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ABSTRACT: Actinide An(III) and lanthanide Ln(III) are known to exhibit similar
chemical properties; thus, it is difficult to distinguish them in the separation of highly
radioactive waste liquids. One potential method to efficiently separate actinides and
lanthanides involves the design and development of phosphorus—oxygen-bonded
ligands with solvent extraction separation. Here, a bipyridine phosphate ligand with two
isopropyl and phosphate groups is introduced to selectively extract actinides. The
electronic structure, bonding properties, thermodynamic behavior, and quantum theory
of atoms in molecules (QTAIM) of Am(III) and Eu(III) complexes with the bipyridine
phosphate ligands were analyzed by using density functional theory (DFT) calculations.
The analysis demonstrates that the Am—N bond exhibits stronger covalent
characteristics than the Eu—N bond, indicating that the bipyridine phosphate ligand
had better selectivity for Am(III) than for Eu(IIl) in terms of binding affinity. The
thermodynamic analysis established the complex [ML(NO,),(H,0),]* as the most
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stable species during the complexation process. The results indicate great potential for utilizing the bipyridine phosphate ligand for
the effective separation of An(III)/Ln(III) in spent fuel reprocessing experiments.

1. INTRODUCTION

To promote the development of a low-carbon economy, fossil
energy is gradually being replaced by various green and
nonpolluting novel energy sources. Among them, nuclear
energy is considered a key solution for addressing the energy
crisis due to its cost-effectiveness and environmental friend-
liness. However, nuclear energy sources generate a large
amount of nuclear waste, classified by radioactivity intensity
into high-level waste (HLW), low-level waste, and inter-
mediate-level waste." HLW, also known as spent fuel, primarily
comes from nuclear fuel after combustion in nuclear power
plants.” The reprocessing of HLW plays a pivotal role in the
nuclear fuel cycle, essential not only for reducing nuclear waste
but also for mitigating the environmental hazards posed by
radioactive wastes, ensuring sustainable advancement of
nuclear en(=.1‘gy.3"4 To address this challenge, the international
strategy of partition and transmutation (P&T) was proposed in
the 1970s, which involves the separation/partition of minor
actinides (MA) and long-lived fission products (LLFP) and
converting them from high toxicity to low toxicity.”®

It has been hypothesized that the complete removal of MA
could reduce the final waste volume in subterranean
repositories by a factor of 100, reducing the required size of
repositories by a factor of S in comparison to those needed for
open nuclear fuel cycle plans.7 However, the separation of MA,
which requires a solvent extraction process capable of
extracting small amounts of actinides (An) from the nitric
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acid solution, presents a significant challenge due to the
chemical similarities in the ionic radii, oxidation states, parallel
electrostatics, and spatial site resistance factors in solution,
especially the An(III)/Ln(I11).*~"

To achieve the efficient extraction of An(III), several
candidate extractants have been proposed (Figure 1). Bis-
triazinyl-pyridine (BTP), composed solely of carbon (C),
hydrogen (H), oxygen (O), and nitrogen (N), is a promising
candidate extractant that exhibits excellent performance and
generates no secondary waste.'"'? 6,6'-Bis(5,5,8,8-tetramethyl-
5,6,7,8-tetrahydro-benzol[ 1,2,4]triazin-3-yl)[2,2 ]bipyridine
(CyMe4-BTBP) is another effective extractant known for its
resistance to acidic environments and the intense radiation of
radiolysis present during the separation.'”'* Additionally, 2,9-
bis(S,5,8,8-tetramethyl-$,6,7,8-tetrahydro-1,2,4-benzotriazin-3-
y1)-1,10-phenanthroline (CyMe4-BTPhen) possesses higher
surface activity at the organic/water interface than CyMe4-
BTBP due to higher local concentrations.'> Zsabka et al.
demonstrated that [A336][NO3]/CyMe4-BTPhen could be
utilized either with or without a phase transfer catalyst and co-
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Figure 1. Structures of BTPs, CyMe4-BTBP, CyMe4-BTPhen, BuPh-BPPhen, and Bh-MPPhen.

diluent for separating actinides from lanthanide series,
effectively resolving the sluggish kinetics even at elevated
temperatures. !

