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We report the synthesis, structures, magnetic and luminescent properties of a series of 

heteroleptic lanthanide complexes based on a tripodal tetradentate ligand 

[Ln(Tpma)(NO3)3]·nMeCN (Ln = Eu (1), Tb (2), Dy (3), Er (4), n = 0.5; Yb (5), n = 0; Tpma = 

tris((1H-pyrazol-1-yl)methyl)amine). The europium, terbium and dysprosium analogues exhibit a 

lanthanide-based luminescence, while dysprosium, erbium and ytterbium compounds show a 

field-induced slow relaxation of their magnetization involving Raman and direct processes. 

Introduction 

Single-molecule magnets (SMMs) based on lanthanide ions have recently emerged as new 

exciting molecular objects due to their fascinating magnetic properties offering interesting 

potentialities in high-density information storage or quantum computing.
1-4

 The occurrence of a 

slow relaxation of the magnetization, which is usually associated with a magnetic bistability at 

the molecular scale is highly dependent of the congruous combination between a lanthanide ion 

and the surrounding ligands to allow maximizing the magnetic anisotropy inherent to the 4f ion. 

Hence, this synergistic effect creates a large crystal-field splitting that generates an anisotropic 

barrier, , separating two opposite magnetic states with a subsequent superparamagnetic-like 

behavior. An efficient SMM aims a high multistep energy barrier involving as many doublet 

states as possible by its multiplet structure and suppression of other undesirable relaxations, such 

as Quantum Tunneling of Magnetization (QTM) and Raman.2, 5-9
 With this in hands, numerous 

lanthanide complexes with considerable anisotropic barriers have been recently reported,
7, 10-13

 

with the milestones belonging to the dysprosium metallocene family showing a high temperature 

hysteresis,
12, 14, 15

 that for some complexes even exceed liquid nitrogen’s boiling temperature.
16
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However, the examples of non-organometallic high performance lanthanide SMMs based on 

classical ligands involving nitrogen and/or oxygen atoms are still relatively scarce.
10, 17-23

 

In this sense, we have recently reported the synthesis and magnetic properties of a series of 

original heteroleptic lanthanides complexes [Ln(Tpm)X3] (Ln = Tb, Dy, Er; Tpm = tris(3,5-

dimethylpyrazolyl)methane; X

 = NO3


, Cl


) based on a tripodal tris(pyrazolyl)methane ligand.

24
 

These complexes exhibit a field-induced slow relaxation of the magnetization which is highly 

dependent on both, the lanthanide ion’s and counter anion’s nature. Such complexes and others 

obtained by utilizing others six electron donor ligands such as the negatively charged 

tris(pyrazolyl)borate (Tp)
25-29

 or tris(pyrazolyl)methane (Tpm),
24, 30

 constitute an interesting 

family of SMMs where the steric hindrance and the electronic density of ligands may be adjusted 

through the substituent groups of pyrazolyl and the central atom (carbon or boron). In 

comparison, the family of tris(pyrazolyl)methylamine ligands (Tpma) based on the tripodal 

tris(2-aminoethyl)-amine (tren) has received far less attention in coordination chemistry of 

transition metals and lanthanide ions,
31-34

 despite their several interesting features. In fact, the 

peripheral functionalization of the tren moiety may allow to finely tune both, the steric and 

electronic features. Moreover, its strongly chelating ability associated with the rigid backbone 

may reduce the molecular vibrations (metal-ligand modes) that are known to enhance Raman 

relaxation and in turn decrease the magnetic potentialities.
9, 14, 16, 35

 For these reasons, such 

ligands should afford a different coordination environment with the respect to the previously 

considered ones and could in turn alter the slow relaxation features. In addition, these ligands 

present also an interesting potential with the aim to introduce others functionalities besides 

magnetism, such as luminescence or redox activity.
36, 37

 However, to the best of our knowledge, 

examples of lanthanide complexes based on such ligands are relatively scarce,
34

 while only a few 
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lanthanide SMMs based on the tripodal C3 tren ligand derivatives such as Schiff bases have been 

published.
38-41

 

Following this, we report in this article the synthesis, structures, magnetic and 

photoluminescent properties of a series of lanthanide ion complexes based on an original tripodal 

tetradentate Tmpa ligand. Depending on the nature of the lanthanide ion, slow relaxation of the 

magnetization could be evidenced for all Kramers ions, while typical lanthanide luminescence is 

exhibited for the europium, terbium and dysprosium analogues. 

