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Abstract 
Nuclear magnetic resonance (NMR) spectroscopy is 

traditionally used to study diamagnetic chemical compounds, 
whereas for paramagnetic compounds this method is often 
mistakenly perceived as unsuitable. Although the foundations of 
paramagnetic NMR spectroscopy were laid over 50 years ago, 
the application scope of this method is generally restricted to 
biological and medical studies, while in exploration of the 
properties of chemical compounds paramagnetic NMR did not 
gain widespread use. 

The current review presents the examples of application of 
paramagnetic NMR spectroscopy for studying the electronic 
structures of lanthanide and transition metal complexes. The key 
features and problems are considered that should be taken into 
account while using NMR spectroscopy in practice both for 
investigation of the electronic structures and also for other 
purposes. 
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1. Introduction 

Recent years have witnessed a noticeable growth in the 

number of functional materials based on metal complexes that 

display unusual magnetic properties, such as spin switches [1], 

single-molecule magnets [2, 3], elements of quantum computers 

[4], and so on. The progress in these fields facilitates the 

development of new physical methods for investigation of 

magnetic properties and electronic structures of various 

chemical compounds (high-field and terahertz EPR 

spectroscopy, magnetic circular dichroism, etc.). In this respect, 

modern NMR spectroscopy seems to be underestimated: the 

annual number of publications on paramagnetic NMR does not 

exceed 50 and there is no significant growth in publication 

activity over the years [5]. A major part of the reports are 

devoted to the biological and medical applications: 

paramagnetic labels for investigation of the structures of 

biological macromolecules in solution [6–9], shift and relaxation 

agents [10–12], and in vivo temperature and pH sensors [10, 13, 

14]. 

The goal of this review is to demonstrate the possibilities of 

paramagnetic NMR spectroscopy for investigation of the 

electronic structures of different lanthanide and transition metal 

complexes, which are of special interest as new magnetic 

functional materials. Particular attention will be drawn to the 

peculiarities and problems that arise during practical application 

of this method. The advantages and disadvantages as well as the 

application scope of this method will be compared to those of 

classical methods for investigation of magnetic properties (EPR 

spectroscopy and magnetometry). 

2. Lanthanide complexes 

An electronic structure of the ground state of a free 

lanthanide ion represents a set of degenerate 2J+1 levels, where 

J is the quantum number of a total angular momentum. As a 

rule, the ligand field effects in metal coordination compounds 

are significantly weaker than the spin–orbit interaction, since 

atomic f-orbitals of the lanthanide ions are weakly involved in 

the formation of bonding molecular orbitals. Nevertheless, it is 

the crystal field that removes degeneration of 2J+1 levels and, 

thus, determines the magnetic properties of a compound. The 

diverse magnetic properties of lanthanide complexes are 

extensively studied for the following current and potential 

applications: single-molecule magnets [2], paramagnetic probes 

[6–9], shift and relaxation agents [10–12], in vivo temperature 

and pH sensors in MRI [10, 13, 14], and elements of quantum 

computers [4]. Therefore, investigation of the ligand field 

parameters in lanthanide complexes is crucial for the mentioned 

application fields [15, 16]. 

A conventional method for elucidation of the electronic 

structures of lanthanide complexes is luminescence 

spectroscopy [17–19]. A fine structure of luminescence bands 

stems from the splitting under ligand crystal field effect and, 

consequently, can be used to define the electronic levels of the 
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ground state. However, in many cases, a signal in the 

luminescence spectrum is not resolved enough to reveal a fine 

structure, which makes this approach unsuitable for these 

systems. 

NMR spectroscopy and magnetometry were used for the 

first time to determine the ligand field parameters in lanthanide 

complexes by the group of Prof. N. Ishikawa in 2003 [20]. Their 

work was concerned with anionic phthalocyanine complexes of 

lanthanides LnPc2
– (Scheme 1), which appeared to be the first 

representatives of single-molecule magnets based on lanthanide 

complexes [21, 22]. To describe the observed effects, the 

authors used the Hamiltonian which expresses the ligand field 

parameters through the Stevens operators [23]: 

𝑯̂𝐿𝐹 = ∑ 𝐵2𝑞𝑶̂2𝑞2
𝑞=0 + ∑ 𝐵4𝑞𝑶̂2𝑞4

𝑞=0 + ∑ 𝐵6𝑞𝑶̂6𝑞6
𝑞=0  (1) 

where 𝑶̂2𝑞 are the polynomial functions of total momentum 

operators 𝑱̂𝑧, 𝑱̂+, 𝑱̂− listed in Ref. [24]. Different symmetries of 

the ligand crystal fields will be characterized by the different set 

of parameters; for example, in the case of LnPc2
– complexes 

with D4d symmetry, the Hamiltonian becomes essentially 

simpler: 𝑯̂𝐿𝐹𝐷4𝑑 = 𝐵20𝑶̂20 + 𝐵40𝑶̂40 + 𝐵60𝑶̂60 (2) 

