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symmetry or asymmetry Am(IIT)/Eu(III) Selectivity

The Am(III) and Eu(III) in high-
level liquid waste exhibit similar
which
makes their extraction and separa-

physicochemical properties,

tion rather challenging. Ten sym-
metric and asymmetric furan-based

N,O-hybrid extractants were con- — {:IZ?):}

structed from the furan skeleton % -& .

q *{ ‘f n-dodecane/cyclohexanone ?
NO;

pyrazine. The density functional theory method was employed to evaluate the coordination

and the side chains of pyridine,

pyridazine, pyrimidine and

structures and bonding properties of the ligands with the Am(IIT) and Eu(III) ions; the ther-
modynamic parameters of the two-phase extraction process were calculated to explore the ex-
traction ability and separation performance of the ligands for the Am(IIT) and Eu(III) ions.
The natural bond orbitals and QTAIM analyses show that there is a weak closed-shell inter-
action between Am(III), Eu(IIl) and the ligand, and the Am-ligand bonds have more cova-
lent character than the Eu-ligand bonds since the Am-5f orbitals are more involved in bond-
ing with the ligand than the Eu-4f orbitals. Thermodynamic analysis shows that the solvents
cyclohexanone and n-dodecane of the organic phase have some impact on the extraction and
separation, the ligand was more likely to bind with the metal in the cyclohexanone solvent,
while some ligands have better separation effects in the n-dodecane solvent. In either solvents,
the asymmetric extractant LY has the most excellent separation performance for the two met-
al ions, and the asymmetric ligands L’ and L? also have good separation effect. This work con-
tributes to a deeper understanding of the selectivity differences of similar furan-based flexible
ligands and provides more abundant theoretical bases and insights for the design of new ex-
tractants required for the separation of Am(III) and Eu(III).
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ergy density and its alignment with the concept of low-

Nuclear energy, as an important clean energy source,

is gradually replacing fossil fuels because of its high en-
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carbon economy. However, proper disposal of spent nu-
clear waste is the most critical factor in developing nu-
clear energy as a cost-effective and environmentally
friendly energy source. The PUREX process, a classic
method for nuclear fuel reprocessing, can extract most
of plutonium and uranium in spent nuclear waste, while
the high-level radioactive liquid waste after the PUREX
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process still contains minor actinide elements with high
radioactivity and toxicity besides lanthanides and fis-
sion products [1-3]. The partition and transmutation
strategy was put forward for the treatment of the high-
level radioactive liquid wastes [4—6]. It selectively ex-
tracts minor actinide elements (U, Np, Pu, Am and
Cm) from the high-level radioactive wastes, and then
transmutes the long-lived actinides into short-lived or
more stable nuclides, thus eliminating the potential im-
pact of high radioactive nuclides on the environment [7,
8]. The lanthanides and actinides, such as Am(III) and
Eu(III), have very similar physicochemical properties,
such as similar oxidation states, ionic radii and similar
hindrance factors, so their separation becomes a very
challenging subject [9—11].

The separation of lanthanides and actinides has a
long history, a large number of extractants have been
developed to effectively extract and separate lan-
thanides and actinides, and a large number of theoreti-
cal calculations have also provided theoretical support
for the effectiveness of these extractants. The ligands
BTP [12, 13] and Terpy [14, 15] containing N-donor
atoms have been shown to be able to effectively sepa-
rate Am(IIT) from Eu(III). Since the separation process
was carried out in an acidic aqueous phase, the protona-
tion of the ligands can significantly affect the extrac-
tion of metal ions by ligands. Tributyl phosphate
(TBP) can extract these two kinds of ions under specif-
ic conditions. It had a bipyridine skeleton connecting
two isopropyl groups and phosphate substituents [16].
In this system, the cation coordination was significant-
ly influenced by the nitrogen and oxygen atoms in the
phosphoric acid bipyridine ligand. The existence of oxy-
gen was of great significance. It could not only reduce
the sensitivity of the extractant to acidity but also facil-
itate the separation of lanthanide and actinide ele-
ments at lower concentrations. The BTBP and its
derivatives such as CyMey-BTBP (5,5,8,8-tetramethyl-
5,6,7,8-tetrahydrobenzo-1,2,4-triazin-3-yl)-2,2"-bipyri-
dine) were the reference molecules used in the develop-
ment of the An(IIT)/Ln(III) separation process in Eu-
rope [4, 17, 18]. They have a good separation effect on
lanthanide and actinide ions, and they have a tolerance
to acidic environments and the ability to withstand the
intense radiation generated by radiolysis during the sep-
aration process. Single crystal X-ray diffraction studies
on different Ln(IIT)-BTBP 1:1 complexes clearly
demonstrated the coordination mode of BTBP as a
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tetradentate chelating ligand [19]. A large number of so-
lution studies have found that BTBP can extract
An(IIT) and Ln(IIT) as 1:2 complexes [20]. In these com-
plexes, the metal ions bond with both the extractant
and the nitrate ions.

