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Abstract: Actinide +VI complexes (AnVI = UVI,  NpVI and PuVI) with 

dipicolinic acid derivatives were synthesized and characterized by 

powder XRD, SQUID magnetometry and NMR spectroscopy. In 

addition, NpVI and PuVI complexes were described by first principles 

CAS based and two-component spin-restricted DFT methods. The 

analysis of the 1H paramagnetic NMR chemical shifts for all protons 

of the ligands according to the X-rays structures shows that the 

Fermi contact contribution is negligible in agreement with spin 

density determined by unrestricted DFT. The magnetic susceptibility 

tensor is determined by combining SQUID, pNMR shifts and Evans’ 

method. The SO-RASPT2 results fit well the experimental magnetic 

susceptibility and pNMR chemical shifts. The role of the counterions 

in the solid phase is pointed out; their presence impacts the magnetic 

properties of the NpVI complex. The temperature dependence of the 

pNMR chemical shifts has a strong 1 𝑇⁄  contribution, contrarily to 

Bleaney’s theory for lanthanide complexes. The fitting of the 

temperature dependence of the pNMR chemical shifts and SQUID 

magnetic susceptibility by a two-Kramers-doublet model for the NpVI 

complex and a non-Kramers-doublet model for the PuVI  complex 

allows for the experimental evaluation of energy gaps and magnetic 

moments of the paramagnetic center. 

Introduction 

Paramagnetic NMR (pNMR) using lanthanide +III (LnIII) cations 

is of huge importance in order to provide structural information 

on metal-ligand complexes in solution.[1-2] The analysis of 

lanthanide induced shifts (LIS) have been successfully used to 

this purpose especially for applications to biological systems.[3-4] 

In the nuclear fuel cycle research area, the possibility of using 

NMR experiments is not fully exploited as revealed by the few 

articles on the subject,[5-11] while it could represent a powerful 

tool for the characterization of solution species. Uranium is by far 

the most abundant and involved cation in the different processes 

of the nuclear fuel industry as well as in the environmental 

radiotoxicity fields and its selective separation from various 

media remains of paramount importance. In aqueous systems, it 

is well known that uranium exist as a linear dioxo cation 

[UVIO2]
2+ , which enforce the ligand coordination only in the 

equatorial plane.[12] As indicate by its electronic configuration 

(5𝑓0), the [UVIO2]
2+ cation is diamagnetic and is not suitable for 

pNMR applications. As it has been done for biological system 

study, this problem can be solved by substituting the uranyl 

cation with the isostructural paramagnetic [NpVIO2]
2+  (5𝑓1) or 

[PuVIO2]
2+ (5𝑓2) cations. In this sense, it appears of particular 

interest to examine the possibility to use paramagnetic chemical 

shift equations to investigate the AnVI coordination chemistry by 

NMR spectroscopy in solution.  

The presence of a paramagnetic center induces on the NMR 

spectrum of an atom 𝐾 situated on the ligand an additional shift 

𝛿𝐾
𝑝
 with respect to a diamagnetic analog. This shift breaks down 

into two terms 

𝛿𝐾
𝑝
= 𝛿𝐾

𝑝𝑐
+ 𝛿𝐾

𝑐 (1) 

in which  𝛿𝐾
𝑝𝑐

 and 𝛿𝐾
𝑐  are the pseudocontact (dipolar) and the 

Fermi contact components, respectively. The later arises from 

the spin density on the ligand nucleus 𝐾. It is a consequence of 

the spin delocalization from the paramagnetic cation though the 

metal-ligand bonds and spin-polarization due to the presence of 

extra unpaired electrons.[13] Within the point-dipole 

approximation,[14] the pseudocontact shift 𝛿𝐾
𝑝𝑐

 describes the 
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through-space magnetic dipolar interaction. Bertini et al. have 

shown that it can be expressed, for an axial system, as 

 𝛿𝐾
𝑝𝑐
=

106

12𝜋𝑁𝐴
𝛥𝜒𝑎𝑥 𝐺𝐾 (2) 

where 

Δ𝜒𝑎𝑥 = 𝜒𝑧𝑧 −
𝜒𝑥𝑥 + 𝜒𝑦𝑦

2
(3) 

is the axial anisotropy of the magnetic susceptibility tensor 𝛘 in 

m3 mol-1 ;  𝜒𝑥𝑥 , 𝜒𝑦𝑦 and 𝜒𝑧𝑧 are the three principal components 

of the 𝝌 tensor and 𝑁𝐴 is the Avogadro constant. The last term is 

the geometrical factor 𝐺𝐾 = (3cos
2𝜃𝐾 − 1) 𝑟𝐾

−3 , which 

characterizes the relative position of the nucleus of interest 𝐾 to 

the cation, 𝑟𝐾 is the metal-nucleus distance, 𝜃𝐾 is the azimuthal 

angle about the symmetry axis. This equation supposes an axial 

symmetry, and therefore 𝜒𝑥𝑥 and 𝜒𝑦𝑦 to be similar. In the present 

case, the 𝑧  axis is along the AnVI − Oyl  bond and 𝜒𝑧𝑧  will be 

denoted as 𝜒∥ . 𝑥  and 𝑦  form the equatorial plane and one 

defines 𝜒⊥ =
𝜒𝑥𝑥+𝜒𝑦𝑦

2
. The Fermi contact contribution strongly 

affects the closest nuclei from the metal center and gradually 

decreases with the number of bonds between the paramagnetic 

cation and the nucleus studied by NMR.[1] It results that the 

pNMR shifts of nuclei far from the paramagnetic cation are 

dominated by the pseudocontact contribution while in 

intermediate position, the two contributions are similar in 

magnitude. 

The evaluation of AnVI  chemical structures from their 

paramagnetic chemical shifts supposes to properly discriminate 

between the pseudocontact and Fermi contact contributions. To 

achieve this task, several methods were developed for LnIII 

complexes. The most common methods summarized at first by 

Reilley [15-16] relies upon proportionating the measured shifts in 

an isostructural series with the theoretical 𝑆𝑧 and 𝐶𝐷 parameters 

tabulated in the literature for each metal.[17-21] Beyond the 

isostructurality, these methods assume the knowledge of the 𝑆𝑧 

and 𝐶𝐷  parameters and that the ligand field as well as the 

hyperfine coupling constant are constant along the series. Even 

if some limits have been pointed out,[22-23] they have been widely 

applied to LnIII  complexes. Our recent attempt to apply such 

methods in the [AnIII(DPA)3]
3−  series (DPA = 2,6-dipicolinate) 

was unsuccessful because of the previous conditions not 

completely fulfilled.[7]  In actinyl complexes, the presence of the 

yl bond makes those ions even more unsuitable to be treated by 

ligand field theory and the whole series is not available since only 

two paramagnetic cations are easily stabilized in solution.  

Consequently, we turned towards the second by exploiting the 

temperature dependence of the actinide induced shifts (AIS). 

This less famous method for the LIS study relies on the 

difference in the temperature dependence of the two 

contributions. According to Bleaney’s theory,[17-18, 24] the contact 

and dipolar contributions behave as 𝑇−1 and 𝑇−2, respectively 

within a 10 to 20% accuracy.[25] Significant deviations from this 

theory were revealed which made its use more controversial [26] 

and we recently showed [7] that this theory was not valid in the 

[AnIII(DPA)3]
3− series. Indeed, Bleaney’s formulation is based 

on the vanishing of the 𝑇−1  term of the dipolar contribution 

because the splitting of the Stark levels arising from free ion is of 

the order of magnitude of the room temperature energy. In 

actinide complexes, the interpretation of magnetic properties is 

more difficult than in lanthanide complexes. The rather large 

radial extension of the An  5𝑓  shell leads to non-negligible 

covalent effects with the ligands giving rise to large ligand fields. 

This makes the basic hypothesis of Bleaney’s theory not 

adequate to describe actinide complexes and leads to its 

breakdown when applied to those complexes. However, this 

approach remains of great interest to exploit the AIS as it could 

provide a clear separation of the pseudocontact and Fermi 

contact contributions when properly applied. 

The aim of this work is to analyze and model the 1H 

paramagnetic chemical shifts of [AnVIO2]
2+ complexes. To the 

best of our knowledge, it is the first exploitation of 1H AIS in 

[AnVIO2]
2+  complexes while one study reports attempt to 

separate the pseudocontact and Fermi contact contributions of 
13C pNMR shifts in [AnO2(CO3)3]

4− complexes.[27] As a natural 

benchmark, we chose the DPA ligand. This ligand coordinated to 

LnIII  has served as a reference for many studies for LIS as 

recently reviewed by Peters et al. [28], starting with Bleaney in the 

70’s [18] then with Reilley and Desreux.[16, 29] We have recently 

studied the [AnIII(DPA)3]
3− series and we now extend this work 

with [AnVIO2]
2+ − DPA   derivatives. The synthesis of the 

[AnVIO2]
2+ − DPA  complexes (with AnVI  = UVI , NpVI , PuVI  and 

AmVI) has been previously reported in aqueous solution.[30] For 

a better characterization of the magnetic properties of the 

paramagnetic center, SQUID measurements on solid 

Li2An
VIO2(DPA)2 ∙ 2H2O  compounds, magnetic susceptibility 

measurements in solution and ab initio calculations complete this 

study.  

The modelling of pNMR shifts by quantum chemical tools often 

relies on the calculation of Spin Hamiltonian parameters, in 

terms of the g and HFC 𝐀𝐾 tensors, and is usually performed by 

using DFT for transition metal complexes.[31-36] The wave 

function based method SO-CASPT2 has demonstrated its 

capability to provide a good estimate of the magnetic properties 

of actinide complexes, permitting a balanced description of the 

relativistic and correlation effects, both playing key roles in those 

complexes.[37-39] Autschbach et al. described recently the pNMR 

shifts of actinyl tris-carbonate complexes using a first principles 

approach based on the RASSCF method.[9] the dipolar 

contribution is estimated from the SO-RASPT2 description of the 

electronic properties of the paramagnetic center and is 

compared to two-component spin-restricted SO-ZORA DFT 

method. 
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Figure 1: DPA  and Et − DPA  ligands with the numbering of the hydrogen 

atoms. Color code: H: white, C: grey, N: blue, O: red. 

The temperature dependence of pNMR chemical shifts has been 

very early modelled. In transition metal complexes, McConnell 

and Robertson attributed the pseudocontact shift to the 

anisotropy of the 𝐠 tensor and the temperature dependence was 

predicted to be as 𝑇−1.[40] Kurland and McGarvey used the van 

Vleck equation to analyze the T variation, which led to a more 

complex behavior.[13] Bleaney derived a high temperature 

approximation for the lanthanide complexes which led to a  𝑇−2 

behavior, related to the crystal field parameters of 2nd order. The  

𝑇−1 term vanishes due to the isotropic magnetic response of the 

lanthanide at room temperature. Further 𝑇−𝑛  terms should be 

taken into account.[20, 24] McGarvey proposed one modelization 

of the T behavior of AIS in the case of AnIV methyl borohydrides 

complexes.[41]  

Recently, Soncini and van den Heuvel proposed a general 

theoretical framework for the derivation of pNMR chemical 

shifts.[42] This equation was used by Martin and Autschbach to 

analyze the effect of the Zero Field Splitting on the temperature 

dependence, using the Spin Hamiltonian formalism.[43] We follow 

this frame in the present work, by applying Soncini equation to 

systems described as a two-Kramers-doublets system for the 

NpVI complex, and a non-Kramers-doublet system for the PuVI 

complex. The model parameters are determined by fitting the 

experimental curves and compared to their ab initio values. The 

analysis of the different 𝑇−𝑛  allows an evaluation of the electronic 

parameters of the paramagnetic center, both energy gaps and 

magnetic moments. The magnetic susceptibility tensor is fully 

characterized from both the isotropic component characterized 

by Evans method or SQUID and the anisotropic one deduced 

from the AIS. The comparison between the solid state and the 

solution magnetic susceptibility tensors evidences the role of the 

counterions. 

