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The 4f-electronic sublevel structures of an isostructural of heavy lanthanide(III) monoporphyrinato complexes  have been 

generated using a simulation-based fitting to the experimental NMR and magnetic susceptibility data. Magnetic susceptibilities 

of the microcrystalline samples of the complexes were measured in the range of 1.8300 K. NMR signals corresponding to the 

protons on the porphyrin ring  show marked paramagnetic shifts (lower = Tb, Dy, Ho, Yb; higher = Er and Tm) in comparison 

with the diamagnetic Y congener.  A set of ligand-field parameters that simultaneously reproduces the magnetic 

susceptibilities and the paramagnetic shifts has been determined. 

 

 

1. Introduction 

To study and understand the magnetic properties of the lanthanide(III) complexes, information on their electronic structure 

of the 4f electronic system in the coordinated lanthanide ions is needed. Unfortunately, experimental determination of such 

electronic structures is nonetheless generally difficult, especially when symmetry of the coordination geometry is low, which is 

often the case for lanthanide complexes due to their high coordination number. 

One remedy for this difficulty is to exclusively use intrinsically symmetric polydentate ligands on complexation. For 

example, “double-decker” complexes where two porphyrins coordinate a lanthanide ion can yield an ideal D4d symmetry, in 

which theoretical treatment of the electronic structure is significantly simplified. In a previous study for the related 

phthalocyanine double-decker complexes [LnPc2]- (Pc = phthalocyaninato; Ln = Tb, Dy, Ho, Er, Tm and Yb), which triggered 

the field of lanthanide-based SMMs, the ligand field splitting structures were determined based on the fact that the number of 

the necessary ligand filed parameters is greatly reduced by symmetry. In this approach, the determination is performed 

simultaneously for the isostructural lanthanide complexes.1 Although the same treatment is essentially applicable for the 

porphyrin counterparts, however, it has not been achieved because of practical unavailability of the complexes with heavier 

lanthanide ions due to their chemical instability. Indeed, in the study of the SMM properties of porphyrin double-decker 

complexes with Tb(III), it was assumed that the sublevel structure was similar to that of [TbPc2]- complex.2 

Recently, we reported the preparation and crystal structure of a series of isostructural heavy lanthanide(III) 

monoporphyrinato complexes formulated in [Ln(TPP)(cyclen)]Cl (Ln = Tb, Dy, Ho, Er, Tm, and Yb; TPP = 

5,10,15,20-tetraphenylporphyrinato; cyclen = 1,4,7,10-tetraazacyclododecane).3 These complexes have only one aromatic 

system with the skew angle close to 45and lead to a pseudoD4d molecular symmetry. With this symmetry, the sublevel 

structures of their ground multiplet state was expected to be determined in a similar manner with that of isostructural 

phthalocyanine complexes.1 

 

2. Experimental procedure 

The preparation of [Ln(TPP)(cyclen)]Cl (Ln = Tb, Dy, Ho, Er, Tm, and Yb) complexes was described in the previous 

chapter. Magnetic susceptibilities of the complexes were recorded on a Quantum Design MPMS-XL7AC SQUID 

(Superconducting Quantum Interference Device) Magnetometer. The diamagnetic correction values of H2TPP and cyclen were 

applied of 700106 and 126.96106 emu/mol, respectively. 1H NMR spectra of the complexes were measured in deuterated 

chloroform, CDCl3, solution at 25 C with tetramethylsylane (TMS), (CH3)4Si, as an internal standard on a JEOL Lambda-500 

NMR spectrometer.  

The ligand-field (LF) parameters in the [Ln(TPP)(cyclen)]Cl complexes were determined by using a simulation-based 

fitting (self-developed) method employed for phthalocyanine lanthanide(III) complexes in our previous study.1 The fitting 

procedures were employed in the MATLAB R2018b. 

 

 

 



 

 

Figure 1 Energy diagram for the multilevel 
ground-state of [Ln(TPP)(cyclen)]Cl (Ln = Tb, Dy, 
Ho, Er, Tm, and Yb. 

