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ABSTRACT: The chemical similarities between trivalent actinides [An(III)] and
lanthanides [Ln(III)] present a significant challenge in differentiating and
separating them, which is a key step toward closing the nuclear fuel cycle.
However, the existing separation approaches commonly suffer from demerits such
as inadequate separation factors, limited stripping efficiency, and undesired
coextraction. In this study, a novel unsymmetrical phenanthroline-derived amide-
triazine (Et-Tol-CyMe4-ATPhen) extractant was first designed and then screened
with theoretical computation. Meanwhile, they were successfully synthesized by
using a de novo construction method. As expected, Et-Tol-CyMe4-ATPhen
exhibited a favorable extraction ability for Am(III) and minimal extraction for
Ln(III), thereby achieving an extremely selective An(III)/Ln(III) separation with a
separation factor of over 280. Furthermore, Am(III) could be easily and effectively
stripped from the loaded phases using dilute nitric acid. The underlying
coordination mechanisms were thoroughly elucidated by using 1H NMR, ESI-MS, UV−vis absorption spectrometry,
photoluminescence spectrometry, and single-crystal X-ray diffraction. This work holds promise for addressing the current
challenges in An(III)/Ln(III) separation and represents a pioneering endeavor in developing next-generation extractants from first-
principles calculation.
KEYWORDS: actinides, lanthanides, selective separation, computational-aided, complexation mechanism

1. INTRODUCTION
Lanthanides and actinides, defined by 4f and 5f electrons,
compose the f-block elements.1 The lanthanide series spans La
to Lu and exists primarily as stable Ln(III) ions in aqueous
solution.2 Among the actinides, Th, U, Np, and Pu commonly
show oxidation states of +4, +6, +5, and +4 in the aqueous phase,
respectively.3 Other actinides mainly exist as An(III) ions under
acidic conditions.4 Minor actinides like americium (Am) and
curium (Cm) are produced in nuclear reactors from neutron
capture of uranium.5 Recovering minor actinides from spent
nuclear fuel for recycling or transmutation aligns with
environmental protection and nuclear safety imperatives.6,7

Lanthanides are high neutron-capture fission products (e.g.,
149Sm and 157Gd), and their coexistence with minor actinides
will severely hinder efficient transmutation and utilization of the
5f nuclides, emphasizing the need for effective separation of the
two groups of elements.8 However, efficient separation of
An(III)/Ln(III), especially via the industrially favorable solvent
extraction technique remains a great challenge,9,10 which stems
from nearly identical chemical behaviors between An(III) and
Ln(III) in terms of closely similar outer electronic config-
urations, same valence states, and comparable ionic radii.11

According to the hard−soft acid-base (HSAB) theory, An(III)
species with more diffuse 5f electron orbitals exhibit softer acid

character as compared to their 4f Ln(III) counterparts.12,13

Therefore, An(III) ions show a stronger affinity toward soft
donor bases like N or S, rationalizing the employment of
lipophilic extractants with N or S donor atoms for An(III)/
Ln(III) separation.14

There were no extractants capable of separating trivalent
actinides and lanthanides under highly acidic conditions until
2,6-bis(1,2,4-triazin-3-yl)pyridine (BTP) ligands were discov-
ered.15 However, BTP’s stability under strong acidity and
irradiation was proven unsatisfactory.16 A promising tetraden-
tate 6,6′-bis(1,2,4-triazin-3-yl)-2,2′-bipyridine ligand (BTBP)
was then found to show robust Am(III)/Eu(III) separation in
low-polarity solvents.17 Yet, the slow extraction kinetics
resulting from the rotatable bipyridine skeleton of BTBP
necessitated the addition of malonamide ligands to facilitate
the metal transfer from the aqueous solution to the organic
phase.18 Further modification led to a rigid 2,9-bis(1,2,4-triazin-
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3-yl)-1,10-phenanthroline (BTPhen) extractant with expedited
kinetics and improved extraction capability,19 but the coex-
traction with Ln(III) and extremely high affinity to Am(III)
posed stripping challenges.20 Coordination chemistry experi-
ments in solution and solid systems confirmed that 1,10-
phenanthroline-2,9-dicarboxamide (PDAM) held a strong
affinity to Ln(III) ions with large radii and it may have potential
An(III)/Ln(III) separation ability.21,22

Therefore, the N,O-hybrid N,N′-diethyl-N,N′-ditolyl-2,9-
diamide-1,10-phenanthroline (Et-Tol-DAPhen) extractant was
developed by combining soft N donor atoms on the
phenanthroline skeleton and hard O donor atoms on amide
side chains, and this ligand exhibited a notable An(III/IV/VI)/
Eu(III) separation efficacy.23−25 However, the cascade counter-
current extraction test revealed a periodic trend in Et-Tol-
DAPhen’s extraction efficiency for Ln(III) with a significant
coextraction phenomenon observed for light lanthanides.26

Meanwhile, a class of bis-lactam-1,10-phenanthroline (BLPhen)
extractants have been developed through preorganized mod-
ification and they exhibited enhanced Am(III) extraction
capability.27,28 However, under highly acidic conditions,
noticeable coextraction of Ln(III) ions was also observed.29

At present, rarely reported extractants could simultaneously
combine the advantages of strong extraction ability in high
acidity, complete separation ability for Am(III)/Ln(III), and
convenient stripping (Appendix A in the Supporting Informa-
tion).30−32 Meanwhile, conventional synthesis methods for
phenanthroline-derived extractants were usually based on direct
grafting of side functional groups onto the phenanthroline
skeleton, causing difficulties in modification and limiting the
finding of novel structures.33,34 Based on the summary and
comparison of the extractants mentioned above, we believe that
the ideal An(III)/Ln(III) extractant is an asymmetric extractant
composed of an N-heterocyclic skeleton, amide, and triazine
side chains.35 The selection of N-heterocyclic molecules (such
as pyridine, bipyridine, and phenanthrene) as the extractant
skeleton can ensure the extraction separation ability under
highly acidic conditions. The amide side chain with an O donor
atom can improve the extraction and stripping ability of
actinides, while the triazine side chain with a N donor atom can
improve the selectivity of Am(III) over Eu(III).
Numerous studies have shown that density functional theory