Results and Discussion 

Crystal structure and geometry optimization. Powder XRD 

analyses were performed at room temperature on the 

Li2An
VIO2(DPA)2 ∙ 2H2O  compounds isolated from aqueous 

solution to check their purity. Good agreements were observed 

between experimental Li2An
VIO2(DPA)2 ∙ 2H2O  and XRD 

patterns calculated from X-ray structures.[30] Results of the fitting 

procedure reveal small distortions of the unit cells (as shown 

Table SI-1) while the profile-matching (as presented in Figure SI-

1 for the neptunium phase) clearly show that all the AnVI 

compounds are single-phased.  

The structure of [UVIO2(Et − DPA)2]
2− was determined by DFT 

geometry optimization in order to determine the ethyl chain 

position (cf Figure SI-3). The first coordination sphere bond 

distances (UVI = Oyl, U
VI − O and UVI −N) are reported in Table 

1 and compared to SC-XRD data.[30]  The geometric parameters 

𝐺𝐾 of  Eq. 2 are calculated from the DFT and SC-XRD structures 

taking the AnVI = Oyl bond as the 𝑧 axis.  

The 1H nuclei of the DPA and Et −  DPA ligands are numbered 

as presented in Figure 1 and are averaged on chemically 

equivalent positions. The computed metal-ligand distances are 

overestimated as compared to the X-rays structures. The UVI =

Oyl  bond is overestimated by 0.05 Å. The UVI − O distance is 

close to the experimental one while UVI − N is overestimated by 

0.07 Å, leading to a deformation of the DPA  ligand. As a 

consequence, the geometrical factors deduced from DFT are 

smaller by 10% than those deduced from X-rays structures for 

the closest 1H while this discrepancy decreases for protons 

farther away. The position of the ethyl chain was found to be 

almost perpendicular to the pyridine ring of the DPA ligand from 

DFT geometry optimizations. To estimate the sensitivity of the 

ethyl chain position, the geometric parameters G𝐾  were 

calculated with a 10° angle from this equilibrium position. A 

deviation of only 1% was found for the most distant proton of the 

CH3 groups (H6). In light of the effect of the ligand positioning on 

the geometrical factors, the interpretation of experimental data 

as well as the ab initio calculations were performed on X-rays 

structures. For [AnVIO2(Et − DPA)2]
2−  complexes, the ethyl 

chain was placed strictly perpendicular to the pyridine ring to 

avoid any bias in the interpretation due to its position. 
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Table 1: Bond distances (Å), angles (°) and protons geometric parameters 𝐺𝐾 (10-3 Å-3) in the DFT optimized structure of [𝑈𝑉𝐼𝑂2((𝐸𝑡 − 𝐷𝑃𝐴)2]
2− and the X-rays 

structure 𝐿𝑖2𝐴𝑛
𝑉𝐼𝑂2(𝐷𝑃𝐴)2 ∙ 2𝐻2𝑂.[30] Protons are labelled according to Figure 1 and are averaged on chemically equivalent positions. 

 An = O An − O An − N O − An − N 𝐺𝐻3 𝐺𝐻4
 𝐺𝐻5

 𝐺𝐻6
 

[UVIO2((Et − DPA)2]
2− a 1.81 2.46 2.72 92 -5.29 -3.41  -2.39 -1.60 

Li2U
VIO2(DPA)2 ∙ 2H2O b 

[UVIO2(Et − DPA)2]
2− c 

1.777(2) 2.453(2) 2.654(2) 90.1(1) -5.77 -3.61 -2.41 -1.68 

Li2Np
VIO2(DPA)2 ∙ 2H2O b 

[NpVIO2(Et − DPA)2]
2− c 

1.759(1) 2.45(1) 2.648(1) 90.8(1) -5.79 -3.61 -2.44 -1.69 

Li2Pu
VIO2(DPA)2 ∙ 2H2O b 

[PuVIO2(Et − DPA)2]
2− c 

1.747(3) 2.47 (2) 2.642(3) 93.0(1) -5.82 -3.63 -2.45 -1.70 

a: this work. DFT optimized geometry. b: from reference [30]. c: structure built from X-rays with the ethyl chain perpendicular to the pyridine ring 

Magnetic susceptibility tensor from experiment. The 

studied complexes are not strictly axial, but the presence of the 

two DPA ligands in the equatorial plane creates a structure 

sensibly equivalent to a C6 axis. The ab initio calculations 

confirm that the X tensor is axial along the yl bond and the 

equatorial values almost degenerate  (𝜒𝑥𝑥 = 𝜒𝑦𝑦).  Consequently, 

we assume in the following that the magnetic susceptibility 

tensor 𝛘 reduces to the axial and equatorial values, χ∥ and χ⊥. 

The isotropic average and the anisotropy are then expressed as 

𝜒𝑚 =
1

3
(χ∥ + 2χ⊥) and Δ𝜒𝑎𝑥 = χ∥ − χ⊥, respectively. Accordingly, 

the knowledge of 𝜒𝑚 and Δ𝜒𝑎𝑥 allows to estimate χ∥ and χ⊥.  

SQUID and Evans method. The temperature dependence of 

the molar magnetic susceptibility , 𝜒𝑚
𝑆𝑄𝑈𝐼𝐷

, for the 

Li2Np
VIO2(DPA)2 ∙ 2H2O solid compound  between 2 and 300 K 

is depicted as 𝜒𝑚
𝑆𝑄𝑈𝐼𝐷

𝑇 = 𝑓(𝑇) in Figure 2.  

 

Figure 2: Molar magnetic susceptibility as a function of temperature with a 

field of 1 T for the Li2Np
VIO2(DPA)2 ∙ 2H2O  compound.  The red and blue lines 

show the fits using Eq. 21 without and with TIP respectively. 

The value of 0.50 cm3 K mol-1 at 300 K is below the value of an 

isolated ion within the LS coupling scheme (0.80 cm3 K mol-1 for 

NpVI with a 2F5/2, g5/2 = 6/7 ground state). When the temperature 

decreases, 𝜒𝑚
𝑆𝑄𝑈𝐼𝐷

𝑇 continuously diminishes reaching 0.19 cm3 

K mol-1 at 3 K. The SQUID value for the isotropic average 

magnetic susceptibility 𝜒𝑚
𝑆𝑄𝑈𝐼𝐷

 = (2.1 ± 0.2)·10-8 m3 mol-1 at 298 

K, can be compared to value evaluated by NMR in [D7]DMF 

solution from Evans method,[44] 𝜒𝑚
𝐸𝑣𝑎𝑛𝑠  = (1.8 ± 0.2)·10-8 m3 mol-

1 at 298 K. Those values are comparable, but the latter is slightly 

lower than the former. The techniques are different, but on the 

other hand, there are structural differences. In the crystalline 

structure, the anionic charge of the [NpVIO2(DPA)2]
2−  unit is 

compensated by Li+  cations in two different crystallographic 

positions (see Figure SI-2), either in between two coordinating 

oxygen atoms of the DPA ligand, or linked to the uncoordinated 

oxygen atoms. The Li+ cations are linked to one or two adjacent 

Li2[Np
VIO2(DPA)2]

  entities forming an infinite chain. We showed 

that the cations in the 2nd position do not impact the electronic 

properties of the paramagnetic center, to the contrary to the Li+ 

bonded to the coordinated oxygen atoms, as will be shown 

further. In the following, the solid Li2Np
VIO2(DPA)2 ∙ 2H2O will be 

described by the [NpVIO2(DPA)2]Li2
 
represented in Figure SI-2. 

The Mulliken charges of the [NpVIO2(DPA)2]
2− complex with and 

without the two Li+ cations are given in Table SI-2: it appears that 

the effect is a polarization of electron density of the DPA ligand 

in the presence of the positive charge which attracts the electron 

density towards the oxygen atoms (0.07 electron). Then, an 

important charge transfer from the DPA to the Li+ cation reduces 

its charge to 0.48. This finally decreases the Mulliken charge by 

0.12 electron on the oxygen atoms directly bonded to the Np ion, 

and this affects the electronic properties by lowering the ligand 

field effect. Parker et al. have evidenced the sensitivity of the 

magnetic susceptibility anisotropy to the solvent in lanthanide 

complexes.[45-47] The solvent molecules induces geometrical 

variations and transforms Δ𝜒𝑎𝑥 from prolate to oblate, while in 

the present case, solvent molecules impact the magnetic 

properties through an electronic interaction with the 

paramagnetic center.  
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Figure 3: 1H NMR spectra of [AnVIO2(Et − DPA)2]
2− complexes at 298 K in [D7]DMF at 9.4 T.

1H paramagnetic chemical shifts. 1H NMR spectra of 

[AnVIO2(DPA)2]
2−  and [AnVIO2(Et − DPA)2]

2−  complexes were 

recorded in [D7]DMF at 298 K at 9.4 T. Figure 3 shows the 1H 

spectra of [AnVIO2(Et − DPA)2]
2−  complexes as example. The 

paramagnetic induced shifts 𝛿𝐾
𝑝

 were deduced by using the 

uranium complexes, [UVIO2(DPA)2]
2− and [UVIO2(Et − DPA)2]

2− 

as diamagnetic references. The chemical shifts and pNMR 

chemical shifts obtained at room temperature (298 K) are 

reported in Table 2.  

Table 2: 1H chemical and pNMR chemical shifts (ppm) in [D7]DMF at 9.4 T and 

298 K in [AnVIO2(DPA)2]
2− and [AnVIO2(Et − DPA)2]

2− complexes. 

 𝛿𝐻3 𝛿𝐻3
𝑝

 𝛿𝐻4 𝛿𝐻4
𝑝

 𝛿𝐻5 𝛿𝐻5
𝑝

 𝛿𝐻6 𝛿𝐻6
𝑝

 

[AnVIO2(DPA)2]
2− 

UVI 8.59 / 8.59 / / / / / 

NpVI 2.65 -5.94 5.69 -2.91 / / / / 

PuVI -17.72 -26.31 -5.67 -14.26 / / / / 

[AnVIO2(Et − DPA)2]
2− 

UVI 8.40 / / / 3.06 / 1.43 / 

NpVI 2.89 -5.51 / / 0.28 -2.78 -0.26 -1.69 

PuVI -17.62 -26.02 / / -8.02 -11.27 -6.18 -7.61 

In the case of no Fermi contact contribution, the ratio  𝑅𝐾,𝐾′ 

between the AIS of two nuclei K and K’ as expressed by Eq. 2 

simplifies to the ratio of their geometrical parameters 

𝑅𝐾,𝐾′ =
𝛿𝐾
𝑝

𝛿
𝐾′
𝑝 =

𝛿𝐾
𝑝𝑐

𝛿
𝐾′
𝑝𝑐 =

𝐺𝐾
𝐺𝐾′
  (4) 

In Table 3, the 𝑅𝐾,𝐾′ determined from the X-rays structures are 

compared to those deduced from the 1H AIS at 298 K for the 

NpVI  and PuVI complexes. The good agreement between the 

geometrical and AIS ratios proves that 1H AIS in those 

complexes are dominated by pseudocontact interactions. The 

spin densities determined from unrestricted DFT calculations 

(see Table SI-6) confirm this. The spin density tends to decrease 

with the distance to the paramagnetic center, except for C4, the 

largest lies on the yle oxygen atoms, due to the strong bonding 

scheme. It is negative on the coordinating atoms, and then the 

sign alternates, due to spin polarization, and vanishes on the 

protons and aliphatic carbons atoms, in accordance with the 

observed zero Fermi contact AIS for the protons. In the non-

coordinating carbon atoms, the spin density resides mostly in the 

𝜋 system, and consequently does not spread to the protons. 
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In the case of a pure dipolar interaction, Eq. 2 holds and the axial 

anisotropy  Δ𝜒𝑎𝑥 can be obtained from 1H AIS analysis. Thereby, 

Δ𝜒𝑎𝑥
𝑒𝑥𝑝

 is determined from the slope of the  𝛿𝐾
𝑝𝑐
= 𝑓(𝐺𝐾) curves 

(see Figure SI-4), which equals to 
106

12𝜋𝑁𝐴
Δ𝜒𝑎𝑥 . Δ𝜒𝑎𝑥

𝑒𝑥𝑝
= (2.2 ± 

0.1)·10-8 and (10.1 ± 0.2)·10-8 m3 mol-1 at 298 K for the NpVI and 

PuVI  complexes, respectively. Ab initio calculations demonstrate 

that the ethyl group does not affect the electronic structure of the 

electronic structure of the paramagnetic center. This justifies the 

previous use of all the 1H nuclei from both DPA and Et − DPA 

ligands to determine the Δ𝜒𝑎𝑥
𝑒𝑥𝑝

 values. For the [AnVIO2(DPA)2]
2− 

complexes in solution, the two components of the magnetic 

susceptibility tensor, 𝜒∥ and 𝜒⊥, are deduced from the isotropic 

average and anisotropic values, χm
Evans and 𝛥𝜒𝑎𝑥

𝑒𝑥𝑝
, and are given 

in Table 4. 