3. Results and discussion 

 A simplex minimization method has been employed on the 

simulation to obtain a set of LF parameters. The parameters which give 

the least-squares fit to the paramagnetic shift, (Hd), of six 

lanthanide(III) complexes and magnetic susceptibility, mT at 2, 4, 8, 16, 

32, 70, and 150 K were obtained. Thus the obtained set of 𝐴2
0〈𝑟2〉, 

𝐴4
0〈𝑟4〉, 𝐴4

4〈𝑟4〉, 𝐴6
0〈𝑟6〉, 𝐴6

4〈𝑟6〉 for each complex are listed in Error! 

Reference source not found.1. It gives the best-fit for both of mT 

against T plots and (Hd).  

Figure 1 shows the electronic sublevel structures of the ground 

multiplet states for six lanthanide complexes generated by using the 

obtained LF parameters (Table 1). There are  2J+1 substates level in 

energies for each lanthanide. As usually occurs in non-Kramers 

compound, all the sub-states of J = 6 ground-state are obtained as a 

mixture of +JZ and JZ. In this complex, the mixture of |+6 ⟩ and 

|−6 ⟩  which is the largest Jz value lies  in the lowest two substates. 

According to that, its magnetic anisotropy is strongly axial along the C4 

symmetry axis. The next substate is |0⟩ with the energy separation of 

150 cm-1 from the lowest substate. This large energy separation gives 

predominant population to the lowest two sub-states. The population is 

kept up to 40 K with the ratio remains 99.7%. Besides, the large splitting on two substates  contained the mixture of 

|+2 ⟩ and |−2 ⟩ .  The |±2⟩ dominated substates are separated in energy by about 160 cm-1. This is caused by the 

non-zero off-diagonal matrix element between  |𝐽𝑍 ⟩  and |𝐽𝑍 + 4 ⟩ due to LF terms 𝐴4
4〈𝑟4〉 and 𝐴6

4〈𝑟6〉.  

The lowest substates of Dy complex are Kramers degenerate state of |+11/2> and |11/2> (Figure 1). The next lowest 

degenerate state of |+13/2> and |13/2> lie at 67 cm-1 above. The dominant population of 99.5% is kept in |11/2> states up to 

relatively high temperature (80 K). At room temperature, the population decrease to 83.5%. The order of the lowest two 

doublet states shows a clear contrast to the corresponding Pc double-decker complex. In [Pc2Dy] case, the lowest is the 

|13/2> and the second is |11/2>).1 This suggests that the axial magnetic anisotropy in the present case is rather smaller than 

that of the double-decker Pc complex.  

For the rest of lanthanide complexes, the lowest substates are |4>, |1/2>, |6>, and |5/2> for Ho, Er, Tm, and Yb, 

respectively. In the case of Ho and Tm complexes, more than two lowest JZ substates are separated by very small energy gap. It 

indicates that the decisive determination of the lowest substates is not appropriate. In Yb complex, the splitting between the 

lowest and the second lowest substates is about as twice as those of the [Pc2Yb] complex, leading to a different temperature 

dependence of principal magnetic components. 

Table 1 Determined Ligand Field Parameters (in cm-1) 

Simulation 1 (C4 Symmetry) 

Ln 𝐴2
0〈𝑟2〉 𝐴4

0〈𝑟4〉 𝐴4
4〈𝑟4〉 𝐴6

0〈𝑟6〉 𝐴6
4〈𝑟6〉 

Tb 78.98 -372.70 -529.11 56.03 -775.97 
Dy 81.55 -334.63 -544.96 50.55 -606.81 
Ho 84.12 -296.57 -560.81 45.08 -437.65 
Er 86.68 -258.51 -576.67 39.60 -268.49 
Tm 89.25 -220.45 -592.52 34.13 -99.33 
Yb 91.82 -182.38 -608.37 28.66 69.83 

 

4. Conclussion 

The LF splitting parameters have been obtained by using simulation-based fitting method. With the obtained LF parameters, 

the electronic structure of the ground multiplet states of [Ln(TPP)(cyclen)]Cl complexes has been elucidated. Considering the 

energy differences between the lowest and the second lowest substates, the lowest J substates of Tb (Jz=6), Dy (Jz =11/2), Er 

(Jz =1/2) and Yb (Jz =5/2) complexes are safely determined as the ground substate of each multiplet.  
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