(DFT) calculations can predict the An(III)/Ln(III) separation
trend observed in experiments and provide an in-depth
understanding of the extraction and separation mecha-
nisms.36−40 This emphasizes the reliability of DFT calculations
in exploring the extraction and separation capabilities of
extractants. In addition, as compared to experimental method-
ologies, DFT calculations required less manpower, budget, and
time, thus allowing for more efficient screening of extractant

structures and enabling rapid optimization.41−43 Consequently,
DFT calculations have become an important tool in the research
of An(III)/Ln(III) separation processes.44,45

Herein, we designed three unsymmetrical extractants (2-N-
ethyl-N-(tolyl)carboxamide-6-(5,5,8,8-tetramethylcyclohexyl-
[1,2,4]triazin-3-yl)-pyridine) (Et-Tol-CyMe4-ATP, L1, Figure
1a), 6-N-ethyl-N-(tolyl)carboxamide-6′-(5,5,8,8-tetramethylcy-
clohexyl-[1,2,4]triazin-3-yl)-2,2′-bipyridine (Et-Tol-CyMe4-
ATBP, L2, Figure 1b), and 2-N-ethyl-N-(tolyl)carboxamide-9-
(5,5,8,8-tetramethylcyclohexyl-[1,2,4]triazin-3-yl)-1,10-phe-
nanthroline (Et-Tol-CyMe4-ATPhen, L3, Figure 1c) by
incorporating both amide and triazine functional groups onto
the N-heterocyclic skeletons. The DFT screening results
suggested that L3 was the optimal extractant. A brand-new de
novo construction method was then developed to successfully
synthesize this phenanthroline-derived L3 extractant. Subse-
quent solvent extraction results confirmed the DFT predictions,
highlighting L3’s favorable extraction for Am(III) and its
convenient stripping. Furthermore, L3 showed a weak
extraction toward all the Ln(III) ions, achieving a notable
An(III)/Ln(III) separation. The coordination mechanisms of
L3 with f-block elements were fully disclosed via various
spectroscopic methods and structural characterizations. This
study provided an innovative unsymmetrical phenanthroline-
derived extractant of great potential in solving the current
challenges in An(III)/Ln(III) separation.

2. METHODS

2.1. DFT Computational Details
Kohn−Sham DFT calculations were performed on the following
molecules: L1, L2, L3, ML(NO3)3 [M = Am(III), Eu(III); L = 1,2,3]
and [M(L3)2NO3]2+ [M = Am(III), Eu(III)].46,47 Geometry
optimizations were performed by employing the hybrid functional
PBE0 as implemented in the Gaussian 16 program.48,49 For Eu(III) and
Am(III), the ECP28MWB/ECP28MWB-SEG50,51 and ECP60MWB/
ECP60MWB-SEG52,53 basis sets and pseudopotentials were applied,
respectively. For nonmetal atoms, the def2-TZVP basis sets54 (L and
ML-type complexes) and the 6-311G* basis sets55 (ML2-type
complexes) were applied, respectively.

For each molecule, solvation effects were evaluated using the SMD
solvation model with def2-TZVP basis sets for nonmetals and
previously mentioned pseudopotentials and basis sets for metals at
the DFT/PBE0 level of theory.56 Furthermore, time-dependent density
functional theory (TDDFT) calculations with the PBE0 functional
(TDDFT/PBE0) were performed on L3, M(L3)(NO3)3, and [M-
(L3)2NO3]2+ [M = Am(III), Eu(III)] using 6-311G* basis sets for
nonmetals.

The chemical bonding analysis of ML(NO3)3 complexes, including
bond order analyses,57−59 energy decomposition analysis (EDA),60−62

and natural orbitals for chemical valence (NOCV)63 were performed at
the above optimized geometries using the PBE functional,64 scalar
relativistic ZORA Hamiltonian,65 and uncontracted slater-type orbital

Figure 1. Three extractants designed and developed in this work. (a) Et-Tol-CyMe4-ATP, L1; (b) Et-Tol-CyMe4-ATBP, L2; (c) Et-Tol-CyMe4-
ATPhen, L3.
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basis sets with the quality of triple-ζ plus two polarization functions
(TZ2P)66 implemented in the Amsterdam Density Functional (ADF
2020.103).67,68 To balance computational accuracy and computational
cost, small-core TZ2P basis sets were employed for all atoms in the
bond order calculations, with the frozen core approximation applied to
the inner shells [1s2 − 4f14] for Am(III), [1s2 − 4d10] for Eu(III), and
[1s2] for C, N, and O. In the EDA calculations, all-electron TZ2P basis
sets were used for all atoms.

These functionals and basis sets have been extensively tested for
actinide coordination systems and shown to give good agreement with
experimental data.36,41,69,70

2.2. Solvent Extraction and Stripping Experiments
Caution: it should be noted that 241Am(III) and 152,154Eu(III) both have
strong radioactive and physiological toxicity. Relevant experiments
were carried out in the radiochemistry laboratory at Tsinghua
University.

