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Abstract

:

The effective combination of chirality and magnetism in a single crystalline material can lead to fascinating cross-effects, such as magneto-chiral dichroism. Among a large variety of chiral ligands utilized in the design and synthesis of chiral magnetic materials, helicenes seem to be the most appealing ones, due to the exceptionally high specific rotation values that reach thousands of deg⋅cm3⋅g−1⋅dm−1, which is two orders of magnitude higher than for compounds with chiral carbon atoms. Despite the sizeable family of transition metal complexes with helicene-type ligands, there are only a few examples of such complexes with lanthanide ions. In this mini-review, we describe the most recent developments in the field of lanthanide-based complexes with helicene-type ligands and summarize insights regarding the further exploration of this family of compounds towards multifunctional chiral lanthanide single molecule magnets (Ln-SMMs).
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1. Introduction


Helicenes are fascinating molecules with inherent chirality arising from the screw shape of their ortho-fused polycyclic skeleton. This nonplanar skeleton exhibits axial chirality, which is configurationally stable for at least five fused rings [1]. Similar to other polycyclic aromatic compounds, helicenes are considered as potential components of molecular electronics and photonics, due to their unique delocalized electronic structure. Moreover, helicenes can be decorated with various functional groups, which has been reported widely since the 1950s [2,3,4]. Rational selection of these groups makes the helicene a truly multifunctional ligand suitable for coordination to various metal ions, yielding classical coordination complexes as well as organometallic compounds [5]. The main advantage of helicenes as chiral ligands is their huge specific rotation, which is as much as two orders of magnitude larger than for compounds with chiral carbon atoms, such as glucose or camphor [6,7]. Moreover, helicenes often show spectacular emission properties [8,9,10,11,12]. If pure helicene enantiomers are exploited in the synthesis of lanthanide complexes, a co-existence or coupling of exceptional optical activity and slow relaxation of the magnetization in the resulting complexes can be anticipated. Hence, the efficient merging of the chirality of helicenes and the magnetism of lanthanide ions in a single molecule can lead to the observation of very rare magneto-chiral cross-effects at the molecular level, resulting in truly multifunctional molecular devices.



Lanthanides are widely studied in the field of molecular magnetism due to their potential applications as single molecule memory elements (single molecule magnets; SMMs) [13], quantum computing units (molecular qubits) [14] and spin valves and sensors [15]. These applications are possible due to the strong intrinsic magnetic anisotropy of lanthanide ions, caused by strong spin-orbit coupling (SOC). The magnetic anisotropy can be fine-tuned by manipulating the crystal field of the carefully designed ligand scaffolds, in conformity with the oblate/prolate anisotropy of a particular ion [16,17], which in turn enables a rational design of molecules with magnetic bistability. Lanthanide ions feature a wide range of different types of magnetic anisotropy. The choice of the most suitable lanthanides depends on the desired properties—Gd(III) is suitable for the construction of qubits or qudits, while the highly anisotropic ions, such as Dy(III) [18,19], Tb(III) [20], Er(III) [21] or Yb(III) [22] are perfect for the construction of SMMs. However, the design of SMMs also requires a careful choice of the ligand scaffold and the solvent. Successful combination of these three components may lead not only to exceptional SMMs, but also to multifunctionality, with multiple co-existing or strongly interacting physical and chemical properties [23]. Chiral SMMs are among the most popular targets as potential multifunctional molecular materials [24,25,26]. Nevertheless, the combination of magnetism with other properties is often also pursued, which include the following: ferroelectricity [26,27], conductivity [28], luminescence [29,30,31,32], optical activity, non-linear optics [33] or redox activity [32]. Helicenes appear to be particularly suited for the design and synthesis of chiral molecule-based magnets. The major limitation, however, is their commercial unavailability as well as their time-consuming and troublesome preparation. This might be the reason why helicenes are so scarcely used for the preparation of chiral SMMs, including Ln-SMMs, as compared to chiral carbon-based ligands [34]. Another reason for a very limited number of such compounds is probably the currently explored synthetic strategy employing an exclusively classical coordination chemistry approach. Coordination chemistry requires the presence of suitable donor atoms in the aromatic backbone of helicenes, which adds to their already troublesome multi-step preparation. Exploration of the π-donor capabilities of helicenes [35,36,37] demonstrated for d-metals might be an interesting alternative, potentially leading to lanthanide–helicene metallocenes.



