaxation occurs via highest possible excited state in {Er
(OH)3}. Orbach relaxation representing off-diagonal elements are
also found to be very small up to higher possible excited state.
First, the four KDs are purely Ising in nature and the next three
KDs are strongly axial in nature suggesting relaxation via highest
possible excited state through TA-QTM.

Some tri-coordinate trivalent lanthanide complexes are known
in the literature [187,201–204]. Three-coordinate monomeric Ln
(III) complexes containing sterically bulky silylamide ligands have
been prepared and characterized. The metal centre and the three
bis(trimethylsilyl)amido ligands are arranged in a trigonal pyrami-
dal fashion with the metal centre being slightly above the mean-
plane of the molecule (e.g. 0.5782(17) Å for the complex 34). It



Fig. 31. (a) Molecular structure of 30 (left). Magnetic hysteresis loop for 30 (right) collected at 1.8 K and with 34.6 Oe/s sweep rate. Figure and captions are reprinted from the
Ref. [52] with permission from Royal Society of Chemistry.

Fig. 32. a) Ab initio SINGLE_ANISO computed magnetization blockade barrier for 30 (without solvent); b) two dimensional plot representing the dependency of Ucal value on
the Er–Cl bond distance and s parameter; c) continuous symmetry map representing minimal distortion pathway between tetrahedral (TD) and axially vacant trigonal
bipyramid (vTBPY) for studied Er(III) complexes; d–e) Ab initio blockade barrier for model complexes 30TD and 30TB respectively and f) The plot of observed Ucal values in [Er
{N(SiMe3)2}3X]� (where X = F, Cl, Br, and I) vs. LoProp charge on –X ions. Figure and captions are reprinted from the Ref. [200] with permission from Royal Society of
Chemistry.
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Fig. 33. Molecular structure of complex 32 and 33 with violet, pink, green, blue, red, and grey spheres representing Ln, Li, Cl, N, O, and C atoms, respectively (left). Also,
magnetic measurements reveal a butterfly shaped magnetic hysteresis in 33 at 1.9 K (right). Figure and captions are reprinted with permission from the Ref. [196]. Copyright
@ 2016, American Chemical Society.

Fig. 34. Orientation of the calculated gZ direction associated with the ground Kramers doublet for complexes 32(a) and 33(b). (c) Structures of complex 32 and (d) model
complex 320 . Figure and captions are reprinted with permission from the Ref. [196]. Copyright @ 2016, American Chemical Society.
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Fig. 35. Ab initio SINGLE_ANISO computed magnetization blockade barrier for the {Er(OH)4}� and {Dy(OH)4}� models (left and right respectively). For more information see
Fig. 46. Plotted from the data given in Ref. [115].

Fig. 36. Ab initio SINGLE_ANISO computed magnetization blockade barrier for the {Er(OH)3} and {Dy(OH)3} models (left and right respectively). For more information see
Fig. 46. Plotted from the data given in Ref. [115].

Fig. 37. (a) Molecular structures of Er[N(SiMe3)2]3 (34). (b) Temperature dependence of v00 for 34 under a zero applied dc field, with an ac field of 3 Oe. (c) Magnetization
relaxation time constant as ln(s) vs T�1 for 34; Inset: Molar magnetization at 1.9 K. Figure and captions are reprinted with permission from the Ref. [49]. Copyright @ 2014,
American Chemical Society.
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should be pointed out that a carbon atom of each of the amido
ligand is in close contact with the metal centre. This results in an
effective pseudo trigonal-prismatic geometry about the metal cen-
tre. The magnetic properties of 3-coordinate Ln[N(SiMe3)2]3 (Ln =
Er(III); 34, Dy(III); 35) were first studied by Tang and co-workers
[49]. They observed that the complexes possess an equatorial tri-
angular geometry with a crystallographically imposed C3 symme-
try around the Er(III) ion (Fig. 37).
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The minimized charge contact with the axially located f-
element electron density in case of Er[N(SiMe3)2]3 (34), stabilizes
the high magnitude MJ = ±15/2 states as the ground state showing
an easy axis property. The presence of the C3 symmetry around Er
(III) is believed to enhance the uniaxial anisotropy and hence effi-
ciently suppresses the zero-field QTM. An important point here is
that C3 symmetric six or seven-coordinate mononuclear Dy(III) or
Er(III) SIMs displays fast zero field QTM due to large mixing of dif-
ferent MJ states [50,205,206].

In contrast to 34 discussed above, in the corresponding Dy[N
(SiMe3)2]3 (35), the ground states are found with the smallest MJ

= ±1/2 component possessing the hard-axis or easy-plane proper-
ties. Consequently, detailed magnetic studies reveal that the Er
(III) complex behaves as a strong SIM at zero applied magnetic field
with effective suppression of QTM, while the Dy(III) analogue does
not show any SIM behaviour. An effective barrier of magnetization
reversal Ueff = 85 cm�1 and s0 = 9.33 � 10�9 s is observed for the Er
(III) complex. Moreover, a butterfly-shaped magnetic hysteresis
loop has been reported for Er[N(SiMe3)2]3 complex confirming its
SIM behaviour [49].

To probe the magnetic anisotropy and the magnetic relaxation
pathways associated with 34 and 35, ab initio CASSCF + RASSI/
SINGLE-ANISO calculations were performed by Rajaraman and
co-workers using MOLCAS 7.8 code [185]. Based on the electro-
static potential, the principal magnetization axis of the ground
state KD is shown to be oriented along the C3 axis for both 34
and 35 as shown in Fig. 38. Multiple relaxation paths (TA-QTM
and Orbach process) were found to be weakly operational in the
Fig. 38. Ab initio computed orientation of the principal magnetization axis of the groun
Colour code: green (Er), pink (Dy), blue (N), red (O), orange (Si) and grey (C). The hydroge
for Er[N(SiMe3)2]3 complex (d) The ab initio computed magnetization blocking barrier for
as a function of magnetic moment. The green lines show the possible pathway of the
magnetization reversal. The dotted red lines represent the presence of QTM/TA-QTM b
absolute values for the corresponding matrix elements of the transition magnetic momen
Society of Chemistry.
case of the Er(III) complex that reduces the Ueff value over the esti-
mated value of 331 cm�1.

In contrast, for the Dy(III) analogue, theMJ = ±1/2 is stabilized as
the ground state, followed by other higherMJ excited states, result-
ing in a barrier less potential well. Also, the computed transversal
magnetic moments clearly suggest that ground state QTM is the
major relaxation pathway for 35, and this wipes out the SMM
behaviour. As mentioned above in the experimental result, the Er
(III) is slightly above the mean-plane of the molecule. Theoretical
studies suggest that if the Er(III) were to be perfectly in the same
plane, the Ueff values would be even higher [185]. Table 7 summa-
rizes the magnetic properties of the tri-coordinate Ln(III)
complexes.

2.7. Bi-coordinate lanthanide complexes

In this section we will describe compounds that are formally
two-coordinate. However, it must be mentioned at the outset, that
till date two-coordinate Ln(III) complexes have not been isolated
and characterized. There have been theoretical studies on potential
two-coordinate cationic complexes. Some bond parameters and
the energy barriers for the magnetization reversal obtained from
theoretical studies on these complexes are summarized in Table 8.
In contrast to the lack of linear two-coordinate Ln(III) complexes,
there are examples of two-coordinate Ln(II) complexes that pos-
sess near linear geometries. The homoleptic bis(amide) complexes,
[(iPr3Si)2N–Ln–N(SiiPr3)2] (Ln = Sm(II); 36, Eu(II); 37, Tm(II); 38, Yb
(II); 39) have been isolated and characterized and have been shown
d state KDs for complexes (a) 34, and (b) 35 plotted on top of the X-ray structure.
ns are omitted for clarity. (c) The ab initio computed magnetization blocking barrier
Dy[N(SiMe3)2]3 complex. The thick black line indicates the Kramers doublets (KDs)
Orbach process. The blue lines show the most probable relaxation pathways for
etween the connecting pairs. The numbers provided on each arrow are the mean
t. Figure and captions are reprinted from the Ref. [185] with permission from Royal



Table 7
Magnetic parameters of the tri-coordinate Ln SIMs.

Complex (No.) Ucal(theo) (cm�1)y Ueff (exp; cm�1 (Hdc) Hysteresis Seep rate (Oe/s) TB (K)� Refs.

Er[N(SiMe3)2]3 (34) 331 85 Yes * 1.9 [49,185]
Dy[N(SiMe3)2]3 (35) 48 No No – – [49,185]

y The most probable excitation energy for magnetisation reversal.
� The blocking temperature expressed through ZFC susceptibility (a), hysteresis (b) and average life-time (c) study.

* Accessible with a conventional magnetometer.

