
Japan Atomic Energy Agency 

 
 
 
 

日本原子力研究開発機構機関リポジトリ 
Japan Atomic Energy Agency Institutional Repository 

 

Title 
Correlation between Am(III)/Eu(III) selectivity and covalency in 
metal-chalcogen bonds using density functional calculations 

Author(s) Kaneko Masashi, Watanabe Masayuki 

Citation 
Journal of Radioanalytical and Nuclear Chemistry, 
316(3),p.1129-1137 

Text Version Accepted Manuscript 
URL https://jopss.jaea.go.jp/search/servlet/search?5058955 
DOI https://doi.org/10.1007/s10967-017-5683-2 

Right 

This is a post-peer-review, pre-copyedit version of an article 
published in Journal of Radioanalytical and Nuclear Chemistry. 
The final authenticated version is available online at:  
https://doi.org/10.1007/s10967-017-5683-2 

 
 
 

https://jopss.jaea.go.jp/search/servlet/search?5058955
https://doi.org/10.1007/s10967-017-5683-2
https://doi.org/10.1007/s10967-017-5683-2


Journal of Radioanalytical and Nuclear Chemistry 

 1 

Correlation between Am(III)/Eu(III) selectivity and 1 

covalency in metal-chalcogen bonds using density 2 

functional calculations 3 

Masashi Kaneko*, Masayuki Watanabe 4 

Nuclear Science and Engineering Center, Japan Atomic Energy Agency, 2-4, Shirakata, 5 

Tokaimura, Ibaraki, 319-1195, Japan 6 

Abstract 7 

We applied density functional theory calculations to Am(III) and Eu(III) complexes with 8 

chalcogen-donor ligands of the formula N(EPMe2)2
– (E = O, S, Se, Te). We calculated 9 

the equilibrium structures and relative stabilities of the complexes in the complexation 10 

reaction. The results indicated that the tendency of the relative stability is O << S ~ Se ~ 11 

Te, which is consistent with the trend of soft acid classification. Molecular orbital overlap 12 

population analysis suggested that this tendency can be correlated with the bonding type 13 

in the covalent interaction between the f-orbitals of the metal atom and the chalcogen-14 

donor atoms. 15 

Keywords 16 

partitioning and transmutation, minor-actinides separation, f-block chemistry, density 17 

functional calculation, chemical bonding, hard and soft acids and bases 18 

Introduction 19 

Minor-actinides (MA = Np, Am, Cm), which have extremely long half-lives and high 20 

radiotoxicity, are presented in high-level radioactive liquid waste generated during the 21 
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reprocessing of spent nuclear fuels. The selective separation of MA from lanthanides 22 

(Ln) is required to carry out one rational disposal method, in which MA are separated 23 

from high-level radioactive waste followed by the transmutation of MA (i.e., the 24 

partitioning and transmutation strategy), because Ln have a high reaction cross-section to 25 

neutrons and inhibit the transmutation of MA [1]. However, the similarity of the chemical 26 

properties (e.g., stability, chemical reactivity, and coordination geometry) between 27 

trivalent MA(III) (Am(III), Cm(III)) and Ln(III) ions hinders the selective separation of 28 

MA(III) ions from Ln(III) ions [2]. 29 

Solvent extraction has been employed as a powerful tool to separate MA(III) ions from 30 

Ln(III) ions, which has demonstrated the dependence of the selectivity on the donor 31 

atoms of the extraction reagents. For example, O-donor reagent such as dialkylphosphinic 32 

acids (HO2PR2) selectively separate Ln(III) ions over MA(III) ions, whereas S-donor 33 

reagents such as dialkyldithiophosphinic acids (HS2PR2) selectively separate MA(III) 34 

ions over Ln(III) ions [3]. The tendency of this selectivity can be explained by reference 35 

to the hard and soft acids and bases (HSAB) rule [4]. When comparing the stabilities of 36 

complexes with chalcogen-donor ligands, hard metal ions form more stable complexes 37 

with O-donor ligands than S, Se, and Te-donor ligands, whereas soft metal ions form 38 

more stable complexes with S, Se, and Te-donor ligands than O-donor ligands [4]. If it is 39 

assumed that Ln(III) ions are harder than MA(III) ions or MA(III) ions are softer than 40 

