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a b s t r a c t

The extraction of radioactive minor actinides (An(III)) from lanthanides (Ln(III)) is an extremely impor-

tant step in nuclear waste reprocessing. Designing ligands with high-performance actinide-selectivity re-

mains an essential task. Recent works have reported that some polyazole based ligands exhibit good

An(III)/Ln(III) separation performance. Herein, we first evaluated the effects of different polyazole side

chains on the Am(III)/Eu(III) selectivity by exploring three pyridine-derived polyazole ligands L1, L2 and L3

with 1,2,4-triazole, 1,2,3-triazole, and pyrazole side chains, respectively, using scalar relativistic theoretical

methods. The coordination structures, bonding properties and thermodynamic behaviors of AmL(NO3)3
and EuL(NO3)3 complexes were investigated, which clarifies that the side chains do affect the electronic

structure of ligand and its selectivity for Am(III)/Eu(III) ions. Moreover, L1 with 1,2,4-triazole side chains

exhibited the highest selectivity for Am(III) over Eu(III) while the lowest complexation ability for metal

ions among the three pyridine-derived polyazole ligands. Subsequently, we designed a new ligand L4 con-

taining 1,2,4-triazole side chains and a preorganized phenanthroline backbone. Theoretically, such a new

ligand was verified to show stronger complexation ability and higher selectivity for Am(III)/Eu(III) ions

than L1. This work clarifies the complexation nature of polyazole based ligands with Am(III)/Eu(III) ions

and provides design strategies for highly efficient polyazole based ligands for An(III)/Ln(III) separation.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nuclear power as a clean energy source is now a strategically

important option for many countries, which calls for the advanced

nuclear fuel cycle models to achieve efficient utilization of nuclear

fuel and reduce environmental hazards [1,2]. Although the major-

ity of plutonium and uranium in spent nuclear fuels can be ex-

tracted through the well-established plutonium uranium reduction

extraction process, its radioactive residue still contains long-term

radiotoxic minor actinides (MAs) [3]. The partitioning and trans-

mutation (P&T) strategy is widely accepted as an effective method

to convert MAs into shorter-lived or stable nuclides by neutron ir-

radiation [4]. The co-existing lanthanides, having large neutron ab-

sorption cross sections, can significantly reduce the efficiency of

the P&T and therefore need to be separated from the MAs [5]. The

trivalent actinide (An(III)) and lanthanide (Ln(III)) ions, however,

have similar physicochemical properties, making their separation

extremely challenging [6,7].

In general, solvent extraction is a popular f-element extrac-

tion method with scalability and robustness up to now [8–11].
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An(III) and Ln(III) ions are “hard” Lewis acids based on the Hard-

Soft Acid-Base theory (HSAB) [12], the former is slightly softer

than the latter. Many soft S- or N-donor ligands have been

studied for their selectivity for An(III)/Ln(III) ions through sol-

vent extraction [13–15]. According to the CHON principle [16],

N-donor ligands have received more attention, e.g., 2,6-bis(5,6-

dialkyl-1,2,4-triazin-3-yl)pyridines derivatives (BTPs, Scheme 1)

[17], and 2,9-bis(1,2,4-triazin-3-yl)-1,10-phenanthroline derivatives

(BTPhens) [18]. Bis-triazinyl ligands have achieved excellent ex-

traction ability, but there are some practical drawbacks, such

as poor chemical and radiological stability, slow extraction ki-

netics, and difficulty in synthesis, which still limit their wide

application [13]. In recent years, polyazole based ligands, espe-

cially those with 1,2,4-triazol [17,19], pyrazol [20–24], and 1,2,3-

triazol [25–31] side chains, have received a lot of attention ow-

ing to their relatively easy synthesis [13] and high extraction

kinetics [26]. Kolarik et al. reported that 2,6-bis(5–butyl–1,2,4-

triazol-3-yl)pyridine (DBTZP, Scheme 1) in the presence of 2-

bromohexanoic acid could extract Am(III) with Am(III)/Eu(III) sep-

aration factors (SFAm/Eu) up to 150 [17]. Bremer et al. synthe-

sized 2,6-bis(5-(2,2-dimethylpropyl)-1H-pyrazol-3-yl)pyridine (C5-

BPP, Scheme 1), which could achieve SFAm/Eu about 100 under
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Scheme 1. Structures of N-donor ligands.

Scheme 2. Structures of target pyridine-derived polyazole ligands.

1mol/L HNO3 with the existence of 2-bromohexanoic acid [20].