For many soft N-donor and S-donor ligands, the extended
actinide S5f orbitals can be distinguished from the more
contracted lanthanide 4f orbitals. The covalent interaction
between the soft N- or S-donor ligands and the 5f orbitals of
An(III) is significantly stronger than that with the 4f orbitals of
Ln(III). Xu et al. developed two novel ligands named C2-
POPhen and C4-POPhen, both based on the phenanthroline
phosphonate structure.'”'®

These ligands were designed to selectively extract trivalent
actinides, but not lanthanides. The ligands demonstrated high
extraction efficiency but showed only moderate selectivity for
trivalent actinides compared with lanthanides when tested in
highly acidic nitrate solutions. Several other ligands were
synthesized, such as Ph,-BPPhen, which is a tetradentate N,O-
heterophenanthroline phosphine oxide ligand, and BuPh-
BPPhen and BuPh-MPPhen, which are 1,10-phenanthroline
ligands. These ligands were developed for co-extracting
trivalent f-block elements from highly radioactive liquid
wastes.'” However, it has limited solubility in typical diluents,
such as octanol, and further studies are necessary to
understand the coordination chemistry between f-block
elements and N,O-hybrid phenanthroline-phosphine oxide
ligands.

BuPh-BPPhen and BuPh-MPPhen show potential in
successfully separating and characterizing 10 coordination
lanthanide complexes of solid EuL'(NO;); (BuPh-BPPhen,
L'Y) and [EuL*(NO;);(H,0)]Et,0 (BuPh-MPPhen, L?).
Therefore, a fresh polydentate phosphine oxide-functionalized
2,2-bipyridine ligand was synthesized to further expand the
organophosphorus extractant derived from phenanthroline and
explore its potential to segregate and form complexes with
trivalent lanthanides and actinides. This ligand combines the
advantages of bipyridine with the O group found in the —P=
O group of the TOPO-type ligand, which finds wide
applications as an extractant for separating trace amounts of
actinides in the TRPO process (trialkylphosphine oxide).*
Additionally, with a structure featuring two P=0 groups, this

ligand has the potential to act as a tetradentate ligand, which
provides a good platform to explore the effects of multi-
coordination and substituents on the complexation and
extraction behavior of these ligands on f-block elements.

Due to the high experimental cost caused by the high
radioactivity of actinides, a computational chemistry approach
has been found to be necessary to study lanthanide and
actinide separation.”’ Thus, we conducted a thorough analysis
of the extraction of bipyridine phosphate ligands through
relativistic quantum chemical computations, examining their
impact on the Am(III)/Eu(IIl) separation across various nitric
acid solutions. The study particularly delved into several issues,
including molecular structure, electrostatic potential (ESP),
and the MOs model of bipyridyl phosphate ligands: structure,
bonding properties, molecular MOs, and thermodynamic
behavior of complexes formed by Am(III) and Eu(III) with
bipyridyl phosphate ligands. The results helped expand and
advance our comprehension of how bipyridyl phosphate
ligands facilitate the separation of An(IIl)/Ln(III), which is
crucial in developing novel bipyridyl phosphate ligand
derivatives for elemental separation purposes. In addition,
after the actinide and lanthanide extraction from aqueous
phase, they can be further purified from the organic phase by
back-extraction, ion-exchange resins, or specific adsorbent
materials in the process of reducing nuclear waste.