Experimental Section 

Materials and Methods 

The synthesis of complexes 1–5 was performed under aerobic conditions. Acetonitrile was 

distilled prior to use. Tris((1H-pyrazol-1-yl)methyl)amine) (Tpma) was prepared according to 

the literature procedure.
31

 IR spectra were recorded as Nujol mulls on a Bruker-Vertex 70 

spectrophotometer. The C, H, N elemental analyses were carried out in the microanalytical 

laboratory of the IOMC by means of a Carlo Erba Model 1106 elemental analyzer with an 

accepted tolerance of 0.4 unit on carbon (C), hydrogen (H), and nitrogen (N). Lanthanide metal 

analysis was carried out by complexonometric titration.
42

 Thermogravimetric analysis was 

performed on a Perkin Elmer Pyris-6 TGA equipment with a heating speed of 5 °C.min
−1

 for all 

complexes 1–5. 

 

Synthesis of [Ln(Tpma)(NO3)3]·nMeCN 

[Eu(Tpma)(NO3)3]·0.5MeCN (1): MeCN (30 mL) was added to a mixture of Eu(NO3)3(H2O)6 

(0.410 g, 0.919 mmol) and slight excess of Tpma (0.260 g, 1.011mmol; 1.1 equivalent) and the 

resulting suspension was heated at 80 °C for 10 min to give a clear pale yellow solution. The 
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solution was concentrated by evaporation of the solvent at 80 °C approximately to half of the 

initial volume. Cooling the solution to room temperature resulted in the formation of 1 as 

colorless crystals. The mother liquid was decanted and the crystals were washed twice with 

MeCN (5 mL). Crystals of 1 were dried in vacuum for 10 min.  

 

Complexes [Tb(Tpma)(NO3)3]·0.5MeCN (2), [Dy(Tpma)(NO3)3]·0.5MeCN (3), 

[Er(Tpma)(NO3)3]·0.5MeCN (4), and [Yb(Tpma)(NO3)3] (5) were prepared following the 

similar procedure and were isolated as colorless (2, 3, and 5) or pale pink (4) crystals. 

Complexes 1–5 were isolated in 70, 76, 83, 72 and 65% yields respectively. Complexes 1–4 

crystallize as solvates [Ln(Tpma)(NO3)3]·0.5MeCN or as [Yb(Tpma)(NO3)3] for 5. 

 

Characterization of [Eu(Tpma)(NO3)3]·0.5MeCN (1): Elemental analysis calcd. (%) for 

C13H16.5N10.5O9Eu: C, 25.36; H, 2.70; N, 23.88; Eu, 24.68; found (%): C, 25.54; H, 2.93; N, 

24.07; Eu, 24.42. IR (Nujol, KBr) ν/cm
−1

: 505 (m), 525 (m), 610 (s), 650 (s), 745 (s), 770 (m), 

780 (m), 795 (s), 815 (s), 860 (w), 880 (s), 900 (w), 920 (s), 955 (s), 980 (s), 1005 (w), 1030 (m), 

1045 (m), 1065 (m), 1100 (w), 1150 (s), 1195 (m), 1210 (w), 1295 (s), 1515 (m), 1680 (m), 1740 

(w), 1775 (w), 1985 (m), 2050 (m), 2260 (m), 2300 (m), 2325 (m), 2525 (m). 

 

Characterization of [Tb(Tpma)(NO3)3]·0.5MeCN (2): Elemental analysis calcd. (%) for 

C13H16.5N10.5O9Tb: C, 25.07; H, 2.67; N, 23.62; Tb, 25.52; found (%): C, 25.18; H, 2.59; N, 

23.47; Tb, 25.45. IR (Nujol, KBr) ν/cm
−1

: 505 (m), 525 (m), 610 (s), 650 (s), 745 (s), 770 (m), 

780 (m), 795 (s), 815 (s), 860 (w), 880 (s), 900 (w), 920 (s), 955 (s), 980 (s), 1005 (w), 1030 (m), 
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1045 (m), 1065 (m), 1100 (w), 1150 (s), 1195 (m), 1210 (w), 1295 (s), 1515 (m), 1680 (m), 1740 

(w), 1775 (w), 1985 (m), 2050 (m), 2260 (m), 2300 (m), 2325 (m), 2525 (m). 

