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Theoretical StudyonCoordinationChemistryof Two
Water-SolubleLigands for StrippingSeparationof
Transplutonium Ions
Pin-Wen Huang,*[a] Peng Ren,[b] and Ming Qi[c]

Purification and mutual separation of trivalent actinides (An3+:
Am, Cm, Bk, Cf ) present significant challenges in nuclear
waste treatment. Elucidating complexation mechanisms with
stripping ligands is crucial for ligand development. Given the
radiotoxicity, quantum chemical methods are essential. This DFT
study investigates chelation of An3+ ions with water-soluble
ligands H2L2ᵖʸ and H2L2ᵖᶻ. Probable back-extraction complexes
([AnLi(H2O)ⱼ]+, AnLi(NO3)(H2O)k) exhibit near-identical geome-
tries with minor An─O/N bond length variations. Analyses reveal
enhanced chelating ability for diamine N atoms adjacent to
carboxylate O versus N-heterocyclic donors (pyridine/pyrazine).

Crucially, interaction intensity and partial covalency between
An3+ and donor atoms (NAM, OCA, NPY/PZ) display a distinct
bimodal variation with Cm as the turning point. This trend likely
originates from closer orbital energy matching between the 5f
orbitals of Am/Bk/Cf and ligand 2p orbitals compared to Cm.
Thermodynamic analyses demonstrate superior back-extraction
ability for H2L2ᵖʸ, while H2L2ᵖᶻ excels in Am/Eu separation. The
downward-upward trend in reaction free energies aligns with
covalency variations, suggesting potential intra-group separa-
tion capability for all four ions. Estimated separation factors
SFAm/Cm, SFBk/Cm, and SFCf/Cm are projected within 2.45–3.45.

1. Introduction

In recent decades, nuclear energy has witnessed renewed
growth owing to its economic feasibility and reduced carbon
emissions.[1,2] This resurgence, however, coincides with per-
sistent challenges in managing spent nuclear fuels-a critical
bottleneck for sustainable nuclear energy development.[3,4] The
well-established PUREX process,[5] a renowned wet method,
can effectively recycle almost all the plutonium and uranium
isotopes. However, the residual liquid effluents from this process
still contain transplutonium elements (such as Am, Cm, Bk, and
Cf), which constitute the bulk of the radioactivity in PUREX
liquid waste, alongside other fission products. To ensure long-
term safety and minimize environmental contamination, these
residual effluents require further purification. On the other
hand, certain isotopes of transplutonium elements also hold
considerable practical usages.[6,7] For example, 241Am is utilized in
ionization smoke detectors and, when combined with beryllium,
it can also serve as a neutron source for various detection
and material analysis applications. Similarly, 252Cf is a highly
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valuable neutron source isotope due to its intense neutron
emission, moderate half-life, and versatility. Therefore, the sepa-
ration and recovery of transplutonium elements remain a critical
and valuable endeavor in the field of nuclear science and
technology. However, due to nearly identical chemical properties
and ionic radii, mutual separation of trivalent americium (Am),
curium (Cm), berkelium (Bk), and californium (Cf) ions presents
a significant scientific challenge. Consequently, the design and
synthesis of highly efficient extraction ligands for the intra group
separation of Am, Cm, Bk, Cf have become a central focus of
research in this field.[8,9]

Ideal ligands for intra-group actinide separation are either
lipophilic extraction ligands with superior extraction preference
toward special actinide ions or water-soluble back-extraction
ligands with high back-extraction separation efficiency. In 2013,
Y. Sasaki et al. found that using TEDGA as a masking agent, the
lipophilic NTAamide(C8) ligand could achieve separation of Am
and Cm during the back-extraction process, with a maximum
separation factor (SFCm/Am) of 6.5.[10,11] G. Modolo also discovered
a synergistic extraction system composed of the neutral ligand
(ClPh)2PSSH and the acidic tri(2-ethylhexyl) phosphate ligand
(TEHP) exhibited highly effective separation of Am and Cm with
the separation factor of 6∼10 under suitable conditions.[12] How-
ever, these ligand systems still possess some critical shortcom-
ings: suboptimal separation performance, inadequate radiation
resistance, and limited environmental sustainability.[13] Further-
more, the mechanism underlies their separation abilities also
remain poorly understood, presenting a significant hinderance
to their further optimization and usage.[14]