2. COMPUTATIONAL METHODS

The advancement in theoretical techniques has significantly
enhanced the role of computational chemistry, making it a
useful tool for elucidating the extraction mechanism of N- and
S-donor ligands that contain f-block elements. The calculations
were performed using the Gaussian 09 software, employing the
B3LYP method in density functional theory (DFT).”*~>* The
B3LYP method is a hybrid density generalization combining
features of the Hartree—Fock (HF) method and DFT, merging
the exchange functional of Becke 88 and the three-parameter
functional (B3) with the correlation functional developed by
Lee, Yang, and Parr (LYP). In this theoretical calculation,
Am(III) and Eu(IIl) represented actinides and lanthanides,
respectively. To model these elements, small core pseudopo-
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tentials (quanti-relativistic effective core potentials, RECP)
were employed, specifically using ECP60MWB-SEG and
ECP28MWB-SEG valence groups in a segmented contraction
mode for Am and Eu. This implied that the pseudopotentials
were used to replace 60 inner core electrons in Am and 28
inner core electrons in Eu.”*”” The f-level electrons and other
remaining electrons of the metal atom were treated as valence
electrons for light elements like C, H, O, and N, and 6-31G(d)
or 6-311G(2dfp) basis sets were used. The optimized stable
systems at the B3LYP/6-31G(d)/RECP level of theory were
analyzed by using vibrational frequencies. If the system
frequencies were real, then each of these configurations
represented a local minimum in terms of the energy on the
potential energy surface.

Additionally, QTAIM analysis was conducted using
Multiwfn 3.8 software to delve into the bond characteristics
between metal ions and ligands at the same level of theory.”®
The NBO analysis was also carried out on the complexes of
water-soluble ligands containing phosphorus—oxygen bonds
with Am(III) and Eu(1II) at the B3LYP//ECP60MWB-SEG/
6-311G* level. This step was crucial for elucidating the
electronic and bonding characteristics of these complexes. To
accurately model the environment, single-point energy
computations were executed in solvent environments. The
solvation effect on the complexes was meticulously accounted
for using the solvation model-based density (SMD) in
aqueous, cyclohexanone, and nitrobenzene organic solvents.”

3. RESULTS AND DISCUSSION

3.1. Bipyridyl Phosphate Ligands. The bipyridine
phosphate ligand was first investigated based on the bipyridine
scaffold with two isopropyl and phosphate substituents (Figure
2). Figures S1 and S2 display the electrostatic potential (ESP),

02'
Qs o 01"\4 LHs
CH=03 03'-CH
CH, CH,

Figure 2. Structure of the bipyridine phosphate ligand.

as well as the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of the
ligand. The ESP reflected the chemical reactivity of the
molecule, which helped in understanding the intermolecular
interactions, reaction sites, etc. In Figure S1, the blue region
indicates the most negative position of the ESP (nucleophilic
site), suggesting that the N and O1 atoms are rich in electrons,
which facilitate their coordination with metal ions. Based on
the principle that a 180° rotation of the molecule can coincide
with the original compound, the optimized ligand structure is
deduced to exhibit approximate C, symmetry. The energy gap
between HOMO and LUMO indicates the molecule’s electron
transition ability from occupied to vacant orbitals, providing
partial insight into its reactivity. The LUMO is known to be
related to nucleophilicity and the HOMO to electrophilicity;
thus, the LUMO diagram qualitatively indicated the possible
reaction sites and the likelihood of atomic participation in the
reaction. Therefore, the N and the O1 atoms are most likely to
participate in the reaction, aligning with the ESP diagram
results.

3.2. Study of Am(lll) and Eu(lll) Complexes with
Bipyridyl Phosphate Ligands. Previous studies have shown
that trivalent actinide and lanthanide cations are highly stable
in aqueous solutions and exhibit robust ionic bonding
characteristics, with coordination numbers of 8 or 9 being
typical in such solutions.’® Four different hydrated metal
species, [M(H20)9]3+; [M(NO3)(H20)7]2+; (M-
(NO;),(H,0)s]*, and M(NO;);(H,0);, were optimized at
the B3LYP/6-31G*/RECP level of theory to study the
hydrated species in nitrate solutions. The central metal ions
had coordination numbers of 9 (Figure 3).