Bis-triazinyl pyridine is also a highly promising can-
didate extractant for the Am(III)/Eu(III) separation. It
exhibits excellent separation performance and generate
no secondary waste during its use [21]. The extraction
process was carried out between the organic phase and
the nitric acid aqueous phase containing the
An(IIT) /Ln(III) mixture, the coordination of nitrate
ions with metal ions is also critical for improving the lig-
ands and the extraction process. Because the nitrate
ions in the nitrate extraction system are prone to form
inner-sphere complexes with lanthanide or actinide
ions, this leads to competition during the coordination
process and makes its coordination chemistry more
complicated than that of other extraction systems. In-
formation on the coordination of nitrate ions with met-
al ions can be provided by some experimental methods
such as vibrational sideband spectroscopy (VSBS).

It was suggested that pre-organized ligands might
possess better extraction performance compared to par-
ent conformationally flexible ligands [22]. In this study,
we construct ten symmetrical and asymmetrical flexi-
ble ligands by using 2,5-di(pyridin-2-yl)furan as a skele-
ton, and using pyridine, pyridazine, pyrimidine or
pyrazine as the side chains, and we systematically in-
vestigated the coordination structures of these ligands
with metal ions Am(IIT) and Eu(IIl) and their extrac-
tion and separation properties for Am(IIT) and Eu(III)
ions. The molecular structures, electrostatic potential
(ESP) and the frontier molecular orbitals of furan flexi-
ble ligands were calculated, and the bonding properties
and the thermodynamic behaviors of the complexes
formed by Am(III) and Eu(IIl) with furan-based lig-
ands were evaluated. This study contributes to the un-
derstanding of the role of furan-based ligands in the sep-
aration of An(IIT)/Ln(IIl) and may be valuable for de-
veloping novel N,O-hybrid ligands for the separation of
Am(IIT) and Eu(III).

Il. COMPUTATIONAL DETAILS

The Gaussian 09 D01 program [23] was employed to
perform all the calculations in this work. The geometric
structures of the ligands as well as those of the complex-

© 2025 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2412162
https://doi.org/10.1063/1674-0068/cjcp2412162
https://doi.org/10.1063/1674-0068/cjcp2412162
https://doi.org/10.1063/1674-0068/cjcp2412162
https://doi.org/10.1063/1674-0068/cjcp2412162

Chin. J. Chem. Phys., Vol. X, No. X

es formed by the ligands with Am?* and Eu®T were op-
timized using density functional theory (DFT) method
with the PBEO functional (this method can reproduce
the experimental geometries and ground state proper-
ties of f-element compounds and obtain relatively accu-
rate results) in the gas phase and the organic phases of
the n-dodecane and cyclohexanone solvents, and the
conductor-like screening model (CPCM) [24, 25] was
used for the solvent phase. The spin-orbit coupling has
a minimal impact on the configurations of the system
and the thermodynamic properties and so was ignored
in this study [26, 27]. The 60 core electrons of Am3* and
the 28 core electrons of Eut are replaced by the quasi-
relativistic effective core potentials (RECP) [28, 29] and
the corresponding ECP 60 MWB and ECP 28 MWB
valence basis sets in the segmented contraction modes
of Am and Eu were used. The remaining light elements
such as C, H, O, and N were described using the 6-
311G(d) basis set. For the optimized structures of the
complexes, the vibrational frequencies were calculated.
As all the optimized structures have no imaginary fre-
quencies, they correspond to a local minimum of energy
on the potential energy surface. It has been determined
by experiments and theoretical calculations that the
ground states of the Am3t and Eudt complexes were
the spin state with a spin multiplicity of 7.

The Multiwfn 3.8 [30] and NBO 5.0 [31, 32] pro-
grams were used to analyze the bonding properties of
the complexes. In the gas phase, the ligands were opti-
mized at the PBE0/6-311G(d) level and the HOMO
and LUMO as well as the electrostatic potential (ESP)
were calculated. For the the optimized configurations of
the complexes, the quantum theory of atoms in
molecules (QTAIM) parameters including electron den-
sity p, Laplacian V2p of electron density and electron
localization function (ELF), and the second-order stabi-
lization energy were calculated to analyze the bonding
properties of the complexes. With the combination of
the Multiwfn wavefunction analysis program and the
visual molecular dynamics (VMD) program [33], the in-
dependent response index (IRI) diagrams were plotted
to analyze the bonding characteristics of these complex-
es. In addition, thermodynamic analysis of the extrac-
tion process was also carried out in the organic phases
of n-dodecane and cyclohexanone, and the extraction
ability and separation effect of the ligands for the
Am(III) and Eu(IIl) were measured by using AG and
AAG of the extraction process, or the separation factor
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SF Am/Eu [34].

