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ABSTRACT 

Lanthanide complexes featuring luminescent and/or single-molecule magnet (SMM) 

characteristic(s) are proposed candidates to develop molecule-based spintronics, memory, 

and quantum information processing (QIP) device architectures. Herein, we report on the 

luminescent and/or SMM characteristic(s) of charge-neutral binuclear lanthanide 

complexes—[Ln2Cl6(4-picNO)4(μ2-4-picNO)2]·2H2O (Ln3+ = Tb3+ ([Tb2]) or Dy3+ ([Dy2]); 4-picNo 
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= 4-picoline N-oxide). The Dy and Tb complexes show 4-picNO-sensitised luminescence with 

quantum yields of 0.14% and 88%, respectively, in the solid-state. The luminescent Dy 

complex is an SMM with magnetisation reversal barrier (Ueff) = 20.6(4) cm-1 under zero 

applied magnetic field, whereas the Tb complex is not an SMM. Dipolar interaction 

mediated weak anti-ferromagnetic coupling between the Ln3+ centres operates at low 

temperatures. The facile preparation of [Ln2Cl6(4-picNO)4(μ2-4-picNO)2]·2H2O complexes 

showing high luminescence quantum yield (Tb3+) and SMM characteristic (Dy3+) might prove 

useful toward the designing of analogues luminescent-SMM hybrids suitable for 

technological applications.  

INTRODUCTION 

Lanthanide (Ln3+) complexes exhibiting Single-molecule magnet (SMM)1–3 and/or 

line-like emission behaviour4,5 are plausible molecular systems for the fabrication of 

miniaturised information storage1,6–8, computing9–12, and spintronics13–17 device 

architectures via bottom-up self-assembly approaches. Consequently, continuous efforts to 

modulate the SMM18–23 and luminescent properties24,25 of Ln3+ complexes by ligand field 

tuning and molecular energy level engineering, respectively, are in progress to harness the 

applications potential of the Ln3+ complexes26,27. 

Lanthanide-SMMs (Ln-SMMs) featuring characteristic large intrinsic magnetic 

anisotropy and slow relaxation of the magnetisation are two-level systems that could 

perform as a quantum bit (qubit)—the quantum unit of information10,12,28–30. While the 

classical binary digits (bits) are limited to values of 0 or 1, qubits can additionally take-up 

superposition of 0 or 1, that is, the state of a single qubit is a linear combination of 0 and 1, 

offering enhanced information processing ability compared to classical bits. Coupling of 

individual qubits in arrays is a strategy adopted to fabricate quantum gates for quantum 

computing applications31–33. However, difficulties inherent to the inter-qubit coupling limits 

the utility of such strategy. As an alternative, for example, the exponential extension of 

Hilbert space31 can be achieved employing the nuclear states of the lanthanides by 

designing bi- or multi-nuclear isotopologues Ln-SMMs9,10,31. The hyperfine coupling between 

the nuclear spin and the ground doublet in Ln-SMMs composed of isotopically enriched Ln3+ 

centres, for example 163Dy (I = 5/2) or the indirect coupling of nuclear states10,34, produces 

different quantum states (extension of Hilbert space), enabling the construction of 



multilevel systems termed as qudits, where d > 234–36. The hyperfine split qudit levels are 

addressed taking advantage of the quantum tunnelling of magnetisation (QTM), as 

exemplified in the case of prototypical Tb-complexes10,16,34,37. It is evident that a binuclear 

SMM could function as a multilevel qudit system in the presence of QTM and hyperfine 

interactions, and such a system is desirable for quantum information processing (QIP) 

applications10,34.  

In addition to the SMM property, Ln3+-based, for example, Ln3+ = Eu, Tb, Dy, Er, or 

Yb, mono-, bi-, and multi-nuclear complexes feature intense, long-lived, and line-like 

sensitised emission bands covering the whole visible and IR spectral range4,5,24,38–43. The 

alluring emission characteristics render luminescent Ln3+ complexes suitable for developing 

multifunctional26,27 molecule-based optical data-storage and communication systems44–47. 