Table 8
Magnetic parameters of the bi-coordinate Ln(III) SIMs.

Complex (No.) L-Ln-L angle (o) Ucal(theo)
(cm�1)y

Refs.

[(iPr3Si)2N–Dy–N(SiiPr3)2]+

(40)
175.5 1800 [38]

[Dy{C(SiMe3)3}2]+ (41) 137.0 1247 [37]
[Dy{C(SiMe3)3}2]+ (42) 143.4 1484 [37]
[(NNTBS)Dy]+ (43) 134.7 1591 [186]

y The most probable excitation energy for magnetisation reversal.
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to possess L–Ln(II)–L bending angles of >167� (L = N(SiiPr3)2)
[38,207]. However, even in these compounds, secondary interac-
tions between the carbon atoms on the ligand and the lanthanide
metal ion suggest that the actual coordination experienced by
the central lanthanide ion is greater than two and is probably clo-
ser to six (Fig. 39). Other examples of two-coordinate mononuclear
Ln(II) complexes with shorter bending angles are also known
[183,208,209].

In spite of the fact that there has been no success in the isolation
of two-coordinate Ln(III) complexes, many theoreticians have been
interested in these systems because these can have uniaxial poten-
tial where the stabilization of the largest angular momentum pro-
jections of the ground state spin–orbit multiplet can occur. This is
expected to lead to SIM behaviour with large energy barriers.

Theoretical calculations (ab initio CASSCF/RASSI/SINGLE_ANISO)
on [(iPr3Si)2N–Dy–N(SiiPr3)2]+ (40) reveals that the lowest six Kra-
mers doublets are MJ = �15/2, �13/2, �11/2, �9/2, �7/2 and � 5/2
Fig. 39. (a) Molecular structure of near linear two-coordinate complex 36; Sm1–N1; 2.
magnetic transition probabilities for the ground 6H15/2multiplet of [(iPr3Si)2N–Dy–N(Sii

permission from Royal Society of Chemistry.
[38]. These share a common quantization axis. The calculations
further indicate that both the probability of QTM within the
ground doublet and thermally activated-QTM are extremely small.
Orbach relaxation was also found to be strongly disfavoured in the
low lying states (Fig. 39 (b)). In view of this it is concluded that effi-
cient magnetic relaxation can only occur via the highest energy
doublets. This results in the computation of an energy barrier, Ueff

= 1800 cm�1 for 40 which is far greater than for any other complex
reported till date. These studies also indicate that magnetization
blocking and hence, magnetic hysteresis can in principle be
achieved above 77 K. Theoretical studies further indicate that the
two-coordinate Dy(III) compound is stabilized when the Dy–N
bond length is shortened and the N–Dy–N angle is closer to 180�.
One valid criticism of these theoretical studies is that they do not
appear to consider the effects of a counter anion including its role
in short contacts and crystal packing. Theory also suggests that Ln
(III) complexes with carbon-based dianionic monodentate ligands
such as, [(iPr3Si)2C–Dy–C(SiiPr3)2]�, could further increase the Ueff

by a factor of 1.2–1.3.
In order to find out if a rigorous requirement for near linearity

(i.e. L–Ln–L bond angle ffi 180�) is needed in two-coordinate Ln
(III) complexes, theoretical studies were carried out on model L–
Dy(III)–L systems, (L1 = N(SiH3)2, L2 = C(SiH3)3, and L3 = CH(SiH3)2)
by varying the bending angle, h [37]. As shown in Fig. 40(a) while
there is no sharp/sudden decrease in Ueff as h changes, the higher
values of the energy barrier are achieved at linear geometries. Even
when the bending angle is smaller than near linear angles the pres-
ence of a strong axial field prevents the mixing of low lying MJ

states with opposing projections which prevents QTM. These
483(6) Å, Sm1–N2; 2.483(6) Å, N1–Sm1–N2; 175.52(18)�. (b) Electronic states and
Pr3)2]+ (40) in zero field. Figure and captions are reprinted from the Ref. [38] with



Fig. 40. (a) Relaxation barrier Ueff for model complexes as a function of the bending angle h, averaged for all torsion angles /. Error bars are 1 standard deviation from the
mean of the torsion angles /. Inset: Structure of the model complexes. (b) Zero-field magnetic transition probabilities for a complex of L1 [Dy{N(SiH3)2}2]+ with / = 90�. The x
axis shows the magnetic moment of each state (start and end of each arrow) along the main magnetic axis of the molecule. Relaxation commences from the |�15/2i state and
only includes pathways that reverse the magnetization. The transparency of each arrow is proportional to the normalized transition probability. Figure and captions are
reprinted with permission from the Ref. [37]. Copyright @ 2015, American Chemical Society.

Fig. 41. Ab initio SINGLE_ANISO computed magnetization blockade barrier for the {Dy(OH)2}+ and {Er(OH)2}+ models (left and right respectively). For more information see
Fig. 46. Plotted from the data given in Ref. [115].
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results indicate that L–Ln–L angles need not be 180� to achieve a
large Ueff barrier. In order to examine the impact of solvent mole-
cules which increase the coordination number (and afford different
geometries), varying numbers of THF ligands were considered.
Although, no linear correlation was found, it has been concluded
that coordinating solvents such as THF reduces the Ueff barrier by
50–70%.

Ab initio calculations performed by some of us on {Er(OH)2}+

and {Dy(OH)2}+ models suggest extensive QTM for the former in
the ground state, and the relaxation via highest possible excited
KD for the latter with Ucal value 1983 cm�1 (Fig. 41) [115]. The
{Ln(OH)2}+ model provides maximum axial ligand field strength
at a given Ln-O distance. In {Dy(OH)2}+ model, because of the high
symmetry and absence of transverse component of the ligand field,
QTM has been suppressed up to higher excited state. Orbach relax-
ation representing off-diagonal elements are also found to be very
small up to higher possible excited state. All the excited KDs are
co-linear to the ground state KD. First three KDs are purely Ising
in nature and next four KDs are strongly axial in nature, suggesting
relaxation via highest possible excited state through TA-QTM.
Based on this idea, a seven coordinated Dy(III) SIM possessing a
blocking temperature of 12 K and which opens hysteresis at 30 K
at a 220 Oe/s sweep rate has been reported [210]. Calculations per-
formed on this structure where the equatorially coordinating
water molecules are removed leading to two-coordinate Ln(III)
yield very high Ucal values exceeding 3000 cm–1 (Fig. 42). A similar
set of conclusions were also arrived by Chibotaru and co-workers
on structurally related system [21].

Further, the effect of the L–Ln–L bending angle on the resulting
blocking barrier was studied computationally in the model com-
plex [Dy(cAAc)2]+ (cAAc = cyclic alkyl amino carbene) (44)
(Fig. 43(a)) [21]. A high blocking barrier of the resulting model
compound was observed at a C–Dy–C bond angle of 180�. How-
ever, these studies also indicate that even upon large bending,
the magnetic axiality of the resulting two-coordinated structure
remains quite high (Fig. 43(b-c)).

2.8. Mono-coordinate lanthanide systems

In principle, the diatomic mono-coordinate complexes, e.g.
[Ln-O]+, have the highest possible symmetry, D1h, among all the
coordination complexes. Because of such symmetry, all the Bq

k CF
parameters (Eqs. (2) and (4), Section 1.3) with q– 0 vanishes i.e.
the CF perturbation is perfectly uniaxial. If the ligand field is



Fig. 42. Molecular structure of a mononuclear Dy-D5h compound with the equatorial water molecules removed (a) and in its initial form (b). The dashed lines show the
direction of the main magnetic axis of the corresponding KD. Parts (c) and (d) show the spectrum of CF doublets and the blocking barrier of reversal of magnetization (red
arrows) for the corresponding structures. Figure and captions are reprinted from the Ref. [210] with permission from Royal Society of Chemistry.