I1l. RESULTS AND DISCUSSION

A. Geometric and electronic structures of ligands

We selected furan as the skeleton and four kinds of N-
heteraromatic rings, namely pyridine, pyridazine,
pyrimidine and pyrazine as side chains to construct 10
symmetric and asymmetric ligands. The interaction be-
tween trivalent f-block metal ions and organic bases is
essentially mainly ionic in nature. The electrostatic po-
tential (ESP) of molecules is a powerful tool for evaluat-
ing ionic interaction. The ESP diagrams of the ligands
can be used to judge the affinity of the ligands for met-
al ions as well as their main binding sites. The ten con-
structed ligands were geometrically optimized at the
PBE0/6-311G(d) level in gas phase, and their ESP dia-
grams are shown in FIG. 1, where red indicates a nega-
tive ESP and blue indicates a positive ESP.

It can be seen that the position with the most nega-
tive ESP is located in the cavity formed by the N and O
atoms, thus this region is the chemical active center.
The O atom on the furan and the two N atoms on the
two side chains are the donor atoms coordinated with
the metal ion. The maximum negative ESP value of
these ligands changes obviously with the change of the
side chain. For the four ligands (Ll7 L2, L3, L4) with two
symmetrical side chains, the L! and L? with the side
chains of pyridine and pyridazine, respectively, have
much larger negative ESP values than the ligands L3
and L* with the side chains of pyrimidine and pyrazine,
respectively. Among the six asymmetric ligands, the lig-
and L° with the side chains of pyridine and pyridazine
has the largest negative ESP value, and the ligand LY
with the side chains of pyrimidine and pyrazine has the
smallest negative ESP value. Therefore, the ESP analy-
sis shows that pyridine and pyridazine as side chains are
more favorable for coordination with metal ions than
pyrimidine and pyrazine as side chains.

The frontier MOs HOMO and LUMO have some val-
ue for analyzing the chemical, optical, and electrical
properties of molecules. FIG. 2 shows the HOMO-LU-
MO diagrams and their energy levels calculated at the
PBE0/6-311G(d) level in the gas phase. A smaller HO-
MO-LUMO energy gap usually corresponds to higher
chemical reactivity. It can be seen that the HOMOs of
these ligands are @ bonding orbitals mainly located on
the furan skeleton, while the LUMOs are © antibonding
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FIG. 1 ESP diagrams of the ligands calculated at the PBE0/6-311G(d) theoretical level (isosurface of electron density:

0.001 e/A%).

FIG. 2 HOMO-LUMO diagrams of the ligands calculated by the PBE0/6-311G(d) method.

orbitals located on both the skeleton and side chains.
The energy gaps range from 4.22 eV to 4.45 eV, and lig-
ands L? and L® have the largestest gaps (4.45 and
4.42 V), while ligands L* and L7 have the least gaps
(4.22 and 4.26 ¢V). The side chains obviously influence
the energy levels and energy gaps, but there is no obvi-
ous regularity.

We calculated the natural atomic charges on the
donor-N/O atoms of the ligands using the PBE0/6-
311G(d) method in the gas phase, the cyclohexanone
organic phase, and the n-dodecane organic phase re-
spectively. The average natural atomic charges are

shown in Table I, Tables S1, S2 (Supplementary mate-
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TABLE I Average natural charges (a.u.) of N and O
atoms at the binding sites of ten ligands in the gas phase
calculated by the PBE0/6-311G(d) method.

Ligand Ooxole prridine prridazine prrimidine prrazine
L' -040 -044

L> 039 -0.21

L* 040 -0.47

L' 039 -0.41
L 039 -044  -021

L° 040 044 -0.47

LT 040 044 -0.41
L¥ 039 -0.21 -0.47

LY 040 -0.21 -0.40
L% 40 -0.47 ~0.40

© 2025 Chinese Physical Society
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TABLE II The calculated free energy (AGo and AGN, kcal/mol) at the O and N binding sites of the ligands calculated at
the PBE0/6-311G(d) theoretical level for the reactions (R1) L+HVT=LH"' (gas phase), (R2) L+H30"=LH"+Ho0 (gas

phase), and (R3) L+H30T=LH"+H,0 (aqueous phase).

, RI R2 R3
Ligand AGo AGN AGo AGN AGo AGN

L! —191.65 —231.17 —28.60 —68.78 —32.69 —32.30

L? —184.08 —217.92 —21.02 —55.52 —22.38 —29.50

L} —178.894 —221.72 —15.84 —59.32 —26.08 —25.80

Lt —179.45 —210.25 —16.39 —47.85 =27.79 —24.33

L’ —229.04 —229.05, -231.50 —65.98 —65.99, —68.45 —31.40 —31.37, -30.60
Le —226.38 —226.39, —224.53 —63.33 —63.33, —61.48 —30.83 —30.83, —27.43
L7 —227.50 —227.50, -221.57 —64.44 —64.44, —58.51 —31.42 -31.42, —25.30
L® —226.40 —226.40, —222.20 —63.35 —63.35, —59.14 —16.10 —28.87, —26.37
L’ —227.73 —227.73,-219.18 —64.67 —64.67, —56.13 —29.58 —29.58, —24.23
L —220.78 —220.75, -216.45 —57.69 —57.69, —53.39 -17.05 —26.47,—23.61

rials, SM), respectively. It can be seen that the natural ion H30". For the protonation  reaction

