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Abstract 

     We have performed the benchmark investigations about the bonding properties in lanthanide 

and actinide complexes to estimate quantitatively the covalency of f-block compounds. Three 

different density functionals including BP86 (pure-GGA), B3LYP (hybrid-GGA) and B2PLYP 

(double hybrid-GGA) were employed to all-electron self-consistent field calculations compensated 

by scalar-relativistic zero-order regular approximation (ZORA) Hamiltonian with relativistically 

contracted all-electron basis set. Ten Eu and ten Np complexes were employed as benchmark sets for 

the calculation of Mössbauer parameters for 151Eu and 237Np compounds. As the result of the linear 

fitting between calculated electron densities at nucleus (ρ0
calc) and experimental isomer shifts (δexp), 

the calculation performed by all-electron ZORA-B2PLYP level reproduced the change of electronic 

density at Mössbauer nucleus for both Eu and Np complexes with high correlation coefficients ( R2 > 

0.90 ). Mulliken’s population analyses indicated that BP86 and B3LYP methods overestimated the 

covalency of both Eu and Np complexes due to smaller amount of the exact Hartree-Fock exchange 

admixture included in BP86 and B3PLYP compared to that in B2PLYP functional. By comparing 

Mulliken’s electronic structure analyses with experimental isomer shifts, we found that Mulliken’s 

spin population values were good parameters to estimate quantitatively the bonding natures for Eu 

and Np complexes. 

 

1.  Introduction 

     Density functional theory (DFT) is one of the most useful tools for the investigations of 

electronic states, bonding and molecular orbitals in f-element compounds.1-3 The f-elements 

computational chemistry at a molecular-level study has fascinated many chemists from the point of 

both fundamental and applied chemistries. The former case mainly includes the diversity of 

reactivities and geometries in lanthanide (Ln) / actinide (An) compounds. In the latter case the 

separation of minor actinide including Am3+ and Cm3+ from lanthanide in the high-level radioactive 
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liquid waste has been investigated for solving a challenging nuclear waste problem. In both cases, it 

has been pointed that how f-electrons contribute to their electronic and/or bonding states is a 

common key problem. 

     Mössbauer spectroscopy has been employed to research the hyperfine interaction between 

Mössbauer nucleus and its environment. The results obtained by Mössbauer experiments have 

revealed the electron density at the nucleus (ρ0) relative to source and the distribution of valence 

electrons around its nucleus in compounds corresponding to isomer shift (δ) and quadrupole splitting 

(∆EQ) values, respectively. Since Mössbauer effects can be observed in 151Eu and 237Np nuclei, the 

detailed discussion about the bonding of f-block complexes has been developed. A couple of 

particular investigations about the covalency of lanthanide and actinide complexes were reported. 

Long and co-workers4 suggested the evidence of the covalent interaction in a [EuIIICp3(THF)] (Cp = 

η
5-C5H5; THF = tetrahydrofuran) complex and Karraker et al.

5 revealed the change in covalency in 

[NpIVCp3X] (X = Cl, alkoxy, p-CH3C6H4CH2, alkyl) complexes. In both cases, it was a probable 

reason that the covalent contribution of f-electrons to bonding influenced the monopole interaction 

between its nucleus and neighbor electrons. 

     Mössbauer isomer shift values were formulated as the difference between electron densities at 

nuclear position of absorber (ρ0
absorber) and source (ρ0

source) multiplied by the constant coefficient 

depending on only Mössbauer nuclides (Eq. 1) 

δ = {(4π/5) Ze
2
R

2 (∆R/R)} (ρ0
absorber – ρ0

source)     (1) 

where e is the elementary electric charge, Z and R are the nuclear charge and its radius, respectively, 

and ∆R is the variation of the nuclear radius between Mössbauer transition states.6 The connection of 

Mössbauer isomer shift with DFT can be achieved by the linear relationship between δ and ρ0 values 

(Eq. 2) 

δ
exp = a (ρ0

calc – b)     (2) 

where δexp and ρ0
calc are the experimental δ value and the calculated ρ0 value for the target 

compounds, respectively, a and b are the constants fitted by the relationship between δexp and ρ0
calc. 