Fig. 43. (a) Structure of the model [Dy(cAAc)2]+ (44) compound. The green arc shows the distortion angle considered here. (b) Magnetization blocking barrier of the
undistorted (linear) compound. (c) Evolution of the energy spectrum of the ground-state MJ = ±15/2 multiplet upon bending of the C–Dy–C angle. The highlighted region
defines the blocking barrier. Figure and captions are reprinted with permission from the Ref. [21]. Copyright @ 2016, American Chemical Society.
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relatively low and the Ising doublets are energetically well sepa-
rated, all the eigen states could well be described by the total
quantum number, J, and such axiality holds for all the Ising dou-
blets. For such systems, the quantum mechanically allowed transi-
tion follows jDMJj = 1. Moreover, the absence of rhombic
perturbation eliminates QTM, provided nuclear-spin-biased hyper-
fine splitting is absent. Therefore, the magnetization relaxation has
to take place via climbing through all the possible Ising doublet
eigen states, which means that the Ueff will actually be equal to
the height of the double well potential. Therefore, such systems
seem to be good targets for realizing very efficient SIMs.
However, the synthetic challenges to stabilize these compounds
in the solid-state are significant although such species have been
shown to exist in the gaseous phase [211–213]. Ungur and Chibo-
taru have performed extensive ab initio calculations on [DyX]n+

species (n = 1 for X = O and n = 2 for X = F) to investigate their mag-
netic behaviour [21,159]. These studies revealed that the Ising dou-
blet eigen states are arranged following the decreasing order of the
MJ values, and the energy spacing, i.e., the higher energy eigen
states associate with the lower MJ values, and with the smaller
energy spacing between the adjacent eigen states (Figs. 44 and
11). The magnitudes of Ueff, which are subject to the bond lengths,



Fig. 44. The energy landscapes of the low-lying Ising doublet eigen states for the
[DyO]+ complex derived from ab initio calculations. Figure and captions are
reprinted from the Ref. [159] with permission from Royal Society of Chemistry.

Fig. 45. The ab initio optimized geometries of [DyO]+@MgO and [DyO]+@C60 (top; colo
dependent relative energies of the J = 15/2 manifolds (bottom). The blue-coloured high
captions are reprinted with permission from the Ref. [21]. Copyright @ 2016, American
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are evaluated to be around 2100 cm�1 and 900 cm�1 for the [DyO]+

species with Dy–O bond distance = 1.74 Å and for the [DyF]2+ spe-
cies with Dy–F distance = 2.50 Å, respectively.

The same group have further extended their calculations for
[LnO]+@MgO ((Ln = Dy and Ho) and [DyO]+@C60 in view of the fact
that surface-stabilized systems offer the best possibility to prepare
practical devices (Fig. 45) [21]. The estimated Ueff appears essen-
tially equal to the height of the double well potential for the
[DyO]+@MgO system (3600 cm�1 at Dy-O bond distance � 2 Å)
while the magnetization reversal occurs through excited Ising dou-
blet with MJ = ±9/2 for the [DyO]+@C60 system (1900 cm�1 at Dy-O
bond distance � 2 Å) (Fig. 45). In the case of the Ho analogue, the
energy barrier is relatively lower. Detailed ab initio calculations
on Ln(III)@MgO (Ln = Dy and Ho) exhibited that the doping of
[LnO]+ species on metallic surface/clusters/cages endows with
more efficient SIM behaviour than the doping of bare Ln atoms
[21].

Some of us have performed studies on several lanthanide model
complexes with varying coordination number and geometry
around Ln(III) ions specifically for Dy(III), Er(III), Ce(III) and other
lanthanide ions. Herein, the coordination numbers were varied
from 1 to 12 [115,165,214]. In keeping up with the focus of this
review, we will discuss results for one oblate (Dy(III)) and one pro-
late (Er(III)) lanthanide ion models. Ab initio calculation on {Er
(OH)}2+ suggests extensive QTM in the ground state while for
{Dy(OH)}2+ model, first four KDs are purely Ising in nature and next
ur codes: violet = Dy, green = Mg, red = O and grey = C) and the Dy-O bond length
lighted area implies effective energy barrier for magnetization reversal. Figure and
Chemical Society.



Fig. 46. Ab initio SINGLE_ANISO computed magnetization blockade barrier for the {Er(OH)}2+ and {Dy(OH)}2+ models (left and right respectively). The x-axis indicates the
magnetic moment of each state along the main magnetic axis while the y-axis denotes the energy of the respective states. The thick black lines imply Kramer’s doublet as a
function of magnetic moment. The dotted green and blue lines indicate the possible pathway of the Orbach/Raman contribution of magnetic relaxation. The brick red arrows
indicate the most probable relaxation pathway for the magnetization reorientation. The dotted red lines correspond to the QTM/TA-QTM/tunnelling relaxation contributions
between the connecting pairs. The numbers provided at each arrow are the mean value for the corresponding matrix element of the magnetic moment. Plotted from the data
given in Ref. [115].

Fig. 47. Qualitative mechanism developed based on an initio SINGLE_ANISO calculations for (a) DyOLu@C72; (b) DyOLu@C76-1; (c) DyOLu@C76-2; (d) DyOSc@C76-3; (e)
DyOSc@C76-4 and (f) DyOSc@C82. The arrows show the connected energy states, and the numbers represent the matrix element of the transversal magnetic moment (see the
text for details). Figure and captions are reprinted from Ref. [215] with permission from Royal Society of Chemistry.
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three KDs are strongly axial in nature suggesting relaxation via
highest possible excited state. But Orbach relaxation representing
off-diagonal elements between |�11/2i |+9/2i state is found to be
very large (2.8) causing relaxation via third excited state with Ucal

value 679 cm�1 (Fig. 46). It is important to note that in {Dy(OH)}2+

models, the Dy-O bond length is larger compared to (Dy-O)+

reported by Ungur and Chibotaru (2.35 Å vs. 1.74 Å respectively).
This weakens the strength of axial ligand field in the former and
as a consequence the energy separation between ground state KD
and excited KDs are found to be smaller with respect to (Dy-O)+.

Additionally, there are also several one-coordinated Dy(III) ion-
based EMFs modelled with various fullerene cages (ranging from
C72 to C82) and for such species as well the relaxations are found
to occur via fourth excited state leading to very large effective
energy barriers (Fig. 47) [215]. High symmetry CF environment
preserved inside fullerene quenches the QTM till third-excited
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states, leading to the barrier height as large as 1400 cm�1. In all
these EMFs, the ground state gzz axis is found be co-linear to the
first three excited states and deviated from collinearity at the
fourth excited state. Thermally assisted QTM between fourth
excited KD is found to be large enough for relaxation to take place.
In Dy2O@C72/76/82, weak exchange coupling between both the lan-
thanide ions is found to reduce the Ucal values. Recently, Popov and
co-workers have synthesized two isomers of Dy2S@C82 EMF {C3v(8)
and Cs(6)} with three ensuing Orbach processes having energy bar-
riers of 7, 33, and 856 cm�1 for the former isomer and with two
energy barriers of 11 and 364 cm�1 for the latter isomer [216].
Oxygen is known to be the stronger ligand compared to sulphur,
and the axial ligand field for the former is expected to be stronger.
Therefore, Dy2O@fullerenes are expected to be superior compared
to the corresponding sulphur analogues. Besides these examples,
other EMF family LnCN@C76/80 and LnSc2N@C80 have been reported
with very large Ueff values. Stronger axial ligand field in these 1-CN
EMFs compared to {DySc@C79N}+ leads to higher Ueff values [151–
154]. As the coordinating ligand and the geometry can be easily
varied, this area offers a tantalizing possibility to realize higher
blocking temperature SIMs.
Fig. 48. Schematic structures (left) and their equivalent coordination geometries (right)
doubly deprotonated bis(trimethylsylyl)cyclooctatriene), pseudo-sandwich (b; [(g5-c
ligand/solvent/counter anion or their combination) and half-sandwich (c; [(g6-C6M
combination) complexes.

Fig. 49. Schematic structures of the pseudo-sandwich Ln-based complexes (Types I–VII)
systems.
2.9. Pseudo-sandwich and half-sandwich lanthanide (III) complexes

A sandwich metal complex is referred to the system where the
metal ion is accommodated between two multi-dentate (g-type)
cyclic ligands, and the centroids of the ligands and the metal ion
are almost collinear (Fig. 48). In such complexes, the coordinating
atoms of the ligands generally do not involve well-defined classical
coordination bonds. Instead, a set of atoms of such a ligand forms
altogether an electronic cloud (mostly p-electron cloud) which
exerts CF on the metal ion. Consequently, such an g-cyclic ligand
with multi-coordination sites can be approximated to a mono-
dentate ligand. In view of this analogy, the highly anisotropic
ground states of the Ln(III) ions, which are oblate in nature and
prefer strongly axial ligand fields, can be stabilized in sandwich
complexes. Incidentally, the first discovered Ln-based SIMs were
the sandwich complexes where two phthalocyaninates sandwich
Ln(III) (Tb/Dy) ions (Fig. 48). Since then, a large number of mono-
nuclear double-decker and poly-nuclear multi-decker sandwich
complexes have been studied. These studies have been summa-
rized in several review articles [20,23,24,197]. It may not be out
of place to point out here that, phthalocyanine/porphyrin type
of the representative examples of sandwich (a; [Ln(g8-COT0)2]�, (45) where COT0 =
p*)2Ln(L1)(L2)]+, (46) where cp* = penta-methyl cyclopentadienyl anion, L1/L2 =
e6)Ln(L1)(L2)(L3)]3+, (47) where L1/L2/L3 = ligand/solvent/counter anion or their

usually employed as building-blocks for the rational synthesis of higher nuclearity



Fig. 50. Single-crystal X-ray structures of the complexes 48–53. For 51, only the repeat unit of the 1D polymeric chain is shown. For all the complexes, H atoms are omitted
for clarity. Figure and captions are reprinted from the Ref. [217] with permission from John Wiley and Sons.