 

Characterization of [Dy(Tpma)(NO3)3]·0.5MeCN (3): Elemental analysis calcd. (%) for 

C13H16.5N10.5O9Dy: C, 24.93; H, 2.66; N, 23.48; Dy, 25.94; found (%): C, 25.03; H, 2.69; N, 

23.39; Dy, 25.80. IR (Nujol, KBr) ν/cm
−1

: 505 (m), 525 (m), 605 (s), 650 (s), 745 (s), 765 (s), 

780 (m), 795 (m), 815 (s), 865 (w), 890 (s), 910 (w), 920 (s), 940 (m), 980 (s), 1005 (w), 1030 

(s), 1045 (w), 1065 (s), 1100 (m), 1145 (s), 1200 (m), 1210 (w), 1290 (s), 1500 (m), 1690 (w), 

1735 (m), 1775 (m), 1985 (m), 2055 (m), 2250 (m), 2300 (m), 2320 (m), 2525 (m). 

 

Characterization of [Er(Tpma)(NO3)3]·0.5MeCN (4): Elemental analysis calcd. (%) for 

C13H16.5N10.5O9Er: C, 24.74; H, 2.64; N, 23.30; Er, 26.50; found (%): C, 24.83; H, 2.70; N, 

23.39; Er, 26.40. IR (Nujol, KBr) ν/cm
−1

: 500 (w), 530 (m), 605 (s), 650 (s), 745 (s), 770 (s), 785 

(m), 795 (m), 810 (s), 865 (m), 890 (s), 910 (m), 920 (s), 945 (m), 980 (s), 1005 (w), 1025 (s), 

1045 (w), 1065 (s), 1105 (m), 1150 (s), 1200 (m), 1210 (m), 1285 (s), 1505 (m), 1685 (w), 1735 

(m), 1775 (m), 1985 (m), 2055 (m), 2260 (m), 2305 (m), 2330 (m), 2535 (m). 

 

Characterization of [Yb(Tpma)(NO3)3] (5): Elemental analysis calcd. (%) for 

C12H15N10O9Yb: C, 23.38; H, 2.45; N, 22.72; Yb, 28.08; found (%): C, 23.61; H, 2.36; N, 22.92; 

Yb, 27.85. IR (Nujol, KBr) ν/cm−1: 505 (w), 525 (m), 605 (s), 650 (s), 750 (s), 770 (s), 785 (m), 

800 (m), 815 (s), 865 (m), 895 (s), 910 (m), 920 (s), 945 (m), 980 (s), 1005 (w), 1030 (s), 1045 

(w), 1065 (s), 1105 (m), 1145 (s), 1200 (m), 1215 (m), 1280 (s), 1510 (m), 1680 (w), 1740 (m), 

1780 (m), 1990 (m), 2055 (m), 2260 (m), 2300 (m), 2330 (m), 2535 (m). 
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Single-Crystal X-ray diffraction studies 

The data collection was with Bruker APEX-II CCD [(MoK)= 0.71072 Å, -scans). The 

structures were solved by direct method and refined by the full-matrix least-squares technique 

against F
2
 in the anisotropic-isotropic approximation. Analysis of the Fourier density synthesis. 

Hydrogen atoms were placed in calculated positions and were refined in the “riding” model with 

U(H)iso = 1.2Ueq of their parent atoms. All calculations were performed using SHELXTL-2017. 

Crystallographic data for the structures 1-5 were deposited at the Cambridge Crystallographic 

Data Centre as supplementary no. CCDC 1989944-1989947 and 2006866. Crystal data and 

structure refinement parameters are listed in Table S1. 

Powder XRD studies. 

All powder XRD measurements were carried out with Bruker D8 Advance II diffractometer 

(sealed Cu tube, [CuKα = 1.5418 Å], motorized slits) equipped with Lynx Eye detector at room 

temperature. 

Magnetic Measurements 

Magnetic susceptibility data were collected with a Quantum Design MPMS-XL SQUID 

magnetometer working in the range 1.8–350 K with the magnetic field up to 7 Tesla. The 

samples were prepared in a glove box. The data were corrected for the sample holder and the 

diamagnetic contributions calculated from the Pascal's constants. The AC magnetic susceptibility 

measurements were carried out in the presence of a 3 Oe oscillating field in zero or applied 

external DC field. 