Lanthanide complexes with helicenes are also interesting from the point of view of luminescence. Lanthanides have very sharp emission lines and usually long lifetimes of the exited states with a variety of available emission energies from visible to near IR. Due to the fact that f-f electronic transitions are forbidden (Laporte rule) [38], various ligands are used in lanthanide complexes as antennae for their indirect sensitization [39,40,41,42,43]. Helicenes can also act as antennas, as they consist of conjugated aromatic rings similarly to many ligands with a similar use. Lanthanide complexes with helicenes may also give access to circularly polarized luminescence (CPL), which is much more widely studied for purely organic compounds and transition metal complexes [44,45,46,47,48].



As aforementioned, Ln complexes with helicenes have great potential to exhibit magneto–optical cross-effects such as strong magneto-chiral dichroism (MChD), which stems from the interaction of the unpolarized light with magnetized chiral matter. Depending on the chirality (right or left enantiomer) and the relative orientation of the magnetic field and the light beam (parallel or antiparallel), opposite signals in absorption or emission of light can be observed. In contrast to the natural circular dichroism (NCD) and the magnetic circular dichroism (MCD), which require circularly polarized light, MChD can be observed using unpolarized light—a major benefit from the point of view of future applications. On the other hand, MChD signals are often much weaker than NCD and MCD, but in the case of Ln-helicene complexes the MChD is expected to be significantly stronger.



The theory of MChD was proposed in 1984 [49], but the very first prediction of this cross-effect between natural optical activity (NOA) and magnetic optical activity (MOA) appeared much earlier—in 1962 [50]. The first experimental observation of the MChD effect, however, was reported in 1997 for a chiral lanthanide complex Eu((±)tfc)3 by Rikken and Raupach [51]. Hereafter, a few more examples of MChD have appeared in the literature, such as chiral ferromagnets [52], single chain magnets [53,54], mixed rare-earth/transition-metal clusters [55] and supramolecular aggregates [56]. The theory of MChD predicts strong effects in the case of f-f transitions of lanthanides (in the easily accessible UV-vis-IR range) [49], which should be further enhanced by including enantiopure helicenes in the coordination sphere of the complex. Investigation of MChD is important from a technological point of view, as the optical readout of the magnetization was proposed in compounds showing this property [57,58]. Moreover, MChD is also suspected to be at the origin of the homochirality of life [59,60,61,62]. This prompts the full-scale exploration of new lanthanide–helicene complexes as candidates showing strong MChD effect. Herein, we provide an overview of all lanthanide–helicene complexes reported to date and draw conclusions regarding the future direction in this exciting subfield of molecular magnetism.




2. State-of-the-Art—Co-Existence of Chirality, Magnetism and/or Luminescence


In contrast to a very rich family of helicene-based transition metal complexes [63], the number of the corresponding lanthanide complexes is quite limited. Consequently, only a few helicenes were used for the preparation of Ln(III) coordination compounds and were mostly derivatives of 2,2′-bipyridine. Figure 1 gathers all helicenes used so far in the preparation of lanthanide complexes. Such a narrow group of ligands with a very limited number of coordination modes barely scratches the surface of the possible electronic and magnetic interactions between lanthanides and helicenes, but already demonstrates the potential of this type of compound for the construction of multifunctional molecular systems. Apart from helicenes with conventional donor atoms, which enables the classical coordination to lanthanides (Figure 1), the η5- and η6-helicenic ligands as well as helicenes decorated with alkynyl and vinyl groups were never used for the preparation of ‘organometallic’ lanthanide complexes.



All structurally characterized lanthanide complexes with helicene 2,2′-bipirydyl derivatives or N,N’-dioxophenanthroline as ligands are collected in Table 1 and described below.