Table 3: RKK′ of Eq. 4 determined from geometrical parameters deduced from 

X-rays structures and from 1H pNMR chemical shifts in [D7]DMF at 9.4 T and 

298 K in [AnVIO2(DPA)2]
2− and [AnVIO2(Et − DPA)2]

2− complexes. 

AnVI 
𝐺𝐻3
𝐺𝐻4

 
𝛿𝐻3
𝑝

𝛿𝐻4
𝑝  

𝐺𝐻3
𝐺𝐻6

 
𝛿𝐻3
𝑝

𝛿𝐻6
𝑝  

𝐺𝐻5
𝐺𝐻6

 

𝛿𝐻5
𝑝

𝛿𝐻6
𝑝  

NpVI 1.6 2.0 3.4 3.2 1.4 1.7 

PuVI 1.6 1.9 3.4 3.4 1.4 1.5 

Electronic structure from ab initio calculations. The 

SQUID measurements are performed on the solid 

Li2Np
VIO2(DPA)2 ∙ 2H2O  compound and NMR analysis on 

[NpVIO2(Et − DPA)2]
2− , [NpVIO2(DPA)2]

2− , [PuVIO2 

(Et − DPA)]2
2−   and  [PuVIO2(DPA)2]

2−  complexes in [D7]DMF 

solution. As previously discussed, the Li+ cations linked to the 

non-coordinating oxygen atoms of the DPA ligands do not impact 

the electronic structure of the actinide center and the 

[NpVIO2(DPA)2]Li2
 
complex as represented in Figure SI-2 was 

considered. We showed as well that the ethyl group does not 

affect the electronic structure of the actinide and in the following, 

only the results for the [AnVIO2(DPA)2]
2− complex are discussed. 

The X-rays structures were considered for the calculations.  

The SO-CASPT2 method has already been successfully  applied 

to describe the excited states [48-49] and magnetic properties [50] 

of [AnVIO2]
2+  complexes. The 13C pNMR chemical shifts in 

carbonate actinide complexes were described by Autschbach’s 

group.[9, 27] The actinyl cation is strongly correlated due to its two 

triple bonds, which means that electron correlation, charge 

transfer and spin polarization should be addressed and large 

active spaces are needed in order to reproduce correctly the 

magnetic properties.  

The six active orbitals of the CAS(1,6) are shown on Figure 4. 

 

Figure 4: 5𝑓 active orbitals of [NpVIO2(DPA)2]
2−. Numbers on the right side 

are the energies in cm-1. The isovalue is 0.08 e−/bohr3. 

The 5𝑓orbitals are antibonding with the ligands orbitals, the 

strongest the interaction is, the most destabilized the orbital is. 

The 𝑓𝜎 orbital is the most destabilized and does not need to be 

considered as active. The 𝑓𝜋 orbitals interact with the oxo 𝑝𝜋 and 

are strongly destabilized at more than 17000 cm-1, with a small 

splitting due to a small 𝜎 interaction with the DPA ligands. The 𝑓𝜑 

and 𝑓𝛿 orbitals are non-bonding with the axial oxo groups and act 

as a hotbed for the unpaired electrons. Spin density is mostly 

localized on the metal. Due to the trigonal symmetry of the 

equatorial ligands, the two  𝑓𝜑 orbitals split by 3000 cm-1;  the 

destabilized one overlaps with the 𝜎 donating orbitals of the 6 

coordinating nitrogen and oxygen atoms of the DPA, while the 

other one denotes a  𝜋 overlap. The two 𝑓𝛿 orbitals do not have 

any 𝜎 bonding with the orbitals of the equatorial ligands due to 

their equatorial nodal plane; one of them denotes a small 𝜋 

overlap and is destabilized by 400 cm-1. As shown in reference 
[50], the splitting between the 𝑓𝜑  and  𝑓𝛿  orbitals determine the 

nature of the ground KD and the magnetic properties of the 

complex. In the actinyl ion, the 𝑓𝛿  orbitals span 𝑒3/2  and 𝑒5/2 

spinors and the 𝑓𝜑  orbitals span 𝑒5/2  and 𝑒7/2  spinors. In the 

present case, the 𝑒5/2 spinor which arises from the mixing of 𝑓𝛿 

and 𝑓𝜑  orbitals is the ground one. Consequently, the 𝑓𝛿 - 𝑓𝜑 

energy gap determines the composition of the state and plays a 

key role. The active space for RASSCF calculations is 

augmented by the 𝜎 and 𝜋 orbitals of the oxo groups. This allows 

a better description of the charge fluctuation in the 

[AnVIO2]
2+ cation, as well as the spin polarization. This is 

evidenced by the Mulliken spin densities of +1.05 on Np 

and -0.03 on each O in the NpVI complex and +2.1 on Pu and -

0.06 on each O in the PuVI complex. 
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Table 4: Principal components of the magnetic susceptibility tensor 𝛘 (in 10-8 m3 mol-1) at 298 K from experiment and ab initio calculations. The Curie contributions 

are evaluated from the ground doublet. χm and Δχax are the isotropic average and axial anisotropic susceptibilities, respectively. 

Method 𝜒𝑥𝑥
𝐶𝑢𝑟𝑖𝑒 𝜒𝑦𝑦

𝐶𝑢𝑟𝑖𝑒 𝜒𝑧𝑧
𝐶𝑢𝑟𝑖𝑒 𝛥𝜒𝑎𝑥

𝐶𝑢𝑟𝑖𝑒 𝜒𝑚
𝐶𝑢𝑟𝑖𝑒 𝜒𝑥𝑥 𝜒𝑦𝑦 𝜒𝑧𝑧 𝛥𝜒𝑎𝑥 𝜒𝑚 

[NpVIO2(DPA)2]
2− 

Exp. / / / /  1.1 ± 0.2 1.1 ± 0.2 3.3 ± 0.2 2.2 ± 0.1 a 1.8 ± 0.2 b 

SO-CASSCF 0.05 0.04 1.33 1.29 0.47 0.47 0.48 1.67 1.20 0.87 

SO-CASPT2 0.1 0.11 0.96 0.86 0.39 0.54 0.56 1.77 1.22 0.96 

SO-CASPT2* 0.27 0.27 0.41 0.14 0.32 0.61 0.72 2.14 1.47 1.16 

SO-RASSCF 0.17 0.16 0.91 0.75 0.41 0.70 0.74 2.18 1.46 1.21 

SO-RASPT2 0.39 0.39 0.35 -0.04 0.38 0.78 0.84 2.36 1.55 1.33 

SO-RASPT2* 0.74 0.84 0.32 -0.47 0.63 0.86 0.96 3.29 2.38 1.70 

SO-ZORA/PBE0 0.04 0.06 1.44 1.39 0.51      

[NpVIO2(DPA)2]Li2
 
 

Exp.          2.1 ± 0.2 c 

SO-CASSCF 0.12 0.08 1.39 1.29 0.54 0.63 0.61 2.13 1.51 1.13 

SO-CASPT2 0.28 0.21 1.07 0.83 0.52 0.71 0.66 2.53 1.84 1.31 

SO-CASPT2* 0.63 0.44 1.68 1.14 0.91 0.80 0.73 3.65 2.88 1.74 

SO-RASSCF 0.64 0.38 1.56 1.05 0.86 0.90 0.84 3.61 2.74 1.79 

SO-RASPT2 0.79 0.66 1.23 0.51 0.90 0.92 0.86 3.77 2.88 1.86 

SO-RASPT2* 0.46 0.30 4.18 3.80 1.66 0.84 0.76 4.89 4.09 2.18 

[PuVIO2(DPA)2]
2− 

Exp.      0.7 ± 0.1 0.7 ± 0.1 10.8 ± 0.2 10.1 ± 0.2 a 4.1 ± 0.1 b 

SO-CASSCF 0.00 0.00 13.70 13.70 4.60 0.00 0.00 13.70 13.70 4.72 

SO-CASPT2 0.00 0.00 12.76 12.76 4.29 0.17 0.17 12.80 12.63 4.42 

SO-CASPT2* 0.00 0.00 12.73 12.73 4.28 0.14 0.14 12.80 12.66 4.40 

SO-RASSCF 0.00 0.00 13.70 13.70 4.61 0.14 0.14 13.80 13.66 4.73 

SO-RASPT2 0.00 0.00 13.52 13.52 4.54 0.17 0.17 13.50 13.33 4.66 

SO-RASPT2* 0.00 0.00 13.32 13.32 4.48 0.13 0.13 13.30 13.17 4.59 

* : 5d and 5p orbitals are correlated ; a: deduced from the  𝛿𝐾
𝑝𝑐
= 𝑓(𝐺𝐾) plots (See Figure SI-3) ; b: deduced from chemical shifts according to Evans method ; c: 

from SQUID.  

In Table 5, 𝑔 factors are given along with the composition of the 

SF wave functions for the ground and excited Kramers doublet 

(KD1 and KD2) and their energy gap ∆𝐸 ,  obtained with the 

different methods of calculation for [NpVIO2(DPA)2]
2−  and 

[NpVIO2(DPA)2]Li2.  More results are provided by Tables SI-3 

and SI-4. For [NpVIO2(DPA)2]
2− , ground state anisotropies 

calculated with SO-CASSCF and SO-RASSCF methods are 

notably axial (𝑔∥ ≫ 𝑔⊥ ; 𝑔∥ = 𝑔𝑧𝑧  and 𝑔⊥ = 𝑔𝑥𝑥 , 𝑔𝑦𝑦 ) whereas 

including successive dynamic correlation with SO-CASPT2 to 

SO-RASPT2 methods, the anisotropy almost becomes spherical 

(𝑔∥ ≈ 𝑔⊥) to planar (𝑔∥ ≪ 𝑔⊥). Two levels of frozen orbitals have 

been compared, freezing or not the 5p and the 5d orbitals of the 

Np  atom, the former scheme being the default option in 

MOLCAS. The effect of the 5p and 5d is in this case essential 

and emphasizes the effect of the correlation. The values of the g 

factors arise from the composition of the KDs in terms of the SF 

states. The characteristic notations for the SF states 𝛥, Φ, 𝛱 

used here are indicating their parental states in the axial 

symmetry. 𝛥 , 𝛷  and 𝛱  correspond to the SF wave functions 

where the unpaired electron is in the 𝑓𝛿 , 𝑓𝜙  and 𝑓𝜋  orbital 

respectively. And the composition can be explained from the SF 

energy levels in Table SI-3. Since SO coupling is introduced as 

a state interaction, the closer the states are in energy, the more 

they interact. The dynamic correlation correction on the SF-

C(R)ASSCF energies reduces the energy gap between the 𝛥 

and 𝛷 states and results in a larger mixing at the SO level. The 

decomposition of the SO eigenvectors of KD1 shows an 

increased mixing of 𝛷 states due to successive decrease of the 

energy gap 𝛥 (𝐸1&𝐸2) and 𝛷 (𝐸3&𝐸4) states going from CASSCF 

to RASPT2 level (from 2218 cm-1 to 1013 cm-1 in Table SI-3). For 

the [NpVIO2(DPA)2]
2−  complex, restricted 2-component DFT 

using the PBE0 functional was performed. The composition of 

the single occupied spinor in terms of 𝑓𝛿 and 𝑓𝜙 is similar to the 

SO-CASSCF function, leading to values of g factors similar to 

this level of calculation.  