Ln(III) ions, we can understand the difference in MA(III)/Ln(III) selectivity between O-41 

donor and S-donor reagents. This assumption is based on computational results using 42 

relativistic quantum chemical calculations on MA(III) and Ln(III) ions, which concluded 43 

that the radial distribution of valence d- and f-orbital electrons in MA(III) ions is larger 44 

than that in Ln(III) ions [5]. This should cause MA(III) ions to exhibit soft character 45 

owing to the stronger covalent interactions between MA(III) ions and ligands. It is, 46 

however, still unclear whether the valence orbitals of MA(III) ions participate in 47 

coordination bonds in the formation of complexes. 48 

Density functional theory (DFT) has been employed as a powerful tool to understand the 49 

chemical bonding, stability, and reactivity of f-block complexes [6-9]. Recently, it has 50 

been used to study the separation of Am(III) ions from Eu(III) ions using HO2PR2 and 51 



Journal of Radioanalytical and Nuclear Chemistry 

 3 

HS2PR2 ligands as S-donor and O-donor extraction reagents, respectively [10, 11]. Our 52 

previous work has indicated that DFT method using double hybrid exchange-correlation 53 

functional, B2PLYP, reproduced the Am(III)/Eu(III) selectivity of S-donor and O-donor 54 

reagents by comparing their relative stability in the complexation reaction [12]. We also 55 

suggested that the contribution of valence f-orbital electrons in Am(III) ions to 56 

coordination bonds, rather than the contribution of the d-orbitals, is critical to the relative 57 

stability in Am(III) complexes in comparison with Eu(III) complexes, which leads to a 58 

difference in Am(III)/Eu(III) selectivity between S- and O-donor reagents [13]. However, 59 

it has not yet been decided whether the selectivity is entirely due to the contribution of f-60 

orbitals, which is because differences in coordination geometry and symmetry between 61 

the S-donor complex, [M(S2PR2)3] (Figure 1a), in which three equivalents of the 62 

monomeric HS2PR2 ligand coordinate to one metal ion, and the O-donor complex, 63 

[M{(O2PR2)2H}3] (Figure 1b), in which three equivalents of dimeric HO2PR2 coordinate 64 

to one metal ion, may contribute to the occurrence of selectivity. 65 

In this paper, we focus on the Am(III)/Eu(III) selectivity of chalcogen-donor reagents 66 

that form complexes with the same coordination mode. The 67 

bis(chalcogenophosphinyl)imine ligands HN(EPR2)2 (E = O, S, Se, and Te) can bond to 68 

trivalent f-block metal ions with the same coordination symmetry irrespective of 69 

differences of the chalcogen-donor atom (Figure 1c), which enables us to investigate the 70 

systematic trends in the covalency of the metal-chalcogen bonds [14, 15]. The present 71 

study aimed to correlate the Am(III)/Eu(III) selectivity with the bonding contribution of 72 

the valence orbitals of the metal ions to their covalent interaction with the chalcogen-73 

donor atoms. We modeled the complexes of Eu(III) and Am(III) ions with HN(EPR2)2 74 

ligands with reference to analogous crystal structures [14, 15] and predicted the 75 

Am(III)/Eu(III) selectivity of the chalcogen-donor ligands using a previously reported 76 

procedure [12]. Finally, we discuss the correlation of the selectivity with the covalency of 77 

the metal-chalcogen bonds by electron population analyses of the valence orbitals of the 78 

metal ions in their complexes. We expect that this study will provide guidelines for the 79 

design of novel extraction reagents for the separation of MA(III) ions from Ln(III) ions 80 

because there have thus far been no relevant investigations, which mention that the 81 
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separation of MA(III) ions might be improved by strengthening the chemical bonding 82 

between the metal ions and the extraction reagents. 83 

Computational details 84 

Model complexes of the formula [M{N(EPMe2)2}3] (M = Eu, Am; E = O, S, Se, Te), 85 

were created with reference to single crystal X-ray structures, namely, [Eu{N(OPPh2)2}3] 86 