Furthermore, the authors assume that all the field parameters 

depend linearly on the number of f-electrons (n) in the series of 

isostructural lanthanide complexes from f8 (Tb3+) to f13 (Yb3+): 𝐵𝑘𝑞(𝑛) =  𝑎𝑘𝑞 + 𝑏𝑘𝑞(𝑛 − 𝑛0) (3) 

where 𝑛0 is the average number of f-electrons in the series of the 

ions under consideration. This assumption is not rigorously 

proved by the authors and is explained by the fact that, in the 

lanthanide series, the field parameters must change regularly 

depending on the number of f-electrons. However, this 

assumption is very important for the accuracy of definition of 

the field parameters, since it reduces the number of unknown 

parameters from 3N (N is the number of isostructural complexes 

under investigation) to 6, and allows one to solve the problem of 

overparametrization which was described in several reports [25, 

26]. It should be noted that some authors question this 

assumption [27]. 

The approach consists in the multidimensional optimization 

of the crystal field parameters which describe the experimental 

data obtained by NMR spectroscopy and magnetometry best of 

all (Scheme 2). These two methods are parent for solution to this 

problem, since they allow one to determine experimentally some 

components of the magnetic susceptibility tensor χ. Whereas 

powder magnetometry affords isotropic value of 𝝌̅, the NMR 

spectra provide the information about anisotropy of this tensor 

Δχax, Δχrh: 𝝌̅ = 𝜒𝑧𝑧+𝜒𝑦𝑦+𝜒𝑥𝑥3   (4а) Δ𝜒𝑎𝑥 = 𝜒𝑧𝑧 − 𝜒𝑦𝑦+𝜒𝑥𝑥2  (4b) Δ𝜒𝑟ℎ = 𝜒𝑦𝑦 − 𝜒𝑥𝑥 (4c) 

Generally, a chemical shift of the nucleus of a paramagnetic 

compound in the NMR spectrum can be divided into three 

contributions: diamagnetic, contact, and pseudocontact (5). 𝛿𝑜𝑏𝑠 = 𝛿𝑑𝑖𝑎 + 𝛿𝑐𝑠 + 𝛿𝑝𝑐𝑠 (5) 

The diamagnetic contribution arises due to the shielding of 

nuclei by electron clouds, i.e., it can be considered as a classical 

chemical shift of a diamagnetic compound. The other two 

contributions have paramagnetic nature, i.e., they appear upon 

interaction of magnetic moments of an unpaired electron with a 

nucleus (hyperfine interaction). The contact shift results from 

delocalization of the unpaired electron from the paramagnetic 

metal ion to the nucleus through a system of molecular orbitals 

and, thus, is proportional to the spin density (the electron density 

of the unpaired electron) at the nucleus location (ρ): 𝛿𝑐𝑠 = 𝜇0𝜇𝐵2 𝑔𝑒2(𝑆+1)9𝑘𝑇 ∙ 𝜌  (6) 

where S is the electron spin, μB is the Bohr magneton. 

It should be noted that relation (6) is valid in the case of 

several assumptions; this problem was discussed in detail in a 

recent review [28]. 

The pseudocontact (dipole) shift arises due to the dipole–
dipole interaction of magnetic moments of the unpaired electron 

and the nucleus: 𝛿𝑝𝑐𝑠 = 112𝜋𝑟3 [𝛥𝜒𝑎𝑥(3𝑐𝑜𝑠2𝜃 − 1) + 32 𝛥𝜒𝑟ℎ𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜑] (7) 

where 𝑟, 𝜃, 𝜑 are the spherical coordinates of the nucleus in the 

eigensystem of coordinates of tensor χ. Hence, knowing the 

value of the pseudocontact shift and the coordinates of nuclei 

from the molecule structure, it is easy to calculate the values of 

anisotropy parameters of tensor  (𝛥𝜒𝑎𝑥, 𝜒𝑟ℎ). 

It should be noted that the authors neglected the effect of the 

contact shift for complexes LnPc2
– as well as for all 

phthalocyanine and porphyrin complexes considered in this 

review below. 

Indeed, due to the weak contribution of f-electrons to the 

metal–ligand bonds (compared, for example, to d-electrons of 

transition metal ions), there is no significant delocalization of 

the spin density on the ligand nuclei [29]. However, it was 

shown that for some lanthanide complexes (including 

phthalocyanine derivatives [30]) the contact contribution to the 

chemical shift can be essential [31]. Hence, in the author's 

opinion, the problem of consideration of the contact contribution 

for lanthanide complexes is still controversial. 

The components of tensor χ (χzz, χyy, and χxx) are connected 

with the energy levels and, consequently, with the Hamiltonian 

(1) parameters through the Van Vleck equations [32]. The 

optimization of the crystal field parameters was carried out until 

the best convergence of the experimental and calculated values 

of 𝝌̅ (magnetometric data) and Δχax (NMR data). A total 

algorithm of the optimization process is presented in Scheme 2. 

