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Detailed electronic structure of a high-spin cobalt(II) complex 
determined from NMR and THz-EPR spectroscopy 
Alexander A. Pavlov,a,b* Joscha Nehrkorn,c,d Yanina A. Pankratova,a,e Mykhaylo Ozerov,c Elena A. 
Mikhalyova,f Alexander V. Polezhaev,a Yulia V. Nelyubina,a,b and Valentin V. Novikova,b

Here we report a combined use of THz-EPR and NMR spectroscopy 
for obtaining a detailed electronic structure of a long-known high-
spin complex, cobalt(II) bis[tris(pyrazolyl)borate]. The lowest inter-
Kramers transition was directly measured by THz-EPR 
spectroscopy, while the energies of higher Kramers doublets were 
estimated by a recently proposed NMR-based approach. Together, 
they produced magnetic parameters for a full model that explicitely 
includes spin-orbit coupling. This approach is applicable to all 
transition metal ions for which the spin-orbit coupling cannot be 
treated perturbatively.

Getting insight into fine details of electronic structure is crucial 
for rational design of new magnetic materials based on 
transition metal complexes, such as single molecule magnets1-4 
and spin-crossover compounds5-7 in molecular spintronics8, 9 or 
paramagnetic tags in structural biology10-12. Many methods 
exist to probe the electronic structure of their ground term, 
which governs the magnetic properties of these materials. In 
addition to commonly employed techniques, such as optical 
absorption and fluorescence spectroscopy13,14, EPR 
spectroscopy15, magnetometry16,17 and X-ray diffraction18, 
other approaches are being developed. Among them, 
Frequency-Domain Fourier-Transform THz electron 
paramagnetic resonance spectroscopy (THz-EPR) directly 
probes transitions within an exceptionally broad excitation 
range (up to hundreds cm–1), far beyond the range of routine 
EPR spectrometers19,20. Although it provides unique 

information on the electronic structure of transition metal 
complexes, accessing higher lying excited states is still a 
challenge due to the selection rules and low temperatures 
usually employed in these measurements to obtain better 
signal-to-noise ratios. Therefore, a technique complimentary to 
THz-EPR spectroscopy is needed, such as, e.g., NMR 
spectroscopy. A popular tool for identifying diamagnetic 
compounds in solutions, it recently emerged as a powerful 
approach for probing the electronic structure of paramagnetic 
transition metal complexes at ambient temperatures21-28. 
Nevertheless, neither THz-EPR nor paramagnetic NMR 
spectroscopy are routinely used for this purpose. Here, both of 
them are applied to obtain the detailed electronic structure of 
a high-spin (HS) cobalt(II) complex with a trigonal antiprismatic 
geometry, which, e.g., often accounts for single molecule 
magnet behaviour29. A well-known example of such type of 
complexes is cobalt(II) bis[tris(pyrazolyl)borate] (CoTp2), 
introduced by S. Trofimenko in 196630. Its electronic structure 
has already been probed by a variety of optical and magnetic 
resonance methods31-35. They showed that strong spin-orbit 
coupling (SOC) split the 4T1g ground term of the cobalt(II) ion in 
a trigonal antiprismatic D3 environment into six Kramers 
doublets (KDs), and the four lowest KDs are almost equidistant 
in energy with a separation of 206–242 cm–1 (Fig. 1) 32.
We collected the THz-EPR spectra (see SI for experimental 
details) of CoTp2 from its fine-crystalline sample at NHMFL 
(Tallahassee, FL). Subsequently constructed Magnetic Field 
Division spectra (MDS) have very sharp features that are rarely 
observed in these kind of spectra 36, 37. In the obtained MDS (see 
ref. 19 for more details), a minimum appears at 197 cm–1 in the 
zero magnetic field (Fig. 2) together with maxima at lower and 
higher energies, respectively. Upon increasing the magnetic 
field, the former feature broadens, and the latter shifts to lower 
and higher energies, respectively. While the minimum and the 
low-energy maximum broaden beyond recognition at higher 
fields, the high-energy maximum is recognizable over the 
probed field range. No further magnetic signals could be 
detected.
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The simulations of FD-FT THz-EPR MDS with an effective Spin-
Hamiltonian (1), which has no rhombic terms due to the axial 
symmetry of CoTp2, gave us the magnitude of the zero-field 
splitting (ZFS) parameter |D| of 98.5 cm–1 and g⊥ = 1.9, g∥ = 2.1. 
38-40