Crucially, the emission properties coupled with the presence of nuclear spins enable the 

creation of Ln3+-molecule-based coherent light-matter interfaces. Such interfaces can be 

leveraged to demonstrate the quantum information processing utility of the luminescent 

lanthanide complexes. Recently, we have reported on the creation of coherent light-matter 

interfaces in binuclear and mononuclear Eu3+ complexes48,49. We have shown that spectral 

holes can be burnt in the electric dipole-induced 5D0-to-7F0 transition, enabling the 

estimation of optical coherence lifetime (T2) and polarization of nuclear spins in one of the 

ground-state hyperfine levels48. Moreover, by taking advantage of the ultranarrow 5D0-to-

7F0 inhomogeneous linewidth associated with a mononuclear Eu3+ complex, we have 

demonstrated storage of photons inside a molecular crystal, rendering the complex as an 

optically addressable molecular memory. Crucially, the utility of the Eu3+ complex as a 

scalable qubit architecture—useful for performing quantum gate operations—has been 

elucidated by quantifying controlled ion-ion interactions between the Eu3+ centres49. All the 

prototypical demonstrations listed above elucidate the QIP utility of the Ln3+-based 

molecular systems.  

It is evident from the above discussions that Ln3+ complexes featuring SMM and/or 

luminescent characteristics are useful systems for developing application-oriented 

materials50,51. Ln3+ systems featuring both SMM and luminescent properties are ideal model 

systems to probe magneto-luminescence correlations, which may lead to light addressable 

SMMs both in the bulk and on the surface52–55. By analysing the fine structure associated 

with the luminescent line corresponding to the ground state term, for example, mJ = 15/2 in 



Dy3+, induced by ligand field (Stark splitting), the energy separation between the ground and 

excited mJ levels can be inferred as has been demonstrated56,57. On the other hand, the 

narrow spectral linewidths associated with Ln3+ systems could be leveraged to develop QIP 

systems.  

In this context, we have extended on our previous report concerning [Eu2Cl6(4-

picNO)4(μ2-4-picNO)2]·2H2O and prepared two new binuclear complexes—[Ln2Cl6(4-

picNO)4(μ2-4-picNO)2]·2H2O; Ln = Tb3+ [Tb2] or Dy3+ [Dy2] and studied their magnetic and 

luminescent characteristics, as detailed in the following sections. 

RESULTS AND DISCUSSION 

Synthesis and crystal structures 

The binuclear Ln3+ complexes discussed in this study are prepared by following a 

procedure reported for [Ln2Cl6(4-picNO)4(μ2-4-picNO)2]·2H2O (Ln = Eu3+ or Gd3+)48. See 

experimental section for more details. 

X-ray crystallographic analyses revealed that the complexes crystallise in the 

centrosymmetric    space group belonging to triclinic crystal system (Table S1). As a 

representative example, the crystal structure of [Dy2Cl6(4-picNO)4(μ2-4-picNO)2]·2H2O is 

detailed (Figure 1), and the crystal structure and related parameters of [Tb2Cl6(4-picNO)4(μ2-

4-picNO)2]·2H2O is depicted in the supporting information (Figure S1 and Table S1).  The 

neutral [Dy2] is composed of six 4-picNO and six chloride ligands. The O4Cl3 coordination 

environment around each Dy3+ ion is best described as pentagonal bipyramidal with a 

continuous shape measure (CShM) of 1.513. The equatorial positions (edges) of each 

pentagonal bipyramid are occupied by two monodentate 4-picNO ligands in trans fashion, 

one chloride ligand, and two µ2-4-picNO ligands. The axial positions of each pentagonal 

bipyramid are occupied by the remaining chloride ligands. The Dy-O bond lengths range 

from 2.264(3) Å to 2.461(2) Å. The Dy-O bond lengths involving monodentate 4-picNO 

ligands are shorter than the Dy-O bond lengths associated with the µ2-4-picNO ligands. The 

Dy-Cl bond lengths, with values ranging from 2.6598(10) Å to 2.7000(9) Å, are longer than 

the Dy-O bond lengths. The Dy-Cl bond lengths—2.6598(10) Å and 2.6714(10) Å—of the 

axial chloride ligands are shorter than the equatorial Dy-Cl bond length—2.7000(9) Å. The 



intramolecular Dy-Dy and the shortest intermolecular Dy-Dy distances are 4.2237(4) Å and 

8.3813(6) Å, respectively. 