Theoretically, an in-depth investigation into the covalency
disparities among transplutonium elements might facilitate their
intra-group separation. Some recent works[15–18] also suggest the
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Figure 1. Structures of two studied back-extraction ligands (H2L2py and
H2L2pz).

covalent character of bonds between trivalent transplutonium
ions and donor N, O atoms exhibit distinct behaviors, differing
not only from that of lanthanides but also from early actinides.
Historically, chemists believed that early actinides, like thorium
and uranium, would predominantly engage in covalent bonding
because of their electronic configurations, while as the series
progresses to heavier actinides, the effects of orbital contraction
were predicted to result in a shift toward predominantly ionic
bonding behavior, thus the covalence between transplutonium
ions and donor nitrogen or oxygen atoms may decrease along
Am, Cm, Bk, Cf.[14,19,20] Nevertheless, in 2014, with the synthesized
of californium borate (Cf[B6O8(OH)5]) by Polinski,[21] unexpected
high covalent character was observed in Cf-O bond. Then in
2015, Thomas E. Albrecht-Schmitt also found covalent character
exist in Cf-O and Cf-N bonds of[Cf(DPA)3]3− complex.[22] Through
density functional theory method, Shi and colleagues[23] studied
the interactions between phenanthroline-derived bis-triazine
ligands and Am, Cm, Bk, Cf, they found that interaction intensity
between transplutonium atoms and N donor atoms decrease
along Am, Cm, Bk, Cf, while the covalency descriptors (such
as energy density of electrons (H) and the ratio between
absolute potential energy density and kinetic energy (|V|/G)
at bond critical point) suggest that covalency “break” in Cf.
In 2021 and 2022, Kaltsoyannis’s theoretical works[24,25] about
AnCl3 and AnCl2 indicating that energy degeneracy covalence
increases moderately in the second half series of actinides,
and the turning point is Bk. However, in another theoretical
work about the interaction between transplutionium atoms and
crown ethers,[26] the intensity and covalency seem to decreases
along Am, Cm, Bk, Cf, no covalent break phenomenon was
found in these four actinide crown ether complexes. Therefore,
whether this covalency break exist, and at which point break also
remain an open and interesting question, thus deserve in-depth
investigation.[27]

In 2015, S. Gracia and collaborators[28] found the water-
soluble ligand N,N,N“,N”-tetrakis(6- carboxy-2-pyridylmethyl)
ethylenediamine (H4TPAEN) can be used for the back-
extraction separation of trivalent Am and Cm ions, with a
back-extraction separation factor of 3.5. However, this water-
soluble ligand is fragile to protonation and has very low
solubility in water (smaller than 0.05 mmol/L).[29,30] Heitzmann
and collaborators[31] then developed two analogous molecules
of H4TPAEN with better water-solubility, N,N-bis(2- pyridinyl-
methyl) ethylenediamine N′,N′-di-acetic acid (Figure 1, short as
H2L2py) and N,N-bis(2-pyrazyl-methyl) ethylenediamine N′,N′-di-
acetic acid (Figure 1, short as H2L2pz). For H2L2py, four carboxylic