The nitrate anion preferred to coordinate in a bidentate
manner with Eu (III) and Am (III) (Figure 3), consistent with
the crystal structure of [Eu(NO,);(H,0);].>" The complexes
containing the ligands and metal ions were optimized by using
the B3LYP method without any symmetry restrictions. This
study focused on optimizing four separate complexes of
Am(III) and Eu(II) with bipyridine phosphate ligands.
Various complexes were optimized, each containing different
quantities of nitrate anions and water molecules. Figure 4
shows the optimized structures of the 1:1 species AmL-
(NO,);/EuL(NO;); and the 1:2 species [AmL,NO,;]**/
[EuL,NO;]*, where L stands for the bipyridine phosphate
ligand. All nitrate anions coordinated in a bidentate manner

c0000C
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Figure 3. Optimized Am(III) and Eu(III) hydrated species were found in the gas phase.
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Figure 4. Optimized structures of AmL(NO;);/EuL(NO;); and [AmL,NO;]*"/[EuL,NO;]*" in the gas phase.

with the metal ions, resulting in central metal ion having
coordination numbers between 8 and 10.*>*

Both the 1:1 and 1:2 species showed that the ligands were
bound to Am(III) or Eu(Ill) ions via the N atom of the
bipyridine and the O atom of the phosphate group. Table S1
shows the average bond lengths between the metal ion and the
N atom in the ligand (M—Np), the O atom in the nitrate group
(M—0y), the O atom in the water molecule (M—0Oy), as well
as the O atom in the ligand (M—0Oy).

While certain Am—N| bond lengths were longer than those
of the Eu—N;, bonds, the difference did not exceed 0.06 A
(Table S1). For example, in the [ML,NO;]** complex, the
mean Am—N| bond length was 2.766 A, which was 0.009 A
more than the Eu—N; bond length. Considering the slight
variation (0.03 A) in the radii of Am and Eu ions (r,,, = 0.98
A; rp, = 095 A), the Am—N bond was shorter by 0.021 A
compared to the Eu—N bond, indicating that the ligand might
have interacted more strongly with Am(III) than with Eu(III).

However, in the [ML,]**, [ML,(H,0)]*, [ML,(H,0),]*,
and [ML(NO;),(H,0)]* complexes, the ligands interacted
more strongly with Eu(III) than with Am(III). This was
probably related to the relatively low concentration of nitrate
in these complexes, as nitrate ions can synergistically interact
with Am(III) in coordination, thereby promoting the
interaction between the ligands and Am(III). The M—N;
bond length typically increased when there was an increase
in the number of coordinated nitrate ions (Figure 5). This may
be because the more nitrate ions there are, the more crowded
the cavities within the ligand become, increasing the distance
between the ligand and the metal. Moreover, a higher count of
nitrates in the complex led to a weaker interaction between the
ligand and metal cation, indicating that the presence of more
nitrate weakens the interaction between the metal ion and the
ligand.

3.3. Bonding Nature. NBO analysis was performed using
the B3LYP/6-311G*/RECP level of theory to obtain a better
understanding of how the ligand was bonded to the central
metal ion. The bonding properties of M—O and M—N bonds
were examined using the Wiberg bond index (WBI) as a
starting point. The WBIs have a positive correlation between

29| —o—Am-N_

28 |
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bond lengths (A)

25

24
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Figure S. Variation of the calculated mean bond lengths of M—O and
M-N in the Eu and Am complexes.