It is important to note that Ishikawa [25] showed that the 

application of the data of only one of two methods also leads to 

the problem of overparametrization, i.e., the experimental data 

can be described rather good by a broad set of parameters, 

which makes impossible the accurate definition of the energies 

of electronic levels. In particular, the application of only one of 
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Scheme 1. Lanthanide complexes considered in the review. 

these methods leads to the errors in the definition of parameters 𝑎20, 𝑎40, and 𝑎60 (see equation (3)) approximately equal to 60, 25, 

and 22% (according to the magnetometry data) and 5, 10, and 

20% (according to the NMR data), respectively. Only in the case 

of simultaneous modeling of the data of two methods, the 

dispersions of 𝑎20, 𝑎40 and 𝑎60 drop (the corresponding errors 

composed about 1, 2, and 3%), which testifies reliability of this 

result. In turn, the latter evidences the importance of the NMR 

data in exploration of the electronic structures of lanthanide 

complexes. 

The resulting values of the ligand field parameters allowed 

for the definition of the energies of ground-state electronic 

levels [20] (Fig. 1). Among the compounds explored, only for 

 

Scheme 2. Algorithm for optimization of the ligand crystal field 

parameters based on the data of NMR spectroscopy and magnetometry. 

complex TbPc2
– the lowest Kramers doublet (KD) corresponds 

to the highest value mJ = ±6, which indicates an essential 

magnetic anisotropy along С4 symmetry axis. The energy of the 

second KD composes 436 cm–1, which is much higher than kТ 

even at room temperature, i.e., the properties of complex TbPc2
– 

are almost completely defined by the lowest KD. This result is 

in good agreement with the efficiency of lanthanide 

phthalocyanine complexes as single-molecule magnets (SMM). 

Since the magnetic anisotropy and the high energy of KD leads 

to an essential magnetization reversal barrier, it should be 

expected that just Tb3+ ions will exhibit the best SMM 

properties. Indeed, for diamagnetically diluted complexes 

LnPc2
– doped with Y3+, the effective magnetization reversal 

barriers for Tb3+ complexes are much higher than those for 

analogous Dy3+ complexes (UDy = 28 cm–1, UTb = 230 cm–1 (xY = 

25%) [21], UDy = 31 cm–1, UTb = 260 cm–1 (xY = 2%) [33]). An 

analogous situation was observed for trinuclear complexes [34, 

35] as well as for other phthalocyanine complexes [36]. 

In the case of heterobimetallic complexes 

Ln[PcPc(OC4H9)8]YPc and Y[PcPc(OC4H9)8]LnPc (Scheme 

1), the presence of the yttrium ion reduces the complex 

symmetry compared to LnPc2
– to С4 group. As a result, the 

Hamiltonian (1) includes additional terms (q = 4) [24]: 𝑯̂𝐿𝐹С4 = 𝐵20𝑶̂20 + 𝐵40𝑶̂40 + 𝐵44𝑶̂44 + 𝐵60𝑶̂60 + 𝐵64𝑶̂64 (8) 

The application of an analogous approach to the analysis of 

the NMR spectroscopic and magnetometric data afforded 

unambiguous values of the crystal field parameters for 

complexes Ln[PcPc(OC4H9)8]YPc [37] and 

Y[PcPc(OC4H9)8]LnPc [38]. The values of terms 𝐵44 and 𝐵64 in 

the crystal field Hamiltonian (8) appeared to be nonzero, which 
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Figure 1. Electronic structure of the ground state of complexes LnPc2–. 

(Reprinted with permission from N. Ishikawa et al., Inorg. Chem., 2003, 

42, 2440–2446. DOI: 10.1021/ic026295u. Copyright (2003) American 

Chemical Society) 

leads to certain consequences for the electronic structures of the 

complexes: the electronic levels do not correspond to neat states 

mJ and represent a combination of different states mJ, which 

affords additional routes for magnetization relaxation if these 

complexes are used as SMM [39]. 

Based on the data about the electronic structures of 

complexes Ln[PcPc(OC4H9)8]YPc and 

Y[PcPc(OC4H9)8]LnPc, the bimetallic homonuclear complexes 

of a general formula Ln[PcPc(OC4H9)8]LnPc bearing two 

paramagnetic metal ions were studied (Scheme 1) [38]. Upon 

description of these complexes, among other issues, one should 

take into account the electron–electron interaction between two 

paramagnetic Ln3+ ions, which includes the dipole and exchange 

interactions: 𝑯̂ = 𝑯̂𝐿𝐹𝑀1 + 𝑯̂𝐿𝐹𝑀2 + 𝑽̂𝑀1𝑀2𝑑𝑖𝑝 + 𝐽𝑒𝑥(𝑱̂1 ∙ 𝑱̂2) (9) 

Since the ligand field parameters for the heteronuclear 

complexes were determined earlier and the dipole interaction 

depends on mutual disposition of the lanthanide ions, which is 

known from the complex structure, the first three terms in 

relation (9) are known; as for the exchange interaction (the 

fourth term), Ishikawa et al. [38] assumed that it is negligibly 

small. A good agreement between the calculated values of χT 

and the experimental data confirmed this assumption and 

allowed for the first detailed study of the f–f electronic 

interaction in lanthanide complexes. 