The Am(III) feed liquid in the radioactive experiment was 241Am-
(III), and the Eu(III) feed liquid was a mixture of 152Eu(III) and
154Eu(III). First, the extractants were dissolved in 1-(trifluoromethyl)-
3-nitrobenzene to prepare a solution with a concentration of 2−20 mM
as the organic phase in the extraction. The radioactive elements
Am(III) and Eu(III) (1.2 × 103 and 2 × 103 Bq/mL) or nonradioactive
lanthanide nitrates (0.1mM)were added to the nitric acid solution with
a concentration of 0.1−4.0 M as the aqueous phase in the extraction.
During the extraction experiment, 1 mL of the aqueous phase and
organic phase were added to the centrifuge tube, and magnetic stirrers
were used to fully mix the two phases (300 rpm, 60 min). After the
extraction reached the equilibrium state, the mixture was centrifuged
for phase separation (3000 rpm for 3 min). In the radioactive extraction
experiment, 100 μL of aqueous-phase solutions containing Am(III) and
Eu(III) were added to the liquid scintillation (LSC) bottle with LSC
cocktail (Ultimate gold, PerkinElmer) and mixed intensively. The
radioactive activity of Am(III) and Eu(III) in the aqueous phase before
and after extraction was measured by an ultralow-level scintillation
counter (Quantulus 1220, PerkinElmer). ICP-OES (iCAP-PRO,
Thermo Scientific) was used to measure the concentration of Ln(III)
in the aqueous phase before and after extraction. The calculation
methods of the distribution ratio (D) and extraction efficiency (E) to
Am(III)/Eu(III) and Ln(III) are shown in eqs S1 and S2. The slope
analysis method was used to identify the chemical composition of
extracted complexes, and the corresponding calculation equations are
shown in eqs S4−S9.

The aqueous solutions of 0.1, 0.01, and 0.001MHNO3were selected
as the stripping agents. The acidity of the Am(III) feed liquid was 3 M
HNO3. The concentration of the L3 extractant in the organic phase was
20 mM. First, the organic phases and aqueous liquids were allowed to
make full contact to achieve extraction equilibrium. Then, the extracted
organic phases and fresh stripping agents were mixed and centrifuged.
The extracted organic phase was stripped three times by fresh stripping
agents. The volume of organic and aqueous phases was equal in each
extraction and stripping step. The stirring and centrifugation times were
60 and 3 min, respectively. Based on the measured radioactivity of
Am(III) in the feed liquid, extracted organic phase, and stripped
aqueous phase, the single and total stripping efficiencies (S %) were
calculated, respectively, and the calculation method is presented in eq
S3.

2.3. 1H NMR Titration
CD3OD with 99.8% deuteration and containing 0.03% (v/v)
tetramethyl silane (TMS) was used as a solvent in NMR titration.
The stock solutions were prepared by dissolving L3 at a concentration
of 10 mM, respectively. La(III) and Lu(III) nitrate were also prepared
with a concentration of 50 mM as the titrant solution, respectively. The
nuclear magnetic tube initially contained 0.5 mL of the ligand solutions,
and 10 μL of metal ion stock solution was added in a single drop. The
nuclear magnetic tube was oscillated (600 rpm, 3 min) to reach
coordination equilibrium and obtain 1HNMR spectra (AVANCENEO
500, Bruker). The addition of metal ions was stopped after no changes
were found in the NMR spectra (M/L = 2.0).

2.4. ESI-MS
Eu(III) nitrates and L3 were dissolved in HPLC-grade acetonitrile at a
concentration of around 1.0 mM as the original stock solutions. The
stock solutions of ligands and metal ions were mixed in equal volumes,
and sodium nitrate was added to the mixture to promote the
coordination reaction. The mixtures were shaken for 3 min to ensure
that the coordination reaction reached equilibrium and diluted to 0.1
mM before mass spectrometric analysis. The high-resolution mass
spectrum results were obtained by a mass spectrometer (Q-TOF 6545,
Agilent) without liquid chromatography separation.
2.5. UV−Vis Spectroscopic Titration
Acetonitrile with HPLC purity was used as a solvent in the UV−vis
spectroscopy titration. For Eu(III)-L3 titration. L3 with a concen-
tration of 0.03 mM was used as the initial titrated solution. Eu(III)
nitrate with a concentration of 1.0 mM was prepared as the initial
titrating solution of the metal ions. The ionic strength in Eu(III)-L3
titration samples was controlled at 10.0 mM by Et4N·NO3. The
complexation between ligands and metal ions reached equilibrium after
stirring (600 rpm, 3 min). The UV−vis titration spectra of Eu(III)-L3
(range = 240−450 nm, step = 0.2 nm) were collected on a UV−vis−
NIR spectrophotometer (Cary 5000, Agilent). TheHyperSpec program
was used to fit the stability constants (log β), molar absorptivities, and
species fraction curves of ligands and complexes.71

2.6. Photoluminescence Titration
The stock solutions of 1.0 mM ligand and 0.1 mM Eu(III) nitrate in
CH3CN were used in photoluminescence titration experiments.
Tetraethylammonium nitrate (10 mM) was added to the solutions to
keep the ionic strength constant. The Eu(III) nitrate solution with an
initial volume of 2.0 mL was put in a quartz cuvette with an optical path
of 1 cm. After each addition, samples needed to be mixed by magnetic
stirring (600 rpm, 3 min) to reach the complexation equilibrium. The
titration was stopped until no significant changes were found in the
photoluminescence emission spectra. The photoluminescence emis-
sion spectra with a wavelength ranging from 550 to 750 nm (step = 1
nm) were obtained by a photoluminescence spectrometer (FLS1000,
Edinburgh) with the excitation wavelength set at λex = 356 nm.
2.7. Single-Crystal X-ray Diffraction
Single crystals of the L3 ligand were obtained by cooling crystallization.
By heating and stirring, a certain amount of L3 was dissolved in
acetonitrile and concentrated into a supersaturated solution with a
concentration of 50 mM. Then it was left at room temperature for more
than 48 h, and high-quality single crystals precipitated at the bottom of
the glass bottle. The single crystal of the complex formed by Eu(III) and
the L3 ligand was obtained by the solvent diffusion method. Eu(III)
nitrate (0.01 mM) was dissolved in acetonitrile with an equal amount of
L3 ligand and then placed in an ethyl ether atmosphere for diffusion.
After some time (1−7 days), single crystals of the 1:1 complex
precipitated from the bottom of the glass bottle. Using Eu(III)
perchlorate and a double equivalent amount of the ligand, the single
crystals of the 1:2 complex were obtained by the same method.