atomic charge of the N and O donor atoms are mainly
determined by the aromatic ring where they are locat-
ed, the influence in the other parts and the solvent ef-
fect on their natural atomic charges is relatively small.
In the gas phase and different solvent phases, the differ-
ence of the natural atomic charges is relatively small,
and the regularity is consistent. The charge in the sol-
vent phase is slightly lower than the charge in the gas
phase. In the gas phase, the charge on the O atom of fu-
ran is about —0.40 a.u. The N atoms of pyridine, pyrimi-
dine and pyrazine have a little more negative charges,
being —0.44 a.u., —0.47 a.u., and —0.41 a.u., respectively,
while the N donor atom of pyridazine has a much small-
er negative charge, only —0.20 a.u., which may be due to
the competitive effect between the two adjacent N
atoms greatly reducing the charge on the donor atom. It
is notable that the N atoms of pyrimidine have the most
negative charge among all these N-containing hetero-
cyclic compounds.

During the process of metal ion extraction and sepa-
ration between the organic phase and the acidic aque-
ous phase, the ligands are prone to undergo protona-
tion, which affects the extraction effect of ligands on
metal ions. We evaluated the proton affinity (PA) of
the ligands through three reactions: (R1) L+H"=LH"
(gas), (R2) L+H30"=LH" +Hs0 (gas), and (R3)
L+H30"=LH' +Hy0 (aqueous). The calculated free
energies AG of the protonation reactions are shown in
Table II. In the gas phase, the free energy of the ligand
directly binding to the proton HT is much greater than
that of extracting the proton H from the hydronium
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L+H30T=LH"+H50, the solvation effect reduces the
value of the free energy AG by 40-50 kcal/mol (except
for the AGo of L', L2, L3, L%). It is notable that the
AGo is close to AGN in the aqueous phase, and AGN de-
creases in the order of pyridine, pyridazine, pyrimidine
and pyrazine, but the free energies AGyN of protonation
are very similar for different N heterocyclic rings, so
their protonation trends are very close.

B. Structures of ML(NO3)3 complexes

We investigate the geometrical structures of the
complexes formed by the Am(III)/Eu(III) metal ions
with the ligands. It has been shown by previous studies
that the Am(IIT) /Eu(III) ions can form 8-10 coordinat-
ed complexes with ligands in solution. The studied lig-
ands are tridentate, and the nitrate ion also partici-
pates in the coordination with the metal ion. We consid-
er the 1:1 (M:L), neutral 9-coordination complex
ML(NO3)3, which is usually the metal-ligand complex
formed during the actual extraction process. The geo-
metrical structures of the complexes were optimized us-
ing the PBE0/6-311G(d)-RECP method in the gas
phase, the cyclohexanone organic phase, and the n-do-
decane organic phase, respectively. The geometries of
the complexes are shown in FIG. 3, and the bond
lengths of M—O(L), M-N(L) as well as the average bond
length of M—O(NOg3) are listed in Table III, Tables S3,
S4 (SM).

The calculated data in the gas phase show that the
M-0O(NO3) bond is the shortest among the M-O and
M-N bonds, ranging from 2.405 to 2.474 A, and the

© 2025 Chinese Physical Society
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FIG. 3 Structures of ML(NO3)s (M=Am, Eu) complexes optimized by the PBE0/6-311G(d)-RECP method. Herein, H, C,
O, N, Am, and Eu are represented by white, gray, red, blue, purple, and yellow colors respectively.

TABLE III Bond lengths (A) of M~O(L), M-N and the average bond length of M-O(NOg3) for ML(NOg3)3 (M=Am, Eu)
complexes in the gas phase at the PBE0/6-311G(d)-RECP theoretical level. Here the four N donor atoms are N1(pyridine),

N2(pyridazine), N3(pyrimidine), and N4(pyrazine), respectively.

Complex (gas) Bond length
M-O(L) M-N1 M-N2 M-N3 M-N4 M-O(NO3)
ML'(NO3)3 2.569/2.538 2.668/2.642 2.447/2.405
ML*(NO3)3 2.677/2.623 2.648/2.647 2.442/2.439
ML3(NO3)3 2.636/2.580 2.667/2.646 2.474/2.453
ML(NO3)3 2.589/2.562 2.679/2.644 2.430/2.417
ML’(NO3)3 2.652/2.591 2.708/2.666 2.629/2.591 2.456/2.407
MLS(NO3)3 2.592/2.555 2.673/2.653 2.698/2.669 2.442/2.457
ML'(NO3)3 2.590/2.546 2.678/2.659 2.681/2.665 2.448/2.435
ML¥(NO3)3 2.637/2.595 2.649/2.646 2.707/2.668 2.437/2.423
MLY(NO3)3 2.637/2.611 2.639/2.623 2.711/2.702 2.441/2.403
ML'*(NO3)3 2.603/2.566 2.686/2.724 2.685/2.637 2.439/2.415

Note: Values before and after symboles "/" represent the results of the Am(III) and Eu(III) complexes, respectively.