Lanthanide complexes of porphyrins, featuring similar 

symmetries, are also of certain interest as promising SMMs [40, 

41]. However, NMR spectroscopic studies of a series of cationic 

complexes Ln(TPP)(cyclen)+ (Scheme 1) showed that the 

electronic structures of these compounds significantly differ 

from those of the phthalocyanine analogs [42]. In particular, the 

energy of the second KD of Tb(TPP)(cyclen)+ is considerably 

lower (cf. 150 cm–1 with 436 см–1 for complex TbPc2
–), and, in 

the case of complex Dy(TPP)(cyclen)+, the lower KD complies 

with mJ = ±11/2 in contrast to the phthalocyanine analogs for 

which mJ = ±13/2. The lower value of the second KD energy 

and the lower value of |mJ| of the lower KD indicate the lower 

magnetic anisotropy and, consequently, the inferior SMM 

properties. Indeed, the comparison of analogous complexes 

bearing phthalocyanine and porphyrin ligands shows that the 

magnetization reversal barriers of the latter are lower [43]. 

Although phthalocyanine and porphyrin complexes of 

lanthanides display a relative conformational rigidity, the large 

lanthanide radius and, as a consequence, the large space in the 

coordination sphere often favor conformational lability of the 

ligands. Thus, investigation of the structures of lanthanide 

complexes in solution is often associated with the problem of 

interpretation of the data due to active conformational dynamics 

and different structural changes [44, 45]. It should be noted that 

this problem is especially important for paramagnetic 

compounds, since the value of their shifts strongly depend on 

the nucleus coordinates (see (7)). This can be illustrated by 

double-decker complexes derived from substituted 

tetraoctatetraenide ligands which have saturated 

conformationally labile hydrocarbon moieties. Based on the 

analysis of paramagnetic NMR spectra, Hiller et al. [46] showed 

that complexes [Ln(tdnCOT)2]
– (Scheme 1) exist in solution in 

the form of two conformers, in which ligand tdnCOT is 

spatially bent outward (an exo conformer) or inward (an endo 

conformer) relative to the other ligand in the complex. 

Consideration of both of the conformations (54% of the exo 

conformer at room temperature) allowed the authors to reliably 

define the values of Δχax, which are required for investigation of 

the electronic structure. Furthermore, in this report, the authors, 

unlike their earlier studies [20, 25, 37, 38], also took into 

account a contact contribution to the chemical shift. Indeed, it 

was shown that this contribution is essential for the related 

complexes [31]. Hence, the following equation was used to 

define the total value of a chemical shift: 𝛿𝑜𝑏𝑠𝑖,𝑗 = 𝛿𝑜𝑟𝑏𝑖,𝑗 + 𝛿𝐶𝑆𝑖,𝑗 + 𝛿𝑃𝐶𝑆𝑖,𝑗 = 𝛿𝑌3+𝑖 + 𝜇𝐵3𝑘𝑇𝛾𝑖 𝐴𝑖ℏ 〈𝑆𝑧〉𝑗 + 112𝜋 𝐺𝑖Δ𝜒𝑎𝑥𝑗
 (10) 

where indices i and j refer to the nucleus, for which the NMR 

signal is observed, and to the lanthanide ion, respectively; 𝛿𝑌3+𝑖  

is the chemical shift of the nucleus i in an analogous yttrium(III) 

diamagnetic complex; 𝐴𝑖 is the constant of hyperfine interaction 

of the nucleus i. This assumption is based on the isostructural 

natures of the complexes under consideration [47, 48]. 

Furthermore, the geometric factors of the nuclei 𝐺𝑖  are taken to 

be the same for the complexes of all lanthanide ions. The values 

of 〈𝑆𝑧〉𝑗 for each ion were taken from the literature [49, 50]. It 

should be mentioned that the cases are possible when the values 

of 〈𝑆𝑧〉𝑗 strongly differ from the reported data [51]; therefore, 

this assumption should be carefully taken into account during 

the analysis of the NMR data for lanthanide complexes. 

On the other hand, the authors used an elegant alternative 

route for the definition of Δχax and, thus, indirectly confirmed 

the legitimacy of their assumptions. This approach consists in 

the analysis of 2Н NMR spectra of the deuterated analogs, in 

which the signals split due to the residual quadrupole interaction 

(RDC) of the deuterium nuclei. The value of RDC is directly 

connected with the value of anisotropy Δχax [31, 48, 52]: |Δ𝜈𝑄| = |(𝑒2𝑞𝑄 ℎ⁄ )𝐵0220𝜇0𝑘𝑇 (3𝑐𝑜𝑠2𝜃 − 1)Δ𝜒𝑎𝑥| (11) 
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where Δ𝜈𝑄 is the observed signal splitting, Hz; Q is the constant 

of quadrupole interaction, Hz. 