3. RESULTS AND DISCUSSION

3.1. Theoretical Prediction and Screening
The design of extractants that combine all of the merits of
extraction, stripping, and selective properties for An(III)/
Ln(III) separation remains a big challenge. We suppose that
the unsymmetrical extractants composed of both amide and
triazine functional groups onto N-heterocyclic skeletons
(pyridine, bipyridine, and phenanthroline) could achieve this
target. To rapidly validate our ideas, we decided to initially use
DFT calculations to screen these three extractants based on the
established application of DFT in computationally predicting
the separation efficiency of extractants.
To predict the extraction and separation capabilities of the

assumed ligands for Am(III) and Eu(III), DFT calculations
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were first performed on theML-type complexes, i.e., ML(NO3)3
[M = Am(III), Eu(III); L = L1, L2, L3]. Considering the
rotation of the C−N single bond in the amide side chain of the
ligand, our calculations considered two isomers, labeled as is1
and is2 (Figure S2). According to their relative energies after
optimization (Figures S3 and S4 and Tables S1 and S2), is1 was
identified as themost stable one for theML(NO3)3 complex and
was employed for subsequent calculations and discussion. For all
ML(NO3)3-is1 complexes, the ligand provided three (L1) or
four (L2 and L3) coordinating atoms, along with three nitrate
ions coordinating in a bidentate manner, resulting in a
coordination number of 9 (L1) or 10 (L2 and L3) for the
metal center (Figure 2a−c).
To evaluate the differences in M−L chemical bonding

between Am(III) and Eu(III) for each ligand and deeply
explore the nature of these bonds, we performed a detailed
bonding analysis on the ML(NO3)3 complex, including bond
orders, EDA, and NOCV. The calculations are summarized in
Tables S3−S5 and Figures S5−S16.

The results of the bond order analysis show that the bond
orders for M−O and M−N with Am(III) are greater than those
with Eu(III) among the three ligands (Figure 2d and Table S4).
This means that the bonding interactions of the ligands with
Am(III) are stronger than those with Eu(III). This difference in
bonding interactions enables the ligands to have selectivity for
Am(III) over Eu(III). Moreover, the EDA results (Figure 2e)
show that the Am(III) complexes have more negative total
bonding energies than the Eu(III) complexes, which also
indicates a stronger binding affinity of these ligands toward
Am(III). To further explore the driving forces behind these
differences, we have compared the various components in the
EDA results (Table S5). The detailed analysis reveals that the
Am(III) complexes are more favorable in terms of electrostatic
stabilization compared to the Eu(III) complexes. However, this
interaction is offset by Pauli’s repulsion energies. Hence,
summing these two energies (steric interaction) resulted in
small negative values (ranging from −0.44 to −7.03 kcal·mol−1)
for all the complexes, with more negative values observed in the

Figure 2. Optimized structures of (a) Am(L1)(NO3)3, (b) Am(L2)(NO3)3, and (c) Am(L3)(NO3)3. (d) Nalewajski−Mrozek (N−M) bond order
analysis of ML(NO3)3 [M = Am(III), Eu(III); L = L1, L2, L3]. (e) EDA of the total bonding interaction between fragments M(NO3)3 and ligand in
ML(NO3)3 [M = Am(III), Eu(III); L = L1, L2, L3]. (f) Calculated Gibbs free energies (ΔG) of the complexation reactions and the difference in ΔG
between Am(III) and Eu(III) (ΔΔG) in nitrobenzene. (g) Frontier molecular orbital energy level diagram of L1, L2, and L3 fragments in
Am(L)(NO3)3. The envelope of HOMO and LUMO is given with contour values of 0.02 au. (h) Design strategy of the optimal extractant screened by
DFT calculation.
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Eu(III) complexes. Considering only these two metrics, we
would predict that the Am(III) complexes would not be stable
compared to the Eu(III) complexes. Nevertheless, significant
negative stabilization energies are obtained once the orbital
interaction terms are considered. Therefore, the stronger
metal−ligand orbital interactions in Am(III) complexes than
those in Eu(III) complexes are regarded as the main factor in
promoting ligand selectivity for Am(III) over Eu(III).
Subsequently, to further understand the orbital interactions in

the complexes, we analyzed the M−O and M−N bonding
interactions using the ETS-NOCV method (Figures S5−S16).
The NOCV deformation densities show that the interactions
between the metals and the ligands in all of the complexes are
dominated by σ-bonds. These σ-bonding interactions primarily
consisted of O 2p- orbitals and N 2p- orbitals mixing with 4f-/
5f-, 5d-/6d-, and 6s-/7s- orbitals of the metals. As compared to
the f (4f/5f) orbitals, the d (5d/6d) orbitals contribute more to
metal−ligand bonding. Consistent with the results of the
literature, the d orbitals are more diffuse as compared to the
more contracted f orbitals, resulting in different bonding
capabilities.69,72−77

In general, the bonding analysis of ML(NO3)3 complexes
reveals that the three ligands have a stronger binding affinity to
Am(III) as compared to Eu(III), suggesting that all these
designed ligands may possess certain separation capabilities
toward Am(III) and Eu(III). It is worth mentioning that within
the same metal complex, the larger bond orders of M−O as
compared toM−N also suggest that introducingO coordination

can enhance the extraction capability of the ligand, which is
consistent with the widely reported results in experiments.
In order to identify the most promising extractants for

separating Am(III) and Eu(III), thermodynamic calculations
were performed on theML-type complexes by model reaction 1,
which was generally employed in the literature.