M-O(L) bonds are generally shorter than the M-N
bonds. Among the M—N bonds of all the complexes, the
M-N2(pyridazine) bond length is generally quite short-
er than the M-N1(pyridine), M-N3(pyrimidine), and
M-N4(pyrazine) bonds lengths by at least 0.02 A (an
exception is that for the symmetrical ligands L R
L*, the Eu-N2 bond is a little longer than the Eu-L1,

DOI: 10.1063/1674-0068 /cjcp2412162

Eu-L3 and Eu-L4 bonds.). This means that due to the
strengthening of the ortho-N atom, pyridazine has a
stronger coordination bonding ability with metal ions
than pyridine, pyrimidine, and pyrazine, consistent
with the ESP analysis. This explains why the extrac-
tants used in the actual extraction process are all built
with pyridazine as the side chain. The Am-O and

© 2025 Chinese Physical Society
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TABLE IV Average Wiberg bond indices (WBIs) of M-O(L), M-N, and M—-O(NO3) bonds in ML(NOs3)3 (M=Am, Eu)
complexes calculated at the PBE0/6-311G(d)-RECP theoretical level in the gas phase. Here the four N donor atoms are
N1(pyridine), N2(pyridazine), N3(pyrimidine), and N4(pyrazine), respectively.

Average Wiberg bond indices

Complex M-O(L) M_N1 M_N2 M_N3 M-N4 M_O(NO3)
ML!(NO3)3 0.044/0.023 0.090/0.068 0.139/0.118
ML?(NO3)3 0.031/0.027 0.087/0.063 0.143/0.107
ML?(NO3)3 0.044/0.044 0.080/0.068 0.135/0.100
ML*(NO3)3 0.048/0.034 0.092/0.054 0.146,/0.098
ML’(NO3)3 0.042/0.032 0.082/0.073 0.073/0.072 0.162/0.128
MLS(NO3)3 0.023/0.033 0.082/0.070 0.081/0.061 0.136/0.126
MLT(NO3)3 0.039/0.034 0.088/0.069 0.073/0.066 0.141/0.111
ML3(NO3)3 0.039/0.030 0.075/0.064 0.084/0.065 0.145/0.117
ML?(NO3)3 0.035/0.031 0.075/0.059 0.084/0.067 0.135/0.109
ML'(NO3)3 0.038/0.031 0.069/0.053 0.086/0.073 0.135/0.117

Note: Values before and after symbols "/" represent the results of the Am(III) and Eu(III) complexes, respectively.

Am-N bonds are generally longer than the correspond-
ing Eu—O and Eu—N bonds, respectively, while the dif-
ference between them is always smaller than the differ-
ence between the ionic radius of Am(III) (1.070 A) and
Eu(II) (0.995 A) ions, thus the Am-ligand bonds are
always stronger than the corresponding Eu-ligand
bonds, which implies that the ligands can separate the
Am(IIT) and Eu(III) ions. The calculated data in the or-
ganic phases of cyclohexanone and n-dodecane show the
same regularity as the gas phase data.

C. Bonding properties of ML(NO3)3 complexes

The extraction and separation properties of the met-
al ions Am(IIT) and Eu(III) by the ligands can generally
be understood through the bonding properties between
the metal ions and the ligands. Several kinds of parame-
ters can be used to analyze bonding properties, includ-
ing Wiberg bond indices (WBIs), QTAIM parameters,
density of states analysis (DOS), the second-order sta-
bilization energy and the donor-acceptor interaction,
and so on. The WBI values of the M—O(L), M-N and
M-O(NO3) bonds were calculated at the PBEO0/6-
311G(d)-RECP and are listed in Table IV. The
M-O(NO3) bonds have the largest WBI values among
all these metal-ligand bonds, consistent with the bond
lengths; while the M—O(L) bonds have much smaller
WBI values than the M—N bonds, which is inconsistent
with the bond length relationship between them.
Among the M-N bonds, the M—N2 bond has the short-
est bond length while it does not have the largest WBI
values. These facts show that the WBI value is not suit-
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able for measuring the strength of the key in some cases.
The WBI values may be used to measure the covalent
character of chemical bonds. Among these metal-lig-
and bonds, the M—O(NO3) bonds have the strongest co-
valent character, and the M—N bond has a stronger co-
valent character than the M-O(L) bond. The Am-lig-
and bonds have larger WBI values than the correspond-
ing Eu-ligands, which is consistent with their bond
length relationship and implies that the Am-ligand
bonds are more covalent than the corresponding Eu-lig-
and bonds. This provides some theoretical basis for the
separation of Am(IIT) and Eu(III) by the ligands.
Topological analysis of electron density was further
carried out based on Bader’s theory of atoms in
molecules with the Multiwfn software to investigate the
nature of the metal-ligand bonds in all the complexes
[35]. The QTAIM parameters, including electron densi-
ty p, the Laplacian of electron density V2p and the lo-
cal electron energy density H(r) at the BCPs of the
M-O(L), M-N and M-O(NO3) bonds in the complexes
ML(NOg3)s, were calculated at the PBE0/6-311G(d)-
RECP level and the results are listed in Table S5 (SM).
It can be seen that for all these M—O and M—N bonds,
the electron density p at the BCP is less than 0.10 a.u.,
in the range of 0.01-0.06 a.u., and the electron density
Laplacian V2p is greater than zero, which implies that
all these metal-ligand bonds are typical closed shell in-
teractions. The local electron energy density H(r) at the
BCPs of the Am—N and Am—O(NO3) bonds and the
Eu-O(NO3) bond is negative, indicating that these
bonds have some covalent character; on the contrary,
the H(r) at the BCPs of the Am—O(L) and Eu-O(L)
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FIG. 4 (a) and (b) The scatter plots of the complexes AmL!(NO3)3 and EuL!(NO3)3 calculated at the PBE0/6-311G(d)-
RECP level; (¢) and (d) the partially colored IRI maps of Ale(NOg)g and EuLl(NO3)3.