Ding’s group has done extensive works on the synthesis of pyra-

zol based ligands [21–23], in which 2,9-bis(5-alkyl-1H-pyrazol-3-

yl)-1,10-phenanthroline (BPPhen, Scheme 1) [23] exhibits SFAm/Eu

value of about 100. Kiefer et al. reported that the lipophilic 2,6-

bis(1-(ptolyl)-1H-1,2,3-triazol-4-yl)pyridine (BTTP, Scheme 1) ex-

hibits a high complexation selectivity with Cm(III) than Eu(III)

in CH3CN [25]. Subsequently, Macerata’s group synthesized hy-

drophilic pyridine-2,6-bis(1H-1,2,3-triazol-4-yl) (PyTri, Scheme 1)

with high extraction kinetics and chemical/radiolytic stability,

which has the SFEu/Am values of about 60–150 [26]. In addi-

tion, Ye’s group proposed a process for An(III)/Ln(III) extrac-

tion separation, with N,N,N’,N’-tetraoctyl diglycolamide (TODGA) as

the extractant, tri-n–butyl phosphate (TBP) as the phase modi-

fier and PyTri as hydrophilic stripping agent, the ‘hot test’ could

achieve 99.92% removal of Am(III) with SFEu/Am of 3.8×103 [31].

The first 1,10-phenanthroline-derived hydrophilic ligand 2,9-bis-

(1H-1,2,3-triazol-4-yl)1,10-phenanthroline was reported to exhibit

SFEu/Am ≈ 36–47 and SFCm/Am ≈ 2.5 [27]. Ossola’s group syn-

thesized five novel lipophilic derivatives of PyTri with different

alkyl groups [28], among which 2,6-bis(1-(2-ethylhexyl)-1H-1,2,3-

triazol-4-yl)pyridine (L2, Scheme 2) with ethylhexyl alkyl chain

showed the best solubility and separation performance. Despite

the great progress in the research of polyazole based ligands in

this area, the understanding of how polyazole side chains affect

separation performance is still very limited.

With the rapid development of actinide computational chem-

istry, theoretical calculations can provide reliable results to elu-

cidate the solvent extraction of An(III)/Ln(III) ions [32–35], which

further expand our understanding of the electronic structure,

bonding nature and spectra of the complex actinide systems [36–

39]. We have theoretically explored a series of studies on the

Am(III)/Eu(III) separation by N-donor and N,O-mixed donor lig-

ands [40–48] by considering the factors of hard-soft donor com-

bined strategy [40], the variations of the central heterocyclic moi-

eties [41], preorganization [42,43], and substitution effects [44,45].

In addition, we have also investigated the Am(III)/Eu(III) sepa-

ration by hydrophilic ligands [46,47]. Recent work [48] reported

the effect of different side chains containing imidazol, tetrazol,

and 1,2,4-triazol, which showed that the phenanthroline deriva-

tive with 1,2,4-triazole side chains has the best Am(III)/Eu(III) se-

lectivity. Experimentally, pyrazole, 1,2,3-triazol and 1,2,4-triazole

have better Am(III)/Eu(III) separation than imidazol and tetra-

zol [49]. To further explore the effect of pyrazole, 1,2,3-triazole

and 1,2,4-triazole side chains on the Am(III)/Eu(III) separation,

we attempts to design polyazole-based ligands based on above

works. Therefore, the Am(III)/Eu(III) selectivity of three simi-

lar pyridine-derived polyazole ligands, 2,6-bis(5-ethylhexyl-1,2,4-

triazol-3-yl)pyridine (L1), L2, and 2,6-bis(5-(2,2-ethylhexyl)-1H-

pyrazol-3-yl)pyridine (L3) (Scheme 2) were investigated with scalar

relativistic density functional theory (DFT). L1 and L3 have simi-

lar structures to C5-BPP and DBTZP (Scheme 1), while their alkyl

chains were replaced by ethylhexyl, the same as L2. We theo-

retically investigated the electronic structures of L1, L2, and L3,

and evaluated their Am(III)/Eu(III) selectivity. Based on the re-

sults of the complexation and selectivity ability for Am(III)/Eu(III)

ions of the three ligands, we designed a new ligand, 2,9-bis(5-

(2-ethylhexyl)-1H-1,2,4-triazol-3-yl)-1,10-phenanthroline (L4) with

1,2,4-triazole side chains and a preorganized phenanthroline back-

bone. We first elucidated the selectivity and binding nature of

three similar pyridine-derived polyazole ligands and then designed

new preorganized phenanthroline derivatives. This work helps to

understand how the polyazole side chains affect the Am(III)/Eu(III)

selectivity of ligands and provides design strategies for highly effi-

cient polyazole based ligands in the future.