[15], [La{N(SPiPr2)2}3] [14], [La{N(SePiPr2)2}3] [14], [Ce{N(TePiPr2)2}3] [14]. Starting 87 

coordinates for geometry optimization calculations were set by replacing the phenyl or 88 

isopropyl groups of the phosphine moieties by methyl groups. We note that in general 89 

Am(III) complexes have the same crystal system and similar coordination geometries to 90 

Ln(III) complexes, as reported in several papers [16-18]. In this paper, we focus on the 91 

structure, stability, and bonding properties of only the Δ conformer of the 92 

[M{N(EPMe2)2}3] complex, because our previous studies indicated that differences 93 

between conformers have only minor effects on the equilibrium structure and relative 94 

stability in complexation reactions [13, 19]. The model of the complexation reaction is 95 

described by Eq. 1 and the difference in Gibbs energy (ΔG) in the reactions was 96 

estimated by Eq. 2: 97 

[M(H2O)9]
3+ + 3 N(EPMe2)2

– → [M{N(EPMe2)2}3] + 9 H2O   (1) 98 

ΔG = [G([M{N(EPMe2)2}3]) + 9 G(H2O)] – [G([M(H2O)9]
3+) + 3 G(NEPMe2

–)] (2) 99 

The Gibbs energy (G) can be divided into the total energy (Etot) and a thermal correction 100 

term for Gibbs free energy (Gcorr), which were obtained by single-point energy 101 

calculations and calculations on normal frequency modes, respectively (Eq. 3). The Gcorr 102 

term includes a thermal correction for an enthalpy term (Hcorr), an entropy term (S), and 103 

the temperature (T), as shown in Eq. 4. The Hcorr term is defined as the sum of the 104 

vibrational energy (Evib), rotational energy (Erot), translational energy (Etrans), and kBT, 105 

where kB denotes the Boltzmann constant (Eq. 5). The S term is defined as the sum of the 106 

spin entropy (Sspin), vibrational entropy (Svib), rotational entropy (Srot), and translational 107 

entropy (Strans), as shown in Eq. 6: 108 
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G = Etot + Gcorr          (3) 109 

Gcorr = Hcorr – TS         (4) 110 

Hcorr = Evib + Erot + Etrans + kBT       (5) 111 

S = Sspin + Svib + Srot + Strans        (6) 112 

The Erot and Srot terms were calculated under the rigid-rotator approximation with the 113 

assumption that the symmetric number for all the metal complexes is 3. The Evib and Svib 114 

terms were calculated under the quasi-harmonic approximation, which is the same as the 115 

usual harmonic oscillator approximation, except that vibrational frequencies less than 60 116 

cm–1 were increased to 60 cm–1 to correct for the well-known beakdown of the harmonic 117 

oscillator model for the free energies of low-frequency vibrational modes [20, 21]. 118 

All DFT calculations were performed using ORCA ver. 3.0 package [22]. A zeroth-order 119 

regular approximation (ZORA) Hamiltonian compensated by perturbative spin-orbit 120 

coupling effects was employed to consider all-electron scalar relativistic effects [23, 24]. 121 

Geometry optimization and single-point energy calculations were performed using the 122 

BP86 functional [25, 26] in the gas phase and the B2PLYP functional [27] in the aqueous 123 

phase, respectively, of which the performance was confirmed in our previous works [28]. 124 

In both sets of calculations, segmented all-electron relativistically contracted (SARC) 125 

basis sets, which were optimized for ZORA calculation, were assigned to all atoms [29-126 