[ ] + +

= +

+ L

L

M(NO )(H O) 2NO

M (NO ) 8H O
3 2 8

2
3

3 3 2 (1)

Based on the most stable conformations of the complexes
(is1) and ligands (C1) (Figure S17 and Table S6), we calculated
the Gibbs free energies (ΔG) of the reactions and the difference
in ΔG between Am(III) and Eu(III) (ΔΔG) (Figure 2f and
Table S7). The calculated Gibbs free energies (ΔG) show that
the extraction capabilities of the three ligands for the metals
Am(III) and Eu(III) are L3 > L2 > L1. Additionally, the
calculated ΔΔG values of −0.77, −3.12, and −3.73 kcal·mol−1

for L1, L2, and L3, respectively, also indicate that their
separation capabilities follow the same order: L3 > L2 > L1.
Ultimately, frontier molecular orbitals, the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), of ligand fragments in the complexes were
analyzed (Figures 2g and S18). The results indicate that the
frontier molecular orbital energies of the L1 and L2 fragments
are quite similar. However, compared toL1 andL2,L3 exhibits a
significantly lower LUMO energy level, making it easier to
accept electrons from the metals. As such, L3 is preliminarily

Figure 3. Synthesis methods of (a) intermediate 1, (b) intermediate 2, (c) intermediate 5, and (d) L3 extractant.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00684
JACS Au 2024, 4, 4744−4756

4748

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00684/suppl_file/au4c00684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00684/suppl_file/au4c00684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00684/suppl_file/au4c00684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00684/suppl_file/au4c00684_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00684?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00684?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00684?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00684?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


identified as the most promising ligand for the separation of
Am(III) from Eu(III).
The theoretical studies presented above predicted the

extraction and separation capabilities of the three designed
ligands, with the computational results all indicating that L3 has
the strongest extraction and separation capabilities. This allows
us to preliminarily predict that L3 could potentially be a
promising extractant for separating Am(III) and Eu(III) (Figure
2h). However, it should be noted that although our computa-
tional method is rational and the calculation process has been
thoroughly considered to enhance the reliability of the
predictions, our model still involves some simplifications
compared with the complex extraction systems used in
experiments. Moreover, we only use the thermodynamic data
of ML-type complexes to evaluate the extractants’ separation
capabilities, which inevitably introduces some errors. In actual
extraction systems, other types of complexes, such as ML2 or
ML3, might exist and could play a dominant role during the
extraction process. Seeking experimental validation for the
theoretical predictions, we subsequently synthesized L3, along
with L1 and L2 for comparison, and carried out extraction
experiments to confirm the critical role of computational
insights in advancing separation chemistry.
3.2. Synthesis of Extractants via a De Novo Construction
Method

The synthesis procedures of intermediate 1 (8-amino-7-
formylquinoline-2-carbonitrile), intermediate 2 (N-ethyl-2-
oxo-N-(p-tolyl)propanamide), intermediate 5 (3,3,6,6-tetrame-
thylcyclohexane-1,2-dione), and the L3 extractant are shown in
Figure 3. The synthesis procedures of extractants L1 and L2 for
comparison are shown in Figure S1. The 1H and 13C NMR
spectra of the intermediates 1, 2, and 5 are shown in Figures
S19−S24. The 1H NMR, 1H−1H COSY, and NOESY NMR
spectra, ESI-MS results, and organic elements analysis results of

L1, L2, and L3 extractants are shown in Figures S25−S31 and
Table S8.
Using 7-methylquinoline as the starting material, acyl and

amino groups can be introduced at positions 7 and 8 in
intermediate 1 through multiple steps of substitution, oxidation,
and reduction reactions. These two functional groups could
provide coupling sites for the subsequent construction of the
phenanthroline skeleton. Simultaneously, the carbonitrile group
at position 2 serves as a reaction site for the subsequent
generation of diamide dihydrazide and further cyclization
reactions to form triazine side chains. The raw materials with
a simple structure (pyruvate, oxalyl chloride, and N-ethyl-4-
methylaniline) were dissolved and mixed to obtain intermediate
2 under mild conditions (room temperature) with a yield of
63%. The synthesis method of intermediate 5 can be referred
from previous literature.19 By strictly controlling reaction
conditions and manipulation, we succeeded in obtaining the
products with a higher yield than that reported in the
literature.19

In the synthesis of the L3 extractant, we abandoned the
conventional strategy of functionalizing substituents directly
onto the phenanthroline framework and instead pioneered a de
novo construction of the phenanthroline skeleton based on the
Friedla ̈nder reaction, achieving a high yield of 76%.78

Furthermore, since intermediate 2 was synthesized beforehand,
the amide side chain was successfully linked to the phenanthro-
line skeleton, thereby avoiding additional experimental steps.
Additionally, the subsequent triazine cyclization reaction
conditions were relatively mild and did not involve strong
acids or metal catalysts, preventing hydrolysis of the amide side
chain.
To date, most phenanthroline derivative extractants were

synthesized by grafting the functional groups directly onto the
parent phenanthroline skeleton. However, there are apparent

Figure 4. Influence of solution acidity ([HNO3] = 0.1−4.0M, [L] = 20mM) on 241Am(III)/152,154Eu(III) extraction by (a) L1, (b) L2, and (c) L3; (d)
distribution ratio of 241Am(III) and Ln(III) extracted by L3 (Ln(III) = 0.1 mM, [HNO3] = 2.0 M, [L] = 20 mM); (e) influence of extractant
concentration ([L] = 2−20mM, 3MHNO3) on 241Am(III)/152,154Eu(III) extraction by L3; (f) Am(III) stripping efficiency by dilute nitric acid for L3.
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disadvantages with this direct grafting method, e.g., poor
reaction selectivity, easy decomposition of intermediates, and
a low yield of end products. In particular, it is difficult to
construct unsymmetrical extractants.
In this work, the phenanthroline skeleton in the L3 extractant

was readily afforded using a Friedlan̈der reaction between
intermediate 1 and intermediate 2 in one step with high
efficiency, proving an effective approach for constructing
phenanthroline-derived derivatives. Due to its universality and
versatility, a vast number of phenanthroline-based extractants
with different structures can be modularly constructed by
changing the structure of intermediates 1, 2, and 5, thus
providing a solution for the development of highly efficient
extractants.