The main effect of the two Li+ counterions in [NpVIO2(DPA)2]Li2 

is the stabilization of the two 𝛷 (𝐸3&𝐸4) states by 500 cm-1. KD1 
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are therefore a larger weight on this component. With RASPT2, 

𝐸3 is divided by two (1013 vs 564 cm-1) by the presence of the 

Li+ cations and 𝛷 SF states becomes dominant in KD1, and this 

impacts dramatically the rhombicity of the g tensor. It shows that 

in this case, the counterions, since lying in the close vicinity of 

the coordination sphere, are by far not anecdotal. 

Table 5: Energy (∆𝐸  in cm-1), composition in terms of SF states, 𝛥, 𝛷 and 𝛱 

(in %) and g factors of the two first KDs for different levels of calculation. In the 

case of SO-ZORA/PBE0, composition of the singly occupied spinor in terms of 

the orbitals. 

Method KD ∆𝐸 𝛥 𝛷 𝛱 𝑔𝑥𝑥 𝑔𝑦𝑦 𝑔𝑧𝑧 

[NpVIO2(DPA)2]
2− 

SO-CASSCF 
KD1 0 95 2 3 0.3 0.3 1.8 

KD2 820 30 70 0.2 0.5 0.3 4.0 

SO-CASPT2 
KD1 0 93 5 2 0.5 0.5 1.6 

KD2 624 31 68 0.3 0.7 0.5 3.6 

SO-CASPT2* 
KD1 0 86 12 2 0.8 0.8 1.0 

KD2 454 36 64 0.5 1.0 0.8 3.0 

SO-RASSCF 
KD1 0 92 6 2 0.6 0.6 1.5 

KD2 455 31 68 0.3 0.8 0.6 3.7 

SO-RASPT2 
KD1 0 85 13 2 1.0 1.0 0.9 

KD2 418 37 62 0.5 1.1 0.9 2.9 

SO-RASPT2* 
KD1 0 62 37 1.4 1.4 1.4 0.9 

KD2 333 58 40 1.7 1.5 1.4 1.0 

SO-ZORA / PBE0   94 1.3 4.3 0.3 0.4 1.9 

[NpVIO2(DPA)2]Li2
 
 

SO-CASSCF 
KD1 0 94 4 3 0.3 0.4 1.9 

KD2 522 29 71 0.2 0.3 0.5 3.6 

SO-CASPT2 
KD1 0 88 10 2 0.3 0.7 1.8 

KD2 396 34 66 0.4 0.6 0.8 3.3 

SO-CASPT2* 
KD1 0 65 34 1 0.4 1.0 2.4 

KD2 282 55 44 1 0.3 1.1 2.4 

SO-RASSCF 
KD1 0 75 24 2 0.1 0.9 2.4 

KD2 250 47 52 1 0.6 1.0 3.0 

SO-RASPT2 
KD1 0 56 42 0.2 0.9 1.3 2.1 

KD2 298 64 35 2 1.8 1.4 0.3 

SO-RASPT2* 
KD1 0 33 67 0.3 1.1 0.8 3.3 

KD2 282 85 12 2 0.9 1.0 1.6 

* : 5d and 5p orbitals are correlated 

In the case of [PuVIO2(DPA)2]
2− , the SF triplet ground state 

corresponds to a configuration 𝛹 = 𝑐𝑜𝑟𝑒𝑓𝛿
1𝑓𝜙
1. The two lowest 

SO states show almost similar decomposition and are almost 

degenerate without correlation. When the 5𝑝 and 5𝑑 orbitals are 

correlated, a gap of 84 cm-1 is obtained (see Table 6). These two 

states can be modelled as a non-Kramers doublet (NKD) with an 

effective spin 𝑆 = 1 2⁄ . The ground NKD is energetically well 

separated from the first excited states by about 3000 cm-1 such 

that interaction with those states plays a negligible role in 

determining its magnetic properties. The 𝑔-value deduced from 

the ground NKD is insensitive to the method of calculation since 

the composition is constant (see Table 6) and are very close to 

the values of the free ion (𝑔∥= 6.095 and g⊥ = 0;[27] the g tensor 

is axial along the yl bond, and the equatorial values are zero, as 

it has to be in a NKD.  

Table 6: SO energies (in cm-1) and the only non-zero 𝑔-value of the ground 

NKD ((𝐸1&𝐸2) of  the [PuVIO2(DPA)2]
2− complex. 

Method 𝐸1 𝐸2 𝐸3 𝐸4 𝑔𝑧𝑧 

SO-CASSCF 0 1 3221 5377 5.89 

SO-CASPT2 0 61 2865 4044 5.70 

SO-CASPT2* 0 98 2845 3524 5.73 

SO-RASSCF 0 0.2 3462 5511 5.89 

SO-RASPT2 0 8 3433 5457 5.85 

SO- RASPT2* 0 84 3341 5035 5.84 

* : 5d and 5p orbitals are correlated 

Chemical shifts from ab initio calculations. Soncini and 

van den Heuvel [42] have derived the general expression for the 

calculation of the pNMR shielding tensor 𝝈𝐾
𝑝

 for a proton K 

𝜎𝐾,𝑖𝑗
𝑝
=
1

𝑄0
∑𝑒−𝛽𝐸𝑛

𝑛

[𝛽∑⟨𝑛𝜈|�̂�𝑖|𝑛𝜈
′⟩⟨𝑛𝜈′|�̂�𝐾,𝑗|𝑛𝜈⟩

𝜈,𝜈′

 

+ ∑∑
⟨𝑛𝜈|�̂�𝑖|𝑚𝜇⟩⟨𝑚𝜇|�̂�𝐾,𝑗|𝑛𝜈⟩ + 𝑐. 𝑐.

𝐸𝑚 − 𝐸𝑛
𝜈,𝜇𝑚≠𝑛

] (5) 

where 𝑄0 = ∑ 𝑒−𝛽𝐸𝑛𝑛  is the partition function of the system in the 

absence of the external field or the fields from nuclear spin 

magnetic moments; 𝑖, 𝑗 ∈ {𝑥, 𝑦, 𝑧}  ; 𝑛,𝑚  count the electronic 

states, and 𝜇, 𝜈  their degenerate components and 𝑐. 𝑐.  the 

complex conjugate terms. �̂�𝑖 is the electronic magnetic moment 

operator and �̂�𝐾,𝑖 is proportional to the hyperfine operator and 

𝛽 = 1 𝑘𝐵𝑇
⁄  , 𝑘𝐵  the Boltzmann constant. In the case of a KD 

modeled by a pseudospin 𝑆 = 1 2⁄  neglecting the interactions 

with the excited states, Eq. 6 reduces to its first term only. This 

so-called Curie term can be expressed from the EPR 𝐠 and the 

hyperfine matrix 𝐀𝐾 as 

𝝈𝐾
𝑝
= −

𝜇𝐵
𝑔𝐾𝜇𝑁

𝑆(𝑆 + 1)

3𝑘𝐵𝑇
𝐠𝑇 ∙ 𝐀𝐾 (6) 

where 𝜇𝐵 is the Bohr magneton, 𝜇𝑁 the nuclear magneton and 

𝑔𝐾 the nuclear g-factor of 𝐾. The isotropic pNMR chemical shift 

𝛿𝐾
𝑝
 at temperature 𝑇 is evaluated as 



FULL PAPER    

 

9 

 

 

𝛿𝐾
𝑝
= −

106

3
tr(𝝈𝐾

𝑝) = −
106

3
(𝜎𝐾,𝑥𝑥

𝑝
+ 𝜎𝐾,𝑦𝑦

𝑝
+ 𝜎𝐾,𝑧𝑧

𝑝 ) (7) 

where 𝛿𝐾
𝑝
  is expressed in ppm. 

As shown in the previous Sections, the Fermi contact 

contribution is negligible. Within the dipolar approximation, the 

hyperfine operator can be expressed in terms of the electronic 

magnetic operator according to 

�̂�𝐾 = −
𝜇0
4𝜋   

�̂� ∙ 𝑻𝐾 (8) 

where 𝐓𝐾 = 𝑟𝐾
−5(3𝒓𝐾 ∙ 𝒓𝐾 − 𝐔 𝑟𝐾

2)  with 𝑼  the unit tensor. As 

developed in the SI, within an axial symmetry, the component of 

the shielding tensor may be written as  

𝜎𝐾,𝑖𝑖
𝑝
= −

μ0μB
2

4π   

TK,ii
Q0
∑e−βEn

n

[𝛽‖𝐌𝑖,𝑛𝑛‖
2
+ 2 ∑

‖𝐌𝑖,𝑛𝑚‖
2

𝐸𝑚 − 𝐸𝑛
𝑚≠𝑛

] (9)

          

 

where ‖ ‖ denotes the norm of a matrix and 𝐌𝑖,𝑛𝑚 is the block 

matrix of operator �̂�𝑖, the ith component of �̂� between the 𝑛 and 

𝑚 manifolds, in 𝜇𝐵 units. The isotropic pNMR chemical shift may 

be written as 

𝛿𝐾
𝑝
=
106𝜇0𝜇𝐵

2

12𝜋   

𝐺𝐾
𝑄0
∑𝑒−𝛽𝐸𝑛

𝑛

[𝛽 𝛥𝑀𝑛𝑛
2 + 2 ∑

𝛥𝑀𝑛𝑚
2

𝐸𝑚 − 𝐸𝑛
𝑚≠𝑛

] (10) 

where Δ𝑀𝑛𝑛
2 = ‖𝐌𝑧,𝑛𝑛‖

2
− 1

2
(‖𝐌𝑥,𝑛𝑛‖

2
+‖𝐌𝑦,𝑛𝑛‖

2
) . The magnetic 

susceptibility tensor 𝛘 described by the generalized Van Vleck 

equation 

𝜒𝑖𝑗 = 𝑁𝐴μ0μB
2
1

𝑄0
∑𝑒−𝛽𝐸𝑛

𝑛

[𝛽∑⟨𝑛𝜈|�̂�𝑖|𝑛𝜈
′⟩⟨𝑛𝜈′|�̂�𝑗|𝑛𝜈⟩

𝜈,𝜈′

 

+ ∑∑
⟨𝑛𝜈|�̂�𝑖|𝑚𝜇⟩⟨𝑚𝜇|�̂�𝑗|𝑛𝜈⟩ + 𝑐. 𝑐.