Previous benchmark studies for 57Fe isomer shifts were reported successfully.7-15 As pointed by 

Filatov et al.,16-20 this formalism was, however, based on some assumptions that the electron inside 

nucleus was constant and did not depend on the variation of nuclear radius during γ–ray resonance. 

And the consideration of a finite nucleus model during the calculation of variational energy, such as 

a self-consistent field calculation, was important for relativistic quantum calculation. In order to 

solve these problems, Filatov et al. have developed more accurate treatment for the prediction of 

isomer shift values by employing the linear response theory.16-20 However, such benchmark studies 

for 151Eu and 237Np systems have never reported. 

     Owing to the application of relativistic approximation to Kohn-Sham equation, the discussion 

about the reactivity and the bonding of f-block complexes has been reported by using a relativistic 
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DFT calculation. Applying the all-electron MO calculation with scalar relativistic treatment, 

Kaltsoyannis et al. have revealed that the covalency in [AnIVCp4] (AnIV = Th, Pa, U, Np, Pu, Am and 

Cm) complexes could be correlated with the molecular orbital and the bond critical point analyses.21 

More recently, as the research for the selective separation of minor actinides, Belkhiri and 

co-workers published that the selectivity of minor actinide from lanthanides was attributed to the 

difference in bonding of f-electrons, however, the dependency of bonding energy on functionals was 

also observed.22 This intrinsic character in the framework of DFT has limited us to the qualitative 

prediction of its covalency. Therefore, the universal method to quantitatively predict simultaneously 

the covalency of both lanthanide and actinide complexes has been desired intensely. 

     In the present study, for the purpose of the quantitative discussion about the bonding in f-block 

complexes, we performed the benckmark studies for Eu and Np complexes between Mössbauer 

isomer shifts and calculated electron densities at nucleus position. We believe that this attempt is 

valuable for the estimation of the validity for the relativistic calculation, although the application of 

conventional formalism (eq. 1) to these relativistic systems should be considered. We also carried 

out the Mulliken’s electronic structure analysis. We expected that the present work makes substantial 

contributions to not only the theoretical f-block chemistry but also the selective separation problem 

of minor actinides. 

 

2.  Computational details 

     All DFT calculations were performed by using program package ORCA 3.0
23 developed by 

Neese. Scalar-relativistic correction was considered by zero-order regular approximation (ZORA) 

Hamiltonian including atomic model potential, which was modified by s-type Gaussian atomic 

density.24 All-electron Gaussian-type orbitals were employed as basis functions in all SCF 

calculations. The calculation of Mössbauer parameters unconditionally requires all-electron basis set 

since it needs the information of the electron density at the nucleus position. Segmented all-electron 

relativistically contracted (SARC) basis sets were employed for Eu (6117/5111/418/412)25, Np 

(6116/5110/617/412)26 atoms. All-electron relativistically contracted basis sets were assigned to all 

other elements augmented by one set of polarization function at triple-zeta valence level for some 

period 3 elements and split-valence level for some period 2 elements and the hydrogen atom.26 We 

used the relativistic all-electron basis set adapted to ZORA Hamiltonian, because these basis sets 

need to be optimized for the specific relativistic Hamiltonian employed in SCF calculation28. All 

SCF calculations were achieved with the total energy of a convergence tolerance of 10–8 hartree 

using the resolution of the identity (RI) approximation. Geometry optimizations were performed by 

the quasi-Newton method at ZORA-BP86 level without any structural constraints. Single point 

calculations were carried out by applying three functionals (BP86, B3LYP and B2PLYP). In order to 

increase the radial integration accuracy for Eu and Np atoms for the purpose of describing accurately 
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Mössbauer atom, the special grids set to the integration accuracy of 14 were constructed to the center 

metal ions. Mulliken’s population analyses were performed to understand the electronic structures 

based on LCAO-MO theory for f-block compounds.29 Three-dimensional description of optimized 

structures was performed by program VESTA.30 

     Ten Eu and ten Np complexes were employed as the benchmark sets (Table 1). Typical 

trivalent Eu complexes,32,33 which were 2,2’-bipyridine (bipy), 1,10-phenanthroline (phen) and 

β-diketonato complexes [EuIIIL3(H2O)2] (L = acetylacetonato (acac), 

1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionato (pta) ), and organo-europium complexes4,31 

were included in Eu benchmark complexes. Typical isomer shifts of trivalent Eu complexes are ca. 