31]. The SVP for geometry optimization and the TZVP for single-point energy 127 

calculations were assigned to non-metal atoms. The spin multiplet of the electronic 128 

ground state for the Eu(III) and Am(III) complexes was set to the spin septet state. The 129 

unrestricted Kohn-Sham method was employed for open-shell systems. The solvation 130 

effect of water was considered using a conductor-like screening model (COSMO) method 131 

for single-point energy calculations, in which the COSMO radii for Eu(III) and Am(III) 132 

ions were set to 1.99 and 1.90 Å, respectively [32, 33]. Resolution of the identity 133 

approximations employed the Split-RI-J method [34] for pure DFT calculations and the 134 

RIJCOSX method [35] for hybrid DFT calculations in order to reduce the computing cost 135 

for two-electron integral terms in self-consistent field (SCF) calculations. The 136 
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convergence threshold and grid resolution for SCF iterations were set to the same 137 

conditions as in our previous work [12]. Three-dimensional descriptions of optimized 138 

structures and molecular orbitals (MOs) were visualized using the VESTA program [36]. 139 

Analyses of spin populations and MO overlap populations (MOOPs) using Mulliken’s 140 

methods [37, 38] were performed to discuss the properties of the bonding between the 141 

metal ion and the chalcogen-donor atoms in [M{N(EPMe2)2}3]. 142 

Results and discussions 143 

Geometry optimization 144 

All the equilibrium geometries of the metal complexes were obtained as local minimum 145 

structures, which were confirmed by calculations of vibrational frequency modes. Table 1 146 

shows the metal-chalcogen distances for [M{N(EPMe2)2}3]. The average Am-E bond 147 

lengths were shorter than the average Eu-E bond lengths except for [M{N(OPMe2)2}3]. 148 

This tendency, as well as the absolute values of the M-E distances, is consistent with 149 

previously reported results of calculations for [M{N(EPH2)2}3] (M = Eu, Am; E = O, S, 150 

Se, Te) [39], as shown in Table 1. These calculated values could reproduce experimental 151 

bond lengths determined for analogous complexes that possess La(III) or Pu(III) as the 152 

central metal. This indicates that the replacement of -PiPr2 or -PPh2 groups by -PMe2 or -153 

PH2 groups in the N(EPR2)2 ligand has only a minor effect on predictions of the 154 

equilibrium structures of the complexes by geometry optimization. We also found that 155 

the nature of the bonding is essentially ionic, because the bond lengths almost correspond 156 

to the sum of the Shannon’s effective ionic radii (rion) of M3+ and E2– [40], as shown in 157 

Table 1. The coordination geometries of [M{N(EPMe2)2}3] are compared in Figure 2 and 158 

are shown to belong to the pseudo-D3 point group, in which a C3 rotational axis extends 159 

perpendicular to the plane that includes the three nitrogen atoms through the central metal 160 

atom and three sets of C’2 axes intersect the lines that join the central metal atom and the 161 

nitrogen atoms, independently of the metal atom or chalcogen atoms. The averaged E-M-162 

E bond angles were 82.7(2)°/81.7(1)°, 87.9(14)°/87.6(1)°, 90.2(12)°/89.4(5)°, and 163 

92.7(12)°/91.6(1)° for E = O, S, Se, and Te, respectively (M=Eu/M=Am), which are 164 
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consistent between the Eu and Am complexes within the standard deviations of the 165 

average values. These results indicate that the coordination sphere, symmetry, and 166 

geometry are uniformly comparable between the chalcogens in the case of the 167 

HN(EPR2)2 ligands. 168 

Complexation energy 169 

The ΔG values for the complexation reaction were estimated using Eqs. 2-5 and are 170 

summarized in Table 2. It was found that the ΔG values decreased in the order of E = O, 171 

S, Se, and Te for both Eu and Am systems. This tendency is consistent with the trend in 172 

the stability of complexes of chalcogen-donor ligands with hard acid ions and indicates 173 

that the stability of complexes of Eu(III) and Am(III) ions with chalcogen-donor ligands 174 

relative to that of the corresponding hydrated species follows the hard acid classification 175 