3.3. Extraction and Separation Performance
Initially, 241Am(III) and 152,154Eu(III) served as representative
species for An(III) and Ln(III), respectively, to assess the
extraction and separation performances of the extractants. As
anticipated, the L3 extractant exhibits outstanding extraction
and separation capabilities for Am(III)/Eu(III) across a wide
acidity range with DAm(III) = 28−44 and SFAm(III)/Eu(III) = 51−57
(Figure 4c). The peak distribution ratios for Am(III) and
Eu(III) are attained at 2 M HNO3. Compared to L1 and L2
(Figure 4a,b), L3 obviously exhibits a stronger extraction affinity
toward Am(III) (L3 > L1 > L2).
The Am(III)/Eu(III) separation ability follows the order L3

> L2 > L1 and indicates that the separation ability of L2 and L3
extractants with bipyridine and phenanthroline skeletons can be
improved with an increasing number of N donor atoms. These

Figure 5. (a) Stacked 1H NMR titration spectra of La(III) and L3 (■ = ligand peaks; ● = 1:1 complex peaks; ▲ = 1:2 complex peaks); (b) 1H−1H
COSY NMR spectra of La(III) and the L3 complex; (c) UV−vis spectra; (d) species fraction with increasing equivalents of Eu(III) with L3 during
UV−vis spectroscopic titration; (e) TDDFT/PBE0 simulated and experimental UV−vis spectra of L3, Eu(L3)(NO3)3, and [Eu(L3)2NO3]2+. The
calculated spectra were blue-shifted by 2229 cm−1 to align with the experimental spectra. (f) L3, (g) Eu(L3)(NO3)3, and (h) [Eu(L3)2NO3]2+
associated with electronic transitions.
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experimental results are exciting. The trend in separation
capabilities of the three ligands observed in the experiments
aligns perfectly with our previous theoretical predictions. This
not only validates our theoretical model but also strengthens our
confidence in the computational methods. Although there are
minor deviations in the computational predictions of the
extraction trends, we believe that these may be attributed to
the diversity of the extracted species. Such a superior
performance of L3 stems from the preorganized phenanthroline
skeleton, which maintains the extractant configuration and
prevents conformational reversal during metal ion coordination.
Additionally, the presence of the electron-rich O donor atom in
the amide side chain enhances the extraction capability, while
the softer N donor atom in the triazine side chain significantly
improves Am(III)/Eu(III) selectivity. These three factors
synergistically boost the extraction and separation effects of
the L3 extractant for Am(III)/Eu(III).
Besides Eu(III), the spent fuel solution contains other Ln(III)

elements such as Gd(III) and Sm(III), requiring proper
separation alongside Eu(III). Remarkably, the L3 extractant
exhibits very weak extraction across the Ln series, implying
exceptional group selectivity for An(III) over Ln(III). The
DLn(III) values with an initial Ln concentration of 0.1 mM do not
exceed 0.2 at 1−2 M HNO3 and even fall below 0.1 under the
highly acidic condition of 4 M HNO3, achieving an extremely
high SFAm(III)/Ln(III) (Figure 4d and Table S9). The L3 extractant
overcomes the common issue of strong coextraction of light
Ln(III) by DAPhen extractants, facilitating complete separation
between An(III) and Ln(III).26

The slope analysis method was utilized to determine the
stoichiometry of the extracted complex. Fittings for Am(III) and
Eu(III) extraction by L3 yield values of 1.84 and 1.45,
respectively (Figure 4e), indicating the potential involvement
of both ML and ML2 types of complexes during the extraction.
In addition, the proportion of the ML2-type complex formed
between L3 and Am(III) is higher than that with Eu(III). This
disparity may be attributed to the stronger binding affinity of L3
to Am(III) as compared to that of Eu(III), leading multiple
extractants to coordinate with Am(III) preferentially.
In practical application, dilute nitric acid is favored as a

stripping agent due to its low cost, easy preparation, and lack of
interfering ions. The L3 extractant was tested using dilute nitric
acid of varying concentrations to assess Am(III) stripping
efficiency (Figure 4f). Remarkably, lower nitric acid concen-
trations significantly enhance the stripping efficiency, consistent
with the extraction trend. By employing 0.001 M HNO3 as the
stripping agent, the cumulative three-stage stripping efficiency of
L3 reaches 92.72%. It is anticipated that employing more stages
would yield a higher stripping efficiency. For BTPhen
extractants, water-soluble ligands such as TEDGA need to be
used as the stripping agent to achieve similar stripping effects,
which undoubtedly increases the difficulty of the operation
process and subsequent treatment.79

To facilitate the next-generation development of a practical
An(III)/Ln(III) separation process, we propose that the L3
extractant addresses several critical considerations in this field.
Specifically, the extractant should exhibit robust capabilities for
the extraction of Am(III) and subsequent separation of Am(III)
from Ln(III) ions. Moreover, it is essential that the extractant
does not extract Ln(III) ions over a wide range of acidities.
Furthermore, the target Am(III) ions should be efficiently
stripped using dilute nitric acid as the stripping agent. Given that
the L3 extractant is the only known candidate of phenanthro-

line-derived extractants that is capable of simultaneously
fulfilling these requirements, we assert that it holds significant
application value and represents a pivotal choice for the
advancement of An(III)/Ln(III) separation processes in the
future.
3.4. Coordination Modes in the Solution System