0.3 mm s–1, while organo-Eu complexes have more negative shifts of 0.06 and –1.77 mm s–1 for 

[EuIIICpCl2(THF)3] and [EuIIICp3(THF)], respectively. Since small δEu values are attributed to the 

increase of electron density at nucleus from the fact that divalent Eu complexes have –12 ~ –13 mm 

s–1 isomer shifts, it has been suggested that those organo-Eu(III) complexes have the larger electron 

density by the electron donation from the ligands than nitrito, acetato and β-ketonato complexes. In 

the Np system, only organometallic complexes were considered as benchmark complexes including 

[NpIII / IV(COT)]– / 0 (COT2– = cyclooctatetraenyl) complexes43 and several [NpIVCp3X] 

complexes.5,44 All calculation models were referenced to the isostructural complexes or the properly 

modified structures to X-ray coordinates. 

 

3.  Results and discussion 

3.1. Equilibrium structures 

Spin septet and octet states were obtained as the most stable electronic ground state to other 

spin states for trivalent and divalent Eu complexes, respectively. Obtained structures were confirmed 

as the local minima by the vibrational frequencies analysis. Three-dimensional descriptions of 

equilibrium structures of Eu complexes were shown in Figure 1. All optimized geometries for Eu 

complexes were obtained as similar structures to the experiments. The key bond lengths of selected 

complexes were compared with the X-ray structures in Table 2. When the structure of Eu complex 

was not reported, the structure of Sm or Gd was used. Since the differences in the ionic radii among 

Sm3+, Eu3+ and Gd3+ for six-coordinate systems are small (ca. ±0.01 Å), these results indicated that 

the calculated bond lengths were slightly overestimated by ~ 0.1 Å compared with the experimental 

data. 

In Np system, we obtained that the electronic ground states for quadrivalent and trivalent Np 

complexes were spin quartet and quintet states, respectively. All equilibrium geometries of Np 

complexes were shown in Figure 2. The key bond lengths of Np benchmark complexes were 

summarized in Table 3. When the structure of Np complex was not reported, the structure of Ce or U 

was used. As with the Eu complexes, BP86 / SARC geometrical calculation overestimated slightly 
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the metal-ligand distances compared with the X-ray structures, but this method could enable us to 

predict the valid equilibrium structures for both Eu and Np complexes. 

 

3.2. Benchmark studies between Mössbauer isomer shifts (δ
exp

) and calculated electron 

densities at nucleus (ρ0
calc

) 

Benchmark results of 151Eu isomer shifts using several functionals were shown in Figure 3 and 

Table 4. In any methods, the slope by the linear fitting between experimental δEu and calculated ρ0 

was a positive value. These results were consistent with the experimental fact that the (∆R / R) value 

in Eq. 1 determining the sign of the correlation between δ and ρ0 was the positive value (+5 ×10–4).52 

The results of the correlation coefficients and the root mean square deviations (RMSD) revealed that 

the reproducibility of 151Eu isomer shifts increased in the order of BP86, B3LYP and B2PLYP 

corresponding to pure, hybrid and double hybrid functionals, respectively. In particular, B2PLYP 

method including the hybrid HF&DFT exchange and the hybrid MP2&DFT correlation energies 

gave us the excellent agreement with the experimental results with high correlation coefficient and 

low RMSD values compared with BP86 and B3LYP methods. The main reason for the inconsistency 

of BP86 and B3LYP methods was the underestimation of the electron densities at nucleus in 

organo-europium complexes. For example, the calculated isomer shifts of EuIIICp3(THF) complex 

by the fitting parameters a and b were –4.77, –4.71 and –1.36 mm s–1 for BP86, B3LYP and B2PLYP 

functional, respectively, while its experiment isomer shift was –1.77 mm s–1. Since the estimation of 

the bonding interaction between Eu atom and ligands should mainly attribute to the exchange 

interaction among electrons, it might be suggested that the mixing parameter of the HF exchange 

energy in B2PLYP (53 %) was appropriate to calculate the accurate description of the bonding nature 

in Eu complexes compared with those of BP86 (0 %) and B3LYP (20 %). We also have investigated 

the performance of other functionals to the smaller benchmark set (Table S1-2, Figure S1). As 

expected, we obtained that that the hybrid functionals with HF exchange closer to 50% without MP2 

correction give the almost same correlation with experiment compared to B2PLYP functional. 