Fig. 51. (a): Schematic representation for the hypothetical species [Cp*
2Dy]+ (50). The equatorial plane of the Dy(III) ion is defined by the XY plane. The magnetic anisotropic axis

(easy-axis) of the ground Ising doublet eigen states is superimposed with the Z axis (the green dashed line), perpendicular to the XY plane. The ellipsoid represents the electrostatic
potential surface for the ground Ising doublet eigen states (MJ = 15/2). (b): The energy landscapes of the ground J manifold for 54. The path defined by the red arrows indicates
magnetization relaxation via Orbach process. The values labelled on the arrows stand for the transition matrix elements corresponding to the respective states connected by the
arrows. Figure and captions are reprinted from the Ref. [217] with permission from John Wiley and Sons.
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macrocycles are not considered as classical g-type capping ligands
because their coordination mode is more r-type, similar to the
multi-dentate chelating ligands. Therefore, the CF symmetry of
such a ligand can be regarded as pseudo C4 symmetric instead of
a continuum electronic (p) cloud [32]. On the other hand, magnetic
properties of pseudo-sandwich and half-sandwich Ln(III)-based
complexes are relatively less explored. Recently, such complexes
are attracting a considerable interest in the field of molecule-
based magnetism due to their immense potential as magnetic
building-blocks (vide infra).
2.9.1. Pseudo-sandwich lanthanide (III) complexes
The pseudo-sandwich complexes are similar to the sandwich

complexes with an important difference (Fig. 48). In the pseudo-
sandwich complexes, additional r/p-type donors stabilize the
complexes (Figs. 48 and 49) [217]. Examples of pseudo-sandwich
complexes with one additional r-type donor (Type-II) [218] or
one g-fashioned p-type acyclic donor (Type-III) [217] or one
g-fashioned cyclic p-type donor (Type-IV) [219] or two
g-fashioned p-type donors (Type-V) [220] or three r-type donors
(Type-VI) [218] or one g-fashioned cyclic p-type donor along with
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one r-type donors (Type-VII) [221,222] (Fig. 49) are known. Nota-
bly, stabilization of the discrete complexes of Types-II and VI is
extremely difficult and therefore, only a few examples are known
[218]. However, all of these additional ligands are kinetically labile
and thereby enabling these complexes as potential magnetic
building-blocks towards the rational synthesis of higher nuclearity
systems (vide infra).

It is obvious that synthesis of polymetallic systems via self-
association of building-blocks renders the changes in CF strength
and symmetry associated with the accessible coordination sites
of the building-blocks. Therefore, in view of molecule-based mag-
netism, one should be well-aware of the susceptibility of magnetic
behaviour (especially, the magnetic anisotropy axis and the low-
lying eigen states of the ground J manifold of the Ln ions) towards
the CF strength and symmetry associated with the accessible coor-
dination sites of the magnetically anisotropic building-blocks.
Recently, Gao and co-workers performed extensive investigations,
both experimentally and theoretically, on the magnetic properties
for a series of complexes of Type-I ([Cp⁄

2DyX(THF)], X = Cl (48); Br
(49); I (50), [(Cp⁄2DyCl2KTHF)]n (51) and [Cp⁄2DyTp] (Tp = hydrotris
(1-pyrazolyl)borate, 52) and Type-IV ([Cp⁄2Dy(C3H5)] (53)) (Fig. 50)
[217]. In addition, they have also investigated theoretically the mag-
netic property of the complex, [Cp⁄

2Dy]+ (54; Fig. 51). The principal
magnetic parameters of these complexes are summarized in Table 9.
For theoretical calculations on the hypothetical species 54, its geom-
etry was modelled as depicted in Fig. 48. It is predicted that such
geometry leads to the stabilization of the highest magnetization
eigen states (MJ = ±15/2) as the ground doublet and they possess
oblate electrostatic potential surface (Fig. 51). Moreover, the eigen
states are energetically well-separated and almost uniaxial magnetic
anisotropy is maintained up to the fourth excited doublet state.
Table 9
Magnetic parameters of the pseudo-sandwich, half-sandwich and sandwich Ln SIMs.

Complex (No.) Ucal (cm�1)y Ueff (cm�1) (Hd

[Cp*
2DyCl(THF)] (48) 147.2 112 (0)

[Cp*
2DyBr(THF)] (49) 165.8 163 (0)

[Cp*
2DyI(THF)] (50) 423.1 419 (0)

[(Cp*
2DyCl2KTHF)]n (51) 414.2 379 (0)

[Cp*
2DyTp] (52) 153.8 106 (0)

[Cp*
2Dy(C3H5)] (53) 91.5 –

[Cp*
2Dy]+ (54) 1027.1

[(MeCp)3Dy(MesAsH2]+ (55) 43.9 8 (0; dil.)
[(MeCp)3Dy(MesPH2]+ (56) 45.2 undetectable
[(Tp*)Tm(COT)] (58) 406.5 32 (2k)
[(Tp)Tm(COT)] (59) 394.7 77.1 (2k)30.6

(0; dil.)75.1
(1k; dil.)

[Cp*Yb(DAD)(THF)]�C7H8 (60) – 13.85 (1.5 k)
[(C6Me6)Dy(AlCl4)3] (61) 80.4 70.2 (0)89

(2k)
[(Cp*)Dy(COT)] (65b) 24.3 17.6 (1k)a

[(Cp*)Ho(COT)] (65c) 80.6 23.5 (6k)a

17 (6k)a

[(Cp*)Er(COT)] (65d) 189.4 224.5 (0)136.9
(0)

[Dy(COT00)2Li(THF)(DME)] (66a) – 12.5 (0)29.9
(600)

[Li(DME)3][Dy(COT00)2] (66b) 15.6b 17.4 (0)
[Li(DME)3][Er(COT00)2] (67) – 129.9 (0)
[K(18-crown-6)][Dy(COT)2] (68) 19 7.6 (0)
[K(18-crown-6)][Er(COT)2] (69) 180.6 198.7 (0)
[K2Er2(COT)4(THF)4] (70) – 212.6 (0)
[KEr2(g7-C7H7)(N(SiMe3)2)4] (71) – 40.3 (800)
[(Cpttt)2Dy][B(C6F5)4] (72) 1156 1277 (0)

y The most probable theoretical excitation energy for magnetisation reversal.
* Experimentally observed energy barrier for magnetization reversal.

� The blocking temperature expressed through ZFC susceptibility at Hdc (kOe), or/and h
a The hysteresis measurements are carried out on magnetically diluted sample.
b The energy is calculated for the symmetrized Dy(COT)2 Model.
Therefore, the magnetization reversal is expected to occur via
Orbach process through the fourth excited doublet that is situated
at more than 1000 cm�1 above the ground doublet. Notably, such a
coordination geometry does not exert ideal axial CF perturbation.
But interestingly, calculations predict almost complete suppression
of QTM for such a scenario. However, introduction of equatorial
ligands causes a rhombic CF perturbation which in turn promotes
QTM. This, of course, results in the deterioration of the SIM beha-
viour (Fig. 52). Both the theoretical and experimental Ueff values
are similar for 50 and 51 and considerably higher than the rest
(Table 9). But, the average QTM life times for 51 (70 ms) is found
to be significantly larger than that of 50 (6.7 ms), even though the
transition matrix elements corresponding to the ground doublets
are of same magnitudes (8.3 � 10�4 for 50 and 1.2 � 10�4 for 51).
This can be attributed to the coincidence of higher symmetry and
weak CF for 51. Iodide is a much weaker ligand and thus the overall
CF strength is lower for 51, which accounts for higher Ueff. At the
same time, presence of two different ancillary ligands, I and THF,
lowers the CF symmetry, which contributes to the off-diagonal ele-
ments of the matrix representations and thereby promoting QTM.
Observation of significantly low Ueff values and high QTM for 48,
49 and 52 follow the same explanation. Slightly slower QTM for 52
(0.6 ms) in comparison with 48 (0.28 ms) can be ascribed to higher
CF symmetry for the former. Notably, all but 53 exhibit well-
defined slow relaxation of magnetization under zero applied dc field,
and magnetic hysteresis loops away from zero-field (Fig. 52 and
Table 9). Moreover, there is considerable discrepancy between theo-
retical and experimental Ueff values. Strong interaction between the
Ln 4f and C3H5 p-electrons in the equatorial plane could render such
behaviour. This rationale is further supported from the magnetic
behaviour of the complexes of Type-VII: [(MeCp)3Dy(MesAsH2]+
c; Oe)* Hysteresis TB(K)
� Refs.