 

Figure 1. X-ray crystal structure of [Dy2Cl6(4-picNO)4(μ2-4-picNO)2] ·2H2O. a) side view and b) 

top view. The arrows show the direction of the principal axis of the g-tensor in the ground 

Kramer doublet of the Dy-complex, obtained from CASSCF calculations. Colour code: Dy, 

blue; C, black; Cl, green; O, red; H, light grey. 

The Tb complex showed similar Ln-O, Ln-O(μ2), and Ln-Cl bond lengths as observed 

for [Dy2]. Intramolecular Tb-Tb and shortest intermolecular Tb-Tb distances of 4.2270(4) Å 

and 8.3727(5) Å, respectively, are observed. 

In the crystal lattice, the complex molecules—[Dy2] or [Tb2]—arrange into layers in 

the b×c plane with two co-crystallized water molecules (Figure S2), according to oblique    

a

b



lattice (one molecule per asymmetric unit). Successive layers superpose with constant 

lateral shift leading to single-layer periodicity and triclinic structure with one molecule per 

unit cell. 

Powder X-ray diffraction (PXRD) studies 

To study the phase purity of the crystalline complexes, PXRD measurements of the 

complexes were performed. A good match observed between the PXRD and single-crystal 

(SCXRD) patterns (Figure 2) of the complexes elucidates the phase purity of the crystalline 

complexes. Comparable unit cell parameters (Table S2) obtained from the indexing of the 

PXRD and SCXRD data serve as an additional proof confirming the phase purity of the 

complexes. 

 

 

Figure 2. left: XRD patterns of [Dy2] and [Tb2] at 173 K and 180 K, respectively, calculated 

from the single-crystal X-ray structures of the complexes; right: experimental PXRD patterns 

at room temperature. All patterns are composed of the same reflections with only small 

changes in peak position and intensity, in relation with small variations of lattice parameters 

and electron densities. 

In the powder, the molecular volume regularly decreases, at a mean rate of 4.3 Å3 

per atomic number, from Eu-to-Dy (Table S2), which involves decrease of layer spacing 

(Δd/d jumps of 0.13-0.14%) and of lateral distances (Δ(√A)/√A) jumps of 0.11-0.12%). Single-

crystal structures follow analogous trends (Table S2), although parameter values are more 

dispersed. The cell volume, sublattice area, and layer spacing vary with the nature of the 

Ln3+ ion, within respectively 1.5%, 1.2% and 0.5% in the powder structures. At the same 



time, the √A/d ratio is nearly constant (1.179 ± 0.001), as well as parameter a of in-plane 

arrangement (66.61 ± 0.04°) and the shift of successive molecular layers related to b and c 

(3.20 ± 0.03 Å). This confirms the equivalence of all structures, with only small changes of 

lattice parameters. 

Photophysical studies 

The photoluminescence characteristics of the complexes were studied in the solid-

state by exciting the 4-picNO-based transition centred at ~330 nm.  At room temperature, 

[Tb2] showed a bright luminescence corresponding to the 5D4 → 7FJ (J = 6-3) transitions with 

weaker emission bands in the 640-660 nm region corresponding to J = 2 to 0 (Figure 3a). A 

high quantum yield of 88% (Table 1) evidences a very good sensitisation of the 5D4 level of 

Tb3+ by 4-picNO. The PL of the terbium complex decays monoexponentially with a lifetime of 

1.32 ms (Figure S3), indicating the presence of a single emissive species. The Dy complex 

showed weak Dy3+ centred emission bands at 485 nm (4F9/2 → 6H15/2), 577 nm (4F9/2 → 