Calculated ρ0 and δNp values of Np complexes were summarized in Table 5. All methods 

reproduced the negative ∆R / R value observed experimentally (–1.1 × 10–4).53 The results of 

correlation coefficient and RMSD values suggested that the B2PLYP / SARC method was the most 

suitable for the 237Np isomer shift calculation as observed in 151Eu system. This result revealed that 

the B2PLYP functional was the universal method to reproduce the bonding nature in both lanthanide 

and actinide complexes. Neese et al.
11 and Firatov et al.

19 also reported that B2PLYP functional was 

better choice for 57Fe benchmark study. As mentioned above, these results imply that the 

Hartree-Fock exchange admixture of 53 % in B2PLYP functional was important for the quantitative 

description of the covalent interaction in Np complexes. However, the calculated δNp value of NpCp4 

(14.7 mm s–1) was deviated largely from the experiment (7.2 mm s–1), although its deviation was 
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smaller than that of BP86 or B3LYP. The plot between experimental δNp and calculated ρ0 was 

shown in Figure 4. The relative ρ0
calc values to the experiment isomer shifts except NpCp4 hardly 

depended on the methods employed, while only ρ0 value for NpCp4 increased in the order of BP86, 

B3LYP and B2PLYP functional. This result also suggested that the inconsistency at BP86 or B3LYP 

originated from the overestimation of their covalent interactions because the larger were the isomer 

shifts, the higher was the covalency in 237Np system. 

 

3.3. Mulliken’s population analyses 

In the above discussion, we showed the calculation validity to the electronic state in the 

vicinity of Eu and Np nuclei for their complexes. Here, we focused on the Mulliken’s atomic charge 

and spin population analyses implemented in general DFT calculation packages to estimate the 

atomic electronic state in Eu and Np complexes. Atomic charges and spin populations in Eu and Np 

atoms were shown in Figures 5 and 6, respectively. Compared among the calculated values, BP86 

and B3LYP results were smaller for atomic charges and larger for spin populations than B2PLYP 

results. Since B2PLYP functional can reproduce the experimental isomer shifts more than BP86 and 

B3LYP functionals, we suggested that the electronic structure analyses by BP86 and B3LYP 

methods overestimated the electronic interaction between metal atom and ligands. When focusing on 

the correlation between atomic charges or spin populations and experimental isomer shifts, atomic 

charges did not correlate with δexp values. However, spin population values showed the negative 

correlation with δexp of Eu system and the positive correlation with δexp of Np system corresponding 

to the reversal of (∆R / R) sign between 151Eu and 237Np nuclei. Since spin population originated 

from α-spinor in almost the number of f electrons, the variation of spin population can be regarded 

as the contribution of f-electrons to the electronic interaction between metal and donor atoms. These 

results indicated that the valence electrons contributed to Mössbauer isomer shifts, which was 

consistent with the calculation result that the contribution of valence electrons to ρ0 correlated with 

experimental δ for 57Fe benchmark study.7 Similar results were obtained for Löwdin’s population 

analysis (Table S4) and natural population analysis (Table S5) calculated by program NBO 6.0
54, 

implying that spin population analysis was suitable for the estimation of the bonding interaction 

between metal atom and ligands in Ln/An complexes. 

 

4.  Conclusions 

     We first performed the benchmark investigation of 151Eu and 237Np Mössbauer isomer shifts 

by means of all-electron relativistic ZORA-DFT calculation for the sake of understanding 

quantitatively the bonding properties of f-element compounds. Applying the all-electron relativistic 

DFT to ten Eu and ten Np benchmark complexes, we obtained the plausible geometries to the 

reported X-ray structures by the geometry optimization at ZORA-BP86 / SARC level. Benchmark 
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studies between the calculated electron density at nucleus position and the experimental Mössbauer 

isomer shifts revealed the extremely high performance of B2PLYP method, while that BP86 and 

B3LYP tended to overestimate the covalent interaction between metal and ligands. These results 

suggested that B2PLYP functional was one of the candidate to illustrate quantitatively the electron 

correlation in both lanthanide and actinide complexes corresponding to the covalent interaction 

between metal and ligands. We also showed that the Mulliken’s spin population was the suitable 

parameter as the simple indicator to estimate the degree of the bonding interaction for f-element 

compounds. It is expected that the present work shines the brilliant light to f-element chemistry. 