(1) ℋ = 𝐷(𝑺𝟐
𝒛 ―

𝑺𝟐

𝟑 ) + 𝜇𝐵𝑩0 ⋅ 𝑑𝑖𝑎𝑔(𝑔 ⊥ ,𝑔 ⊥ ,𝑔||) ⋅ 𝑺

Although the effective Spin Hamiltonian should not be, in fact, 
used for systems with low-lying orbital states,32 simulations 
with eq. 1 provided spectra that agree nicely with those 
measured experimentally (see Fig. 2), as they were measured at 
4.2 K. At this temperature, only the 1st KD is significantly 
populated in CoTp2; probabilities of transitions from the 1st KD
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Figure 2. THz-EPR spectra for a fine-crystalline sample of CoTp2 at 4.2 K (black). MDS 
spectra at the magnetic field B0 are obtained by dividing a spectrum measured at B0 by a 
spectrum measured at B0 + 1 T; data is offset for B0. Simulation with the spin-Hamiltonian 
(1) (S = 3/2, D= –98.5 cm–1, g⊥ = 1.9, g∥ = 2.1) is shown in red. Blue lines correspond to 
the transition energies for B0 perpendicular (dashed) and parallel (solid) to the molecular 
easy axis.

to the 3rd and higher lying KDs are hardly probable, so they 
cannot be accessed with THz-EPR spectroscopy. However, it 
might be still possible with techniques operating at higher 
temperatures, such as NMR spectroscopy. In an approach that 
we have recently proposed,21,22,41 the energy of the KDs are 
related to the molar magnetic susceptibility tensor anisotropy 
Δχ, which can be obtained by the NMR spectroscopy:

(2)Δ𝜒𝑎𝑥 = 𝜒 ∥ ― 𝜒 ⊥

(3)𝜒𝑎 =
𝑁𝐴𝑘𝑇

10
∂2

∂𝐵2
𝑎
𝑙𝑛(∑

𝑖𝑒
―

⟨𝜓𝑖│ℋ│𝜓𝑖⟩
𝑘𝑇 )

where ψi are the eigenvectors of a spin-Hamiltonian; a = ∥, ⊥.
In the NMR spectra recorded from a solution of a paramagnetic 
compound (Figs S1-S3), this anisotropy Δχ causes a 
pseudocontact chemical shift of each nucleus, δPCS, according to 
where it is found related to the paramagnetic center in a 
molecule. In the case of an axial symmetry, such as in CoTp2:

 (4)𝛿𝑃𝐶𝑆 =
1

12𝜋𝑟3Δ𝜒𝑎𝑥(3𝑐𝑜𝑠2𝜃 ― 1)

Here, Δχax is the axial anisotropy of the magnetic susceptibility 
tensor (χ–tensor), and r and  are polar coordinates of a nucleus 
in the χ–tensor frame. 
The other two components of the chemical shifts in the NMR 
spectra are of diamagnetic and contact origins. The diamagnetic 
contribution, which arises from the shielding of nuclei by the 
orbital motion of paired electrons, can easily be obtained by 
NMR spectroscopy of a diamagnetic analogue, such as an 
isostructural complex of a diamagnetic metal or a free ligand. 
The contact contribution δCS results from the delocalization of 
spin density ρ through a system of molecular orbitals and is, 
therefore, accessible by a simple quantum chemical calculation:

(5)𝛿𝐶𝑆 =
4𝜋𝜇2

𝐵

9𝑘𝑇 𝑔𝑖𝑠𝑜𝜌

For CoTp2, the introduced approach (see SI for more details) 
allowed us to obtain chemical shifts in 1H, 13C and 11B NMR 
spectra that were in a good agreement with those measured 
experimentally from its solution in toluene-d8 at 200 – 340 K 
(Figs S4-S12). The fit between the calculated and measured 
chemical shifts, which is at the core of this procedure, produced 
accurate values of the anisotropy Δχax in the corresponding 
temperature range (Fig. 3). They were then simulated using 
various models. 