The values of Δχax obtained by two independent methods 

appeared to be almost the same within the measurement 

accuracies, which evidences their reliability. The resulting 

values were used to define the ligand field parameters, but the 

magnetometric data were not included in the analysis [46]. 

Although Ishikawa [25] stated the problem of 

overparametrization upon application of the NMR data without 

magnetometric ones, this is not discussed in Ref. [46]. 

The resulting energies of electronic levels of the ground 

states for complexes [Ln(tdnCOT)2]
– (Fig. 2) showed that the 

highest magnetic anisotropy is exhibited by Er3+ and Tm3+ 

derivatives, which feature the maximum values of |mJ| of the 

lower KD (±15/2 and ±6, respectively). The results are in good 

agreement with the levels calculated earlier by the CASSCF 

method [53, 54]. This result is out of the common concepts 

stating that the most anisotropic ions are Tb3+ and Dy3+ [55]. 

Indeed, significant magnetic anisotropies of Er3+ and Tm3+ 

complexes are confirmed by their SMM behavior [56]: a 

magnetization reversal barrier for Er[COT]2
– composed 286 K, 

whereas for Dy[COT]2
– it was only 11 K [54]. In particular, it 

was shown that for Dy[COT]2
– the probability of a transition 

between the levels of the lower KD is higher by six orders of 

magnitude than that for Er[COT]2
– [54]; for Dy[COT]2

– this 

transition is the main route for magnetization relaxation. The 

most efficient process of relaxation for Er[COT]2
– affects the 

levels of the second and third KD (mJ = ± 13/2 and ± 1/2) with 

the energy of 175 and 194 cm–1, respectively, which is in good 

agreement with the experimental magnetization reversal barrier 

of 199 cm–1. 

 

Figure 2. Energy levels of the ground state of [Ln(tdnCOT)2]
–. 

(Reprinted with permission from M. Hiller et al., Inorg. Chem., 2017, 

56, 15285–15294. DOI: 10.1021/acs.inorgchem.7b02704. Copyright 

(2017) American Chemical Society) 

Another interesting class from the viewpoint of 

paramagnetic NMR includes the complexes formed by radicals 

as ligands. As a rule, the NMR spectra of organic radicals are 

poorly resolved due to a rapid nuclear relaxation, which renders 

EPR spectroscopy more suitable for their investigation. 

However, the complexes formed by these ligands and 

paramagnetic metal ions feature essentially slower nuclear 

relaxation, which makes NMR spectroscopy applicable for their 

exploration. Hence, the radical nature of the ligand does not 

hamper the application of NMR spectroscopy for elucidation of 

the electronic structures of metal complexes and even enables its 

use for investigation of these radicals themselves, which is 

impossible for their free forms. 

A general relation for the observed chemical shift of the 

nucleus i (𝛿𝑜𝑏𝑠𝑖,𝑗 ) must take into account the effect of both the 

paramagnetic lanthanide ion j and the unpaired ligand electron: 𝛿𝑜𝑏𝑠𝑖,𝑗 = 𝛿𝑜𝑟𝑏𝑖 + 𝛿𝑅𝐶𝑖 + 𝛿𝑅𝑃𝐶𝑖 + 𝛿𝑀𝐶𝑖,𝑗 + 𝛿𝑀𝑃𝐶𝑖,𝑗
 (12) 

where indices RC and RPC refer to the contact and 

pseudocontact shifts induced by the radical, respectively; indices 

MC and MPC correspond to the analogous shifts induced by the 

paramagnetic ion. 

As a rule, the unpaired electron of the radical is strongly 

delocalized along the whole ligand molecule; as a result, the 

analysis of chemical shifts is very complicated, since it requires 

the knowledge of the spin-density distribution in the molecule. 

A simple method to overcome these difficulties is to use an 

isostructural complex with the diamagnetic metal ion (La3+, 

Lu3+, Y3+), which shifts contain the shifts induced by the radical 

unpaired electron: 𝛿𝑜𝑏𝑠𝑖,𝑌3+ = 𝛿𝑜𝑟𝑏𝑖 + 𝛿𝑅𝐶𝑖 + 𝛿𝑅𝑃𝐶𝑖  (13) 

Hence, expression (12) becomes considerably simpler and 

leads to relation (10): 𝛿𝑜𝑏𝑠𝑖,𝑗 = 𝛿𝑜𝑏𝑠𝑖,𝑌3+ + 𝛿𝑀𝐶𝑖,𝑗 + 𝛿𝑀𝑃𝐶𝑖,𝑗 = 𝛿𝑜𝑏𝑠𝑖,𝑌3+ + 𝜇𝐵3𝑘𝑇𝛾𝑖 𝐴𝑖ℏ 〈𝑆𝑧〉𝑗 + + 112𝜋 𝐺𝑖Δ𝜒𝑎𝑥𝑗
 (14) 

However, it is necessary to make several remarks, which 

stem from this assumption. First of all, this approach is 

applicable only in the case of isostructural complexes, in which 

the distributions of the unpaired electron of the radical are the 

same. Secondly, the observation of signals of the radical 

complex with the diamagnetic metal ion can be complicated due 

to a rapid nuclear relaxation. 