6H13/2), 663 nm (4F9/2 → 6H11/2), 754 nm (4F9/2 → 6H9/2) and 833 nm (4F9/2 → 6H7/2) as shown in 

Figures 3a and S4a. A quantum yield of ~ 0.14% and lifetime (τ) <10 µs were observed upon 

ligand excitation at 339 nm at room temperature; accurate determination of the lifetime 

was prevented by low signal intensity. At 77K, a lifetime of 4.8 µs could be determined 

(Figure S4b). A low-symmetry crystal field around Dy3+ in [Dy2] is inferred from the PL 

spectrum shown in Figure 2. The intensity of the blue 4F9/2 → 6H15/2 magnetic dipole 

transition centred at 485 nm hardly varies with crystal field around Dy3+ ions, whereas the 

electric dipolar transition (4F9/2 → 6H13/2) at 577 nm is hypersensitive to Dy3+ coordination 

environment and is dominant for low local-site symmetry species, according to the Judd–

Ofelt theory58. The observation of weak emission around 665 nm (4F9/2 → 6H11/2) also 

evidences the low-symmetry of the crystal field around Dy3+ in [Dy2].  
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Figure 3. Steady-state emission characteristics of [Tb2] and [Dy2]. a) Normalised RT 

emission spectra of [Tb2] (λex = 330 nm) and [Dy2] (λex = 339 nm) complexes in the solid-state 



and b) the Commission Internationale de l'éclairage (CIE) colour space chromaticity diagram 

of the complexes in the solid state (Tb: x = 0.3032, y = 0.6092; Dy: x = 0.3835, y = 0.4325). 

Table 1. Selected photophysical data of [Tb2] and [Dy2] complexes in the solid-state. 

Complex ΔE (cm-1) τobs (µs)a         
b 

Tb2 3310 1330 88 

Dy2 2980 <10 0.14  

aλexc = 330 nm for [Tb2] and 339 nm for [Dy2]. bError for the absolute determination of 

quantum yield is estimated to be ± 15%.  

 

The observed trends in the luminescence sensitization emission from the [Tb2] and 

[Dy2] can be rationalized considering the triplet energy (ET) of 4-picNO antenna. An ET = 

23810 cm-1 (420 nm) was estimated, as reported in our previous study48. The triplet level of 

4-picNO is located above the receiving levels of Tb3+ (5D4 = 20500 cm-1) and Dy3+ (4F9/2 = 

20830 cm-1). This implies that the energy transfer from the triplet level of 4-picNO to the 5D4 

and 
4F9/2, receiving levels of Tb3+ and Dy3+, respectively, led to the sensitised luminescence. 

The total ligand to metal sensitisation energy transfer efficiency (ηsens) depends on the 

energy gap (ΔE) between the triplet state of the donor and Ln3+ acceptor states.  An energy 

gap of 2500 cm-1 ˂ ΔE(3ππ – 5D4) ˂ 4000 cm-1 is reported ideal for the luminescence 

sensitisation of Tb3+. The high PL quantum yield of 88% observed for [Tb2] is likely facilitated 

due to an optimal energy separation—ΔΕ ~ 3310 cm-1—between the triplet level of 4-PicNO 

and 5D4 acceptor level of Tb3+. On the other hand, an optimal ΔΕ is not established for Dy3+ 

complexes. The presence of thermally accessible levels lying above the receiving 4F9/2 level 

and the possible thermal back-energy transfer between the 4F9/2 level and energetically 

close-lying excited levels is attributed as a contributing factor, decreasing the sensitised 

luminescence quantum yield of Dy-complexes53. 