their size and covalent strength for the same class of bond.
Table 1 shows the WBIs for M—N and M—O bonds, which,
based on these calculations, were found to fall between 0.21
and 0.45. This suggested that the connection between N/O
atoms and metal ions was covalent in nature but relatively
weak with electrostatic interactions being more significant in
M-N; and M—Oy bonds. The Am—Nj had a slightly higher
average WBI compared to Eu—Nj, which implied that the
bonding interaction between the nitrogen donor and Am(III)
ions was stronger than that with Eu(III). For instance, in the
complex [ML(NO;),(H,0),]*, the mean WBI for the Am—N,
bond was 0.335, that is, 0.122 larger than that for the
corresponding Eu—N bond. These results of the WBIs study
were further corroborated using Mayer bond order (MBO),
which are commonly regarded as an appropriate tool for
analyzing bond covalency. The calculations were extremely
time-consuming and generalizable.34 The MBOs for Am—N in
the 1:1 complex [ML(NO;),(H,0),]* were 0.228 and 0.178
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Table 1. WBIs of M—N and M—O Bonds (M = Am, Eu)

M-N, M-0O, M-Oy M-Oy

[ML,]** 0.246/0.287 0.338/0.432 —
[ML,(H20)]** 0.255/0.210 0.337/0.236 0.250/0.218
[ML,(H,0),]** 0.264/0.245 0.337/0.332 0.281/0.142
[ML,NO;]* 0.225/0.235 0.322/0.340 — 0.322/0.321
[ML(NO,),(H,0)]* 0.327/0.231 0.445/0.310 0.375/0.255 0.417/0.322
[ML(NO,),(H,0),]* 0.335/0.213 0.438/0.329 0.370/0.255 0.449/0.327
ML(NO,), 0.221/0.185 0.271/0.307 — 0.306/0.258

Table 2. MBO of M—N and M—O Bonds (M = Am, Eu)

M-N, M-0, M—0y, M-Oy

[ML,]* 0.218/0.257 0.428/0.465 — —
[ML,(H,0)]** 0.248/0.234 0.410/0.265 0.242/0.188 —
[ML,(H,0),]** 0.225/0.229 0.373/0.361 0.242/0.111 —
[ML,NO,]** 0.189/0.187 0.352/0.322 — 0.322/0.270
[ML(NO,),(H,0)]* 0.241/0.225 0.376/0.338 0.316/0.276 0.284/0.310
[ML(NO,),(H,0),]* 0.228/0.178 0.380/0.347 0.307/0.245 0.359/0.281
ML(NO;), 0.184/0.152 0.188/0.321 — 0.273/0.274

for Eu—N, and for the 1:2 type of complex [ML,NO;]*, Am— 0.060

N was 0.189 and Eu—N was 0.187 (Table 2). Thus, these ——Pamn

results confirm that weak covalent interactions dominate the 0.05F  —9—Pen

M-N and M—O bonds. . 0.050 F —0—2:.:

The MBO values of the Am—N bond were relatively higher :;

than those of th.e E1.1—N bond, indicating .more pro.nounced E‘ 0.045 | 0/4\ ‘

covalent properties in the former. The difference in MBO ® -

values for Am—O and Eu—O was less than that for the Am—N § 0.040 |-

and Eu—N bonds. Thus, the ligand exhibited an affinity for S o035k

attachment to Am(III)/Eu(1II) via the nitrogen atom. £

These results were supported by the QTAIM method and u% 0.030 F

the Multiwfn 3.8 program for the topological analysis of the

nature of the bonds in the complexes.” Table S2 provides a 0.025 - /

summary of the calculated QTAIM parameters, including 0.020 b

electron density (p), Laplace operator of electron density ' . ; : ) ) ) )