𝐸𝑚 − 𝐸𝑛
𝜈,𝜇𝑚≠𝑛

] (11) 

takes a very similar form since in the case of a pure dipolar 

interaction, the two operators of Eq. 5 are expressed with the 

magnetic moment operator. The diagonal terms of this tensor 

may be written as 

𝜒𝑖𝑖 = 𝑁𝐴𝜇0𝜇𝐵
2
1

𝑄0
∑𝑒−𝛽𝐸𝑛

𝑛

[𝛽‖𝐌𝑖,𝑛𝑛‖
2

 +2 ∑
‖𝐌𝑖,𝑛𝑚‖

2

𝐸𝑚 − 𝐸𝑛
𝑚≠𝑛

] (12)

 

The average isotropic magnetic susceptibility is defined as 

𝜒𝑚 =
1

3
(𝜒𝑥𝑥 + 𝜒𝑦𝑦 + 𝜒𝑧𝑧) (13) 

and according to Eq. 11, 

𝜒𝑚 = 𝑁𝐴𝜇0𝜇𝐵
2
1

𝑄0
∑𝑒−𝛽𝐸𝑛

𝑛

[𝛽 𝑀𝑛𝑛
2 + 2 ∑

𝑀𝑛𝑚
2

𝐸𝑚 − 𝐸𝑛
𝑚≠𝑛

] (14) 

where 𝑀𝑛𝑛
2 = ‖𝐌𝑥,𝑛𝑛‖

2
+ ‖𝐌𝑦,𝑛𝑛‖

2
+ ‖𝐌𝑧,𝑛𝑛‖

2
. The axial 

anisotropy as defined in Eq. 3 is deduced from Eq. 11 as 

∆𝜒𝑎𝑥 = 𝑁𝐴𝜇0𝜇𝐵
2
1

𝑄0
∑𝑒−𝛽𝐸𝑛

𝑛

[𝛽 ∆𝑀𝑛𝑛
2 + 2 ∑

∆𝑀𝑛𝑚
2

𝐸𝑚 − 𝐸𝑛
𝑚≠𝑛

] (15) 

Eqs. 9 and 12 are very similar but summing up the three 

components, due to the geometrical prefactor in the former, the 

pNMR chemical shifts are issued from the axial properties while 

the magnetic susceptibility from the average isotropic ones. It 

should be mentioned that by combining Eqs. 10 and 15, one 

retrieves Eq. 2.  

In the previous equations, the properties are expressed as a sum 

over states. In order to model them with as few parameters as 

possible, the sum can be restricted to the low-lying states. The 

effect of the states not included in the model space can be 

quantified from ab initio calculations by comparing the results 

with all states included and with only the states from the model 

space.  

Model for one isolated KD. In a KD, in the principal axes frame 

(PAF) of the g tensor, ‖𝐌𝑖,𝑛𝑛‖
2
= 1

2
 𝑔𝑖,𝑛
2  where 𝑔𝑖,𝑛 is the g factor 

in direction 𝑖 = 𝑥, 𝑦, 𝑧. In the case of an axial symmetry, Eq. 10 

reduces to its first term 

𝛿𝐾
𝑝
=
106𝜇0𝜇𝐵

2

12𝜋   
𝐺𝐾   

𝛽

4
(𝑔𝑧
2 − 𝑔⊥

2) (16) 

which is equivalent to Bertini’s equation with S̃ = 1/2 

𝜒𝑢𝑢 = 𝑁𝐴𝜇0𝜇𝐵
2𝑔𝑢𝑢

2
𝑆(𝑆 + 1)

3𝑘𝐵𝑇
(17) 

Model for two isolated KDs. In the case of the 

[NpVIO2(DPA)2]
2−  complex, there are two low lying KDs 

populated at room temperature. One supposes that the PAF of 

the tensors 𝐠1  and 𝐠2  of the two KDs are identical and one 

denotes the energy gap Δ. Restricting the sum to these two KDs, 

Eq. 9 becomes 
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𝜎𝐾,𝑖𝑖
𝑝
= −

𝜇0𝜇𝐵
2

4𝜋   
𝑇𝐾,𝑖𝑖 [𝛽

(𝑒𝛽𝛥 2⁄ 𝑔𝑖,1
2 + 𝑒−𝛽𝛥 2⁄ 𝑔𝑖,2

2 ) 

4(𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
 

+
(𝑒𝛽𝛥 2⁄ − 𝑒−𝛽𝛥 2⁄ )𝑀𝑖,12

2

 𝛥 (𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
] (18) 

In the axial symmetry, 𝑔𝑥,𝑛
 = 𝑔𝑦,𝑛

 = 𝑔⊥,𝑛
  (𝑛 = 1,2) and 𝑀𝑥,12

 =

𝑀𝑦,12
 = 𝑀⊥,12

 . The axial components are defined according to 

Δ𝑔𝑛
2 = 𝑔𝑧,𝑛

2 − 𝑔⊥,𝑛
2  and Δ𝑀12

2 = 𝑀𝑧,12
2 −𝑀⊥,12

2 , and Eq. 10 takes 

the form 

𝛿𝐾
𝑝
=
106𝜇0𝜇𝐵

2

12𝜋   
𝐺𝐾 [𝛽

(𝑒𝛽𝛥 2⁄  𝛥𝑔1
2 + 𝑒−𝛽𝛥 2⁄  𝛥𝑔2

2) 

4(𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
 

+
(𝑒𝛽𝛥 2⁄ − 𝑒−𝛽𝛥 2⁄ ) 𝛥𝑀12

2

 𝛥 (𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
] (19) 

Similarly, the isotropic magnetic susceptibility is obtained from 

Eq. 14 

𝜒𝑚 = 𝑁𝐴𝜇0𝜇𝐵
2 [𝛽

(𝑒𝛽𝛥 2⁄  𝑔1
2 + 𝑒−𝛽𝛥 2⁄  𝑔2

2) 

4(𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
 

+
(𝑒𝛽𝛥 2⁄ − 𝑒−𝛽𝛥 2⁄ ) 𝑀12

2

𝛥 (𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
] (20) 

where 𝑔𝑛
2 = 𝑔𝑥,𝑛

2 + 𝑔𝑦,𝑛
2 + 𝑔𝑧,𝑛

2  and similarly, the anisotropic axial 

susceptibility writes 

∆𝜒𝑎𝑥 = 𝑁𝐴𝜇0𝜇𝐵
2 [𝛽

(𝑒𝛽𝛥 2⁄  ∆𝑔1
2 + 𝑒−𝛽𝛥 2⁄  ∆𝑔2

2) 

4(𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
 

+
(𝑒𝛽𝛥 2⁄ − 𝑒−𝛽𝛥 2⁄ ) ∆𝑀12

2

𝛥 (𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
] (21) 

Model for an isolated non-Kramers doublet. The 

[PuVIO2(DPA)2]
2−  complex should be modelled as a NKD. A 

NKD is modeled by two non-degenerate states |1⟩ and |2⟩ with 

an energy gap ∆  and a Zeeman coupling  𝑀𝑧,12 =
1

2
𝑔𝑧 in 𝑧 

direction. In the other directions, there is no Zeeman coupling, 

as long as the doublet is considered. Eq. 9 becomes 

𝜎𝐾,𝑖𝑖
𝑝
= −

𝜇0𝜇𝐵
2

4𝜋   
𝑇𝐾,𝑖𝑖2

(𝑒𝛽𝛥 2⁄ − 𝑒−𝛽𝛥 2⁄ )

𝛥 (𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
𝑀𝑖,12
2  

= −𝛿𝑖𝑧
𝜇0𝜇𝐵

2

4𝜋
𝑇𝐾,𝑖𝑖

1

2

𝑒𝛽Δ 2⁄ − 𝑒−𝛽Δ 2⁄

 Δ (𝑒𝛽Δ 2⁄ + 𝑒−𝛽Δ 2⁄ )
𝑔𝑧
2 (22) 

where 𝛿𝑖𝑧 denotes the Kronecker symbol. The isotropic pNMR 

chemical shift is deduced from Eq. 10  

𝛿𝐾
𝑝
=
106𝜇0𝜇𝐵

2

12𝜋   
𝐺𝐾

𝑒𝛽𝛥 2⁄ − 𝑒−𝛽𝛥 2⁄

2𝛥(𝑒𝛽𝛥 2⁄ + 𝑒−𝛽𝛥 2⁄ )
𝑔𝑧
2 (23) 

This equation arises from the 2nd term, the so called Van Vleck 

term, of Eq. 10 since none of the state is degenerate. When ∆ 

vanishes, since 𝑥−1 tanh𝑥
𝑥→0
→  1 , where tanh  denotes the 

hyperbolic tangent, Eq. 23  becomes the usual Curie term for a 

doublet =
106𝜇0𝜇𝐵

2

12𝜋𝑘𝐵𝑇

1

4
𝐺𝐾𝑔𝑧

2. 

For the sake of completeness, we provide the equations for an 

isolated triplet in the SI. 

pNMR chemical shifts from ab initio calculations. For the 

CAS based methods, the 1H AIS were deduced from Bertini 

equation (Eq. 2), using the values of  𝛥𝜒𝑎𝑥  from the ab initio 

calculations. Soncini Van Vleck equations split into the 

contributions of degenerate and non-degenerate states. In the 

case of a non-Kramers ion without any symmetry, the states are 

all non-degenerate, leading to only the 2nd term. But the energy 

gaps may be very small, and when they vanish, one retrieves the 

Curie term. For thermal energies much larger than the energy 

gaps, their impact is not noticeable. It shows that the partition 

within a Curie and a Van Vleck term depends on the considered 

temperature. In the following, the Curie term is defined as the 

contribution from thermally populated states, and the Van Vleck 

term as the contribution arising from the coupling with other 

states. For the PuVI  complex, the Curie term arises from the 

ground doublet. For the NpVI complex, the 1st excited state lies 

around 300 cm-1, and the Curie term is considered to be the 

contribution of only the ground KD. AIS are calculated from 2-

components DFT calculations according to Eq. 6. The isotropic 

term of the HFC tensor are given in Table SI-5. Results for the 

magnetic susceptibility are summarized in Table 4. For the 

[NpVIO2(DPA)2]
2−  and [NpVIO2  (DPA)2]Li2  complexes, 𝜒 is 

much larger than its Curie contribution 𝜒𝐶𝑢𝑟𝑖𝑒 , showing the 

importance of the Van Vleck contribution. Excited states other 

than KD2 do not provide any leading contribution. KD2 is slightly 

populated at 298 K and the large contribution of KD2 is due to its 

strong magnetic interaction with KD1. Due to the reduced energy 

gap in SO-RASPT2, this interaction becomes larger. Δ𝜒𝑎𝑥
𝐶𝑢𝑟𝑖𝑒 

decreases when more correlation is included, to become 

negative in the case of  [NpVIO2(DPA)2]
2−, while Δ𝜒𝑎𝑥 increases. 

The importance of the Van Vleck contribution was already 

pointed out in the [NpVIO2(CO3)3]
4− complex by Autschbach et 

al. The SO-RASPT2 results with the 5p  and 5d  orbitals 

correlated provides values of both 𝜒𝑚  and Δ𝜒𝑎𝑥  close to the 

experimental ones. 𝜒𝑚  is found to be smaller in 

[NpVIO2(DPA)2]
2− than in [NpVIO2(DPA)2]Li2, 1.70 vs 2.18·10-8 

m3 mol-1, and this follows the trend of the experimental values 

(1.8 ± 0.2)·10-8 m3 mol-1 for the [NpVIO2(DPA)2]
2−  complex in 

solution deduced from chemical shifts with Evans method vs (2.1 

± 0.24)·10-8 m3 mol-1 for Li2Np
VIO2(DPA)2 ∙ 2H2O measured with 

the SQUID. 𝜒𝑚 was evaluated with SO-ZORA using Eq. 17.  
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Table 7: 1H pNMR chemical shifts (in ppm) at 298 K deduced from Eq. 2. δK
p,Curie

 is the Curie contribution arising from the ground doublet. 