pyridine rings of H4TPAEN were replaced by two carboxylic
acid groups and two pyridine rings, while for H2L2pz, carboxylic
pyridine rings were replaced by two carboxylic acid groups
and two pyrazine rings. Both H2L2py and H2L2pz possess striping
separation ability between Am3+ and Eu3+, and they also have
better water solubility compared to H4TPAEN. Now, there are
already a lot of experimental works[32,33] about these two ligands’
extraction ability toward Am3+ and Eu3+, less attention has been
paid to their potential application in transplutonium element
separation. We systematically explored the complexation of
four transplutonium actinides (Am, Cm, Bk, Cf ) with H2L2py and
H2L2pz by quasi-relativistic density functional theory (DFT). In
fact, both ligands possess two carboxylate oxygen atoms (OCA),
two diamine nitrogen atoms (NAM), and two N-heterocyclic
nitrogen atoms (NPY/PZ), thus also forming ideal platforms
to study the relationship between ligand’s back-extraction
separation ability and relative chelating ability of different types
of donor atoms. In this work, we also conducted a detailed
investigation into the geometric configurations and bonding
characteristics of the back-extraction complexes, as well as the
stripping efficiency of H2L2py and H2L2pz toward trivalent Am,
Cm, Bk, Cf ions and lanthanide ion Eu3+. This study can elucidate
the coordination mechanism between H2L2py, H2L2pz and four
transplutonium actinide elements, while also contributing to
further development of related back-extraction ligands.

2. Computational Details

To model the aqueous-organic back-extraction process, lig-
and structures were first optimized in aqueous solution. For
An─L2py and An─L2pz complexes, central actinide ions in aque-
ous solution consistently exhibit varying coordination num-
bers (CN = 6–12), with CN = 8,9, and 10 representing the
most stable configurations.[34,35] Therefore, several actinide com-
plexes of two ligands with coordination number 8, 9, and 10
including [MLi(H2O)2]+, M(Li)NO3, [M(Li)(H2O)3]+, M(Li)(NO3)(H2O),
[M(Li)(H2O)4]+, M(Li)(NO3)(H2O)2 (M = Am, Cm, Bk, Cf, and Eu,
Li = L2py and L2pz, respectively) were studied in this work.
These metal complexes were optimized in water using the
Gaussian 09 D.01[36] software package. The M06-L functional
was employed throughout all the calculations of this work
due to its demonstrated capability to accurately reproduce
geometrical structures of Eu, Gd, and Sm complexes with
ethylene-diaminetetraacetic acid (EDTA, a widely employed hex-
adentate benchmark ligand sharing three critical features with
H2L2py/H2L2pz: analogous geometry, identical diamine backbone,
and equivalent donor atom count, see Figure S1).[37,38] As
presented in Table S1, the M06-L/6–31 + G(d)//ECP method
achieves highly accurate Ln─NAM and Ln─OCA bond lengths
with relative errors < 3.3%. Furthermore, M06-L incorporates
some parameters fitted to non-covalent interaction energies,[39]

enabling reliable acquisition of thermodynamic data for tar-
geted back-extraction reactions. This capability is corroborated
by collaborative theoretical studies,[40–42] which consistently
demonstrate M06-L’s proficiency in delivering reliable reaction
free energies for actinide extraction/back-extraction systems at
moderate computational cost.
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In this work, the inner-core electrons of four transplutonium
actinides (Am, Cm, Bk, Cf ), and Eu were treated by the Stuttgart-
Cologne groups’ quasi-relativistic pseudo-potentials. Specifically,
the ECP60MWB for four actinides and ECP28MWB for Eu. For the
remained outer electrons, the segmental basis sets ECP60MWB-
SEG for actinides and ECP28MWB-SEG for Eu were used.[43,44] For,
Am3+, Cm3+, Bk3+, Cf3+, Eu3+species, after preliminary test, the
septet (5f6), octet (5f7), septet(5f6), sextet(5f5), and septet (4f7)
spin states were found to possess lowest electronic energies,
thus were considered to be the ground states for studied
complexes, respectively. To investigate the nature of interactions
between transplutonium atoms (Am, Cm, Bk, Cf ) and the NAM,
NPY, NPZ, and OCA atoms of the studied molecules, Mayer’s bond
order (MBO) analysis was performed using Multiwfn 3.7.[45,46]