Photoluminescence measurements 
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The solid sample was sealed in a quartz tube in an argon atmosphere (glove box) using a 

Fluorolog-3-221 (HORIBA Jobin Yvon) spectrofluorimeter. The emission spectra were corrected 

for detection and optical spectral response of the spectrofluorimeter. The luminescence lifetime 

for solid complexes 1, 2 and 3 was determined at 295 K using a Fluorolog-3-221 

spectrofluorimeter with a UV xenon flash lamp as an excitation source. The data was analyzed 

with OriginPro 2015 using single order exponential decay fitting. 

 

Results and discussion 

Synthesis and crystal structures. The equimolar reaction of rare-earth metal nitrates 

Ln(NO3)3(H2O)6 and Tpma (tris((1H-pyrazol-1-yl)methyl)amine) in acetonitrile affords the 

heteroleptic complexes [Ln(Tpma)(NO3)3]·0.5MeCN (Ln = Eu (1), Tb (2), Dy (3), Er (4) and 

[Yb(Tpma)(NO3)3] (5; see Experimental section). Slow cooling of concentrated MeCN solutions 

of complexes from 80 °C down to room temperature resulted in the formation of crystals of 1–5 

in high yields. Attempts to prepare the related complexes containing two ligands per Ln
3+

 ion by 

reacting LnX3(H2O)n (X

= NO3


, ClO4


, n = 5,6; X = Cl


, n = 0) with excess of Tmpa in various 

solvents under rather harsh conditions failed. 
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Scheme 1. Synthesis of complexes 1-5. 

Analysis by single-crystal X-ray diffraction indicates that among the investigated compounds, 

1–4 are isomorphous and crystallize in the triclinic     space group (Table S1) as a solvate with a 

unique lanthanide complex and half of an acetonitrile molecule in the asymmetric unit. For 

clarity, only the structure of the dysprosium analogue 3 will be described in details, while bond 

length and angles for 1–5 are listed in Table 1 for comparison. The structure could be viewed as 

a mononuclear complex in which the Dy
3+

 ion is coordinated by four nitrogen from Tpma and 

six oxygens arising from three bidentate nitrate moieties giving a coordination number of 10 

(Figure 1a).  
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Figure 1. Molecular structure for complex 3. Colour code: orange, Dy; blue, N; red, O; grey, C. 

Hydrogen atoms have been omitted for clarity. b) Perspective view of 3 showing the  stacking 

between two complexes. c) Perspective view of the crystal packing for 3 along the b axis and 

showing the coordination polyhedra. 

Quantitative analysis of the Dy
3+ 

site’s geometry using the SHAPE software
43

 indicates that it 

could be described as a distorted spherocorona (Table S2). The Tpma ligand coordinates to Dy
3+

 

ion in a symmetrical fashion.  The Dy−N distances involving the heterocyclic nitrogen atoms are 

a)

b)

c)
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ranging from 2.494(2) to 2.533(2) Å and are significantly shorter than the Dy−N distance from 

the central tertiary N amine of 2.767(2) Å. On the other hand, the Dy-O distances have the values 

spanning from 2.433(2) to 2.502(2) Å. Note that this Dy-N(tertiary amine) distance in 3 is 

significantly longer than that of 2.680(2) in similar Dy(NO3)3 tris(benzimidazol-2-

ylmethyl)amine complex.
34

 Moreover, the average values of Dy−N (2.510 Å) for heterocyclic 

nitrogen atoms and Dy−O (2.469 Å) in 3 are longer that those (2.498 and 2.423 Å) in 

[Dy(Tpm)(NO3)3] (Tpm = tris(3,5-dimethylpyrazolyl)methane).
24

 The crystal packing analysis 

indicates that the shortest intermolecular Dy−Dy distance is equal to 8.268 Å, while hydrogen 

bonds involving the nitrates and hydrogens from the ligands as well as stacking interaction 

between pyrazoles (with the shortest C···C contact ca. 3.39Å) could be detected (Figure 1b and 

c). 