The optimizations of all the structures were performed in the

gas phase with B3LYP functional [50], applying Gaussian 16 soft-

ware [51]. The scalar-relativistic effective core potentials (RECPs),

which replace 28 and 60 core electrons for Eu [52] and Am

[53] and the corresponding ECP28MWB-SEG [54] and ECP60MWB-

SEG [55,56] valence basis sets were used, respectively. The 6–

31G(d) basis set was used for the other atoms. Previous studies

suggest that the structure is not sensitive to solvation [57,58], so

the optimizations of the Am(III)/Eu(III) complexes were carried out

at the B3LYP/RECP/6–31G(d) level of theory in the gas phase. The

septet state is ground state for Am(III)/Eu(III) complexes and the

spin contamination is negligible based on the results reported in

previous works [40,45,59,60]. Spin-orbit coupling effects are not

included considering the precision and computational cost [40,61].

To improve the accuracy of the energies, we performed single-

point calculations for each species in solution using the B3LYP

function with the larger 6-311G(d,p) basis set. The conductor-

like polarizable continuum model (CPCM) [62,63] was applied for

calculating the thermodynamic properties with Klamt’s radii in

cyclohexanone (ε =15.619), nitrobenzene (ε =34.809) and water

(ε =78.3553) solutions. The Gibbs free energy of each species in

the solution is the sum of the solvation energy and thermal correc-

tion to the Gibbs free energy obtained at the B3LYP/RECP/6-31G(d)

level of theory in the gas phase [64].

The molecular electrostatic potential (ESP) maps of ligands were

carried out using Multiwfn 3.8 software [65]. The molecular or-

bitals (MOs) were obtained with the GaussView program [51]. Mul-

liken charge and Mayer bond order (MBO) [66] were performed

by natural bond orbital (NBO) [67,68]. The topological analysis

of electron density was performed through the quantum theory

of atoms in molecules (QTAIM) [65,69,70]. Energy decomposition

analysis (EDA) [71] and the extended transition state method with

the natural orbital for the chemical valence (NOCV) theory were

performed at the BP86/TZ2P/ZORA level of theory with Amsterdam

Modeling Suite 2022 (AMS 2022) [72–74] without frozen core.
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Fig. 1. ESP maps and negative minimum ESP values (kcal/mol) for ligands L1, L2

and L3.

Fig. 2. LUMOs and HOMOs for ligands and the corresponding MO energies (eV) as

well as the HOMO-LUMO gap (eV) with the isosurface value of 0.02 a.u.

Fig. 3. Structures of ML(NO3)3 complexes. C, H, O, N and metal atoms are denoted

as green, white, red, blue and pink, respectively.

The ESP map can visualize the variably charged region of the

ligand. The red and blue areas indicate the negative and positive

values of ESP, respectively, as shown in Fig. 1. The negative minima

of the ESP surface for L1, L2 and L3 are located in the cavities cre-

ated by the N atoms of pyridine skeleton and polyazole side chains,

indicating that the metal ion can be bound in the cavity. The more

negative ESP for L1 and L3 implies that these two ligands are more

able to bind with metal ions than L2.

Fig. 2 shows the highest occupied MO (HOMO), the lowest

unoccupied MO (LUMO), and HOMO-LUMO gap for ligands. The

HOMOs have delocalized π bonding character with electron den-

sity distributed over pyridine and polyazole rings, reflecting that

pyridine and polyazole ring are good electron donors. LUMOs for

the three ligands have the anti-bonding nature. L1 has the lowest

HOMO-LUMO gap (5.05 eV), suggesting that L1 is the most active

ligand. According to the HSAB principle [12], the hardness (η) of

the ligand is an important indicator for An(III)/Ln(III) separation. η
is calculated by the equation η = (IP-EA)/2, where IP and EA rep-

resent the vertical ionization potential and electron affinity of the

neutral ligand, respectively [75]. Table S1 (Supporting information)

shows that the three ligands have almost the same η with the

value of about 4.0, which indicating that the three ligands have

potential selectivity for Am(III)/Eu(III) ions.