Supplementary Information 

     Cartesian coordinates of all calculated geometries, calculated ρ0  values of various 

functionals for smaller Eu and Np benchmark set and numerical data for Mulliken’s and Löwdin’s 

population analyses. 
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Figure 1  Equilibrium structures of Eu benchmark complexes, in which hydrogen atoms were 

omitted for simplicity. Purple, green, yellow, blue, red, light-blue and brown spheres represent Eu, 

Cl, S, F, O, N and C, respectively. 

  

         

        [EuIICp*2(THF)]              [EuIICp*2]           [EuIIICp3(THF)] 

     

        [EuIIICpCl2(THF)3]           [EuIII(pta)3(H2O)]       [EuIII(acac)3(H2O)2] 

     

        [EuIII(NO3)3(phen)2]         [EuIIICl3(phen)2]          [EuIII(NCS)3(bipy)3] 
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Figure 2  Equilibrium structures of Np benchmark complexes, in which hydrogen atoms were 

omitted for simplicity. Black, green, red and brown spheres represent Np, Cl, O and C, respectively. 

 

 

            

                    [NpIII(COT)2]
-              [NpIV(COT)2] 

         

            [NpIVCp3Cl]         [NpIVCp3(OtBu)]            [NpIVCp4] 

         

      [NpIVCp3(p-CH3C6H4CH2)]       [NpIVCp3(nBu)]     [NpIV(MeCp)Cl3(THF)2] 
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Figure 3  151Eu Mössbauer benchmark results between δEu
exp and ρ0

calc by each method. 

(a) BP86 

 

(b) B3LYP 

 

(c) B2PLYP 
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Figure 4  237Np Mössbauer benchmark results between δEu
exp and ρ0

calc by each method. 

 

(a) BP86 

 

(b) B3LYP 

 

(c) B2PLYP 
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Figure 5  Comparison of Mulliken’s atomic charge with δexp. 

 

 

Figure 6  Comparison of Mulliken’s spin population with δexp. 

 

  

      (a) Eu complexes                             (b) Np complexes 

         

      (a) Eu complexes                             (b) Np complexes 
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Table 1  Experimental isomer shifts of Eu and Np complexes employed for benchmark study 

    (a) Eu benchmark complexes 

Eu complexes 
δEu

exp 

/ mm s–1 a 

Temperature 

/ K 
Ref.b Ref.c 

[EuIICp*2(THF)] –12.8(1) 4.2 31 34 

[EuIICp*2] –12.7(1) 4.2 31 35 

[EuIIICp3(THF)] –1.77(5) 4.2 4 36 

[EuIIICpCl2(THF)3] 0.06(5) 4.2 4 37 

[EuIIICp(NCS)2(THF)3]  0.14(5) 4.2 4 37d 

[EuIII(pta)3(H2O)2] 0.42(4) 4.2 32 38 

[EuIII(acac)3(H2O)2] 0.36(4) 4.2 32 39 

[EuIII(NO3)3(phen)2] 0.41(2) 77 33 40 

[EuIIICl3(phen)2] 0.57(2) 77 33 41 

[EuIII(NCS)3(bipy)3] 0.72(2) 77 33 42 

 