The first lanthanide-based compound from the family of helicene 2,2’-bipyridine derivatives was described in 2016 by Ou-Yang et al. [68]. A mononuclear complex [Dy(hfac)3(L1)] (1) (L1 = 3-(2-pyridyl)-4-aza[6]helicene, hfac‒ = 1,1,1,5,5,5-hexafluoroacetylacetonate) was obtained in a racemic form rac-1 [Dy(hfac)3(rac-L1)] 0.5C6H14 (Figure 2) and as pure enantiomers [Dy(hfac)3((P)-L1)] 1P and [Dy(hfac)3((M)-L1)] 1M. The N2O6 coordination spheres of the DyIII centers are similar for the racemate rac-1 and the enantiomers 1P and 1M with the geometry of a triangular dodecahedron (D2d). However, the crystal packing differs significantly. The racemic form rac-1 crystallizes in a triclinic space group P   1 —    while pure enantiomers 1P and 1M crystallize in a non-centrosymmetric space group P212121. In the case of rac-1, the individual molecules are organized in heterochiral supramolecular pairs, whereas in pure enantiomeric forms a helical supramolecular chain arrangement is found due to the specific π-π stacking interactions of the helicene ligands. The completely different crystal packing for rac-1 and 1P/1M results in different shortest Dy⋅⋅⋅Dy distances: 8.789 Å for rac-1 and 10.127 Å for 1P and 1M. This leads to different magnetic properties for rac-1 and the pure enantiomers with the opening of the magnetic hysteresis loop for 1P and 1M at 0.5 K. The different crystal packing results in different intermolecular magnetic interactions: Antiferromagnetic for rac-1 and ferromagnetic for pure enantiomers. This was the first report of the different magnetic behavior and slow relaxation of the magnetization of pure chiral SMM enantiomers as compared to their racemic form. However, the influence of the chirality of the helicene on the magnetic properties of the lanthanide in [Dy(hfac)3(L1)] (1) is steric in nature rather than electronic.



The second compound [Dy(tta)3(L1)] (2) (tta− = 2-thenoyltrifluoroacetonate anion) was also published in 2016 [69]. [Dy(tta)3(L1)] (2) is quite similar to 1 in terms of the first coordination sphere of DyIII and the use of the same helicene ligand L1. The only difference is the use of tta− anions instead of hfac‒ (Figure 3). The replacement of hfac‒ by tta− in the racemic 2 (pure enantiomeric forms were not reported) leads to the observation of slow relaxation of the magnetization and magnetic hysteresis loop at 0.50 K as opposed to the lack of SMM behavior in rac-1. The racemic 2 crystallizes in a triclinic P   1 —    space group with the N2O6 coordination sphere of DyIII showing approximately D4d symmetry (distorted square antiprism geometry). Similarly to rac-1, heterochiral dimers are formed within the crystal structure of 2 due to the presence of intermolecular π-π interactions of the 2,2’-bpy moieties of the L1 ligand. The shortest Dy⋅⋅⋅Dy distance of 8.935 Å is very similar to that found in rac-1. Due to the use of the helicene L1 in its racemic form, it is impossible to classify [Dy(tta)3(L1)] (2) as a lanthanide–helicene complex with either coupling or co-existence of the chirality and magnetism, because this can only be done for pure enantiomers (in racemic mixtures the effects related to chirality cancel out).