The neutral ML(NO3)3 (M=Am/Eu) complexes were considered,

as shown in Fig. 3. The Am(III)/Eu(III) ions were coordinated to

ligand and nitrate ions in a tridentate and bidentate modes, re-

spectively. The M-N and M-O bond lengths of the complexes are

shown in Table 1. The bond length of M-N bonds follows the or-

der of M-N2 < M-N1 for each complex, suggesting that the N2

atoms of polyazoles binds metal ion more strongly than the N1

on pyridines. And the M-N2 bond lengths of ML(NO3)3 follow the

order of M(L1)(NO3)3 > M(L2)(NO3)3 > M(L3)(NO3)3, which sug-

gests that the coordinating ability of N2 atom and metal ions is in

the order of 1,2,4-triazole < 1,2,3-triazole < pyrazole. Moreover, all

Table 1

Average M-N and M-O bond lengths (Å) in ML(NO3)3 complexes.

Complexes Am-N1/Eu-N1 Am-N2/Eu-N2 Am-O/Eu-O

M(L1)(NO3)3 2.718/2.685 2.662/2.635 2.487/2.444

M(L2)(NO3)3 2.755/2.719 2.638/2.614 2.481/2.439

M(L3)(NO3)3 2.796/2.746 2.598/2.566 2.500/2.457

Fig. 4. Energy level diagrams (eV) of MOs for M(L3)(NO3)3 with the isosurface value

of 0.02 a.u.

Eu-N bonds are a little shorter than the corresponding Am-N ones,

owing to the smaller ionic radius of Eu(III) compared to Am(III)

[76]. Besides, the M-O bonds are significantly shorter than the M-

N bonds, suggesting that the nitrate ions are more tightly coordi-

nated to metal ions.

The extraction process was carried out in acidic environment

and therefore the protonation ability of ligands was evaluated

here. Polyazole and pyridine are easily protonated due to the lone

pair of electrons on their N atom. The protonation capacity of

N atom were calculated based on the reactions L+H+ → [LH]+

and L+ [H3O]
+ → [LH]+ +H2O. Table S2 (Supporting information)

shows that the N1 atom on pyridine is more likely to be proto-

nated compared to the N2 atom on polyazole.

The interactions between ligand and metal ion can be evaluated

by MOs. The α-spin valence MOs of ML(NO3)3 complexes are given

in Fig. 4, Figs. S1 and S2 (Supporting information). Similar bond-

ing interactions between the ligands and Am(III)/Eu(III) ions were

found, the lower MO energy levels of AmL(NO3)3 complexes com-

pared to the corresponding EuL(NO3)3 ones indicates that the for-

mer has a stronger interaction. Moreover, the contribution of Am

and Eu atoms for the MOs are dominated by their d and f atomic

orbitals according to the composition listed in Table S3 (Supporting

information).

Table 2 shows the calculated Mulliken charges (Q) and charge

transfer (�Q) in ML(NO3)3. It is obvious that electrons transferred

from ligand and nitrate ion to Am and Eu, leaving the charge on

them less than +3. In addition, �Q(Am) is greater than �Q(Eu)

in each ML(NO3)3 complex, suggesting a tendency for the ligand

to select Am(III) ions. In addition, the charge transfer difference

��Q(L) follows the trend of L1 > L2 > L3, which is related to the

Am(III)/Eu(III) selectivity of the three ligands.

To investigate the bonding properties of ligand and metal, mul-

tiple theoretical approaches were applied. The Mayer bond order

(MBO) could indicate the covalency of M-L interactions. Table 3

shows the M-N and M-O MBOs of complexes. The M-N2 MBOs

are greater compared to the corresponding M-N1 ones, suggest-

3
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Table 2

Calculated Mulliken charges (Q) and charge transfer (�Q) in complexes.a

Complexes Q(M) �Q(M) �Q(L) �Q(NO3
−) ��Q(L)b

M(L1)(NO3)3 1.402/1.593 1.598/1.407 0.365/0.314 0.411/0.364 0.051

M(L2)(NO3)3 1.425/1.607 1.575/1.393 0.347/0.299 0.409/0.365 0.048

M(L3)(NO3)3 1.430/1.591 1.570/1.409 0.345/0.316 0.408/0.364 0.029

a The values for Am(III)/Eu(III) complexes, respectively.
b ��Q(L)=�Q(L)Am - �Q(L)Eu.

Table 3

The average M-N and M-O MBOs in complexes.

Complexes Am-N1/Eu-N1 Am-N2/Eu-N2 Am-O/Eu-O

M(L1)(NO3)3 0.218/0.202 0.236/0.217 0.337/0.293

M(L2)(NO3)3 0.181/0.170 0.202/0.182 0.347/0.305

M(L3)(NO3)3 0.207/0.200 0.261/0.243 0.328/0.286

ing that the N2 atoms have significant interactions with metal ions.