Yes 2 (19 Oe/s) [217]
Yes 3 (19 Oe/s) [217]
Yes 4 (19 Oe/s) [217]
Yes 5 (19 Oe/s) [217]
Yes 2 (19 Oe/s) [217]
No [217]

[217]
Yes �1.8 (30.6 Oe/s) [221]
– – [222]
No [224]
No [224]

– – [225]
Yes 3 (200 Oe/s) [226]

No – [227]
No – [227]

Yes 5 (9.2 Oe/s)a [227,228]

No – [229]

No – [230]
Yes 8 (22 Oe/s) [24]
No – [71]
Yes 12 (35 Oe/s) [71]
Yes 12 (18Oe/s) [24]
No – [24]
Yes 60 (39 Oe/s) [67]

ysteresis at DH (Oe/s) or/and average life-time s (s) study.



Fig. 52. Left: Relative effective energy barriers (experimental, Ueff, and theoretical, Ucalcd) and the average lifetime for magnetization reversal through QTM of the complexes
48–54 as a function of Dy-ancillary ligand atom distance. Right: Magnetic hysteresis of the complexes at a field sweep rate of 19 Oe/s. Figure and captions are reprinted from
the Ref. [217] with permission from John Wiley and Sons.
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(55)and [(MeCp)3Dy(MesPH2]+ (56) (Mes = mesitylene) [221,222]. In
55 and 56, one of the g5-cyclopentadienyl moieties can be consid-
ered as an ancillary p-ligand in conjunction with r-ligand arsine/
phosphine. Therefore, the Ln 4f electrons in the equatorial plane
interact strongly with the ancillary ligand electrons rendering strong
CF strength. Moreover, such a structure leads to CF asymmetry. The-
oretical calculations revealed very low Ueff values (�40 cm�1,
Table 9). While magnetically diluted samples of 55 exhibited zero-
field Ueff = 8 cm�1, no well-defined magnetization blocking was
detected for 56 above 1.8 K. Such a difference can rationally be
assigned to stronger r donating behaviour of MesPH2 in comparison
to MesAsH2.

Detailed magnetic investigations on a series of divalent Ln com-
plexes of the general formula [K(2.2.2-cryptand)][Cp0

3Ln] (57) (Ln
= Y, La, Ce,Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm; Cp0 = C5H4SiMe3)
and on analogous trivalent Ln complexes revealed no detectable
slow relaxation of magnetization for any of the above members
[223]. It can thus be concluded that pseudo-sandwich complexes
with Ln ions whose electrostatic potentials of the ground doublets
are oblate in nature and prefer strong axial CF, can be potential
building blocks if the accessible coordination sites in the equatorial
planes experience low CF strength and high CF symmetry. On the
other hand, Ln ions with prolate electrostatic potentials in their
ground doublets are not preferable candidates for building-
blocks. For such ions, a stationary, strong CF ligand environment
in equatorial planes and accessible coordination sites in axial posi-
tions seem to be the option [33].

2.9.2. Half-sandwich lanthanide complexes
In half-sandwich complexes, metal ions are capped by one

g-type ligand keeping the other side of the metal ions bare for
Fig. 53. Schematic representation for the equilibrium between the m
coordination with ancillary ligands (Fig. 48). The versatility of this
class of complexes lies in the fact that the stationary, strong ligand
(the capping ligand) occupies only one side of the lanthanide ion
allowing various types of ligands with a wide range of geometrical
needs to access the metal ion and hence depending on the ligand
both prolate and oblate Ln(III) ions can be stabilized [225,226].
Half-sandwich lanthanide complexes have already proved to be
potential magnetic building-blocks towards the construction of
various multi-decker sandwich SMMs [24,231]. Such half-
sandwich complexes can be stabilized by three additional (ancil-
lary) r-type donors. But, in most of the cases, especially when
steric bulk of the ligands permits, these exist as dimers as depicted
in Fig. 50 [232]. However, the number of examples for such dis-
crete half-sandwich complexes where extensive magnetic proper-
ties have been investigated is quite sparse (Fig. 53).

Cyclooctatetraenide (COT)2� and tris-pyrazolylborate deriva-
tives (Tp = hydrotris(1-hyrazolyl)borate; Tp⁄ = hydrotris(3,5-dime
thyl-1-pyrazolyl)borate)[(Tp⁄)Tm(COT)] (58) and [(Tp)Tm(COT)]
(59) are examples of complexes containing one face covered with
a p-type ligand and the other side with a different ligand system
(Fig. 54) [224]. Surprisingly, 58 exhibits significantly low energy
barriers with a fast QTM compared to 59 (Table 9) in spite of
similar geometry. Detailed investigations revealed that both the
complexes associate with almost degenerate ground eigen states
(DE(MJ=±6) = 0.023 cm�1 for 58 and 0.012 cm�1 for 59) with the
largest magnetization moments (MJ = 6) (Fig. 54). Moreover, the
electrostatic potentials surfaces for the ground doublets for these
complexes are prolate in nature and involve uniaxial magnetic
anisotropy (gxx = gyy = 0 and gzz = 13.959 for 58 and 13.964 for
59). The direction of the magnetic anisotropy axes is also similar
as depicted in Fig. 54.
onomeric and dimeric forms of the half-sandwich complexes.



Fig. 54. Single-crystal X-ray structures of 58 (a) and 59 (b); the side views of the magnetic easy-axes of the ground doublets of 58 (c) and 59 (d) determined through
experiment (red), CACSCF theory (green) and electrostatic model (blue); the calculated energy landscapes of the ground J manifolds for 58 (e) and 59 (f). Figure and captions
are reprinted from the Ref. [224] with permission from John Wiley and Sons.
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Though the topology of energy landscapes for their ground J
manifolds are completely different, the magnetization reversal
via Orbach process is predicted to occur through the first excited
states with similar energy barriers (406.5 cm�1 for 58 and 394.7
cm�1 for 59) (Fig. 54). The striking difference lies in the transition
matrix elements corresponding to the ground and first excited
states which are: 0.024 (58) and 0.012 (59); 0.02 (58) and 0.3
(59); and 2.93 (58) and 19.36 (59) corresponding to the ground
doublets; ground and first excited Zeeman states; and first excited
doublets, respectively. Moreover, the spin lattice relaxation is also
one order of magnitude higher for 58 than 59. Such differences can
be attributed to the loss of CF symmetry due to the presence of
methyl substituent’s in the pyrazolyl moieties in 58. Stabilization
of prolate ions is further evidenced in the half-sandwich complex
[Cp⁄Yb(DAD)(THF)]�C7H8 (60) (where DAD stands for 2,6-
Me2C6H3N@CHCH@C6H3Me2-2,6) [225]. 60 exhibits a field-
induced SIM behaviour with Ueff = 13.85 cm�1 under Hdc = 1.5
kOe. On the other hand, stabilization of an oblate ion in half-
sandwich complex can be demonstrated with the detailed mag-
netic investigations for [(C6Me6)Dy(AlCl4)3] (61) (Fig. 55) [226].
Thorough ab initio calculations displayed stabilization of eigen-
states with MJ = ±15/2 as the degenerate ground doublet that asso-
ciates with oblate electrostatic potential surface. Moreover, the
ground states are anisotropically almost uniaxial (gxx = 0.01455,
gyy = 0.0258 and gzz = 19.6985) and the magnetic easy-axis coin-
cides with the centroid of the capping COT ligand (Fig. 55). Detailed
ac magnetic susceptibility studies revealed SIM behaviour for 61
complying with the theoretical predictions (Table 9). It is worth
pointing out that the isostructural Tb analogue [(C6Me6)Tb(AlCl4)3]
(62) does not display SIM behaviour [226]. Theoretical investiga-
tion predicts different orientation of the easy-axis (Fig. 55), which
is perfectly uniaxial though (gxx = gyy = 0, gzz = 16.4483). The eigen
states are admixed to deviate from double degeneracy (DE = 0.1
cm�1 for the lowest two eigen states). However, the first excited
nearly doublet ((DE = 0.4 cm�1) is situated above approximately
23 cm�1 from the ground state. Such a difference in energy land-
scapes and orientation of easy-axis can be assigned to the differ-
ence in electrostatic potential surfaces of their ground doublets
[33]. Gao and co-workers have studied the magnetic behaviour of
a series of half-sandwich complexes with the general formula
[(LOEt)Ln(TPP)] (63) and [(LOEt)Ln(Pc)] (64) (where LOEt = [(g5-
C5H5)Co{P(=O)(OEt)2}3]�, TPP = 5,10,15,20-tetraphenylporphyri
nate, Pc = phthalocyaninate and Ln = Gd, Tb, Dy, and Ho) [233].
None of the above members display zero-field SIM behaviour.