In contrast to 1–4, the Yb complex 5 crystallizes without any solvate molecules in the 

monoclinic P21/c space group (Table S1). Most likely, due to the lanthanide contraction and the 

consequent decrease of intramolecular distances leading to steric repulsions in the coordination 

sphere, only two nitrate anions are bidentate, while the remaining one is monodentate. As a result 

the coordination number of the Yb
3+

 ion in 5 is 9, with a geometry of the Yb site which could be 

best described as a muffin with Cs symmetry (Table S3). The geometry of Tpma ligand found in 

5 differs significantly to those found in 1–4. Thus, two pyrazolyl rings of the Tpma ligand in 5 

are almost coplanar (the dihedral angle between NPyr−Yb−NAmino is 170.0°), while the third 

pyrazolyl moiety is almost orthogonal relatively to two others (dihedral angles are 94.3 and 

104.3°). For complexes 1–4, the dihedral angles between NPyr−Yb−NAmino planes lie within 114.1 

– 129.0°. Moreover, the Yb−O and Yb−N distances in 5 are expectedly shorter with respect to 

the other analogues due to the lanthanide’s contraction and the decrease of the coordination 
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number. In particular, the Yb-N distance with the central tertiary amine’s nitrogen atom is equal 

to 2.708(3) Å. In contrast to 1–4, the only type of intermolecular interaction in the crystal is 

weak CH···O hydrogen bonds, while the shortest intermolecular Yb−Yb distance is much 

shorter and equal to 7.425 Å. The change of the crystal symmetry from triclinic     space group 

to monoclinic P21/c space group also induces a reduction in the volume accessible for solvents 

molecules. 

  

Figure 2. a) Molecular structure of 5. Colour code: orange, Yb; blue, N; red, O; grey, C.  

Hydrogen atoms have been omitted for clarity. b) Perspective view of the crystal packing for 5 

along the a axis and showing the coordination polyhedra. 

a)

b)
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The purity of all samples were confirmed by Powder X-Ray Diffraction (Figures S1-S2), while 

the presence of acetonitrile molecules in the crystal packing of complexes 1–4 was established 

by thermogravimetric analysis (Figure S3). Hence, complexes 1–4 loose half an acetonitrile 

molecule in the temperature range 140–210 °С. The erbium complex 4 looses the acetonitrile at 

140 °С, while such desolvatation appears only at 200 °С for the europium analogue 1. Further 

heating of the complexes up to 220–230 °C results in their decomposition . For 5 no evidence of 

an acetonitrile loss was observed, in accordance with the X-Ray structure, and only a complete 

decomposition at 235–245 °C tooks place. 

 



 14 

Table 1. Selected bond distances and angles in complexes 1–5. 

 1 2 3 4 5 

M−NPyr 2.539(2)–2.567(2) 2.507(2)–2.542(2) 2.494(2)–2.533(2) 2.470(2)–2.513(2) 2.365(3)–2.453(3) 

M−NAmine 2.793(2) 2.774(2) 2.767(2) 2.756(2) 2.708(3) 

M−O (κ
2
-NO3) 2.470(2)–2.524(2) 2.443(2)–2.509(2) 2.433(2)–2.502(2) 2.408(2)–2.493(2) 2.346(3)– 2.425(3) 

M−O (κ
1
-NO3) − − − − 2.266(3) 

NPyr−M−NPyr 94.9(1)–104.5(1) 95.4(1)–104.8(1) 95.5(1)–104.8(1) 95.8(1)–104.9(1) 95.8(1)–104.9(1) 

NPyr−M−NAmine 61.1(1)–61.5(1) 61.4(1)–61.8(1) 61.4(1)–62.0(1) 61.6(1)–62.2(1) 61.6(1)–62.2(1) 
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Magnetic Properties. At the exception of the europium analogue 1, which is known to be 

diamagnetic at low temperature, the static (direct current, DC) and dynamic magnetic properties 

(alternate currents, AC) of other complexes were investigated by using a SQUID MPMS-XL. 