    (b) Np benchmark complexes 

Np complexes 
δNp

exp 

/ mm s–1 e 

Temperature 

/ K 
Ref.b Ref.c 

[NpIII(COT)2]
– 39.2(5) 4.2 43 45 

[NpIV(COT)2] 19.4(5) 4.2 43 46 

[NpIVCp3Cl] 14(10) 4.2 44 47 

[NpIVCp3{OCH(CH3)2}] 8.6(20) 4.2 5 48f 

[NpIVCp3{OC(CH3)3}] 8.6(30) 4.2 5 48f 

[NpIVCp3{OCH(CF3)2}] 7.9(20) 4.2 5 48f 

[NpIVCp4] 7.2(2) 4.2 44 49 

[NpIVCp3(p-CH3C6H4CH2)] 4.2(28) 4.2 5 50 

[NpIVCp3(n-C4H9)] 2.7(7) 4.2 5 50 

[NpIV(MeCp)Cl3(THF)2] –3.1(7) 4.2 5 51 

Parentheses values show the experimental errors. 
a Relative values to EuF3 
b Refs. for isomer shifts 
c Refs. for X-ray structures 
d Substituted Cl of [EuIIICpCl2(THF)3] with NCS 
e Relative values to NpAl2 
f Substituted OPh of [NpIVCp3(OPh)] with OR (R = CH(CH3)2, C(CH3)3 and CH(CF3)2) 
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Table 2  Comparison of bond lengths between calculated and experimental structures for Eu 

benchmark complexes 

Complexes M-L r
calc / Å r

exp / Å 

[MIICp*2] M-Cave(Cp*) M = Eu 2.74(1) M = Eu 2.79a 

[MIIICp3(THF)] M-Cave(Cp) M = Eu 2.81(2) M = Sm 2.73b 

 M-O(THF)  2.63  2.52b 

[MIIICpCl2(THF)3] M-Cave(Cp) M = Eu 2.80(0.8) M = Eu 2.71c 

 M-Clave  2.68(0.5)  2.67c 

 M-Oave(THF)  2.55(2)  2.45c 

[MIII(pta)3(H2O)2] M-Oave(pta) M = Eu 2.39(5) M = Gd 2.39d 

 M-Oave(H2O)  2.54(2)  2.45d 

[MIII(acac)3(H2O)2] M-Oave(acac) M = Eu 2.40(4) M = Eu 2.43e 

 
M-Oave(H2O)  2.57(2)  2.56e 

[MIIICl3(phen)2] M-Clave M = Eu 2.65(0.4) M = Eu 2.63f 

 M-Nave(phen)  2.67(0.6)  2.61f 

Parentheses values show the standard errors to average lengths. 
a Ref. 35 
b Ref. 36 
c Ref. 40 
d Ref. 38 
e Ref. 39 
f Ref. 41 
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Table 3  Comparison of bond lengths between calculated and experimental structures for Np 

benchmark complexes 

Complexes M-L r(M-L)calc / Å r(M-L)exp / Å 

[MIII(COT)2]
– M-Cave(COT) M = Np 2.72(0.2) M = Ce 2.71a 

[MIV(COT)2] M-Cave(COT) M = Np 2.68(0.7) M = Np 2.63b 

[MIVCp3Cl] M-Cave(Cp) M = Np 2.76(1) M = U 2.74c 

 M-Cl  2.60  2.56c 

[MIVCp4] M-Cave(Cp) M = Np 2.85(2) M = U 2.81d 

[MIVCp3(p-CH3C6H4CH2)] M-Cave(Cp) M = Np 2.76(2) M = U 2.71e 

 M-C(p-xylyl)  2.48  2.54e 

[MIVCp3(n-C4H9)] M-Cave(Cp) M = Np 2.77(1) M = U 2.73e 

 
M-C(nBu)  2.44  2.43e 

[MIV(MeCp)Cl3(THF)2] M-Cave(Cp) M = Np 2.73(1) M = U 2.72f 

 M-Clave  2.61(2)  2.62f 

 M-Oave(THF)  2.56(2)  2.45f 

Parentheses values show the standard errors to average lengths. 
a Ref. 45 
b Ref. 46 
c Ref. 47 
d Ref. 49 
e Ref. 50 
f Ref. 51 
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Table 4  Calculated electron densities at nucleus and isomer shifts and fit parameters (a, b) 

according to Eq. 2 for the Eu benchmark set 

Eu complexes  δ
exp

 / mm s
–1

 

BP86 B3LYP B2PLYP 

ρ
0

calc
 / a.u.

–3

 δ
calc

 / mm s
–1

 ρ
0

calc
 / a.u.

–3

 δ
calc

 / mm s
–1

 ρ
0

calc
 / a.u.