Moreover, all Am-N MBOs are greater than the corresponding Eu-

N MBOs, reflecting a greater covalency interaction between ligand

with Am(III) ions. In addition, M-N MBOs are smaller than M-O

MBOs because O atoms have stronger coordination ability with

metal ions than that of N atoms, which is in accordance with the

bond length results.

In QTAIM approach, the electron density (ρ), Laplacian density

(∇2ρ), kinetic energy density (G) and energy density (H) at the

bond critical point (BCP) are calculated to evaluate the bonding

properties [77,78]. Generally, a value of ρ < 0.10 a.u. with ∇2ρ > 0

a.u. at a BCP refers to an ionic bond, while ρ > 0.20 a.u. with ∇2ρ
< 0 a.u. reflects a typical covalent bond [77]. And usually, a ratio

G/ρ > 1 and G/ρ < 1 indicates ionic interaction and covalent in-

teraction, respectively. Table 4 shows that the ρ and ∇2ρ indicate

that the M-N1, M-N2 and M-O bonds are ionic bond with weak

covalency interaction, which is also supported by the G/ρ values.

The covalency of the Am-N bond is larger than that of the Eu-N

bond, and the M-N2 bond has more covalency compared to the

M-N1 bond, which may explain the selectivity of Am(III) ions com-

pared to Eu(III) ions and the more important role of N2 atoms than

N1 atoms for the Am(III)/Eu(III) selectivity. What’s more, ρ values

at the M-N2 BCPs are in order of M(L1)(NO3)3 < M(L2)(NO3)3 <

M(L3)(NO3)3, which reflects the polyazole side chains affect the co-

valent interaction of M-N2 bonds.

EDA was performed to study the bonding nature between the

ligand and metal fragments. Each ML(NO3)3 complex was split into

the [L] and [M(NO3)3] fragments. Table 5 lists the interaction en-

ergy (�Eint) between the two fragments in the complex and gives

three main terms [79], Pauli repulsive interaction (�EPauli), elec-

trostatic interaction (�Eelec), and orbital interaction (�Eorb). The

values of �Eorb range from −46.00 kcal/mol to −65.46 kcal/mol

and �Eelec range from −85.32 kcal/mol to −116.27 kcal/mol, the

latter being more negative than the former, reflecting a greater

contribution of electrostatic interaction to the interaction between

[L] and [M(NO3)3] fragments of each complex. The �Eorb of each

AmL(NO3)3 complex is more negative than the corresponding Eu-

ones, which also suggests the greater covalent interactions be-

tween the [Am(NO3)3] and [L] fragments.

NOCV can provide intuitive and detailed information about the

interactions between ligand and metal ion. In this method, �Eorb
is decomposed into pairwise contributions of interacting orbitals.

Figs. S3 and S4 (Supporting information) show the NOCVs con-

tributing significantly to the �Eorb of complexes. The red to blue

regions indicate the direction of electron flow. The electrons trans-

fer from the N1 and N2 atoms of ligand to the metal ions. In ad-

dition, most Am-complex NOCVs have more negative �Eorb val-

ues than the corresponding Eu-complex NOCVs, which reflects that

there are more electron transfer from ligand to [Am(NO3)3] frag-

ment than that to [Eu(NO3)3] fragment. Fig. S5 (Supporting infor-

mation) shows the donor-acceptor interactions of the main pair-

wise interacting orbitals in AmL1(NO3)3 complex. To compare the

possible difference in orbital interaction between ligands L1, L2,

and L3 and ML(NO3)3 fragments, the major donor-acceptor inter-

actions of �Eorb1 in complexes are given in Fig. 5. Noticeably, the

acceptor orbitals for the [M(NO3)3] fragments are dominated by

Am 5f, 6d orbitals and Eu 4f, 5d orbitals. Moreover, Am 5f con-

tributes significantly more to the [Am(NO3)3] fragments than the

corresponding Eu 4f to the [Eu(NO3)3] fragments, which may ex-

plain the ligands’ Am-preference over Eu. The HOMO and HOMO-

4 of [L] for AmL1(NO3)3 act as electron donor orbitals, and only

HOMO for EuL1(NO3)3 provide electron to [Eu(NO3)3] fragment, re-

flecting that ligand L1 has a greater difference in electron donating

ability for Am and Eu ions. The HOMO of [L] acted as donor in

ML2(NO3)3 complexes, and both HOMO and HOMO-6 of [L] acted

as donors in ML3(NO3)3 complexes, suggesting that ligand L3 has a

stronger electron-donating ability.