DC Magnetic properties. The room temperatures T values of 12.97, 13.92, 11.54 and 3.20 

cm
3
.K.mol

1 
for 2, 3, 4, and 5, respectively are in a relatively good accordance with the 

theoretical values of 11.82, 14.17, 11.48 and 2.57 cm
3
.K.mol

1
 expected for a unique Ln

3+
 ion 

using the free-ion approximation.
44

  Upon cooling, all compounds exhibit the typical decrease of 

T caused by the thermal depopulation of the mJ levels (Figure 3a) to reach the values at 1.8 K of 

5.25, 7.35, 4.98 and 1.08 cm
3
.K.mol

1
 for 2, 3, 4, and 5, respectively. The field dependences of 

the magnetization at 1.8 K show values of 6.80, 6.87, 5.12 and 1.91 Nβ under a 70 kOe field for 

2, 3, 4, and 5, respectively (Figure 3b). For all complexes, the lack of saturation for the 

magnetization curves point out the presence of magnetic anisotropy as expected for such 

lanthanide ions.
6
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Figure 3. a)Temperature dependence of T measured under a 1000 Oe dc field for 2-5. b) Field 

dependence of the magnetization at 1.8 K for 2-5. 

AC Magnetic properties. Alternate currents (ac) measurements were conducted to probe the 

occurrence of a slow relaxation of the magnetization. Under a zero-dc field, no strong out-of-

phase susceptibility (") components could be detected for all samples (Figure S4), which may 

be ascribed to occurrence of the fast QTM. 

In order to decrease the QTM contribution, ac measurements were performed under various 

dc-fields. Except compound 2, for which the out-of-phase component remains weak, all the other 

complexes exhibit a strong ” component upon applying dc fields (Figure S4). Note that for both 

complexes 3 and 4, the appearance of a second low frequency peak could be observed at high 
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magnetic fields. Due to the complexity in the slow relaxation in lanthanide complexes, the origin 

of these second peaks remains difficult to explain but might originate from different relaxation 

mechanisms actuated by large magnetic fields. From these data, extraction of the relaxation time 

related to the main peak, , allows to study its field dependence (Figure S5) which could be 

modeled with the equation 1
 = DH

4
T + B1/(1+B2H²) + K (Eq. 1) and for which the first term 

accounts for the direct process (for Kramers-ion), the second one stands for the QTM, while the 

K constant accounts for the Raman and thermally activated processes.
45-47

 The fitting parameters 

could be found in Table S4. Note that it was however not possible to obtain a pertinent fitting for 

the erbium analogue 4, which might be due to the presence of the second relaxation process that 

appear at high magnetic fields. The optimum field corresponding to the greatest relaxation time 

value for each complex is estimated at 500, 250 and 1000 Oe for 3, 4 and 5, respectively. The 

frequency dependence of the ac susceptibilities under these fields (Figure 4, Figure S6) reveals 

the presence of a single peak for all investigated samples for which the maximum shifts towards 

higher temperature upon increasing the temperature, reflecting a field-induced slow relaxation. 

The fitting of the Cole-Cole plots with a generalized Debye model confirms the occurrence of a 

reasonable distribution of relaxation times with moderate values of the  parameter (i.e.< 0.2; 

Table S5-S7, Figure S7). Based on these data, the relaxation time could be estimated to study the 

relaxation dynamics (Figure 5). 



 18 

 

Figure 4. Frequency dependence of" for compounds 3-5 under the corresponding optimal dc 

fields 

 Attempts to model the whole data range using the following equation: 1
 = 0

1
exp(/kT) + 

CT
n
+ AT (Eq. 2, Table S8) has been performed.

47
 The first term accounts for a thermally 

activated process, while the second and third ones stand for two-phonon Raman and direct 

process, respectively. To avoid over-parameterization, the n coefficient was fixed to different 

values until getting the best correlation coefficient. For 3, the best fitting gave unrealistic 0 value 

suggesting that the Orbach process may not be involved. Hence, considering only Raman and 

direct processes (1
 = CT

n
 + AT, Eq. 3) gave a pertinent fit of the data (Table 2). As regards 4, 

while using Eq. 2 allows fitting correctly the data, a strong contribution from the Raman process 

suggests that the Orbach process is also not dominant. Finally, the fitting of the temperature 

dependence of the relaxation time for 5 could not be achieved using Eq. 2 while letting the n 
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parameter free in Eq. 3 leads to unrealistic parameters. Consequently, the n parameter was fixed 

to different values until getting the best correlation coefficient (Table 2). Hence, it turns out that 

for all investigated compounds, the magnetization relaxes through a combination of Raman and 

direct processes. However, one can note different Raman coefficient exponent values suggesting 

different acoustic and optical phonons distributions.
48

 

Table 2: Fit parameters of the temperature dependence of the relaxation time for 3-5. 