Nevertheless, Hiller et al. [57] successfully used this 

approach for radical complexes Ln(Ph-BIAN)3 (Scheme 1). The 

values of Δχax for these compounds were defined using equation 

(14). The authors also indicate that the radical nature of ligands 

can strengthen the delocalization of the unpaired f-electron and, 

consequently, can lead to significant contact shifts, which were 

estimated using DFT calculations (B3LYP and TPSSh 

functionals). An independent assessment of the values of Δχax 

according to RDC with 2Н nuclei led to the same results within 

the measurement accuracy. Furthermore, the resulting values of 

Δχax are in good agreement with the theoretical predictions [58]. 

Hence, NMR spectroscopy in its paramagnetic version can 

be successfully used for investigation of diverse lanthanide 

complexes: anionic, cationic, and neutral; mono- and bimetallic; 

the complexes bearing organic radicals. NMR spectroscopy 

allows one to study the structures in solution, which can differ 

from the crystalline ones due to conformational dynamics. One 

of the key features of NMR is the opportunity to study the 

structures of complexes and, consequently, to explain and to 

predict their magnetic properties, which are important for many 

practical applications. 

3. Transition metal complexes 

Unlike lanthanide complexes, 3d-transition metal complexes 

are not so convenient for exploration by NMR spectroscopy for  
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Scheme 3. 3d-Transition metal complexes considered in the review. 

a number of reasons. Firstly, the nuclear relaxation times of 

many transition metal ions are much shorter, which makes their 

spectra less resolved. Secondly, the periodicity of properties in 

lanthanide complexes allows one to reduce the number of 

unknown parameters in models that describe the experimental 

NMR data. In the case of 3d-transition metals, some ions feature 

favorable characteristics for NMR, while some—not (Fig. 3). 

Thirdly, since the electronic properties of transition ions differ 

stronger, the complexes of various metals are seldom 

isostructural. Fourthly, an essential contribution of atomic d-

orbitals of the metal ion to complex MOs implies significant 

delocalization of spin density, which leads to strong (in some 

cases even predominant) contact shifts; the calculation errors for 

the latter by quantum chemical methods are sometimes 

remarkable [52, 59–61]. All this leads to the scarce number of 

reports on NMR spectroscopic studies of paramagnetic 

transition metal complexes, which are mainly devoted to high-

spin cobalt(II) complexes, appearing to be the most suitable 

compounds for NMR studies (Scheme 3). 

In the case of low anisotropic ions (CrIII, MnII, CuII, VIV, 

etc.), for which the contact shifts predominate, the problem of 

the inaccuracy of their quantum chemical computation comes to 

the forefront [61]. At this moment, there is no method for the 

accurate definition of the electronic structures based on the 

NMR data for these ions [62]. 

However, in some cases, the application of conformationally 

rigid ligands allows one to overcome all the mentioned 

limitations. This can be illustrated by the analysis of NMR data 

for complexes 1.1 and 2.1 which refer to tris-oximate 

derivatives (clathrochelates) (Scheme 3) [64]. An interesting 

feature of these compounds is the presence of a 

conformationally rigid cage ligand, which structure remains 

unchanged in solution. Moreover, apical substituents in 

complexes 1.1 and 2.1 represent also conformationally rigid 

cholesterol moieties. Hence, many distant nuclei feature 

unchanged coordinates relative to the metal ion even in solution, 

and this distance provides the absence of contact shifts and the 

corresponding errors in quantum chemical calculations, i.e., the 

nature of a paramagnetic shift for these nuclei is merely 

pseudocontact. 𝛿𝑝𝑎𝑟 = 𝛥𝜒𝑎𝑥(3𝑐𝑜𝑠2𝜃−1)12𝜋𝑟3  (15) 

 

Figure 3. Typical values of electronic relaxation times (T1e) and 

anisotropy of magnetic susceptibility tensor (Δχ) for lanthanide (□) and 
transition metal ions (○). For the reference data, see Ref. [63]. 

Owing to such a specific molecular design, the convergence 

between the experimental and calculated shifts for these nuclei 

appeared to be close to the ideal one (Fig. 4, on the left) [61], 

which afforded the definition of the value of Δχax with an 

unprecedented accuracy (0.013% for 1.1 and 0.118% for 2.1). 

The convergence for the nuclei which do not refer to the 

conformationally rigid molecular moieties (protons of the СН3- 

 

Figure 4. Convergence of the experimental and calculated chemical 

shifts. The left plot: for nuclei included in conformationally rigid 

molecular moieties and separated by more than 6 chemical bonds from 

the cobalt(II) ion. The right plot: for nuclei with significant contact 

contribution (●), with significant conformational dynamics (▲), 
included in the nearest surrounding of the metal ion (▼). (Reprinted 

with permission from A. A. Pavlov et al., ACS Omega, 2018, 3, 4941–
4946. DOI: 10.1021/acsomega.8b00772. Copyright (2018) American 

Chemical Society) 
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group, etc.) or featuring essential contact contribution is much 

worse (Fig. 4, on the right), which leads to the inaccurate 

definition of the values of Δχax. 