The actual extraction process is very complex, TPH (tetrapropy-

lhydrogen) [17], tert–butylbenzene (TBB) [21,23] and meta-

nitrobenzotrifluoride [22] were usually used as organic solvents

for the polyazole based ligands to extract Am(III)/Eu(III) ions.

Here, we used nitrobenzene as an organic solvent and also

tested cyclohexanone solvent. According to previous study [40],

[M(NO3)(H2O)8]
2+

aq + Lorg +2NO3
−
aq = [ML(NO3)3]org +8H2Oaq is

the most probable reaction that occurs during the Am(III)/Eu(III)

ions extraction process with ligands. Table 6 shows the Gibbs free

energy (�G) and their differences (��G= �GAm - �GEu) for ex-

traction reactions in cyclohexanone/water and nitrobenzene/water

solutions at the B3LYP/RECP/6-311G(d,p) level of theory. All neg-

ative �G values for the reactions suggests that the three ligands

can spontaneously complex with Am(III) and Eu(III) ions. The

�G values of Am-extraction reactions are more negative than

the corresponding Eu-ones, reflecting the extraction preference

of the three ligands for Am(III) ion. In addition, the �G values

follows the order of L3 > L2 > L1 in both cyclohexanone/water and

nitrobenzene/water solutions, reflecting that L3 has the strongest

extraction ability for Am(III) and Eu(III) ions. However, the ��G

values show the opposite trend L1 > L2 > L3. To conclude, L1

has the highest selectivity for Am(III)/Eu(III) ions, although it

has the lowest complexation ability with them. The coordination

number of the Eu(III) and Am(III) complexes in the solution is

generally 6–12, and the preferable coordination number is 8 and 9

based on the result of previous work [80]. So we also investigated

the possible reactions with initial reactants [M(H2O)9]
3+ and

[M(NO3)(H2O)7]
2+. The corresponding �G and ��G values are

provided in Table S4 (Supporting information), it shows that the

trend of �G and ��G values for the three ligands in Table 6 and

Table S4 is similar, which is also consistent with our previous work

[40]. Considering the protonation ability of ligands, N1 atom on

pyridine is more likely to be protonated than N2 atoms on polya-

zole in highly acidic media. Thus, the reactions of the protonated

ligands complexing with metal ions were also investigated in Table

6. We found that the ��G values are the same with those of

the unprotonated ones. However, the complexation abilities of the

4
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Table 4

Properties (a.u.) at M-N and M-O BCPs in complexes.

Complexes Bond ρ ∇2ρ H (×10−3) G G/ρ

M(L1)(NO3)3 Am-N1/Eu-N1 0.034/0.032 0.111/0.103 −0.048/0.730 0.028/0.025 0.823/0.786

Am-N2/Eu-N2 0.037/0.034 0.128/0.117 −0.049/0.827 0.032/0.028 0.865/0.826

Am-O/Eu-O 0.050/0.049 0.190/0.183 −1.704/−0.855 0.049/0.047 0.982/0.957

M(L2)(NO3)3 Am-N1/Eu-N1 0.031/0.029 0.103/0.097 0.179/1.049 0.026/0.023 0.818/0.791

Am-N2/Eu-N2 0.038/0.036 0.137/0.124 0.001/0.891 0.034/0.030 0.889/0.843

Am-O/Eu-O 0.051/0.050 0.192/0.186 −1.912/−1.078 0.050/0.047 0.984/0.958

M(L3)(NO3)3 Am-N1/Eu-N1 0.029/0.028 0.092/0.090 0.074/0.891 0.023/0.022 0.783/0.769

Am-N2/Eu-N2 0.042/0.040 0.150/0.139 −0.647/0.071 0.038/0.035 0.900/0.863

Am-O/Eu-O 0.049/0.047 0.183/0.177 −1.585/−0.709 0.047/0.045 0.977/0.950

Table 5

The Interaction energy (kcal/mol) between [L] and [M(NO3)3] (M=Am/Eu) fragments in complexes.

Complexes �Eint �Epauli �Eelec �Eorb �Eorb1 �Eorb2 �Eorb3

Am(L1)(NO3)3 −67.56 96.76 −106.67 −57.65 −12.72 −9.89 −9.29

Eu(L1)(NO3)3 −63.59 85.73 −97.65 −51.67 −11.81 −9.17 −8.11

Am(L2)(NO3)3 −59.44 87.06 −94.38 −52.12 −12.03 −10.65 −7.23

Eu(L2)(NO3)3 −55.50 75.82 −85.32 −46.00 −11.07 −9.78 −7.34

Am(L3)(NO3)3 −74.93 106.80 −116.27 −65.46 −13.85 −12.05 −9.47

Eu(L3)(NO3)3 −70.40 94.42 −106.01 −58.81 −12.61 −11.69 −7.65

Fig. 5. The leading donor-acceptor interactions of �Eorb1 in complexes. The metal composition in [M(NO3)3] acceptor orbital is also shown.