Compound n C (s
1

.K
n

) A(s
-1

.K
-1

) 

3 (500 Oe) 11.7 ± 0.3 0.021  0.006 302 ± 19 

4 (250 Oe) 10.9 ± 0.4 0.06  0.03 373 ± 28 

5 (1000 Oe) 3.9* 98  5 717 ± 38 

*fixed parameter 

 

Figure 5. Temperature dependence of the relaxation time for 3-5 using the ac susceptibility data. 

The solid line represents the fit with Eq. 3. 

 

Magneto-structural correlations. The observed results could be rationalized by simple 

electrostatic considerations and by analyzing the angular dependence the 4f electronic density for 
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the Ln
3+

 ions.
49

 The terbium analogue 2 is the only sample which does not exhibit a strong out-

of-phase component that would account for a slow relaxation of the magnetization, even in the 

presence of a dc field. This could be easily explained by its non-Kramers nature (
7
F6 ground 

state) which requires a particular high symmetry in order to observe a slow relaxation of the 

magnetization.
50

 In contrast, Dy
3+

, Er
3+ 

and Yb
3+

 are all Kramers ions, which ensure that the 

ground states will be doubly degenerate and allowed the possibility of the observation of the 

slow relaxation of the magnetization in not strictly axial or high symmetry complexes. However 

for compounds 3-5, in zero-dc field, the presence of the QTM prevents the observation of a slow 

relaxation of the magnetization. This QTM could be however suppressed by applying dc fields to 

permit the appearance of a field-induced SMM behavior. Indeed, Dy
3+ 

presents an oblate 

electronic density requiring an axial crystal-field to enhance its anisotropy while Er
3+

 has a 

prolate one that necessitates an equatorial crystal-field. On the other hand, Yb
3+ 

exhibits a prolate 

or oblate electronic density depending on the nature of the ground doublet.
49

 It appears therefore 

that the neutral tetradentate Tpma ligand in association with nitrates and the resulting low-

symmetry of the lanthanide site do not provide the requirements to maximize the anisotropy for 

either oblate or prolate lanthanide ions in zero dc field. Thus, the use of a static dc field appears 

necessary to reveal the slow relaxation. Such fact is confirmed by the determination of the 

anisotropic axes direction for the ground doublet with the MAGELLAN package for the 

dysprosium analogue 3.
51

 Hence, this axis is not found collinear to any specific dysprosium-

ligand bond and passes between the three nitrate moieties and the Tpma ligand (Figure S8). 

Interestingly, these results could be compared with those obtained from our recent investigations 

of the magnetic properties of nine-coordinate heteroleptic complexes [Ln(Tpm)X3] (X

 = NO3


, 

Cl

) based on the tridentate ligand tris(pyrazolyl)methane ligand (Tpm).

24
 In these systems, an 
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anion dependence has been demonstrated depending on the oblate/prolate character of the 

lanthanide ion since a field-induced slow relaxation was only observed for the [Dy(Tpm)(NO3)3] 

and the [Er(Tpm)Cl3] analogue. In contrast, the Tpma ligand in association with nitrate moieties 

is able to provide a field-induced slow relaxation for both oblate (Dy
3+

) and prolate (Er
3+

), as 

well as for Yb
3+

 ion. Hence, the additional coordination of the tertiary amine with a quite long 

Ln-N distance (ranging from 2.709 to 2.774 Å) may affect the overall geometry and nitrate 

distribution favoring the slow relaxation of the magnetization with all Kramers ions. 

 

Photoluminescence. The presence of Tpma, which might act as an antenna, directly coordinated 

to Ln
3+ 

ions opens the possibility to observe a lanthanide-based luminescence and to design 

bifunctional luminescent SMMs.
52-54

 The luminescence properties of Eu
3+ 

(1), Tb
3+ 

(2) and Dy
3+ 

(3) based complexes were investigated in the solid state at 295 K. Complexes 1, 2 and 3 exhibit 

emission in red (1), green and yellow color regions respectively, when excited at 380 nm (Figure 

6). As regards 1, emission peaks centered at 581, 593, 615 (621, 628), 650, and 682 (691, 698, 