V), elec.tron energy density (H), |V(BCP)|/G.(1.3CP), and ©F ob ‘\og' Y\O\\. of o “‘\j'

energy density per unit electron at the BCP position H(r)/ W ‘\03\1\‘\ T o W Y ¢

p(r). The value of QTAIM is the average of all M—N and M— e e

O1 bonds in the complex. Multiple studies have shown that
QTAIM possesses the ability to offer comprehensive insight
into the bonding properties of actinide complexes. Based on
these parameters, all of the electron densities were found to be
below 0.10 au, and their associated Laplace operators were
non-negative. Figure 6 illustrates that all M—Oy bonds were
stronger than M—N|, bonds, primarily because oxygen had a
higher electronegativity compared to that of nitrogen.
Compared with other complexes, the electron density of M—
N, of ML(NO,); is quite different, which may be because the
system is neutral and more stable, and the interaction between
metal and ligand is stronger. This observation was consistent

with the shorter M—O;, bonds. \/?p(BCP) < 0 was considered
a sufficient nonessential condition for covalent bonding.
Theoretically, a partial covalent bond could be indicated by
the electron energy density (H) at the bond critical point
(BCP). This bond could be considered as covalent interaction
for H(BCP) < 0 and noncovalent interaction for >0.

Table S2 shows that negative H values were present in the
Am—-N bonds of [ML,]?*, [ML,(H,0)]**, and
[ML,(H,0),]*. On the contrary, all other bonds exhibited
positive H values. The value of [V(BCP)I/G(BCP) served as
the criterion for determining the type of bonding: values <1

Figure 6. Variation of the calculated average QT AIM parameters p at
M-0O and M—N bonds’ BCPs.

indicated closed-shell layer interaction; values >1 but <2
indicated intermediate interaction; and values >2 signified
covalent interaction. For the three Am complexes with |
V(BCP)I/G(BCP) values <1, which correspond to the
negative H values in the table, the Am—N bonds were
classified as closed-shell layer interactions, and the others were
intermediate interactions. Bond degree (BD), represented by
H(r)/p(r), measures the energy per unit electron relative to
the density at the bond critical point (BCP). For covalent
interactions (usually characterized by H(BCP) < 0), a more
negative BD indicates a stronger effect. In contrast, for
noncovalent interactions (usually H(BCP) > 0), a more
positive BD suggests a weaker effect. The data from the table
indicate that the Am—N bond exhibited more covalent
properties than the rest of the bonds, consistent with the
dominant electrostatic interactions obtained from MBOs and
WBISs analysis.

The analysis conducted above indicated that the superior
Am/Eu separation capability of the bipyridyl phosphate ligands
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Figure 7. Gibbs free energy changes (AG, kcal mol™") for the 24 complexation interactions of four different Am(IIT)/Eu(III) starting materials
with six different products in water(a,d), cyclohexanone(b,e), and nitrobenzene(c,f) solutions.

Table 3. Gibbs Free Energy Alteration for Am**/Eu*" Complexes in Aqueous (AG, (Am3+/Eu3+), kcal mol™'), and the

Difference of Gibbs Free Energy Alteration between Am>" and Eu®* Complexes (AAG

3
aq/cyc/nit — AGaq/cyc/mt(“‘In +) -

AG,y/cye/nit(Eu’"), keal mol™") in Aqueous, Cyclohexanone, and Nitrobenzene Phases at the B3LYP/6-311G*/RECP Level of

Theory

reactions
[ML,(H,0),]* + 2NO;~ + 3H,0
[ML,(H,0),]* + 2NO,™ + 4H,0
[ML,NO,]** + NO;~ + SH,0
= [ML(NO;)2(H,0),]* + 3H,0
+L +No3 = ML(NO;); + SH,0
M(NO;),(H,0)s]* = [ML(NO;),(H,0)]" + 4H,0

[ +2L =
[

[

[

[

[

[M(NO3)(H7_O)7 24 2LJr = [ML,(H,0),] P+ SH,0 + NO;~
[

[

[

[

[

M(NO,),(H,0);]"
M(NO;),(H,0);]" + 2L =
M(NO;),(H,0)s]* + 2L =
M(NO;),(H,0)s]" +

i

1"+

M(NO,),(H,0)s

]