Since clathrochelates appeared to be very suitable for 

paramagnetic NMR spectroscopy, this method was used for 

many of them and disclosed a number of interesting practical 

applications, such as spin switches [65], paramagnetic probes 

[66], and single-molecule magnets [67–70]. As it was already 

mentioned in the previous chapter, the knowledge of electronic 

structures is crucial for understanding the properties of these 

compounds as single-molecule magnets. In the case of transition 

metals, the model for description of an electronic structure of the 

ground state is somewhat simpler than for lanthanide analogs, 

since the spin–orbit interaction is not so high. As a rule, 

transition metal ions (S > 1/2) are described using the zero-field 

splitting formalism: 𝑯̂ = 𝜇𝐵𝒈𝑩𝑺̂ + 𝐷 (𝑺̂𝒛𝟐 − 13 𝑆(𝑆 + 1)) + 𝐸(𝑺̂𝒙𝟐 − 𝑺̂𝒚𝟐) (16) 

where g is the g-tensor; ; 𝑺̂ and 𝑺̂𝒊 are the operators of the 

electron momentum and its projection, respectively; D and E are 

the parameters of the tensor of zero-field splitting, which defines 

the electronic structure of the ground state in a zero magnetic 

field. From the viewpoint of SMM, the magnetization reversal 

barrier is proportional to the value of |D| (17). 𝑈 = |𝐷|𝑆2 (𝑆 = 1,2,3 … ) (17a) 𝑈 = |𝐷|(𝑆2 − 1/4) (𝑆 = 32 , 52 , 72 … ) (17b) 

Modeling of the values of Δχax, obtained based on the NMR 

data, by the Hamiltonian (16) provided the estimated values of 

D for a series of clathrochelates [66–70] and showed the 

potential of some of the complexes as SMM. Indeed, many of 

the explored complexes displayed high magnetization reversal 

barriers (Table 1) [71]. 

Table 1. Values of 2 D for clathrochelates according to the data 

obtained by different methods 

Compound NMR 
dc–

Magnetometry 

ac–
Magnetometry 

ab 

initio 
Ref. 

1.2 –190 –172 –195 –156 [69] 

2.2 –218 –164 –152 –220 [67] 

α-2.3 –174 –222 –192 –305 [68] 

β-2.3 –174 –148 –109 –210 [68] 

Many works considered above do not discuss the problem of 

structural differences in solution and in crystal; however, this 

problem is worth special consideration. A representative 

example is complex 2.3 which contains conformationally labile 

n-hexadecyl moiety (Scheme 3). In solution this complex exists 

in the form of various conformers which correspond to different 

conformations of each of –СН2–СН2– fragments (trans, 

gauche+, or gauche–). The nucleus coordinates for different 

conformations can differ strongly, which, in turn, leads to 

different pseudocontact shifts (see (15)). On the other hand, it 

was shown that complex 2.3 can be crystallized as two 

polymorphs which differ in the conformation of В–СН2–СН2– 

moiety (trans for α-polymorph and gauche for β-polymorph). It 

should be noted that the magnetic properties of these 

polymorphs differ significantly (Table 1). Since the energy 

barrier of a transition between trans, gauche+ or gauche– 

conformations seems to be not so high compared to kT, the 

NMR data are averaged by all conformations. Indeed the value 

of 2∙D according to the NMR data (174 cm–1) is approximately 

equal to an average value between three conformers according 

to the data of dc-magnetometry (173 cm–1). 

It should be noted that most of the methods for the definition 

of a zero-field splitting (in particular, NMR spectroscopy) are 

indirect and the provided accuracy of estimation is low, which is 

evident from a comparison of the values obtained by different 

methods (Table 1). A prominent example of this divergence is 

iron(I) carbene complex 3, which was explored in detail by 

different magnetic methods (Scheme 3). This complex is 

isoelectronic to cobalt(II) complexes (d7-configuration) and, 

therefore, is a suitable object for investigation by NMR 

spectroscopy. The approximation of the magnetometric data in a 

constant field for complex 3 revealed the following magnetic 

parameters: giso = 2.57, D = 20.4 cm–1, E/D ≈ 0; the anisotropy 

of g-tensor and rhomboidity of D-tensor were not taken into 

account [72]. At the same time, according to the high-frequency 

EPR studies (336 GHz), the values of g-tensor appeared to be 

different (gx = 3.34, gy = 3.32, gz = 2.91) at the same value of D 

[72]. It is noteworthy that the isotropic value of giso, obtained by 

magnetometry, is lower than any value of the component (gx, gy, 

gz) derived from EPR, i.e., the data of these two methods were 

not described by the same set of parameters. The exploration of 

complex 3 in solution by NMR spectroscopy [59] showed slow 

dynamics of the C(Fe)–N–C–C torsion angle (Scheme 3), which 

led to an extremely low resolution at room temperature. 