bonds is positive, which means that these bonds are
mainly ionic interactions. In these complexes, the
M-O(NO3) bond has the largest electron density p
among all the metal-ligand bonds, and the M—N bonds
also have a larger electron density than the M—O(L)
bond. These indicate that the M-N bonds have greater
covalent character than the M—O(L) bond, consistent
with the WBI results. In addition, the Am-ligand bonds
have a larger BCP electron density and a more nega-
tive H(r) than the corresponding Eu-ligand bonds, thus
the former has more covalent character than the latter,
also consistent with the WBI analysis.

We further explored the bonding characteristics and
interaction mechanisms between the metal ions
Am3t / Eut and the ligands using the newly developed
real-space function — the interaction region indicator
(IRI). The IRI function is defined as IRI(r)=
[V p(r)/[p(r)]% where ‘@’ is a user-defined parameter,
and according to previous reports, the optimal effect
can be achieved when ‘o’ is set to 1.1. The IRI function
can clearly present all types of interactions in graphics
through isosurfaces and is an effective method to de-
scribe and reveal weak interaction regions as well as
chemical bonds. The sign(A2)p function is projected on-
to the IRI isosurfaces in different colors to distinguish
the intensity and characteristics of different regions.
The scatter plots of Ale(NOg)g and EuLl(N03)3 are
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presented in FIG. 4 (a) and (b), and the partially col-
ored IRI maps of AmL}(NO3)3 and EuL!(NO3)3 are
shown in FIG. 4 (c¢) and (d) which display the isosur-
face maps of the complexes with IRI=1.0. In the scat-
ter plots FIG. 4 (a) and (b), there are three spike points
between —0.10 a.u. and 0 a.u., which correspond to the
interactions between the two N-M bonds and O-M
bond. In FIG. 4 (c) and (d), there are some blue regions
between the central metal ions Eut, Am?* and the lig-
and O and N donors, which intuitively demonstrate the
weak bonding interaction between the metals and the
ligands.

The bonding characteristics of the metal-ligand in-
teraction can be further analyzed by means of the
donor—acceptor interaction between the metal ions and
the ligands. The second-order stabilization energy
(AEij(Q)) of a-spin and B-spin between the donor natu-
ral bond orbitals (NBOs) of the ligand and the acceptor
NBO of the metal ion in the complexes as well as the
composition of the metal acceptor NBOs were calculat-
ed at the PBE0/6-311G(d)-RECP level in the gas-phase
environment and are shown in Table V and Table S6
(SM). The second-order perturbation stabilization ener-
gy between the donor NBO and the acceptor NBO can
be used to measure the strength and covalency of the
bond interaction. The following conclusions can be
drawn from the analysis of Table V and Table S6 (SM).

© 2025 Chinese Physical Society
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TABLE V The second-order stabilization energy (AEU(Q), in kcal/mol) of o spin between donor NBO(i) and acceptor
NBO(j) in complex ML(NOs3)3 and the composition of metal acceptor NBOs calculated at the level of PBE0/6-311G(d)-

RECP.

Complex NBO(i) — NBO(j) AE?) YAE;? Character of the acceptor metal orbitals
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Firstly, the total second-order stabilization energy in

the  Am(III)

complexes is in the range

of

15-19 kcal/mol, which is significantly greater than that
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in the corresponding Eu(IIl) complexes. Secondly, the
5f components in the acceptor NBO of the Am(III) in-
teracting with the ligand are much larger than the 4f

© 2025 Chinese Physical Society
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FIG. 5 TDOS and PDOS figures of the ML(NOg3)3 complexes formed by symmetric ligands at the PBE0/6-311G(d)-

RECP level of theory.