In 2018, the next two lanthanide–helicene complexes were reported [65]. These two complexes are based on a very similar 2,2′-bipyridyl derivative, but this time it has two 2,2′-bpy fragments, so it can serve as a molecular bridge between two lanthanide ions. Two isostructural compounds are reported: [Dy2(hfac)6(L2)] (3) and [Yb2(hfac)6(L2)]∙C6H14 (4) (L2 = 3,14-di-(2-pyridyl)-4,13-diaza[6]helicene) (Figure 4). Only racemic forms of 3 and 4 were obtained and studied. The local geometry of the dinuclear molecules 3 and 4 are very similar, but they differ in the crystal packing due to the presence or absence of the different types of crystallization solvent molecules. Both dimers crystallize in the triclinic P   1 —    space group. In both dimers every metal center has a slightly different symmetry (two crystallographically independent DyIII or YbIII centers). Helicene angle in the dysprosium dimer 3 is 55.3(1)° while in ytterbium dimer 4 it is 61.0(1)°. Ln⋅⋅⋅Ln distance in 3 and 4 is 9.320 Å and 9.890 Å, respectively. Both complexes are field-induced SMMs. Similarly to 1 and 2, compounds 3 and 4 also show co-existence of the helicene- and lanthanide-specific functionalities, rather than the coupling of the two.



In 2019 the analogs of rac-1 with other lanthanide ions were described [Ln(hfac)3(L1)]·0.5C6H14 (Ln = Y (5), Eu (6), Gd (7), Yb (8)) [70]. The authors discuss the influence of the Ln center in these isostructural compounds on the enhancement of the singlet oxygen generation and on their luminescence. Ligand L1 was used in this series only in its racemic form. The structures of these four compounds are identical to the Dy-based analog rac-1. The shortest Ln⋅⋅⋅Ln distance in these structures is in the 8.694–8.972 Å range.



The detailed analysis of the luminescence was performed for the whole family of compounds and compared with the luminescence of the free ligand. The quantum yield of singlet oxygen generation was also determined for all members of this family. The helicenic ligand L1 itself is a potent single oxygen sensitizer. It was concluded that the coordination of L1 to lanthanide ions could modulate the kinetics of the intersystem crossing and the singlet oxygen generation. Coordination of gadolinium(III) (7) significantly improves the singlet oxygen generation in comparison to the free ligand, because gadolinium(III) presents f-f transitions much higher in energy than the lowest singlet excited state of the ligand and therefore influences its photophysics solely by the so called “heavy-atom” effect. As no energy transfer from the ligand-centered triplet state to the metal center is energetically allowed, the ligand deactivates by energy transfer to the surrounding molecular oxygen, resulting in a particularly efficient singlet oxygen photosensitization. In the case of the ytterbium(III) complex (8), singlet oxygen sensitization by the ligand simply competes with the energy transfer to the ytterbium center. Finally, coordination to europium(III) decreases the singlet oxygen generation efficiency as compared to the free ligand. Overall, the behavior of [Eu(hfac)3(L1)] (6) is more complex and leads to faster kinetics of the nonradiative processes, resulting in poor singlet oxygen generation and luminescence. Unfortunately, due to the use of the racemic L1 in the synthesis of 5–8, it is impossible to assess the influence of the chirality of the helicenic L1 on the properties of these complexes.



In 2019, another Dy(III) complex with a more sophisticated helicenic ligand was reported by Pointillart et al. [66]. The authors successfully combined the chiral carbo[6]helicene backbone with the electroactive tetrathiafulavalene (TTF) core (L3 in Figure 1). The resulting compound [Dy(hfac)3(L3)]·0.5CH2Cl2 (9) (Figure 5) is a chiral redox-active SMM. Only the racemic form of this complex was studied; 9 crystallizes in a triclinic space group P   1 —   . The coordination sphere of Dy(III) N2O6 is very similar to the other complexes, 1–8. The two nitrogen and six oxygen atoms form a quasi-D2d polyhedron around the Dy(III) center. The shortest Dy⋅⋅⋅Dy distance is 9.529 Å. The [Dy(hfac)3(L3)] molecules are stacked along the a crystallographic axis thanks to the intramolecular π-π interactions between the helicene backbones of one molecule and the (1H-benzimidazol-2-yl)pyridine (bzip) fragment of the neighboring one in a “head-to-tail” fashion.



Cyclic voltammetry measurements revealed that the redox properties of the ligand L3 are conserved in [Dy(hfac)3(L3)] and there are two monoelectronic oxidations: to the radical cation and then to the dication at 0.55 V and 0.94 V. The corresponding oxidation event for the free ligand occurs at 0.53 V and 0.93 V.