Table 6

�G (kcal/mol) and ��G (kcal/mol) for extraction reactions in cyclohexanone/water and nitrobenzene/water solutions using the B3LYP functional and 6–311G(d,p) basis set.a

Reactions Cyclohexanone/water Nitrobenzene/water

�G ��G �G ��G

[M(NO3)(H2O)8]
2+

aq + L1org + 2NO3
−
aq = [ML1(NO3)3]org + 8H2Oaq −50.04/−44.27 −5.78 −45.56/−39.73 −5.83

[M(NO3)(H2O)8]
2+

aq + L2org + 2NO3
−
aq = [ML2(NO3)3]org + 8H2Oaq −52.80/−49.65 −3.15 −48.50/−45.31 −3.19

[M(NO3)(H2O)8]
2+

aq + L3org + 2NO3
−
aq = [ML3(NO3)3]org + 8H2Oaq −54.23/−51.29 −2.94 −49.54/−46.83 −2.71

[M(NO3)(H2O)8]
2+

aq + L1H+
org + 2NO3

−
aq = [ML1(NO3)3]org + 7H2Oaq +H3O

+
aq −27.77/−21.99 −5.78 −22.49/−16.66 −5.83

[M(NO3)(H2O)8]
2+

aq + L2H+
org + 2NO3

−
aq = [ML2(NO3)3]org + 7H2Oaq +H3O

+
aq −26.77/−23.62 −3.15 −21.71/−18.52 −3.19

[M(NO3)(H2O)8]
2+

aq + L3H+
org + 2NO3

−
aq = [ML3(NO3)3]org + 7H2Oaq +H3O

+
aq −25.48/−22.54 −2.94 −20.14/−17.43 −2.71

a The values for Am(III)/Eu(III) complexes, respectively.
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Table 7

�G (kcal/mol) and ��G (kcal/mol) for the reactions of ligand L4 with Am(III) and Eu(III) complexes in cyclohexanone/water and nitrobenzene/water solutions using the

B3LYP functional and 6-311G(d,p) basis set.

Reactions Cyclohexanone/water Nitrobenzene/water

�G ��G �G ��G

[Am(NO3)(H2O)8]
2+

aq + L4org + 2NO3
−
aq = [AmL4(NO3)3]org +8H2Oaq −56.82 −8.09 −52.20 −8.14

[Eu(NO3)(H2O)8]
2+

aq + L4 org + 2NO3
−
aq = [EuL4(NO3)3]org + 8H2Oaq −48.72 −44.05

[Am(NO3)(H2O)8]
2+

aq + L4H+org + 2NO3
−
aq = [AmL4(NO3)3]org +7H2Oaq +H3O

+
aq −31.78 −8.09 −26.64 −8.14

[Eu(NO3)(H2O)8]
2+

aq + L4H+org + 2NO3
−
aq = [EuL4(NO3)3]org +7H2Oaq +H3O

+
aq −23.69 −18.50

Fig. 6. The structure (a), ESP (b), HOMO (c) and LUMO (d) of L4.

protonated ligands with Am(III)/Eu(III) ions are significantly lower

compared to the unprotonated ligands, which suggests that the

complexation ability of the polyazole ligands towards metal ions

is sensitive to the acidic environment.

According to the above results, it reveals that the polyazole

side chains do affect the electronic structure and Am(III)/Eu(III)

extraction performance of the three pyridine-derived polyazole

ligands. Among them, L1 with 1,2,4-triazole side chains has the

largest separation factor for Am(III)/Eu(III) ions according to the

��G values for the reactions. Therefore, we conclude that the

1,2,4-triazole side chains obviously enhance the Am(III)/Eu(III) se-

lectivity of ligand. As we know, the preorganized phenanthro-

line moiety could significantly increase the complexation abil-

ity of ligand and its selectivity of Am(III)/Eu(III) than the bipyri-

dine backbone [18,40,43]. For example, phenanthroline-based lig-

and CyMe4-BTPhen could extract Cm(III) and Am(III) from lan-

thanide ions with significantly faster kinetics, efficiency and higher

selectivity than CyMe4-BTBP [18]. Thus, we predict that if the

side chain 1,2,4-triazol is grafted onto the phenanthroline moi-

ety, a new ligand, 2,9-bis(5-(2-ethylhexyl)-1H-1,2,4-triazol-3-yl)-

1,10-phenanthroline (L4, Fig. 6) would show great An(III)/Ln(III) se-

lectivity. To verify our expectation, the ESP map as well as the

HOMO and LUMO orbitals for ligand L4 are presented in Fig. 6.