Method 𝛿𝐻3
𝑝,𝐶𝑢𝑟𝑖𝑒

 𝛿𝐻3
𝑝

 𝛿𝐻4
𝑝,𝐶𝑢𝑟𝑖𝑒

 𝛿𝐻4
𝑝

 𝛿𝐻5
𝑝,𝐶𝑢𝑟𝑖𝑒

 𝛿𝐻5
𝑝

 𝛿𝐻6
𝑝,𝐶𝑢𝑟𝑖𝑒

 𝛿𝐻6
𝑝

 

[NpVIO2(DPA)2]
2− / [NpVIO2(Et − DPA)2]

2− 

Exp. / -5.9 / -5.5 / -2.9 / -2.8 / -1.7 

SO-CASSCF -3.3 -3.0 -2.1 -1.9 -1.4 -1.3 -1.0 -0.9 

SO-CASPT2 -2.2 -3.1 -1.4 -1.9 -0.9 -1.3 -0.6 -0.9 

SO-CASPT2* -0.3 -3.8 -0.2 -2.4 -0.1 -1.6 -0.1 -1.1 

SO-RASSCF -1.9 -3.7 -1.2 -2.3 -0.8 -1.6 -0.5 -1.1 

SO-RASPT2 0.1 -4.0 0.1 -2.5 0.0 -1.7 0.0 -1.2 

SO- RASPT2* 1.2 -6.1 0.8 -3.8 0.5 -2.5 0.4 -1.8 

SO-ZORA/PBE0 -3.5 / -2.7 / -1.7 / -1.0 / 

[PuVIO2(DPA)2]
2− / [PuVIO2(Et − DPA)2]

2− 

Exp. / -26.3 / -26.0 / -14.3 / -11.3 / -7.6 

SO-CASSCF -35.2 -35.2 -21.9 -21.9 -14.8 -14.8 -10.3 -10.3 

SO-CASPT2 -33.3 -32.4 -20.7 -20.3 -13.9 -13.6 -9.6 -9.4 

SO-CASPT2* -33.3 -32.5 -20.7 -21.6 -14.0 -13.7 -9.7 -9.6 

SO-RASSCF -35.2 -35.0 -21.9 -21.8 -14.8 -14.7 -10.3 -10.2 

SO-RASPT2 -34.7 -34.2 -21.6 -21.3 -14.6 -14.4 -10.2 -10.0 

SO- RASPT2* -34.6 -33.7 -21.6 -21.0 -14.6 -14.2 -10.2 -9.9 

* : 5d and 5p orbitals are correlated 

The results are similar to the Curie term of the SO-CASSCF level, 

since only KD1 is included in the calculation. 

For the [PuVIO2(DPA)2]
2− complex, the results depend very little 

on the method. The values of 𝜒𝑚 and Δ𝜒𝑎𝑥, 4.49 and 13.17·10-8 

m3 mol-1, with SO-RASPT2, respectively,  are found to be slightly 

larger than the experimental values (4.06 ± 0.1) and (10.1 ± 

0.2)·10-8 m3 mol-1. For all the studied complexes, Δ𝜒𝑎𝑥 is positive 

and larger than 𝜒𝑚 , denoting a prolate shape of the magnetic 

moment of the paramagnetic center. 

Results for the AIS are summarized in Table 7. Those results 

follow the conclusions for the magnetic susceptibility. The Van 

Vleck contribution plays a key role for the NpVI complexes, for H3, 

H5 and H6, the SO-RASPT2 results are in very good agreement 

with the experimental values. For H4, they overestimate the 

experimental value. The HFC tensor calculated with SO-ZORA is 

a pure dipolar one since the calculations are performed within a 

restricted scheme, avoiding the spin polarization to be correctly 

described. As for the magnetic susceptibility, the results for the 

AIS are the same as the Curie contribution with SO-CASSCF. 

Temperature dependence. In the case of LnIII complexes, one 

takes advantage of the temperature dependence of the pNMR 

chemical shifts to separate the Fermi contact and pseudocontact 

contributions, which, according to Bleaney’s theory,[17-18, 24] 

behave as 𝑇−1  and 𝑇−2 , respectively. The [ AnVIO2]
2+ − DPA 

complexes are good candidates to investigate the temperature 

dependence of the pseudocontact interaction since the contact 

contributions are negligible even for the protons the closest from 

the paramagnetic center. The temperature dependence of the AIS 

were investigated for H3 and H4 protons in the [NpVIO2(DPA)2]
2− 

and  [PuVIO2(DPA)2]
2− complexes and are depicted in Figures 5 

and 6, respectively.  

The regression analysis of the  𝛿𝐾
𝑝
= 𝑓(1 𝑇⁄ ) with  𝑇−1  and 𝑇−2 

terms (see  Figure SI-5 and Table SI-7) evidences very large 𝑇−1 
terms, even largely prevailing for the PuVI complex, whereas no 
contact contribution is expected. This confirms that Bleaney’s 
method for the separation between contact and dipolar 
contributions is not valid for the considered complexes. In order 
to analyze why, the temperature dependence was analyzed 
according to Eq. 5. 

For the NpVI complexes, this is completed by the magnetic 

susceptibility T dependence. In order to reduce the number of 

model parameters, the case of an axial symmetry is considered 

and the sum over the states is reduced to the states playing the 

primordial role, two KDs for the NpVI complexes and a NKD for 

the PuVI one. 

 

Figure 5: 1H pNMR chemical shifts in [D7]DMF  at 9.4 T as a function of 

temperature for the [NpVIO2(DPA)2]
2− complex. 
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Figure 6: 1H pNMR chemical shifts in [D7]DMF  at 9.4 T as a function of 

temperature for the [PuVIO2(DPA)2]
2− complex. 

𝑁𝑝𝑉𝐼  complex. The 𝜒𝑚
𝑆𝑄𝑈𝐼𝐷

𝑇 = 𝑓(𝑇)  curve for the solid 

Li2Np
VIO2(DPA)2 ∙ 2H2O as shown on Figure 2 was fitted  using 

Eq. 20 in the temperature range 3 – 300 K according to four 

parameters: ∆ the energy gap between the two KDs, 𝑔1
2 and 𝑔2

2  

the isotropic magnetic moments of KD1 and KD2 and 𝑀12
2  the 

isotropic coupling moment between KD1 and KD2. The optimized 

parameters are given in Table 8. A Temperature Independent 

Paramagnetic (TIP) term was added to Eq. 20 which improved the 

quality of the fitting procedure by taking into account the effect of 

the other excited states. This fitting procedure was benchmarked 

on the SO-RASPT2 curve of the [NpVIO2(DPA)2]Li2
 
 complex. In 

this way, one can compare the fitted parameters to those directly 

calculated as ab initio energy levels and matrix elements. It 

appears that the energy gap ∆ is underestimated by 15% and 

23% without and with the TIP respectively. All fitted parameters 

match the ab initio ones within 20 %, ∆ and 𝑔2
2  being the less 

accurate. This confirms that the two-KDs model gather correctly 

the physical effects in the investigated temperature range. The 

discrepancies could arise from both the hypothesis of an axial 

symmetry, and mostly to the neglect of the interaction with the 

states out of the model space. The fitted parameters should be 

considered as effective ones. Surprisingly, the fit without TIP 

provides parameters closer to the ab initio ones. We will therefore 

consider that the fits without the TIP contribution provides an 

energy gap closer to the ‘real’ one. 

The fitting of the experimental SQUID 𝜒𝑚
𝑆𝑄𝑈𝐼𝐷

𝑇 = 𝑓(𝑇)  curve 

without any TIP contribution leads to a value of ∆ = 206 cm-1 which 

is smaller than the ab initio ones. According to this fit, KD2 is more 

magnetic than KD1 𝑔2
2  > 𝑔1

2  (5.4 vs 10.1) which is in good 

accordance with the SO-RASSCF values. 

Table 8: Model parameters evaluated from ab initio calculations for the [NpVIO2(DPA)2]Li2 and the  [NpVIO2(DPA)2]
2− or deduced by fitting the χm, Δχax and δK

p
 

curves, respectively. ∆ in cm-1. 

  ∆ 𝑔1
2 ∆𝑔1

2 𝑔2
2 ∆𝑔2

2 ∆𝑔1
2 − ∆𝑔2

2 ∆𝑔1
2 + ∆𝑔2

2 𝑀12
2  ∆𝑀12

2  

[NpVIO2(DPA)2]Li2
 
 

SO-CASSCF ab initio 522 4.0 3.6 15.5 14.9 -11.2 18.5 2.0 0.1 

SO-CASPT2 ab initio 396 3.9 3.1 12.1 10.6 -7.5 13.8 2.6 1.2 

SO-CASPT2* ab initio 282 6.8 5.1 6.6 5.2 0.0 10.3 3.2 2.7 

SO-RASSCF ab initio 250 6.2 5.4 10.3 8.6 -3.1 14.0 3. 0 2.1 

SO-RASPT2 ab initio 298 6.7 3.0 5.2 -2.4 5.4 0.6 4. 0 3.8 

SO-RASPT2* ab initio 440 12.5 9.8 4.2 1.5 8.3 11.4 2.9 1.1 

 fit 𝜒𝑚
§ 372 10.0  7.7    2.2  

 fit 𝜒𝑚 with TIP§ 338 10.0  10.0    2.2  

[NpVIO2(DPA)2]
2−  

SO-CASSCF ab initio 820 3.5 3.2 16.3 15.8 -12.6 19.1 0.6 0.0 

SO-CASPT2 ab initio 624 3.0 2.2 13.5 12. 4 -10.3 14.6 0.8  

SO-CASPT2* ab initio 454 2.4 0.4 10.6 8.0 -7.7 8.4 1.1 2. 1 

SO-RASSCF ab initio 455 3.1 1.9 14.4 12.9 -11.0 14.8 0.9 0.8 

SO-RASPT2 ab initio 418 2.8 -0.1 10.8 7.6 -7.7 7.5 1.2  

SO-RASPT2* ab initio 333 4.9 -1.1 5.2 -1.2 0.1 -2.3 1.5 4.5 

 fit Δ𝜒# 360  -1.0  -3.0 2.0 -4.0  4.6 

 fit Δ𝜒 polynom% 260      -4.7  6.1 

Fit of the experimental curves 

SQUID fit 𝜒𝑚𝑇 206 5.4  10.1    3.1  

 fit 𝜒𝑚𝑇 with TIP 113 5.0  7.0    1.8  

pNMR shift H3 fit polynom % 306      -6.7  5.7 

pNMR shift H4 fit polynom % 306      -8.7  5.4 

*: 5d and 5p orbitals are correlated. § : Eq. 19, T range: 3 – 300 K. # : Eq. 20, T range: 250 – 350 K. % : Eq. 23, T range: 250 – 350 K.  



FULL PAPER    

 

13 

 

 

The fit of the AIS curves by Eq. 19 was not successful as data are 

only available on a short temperature window (130 K) and it needs 

four independent parameters: the anisotropic magnetic 

parameters Δ𝑔1
2, Δ𝑔2

2, Δ𝑀12
2  and the energy gap ∆. This leads to 

an over-parametrization, taking into account all the details of 

experimental uncertainties. The results are unstable according to 

the considered protons and to the number of considered points. 

We tried a polynomial fit, since it permits a smoothing of the curve. 