Subsequently, Bader’s quantum theory of atoms in molecules
(QTAIM) and partial density of state (PDOS) analysis was con-
ducted on the studied bonds using the same software. To
obtain higher-accuracy thermodynamic data (Gibbs free energy,
Gsol) for studied species in solution, we employed the larger basis
set 6–311 + G(2df,p) for C, N, O, and H atoms during single-point
energy calculations, conducted on structures pre-optimized at
the M06-L/6–31 + G(d)/RECP level. Specifically, the Gsol energies
were computed through comprehensive incorporation of: 1)
thermal corrections (Gcorr) derived from solvent-phase frequency
calculations at the optimization theory level, 2) zero-point correc-
tion (ZPE), and 3) the RTlnRT/p term (1.89 kcal/mol), all applied to
electronic energies obtained at the M06-L/6–311 + G(2df, p)/RECP
theory level. The details of the Gibbs free energy calculations in
solution is also shown in Figure S2. In some standard advanced
wet processes (e.g., DIAMEX-SANEX, EXAm), combinations of
organic ligands such as DMDOHEMA and HDEHP are used to
co-extract actinide and lanthanide ions into total petroleum
hydrocarbons (TPH). Performing quantum chemical calculations
in such mixed-solvent environments presents significant chal-
lenges. To simplify the model, we selected n-dodecane (ε =
2.015), a primary constituent of TPH that is also widely employed
in experimental studies within wet nuclear waste treatment, as
a representative model system for TPH. The solvent effects for
both aqueous and organic phases (n-dodecane) were incorpo-
rated via the Integral Equation Formalism Polarizable Continuum
Model (IEFPCM),[47,48] widely recognized as an effective approach
extensively validated in actinide solution chemistry.

3. Results and Discussions

3.1. Geometrical Structure and Electronic Properties of
Studied Ligands

As weak acids, the ligands H2L2py and H2L2pz undergo partial
deprotonation to form [HL2py]− and [HL2pz]− ions in aqueous
solution. Consequently, both neutral ligands and their monoan-
ionic forms were structurally optimized within the aqueous
phase. To investigate ligands’ affinity for Am3+, Cm3+, Bk3+,
Cf3+ and Eu3+ ions, electrostatic potential (ESP) of studied
ligands were analyzed utilizing GaussView 6.0 and Multiwfn 3.7.
The optimized geometrical structures and electrostatic potential

Figure 2. The ESP maps of the investigated ligands computed at the
M06-L/6–311 + G(2df,p) level.

(ESP) maps of the studied ligands are presented in Figure 2.
Corresponding quantitative descriptors including the minimum
ESP values proximal to each of the three types of donor atoms,
Hirshfeld atomic charges, and atomic dipole moment-corrected
Hirshfeld charges (ADCH)[49] are systematically summarized in
Table 1.

After optimization, both ligands adopt capsule-shaped cav-
ities (Figure 2). Their hexadentate binding frameworks enable
precise positioning of actinide ions within the cavity center.
Figure 2 further reveals the most negative electrostatic potential
regions (deepest red) localized near: 1) carboxylic oxygen atoms
(OCA), and 2) pyridine/pyrazine nitrogen atoms (NPY/NPZ) in neutral
ligands. This spatial distribution strongly indicates that NPY, NPZ,
and OCA atoms function as primary electron-donating sites.
Systematic analysis reveals higher atomic charges and more
negative electrostatic potential (ESP) values at donor atoms
(NPY, NAM, and OCA atoms) of H2L2py([HL2py]−) relative to corre-
sponding sites (NPZ, NAM, OCA) in H2L2pz/[HL2pz]−. This electronic
structure disparity consistently correlates with H2L2py’s superior
chelating affinity and thermodynamic back-extraction capabil-
ity, ultimately corroborating its enhanced chelating performance
over H2L2pz. As further illustrated in Figure 2, deprotonation of
carboxylic groups induces a migration of the most negative
ESP region toward the diamine backbone. Concomitantly, elec-
trostatic potentials at all three types of donor atoms become
significantly more negative. Notably, despite exhibiting lower
atomic charges relative to NPY/PZ and OCA atoms, NAM atoms
demonstrate nearly comparable ESP values, revealing their
substantial electron-donating capability. Consequently, these
diamine nitrogen atoms (NAM) may play very important roles in
mediating back-extraction efficiency and separation selectivity,
and crucially dictating the overall performance of the studied
ligands.
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Table 1. Calculated Hirshfeld and ADCH charges as well as ESP values at donor atoms of the neutral H2L2ᵖʸ and H2L2ᵖᶻ and the deprotonated ligands
[HL2py]− and [HL2pz]− .a)