[Dy(hfac)3(L3)] exhibits the slow relaxation of the magnetization, which is driven mainly by the Raman relaxation process. Theoretical calculations (SA-CASSCF/SI-SO) were performed to rationalize the observed magnetic properties and confirm the axial character of the magnetic anisotropy tensor of the ground-state Kramers doublet. According to the calculations, the easy magnetization axis is oriented perpendicular to the plane of the {tetrathiafulvalenyl-1H-benzimidazol-2-yl}pyridine moiety which was also confirmed experimentally by single-crystal magnetic measurements. The synthesis of pure enantiomers of this complex are expected to enable the electrochemical modulation of the circular dichroism signal, optical rotation and SMM behavior of this compound. Nevertheless, at this point there is no direct evidence for coupling between the chirality, magnetism and electrochemistry in [Dy(hfac)3(L3)].



Recently a homoleptic Gd(III) complex [Gd(phendo)4](NO3)3·xMeOH (10) with the smallest helicene-type ligand 1,10-phenanthroline-N,N′-dioxide (phendo) was reported by some of us (Figure 6) [71]. The Gd(III) ions in 10 are coordinated solely by four bis-chelating phendo ligands attaining the same helicity and resulting in propeller-shaped complex cations. Due to the very low racemization barrier of phendo, 10 crystallizes in a centrosymmetric tetragonal space group I4/m with both left- and right-handed [Gd(phendo)4]3+ propellers in the structure.



Detailed magnetic and EPR studies for [Gd(phendo)4](NO3)3·xMeOH (10) and its solid state dilutions in the isostructural [Y(phendo)4](NO3)3·xMeOH matrix revealed field-induced SMM (quite rare for Gd(III)-based complexes) and molecular qubit behavior. It was found that the slow magnetic relaxation is driven mainly by the Raman-like process with the relaxation time τ ∝ T−3. The coherent spin state manipulation of [Gd(phendo)4]3+ was demonstrated by recording Rabi oscillations at temperatures as high as 20 K.



The propeller-shaped analogs of [Gd(phendo)4](NO3)3·xMeOH (10) with Er (11) and Yb (12), were also obtained and studied [72]. Both [Er(phendo)4](NO3)3·xMeOH (11) and [Yb(phendo)4](NO3)3·xMeOH (12) exhibit slow magnetic relaxation typical for field-induced SMMs. Detailed magnetic studies of the solid state dilution compounds using [Y(phendo)4](NO3)3·xMeOH as the dilution matrix revealed a similar temperature dependence of the relaxation of the magnetization for 10, 11 and 12 controlled by a nearly identical Raman process with τ ∝ T−3 at lower temperatures. At higher temperatures, 11 and 12 also show a contribution of the Orbach-type relaxation with the estimated energy barrier for the magnetization reversal Ueff/kB of 44(2) K and 38(1) K, respectively. Similar to 1–9, compounds 10, 11 and 12 also do not demonstrate the desired coupling of the unique chirality of the helicenes with the extraordinary magnetism of the lanthanides, which can only be revealed for pure enantiomeric forms.




3. Towards Coupling of the Helicene’s Chirality and Lanthanide’s Magnetism


Section 2 reveals that the coupling between the chirality of the helicene ligand and the magnetism of the lanthanide central ion can only be revealed for pure enantiomeric forms. Recently, the racemic compound [Ln(hfac)3(L1)] (8), discussed in the previous section, was obtained in the form of pure enantiomers ([Yb(hfac)3((P)-L1)] 8P and [Yb(hfac)3((M)-L1)] 8M [73]. These compounds are isostructural with the pure enantiomers 1P and 1M of the Dy(III) analog (also discussed in the beginning of the previous section and reported in 2016 [68]). Apart from the pure (P) or (M) helicity of the ligands L1 in 8P and 8M, the Yb(III) centers also show their own axial chirality due to the presence of four bis-chelating ligands: Δ-type in 8P and Λ-type in 8M. Alternating current (AC) magnetic susceptibility measurements for 8M revealed slow magnetic relaxation under the external dc magnetic field—typical for field-induced SMMs.