M(NO,)(H,0)7]* + 2L = ML,(H,0)*" + 6H,0 + NO;~
M(NO;)(H,0)7]* + 2L = [ML,NO,]** + 7H,0
M(NO,)(H,0)7]** + L + NO,™ = [ML(NO;),(H,0),]" + 5H,0
M(NO;)(H,0)7]*" + L + 2NO,;~ = ML(NO,); + 7H,0
M(NO,)(H,0)7]* + L + NO,~

= [ML(NO,;),(H,0)]* + 6H,0

AG,, AAG,, AAG,,. AAG,,
697.47/865.72 —168.26 14.80 13.96
1251.90/1208.35 43.55 13.04 14.11
567.24/811.10 —243.86 —55.38 10.25
—316.01/-277.27 —50.36 —9.64 —10.13
—373.48/-323.12 —38.75 7.47 —55.97
—310.67/-396.30 85.63 —2.06 -3.65
524.65/665.50 —140.85 12.92 12.08
1079.08/1008.12 70.96 11.16 12.23
394.41/610.87 —216.4S 5.59 8.37
—143.19/-77.04 =77.77 =775 —8.25
—200.66/—122.90 —66.15 —53.50 —54.08
—137.85/-196.07 58.23 —0.18 -1.77

was probably due to the moderately greater covalent attributes
of the Am—N bond compared to those of the Eu—N bond.
3.4. Energy Analysis. The relationship between bipyridyl
phosphate ligands and Am(III) and Eu(I1I) cations was further
investigated based on a thermodynamic perspective. The
alteration in Gibbs free energy (AG) was computed for 24
probable reactions at the B3LYP/6-311G*/RECP level of
theory to evaluate the thermodynamic feasibility of these
reactions. The reaction is enthalpy-driven, and AG is obtained
by subtracting the energies of the reactants from the energies
of the products. The reactions were initiated with four
reactants, namely, [M(NO,),(H,0),]®™* (M = Am,Eu; n
= 1,2,3; m = 7,53) and [M(H,0),]*", yielding six different
products, namely, [ML,(H,0)]*", [ML,(H,0),]**

[ML2N03]2+; [ML(NO3)2HZO]+; [ML(NO3)2(H20)2]+y and
ML(NO;);. The more negative the AG is, the lower the
system’s Gibbs free energy, indicating a greater likelihood of
the reaction occurring.

The process of liquid—liquid distribution of Am(III) or
Eu(I1I) ions between nitric acid solution and the organic phase
was relatively intricate.’® The solvation impacts of water,
cyclohexanone, and nitrobenzene solutions were taken into
account to model potential solvent extraction methods. In the
system studied, it was clear that the reactions that gave the
[ML(NO;),H,0]*, [ML(NO;),(H,0),]* products which had
smaller AG values (Figure 7). For example, in cyclohexanone
solutions of Am(III) and Eu(III) complexes, the values were
—99.12 and —43.73 kcal mol ™}, respectively. Am complexes
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showed higher negative AG values compared to those of Eu
complexes. This means that the reaction of the Am complex is
more likely to occur than that of the Eu complex.

The variation in AG for 24 possible complexation reactions
in water, cyclohexanone, and nitrobenzene solutions of various
starting reactants but the same end products was analyzed. The
difference in AG between the same products obtained using
the initial reactant [Am(NO;),(H,0):]* with 9 coordination
and the initial reactant Am(NO,);(H,0); with 9 coordination
numbers was very significant. Thus, it was inferred that
decreasing the amount of nitrate in the initial reactants favored
the extraction of metal ions, which indicated that nitrate did
not promote these reactions. The addition of one water
molecule to the initial reactant had a very small effect on AG
compared with adding one nitrate. Hence, regulating the
quantity of nitrate present in the initial reactants affected the
extraction process. Nevertheless, in the aqueous solution, a
higher concentration of nitrates in the product resulted in
more favorable reactions.