Nevertheless, at 233.2 К the dynamic processes slowed down 

and the values of Δχax and Δχrh were defined [59]. The value of 

the energy of a zero-field splitting calculated using these data (D 

= 55.8 cm–1, E/D = 0.15) strongly differs from that obtained 

from magnetometric studies and EPR in solid state (vide supra), 

which can result both from different structures in solution and in 

crystal and the problem of overparametrization stated by 

Ishikawa [25], which is not discussed by the authors of these 

works. 

As well as in the case of lanthanide complexes, the 

application of a combination of methods, which data are 

described within one model, can give more accurate and detailed 

information about the electronic structures [25]; however, for 

transition ions these works are very scarce. One of the transition 

metal complexes extensively studied by magnetic methods is 

cobalt(II) tris-pyrazolylborate 4 (Scheme 3). The detailed 

analysis of the EPR spectra (Х- and Q-range) of complex 4 

along with the data of optical spectroscopy was made over 50 

years ago [73]. It was shown that the value of spin–orbit 

interaction in complex 4 is too high and becomes comparable to 

the energy of crystal field splitting. In this case the model of 

zero-field splitting (16) is inapplicable, and the spin–orbit 

interaction must be considered in an explicit form: 𝑯̂𝑆𝑂𝐶 = 𝜎𝜆𝑳̂ ∙ 𝑺̂ (18) 

where 𝜆 is the constant of a spin–orbit interaction, 𝜎 is the 

attenuation coefficient, and L̂ and  𝑺̂ are the operators of orbital 

and spin momentum, respectively. The application of model 

(18) led to the more complex electronic structure (Fig. 5), in 

which each KD corresponds to a combination of spin and orbital 

magnetic quantum numbers (ml = –1, 0, +1; ms = –3/2, –1/2, 

+1/2, +3/2). 
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Figure 5. Electronic structure of complex 4 according to the data of 

EPR and optical spectroscopy. (Reproduced with permission from J. 

Jesson, J. Chem. Phys. 45, 1049 (1966). Copyright 1966, AIP 

Publishing) 

Subsequently, the analysis of the NMR data along with the 

terahertz EPR data and the data on magnetic susceptibility in 

solution (the Evans method) confirmed the earlier suggested 

electronic structure [74]. It was shown that a broad set of the 

experimental data obtained by these three methods can solve the 

problem of overparametrization, since the zero-field splitting 

model (16) appeared to be unsupported for simultaneous 

description of these data. Only upon application of the unique 

Hamiltonian parameters (19), which take into account the spin–
orbit interaction in an explicit form [75], one can obtain the 

correct description of the experimental data; any deviation of the 

parameters from the optimal ones leads to deterioration of the 

data convergence at least by one of the methods [74]. 𝓗̂ = 𝜎𝜆𝑳̂ ∙ 𝑺̂ + 𝛥(3𝑳̂𝑧2 − 𝑳̂𝟐) + 𝜇𝐵𝐵0(−𝜎𝑳̂ + 𝑔𝑒𝑺̂) (19) 

The electronic structure assigned by this method is in full 

agreement with the data obtained earlier by other methods 

(ENDOR EPR spectroscopy [76, 77] and magnetometry [78]). 

The example of complex 4 shows that the description model 

during the analysis of magnetic data should be carefully chosen, 

although in most cases the zero-field splitting formalism is used 

for transition metal complexes. In the case of compound 4, the 

data of THz-EPR and the Evans method can be satisfactorily 

described by this formalism, but the introduction of the NMR 

data reveals the inadequacy of the zero-field splitting model. 

4. Conclusions 

In this review, we showed that NMR spectroscopy is a 

reliable and important source of information about the electronic 

structures of paramagnetic lanthanide and transition metal 

complexes. In the absence of the NMR data, the classical 

magnetic methods (magnetometry and EPR) often face the 

problem of overparametrization of the model which describes 

the electronic structure. The peculiarities and problems of the 

application of NMR spectroscopy in practice are considered, the 

main issues are the following ones. (1) Since NMR studies are 

carried out in solution, it is necessary to take into account 

different dynamic processes (conformational dynamics, 

chemical exchange, and so on) because they strongly affect the 

values of paramagnetic shifts. (2) The problem of evaluation of 

a contact shift in the case of low anisotropic ions (MnII, CuII, 

and CrIII) makes NMR a low-effective method, but for the ions 

with high magnetic anisotropy, especially lanthanide(III) ions 

(expect for GdIII), this is not crucial. (3) The lanthanide ions are 

more preferred for paramagnetic NMR than 3d-metal ions, since 

the properties of isostructural complexes of different ions 

regularly depend on the number of unpaired electrons, which 

simplifies the analysis of the resulting data. (4) The model for 

description of the NMR data should be chosen carefully. In 

particular, during the description of lanthanide ions, Bleaney's 

theory is often used, while in the case of 3d-metal ions—the 

zero-field splitting formalism. However, the current review 

showed that there are many exceptions to this rule. 
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