Figure 1. (A) Electronic structure of the high-spin cobalt(II) ion in a D3 environment with significant spin-orbit coupling. Δ is a parameter of crystal field splitting of the ground term 
4T1g. (B) Cobalt(II) bis[tris(pyrazolyl)borate] CoTp2. (C) Energy levels in CoTp2 according to the previous study 32 and in this work. 
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Figure 3. Temperature dependence of the magnetic susceptibility tensor anisotropy Δχax 
for a solution of CoTp2 in toluene-d8 (black squares). Various simulations are included as 
lines. Simulations using Eq. 1 and D = –98.5 cm–1, g⊥ = 1.9, g∥ = 2.1 are shown as red solid 
line. Further simulations were done with Eq. 6. Simulation using the parameters (λ = 
152.4 cm–1, σ = 1.366, Δ = –632 cm–1) based on previous results32 are shown as black solid 
line. The best fit (λ = 147.3 cm–1, σ = 1.350 and Δ = –632 cm–1) is shown as blue solid line. 
To visualize the sensitivity to Δ, we included simulations with fixed Δ values of –900 cm–

1 (dashed green line) and –400 cm–1 (doted brown line).

For most transition metal ions, the SOC can be treated as a 
perturbation leading to the ZFS formalism shown in Eq. 142. An 
exception is HS Co(II) ion in a (distorted) octahedral or trigonal 
antiprismatic environment. To model the magnetic properties 
of CoTp2, SOC has to be explicitly included. If the common 
4T1g4P isomorphism is used,43 an effective orbital angular 
momentum L is 1, and the Hamiltonian takes the following 
form:

   (6)ℋ = 𝜎𝜆𝐿 ∙ 𝑆 + 𝛥(3𝐿2
𝑧 ― 𝐿2) + 𝜇𝐵𝐵0( ―𝜎𝐿 + 𝑔𝑒𝑆)

Here, λ is the SOC parameter, σ is an orbital reduction factor 
and Δ parametrizes the crystal field splitting of the ground term 
4T1g (Fig. 1), ge is the free electron g-factor. A known limitation 
of this model is the interdependency of the above magnetic 
parameters. Although it is regularly applied to fit magnetometry 
results, obtaining a unique set of parameters with it is quite 
challenging. Thus, additional methods are required for this 
purpose. 
While the results from THz-EPR spectroscopy could also be 
described with the effective Spin Hamiltonian (Eq. 1), we failed 
to obtain reasonable convergence to the NMR data. Therefore, 
the more elaborate Hamiltonian given in Eq. 6 was used. In the 
fitting routine, the zero-field energy difference between the 
first and second KD (E2) was fixed to the spectroscopic value of 
197 cm–1

. The resulting values λ = 147.3 cm–1, σ = 1.350 and Δ = –
632 cm–1 allowed reproducing the experimental THz-EPR 
spectra (Fig. S13) and the magnetic susceptibility for a solution 
of CoTp2 (Fig. S14). Parameters based on the previously 
published energy diagram32 (λ = 152.4 cm–1, σ = 1.366, Δ = –632 
cm–1) resulted in a slightly worse agreement with the NMR data 
(see Fig. 3) but the THz-EPR spectra were not reproduced at all 
(Fig. S15). Our results indicate that the prefactor |σ∙λ| of the 
SOC is almost equal to E2. Numerical calculations (Fig. S17) 

showed that this is the case for |Δ|  |σ∙λ|, so that |Δ| > ≫
3|σ∙λ| as obtained here is sufficient to reach this limit. It is 
reasonable to assume that THz-EPR spectroscopy is less 
sensitive to higher-lying levels than paramagnetic NMR 
spectroscopy. Therefore, the effective Spin Hamiltonian (eq. 1) 
could be applied for the former but not for the latter.
The combination of THz-EPR and paramagnetic NMR 
spectroscopies thus gave very accurate magnetic parameters 
and, as a result, a detailed picture of the energy splitting in the 
4T1g state of the complex CoTp2 (Table S1). Although here it was 
used for the HS Co(II) ion in a trigonal antiprismatic 
environment, this approach might be applicable to other 
complexes containing transition metal ions for which SOC have 
to be considered explicitly.
In conclusion, a detailed electronic structure is derived for the 
long-known cobalt(II) bis[tris(pyrazolyl)borate] by the direct 
observation of the lowest inter-Kramers transition in its THz-
EPR spectra and by use of an NMR-based approach to obtaining 
the energies of higher lying KDs. 
Such insights are essentially needed for all the paramagnetic 
ions with a significant contribution from SOC, including 
lanthanides and some transition metals. For them, the effective 
Spin Hamiltonian is no longer valid, and an appropriate 
Hamiltonian with individual SOC and crystal field terms have to 
be used. The methods to obtain its often elusive parameters by 
NMR spectroscopy are especially attractive, as such 
experiments are relatively fast and cheap and, therefore, allow 
for high-throughput assessing of new transition metal 
complexes as potential materials in molecular spintronics and 
structural biology.
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