[4]. This tendency is dominated by variations in ΔEtot values, because ΔGcorr values are 176 

not so sensitive to the chalcogen-donor ligands. When comparing ΔEtot values between 177 

Eu and Am systems, the Eu complex is more stable than the Am complex in the case of 178 

the E = O system, whereas the Am complex is more stable than the Eu complex in the 179 

case of the E = S system. The reverse trends in stability for Eu(III) and Am(III) ions with 180 

O- and S-donor ligands are consistent with experimental and computational results for the 181 

Am/Eu selectivity of HO2PR2 and HS2PR2 ligands [3, 12, 13]. This indicates that the 182 

Am/Eu selectivity is strongly dependent on differences in not the coordination 183 

environment but the donor atoms, because the [M{N(EPMe2)2}3] complexes have the 184 

same coordination symmetry irrespective of the chalcogen-donor ligands. We also found 185 

that the selectivity for Am over Eu of the chalcogen-donor ligands follows the order O << 186 

S ≈ Se ≥ Te, although this selectivity has never been investigated experimentally. This 187 

tendency is consistent with the trend in the stability of complexes of chalcogen-donor 188 

ligands with soft acid ions and indicates that the relative stability of Am-chalcogen 189 

complexes with respect to the corresponding Am-H2O complexes, when compared with 190 

that of Eu-complexes, follows the soft acid classification [4]. These results suggest that 191 

Eu(III) and Am(III) ions display hard acid character with chalcogen-donor ligands, as it 192 

was observed in the Geometry optimization section that the nature of the bonding 193 
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between the metal ions and the chalcogen-donor atoms was ionic. This indicates that the 194 

soft acid character of Am(III) ions was revealed for the first time when the relative 195 

stabilities of the metal-chalcogen and hydrated complexes were compared between Eu 196 

and Am systems. 197 

Population analysis 198 

Table 3 shows the Mulliken atomic spin populations (ρspin) of the metal ion in the 199 

[M{N(EPMe2)2}3] complexes, which is a useful indicator of covalent interactions in 200 

metal complexes [28]. A comparison of the ρspin values between the Eu and Am 201 

complexes indicates that the ρspin value of an Am complex is larger than that of the 202 

corresponding Eu complex, except for the E = O complexes. This tendency is 203 

qualitatively correlated with the Am(III)/Eu(III) selectivity; in other words, S-, Se-, and 204 

Te-donor ligands selectively coordinate to Am(III) ions in comparison with Eu(III) ions, 205 

whereas O-donor ligands preferentially coordinate to Eu(III) ions in comparison with 206 

Am(III) ions. The d- and f-orbital electrons were found to make the dominant 207 

contribution to the ρspin value for all the complexes. Figures 3 and 4 show selected 208 

illustrations of the MOs of the complexes[M{N(EPMe2)2}3] (M = Eu, Am; E = O, S). On 209 

comparing the shapes of the MO surfaces, the MOs that include contributions from the 210 

valence d-orbitals of the metal atom have similar shapes and almost the same bonding 211 

overlaps between the metal atom and the donor atoms as bonding-type orbitals, as the 212 

orbitals overlap in coordinate phases independently of the metal atom and the chalcogen-213 

donor atoms (Figure 3). However the MOs that include contributions from the valence f-214 

orbitals of the metal atom have significantly different shapes and overlaps between the 215 

metal atom and the donor atoms (Figure 4). The f-type MOs exhibit either no or weak 216 

overlapping in the cases of the Eu complexes. On the other hand, the f-orbitals of Am 217 

atoms strongly overlap the orbitals of O-donor atoms in the form of antibonding-type 218 

orbitals, which overlap in opposite phases, but with S-donor atoms they form bonding-219 

type orbitals. 220 
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In order to investigate the type of bonding between the metal atom and the donor atoms, 221 

we performed MOOP analysis using our previous method [12, 13]. We show curves of 222 

the partial density of states (PDOS) of the metal atom together with the MOOP between 223 

the d-orbitals (Figure 5) or f-orbitals (Figure 6) of the metal atom and the chalcogen-224 

donor atoms for [M{N(EPMe2)2}3]. On comparing the MOOP curves for Eu and Am 225 

systems shown in Figure 5, the MOOP is distributed at almost the same orbital energies 226 

and also has the same positive values in all regions irrespective of the chalcogen-donor 227 

ligands. This indicates that the d-orbitals of the metal atom overlap the orbitals of the 228 

chalcogen-donor atoms in the form of bonding-type orbitals independently of the metal 229 

atoms or the chalcogen-donor atoms. On comparing the MOOP distributions shown in 230 