components contained in the Eu(Ill) acceptor NBO,
thus the Am-5f orbitals are more involved in the inter-
action with the N/O lone pair orbitals than the Eu-4f
orbitals, which is the fundamental reason why Am(III)
has a stronger bonding ability than Eu(III). Finally, re-
garding the impact on the donor-acceptor hyperconju-
gation interaction, there is no obvious trend for sym-
metric or asymmetric ligands, and the ligands Ll, L47
and L7 have relatively large second-order stabilization

energies.
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The bonding characteristics of the metal ions
Am(IIT) and Eu(IIT) with the ligands were further inves-
tigated by means of the density of states analysis
(DOS). The total density of states (TDOS) and the
three PDOS (partial density of states) of the ligand or-
bitals and the (n—2)f orbitals and (n—1)d orbitals of the
metals were calculated at the PBE0/6-311G(d)-RECP
level of theory, the DOS curves within the range from
—0.50 a.u. to 0.20 a.u. are shown in FIG. 5 and FIG. S1

(SM) for the symmetric ligands and asymmetric lig-
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ands, respectively. In the figures, the dotted line indi-
cates the energy position of the HOMO. It can be seen
from the figures that in most energy ranges, the PDOS
curve of the ligand almost coincides with the TDOS
curve, which indicates that the ligand orbitals con-
tribute a significant proportion within these energy
ranges. The TDOS and the PDOS curves of the (n—2)f
orbitals and (n—1)d orbitals and the ligand orbitals
show peaks simultaneously within approximately the
same energy range for all ligands, which indicates that
the differences in ligands have a relatively small impact
on the density of states. When comparing the differ-
ences between AmL(NO3)3 and EuL(NO3)3, the Am-6d
and Eu-5d PDOS curves exhibit approximately the
same shape and both have a peak near the energy of
0.10 a.u.; while the PDOS curves of Am-5f and Eu-4f or-
bitals show significant differences, the Am-5f PDOS
curve exhibits a peak within the energy range from
—0.30 a.u. to —0.25 a.u., near the HOMO energy, howev-
er the Eu-4f PDOS curve shows a peak within the ener-
gy range from —0.45 a.u. to —0.40 a.u., far away from the
HOMO energy. This means that the Eu-4f orbitals are
more contracted than the Am-5f orbitals and are locat-
ed in a lower energy range. Therefore, the Am-5f or-
bitals are more diffuse and are more involved in bond-
ing with the ligands than the Eu-4f orbitals. This indi-
cates that these ligands may be feasible for separating
Am?* and Eu®t,

Thermodynamic analysis can be used to explore the
extraction ability and separation performance of the lig-
ands for the metal ions Am(III)/Eu(II). The extrac-
tion process was considered to be performed between
the organic phase of the organic solvents n-dodecane or
cyclohexanone and the aqueous phase. The CPCM sol-
vation model was adopted to treat the solvation effect.
The initial reactant was assumed to be the hydrated ion
Am(H0)¢>" and the extraction product to be the 1:1
neutral complex ML(NOj3)3. The extraction reactions
are as follows:

Am (H20)¢*" (aq) + L(org) + 3NO3 ™ (aq) —
AmL (NOg); (org) + 9H20™ (aq)
Eu (H20)o*" (aq) + L(org) + 3NO3 ™ (aq) —
EuL (NO3); (org) + 9H20™ (aq)
The Gibbs energy (AGeyt) of the extraction reac-

tions was calculated by means of the PBE0/6-311G(d)-
RECP method, which can be used to measure the ex-
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traction capacity of the ligands for the Am(I1I) /Eu(III)
ions. The extraction selectivity and separation effect of
the ligand for the two metals can be measured by means
of the AAGam/Eu= A Gext(Am)—AGext(Eu) and the sep-
aration factor SF Ay /gy which is defined by the formula
AAGAm/Eu:fRTInSFAm/Eu, where R is the gas con-
stant and T is the temperature (298 K). All the results
are listed in Table VL.

It can be seen from Table VI that the A Gext of all the
ligands are large negative values in both n-dodecane
and cyclohexanone solvent environments, and there is
no significant difference in the values of AGey for the
two solvent phases, which indicates that the two-phase
extraction reactions between the four ligands and
Am(IIT) /Eu(IIT) can proceed automatically, and these
ligands have good extraction ability for the two metal
ions. The AGext in the cyclohexanone environment is
more negative than that in the n-dodecane environ-
ment by 0.92-15.67 kcal/mol. Thus, the polar solvent
environment of cyclohexanone is more favorable to the
extraction of the metal ions than the non-polar environ-
ment of n-dodecane. In a given solvent environment and
for a given metal ion the AGey of all the 10 ligands are
very close to one another, distributed in a narrow range,
which indicates that these ligands have very close ex-
traction capabilities.