Magnetic properties of the complexes 

Direct current (DC) magnetic susceptibility studies of the previously reported [Gd2]48, 

[Tb2], and [Dy2] complexes were carried out in an applied field (Hdc) = 0.1 T. At 300 K, χMT 

values of 15.8 ([Gd2]), 28.1 ([Dy2]), and 23.4 ([Tb2]) cm3 K mol–1 are observed (Figures 4 and 

S5). The χMT values are in the range expected for two uncoupled lanthanide ions. For [Gd2], 



the χMT versus T plot stays practically constant upon cooling down to ~10 K. Further cooling 

resulted in a decrease of the χMT product due to antiferromagnetic interactions (vide infra). 

A gradual decrease of χMT product is observed for the [Tb2] and [Dy2] complexes down to 

100 K. Cooling the samples further causes a faster decrease of the χMT products, indicating 

the depopulation of the crystal field levels and/or antiferromagnetic interactions.  

The field (H) dependence of molar magnetisation (M(H)) of the complexes were 

studied in the temperature and field-range of 2 to 5 K and 0 to 7 T, respectively. For [Gd2], 

saturation of the magnetisation is reached at fields larger than 3 T. The M(H) = 13.9 Nb is 

practically identical to the Brillouin function for two uncoupled Gd3+ ions (Figure 4a, inset), 

indicating a negligible interaction between the ions. M(H) values of 9.2 and 9.8 Nb, at an 

applied magnetic field of 7 T (T = 2 K), were observed for the [Tb2] and [Dy2] (Figure 4b, 

inset) complexes, respectively. 



 

Figure 4. a) Experimental χMT(T) plot of [Gd2] at an applied DC field of 0.1 T and 

magnetisation (M(H)) (inset) (solid symbols) and simulations (solid lines) obtained after 

simultaneous fitting employing equation 1; b) Experimental χMT(T) plots of [Dy2] at HDC = 0.1 

T and magnetisation (M(H)) (inset) (solid symbols) and simulations (solid lines) obtained by 

simultaneous fitting employing equation 1, CF parameters obtained from CASSCF 

calculation, and an isotropic interaction connecting the spin part of the Dy(III) ions. 

The downturn in the χMT profile for Gd2 can be quantified by fitting magnetic 

susceptibility data and the M(H) employing equation 1: 

a

b



                    
 
              eq. (1) 

where the first term is the isotropic interaction connecting the spins and the second is the 

Zeeman term. Simultaneous fitting59  yields an exchange coupling (J) value of –13 m K (–0.01 

cm–1) with g = 1.99 (Figure 4). The magnitude of J obtained from fitting procedure is in the 

range (Jdip = –0.01 cm–1) expected for dipolar interactions associated with two Gd3+ centres. 

At this stage, no further analysis of the magnetic data for the systems based on anisotropic 

lanthanide ions is possible.  

To assess the SMM behaviour of the complexes, alternating current (AC) magnetic 

susceptibility measurements were performed in an oscillating field of 5 Oe. No SMM 

characteristics were found for the Tb complex, as inferred from the absence of clear peaks 

in the out-of-phase (χ”) susceptibility measurements (Figure S6). In contrast, a frequency 

and temperature dependence of the magnetic susceptibility, characteristic of SMM 

behaviour, were observed for [Dy2] at zero applied magnetic field (Figure 5a). Application of 

an optimal DC magnetic field of 600 Oe (Figure S7 and Table S3) resulted in the shifting of 

the χ” peaks to a low frequency regime, as depicted in Figure 5b. 

At zero applied magnetic field, temperature χM’’(T) and frequency dependent χM’’() 

out-of-phase magnetic susceptibilities, were observed for [Dy2]. Temperature dependence 

of relaxation time (τ(T)) was extracted by fitting the χM’’() data to a modified Debye 

process between 2 K and 7 K. As shown in Figure 5b, a linear trend is observed above 5 K, 

which is characteristic of the Orbach process, whereas quantum tunnelling of magnetisation 

(QTM) is active below 4 K. The τ(T) can be fitted by equation 2: 

      
                       

     eq. (2) 

where, the first, second, and third terms represent the Orbach, Raman, and QTM processes, 

respectively. Fitting the data for the Dy complex at HDC = 0 affords: Ueff = 29.7(1) K, τ0 = 

2.92(6)x10–6 s, C = 0.0042(6) s–1 K–n, n = 6.236 and τQTM = 3.54(5)x10–4 s. Application of an 

optimal DC field of 600 Oe reduces the relaxation rate (Figure 5b and c). Fitting of the τ(T) 

plot obtained at HDC = 600 Oe yields the following parameters: Ueff = 39.2(1) K, t0 = 2.18x10–6 

s, C = 0.0026(1) s–1 K–n, n = 6.685(2) and χQTM = 0.032(2) s. 