Next, the difference in AG between Am(III) and Eu(III)
complexes (AAG) was calculated to compare the thermody-
namic favorability of Am(III) and Eu(III) complexation, using
the following equation: AAG, /5, = AGyy, — AGg,,”” which
showed the changes in the AG of the Am(III) and Eu(III)
compounds produced by each reaction. Most of the AAG,,
reactions were negative, which implied that the complexation
of the bipyridine phosphate ligand with Am*" was more
favorable in energy than with Eu®" and that the reaction of
Am(III) was more likely to occur than the Eu(IIl) reaction
(Table 3). It should be noted that our results, in terms of AG
and AAG,, /5, are more negative compared to previous
studies using bipyridine ligands,”” indicating a better extraction
efficiency for actinide elements. The AG values for 1:2 type
extraction complexes were mostly positive, while those for 1:1
type extraction complexes were mostly negative. For example,
the AG values for the reactions in aqueous and nitrobenzene
solutions were —373.48 and —81.86 kcal mol ™!, corresponding
to more negative values than those for the reactions of the 1:2
extraction complexes in aqueous and nitrobenzene solutions.
However, the values of AAG for the 1:1 extraction reactions
were greater than those of the 1:2 extraction reactions.
Therefore, the 1:1 extraction reaction was more effective for
the separation of Am(III)/Eu(IIl). These results showed that
optimal separation of Am(III)/Eu(IIl) cations with bipyridyl
phosphate ligands could be accomplished by generating 1:1
type extraction complexes through the modulation of
experimental conditions, such as the molar ratio of ligands
and metal ions, pH, and temperature. Thus, the study
established a theoretical foundation and provided direction
for conducting experiments.

4. CONCLUSIONS

We investigated the extraction mechanisms of Am(III) and
Eu(III) complexes with a bipyridine phosphate ligand using
DEFT calculations and analyzed their coordination modes of the
complexes through bond length comparisons. Our findings
indicate that the coordination of cations is profoundly
influenced by the presence of nitrogen and oxygen atoms
within the bipyridine phosphate ligands. Owing to oxygen’s
higher electronegativity relative to nitrogen, all M—Op, bonds
are stronger than M—N; bonds. Furthermore, the presence of
oxygen ligands not only reduces the sensitivity of the extractant
to acidity but also provides sites for metal coordination,

facilitating the separation of lanthanides and actinides even at
lower concentrations. In addition, in all examined Am and Eu
complexes, nitrate ions formed a bidentate coordination with
Am(III) and Eu(III). The Am—N bond is notably shorter and
demonstrated a higher WBI value compared with the Eu—N
bond, suggesting stronger binding between the ligand and
Am(III). Both NBO and QTAIM analyses indicated that the
M~—N bond exhibits a degree of weak covalent characteristics,
while the Am—N bond shows greater covalency than the Eu—
N bond.

Based on the thermodynamic analysis, the majority of
AAG,,, /g, reactions in the aqueous solution had a negative
value. This indicated that the bipyridyl phosphate ligand was
selective for Am(III). However, from an energy perspective,
compared with cyclohexanone, the separation process in an
aqueous solution appeared to be more unfavorable. Based on
the changes in AG, it was observed that the selection of initial
reactants had a notable influence on reaction energetics.
Reducing the amount of nitrate in the initial reactants
facilitated the extraction of metal ions, indicating that nitrate
did not promote these reactions. The reactions in the aqueous
solution became more favorable with an increasing amount of
nitrate in the product. The formation of [ML(NO;),(H,0),]*
complexes was accompanied by a small change in Gibbs free
energy.

Therefore, in order to facilitate the complex formation of
Am* and Eu® with ligands, it is necessary to control the
amount of nitrates in both the initial reactants and products.
The phosphorus—oxygen-bonded ligand is more likely to
coordinate with the Am element, successfully achieving the
goal of separating the actinide element Am from the lanthanide
element Eu. The results indicate that the use of the bipyridine
phosphate ligand has great potential for the effective separation
of An(1II)/Ln(III) in spent fuel reprocessing experiments.
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