However, all the Tb and Dy analogues exhibit field-induced SIM
behaviour. In the case of capping TPP complexes 63, the Tb



Fig. 55. Single-crystal X-ray structures (top) and relative orientations of the magnetic easy-axes (red arrows) (bottom) of the complexes 61(left) and 62(right). Colour codes:
Dy = magenta; Tb = Yellow; Al = cyan; green = Cl and grey = C. H atoms are omitted for clarity. Figure and captions are reprinted from the Ref. [226] with permission from
Royal Society of Chemistry.

Fig. 56. Single-crystal X-ray structure (a) and relative orientations of the capping
Cp* and COT ligands (b) of 65d, as the representative structural models for the
complexes 65a–e. H atoms are omitted in (a) for clarity. Colour codes: Er = pink and
orange = C. In (b), the orange and green colourations represent crystallographically
two different conformational positions of the COT ligand with respect to the Cp*

ligand (grey). In (c), variable temperature variable frequency molar out-of-phase ac
susceptibility (v00) under Hdc = 0 and the Arrhenius plots (inset) of 65d. Figure and
captions are reprinted with permission from the Ref. [227]; Copyright @ 2012,
American Chemical Society, and the Ref. [228]; Copyright @ 2011, American
Chemical Society.
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analogue is found to be slightly better candidate than the Dy one
(Ueff (cm�1) = 11.4 (Tb) and 5.9 (Dy)). On the other hand, for the
case of capping Pc complexes 64, it is found to be otherwise (Ueff

(cm�1) = 13.2 (Tb) and 16.4 (Dy)). However, in both the cases, the
coordinating atoms of the capping ligands (TPP or Pc) are more
towards the equatorial plane in comparison to the complex 61.
Therefore, this coordination environment stabilizes the ground
states of Tb. On the other hand, due to different orientation of
easy-axis, it destabilizes the ground states for Dy(III) ion. Moreover,
structural distortions also add significantly to QTM for these
classes of complexes.

2.9.3. Cycloalkenyl-capped sandwich lanthanide complexes
As mentioned in the earlier sections, slow dynamics of magne-

tization in Ln(III)-based mononuclear complexes were first
reported for a couple of sandwich complexes where the Ln ions
are sandwiched between two phthalocyacine (Pc) ligands [36].
Therefore, the initial thrust of research for efficient Ln(III)-based
SIMs was directed towards exploring hierarchical phthalocyanine/-
porphyrin based sandwich/double-decker complexes of Ln(III) ions
and the detailed advances of such complexes are covered in several
elaborative review articles [23,24,29,31,197]. Moreover, these
phthalocyanine/porphyrin based complexes actually could be con-
sidered as coordination complexes with precise coordination num-
bers, ca. CN = 8 for the [Pc2Ln]� complexes [32]. However, this
section is devoted to highlight the representative cycloalkenyl-
capped Ln(III)-based mononuclear sandwich complexes that exhi-
bit very good SIM behaviour. Gao, Wang and co-workers have
investigated extensively the magnetic behaviour of a series of
hetero-capped sandwich complexes with the general formula
[(Cp⁄)Ln(COT)] (where Cp⁄ = pentamethylcyclopentadienyl anion;
COT = cyclooctatetraenyldianion; Ln(III) = Tb (65a); Dy (65b); Ho
(65c); Er (65d); Tm (65e)) [227,228]. The single-crystal X-ray
structural analyses revealed that the COT ligand is thermally
disordered over crystallographically two different conformational
positions with respect to the Cp⁄ ligand (Fig. 56). Moreover, the
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centroids of the rings of the capping ligands and the Ln centre are
not co-linear. The centroid(COT)-Ln-centroid(Cp⁄) angles are mea-
sured to be 170.4, 171.9, 173.0, 174.0, 173.9 and 173.0� for 65a–e,
respectively [227].

Among these complexes, the Dy(III) (65b), Ho(III) (65c) and Er
(III) (65d) analogues exhibit SIM behaviour, with strikingly high
efficiency for 65d compared to the other analogues (Table 9). Ac
magnetic susceptibility studies for 65d showed distinct maxima
in out-of-phase ac susceptibility (v00) even in the absence of applied
dc magnetic field. On the other hand, the Dy(III) and Ho(III) ana-
logues require applied dc magnetic fields to display clear maxima
in the corresponding out-of-phase ac susceptibility (v00) plots. The
solid samples of both the Ho(III) and Er(III) analogues exhibit
two relaxations for magnetization reversal, which could be attrib-
uted to crystallographically two different conformational positions
of COT ligand (Fig. 56 (b)). However, the effective energy barriers
for magnetization reversals for 65d (224.5 and 136.9 cm�1, Hdc =
0) are significantly larger than 65b (17.6 cm�1, Hdc = 1 kOe) and
65c (23.5 and 17 cm�1, Hdc = 6kOe). Moreover, distinct opening of
magnetic hysteresis loops near zero dc field is also observed only
for the former (Fig. 57 (c)). To understand such magnetic beha-
viour, detailed ab initio calculations were performed considering
C1v CF symmetry. It is found that such CF symmetry stabilizes
Ising-ground doublet with the highest possible magnetization
moment (MJ = ±15/2) for the Er(III) analogue (Fig. 57 (b)). Moreover
the eigen states of its ground Jmanifold are energetically quite well
separated and they are essentially axial in nature. The first excited
doublet (MJ = ±13/2) is situated above around 189 cm�1from the
Fig. 57. (a) Relative orientation of the theoretically predicted easy axis of magnetization
the ground J manifolds for 65a–e. (c) Sweep rate dependent hysteresis loops for the ma
slow relaxation of magnetizations for 65b (blue), 65c (cyan) and 65d (red). Figure and cap
Chemical Society, and the Ref. [234] with permission from John Wiley and Sons.
ground doublet. The orientation of the easy axis of magnetization
is as shown in Fig. 57 (a). On the other hand, the energy gaps cor-
responding to the first excitation for the Dy(III) (24.3 cm�1) and Ho
(III) (80.6 cm�1) analogues are found to be significantly lower.
Moreover, the ground doublet for Dy(III) analogue associates with
MJ = ±9/2 though the energy landscape of the Ho(III) analogue is
Ising-type stabilizing the highest magnetic ground state (MJ = ±8).
Notably, such CF symmetry stabilizes the singlet ground state for
the Tb(III) analogue (Fig. 57 (b)). In the case of the Tm(III) analogue,
though the ground eigen-doublet associates with the highest mag-
netization moment (MJ = ±6), the first excited doublet is a singlet
(MJ = 0), and thereby the excitation is quantum mechanically for-
bidden. Therefore, none of the Tb(III) and Tm(III) analogues display
slow relaxation of magnetization. In order to have further insights,
Sessoli and co-workers have employed angular-resolved magne-
tometry to investigate the molecular magnetic behaviour of 65d
[234,235]. Detailed investigation agrees well with the theoretical
predictions. Stabilization of the highest magnetic state with axial
ionic magnetic anisotropy can well be justified by the effective
charge displacement consideration [39]. However, narrow opening
of magnetic hysteresis loops for 65d and the absence of magnetic
hysteresis loops for 65b and 65c could be attributed to strong
QTM. In addition to the lower symmetry due to two different cap-
ping ligands, tilting of the caps reduces the CF axiality and thereby
enhancing QTM [236].

Sandwiching Ln(III) ions between COT or substituted COT cap-
ping ligands induces interesting magnetic behaviour. Murugesu
et al. have investigated detailed magnetic behaviour of the
(red dotted line) with respect to the local axis for 65d. (b) The energy landscapes of
gnetically diluted sample of 65d. (d) Temperature dependent time constants (t) for
tions are reprinted with permission from the Ref. [227]; Copyright @ 2012, American