 

Figure 5. Single-molecule magnet characteristics of [Dy2]. a) χM”() at zero applied 

magnetic field and; b) χM”() for HDC = 600 Oe; c) temperature dependence of the relaxation 

times τ(T), (symbols) and the fitting using equation 2 and parameters in the text. The 

corresponding χM'() and Cole-Cole plots are shown in Figures S8 and S9. 

To gain further insight into the magnetisation blocking of the Dy complex, ab initio 

calculations were performed with the CASSCF/SO-RASSI/SINGLE_ANISO approach 

implemented in the Molcas 8.2 program package60–62. For this purpose, the atomic 

coordinates of the Dy complex obtained from the single-crystal study were used without 

further optimisation. The energies of the low-lying Kramer’s doublets and the main 

components of the g tensor of the Dy3+ is given in Table 2. The main magnetic axis (z) on the 

Dy ions is indicated in Fig. 1 by the yellow arrow, which is perpendicular to Cl. The g-values, 

gx = 0.1. gy = 0.3 and gz = 19.43, indicate the axial nature of ground state doublet. The first 

excited state lies at 76 cm–1 and the second excited state is at 101 cm–1, subsequent excited 

states are mixed and lie in the range of 155 to 330 cm–1 above the ground state doublet. The 

ground state doublet can be described as mJ = ±15/2, whilst the first excited state is mainly 

a c

b



±13/2 (97%). The average matrix elements of magnetic moment between the electronic 

states suggests the most efficient magnetic relaxation pathway to occur via the first excited 

state at 76 cm–1 (110 K). As observed, the Ueff  = 20.64 cm-1 (HDC  = 0 Oe) obtained from 

dynamic studies is lower than the separation (ΔE = 76 cm-1) of the ground and first excited 

state, indicating the importance of anharmonic processes in the relaxation of the 

complexes63, while application of an optimal field reduces relaxation leading to ΔE ~ 40 cm-1. 

Table 2. ab initio energy barrier and principal g-tensor for the Kramer doublets of [Dy2].  

 

ab initio energy 

(cm
–1

) 

ab initio energy 

(K) 

gx gy gz Angle (º) 

0 0 0.1070 0.2223 19.4381 - 

76.0 109.4 0.33685 1.1329 16.5012 121.6 

101.2 145.6 0.9737 3.9503 11.3464 147.1 

155.3 223.4 3.0891 6.2096 9.3338 98.7 

200.9 289.1 0.3617 2.9396 10.9491 86.8 

260.3 374.5 1.0746 2.4783 13.9358 101.4 

286.7 412.5 1.1822 3.5791 13.7718 75.8 

326.5 469.8 0.7302 0.0355 17.5599 55.7 

The wavefunction for the ground state is 99%           , while the first excited state is 

97%            + 2%           . 

 

Employing the crystal field parameters obtained from the CASSCF calculation and 

connecting the two anisotropic Dy3+ ions via an isotropic exchange interaction, via the Lines 

model, we were able to simultaneously fit the χM’’(T) and M(H) data with an exchange Ising 

Hamiltonian of the form: 

                         eq. (3) 

where JLines is the exchange interaction connecting the spin part of the Dy3+, that is, S = 5/2. 

We are able to reproduce the data sets with JLines = –0.04 cm–1 (Figure 4b). Comparison of 

the dipolar interaction between the Dy3+ and the JLines suggests that the interaction between 

the spins is purely of dipolar origin. 