Isolation of the two enantiomers of [Yb(hfac)3(L1)] enabled the detection of the magneto-chiral dichroism (MChD) signal in the near-IR absorption spectroscopy. It is the first example of the MChD effect measured for a helicene-based coordination compound. The fine-structured strong MChD signal in the 920–990 nm range for 8P and 8M originates from the difference in absorption of the 2F5/2 ← 2F7/2 electronic transition of Yb(III). Detailed studies of the temperature and magnetic field dependence of the MChD spectra revealed that the narrow signal of the lowest energy (maximum at 980 nm) can be assigned to the 0′ ← 0 transition between the lowest energy Kramers doublets of the 2F7/2 and 2F5/2 states. The temperature and the magnetic field dependencies of the MChD signal ΔAMChD(T) and ΔAMChD(H) accurately follow the corresponding magnetization dependencies M(T) and M(H), as predicted by the MChD theory [49]. The helical nature of the helicene L1 in [Yb(hfac)3(L1)] influences the chiral arrangement of the bis-chelating ligands around the Yb(III) ion, which is directly associated with the MChD effect. This is the first example where the helicene ligand coordinated to a lanthanide ion enables strong magneto-chiral dichroism.




4. Conclusions


The presented review of the lanthanide–helicene complexes shows that there are only five types of molecules reported to date, with only eleven compounds of this type studied in total. Moreover, these complexes were obtained using a classical coordination chemistry approach, where the helicene is equipped with a classical coordination group such as 2,2’-bpy. This is a clear indication that the field is still in its infancy and requires a huge amount of experimental and theoretical work in order to fully understand and take advantage of the possible coupling of the strong chirality of helicenes, with the unique magnetic properties of lanthanides. One of the possible synthetic routes towards Ln-helicene complexes with potentially strong coupling of the chirality and magnetism would be through the use of the π-coordination ability of helicenes, as demonstrated for some d-metal complexes. This strategy has not been explored yet and is currently being pursued in our laboratory.



Of note, there are only two examples of Ln-helicene complexes; 1 [68] and 8 [73] were obtained in optically pure forms. Preparation of optically pure Ln-helicene compounds is a fundamental requirement for the observation of the NCD and MChD phenomena in the bulk material, as both effects cancel out in racemic mixtures. The MChD studies of the bulk (crystals or powder) enable the selection of the most promising molecules that could fulfill the promise of the construction of future MChD magneto–optical single-molecule devices based on this class of compounds. Moreover, the practical applications of Ln-helicene compounds depend on the possibility of the observation of the MChD effect above the boiling point of nitrogen and under zero magnetic field—we believe that Ln-helicene SMMs would be able to fulfill this requirement.