Fig. 58. Single crystal X-ray structures of 66b with easy-axis (the violet dotted line) of magnetization for the ground doublet (a); 67 (b); 68 with easy-axes (green and violet
dotted lines) of magnetization for the ground (1) and first excited (2) doublets (c); 69 with easy-axes (blue dotted lines) of magnetization for the ground (1) and first excited
(2) doublets (d). Colour codes for the unlabelled atoms: H = off white and C = grey. The easy-axes of magnetization are calculated with respect to the local ionic coordinates.
The magnetic hysteresis loops for 67 (e) and 69 (f). Figure and captions are reprinted with permission from ‘the Ref. [230]; Copyright @ 2013, American Chemical Society, and
the Ref. [71] with permission from John Wiley and Sons.
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complexes [{Dy(COT00)2}{Li(THF)(DME)}] [229] (66a), [Li(DME)3]
[Ln(COT00)2] [230] (where Ln = Dy (66b) and Er (67); COT00 = 1,4-bi
s(trimethylsilyl)cyclooctatetraenyldianion) and [K(18-crown-6)]
[Ln(COT)2] (Ln = Dy (68) and Er (69)) [71]. The representative
molecular structures of these complexes are portrayed in Fig. 58.
Single-crystal X-ray analyses revealed that the molecular structure
of 66a is similar to 66b except that the Li ion of the Li(THF)(DME)
moiety coordinates with one of the COT00 rings in the case of the
former [229]. However, in all these complexes, the centroids of
the capping COT rings and the Ln(III) centre are almost co-linear.
Therefore, if one ignores the substituents on the COT00 capping
ligands or the Li(THF)(DME) moiety, it is apparent that the Ln(III)
experience identical CF. As we saw in the preceding discussion
for the [Ln(COT)(Cp⁄)] systems, the easy-axis for magnetization
falls along the pseudo-symmetry axis. Thus, one could intuitively
expect a stronger axiality of magnetic anisotropy owing to higher
axial CF symmetry in the cases of doubly COT or COT00 capped Ln
complexes. Therefore, eigen states with oblate electrostatic poten-
tial surfaces are expected to be favoured. But, interestingly, the
slow dynamics of magnetization for Dy(COT)2 or Dy(COT00)2 sys-
tems are found to be similar to the [Dy(COT)(Cp⁄)] systems
(Table 9). This implies dominating influence of CF strengths over
CF symmetry for these systems. On the other hand, the Er(III)
analogues 67 and 69 are found to exhibit markedly efficient SIM



Fig. 59. Ab initio computed magnetic blocking barrier for 67(left), 68(middle) and {Er(COT)cp*} (right) complexes. The thick black line indicates the Kramers doublets (KDs), as
function of magnetic moment. The dotted green lines show the possible pathway of the Orbach process. The dotted blue lines show the most probable relaxation pathways for
magnetization reversal. The dotted red lines represent the presence of QTM/TA-QTM between the connecting pairs. The numbers provided at each arrow are the mean
absolute value for the corresponding matrix element of transition magnetic moment Figure and captions are reprinted with permission from the Ref. [230]; Copyright @ 2013,
American Chemical Society; the Ref. [227]; Copyright @ 2012, American Chemical Society, and the Ref. [71] with permission from John Wiley and Sons.

Fig. 60. Single crystal X-ray structures of 70 (a) and 71 (c). H atoms are omitted for clarity. Colour codes: C = grey; N = blue; O = red; Si = magenta; K = violet and Er = green.
The magnetic hysteresis loops of 70 (b). Figure and captions are reprinted with permissions from the Ref. [24]. Copyright @ 2016, American Chemical Society.
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behaviour with the effective energy barriers for magnetization
reversal Ueff = 129.9 and 198.7 cm�1, respectively, at Hdc = O, and
magnetization blocking temperature TB = 8 K at 22 Oe/s sweep rate
and 12 Kat 35Oe/s sweep rate, respectively.
The effective energy barriers for magnetization reversal for the
Dy(III) analogues 66a, 66b and 68 are measured to be 12.5, 17.4
and 7.6 cm�1, respectively, at zero applied field. However, employ-
ment of applied dc fields increases slightly the effective energy



Fig. 61. (a) The ORTEP diagram (with 50% ellipsoid probability) of the single crystal
X-ray structure (left) and the model displaying theoretically predicted relative
orientation of easy-axis (solid arrow) of magnetization of 72. H atoms are omitted
from the crystal structure for clarity. Colour codes for the crystal structure: Grey =
Dy and black = C. (b) Magnetic hysteresis loops measured on the polycrystalline
solid samples of 72 with dc field sweep rate = 39 Oe/s. The inset is the magnified
hysteresis loop at 60 K. (c) Energy landscapes of the ground J manifold for the Dy
(III) ion in 72. The path defined by the solid dark-grey arrows stands for the
magnetization relaxation via Orbach process. Figure and captions are reprinted
from the Ref. [67] with permission from John Wiley and Sons.
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barriers for these complexes, implying the presence of QTM. To
investigate magnetic behaviour of these complexes further,
detailed ab initio calculations were performed. The representative
energy landscapes of the ground J manifolds for 68 and 69 are pre-
sented in Fig. 59. Because of the intrinsic ionic magnetic anisotropy
characteristics, the ground eigen-doublets associate with MJ = ±9/2
for 68 and MJ = ±15/2 for 69. Moreover, the eigen-doublets are
energetically more closely spaced for the former. The energy gaps
between the ground and first excited doublets are calculated to be
19 and 180.6 cm�1 for 68 and 69, respectively. The probability for
QTM in ground doublet is found to be around five-orders of mag-
nitude higher for the former. For 69, both the ground and first
excited doublets are almost uniaxial (gxx,yy = 3.5 � 10�6 and gzz =
17.96 for the ground doublet; and gxx,yy = 5.4 � 10�4 and gzz =
115.53 for the first excited doublet) and the easy-axes of magneti-
zations are projected along the symmetry axis (Fig. 58) [71]. On the
other hand, for 68, the first excited doublet is magnetically more
axial (gxx,yy = 5.8 � 10�2 and gzz = 13.84) than the ground doublet
(gxx,yy = 1.6 � 10�1 and gzz = 12.64). The angle between the easy-
axes of magnetization (gzz) = 21� for 64 (Fig. 58).

A similar set of conclusions were also arrived by some of us by
doing ab initio calculations on 67, 69 and [Er(COT)Cp⁄]� [115]. In
both 67 and 69, relaxation takes place via second excited state,
whereas in {Er(COT)Cp⁄}� relaxation occurs through the first
excited state. The ground state KD is found to be Ising in nature
in all these complexes. In the ground and first excited state QTM
probabilities are found to be very small in 67 and 69, causing relax-
ation via the second excited state. However, for [Er(COT)Cp⁄]�,
QTM probability at first excited state is significant causing relax-
ation via first excited state.

However, more efficient SIM behaviour for 69 in comparison to
67 can be attributed to the substituent’s on the capping ligands in
the latter, which influence both the CF strength and symmetry.
Strong influence of the cycloalkenyl anionic capping ligands on
the efficiency of Er(III)-based SIMs can be further realized from
the magnetic behaviour of the complex [K2Er2(COT)4(THF)4] (70)
(Fig. 60) [24]. As the paramagnetic Er(III) centres are intervened
by the diamagnetic K ions (or in other words, 70 can be regarded
as the association of 69 via K+ bridges through COT ligands), the
magnetic behaviour of 70 can be considered as single-ionic. 70
reverts its magnetization under zero field with a high effective
energy barrier Ueff = 212.6 cm�1, similar to its symmetrized mono-
meric analogue 69. But, the blocking temperature is found to be
markedly higher (TB = 12 K with 18 Oe/s sweep rate) for the for-
mer. Such significant influence stems from the symmetric coordi-
nation of K+ with the capping COT ligands, which enhances the
axial CF strength. Though polynuclear complexes are out of the
scope of this review article, it is quite interesting to note the struc-
tural and magnetic properties of the binuclear complex [KEr2(g7-
C7H7)(N(SiMe3)2)4] (71), where two Er(SiMe3)2 moieties are
bridged by g7-cycloheptatrieneyl trianion (g7-C7H7

3�) (Fig. 60 (c)).
71 is found to be an SMM (Ueff = 40.3 cm�1 under Hdc = 800Oe, fit-
ting the data above 3 K temperature) [24]. Below 3 K, 71 display
two relaxations, where the out-of-phase ac susceptibility maxima
for the 2nd relaxation go below 2 K. In comparison to the Er(III)-
based cycloalkenyl sandwich complexes, poor magnetic slow
dynamics in 71 can be attributed to low CF symmetry, non-axial
CF strength and direct mixing of 4f-orbitals of the intramolecular
Er(III) ions. The Er-Er distance in 71 is relatively shorter (3.96 Å)
and the Er(III) centres indulge in weak anti-ferromagnetic
exchange coupling (J = �0.134 cm�1). However, such complexes
are extremely rare in Ln(III) chemistry. Observation of slow
dynamics of magnetization in such complexes implies the versatil-
ity of Er(III) ion in exhibiting magnetization blocking over a wide
range of coordination environments.