 



CONCLUSIONS 

A new set of stable and charge-neutral binuclear lanthanide complexes of molecular 

formula [Ln2Cl6(picNO)4(μ2-picNO)2]·2H2O (Ln = Tb or Dy) was synthesised. Crystal structure 

analyses of the complexes revealed pentagonal bipyramidal geometry around the 

lanthanide ions. The 4-picNO ligand photosensitises the Tb3+ and Dy3+ centred emission; 

with total PL quantum yields of 88% ([Tb2]) and 0.14% ([Dy2]) were determined in the solid-

state. The optimal energy gap (ΔE = ~3310 cm-1) between the ligand-centred triplet (donor) 

and Tb3+-centred 5D4 receiving level facilitated efficient Tb-centred emission. From the SMM 

front, the Dy-complex functioned as SMM in the absence of applied magnetic field, and the 

application of a small DC field (600 Oe) slightly increased the spin-reversal barrier by 

suppressing the QTM. No out-of-phase susceptibility peaks were observed for the [Tb2] 

complex at zero and applied magnetic fields, indicating the absence of the slow relaxation of 

the magnetisation in the complex. Fitting of the M(H) plot of the Gd2-complex with a 

Hamiltonian involving isotropic exchange interaction revealed the presence of weak 

intramolecular dipolar interaction mediated antiferromagnetic coupling between the 

constituent Gd3+-centres. The magnitude of such antiferromagnetic coupling might account 

for the fast relaxation characteristics of the Dy-complex. Further, the weakly luminescent 

nature of the [Dy2] complex coupled with the not so well resolved fine structure of the 4F9/2 

→ 6H15/2 luminescence band centred at 485 nm rendered difficult the possibility to establish 

a magneto-optical correlation based on PL measurements. Overall, the easy-to-prepare 

nature of the complexes, the high 88% PL quantum yield obtained for the Tb-complex, and 

the SMM characteristic of the Dy-complex in the absence of applied magnetic field are the 

salient aspects of this study. 

Experimental section 

Materials 

4-picoline N-oxide, TbCl3·6H2O, DyCl3·6H2O, and the solvents used in this study are received 

from commercial sources and used as received. 

 

General procedure for the synthesis of the [Ln2Cl6(PicNO)4(μ2-PicNO)2]·2H2O (Ln = Tb and 

Dy) complexes 



To a solution of 0.35 g (3.2 mmol) of 4-picoline N-Oxide in 12 mL of H2O, 1.07 mmol of 

LnCl3.6H2O (Ln = Tb or Dy) was added as a solid. The reaction mixture was stirred for 10 min 

and water was evaporated from the reaction mixture under reduced pressure. The solids 

were re-dissolved in 15 mL of hot EtOH, filtered, and the filtrate was cooled to RT. About 15-

20 mL of EtOAc was carefully added to the filtrate until the formation of slight 

turbidity/precipitate, and the mixture was filtered to obtain a clear solution. The clear 

solution was left undisturbed for a few days in a closed vial. The procedure yielded X-ray 

quality crystals of [Ln2Cl6(picNO)4(μ2-picNO)2]·2H2O (Ln = Tb or Dy) in about 60% yield. The 

crystalline complexes are stable and can be stored and handled at ambient conditions. 

Elemental analysis: 

[Tb2Cl6(picNO)4(μ2-picNO)2]·2H2O: Calculated for C36H42Cl6Tb2N6O6·2H2O, C 35.4, H 3.8, N 

6.88; Found C 34.93, H 3.73, N 6.76.  

[Dy2Cl6(picNO)4(μ2-picNO)2]·2H2O: Calculated for C36H42Cl6Dy2N6O6·2H2O, C 35.20, H 3.77, N 

6.84 ; Found C 35.07, H 3.70, N 6.78.  