Slope analysis reveals that L3 can generate two complexes, M/L
= 1:1 and 1:2 with Am(III) and Eu(III), which is well supported
by 1H NMR titration.80 A comprehensive analysis of Figures 5a
and S32 indicates that the peak intensity in the aromatic region
of L3 gradually diminishes with Ln(III) addition. New peaks
(▲) continuously emerge, with the intensity peaking in the M/
L = 0.4−0.5 range, indicating the initial formation of the ML2
complex. With further Ln(III) addition, the ML2 complex peak
diminishes and is replaced by a peak group (●) representing the
ML complex dominant at M/L = 2.0.
Two-dimensional NMR analysis (1H−1H COSY and 1H−1H

NOESY) of the La(III)-L3 system at the titration end point
reveals the coupling relationship of adjacent hydrogen atoms in
the formed complexes and the spatial interaction between them.
Figure 5b shows that the chemical shifts of benzyl hydrogen (no.
7 and no. 8) in L3 are similar after coordination, which proves
that the electron cloud density on the benzene ring is reduced
and the coupling effect is stronger. The 1H−1H NOSEY
spectrum contains no cross-peaks beyond the diagonal,
indicating the absence of adjacent hydrogen atoms less than
4.5 Å apart (Figure S33). This shows that the complex is
uniformly dispersed in the solution system and that there is no
agglomeration behavior caused by hydrogen bonding and
charge attraction.
The mass spectrometry study further confirmed that Eu(III)

and L3 can form a variety of complexes with stoichiometric
ratios of 1:1 and 1:2 in the gas phase, including [Eu(L3)-
(NO3)2]+, [Eu(L3)2(NO3)]2+, and [Eu(L3)2(NO3)2]+ (Figure
S34). The UV−vis absorption spectra of the solution
coordination system involving Ln(III) and L3 were recorded
using a UV−vis spectrophotometer and analyzed using the
HypeSpec program, generating information such as coordination
species, stability constants, and species fraction curves
throughout the coordination process.71,81 Due to the presence
of aromatic color groups (phenanthroline, triazine, and tolyl),
L3 exhibits distinct absorption spectra in the UV region,
allowing Eu(III) to be used as a titrant for studying their
coordination mode and ability. Figure 5c shows that with the
continuous addition of Eu(III), the absorption peak of L3 at
289.0 nm gradually decreases and is replaced by two new
absorption peaks at 254.6 and 311.6 nm. Fitting the data gave log
β values of 6.66 and 11.73 for the Eu(L3)3+ and Eu(L3)23+
complexes, respectively (Figure 5d and Table S15). Eu(III) and
L3 can simultaneously formML and ML2 complexes, indicating
a positive correlation between molar absorbance of complexes
and the number of participating ligands in the coordination
process (Figure 5e).
To further understand the nature and causes of the trend in

spectral peak changes observed in the experiments, TDDFT
calculations were performed for L3, EuL3(NO3)3, and [Eu-
(L3)2NO3]2+, all of which have available experimental UV−vis
spectral data (Figures S35−S37 and Tables S10−S12). The
simulated UV−vis spectra are consistent with the trend
observed in the UV−vis titration experiments; that is, the
absorption peaks of the complexes show a slight red shift when
compared to those of the free ligands (Figure 5e).Moreover, this
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red shift trend becomes more pronounced as the coordinated
number of ligands increases. Further analyses of electronic
transitions reveal that, in addition to ligand-to-ligand charge
transfer (LLCT), the intense transitions in the complexes can
also be assigned to ligand-to-metal charge transfer (LMCT), i.e.,
ligand → 4f, when compared to the free ligand. These LMCT
transitions are likely the reason for the red shift in absorption
peaks (Figure 5f−h). Additionally, the UV−vis spectra for the
corresponding Am(III) complexes were also calculated to
compare with those of Eu(III) complexes (Figures S38 and S41
and Tables S13 and S14). The results show that the spectra of
Am(III) complexes display a slight red shift and the intense
transitions associated with the metal can be assigned to LMCT,
i.e., ligand → 5f, and metal-to-ligand charge transfer (MLCT),
i.e., 5f → ligand. However, within the same spectral energy
range, there are no transitions from 4f → ligand in Eu(III)
complexes. This is due to the energy of the occupied 4f orbitals
being much lower than that of the 5f orbitals, which means
transitions from the 4f orbitals to the ligand orbitals require
more energy. These computational results reveal the distinct
behaviors of the 5f and 4f orbitals during electron transitions and
further validate the conclusions drawn from the experimental
spectra.
The photoluminescence property of Eu(III) in solution

enables the investigation of its photoluminescence character-
istics during coordination reactions with ligands, shedding light
on coordination thermodynamics and the complex structure.82

Each peak in the photoluminescence spectrum corresponds to
an electron transition of Eu(III) (594 nm, 5D0 → 7F1; 616 nm,
5D0 → 7F2; 650 nm, 5D0 → 7F3; 683 and 704 nm, 5D0 → 7F4).
Unlike other phenanthroline-based extractants, the addition of
L3 decreases the photoluminescence intensity of Eu(III)
(Figure S42).83 This may be attributed to the significant
difference between the trilinear-state energy level of the
phenanthroline skeleton and triazine side chains and the 5D0
level of rare earth, preventing energy conversion to Eu(III). By
fitting the photoluminescence data, the stability constants (log
β) of the complexes formed by L3 and Eu(III), Eu(L3) and
Eu(L3)2, were determined as 6.61 and 11.87, respectively, which
are well consistent with the values obtained by UV−vis
absorption spectroscopy (Table S15).