Since ∆  is of some 100 of cm-1, one can consider the high 

temperature limit of Eq. 19. The Taylor expansion in terms of  𝑥 =

β Δ = ∆′/T  (∆′= ∆/𝑘𝐵) gives: 

𝛿𝐾
𝑝
=
106𝜇0𝜇𝐵

2

12𝜋𝑘𝐵   
𝐺𝐾 [

𝛥𝑔1
2 + 𝛥𝑔2

2 + 4𝛥𝑀12
2

8 𝑇
+
(𝛥𝑔1

2 − 𝛥𝑔2
2)∆′

16 𝑇2

−
𝛥𝑀12 

2 ∆′2 

24 𝑇3
−
(𝛥𝑔1

2 − 𝛥𝑔2
2 ) ∆′3

192 𝑇4
 +
𝛥𝑀12

2  ∆′4 

240 𝑇5
+⋯] (24)

 

The  𝑇−1  term corresponds to the Curie contribution at high 

temperature, arising from the total magnetic moment of the two 

occupied KDs as shown in the SI. This term vanishes in 

lanthanide complexes because all the states issued from the 

ground 𝐽 manifold are statically populated at room temperature, 

since they are split by only some 100 cm-1. In this case, Eq. 9 runs 

over the whole 𝐽 manifold and the magnetic moment is isotropic 

𝜇𝐵𝑔𝐽
2𝐽(𝐽 + 1) recovering the spherical symmetry of the free ion. 

The chemical shift sums over the three components of the pNMR 

shielding tensor and vanishes due the geometrical factors, 𝜎𝐾,𝑥𝑥
𝑝

+

𝜎𝐾,𝑦𝑦
𝑝

+ 𝜎𝐾,𝑧𝑧
𝑝

= ∑ 𝑇𝐾,𝑖  𝜒𝑖𝑖𝑖=𝑥,𝑦,𝑧 = 0. The 𝑇−1 term then vanishes. In 

the present case, the ground 𝐽 = 5/2 manifold splits in three KDs 

by more than 6000 cm-1. It follows that the magnetic moment at 

room temperature is temperature dependent. The 𝑇−1 term does 

not vanish because not all the components of a given 𝐽 manifold 

are populated. It confirms that Bleaney’s approach is not valid for 

the description of the actinyl complexes due to the larger splitting 

of the states of the free ion.  

Since ∆ corresponds to the thermal energy at room temperature, 

many 𝑇−𝑛  terms of the polynomial expansion of Eq. 24 are 

needed. Δ𝑔1
2 and Δ𝑔2

2 are found to be similar in the SO-RASPT2 

calculation, we therefore supposed that Δ𝑔1
2 − Δ𝑔2

2 was negligible, 

and consequently, neglected the 𝑇−𝑛 terms of even orders. The 

𝛿𝑲
𝑝
= 𝑓(1 𝑇⁄ ) curve was fitted by a 𝐴 𝑇−1 + 𝐶 𝑇−3 + 𝐸 𝑇−5 function. 

This permits to determine the values of ∆, Δ𝑀12
2  and Δ𝑔1

2 + Δ𝑔2
2 . 

They are given in Table 8. As a benchmark, the Δ𝜒𝑎𝑥  curve 

calculated with SO-RASPT2 for the [NpVIO2(DPA)2]
2−  complex 

was fitted in the 250 – 350 K range, both using Eq. 21 and its 

polynomial expansion. These parameters can be compared to 

those directly from the ab initio calculations. The fitting with the 

full function overestimates the value of ∆ by 10% while using the 

polynomial expansion, it underestimates it by 20%. The magnetic 

parameters are well estimated by the former and slightly too large 

with the latter, the signs being correct in the two cases. The sign 

of Δ𝑔1
2 + Δ𝑔2

2   gives information about the anisotropy of the 

magnetization: the more positive, the more axial, the more 

negative, the more planar. We conclude from this benchmark that 

the fitting by a 𝐴 𝑇−1 + 𝐶 𝑇−3 + 𝐸 𝑇−5  function provides 

parameters in reasonable agreement with the ab initio ones. 

The 𝛿𝐾
𝑝
= 𝑓(1 𝑇⁄ ) curves were fitted according to this procedure 

for protons H3 and H4 in the [NpVIO2(DPA)2]
2−  complex (see 

Table SI-7 and 9).  One gets similar parameters for the two 

protons with a gap ∆ of 305 cm-1.  Δ𝑔1
2 + Δ𝑔2

2   is found to be 

negative and the coupling Δ𝑀12
2  important. The SO-RASPT2 with 

correlated 5d and 5p orbitals is the only calculation in Table 8 that 

provides a negative value of Δ𝑔1
2 + Δ𝑔2

2. This explains the good 

agreement between experiment and theory with SO-RASPT2*, 

for the pNMR shift calculation. In Table SI-8, 𝛿𝐾
𝑝
 is decomposed in 

𝑇−𝑛 contributions. The different contributions alternate in sign, the 

𝑇−1 one is the dominant one, the weight of the other ones strongly 

diminishes at 350 K, but play a key role at 220 K; for example the 

𝑇−3 term contributes for 80% of the total delta value for H4.  

Table 9: Model parameters for the [𝑃𝑢𝑉𝐼𝑂2(𝐷𝑃𝐴)2]
2− complex evaluated from 

ab initio calculations or deduced by fitting the 𝛥𝜒𝑎𝑥 and 𝛿𝐾
𝑝
  curves. ∆ in cm-1.  

Method  ∆ 𝑔𝑧 

[PuVIO2(DPA)2]
2− 

SO-CASSCF ab initio 1 5.89 

SO-CASPT2 ab initio 61 5.70 

SO-CASPT2* ab initio 98 5.73 

SO-RASSCF ab initio 0.2 5.89 

SO-RASPT2 ab initio 8 5.85 

SO-RASPT2* ab initio 84 5.84 

 fit Δ𝜒𝑎𝑥
% 86 5.84 

 fit polynom# 66 5.79 

Fit of the experimental curves 

pNMR shift H3 fit polynom# 58 5.3 

pNMR shift H4 fit polynom# 52 4.9 

*: 5d and 5p orbitals are correlated.  % : Eq. 23, T range: 250 – 350 K.  

# : Eq. 25, T range: 250 – 350 K. 

𝑃𝑢𝑉𝐼  complex. The temperature dependence of the pNMR 

chemical shifts for protons H3 and H4 in the 

[PuVIO2(DPA)2]
2−complex is represented in Figure 6. It can be 

fitted using Eq. 22, with two parameters, ∆ the energy splitting and 

𝑔𝑧
2   the magnetic moment of the NKD. The fitting of the SO-

RASPT2* curve according to this equation in the room 

temperature window leads to values of ∆ and 𝑔𝑧
2  in very good 

agreement with the ab initio ones (see Table 9). As previously for 

the NpVI complex, the experimental incertitude renders the fitting 

of the curves by Eq. 23 unfeasible and we considered the high 

temperature Taylor expansion of this equation terms of 𝑥 = β Δ =

∆′/T 

𝛿𝐾
𝑝
=
106𝜇0𝜇𝐵

2

12𝜋𝑘𝐵   
𝐺𝐾𝑔𝑧

2 (
1

4𝑇
−
∆′2

48 𝑇3
+

∆′4

480 𝑇5
+⋯) (25) 

The 𝑇−1 term is the Curie contribution for a doublet and higher 

orders are due to the splitting of the doublet ∆. The fit of the 𝛿𝐾
𝑝
=

𝑓(1 𝑇⁄ ) SO-RASPT2 curve by a 𝐴 𝑇−1 + 𝐶 𝑇−3 function leads to 

an underestimated value of Δ . The fitting of the experimental 

curves by Eq. 24 up to 𝑇−3  leads to comparable value of Δ. This 

is in favor of a splitting of the ground doublet in agreement with 
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the SO-RASPT2* results. However, the 𝑇−1  term is by far 

dominant and the 𝑇−3 contributes for only 1% (see Table SI-9) 

while it is this latter term that provides the information on the 

energy gap; the determination of Δ from the 𝛿𝐾
𝑝
= 𝑓(1 𝑇⁄ ) curve 

should be taken with care.  

Conclusion 

The 1H AIS shifts in [NpVIO2(DPA)2]
2−,  [NpVIO2(Et − DPA)2]

2−, 

[PuVIO2(DPA)2]
2−  and [PuVIO2  (Et − DPA)2]

2−  complexes were 

characterized by NMR spectroscopy and magnetic susceptibility 

was measured by NMR on [NpVIO2(DPA)2]
2−  and PuVIO2(Et −

DPA)2]
2−  complexes using the Evans method. In addition, the 

solid Li2Np
VIO2(DPA)2 ∙ 2H2O  compound was characterized by 

SQUID susceptometry.  

From the structures determined by X-rays diffraction 

experiments,[30] the analysis of the 1H pNMR chemical shifts at the 

different positions of the DPA and Et − DPA ligands showed that 

the Fermi contact contribution to the chemical shifts is negligible, 

even for the protons close from the paramagnetic center. This is 

confirmed by the vanishing spin density on all hydrogen atoms as 

determined by unrestricted DFT. Accordingly, they were 

discussed in term of a pure dipolar interaction and the 

experimental Δ𝜒𝑎𝑥  values were determined using X-rays 

geometrical factors. Combined with Evans method which 

provides the isotropic average susceptibility 𝜒𝑚, the two 

components of the susceptibility tensor were calculated.  

Wave function based calculations were performed in order to 

compute the electronic structure of the paramagnetic center. The 

NpVI  complexes have two low lying KDs whose composition 

depends subtly on the level of calculation and the correlation of 

the 5d and 5p orbitals play an important role. This dramatically 

impacts the magnetic properties, between other the axiality of the 

magnetization.  In the solid Li2Np
VIO2(DPA)2 ∙ 2H2O compound, 

the Li+ counterions are directly coordinated to the oxygen atoms 

of the coordination sphere and influence the magnetic properties 

of the paramagnetic center. In the presence of the Li+ counterions, 

the ligand field is lower and the magnetic susceptibility larger, in 

agreement with the increase of the magnetic susceptibility 

between the SQUID and the NMR measurements in solution with 

Evans method. The PuVI complexes have a well isolated ground 

NKD, with one electron in a 𝑓𝛿  and the other in a 𝑓𝜙  orbital. 

Magnetic properties depend barely on the level of calculation, 

except that a splitting of the doublet appears, and barely on the 

nature of the equatorial ligand. 

The 1H AIS in [AnVIO2(DPA)2]
2−  and [AnVIO2(Et − DPA)2]

2− 

complexes (with AnVI = NpVI and PuVI) were evaluated using the 

Δ𝜒𝑎𝑥  values obtained from ab initio calculations. For the NpVI 

cation, the proper description of its electronic structure is of great 

importance as it changes the amplitude but also the sign of the 

calculated pNMR chemical shifts. The two low lying KDs play a 

key role, and more specifically their magnetic coupling leading to 

a predominant Van Vleck contribution. The values issued from the 

SO-RASPT2 calculation are in good agreement with the 

experimental ones. On the contrary, the 2-component SO-ZORA 

method lacks both de spin polarization and the Van Vleck 

contribution. For the PuVI, the calculations slightly overestimate 

the Δ𝜒𝑎𝑥 values and consequently the 1H pseudocontact chemical 

shifts. 

The temperature dependence of the average susceptibility and 

the pNMR chemical shifts is analyzed in terms of the generalized 

Van Vleck and Soncini equations, respectively. Those equations 

are very similar in their forms, the former probing the isotropic 

magnetic parameters while the latter probes the anisotropic ones. 

Those two equations are expressed in terms of the block matrices 

of the magnetic moment operator. This avoids the use of Spin 

Hamiltonians and allows for the modelling of molecular systems 

where the definition of a Spin Hamiltonian is not straightforward, 

in particular for actinide complexes. The reduction of Soncini 

equation to a restricted model space allows the fitting of the 

temperature dependence by few parameters.   

The regression analysis of the 𝛿𝐾
𝑝
= 𝑓(1 𝑇⁄ ) curves evidence the 

predominance of the 𝑇−1  term, in contradiction with Bleaney’s 

model which assigns this term to the Fermi contact contribution. 

This model applies in lanthanide complexes because all the 

components of the ground 𝐽 manifold of the free ion are statically 

populated, giving rise to an isotropic magnetization. In actinyl 

cations, only some of those components are populated, the room 

temperature magnetization is anisotropic and the dipolar 

contribution to 𝑇−1  term is proportional to the anisotropic 

magnetic moment of the paramagnetic center at room 

temperature. Further 𝑇−𝑛 terms depend on the energy gap, in the 

case of a two level system.  