X-ray crystallography 

X-ray diffraction data of [Tb2Cl6(PicNO)4(μ2-PicNO)2]·2H2O was collected employing a STOE 

StadiVari 25 diffractometer with a Pilatus300 K detector using GeniX 3D HF micro focus with 

MoKα radiation (λ = 0.71073 Å). The structure was solved using direct methods and was 

refined by full-matrix least-squares methods on all F2 using SHELX-2014 implemented in 

Olex2. The crystals were mounted on a glass tip using crystallographic oil and placed in a 

cryostream. Data were collected using ϕ and ω scans chosen to give a complete asymmetric 

unit. All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were calculated 

geometrically riding on their parent atoms. 

For [Dy2Cl6(PicNO)4(μ2-PicNO)2]·2H2O complex, X-ray diffraction data collection was carried 

out on a Bruker APEX II DUO Kappa-CCD diffractometer equipped with an Oxford 

Cryosystem liquid N2 device, using Mo-Kα radiation (λ = 0.71073 Å). The crystal-detector 

distance was 38 mm. The cell parameters were determined (APEX3 software; M86-

EXX229V1 APEX3 User Manual”, Bruker AXS Inc., Madison, USA, 2016) from reflections 

taken from three sets of 12 frames, each at 10 s exposure. The structure was solved using 

the program SHELXT-2014.64 The refinement and all further calculations were carried out 

using SHELXL-2014.65 Hydrogen atoms were included in calculated positions and treated as 



riding atoms using SHELXL default parameters. The non-hydrogen atoms were refined 

anisotropically, using weighted full-matrix least-squares on F2. 

 

Magnetism 

DC magnetic susceptibility measurements were performed using Quantum Design MPMS®3 

and MPMS- XL SQUID magnetometers on crystalline material in the temperature range of 2 

– 300 K under an applied DC magnetic field (H) of 1000 Oe. DC data were corrected for 

diamagnetic contributions from the eicosane and core diamagnetism employing Pascal’s 

constants. Magnetisation as a function of applied field was investigated in the field and 

temperature ranges of 0 – 7 T and 2 – 10 K, respectively, at a sweep rate of 700 Oe/min. AC 

data was collected using an oscillating magnetic field of 5 Oe and frequencies between 1 

and 1.5 kHz. 

Photophysical studies 

Steady state emission and excitation spectra were recorded on a FLP920 spectrometer from 

Edinburgh Instrument working with a continuous 450 W Xe lamp and a red sensitive 

Hamamatsu R928 photomultiplier in Peltier housing. All spectra were corrected for the 

instrumental functions. When necessary, high pass filters at 330 nm, 395 nm, 455 nm or 850 

nm were used to eliminate the second order artefacts. 

Phosphorescence lifetimes were measured on the same instrument working in the Multi 

Channels Spectroscopy (MCS) mode and using a Xenon flash lamp as the excitation source. 

Errors on lifetimes are ±10%. Luminescence quantum yields were measured with a G8 

Integrating Sphere (GMP SA, Switzerland) according to the absolute method detailed in the 

literature66. Estimated errors are ±15%. 

Low temperature measurements were performed with the help of an OptistatDN2 

thermocryostat from Oxford Instruments controlled by a MercuryiTC temperature controller 

and with a turbopump form HiCUBE. 

Computational details 

The atoms were described using standard basis sets from the ANO-RCC library available in 

Molcas. For the lanthanide ion a basis set of VTZP quality employed, whilst VDZP quality was 

used for the atoms directly attached to the lanthanide ions, and VDZ quality for all 



remaining atoms. The molecular orbitals (MOs) were optimized in state-averaged CASSCF 

calculations. For this, the active space for Dy complex was defined by the nine 4f electrons 

in the seven 4f orbitals of Dy3+. Three calculations were performed independently for each 

possible spin-state, where 21 roots were included for S = 5/2, 224 roots were included for S 

= 3/2, and 490 roots were for S = 1/2 (RASSCF routine). The wavefunctions obtained from 

these CASSCF calculations were posteriorly mixed by spin-orbit coupling, where all 21 S = 

5/2 states, 128 of the S = 3/2 states, and 130 of the S = 1/2 states were included (RASSI 

routine). 
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