The negative minimum value of ESP for L4 (−80.78 kcal/mol) is

obviously more negative than that of L1 (−70.47 kcal/mol), which

reflects that L4 has stronger complexation ability with metal ions

than L1. Furthermore, the higher energy level of HOMO (−5.64 eV)

with smaller HOMO-LUMO energy gap (4.23 eV) for L4 compared

to that of L1 indicate that L4 is a better electron donor. These re-

sults are consistent with earlier findings that tetradentate ligand

with the same side chain has a stronger complexation ability com-

pared to the tridentate one [40]. In addition, the η value of L4 is

3.37 eV, which is 0.65 eV smaller than that of L1, suggesting that L4

is relatively softer than L1.

Fig. 7. The optimized structures, bond length (BL) and MBOs of Am(L4)(NO3)3 and

Eu(L4)(NO3)3.

The optimized structures of AmL4(NO3)3 and EuL4(NO3)3 com-

plexes with the bond lengths and MBOs of M-N and M-O bonds

are shown in Fig. 7. The average M-N1 bonds in ML4(NO3)3 com-

plex is shorter than that in ML1(NO3)3 due to the larger coordi-

nated cavity of the former. By contrast, the M-N2 bond is longer

in ML4(NO3)3 than that in ML1(NO3)3 thanks to the steric hin-

drance in the former. The Am-N1 and Am-O bonds in AmL4(NO3)3
are slightly longer than the Eu-N1 and Eu-O bonds in EuL4(NO3)3
complex, whereas the Am-N2 bond is shorter than the Eu-N2 bond,

which suggests that L4 may have a higher Am(III)/Eu(III) selectiv-

ity than L1. The Am-N and Am-O MBOs in AmL4(NO3)3 are greater

than the corresponding Eu-ones in EuL4(NO3)3, demonstrating that

L4 has a complexation preference for Am(III) ions. Fig. S6 (Support-

ing information) displayed the α-spin valence MOs of AmL4(NO3)3
and EuL4(NO3)3 complexes. It can be seen that ligand L4 has sim-

ilar bonding interactions with Am(III) and Eu(III) ions, while the

former has somewhat lower MO energy levels than the latter, sug-

gesting the higher stability of AmL4(NO3)3. The values of �G and

��G for the reactions with ligand L4 in Table 7 reflect signifi-

cant complexing ability and high selectivity of Am(III)/Eu(III). For

example, the ��G value for reaction [M(NO3)(H2O)8]
2+

aq + L4

org +2NO3
−

aq =ML4(NO3)3 org +8H2O aq in cyclohexanone/water

solutions is −8.09 kcal/mol, which is more negative compared to

that of L1 (−5.78 kcal/mol). Thus, we theoretically confirm that L4

has better Am(III)/Eu(III) selectivity than L1.

In summary, we first investigated the effects of polyazole side

chains on Am(III)/Eu(III) separation performance of three pyridine-

derived ligands with side chains 1,2,4-triazole (L1), 1,2,3-triazole

(L2) and pyrazole (L3) by scalar relativistic DFT methods. The re-

sults of M-L bond length and bonding nature suggest that the

polyazole side chains play an important role in the complexation

with Am(III)/Eu(III) ions and also reveal stronger complexation and

higher covalency with Am(III) than Eu(III) ions of the three lig-

ands. L1 with 1,2,4-triazole side chains has the strongest separa-

tion ability while the lowest complexation ability for Am(III)/Eu(III)

among the three pyridine-derived polyazole ligands based on the

�G and ��G values for the reactions. Motivated by the above

results, we suggested that the 1,2,4-triazole side chains could en-

hance the Am(III)/Eu(III) selectivity of ligand and designed a new

ligand (L4) bearing 1,2,4-triazole side chains and a preorganized

phenanthroline backbone. The results of ESP, molecular orbitals,
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bonding nature, and thermodynamic properties reflected that L4

has significant separation properties for Am(III)/Eu(III). We firstly

clarify the effect of polyazole side chains on the complexation and

selectivity ability for Am(III)/Eu(III) ions and then design a new

ligand with potential Am(III)/Eu(III) separation performance. This

work provides a new strategy for designing effective N-donor lig-

ands with excellent actinides and lanthanides separation perfor-

mance in the future.
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