The experimental 𝛿𝐾
𝑝
= 𝑓(1 𝑇⁄ )   and 𝜒𝑚 = 𝑓(1 𝑇⁄ )  are fitted 

according to the generalized Van Vleck and Soncini equation, 

respectively, within an axial symmetry and a reduced model 

space, either in its full form for the susceptibility or in its 

polynomial expansion for the chemical shifts. And this allows the 

determination of the energy gap and the magnetic moment, either 

isotropic from the susceptibility, or anisotropic from the chemical 

shifts. The fitted parameters are in good agreement with the ab 

initio results. In the NpVI complex, the energy gap between the 

two KDs is about 300 cm-1, and the magnetization is oblate. This 

determination from a temperature curve provides only an 

estimation of the energy gap: it is shown that in the ab initio case 

where the gap is known, the gap determined by the fitting 

procedure is underestimated by 10 – 20 %. For the PuVI complex, 

the 𝛿𝐾
𝑝
= 𝑓(1 𝑇⁄ ) is an almost pure 𝑇−1 term. The 𝑇−3 participates 

for only 1% but its analysis is in favor of a splitting of about 50 cm-

1 of the ground doublet.  

As well the pure dipolar interaction for 1H nuclei as the insensitivity 

of the [PuVIO2]
2+  cation to the equatorial ligands are very 

promising in the goal to use [AnVIO2]
2+ cations as paramagnetic 

probe to get structural information. However, the predominance 

of the 𝑇−1 term in the dipolar contribution renders the unraveling 

of Fermi contact and dipolar contributions through a temperature 

analysis more difficult. 
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Experimental Section 

Synthesis. Caution!!! 238+235Uranium, 237Neptunium and 239+240Plutonium 

are radioactive elements and have to be handled in dedicated facilities with 

appropriate equipment for radioactive materials. Their manipulation has 

been carried out at the ATALANTE facility (CEA-Marcoule, France). The 

experiments involving Np  and Pu  were performed in a regular air 

atmosphere negative pressure glove box with restrictive protocols, 

whereas U was manipulated under fume hood.  

2,6-dipicolinic acid (H2DPA), lithium hydroxide (LiOH), silver +II oxide 

(AgIIO ), HNO3  70%, HCl  37% and tert-Butyl alcohol ( t − BuOH ) were 

purchased from Sigma-Aldrich. [D6]DMSO  (dimethyl sulfoxide) and 

[D7]DMF  (N, N-dimethylformamide) were purchased from Cortecnet or 

Eurisotop and used as received.  

4-ethyl-2,6-dipicolinic acid (H2Et − DPA) ligand was synthesized in the lab 

according to the protocol described by Shelkov.[51] H2Et − DPA purity was 

checked by 1H NMR spectroscopy. 1H NMR (400 MHz, [D6]DMSO): δ(ppm) 

7.76 (s, 2H, H3), 2.65 (q, J = 7.58 Hz, 2H, H5), 1.18 (t, J = 7.58 Hz, 3H, 

H6). 

The initial uranium solution was UVI in 0.1 mol.L-1 HNO3; a solution of NpV 

was prepared by dissolving solid NpVO2OH in 1 mol.L-1 HNO3; the initial 

plutonium solution was PuIV  in 1 mol.L-1 HNO3 . NpV  and PuIV  were 

oxidized by adding AgIIO (molar ratio NpV ∕ AgIIO of 1 ∕ 5 and molar ratio 

PuIV ∕ AgIIO of 1 ∕ 10) to prepare NpVI and PuVI nitrate solutions. Oxidation 

states and concentrations of actinide solutions were checked by visible-

NIR spectrophotometry (Agilent Cary 5000 spectrophotometer). AgCl was 

precipitated subsequently by adding a stoichiometric amount of HCl and 

the resulting white solid was removed by centrifugation. 

Solid Li2An
VIO2(DPA)2 ∙ 2H2O compounds with AnVI  = UVI , NpVI  and PuVI 

were prepared from aqueous AnVIO2
2+ solutions by adapting a synthesis 

developed by Yusov et al. in 2013.[30] The initial AnVI ∕ H2DPA (with a molar 

ratio of 1 ∕ 5) mixtures in nitric acid were progressively brought up to pH 6 

by adding LiOH under stirring. The precipitates were washed twice with 

water and ethanol then dried at room temperature under N2  flow. The 

same experimental procedure was applied to synthesize Li2An
VIO2(Et −

DPA)2 ∙ xH2O compounds with AnVI = UVI, NpVI and PuVI. 

Powder XRD. Powder XRD patterns were recorded on a Bruker D8 

Advance diffractometer equipped with a LynxEye detector in Bragg-

Brentano geometry using Cu Kα1,2 radiation (Kα1 = 1.5406 Å; Kα2 = 

1.5444 Å). The scan step was fixed to 0.02° with a counting time of 1 

s·step−1 from 5° to 60°. Silicon was added to samples as an internal 

standard to calibrate the angular positions of the observed XRD lines. The 

Li2An
VIO2(DPA)2 ∙ 2H2O compounds and silicon were mixed with an epoxy 

resin to prevent contamination spreading as the diffractometer is outside 

glove box. Kα2 stripping of the Cu radiation according to the Rachinger 

method, as well as the baseline and angle shift corrections, were 

performed by empirical calculations and EVA software.[52] All powder 

patterns were refined thoroughly by the Profile matching method using 

FullProf Suite.[53] During the refinement, the following parameters were 

allowed to vary: zero shift, scale factors, lattice parameters, and profile 

parameters (including asymmetry). Two phases were considered for the 

refinement: Li2An
VIO2(DPA)2 ∙ 2H2O structures reported by Yusov et al. [30] 

and the silicon standard phase.  

NMR spectroscopy. 1H NMR spectra were recorded at 298 K using a 

400 MHz Fourier transform spectrometer, Agilent DD2, set up for the study 

of radioactive samples.[54] Acquisition and processing were performed with 

VnmrJ 2.4 software (Available at: http://github.com/OpenVnmrJ). NMR 

samples were prepared by dissolving Li2An
VIO2(DPA)2 ∙ 2H2O  and 

Li2An
VIO2(Et − DPA)2 ∙ xH2O  solid compounds in [D7]DMF . For 

[AnVIO2(DPA)2]
2− complexes, the spectra were also collected at every 10 

K step on the temperature range 220 – 350 K. 

Magnetic susceptibility *with NMR spectroscopy. The molar 

magnetic susceptibility 𝜒𝑚
𝐸𝑣𝑎𝑛𝑠  of [NpVIO2(DPA)2]

2−  and [PuVIO2(Et −

DPA)2]
2− in [D7]DMF was calculated from the chemical shift difference Δ𝛿 

between 1H NMR signal of working ( 𝑡 − BuOHin ) and reference 

(𝑡 − BuOHout) solutions using Evans method.[44] The t-BuOH concentration 

used for these experiments was 0.1 mol L-1. 

𝜒𝑚
𝐸𝑣𝑎𝑛𝑠 =

3Δ𝛿

103[AnVI]
(26) 

where Δ𝛿 is dimensionless, [AnVI] is the molar concentration (mol L-1) of 

the paramagnetic element and 𝜒𝑚
𝐸𝑣𝑎𝑛𝑠 is the molar magnetic susceptibility 

(m3 mol-1). Uncertainties values were estimated by taking into account Δ𝛿 

accuracies of NMR spectra and concentration measurements using γ and 

α counting. 

*with a SQUID magnetometer. A MPMS3 magnetometer dedicated to 

radioactive sample analysis was used. Experiments were performed on 

the Li2An
VIO2(DPA)2 ∙ 2H2O solid compound on the temperature range 2 – 

300 K. 

Computational details 

Geometry optimization. The geometry calculations were performed 

with Gaussian09 [55] within the density functional theory (DFT) framework 

using the PBE functional.[56] For uranium, a small core relativistic effective 

core potential (RECP-60 electrons with the corresponding TZ basis set [57-

58] by the Stuttgart-Cologne group was used and the def-TZVP basis set 
[59] was used for the other atoms. Solvent effects were included implicitly 

with a polarizable continuum model. All the optimized geometries were 

checked to be true minima by a frequency calculation. 

Electronic properties. All wave function based calculations have been 

performed on the crystallographic structures with the MOLCAS 7.8 suite 

of software [60] following the CASSCF/CASPT2/SO-RASSI scheme. First, 

CASSCF (Complete Active Space Self Consistent Field) calculations [61] 

were performed with an active space of six f-orbitals and associated 

electrons (n) i.e. CAS (n,6). An extended active space was considered, 

using the RASSCF (Restricted Active Space Self Consistent Field) 

scheme; the 6 (anti) bonding sigma and pi orbitals of the yle bonds were 

included in RAS1 (RAS3) allowing 2 holes (particles).[62-63] The dynamical 

correlation was added with the CASPT2 (Complete Active Space 

Perturbation Theory at 2nd order)[64] method using the CASSCF or 

RASSCF reference states [65] without any level shift. Relativistically 

contracted ANO (Atomic natural Orbitals) basis sets [66-67] were used for 

the calculations with TZP quality for Np, Pu, N, O and Li; DZP for C and DZ 

for H atoms. Douglas Kroll Hess (DKH2) [68-69] transformed Hamiltonian 

was used to treat the relativistic effects for both scalar (SR) and spin-orbit 

(SO). 6 doublets were taken for the NpVI complex and 15 triplets and 21 

singlets for the PuVI complex, reduced to 8 triplets and 14 singlets in case 

of RASPT2. SO coupling was calculated as a state interaction either with 

CASSCF or RASSCF wave functions and corresponding energies leading 

to the so-called SO-CASSCF and SO-RASSCF results, or with MS-

CASPT2 or MS-RASPT2 wave functions and corresponding energies 

leading to the so-called SO-CASPT2 and SO-RASPT2. SO matrix 

elements were computed using the one center approximation AMFI 

(Atomic Mean Field Integrals) [70] and g factors were calculated according 

to ref. [71]. Spin densities were determined from unrestricted DFT 

calculations with the PBE0 functional and ANO-RCC basis sets of TZP 

quality on all atoms and a fractional occupation of the 5𝑓 orbitals (1e/2e in 

4 orbitals for the NpVI/PuVI complex) 

http://github.com/OpenVnmrJ
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2-component DFT calculations were carried out with the Amsterdam 

Density Functional (ADF) program on the NpVI complex using hybrid PBE0 

functional [72] with the all-electron doubly polarized triple-𝜁2  (TZ2P) [73] 

basis for the metal and 'jcpl' augmented version [74] of TZ2P for N, O, C and 

H. Relativistic effects were introduced both at SR and SO level with the 

ZORA (Zeroth Order Regular Approximation) all-electron relativistic 

Hamiltonian.[75] First, a scalar relativistic calculation was performed and 

then magnetic properties (𝑔-values, hyperfine values) were calculated with 

the ESR [76-77] module of ADF. In the ESR module, effects of SO coupling 

are treated self consistently with the two-component relativistic SO-ZORA 

Hamiltonian using spin-restricted formalism. Although this restricted 

formalism does not allow for the evaluation of spin polarization effects, in 

case of one unpaired electron and very large effects of SO coupling, the 

spin-restricted calculation may be of interest, since it uses KDs exactly 

related by time-reversal symmetry.[78]  
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The temperature dependence of 1H pNMR chemical shifts are measured and modelled in the AnVIO2
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pseudocontact term is non zero. The magnetic susceptibility tensor, the energy states and magnetic moments of the paramagnetic 

center are deduced and compared to the SO-CASPT2 values. 

 