703) nm could be assigned to the infra 4f transitions 
5
D0 → 

7
FJ (J = 0, 1, 2, 3, 4), respectively 

(Figure 6). The weak 
5
D0 → 

7
F0 Eu

3+
 ion transition observed at 581 nm confirms the low 

symmetry of the coordination environment of the Eu
3+

 site which is also reflected by the splitting 

of the 
5
D0 → 

7
F2 and 

5
D0 → 

7
F4 electronic dipole transitions, which are sensitive to the symmetry 

of the coordination environment.
55

 Similarly, the characteristic terbium-based luminescence 

could be observed for 2 with emission peaks centered at 491, 544 (551), 582 (596), 624, 653, 668 

and 681 nm, assigned to 
5
D4 → 

7
FJ (J = 6, 5, 4, 3, 2, 1, and 0) transitions, respectively. On the 

other hand, the characteristic dysprosium-based emission peaks centered at 480, 574 and 663 nm 

for 3 could be assigned to 
4
F9/2 → 

6
H15/2, 

4
F9/2 → 

6
H13/2 and 

4
F9/2 → 

6
H11/2 transitions (Figure 6). 
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For all complexes, the absence of a broad emission originating from the Tpma ligand suggests 

either an efficient energy transfer from this ligand to the lanthanide ion or a direct excitation of 

the lanthanide through the f-f transitions. Analysis of the excitation spectra for complexes 1, 2 

and 3 (Figures S9-S11) monitored into the emission bands at 593, 543 and 574 nm, respectively, 

shows the typical sharp lines related to direct intra f-f transitions.
56-58

 Consequently, the absence 

of broad bands related to the organic ligand in the excitation spectra clearly points out a direct 

sensitization of the lanthanide ion through f-f transitions rather than an energy transfer involving 

the Tpma moieties.
59-61

 Thus, although it does not act a sensitizer, the Tpma ligand does not 

quench the lanthanide luminescence. 

In order to get further details, the photoluminescence emission decay of complexes 1, 2 and 3 

in the solid state at 295 K was performed to determine the luminescence lifetimes. These later 

are found equal to 1.51, 1.77 and 0.022 ms for 1, 2 and 3 respectively (Figs. S12-S14), which are 

typical values for europium, terbium and dysprosium complexes.
55, 62-65
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Figure 6. Solid-state luminescence spectra (exc = 380 nm) for 1, 2 and 3 at room temperature. 

Conclusions 

A series of heteroleptic lanthanide complexes based on an original tetradentate tripodal ligand 

has been described. While the Eu
3+

, Tb
3+

, Dy
3+ 

and Er
3+ 

complexes are found isostructural, the 

Yb
3+

 analogue presents a different structure due to the reduction of the coordination number 

through different coordination of one of the nitrates. Among this series, the complexes based on 

Kramers ions (Dy
3+

, Er
3+

 and Yb
3+

) exhibit a field-induced SMM behavior involving a relaxation 

through Raman and direct processes. On the contrary, the complex based on the non-Kramers 

Tb
3+

 ion does not present a slow relaxation. In contrast to the complexes based on a related 

tridentate trispyrazolylmethane ligand,
24

 these results suggest that the Tmpa ligand in association 

with nitrate moieties stabilize either the prolate or oblate electronic densities of the lanthanide 
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ions. This clearly highlights that the fine tuning of the coordination allows the adjustment of the 

slow relaxation features. In addition, the Tmpa ligand does not act as luminescence quencher 

since a clear lanthanide-based photoluminescence could be detected for the Eu
3+

, Tb
3+

and 

Dy
3+

complexes through a direct f-f excitation. The dysprosium complex 3 could be therefore 

viewed as a bifunctional complex showing a field-induced slow relaxation and lanthanide 

luminescence. The great tunability of these tripodal ligands, in terms of steric and electronic 

factors, could be taken as an advantage to in fine enhance the slow relaxation and 

photoluminescence features. 
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Heteroleptic lanthanide complexes coordinated by tripodal tetradentate ligand: synthesis, 

structure, magnetic and photoluminescent properties 
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A series of lanthanide complexes based on a tripodal tetradentate ligand 

[Ln(Tpma)(NO3)3]·nMeCN is reported. The europium, terbium and dysprosium analogues 

exhibit a lanthanide-based luminescence, while dysprosium, erbium and ytterbium compounds 

show a field-induced slow relaxation of their magnetization. 