When comparing the two metal ions, Am(III) and
Eu(III), in a given solvent environment, for each ligand,
the AGexi(Am) is always more negative than the corre-
sponding A Gext(Eu), and the AA Geyt is always negative,
in the range from —0.89 kcal/mol to —9.01 kcal/mol,
which means that Am(IIT) can form stronger bond with
these ligands than Eu(III), and these ligands have good
extraction selectivity and separation performance for
the two metal ions. Despite the obvious influence of sol-
vent environment on separation factors, in both solvent
environments, ligand LY has the best separation perfor-
mance, ligand L% and L8 also have good separation per-
formance, while ligand L% has the smallest separation
factor, and the separation effect of ligand L*is not ideal.
The separation effect of other ligands in the two sol-
vent environments is quite different, such as Ll 12 13
and L. The ligands Lg, L57 L8 and L! have better sepa-
ration performance in the n-dodecane solvent, while lig-
ands L2, L3, L7 and L' have larger separation factor in
the cyclohexanone solvent. The asymmetric ligands L9,
L5 and L8 have better separation effect than the sym-
metric ligands. The distribution of N atoms on the side

© 2025 Chinese Physical Society
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TABLE VI The Gibbs energy of the extraction reactions (AGext, in kcal/mol) of the solvent extraction process for Am(III)
and Eu(III) from the aqueous phase to the organic solution (cyclohexanone and n-dodecane) under acidic conditions calcu-
lated at the PBE0/6-311G(d)-RECP level of theory, the difference (AAGAm/Ey in kcal/mol) of AGeyx between Am(III) and

Eu(III) and the separation factor (SFam/Eu)-

. Cyclohexanone n-Dodecane

HEand L G (Am) AGeq(Bu)  AAGam/be  SFambn AGei(Am)  AGeq(Bw)  AAGam/En  SFam/ea
L! —723.80 —720.91 —2.89 130.65 —714.77 —708.79 —5.98 23915.45
L? —721.31 —716.56 —4.75 3006.40 —705.55 —703.05 —2.50 67.69
L? —723.50 —719.14 —4.36 1557.69 —707.82 —704.91 -291 135.13
Lt —720.15 —717.41 —2.74 101.46 —709.06 —706.24 -2.82 116.11
L’ —722.85 —717.38 —5.47 10121.53 —718.32 —710.08 —8.24 1080181.89
Lo —721.38 —720.49 —0.89 4.48 —715.57 —714.49 -1.07 6.07
L7 —720.69 —715.05 —5.64 13481.05 —716.38 —714.97 -1.41 10.78
L® —721.72 —716.28 —5.44 9622.31 —716.02 —708.31 -7.71 441997.72
L’ —722.53 —715.64 —6.89 110917.28 —716.09 —707.09 -9.01 3956159.03
L' —720.34 —716.25 —4.09 988.06 —713.25 —709.95 —3.30 260.81

chains has no obvious regularity on extraction selectivi-
ty and separation effect.

IV. CONCLUSION

In this work, we investigated the bonding properties
as well as the extraction and separation characteristics
of the N,O-hybrid ligands formed with furan as the
skeleton with the Am(III) /Eu(III) ions in high-level lig-
uid waste (HLLW). Ten symmetric and asymmetric lig-
ands were constructed from the furan skeleton and the
side chains of pyridine, pyridazine, pyrimidine and
pyrazine, the ESP, the natural atomic charge, the HO-
MO and LUMO, and the protonation effect were calcu-
lated for these ligands. The coordination structures,
of the ML(NO3)3
(M=Am, Eu) and the thermodynamics properties of
the solvent extraction process of Am(IIT)/Eu(I1I) by the
ligands were investigated using the PBE0/6-311G(d)-
RECP method. The calculated results show that the
M-O(furan) bond is significantly shorter than the M-N
bond, while the WBI value of the former is smaller than
that of the latter. The NBO and QTAIM analyses show
that the bonds between Am(III)/Eu(IIl) and the lig-
ands are typical closed-shell interaction and the Am-lig-

bonding properties complexes

and bonds have some covalent character. The donor-ac-
ceptor interaction between the ligand and the metal ion
causes a significant electron transfer from the ligand to
the metal. The NBO analysis (second stabilization ener-
gy) and the DOS analysis demonstrate that the differ-
ence in the bonding properties of Am(III) /Eu(IIT) main-
ly stems from the fact that the Am-5f orbitals is more

DOI: 10.1063/1674-0068 /cjcp2412162

diffusive, more active, and more involved in bonding
with the ligands than the Eu-4f orbitals, which con-
firms that the selectivity of the ligand for Am(III) is
higher than that for Eu(III). The thermodynamics anal-
ysis shows that these ligands have strong extraction
ability for the Am(III) and Eu(III) ions, and also have
good extraction selectivity and separation performance
for the two metal ions. The asymmetric ligand LY has
the strongest separation performance for the Am(III)
and Eu(III) ions, and the asymmetric ligands L and L®
also have good separation effect, the four symmetric lig-
ands L1 L2, LS, L* show moderate separation capacity,
while the asymmetric ligand LS show the worst separa-
tion capacity. The distribution of N atoms on the side
chains has an effect on extraction capacity and separa-
tion effect, but there is no obvious regularity. This re-
search is helpful for understanding the flexible furan
structural pattern on the actinide/lanthanide selectivi-
ty and can provide a suitable structural reference and
valuable information for designing efficient extractants
for the separation of Am(III)/Eu(IIl) from high-level

liquid waste.

Supplementary materials: The average natural charges
and bond lengths in different solvents, QT AIM analysis
data for bond-related insights, TDOS and PDOS fig-
ures to show electronic density, and the optimized
for further exploration are

molecular coordinates

shown.
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