3.5. Crystal Structures of Complexes in the Solid State

X-ray single-crystal diffraction is considered as an efficient
method for obtaining the structural information on ligands and
complexes in the solid phase. Crystals of complexes with
different stoichiometries of L3 and Eu(III) were obtained, and
their structures, coordination modes, and packing patterns are
depicted in Figure 6, with average bond lengths shown in Table
S16. Crystals of two distinct complexes for Eu(III) and L3,
Eu(L3)(NO3)3 and [Eu(L3)2(ClO4)](ClO4)2, were obtained
through a solvent diffusion method.
Different from CyMe4-BTPhen extractants, the triazine side

chain configuration of L3 involved in coordination is the same as
that of the ligand crystal, which avoids the energy barrier
required to overcome due to the conformation inversion of the
ligand during coordination.19 In both complexes, L3 engages in
coordination with Eu(III) ions in a tetradentate chelating
manner.84 However, the coordination patterns differ noticeably.
In Eu(L3)(NO3)3, the phenanthroline skeleton in L3 flips to the
same side when coordinating with Eu(III), with its two N donor
atoms on the phenanthroline skeleton alongside the triazine
(N)/amide (O) side chains participating in coordination
(Figure 6a). Concurrently, three nitrate ions coordinate with
Eu(III) in a bidentate mode, providing additional coordination
atoms while neutralizing the positive charge of the complex
(Figure 6b). Ten donor atoms coordinate with Eu(III)
simultaneously, showing slight differences in average bond
lengths: Eu−O(amide)(2.42 Å) < Eu−O(NO3

−)(2.50 Å) <
Eu−N(phen)(2.56 Å) ≈ Eu−N(triazine)(2.57 Å) (Table S16).
Figure 6c illustrates that the distance between phenanthroline
skeletons in two near complexes is 3.40 Å, leading to a relatively
strong π−π stacking interaction.85

Conversely, when the anion is the weaker coordinating ClO4
−,

the second L3 ligand can readily participate in coordination
(Figure 6d), which is similar to the tetradentate phenanthroline-
derived phosphonate ligands.86 Only one ClO4

− atom acts as an
ancillary ligand for coordination and charge neutralization, with
the remaining charge being balanced by free ClO4

− anions. In
[Eu(L3)2(ClO4)](ClO4)2, Eu(III) exhibits a coordination
number of 9, contributed by two L3 ligands and one ClO4

−

ligand (Figure 6e). This could be attributed to the larger volume
of ClO4

−, hindering the formation of a 10-coordinate complex.
However, due to the larger volume of [Eu(L3)2(ClO4)]-

Figure 6. (a) Single-crystal structure, (b) coordination mode of Eu(III) ion, and (c) stacking mode of the Eu(L3)(NO3)3 complex, (d) single-crystal
structure, (e) coordination mode of Eu(III) ions, and (f) stacking mode of the [Eu(L3)2(ClO4)](ClO4)2 complex.
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(ClO4)2, it cannot form extensive offset face-to-face π−π
interactions, relying instead on tilted edge-to-face π−π
interactions between the phenanthroline and toluene moieties
on the side chain of another ligand (Figure 6f). The further
comparison of the crystallographic bond lengths with the
theoretically predicted ones gives a discrepancy of less than 3%
between them (Table S16), again confirming the accuracy of our
theoretical methods and models used.
Given the unavailability of a single-crystal structure of 1:2

complex of L3 in nitric acid solution, we performed DFT
calculations on the [M(L3)2NO3]2+ [M = Am(III), Eu(III)]
complexes to gain detailed structural insights on the molecular
level (Figures S43−S45 and Tables S19 and S20). In these
optimized complexes, two L3 molecules coordinate with
Am(III)/Eu(III) in a tetradentate chelate form, complemented
by an additional nitrate anion participating as a bidentate ligand,
yielding a coordination number of 10.

4. CONCLUSIONS
In summary, to overcome the inherent limitations of existing
An(III)/Ln(III) separation extractants in simultaneously
achieving extraction, separation, and stripping performances,
we employed DFT calculations to assist in screening out a novel
unsymmetrical phen-derived extractant with potential An(III)/
Ln(III) separation capabilities. Subsequently, a de novo synthetic
approach was developed to efficiently construct this optimal
extractant with a preorganized phenanthroline skeleton. Due to
its universality and versatility, a vast amount of phenanthroline-
based extractants with desired structures could be modularly
constructed by simply adjusting the structure of intermediates,
thus providing an effective solution for the development of
highly efficient extractants. As anticipated by DFT results, the
Et-Tol-CyMe4-ATPhen (L3) extractant demonstrated a prefer-
ential extraction of Am(III) over Ln(III), achieving a high
Am(III)/Ln(III) separation factor (DAm > 40, SFAm(III)/Ln(III) >
280). Meanwhile, Am(III) could be easily stripped using the
most convenient dilute nitric acid as the stripping agent. The
systematic spectroscopic analysis using 1HNMR, ESI-MS, UV−
vis absorption, and photoluminescence spectroscopy elucidated
that Et-Tol-CyMe4-ATPhen coordinates with Ln(III) in two
complexes with log β1 = 6.41 ± 0.02 and log β2 = 11.73 ± 0.05.
Finally, single-crystal structures of Eu(III) complexes with
different stoichiometric ratios (Eu(L3)(NO3)3 and [Eu-
(L3)2(ClO4)](ClO4)2) facilitated a molecule-level understand-
ing of the coordination mode of L3 with f-block elements. The
unsymmetrical extractant developed in this work holds the
capability required to discern subtle chemical distinctions
between An(III) and Ln(III), overcoming the current
challenges in An(III)/Ln(III) separation. Consequently, this
work provides an ideal candidate for a next-generation extractant
in An(III)/Ln(III) separation.
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