H2L2py/[HL2py]− H2L2pz/[HL2pz]−

NAM NPY OCA NAM NPZ OCA

Hirshfeld charge (e) −0.094/−0.098 −0.183/−0.186 −0.231/−0.372 −0.089/−0.097 −0.149/−0.157 −0.228/−0.368

ADCH (e) −0.260/−0.255 −0.327/−0.301 −0.355/−0.587 −0.244/−0.256 −0.296/−0.261 −0.314/−0.583
b)ESP value (kcal/mol) −52.64/−160.41 −78.16/−162.97 −78.28/−163.69 −58.83/−147.35 −66.67/−148.59 −66.84/−153.81

a) …/…represents the results of related data in neutral ligands (H2Li) and its deprotonated ligands ([HLi]−), respectively (Li = L2py and L2pz). b) Obtained
at the local minimum point of ESP nearest to the studied donor atom.

Figure 3. HOMO and LUMO orbitals of ligands H2L2ᵖʸ (left) and H2L2ᵖᶻ
(right), along with their corresponding molecular orbital energies (eV),
computed at the M06-L/6–311 + G(2df,p) level. (Isosurface value = 0.02 a.u.).

Molecular orbitals of the ligands were computed at the M06-
L/6–311 + G(2df,p) level using aqueous-optimized structures.
The highest occupied (HOMO) and lowest unoccupied (LUMO)
molecular orbitals for H2L2py and H2L2pz are presented in Figure 3.
Orbital analysis reveals that HOMO electron density in both
ligands is predominantly localized on OCA and NAM atoms within
the diamine-carboxylate backbone. Notably, the LUMO of H2L2py

exhibits spatial distribution centered on both pyridine rings and
one NAM atom, whereas H2L2pz’s LUMO is primarily delocalized
over a single pyrazine ring and adjacent NAM atom. Conse-
quently, NAM atoms in H2L2pz may demonstrate a significantly
enhanced contribution to back-extraction reactions compared
to those in H2L2py. This mechanistic distinction correlates with
H2L2pz’s reduced HOMO-LUMO gap (3.07 eV versus 3.73 eV
for H2L2py), quantitatively supporting its superior electronic
reactivity.

3.2. Structures of the An─L2py and An─L2pz Complexes

Generally, in practical wet-method nuclear waste treatment
processes utilizing the studied back-extraction ligands, the
minor actinides and other fission products (like lanthanides)
are first co-extracted from an acid solution into an organic
solution with hydrophobic ligands, such as the DEMOHEDA and
HEDHP ligand combination. Subsequently, the studied target
ions (Am3+, Cm3+, Bk3+, Cf3+) can be selectively stripped from
the organic to the aqueous phase by H2L2ᵖʸ and H2L2ᵖᶻ employed
as stripping agents. In this work, metal complexes MLi(NO3),
[MLi(H2O)2]+, MLi(NO3)(H2O), [MLi(H2O)3]+, MLi(NO3)(H2O)2, and

[MLi(H2O)4]+ (M = Am, Cm, Bk, Cf, and Eu; Li = L2ᵖʸ and
L2ᵖᶻ) were selected to represent the probable back-extraction
products of these two water-soluble ligands. We also optimized
the related Eu-complexes as control systems. All geometrical
structures of the aforementioned ligands and metal com-
plexes were optimized in aqueous solution without symmetry
restriction at the M06-L/6–31 + G(d)/RECP level of theory.
As representative examples, the optimized geometries of the
MLi(NO3)(H2O) complexes (M = Am, Cm, Bk, Cf, and Eu; Li =
L2ᵖʸ and L2ᵖᶻ, respectively), exhibiting no imaginary frequencies,
are presented in Figure 4. The optimized geometries of other
studied actinide complexes including [MLi(H2O)2]+, [MLi(H2O)3]+,
[MLi(H2O)4]+, MLi(NO3), and MLi(NO3)(H2O)2 (M = Am, Cm, Bk,
Cf, Eu; Li = L2ᵖʸ and L2ᵖᶻ) are presented in Figures S3-1 to
S3-5.