Figure 6, the distributions are significantly different between the Eu and Am systems. We 231 

focus on the MOOP distribution in the region in which PDOS is mainly distributed. In the 232 

case of the Eu complexes, the MOOP is not distributed in the region from –20 to –10 eV 233 

except for the E = O system, which has a positive distribution in this region. In the case 234 

of the Am complexes, the MOOP is distributed in the region from –15 to –5 eV with a 235 

positive sign except for the E = O system, which has a strong negative distribution in this 236 

region. These results indicate that the S, Se, and Te-donor atoms have bonding-type 237 

overlaps with the f-orbitals of Am atoms but do not overlap those of Eu atoms, whereas 238 

the O-donor atoms have antibonding-type overlaps with the f-orbitals of Am atoms but 239 

bonding-type overlaps with those of Eu atoms. This tendency in the MOOP between the 240 

f-orbitals of the metal atoms and the chalcogen-donor atoms is correlated with the 241 

Am(III)/Eu(III) selectivity of the chalcogen-donor ligands. The bonding-type interaction 242 

between the f-orbitals of Am atoms and the ligands in which E = S, Se, and Te leads to 243 

relatively high stability in Am complexes in comparison with Eu complexes. However 244 

the ligand in which E = O has bonding-type interactions with the f-orbitals of Eu atom 245 

and antibonding-type interactions with those of Am atoms, which leads to high selectivity 246 

for Eu(III) ions over Am(III) ions. Our conclusion that the bonding contribution of the f-247 

orbitals, but not the d-orbitals, of the metal atoms is correlated with the Am(III)/Eu(III) 248 

selectivity suggests that evidence of the hardness or softness of f-block metal ions can be 249 

based on the covalency of bonding in f-block complexes. This work is expected to 250 

contribute to systematic discussions of covalency in f-block metal atoms by incorporating 251 
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Pearson’s HSAB rule as well as the molecular design of novel extraction reagents for 252 

separating MA ions from Ln ions. 253 

Conclusions 254 

DFT calculations were applied to the Am(III)/Eu(III) selectivity of chalcogen-donor 255 

ligands using model complexes of the formula [M{N(EPMe2)2}3] that possess the same 256 

coordination geometry in order to extend the discussion of chemical bonding in f-block 257 

complexes. The equilibrium structures have the same symmetry irrespective of the metal 258 

atom or chalcogen-donor ligand. The Am(III)/Eu(III) selectivity based on the 259 

complexation reaction indicated that the ligands in which E = S, Se, and Te selectively 260 

coordinate to Am(III) ions, but the ligand in which E = O selectively coordinates to 261 

Eu(III) ions. Analysis of the MOOP between the metal atom and the chalcogen-donor 262 

atoms suggested that the ligand in which E = S, Se, and Te have bonding-type 263 

interactions with the f-orbitals of Am atoms, but the ligand in which E = O has 264 

antibonding-type interactions with the f-orbitals of Am atoms. This result indicated that 265 

the contribution of the f-orbitals of Am atoms to bonding with chalcogen-donor atoms is 266 

a source of Am(III)/Eu(III) selectivity. The tendency of Am(III)/Eu(III) selectivity is also 267 

consistent with the trend in the stability of complexes, which follows the soft acid 268 

classification by HSAB rule. We believe that the present work will lead to the 269 

development of quantitative discussions of covalency of in metals and ligands by 270 

incorporating the HSAB rule. Furthermore, an extension of this study to pnictogen-donor 271 

ligands is now under way. 272 
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Table 1 Metal-chalcogen distances of the complexes [M{N(EPR2)2}3] (Å) 374 