–3

 δ
calc

 / mm s
–1

 

[EuIICp*2(THF)] –12.8(1) 462666.187  –11.35  462413.440  –11.76  462313.262  –12.74  

[EuIICp*2] –12.7(1) 462665.761  –11.67  462413.186  –11.89  462313.149  –12.79  

[EuIIICp3(THF)] –1.77(5) 462674.919  –4.77  462426.701  –4.71  462338.763  –1.36  

[EuIIICpCl2(THF)3] 0.06(5) 462679.088  –1.63  462432.949  –1.40  462341.734  –0.04  

[EuIIICp(NCS)2(THF)3] 0.14(5) 462679.142  –1.59  462433.858  –0.91  462341.774  –0.02  

[EuIII(pta)3(H2O)2] 0.42(4) 462683.579  1.76  462438.165  1.37  462342.784  0.43  

[EuIII(acac)3(H2O)2] 0.36(4) 462683.225  1.49  462438.041  1.31  462342.645  0.37  

[EuIII(NO3)3(phen)2] 0.41(2) 462682.619  1.03  462437.676  1.11  462342.545  0.32  

[EuIIICl3(phen)2] 0.57(2) 462684.269  2.28  462438.652  1.63  462343.695  0.84  

[EuIII(NCS)3(bipy)3] 0.72(2) 462681.071  –0.13  462436.826  0.66  462342.724  0.40  

a / mm s
–1

 a.u.
3

 0.754  0.531  0.446  

b / a.u.
–3

 462681.249  462435.581  462341.818  

RMSD / mm s
–1

 1.584  1.307  0.198  

Correlation coefficient (r) 0.952  0.968  0.999  
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Table 5  Calculated electron densities at nucleus and isomer shifts and fit parameters (a, b) 

according to Eq. 2 for the Np benchmark set 

Np complexes 
δNp

exp 

/ mm s–1 

BP86 B3LYP B2PLYP 

ρ0
calc 

/ a.u.–3 

δNp
calc 

/ mm s–1 

ρ0
calc 

/ a.u.–3 

δNp
calc 

/ mm s–1 

ρ0
calc 

/ a.u.–3 

δNp
calc 

/ mm s–1 

[NpIII(COT)2]
– 39.2(5) 13197253.055  33.40  13187769.138  35.30  13180491.943  37.07  

[NpIV(COT)2] 19.4(5) 13197306.306  17.79  13187842.138  18.07  13180572.760  21.35  

[NpIVCp3Cl] 14(10) 13197339.616  8.03  13187882.414  8.56  13180644.139  7.46  

[NpIVCp3{OCH(CH3)2}] 8.6(20) 13197343.619  6.85  13187886.648  7.56  13180647.797  6.75  

[NpIVCp3{OC(CH3)3}] 8.6(30) 13197343.288  6.95  13187903.265  3.64  13180647.573  6.79  

[NpIVCp3{OCH(CF3)2}] 7.9(20) 13197339.563  8.04  13187882.140  8.62  13180643.344  7.61  

[NpIVCp4] 7.2(2) 13197296.747  20.59  13187839.345  18.73  13180606.834  14.72  

[NpIVCp3(p-CH3C6H4CH2)] 4.2(28) 13197344.031  6.73  13187894.290  5.76  13180660.313  4.31  

[NpIVCp3(n-C4H9)] 2.7(7) 13197358.411  2.52  13187903.265  3.64  13180664.857  3.43  

[NpIV(MeCp)Cl3(THF)2] –3.1(7) 13197374.832  –2.30  13187924.087  –1.28  13180686.967  –0.88  

a / mm s–1 a.u.3 –0.293  –0.236  –0.195  

b / a.u.–3
 13197366.992 13187918.672 13180682.464 

Root mean square error / mm s–1 5.166 4.633 3.484 

Correlation coefficient (r) –0.884  –0.908  –0.949  
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Benchmark study of Mössbauer isomer shifts of Eu and Np complexes by 

relativistic DFT calculation for the understanding of bonding nature of f-block 

compounds 

 

Masashi Kaneko,
a
 Sunao Miyashita,

a
 and Satoru Nakashima*

b 

 

Ten Eu and ten Np benchmark complexes were calculated by relativistic all-electron DFT including 

scalar-relativistic ZORA Hamiltonian and spin-orbit coupling. B2PLYP functional gave a good 

correlation with Mössbauer experiment for both Eu and Np systems. 

 

Graphical Abstract 
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