In the preceding section, we have indicated that COT-sandwich
or COT-Cp mixed sandwich Dy(III) complexes do not bring the
highest possible magnetic states (MJ = ±15/2). In addition to that,
the easy-axes of magnetization for the ground doublets are not
necessarily uniaxial under such CF environments. In order to access
limiting Ueff involving the DyIII ion, extremely strong axial ligand
field with concomitant high axial CF symmetry is mandatory
[21]. However, as discussed in Section 2.9.1 above, ab initio
calculations predict that stabilization of DyIII ion with two capping
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Cp⁄ ligands in a tilted fashion could endow the system with the
potential of exhibiting the essential limit of effective energy barrier
for magnetization reversal (Fig. 51). But the greatest challenge to
stabilize such complexes seems to be to prevent additional
coordinating ligand(s) because such complexes are extremely
prone to form pseudo-sandwich complexes. One possible way
could be to introduce large bulky substituents on the periphery
of the capping ligands. Layfield et al. [67] and Mills et al. [68] have
employed an interesting synthetic strategy to stabilize such a com-
plex, [(Cpttt)2Dy][B(C6F5)4] (72) (where Cpttt = 1,2,4-tri(tertbutyl)-
cyclopentadienyl anion, Fig. 61) [67]. Single crystal X-ray
structural analysis revealed that the two capping Cpttt ligands are
arranged in a staggered fashion to sandwich the DyIII ion. The cen-
troid (Cpttt)-Dy-centroid(Cpttt) angle is found to be 152.8�, which is
far more towards linearity compared to the hypothetical [(Cp⁄)2-
Dy]+model complex (centroid(Cp⁄)-Dy-centroid(Cp⁄) angle = 136�;
Fig. 61) [217]. Considering the characteristic oblate electrostatic
potential surface of the highest magnetic Ising-doublet for the DyIII

ion (MJ = ±15/2), the ligand environment in 72 is expected to exert
stronger axial CF and thereby promoting larger effective energy
barrier for magnetization reversal with reduced QTM. Dc magnetic
susceptibility studies on the polycrystalline sample of 72 indeed
indicated the stabilization of the highest magnetic states as the
ground doublet. Ac magnetic susceptibility investigations revealed
a high SIM-performance for 72 with zero-field Ueff = 1277 cm�1, s0
= 8.12 � 10�12 s, and TB = 60 K at dc field sweep rate = 39 Oe/s [67].

The presence of very weak steps near zero-field in the magnetic
hysteresis loops (Fig. 61 (b)) implies that the CF in 72 has sup-
pressed QTM significantly. Notably, the slow relaxation of mag-
netisation in 72 is observed up to around 100 K. The Orbach
process is found to occur only at higher temperature domain (T
> 60 K). Due to very high energy barrier, the Orbach process at
lower temperature domain is too slow to measure. The relaxation
of magnetization at low temperature domain appears to be domi-
nated by Raman process. However, the Raman process is quite
inefficient and hence, it is possible to detect the slow relaxation
magnetization up to such a high temperature.

Ab initio calculations resulted out Ising-type energy landscapes
for the ground J manifold of Dy(III) ion in 72 (Fig. 61 (c)). Detailed
analysis revealed that the most probable path for the magnetiza-
tion reversal takes place via transition through the fifth excited
doublet which is situated at 1156 cm�1 above the ground doublet.
Slightly lower predicted energy than the experimentally evaluated
one could be attributed to the simplifications in CASSCF calcula-
tions [67]. However, the discovery of the complex 72 is indeed a
step forward towards the applications of molecular nanomagnets
in the advanced technology. It raises hopes that employment of
appropriate cycloalkenyl capping ligands could bring forth poten-
tial organometallic Ln(III)-based molecular nanomagnets with
promising SMM behaviour.

3. Conclusion and outlook

In view of slow magnetic dynamics, low-coordinate high-
symmetric lanthanide complexes are more promising candidates
for being investigated as molecular magnets compared to lan-
thanide complexes with normal coordination numbers or in com-
parison to transition metal-based complexes. QTM, which
diminishes or sometimes nullifies the effective energy barrier for
magnetization reversal and magnetic hysteresis loops, is an inher-
ent characteristic of lanthanide-based molecular complexes.
Crystal-field and point group symmetry consideration could help
chemists to design appropriate complexes with significantly sup-
pressed QTM. In spite of the progress made thus far it is clear that
rigorous theoretical calculations are required to forecast promising
molecular systems that are worth trying experimentally, although
promising leads in this direction has already been made.

One of the issues that need to be resolved in this rapidly grow-
ing area of molecular magnets is the identification of a common
parameter(s) that can be used as a bench mark for validating and
evaluating a given system. Because of the variations in reporting
the data it becomes difficult to compare, very quickly, the relative
pros and cons of various molecular magnets that have been
reported. Keeping in mind the requisites of the molecule-based
nanomagnets for their applications in practical devices, blocking
temperature (TB) measured under specific experimental conditions
could be a potential parameter for uniform assessment of the
molecule-based magnets.

Another important challenge is the finding a way to control
non-Orbach mechanism in this class of compounds. QTM has been
the most important factor that undercut the blocking temperature
significantly in this area and over the decades of effort has lead to
several significant progresses to quench QTM effects. This includes
designing ligands with appropriate symmetry, incorporation of
paramagnetic ions/radicals to enhance exchange coupling which
quench the QTM effects, controlling intermolecular interactions
using bulky counter anions/ligands, utilizing enriched lanthanides
to avoid hyperfine couplings etc. However other relaxation mecha-
nisms such as spin-phonon are still dominant at higher tempera-
tures leading to faster relaxation mechanism. Although some
theoretical efforts already have been made in this regard, rigorous
way to control relaxation via all channels is extremely important to
take the TB beyond liquid nitrogen temperatures.

To summarize, among non-molecular low-coordinate systems,
doping appropriate lanthanide atoms on non-magnetic surfaces
(where the lanthanide atoms can be associated with high CF sym-
metry and very weak electronic interactions with the surfaces)
could result in systems with excellent magnetization blocking
temperatures. Lanthanide cluster/ion encapsulated fullerenes are
found to provide low coordination around Ln(III) ions. High sym-
metry and rigidity of these EMFs can help to enhance barrier height
and control possibly also other relaxation channels. Although,
experimentally still to be realized, based on theoretical calcula-
tions, linear bi-coordinate Dy(III) complexes are expected to exhi-
bit the extremely high effective energy barrier for magnetization
reversal. Lanthanide complexes with perfectly planar coordination
geometry and high point group symmetry are also expected to be
promising molecular magnets. Here again, such ideal geometry has
been found difficult to realize experimentally. Among, the six-
coordinate complexes, oblate lanthanide ions involved in trigonal
prism and trigonally distorted octahedron geometries are promis-
ing candidates. Similarly, in hepta-coordinate complexes, possess-
ing oblate lanthanide ions in a D5h CF point group symmetry are
also good systems that exhibit high effective energy barrier for
magnetization reversal. If the ring sizes of the sandwich complexes
are chosen aptly, this can lead to a significant breakthrough as has
been witnessed with a blocking temperature of 60 K. Thus hierar-
chical Ln(III)-based sandwich complexes are proving to exhibit effi-
cient slow dynamics of magnetization. However one of the main
issues with such systems is the stability under ambient conditions
as desired in the next logical step of fabricating devices from these
molecules. It is clear that chemists can play a major role in realiz-
ing systems that proved elusive thus far by invoking new design
paradigms.

In Table 10, we have summarized suitable geometry for prolate
and oblate ions as reported in the literature along with maximum
value of experimental/theoretical effective energy barrier and
blocking temperature achieved till date. This can be utilized to fine
tune particular geometry or target particular systems already pos-
sessing desired magnetic properties.



Table 10
Various possible Ln(III) SMMs reported in the literature are clubbed based on their coordination number/geometry along with the maximum Ueff/Ucal/TB reported within that
coordination number. Along with this, suitability of such coordination number/geometry for prolate and oblate ions are given in squares in three different colours (Green -best,
Orange -moderate and red-poor). Here green, orange and red indicate best, moderate and poor match between the geometry/coordination number with the nature of electron
density.

Prolate (Er) Oblate (Dy) (Ueff/Ucal)max cm�1 (TB)max K

Ln(III) doped on surface 30

Ln(III) ion inside fullerenes 18

{Ln-X}3�a 2100#

{Ln-X}@EMF/Surface

{X-Ln-X}3�2a 3000#

Trigonal planar 85 1.9

Trigonal pyramidal LnX4

LnEwAs

LnEsAw 55.8 3

Square planar 390#

Tetrahedral 19#

Square pyramidal LnX5 157#

LnEwAs 535.7 5

LnEsAw

Trigonal bipyramidal LnX5 475#

LnEwAs 535.7 5

LnEsAw

Octahedral LnX6 0#

LnEwAs 828 20

LnEsAw 22F

Pentagonal bipyramidal LnX7 166#

LnEwAs 1043 11

LnEsAw

{Ln(COT)2}� 224.5 12

[Ln(COT)Cp*}1� 419 5

[Ln(Cp*)2[� 1277 60

a = formal charge on the anion X, here X is OH–, O2– and F� etc.
E = Equatorial ligand, A = Axial ligand, s = strong, w = weak, F = field applied, # = Ucal.
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