Complexes Calculated Experimental rion(M3+) + rion(E2–) 

[40] 
This work Ref. 39 

E=O M=Eu 2.321(11) 2.335 2.302 (M=Eu) 2.35 

M=Am 2.358(10) 2.358 - 2.38 

E=S M=Eu 2.849(8) 2.873 2.892 (M=La) 2.79 

M=Am 2.831(7) 2.835 2.819 (M=Pu) 2.82 

E=Se M=Eu 2.971(17) 2.985 3.019 (M=La) 2.93 

M=Am 2.952(3) 2.940 2.917 (M=Pu) 2.96 

E=Te M=Eu 3.176(19) 3.20 3.224 (M=La) 3.16 

M=Am 3.144(4) 3.13 3.123 (M=Pu) 3.19 

 375 

376 
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Table 2 Calculated energies in complexation reaction in Eq. 1 (kJ mol–1) 377 

Reaction ΔG(M) ΔG(Am) – ΔG(Eu) ΔEtot(Am) – ΔEtot(Eu) 

M=Eu M=Am 

E=O –508.2 –497.3 –10.8 –7.7 

E=S –266.8 –296.2 29.3 34.3 

E=Se –218.8 –249.3 30.5 34.6 

E=Te –199.2 –227.6 28.4 31.4 

 378 

379 
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Table 3 Mulliken spin population (ρspin) values of the complexes [M{N(EPMe2)2}3] 380 

(electrons) 381 

Complexes ρspin 

all s p d f 

E=O M=Eu 6.036 0.006 0.011 0.035 5.984 

M=Am 6.020 0.010 0.007 0.051 5.952 

E=S M=Eu 6.113 0.014 0.025 0.085 5.989 

M=Am 6.120 0.022 0.031 0.110 5.956 

E=Se M=Eu 6.135 0.017 0.028 0.099 5.990 

M=Am 6.154 0.027 0.038 0.132 5.957 

E=Te M=Eu 6.169 0.019 0.033 0.126 5.991 

M=Am 6.208 0.032 0.050 0.173 5.953 

 382 
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 384 

Fig. 1 Chemical structural formulas of chalcogen-donor ligands for (a) HO2PR2, (b) 385 

HS2PR2, and (c) HN(EPR2)2 and their complexes 386 

 387 
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 389 

Fig. 2 Three-dimensional descriptions of the complexes [M{N(EPMe2)2}3] (E = (a) O, 390 

(b) S, (c) Se, and (d) Te) in which black, red, yellow, green, deep green, purple, blue, and 391 

brown spheres show metal, oxygen, sulfur, selenium, tellurium, phosphorus, nitrogen, 392 

and carbon atoms, respectively, and hydrogen atoms are omitted for clarity 393 
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 396 

Fig. 3 Selected d-type MO surfaces of the complexes [M{N(EPMe2)2}3] (E = (a) O and 397 

(b) S) 398 

399 
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 400 

Fig. 4 Selected f-type MO surfaces of the complexes [M{N(EPMe2)2}3] (E = (a) O and 401 

(b) S) 402 
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 405 

Fig. 5 Curves of the partial density of states (PDOS) of the metal atom together with the 406 

MOOP between the d-orbitals of the metal atom and the chalcogen-donor atoms for 407 

[M{N(EPMe2)2}3] (M = (a) Eu and (b) Am), which were convoluted with a half-width 408 

value of 0.5 eV 409 

 410 
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 412 

Fig. 6 Curves of the partial density of states (PDOS) of the metal atom together with the 413 

MOOP between the f-orbitals of the metal atom and the chalcogen-donor atoms for 414 

[M{N(EPMe2)2}3] (M = (a) Eu and (b) Am), which were convoluted with a half-width 415 

value of 0.5 eV  416 

 417 