Finally, the recent magneto-chiral dichroism (MChD) measurements for an optically pure lanthanide–helicene complex [Yb(hfac)3(L1)] [73] confirm the theory that the MChD signal is coupled with the magnetization of the metal center. This constitutes an important breakthrough that validates the concept of the optical detection of magnetization in molecular magnets using unpolarized light, as introduced by Train et al. in 2008 [52], and extends it to lanthanide single molecule magnets (Ln-SMMs). Nevertheless, the actual demonstration of the optical readout of a chiral molecular magnet or SMM is still awaited.
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Figure 1. Helicenes used as ligands in the lanthanide-based complexes reported to date: L1 = 3-(2-pyridyl)-4-aza[6]helicene [64], L2 = 3,14-di-(2-pyridyl)-4,13-diaza[6]helicene [65], L3 = 2-{1-[2-methyl[6]helicene]-4,5-[4,5-bis(propylthio)tetrathiafulvalenyl]-1H-benzimidazol-2-yl}pyridine [66] and phendo = 1,10-phenanthroline-N,N’-dioxide [67]. 
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Figure 2. The crystal structure of [Dy(hfac)3(L1)] (1) as the representative example of the isostructural series [Ln(hfac)3(L1)] (Ln = Dy for 1, Y for 5, Eu for 6, Gd for 7 and Yb for 8). Dy—teal, O—red, C—gray, N— blue, F—bright yellow. 
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Figure 3. The crystal structure of [Dy(tta)3(L1)] (2). Dy—teal, O—red, C—gray, N—blue, F—bright yellow, S—yellow. 
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Figure 4. The crystal structure of [Dy2(hfac)6(L2)] (3). Dy—teal, O—red, C—gray, N—blue, F—bright yellow. [Yb2(hfac)6(L2)]⋅C6H14 (4) shows very similar molecular geometry but different crystal packing. 
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Figure 5. The crystal structure of [Dy(hfac)3(L3)] (9). Dy—teal, O—red, C—gray, N—blue, F—bright yellow, S—yellow. 
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Figure 6. The crystal structure of the [Gd(phendo)4]3+ cation in compound 10 as the representative example of the isostructural series [Ln(phendo)4](NO3)3·xMeOH (Ln = Er for 11, Yb for 12). Gd—teal, O—red, C—gray, N—blue. 
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Table 1. A chronological summary of all published lanthanide-helicene complexes characterized structurally, with the CCDC numbers referring to their crystal structures deposited with the Cambridge Structural Database (CSD). The CSD database was searched using the WebCSD tool on 7 July 2021.
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	Compound Number
	Compound
	LnIII Ion
	CCDC
	Structural Formula
	Ref.





	1
	[Dy(hfac)3(L1)]

(rac-1, 1P and 1M)

L1 = 3-(2-

pyridyl)-4-aza[6]helicene;

hfac- = 1,1,1,5,5,5-hexafluoroacetylacetonate

P and M letters in the acronyms 1P and 1M denote the two enantiomers of the ligand L1 with (P) and (M) helicity, respectively
	Dy
	1511876

1511877

1511878
	 [image: Magnetochemistry 07 00138 i001]
	[68]



	2
	[Dy(tta)3(L1)]

tta− = 2-thenoyltrifluoroacetonate
	Dy
	1510324
	 [image: Magnetochemistry 07 00138 i002]
	[69]



	3
	[Dy2(hfac)6(L2)]

L2 = 3,14-di-(2-pyridyl)-4,13-diaza[6]helicene ligand
	Dy
	1854828
	 [image: Magnetochemistry 07 00138 i003]
	[65]



	4
	[Yb2(hfac)6(L2)]∙C6H14
	Yb
	1854829
	 [image: Magnetochemistry 07 00138 i004]
	[65]



	5, 6, 7, 8
	Ln(hfac)3(L1)·0.5C6H14
	Y, Eu, Gd, Yb
	1858744 (Yb) 1858745 (Eu) 1858746 (Y) 1858747 (Gd)
	 [image: Magnetochemistry 07 00138 i005]
	[70]



	9
	[Dy(hfac)3(L3)]·0.5CH2Cl2

L3 = 2-{1-[2-methyl[6]helicene]-4,5-

[4,5-bis(propylthio)tetrathiafulvalenyl]-1H-benzimidazol-

2-yl}pyridine
	Dy
	1867478
	 [image: Magnetochemistry 07 00138 i006]
	[66]



	10
	[Ln(phendo)4](NO3)3∙xMeOH

phendo = 1,10-phenathroline-N,N′-dioxide
	Gd
	1944789

1944790
	 [image: Magnetochemistry 07 00138 i007]
	[71]



	11, 12
	[Ln(phendo)4](NO3)3∙xMeOH
	Er, Yb
	1965558

1965559

1965560

1965556
	 [image: Magnetochemistry 07 00138 i008]
	[72]



	8
	[Yb(hfac)3(L1)]

(8P and 8M)

P and M letters in the acronyms 1P and 1M denote the two enantiomers of the ligand L1 with (P) and (M) helicity, respectively
	Yb
	2049025

2049026
	 [image: Magnetochemistry 07 00138 i009]
	[73]
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