As presented in Figure 4, the representative metal com-
plexes (MLi(NO3)(H2O) (M = Am, Cm, Bk, Cf, Eu; Li = L2ᵖʸ,
L2ᵖᶻ)) for the four trivalent actinide ions and Eu exhibit nearly
identical geometrical structures. Slight differences exist only
in the twist angles of the side N-heterocyclic rings. The cal-
culated bond lengths for MLi(NO3)(H2O) and other studied
complexes are presented in Table 2 (MLi(NO3)(H2O)) and Table
S2 (other complexes). Notably, all calculated Eu─NAM/PY/PZ bond
lengths in the model complexes are slightly shorter than
Am─NAM/PY/PZ counterparts, contradicting the fact that both
ligands exhibit superior chelating (and selective stripping) ability
toward Am3+ ions. In fact, numerous theoretical studies[50,51]

have demonstrated that bond lengths (interatomic distances)
may inadequately reflect the strength of interactions between
actinides and donor N/O atoms. An alternative metric, termed
the “effective bond length” (denoted deff(M─N/O)), which sub-
tracts the ionic radius of the central metal ion from the
interatomic distance, may provide a more accurate represen-
tation of the bond strength. Here, the ionic radii of the
studied transplutonium ions were obtained from literature[52]

(Am3+: 0.97 Å, Cm3+: 0.97 Å, Bk3+: 0.96 Å, Cf3+: 0.95 Å,
and Eu3+: 0.95 Å). Using these values, we calculated the
aforementioned effective bond lengths (deff) for the studied
bonds, which are also listed in Tables 2 and S2. The variation
in deff across the Am, Cm, Bk, and Cf series is presented
in Figures S4-1 to S4-4. Analysis of these tables and figures
reveals that all deff (Am─N/O) values are smaller than their
corresponding deff(Eu─N/O) values in the analogous complexes.
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Figure 4. Optimized geometries of M-complexes M(Li)(NO3)(H2O) (M = Am, Cm, Bk, Cf, Eu; Li = L2ᵖʸ, L2ᵖᶻ) in aqueous solution.

Table 2. Average M─NAM, M─NPY/PZ, M─OCA bond distances and effective bond lengths (Å) for investigated An(Li)(NO3)(H2O) and [An(Li)(H2O)3]+ complexes
(Li=L2py/L2pz) at the M06-L/6–31 + G(d)/RECP level.

Complexes Bond length
(M─NAM)

deff(M─NAM) Bond length
(M─NPY/PZ)

deff(M─NPY/PZ) Bond length
(M─OCA)

deff(M─OCA)

AmLi(NO3)(H2O) 2.693/2.710 1.713/1.730 2.770/2.788 1.790/1.808 2.398/2.395 1.418/1.415

CmLi(NO3)(H2O) 2.685/2.712 1.715/1.742 2.758/2.802 1.788/1.832 2.399/2.383 1.429/1.413

BkLi(NO3)(H2O) 2.655/2.691 1.695/1.731 2.766/2.765 1.806/1.805 2.356/2.356 1.396/1.396

CfLi(NO3)(H2O) 2.629/2.673 1.679/1.723 2.746/2.747 1.796/1.797 2.324/2.329 1.374/1.379

EuLi(NO3)(H2O) 2.676/2.682 1.726/1.732 2.756/2.771 1.806/1.821 2.376/2.370 1.426/1.420

[AmLi(H2O)3]+ 2.707/2.719 1.727/1.739 2.787/2.802 1.807/1.822 2.395/2.382 1.415/1.402

[CmLi(H2O)3]+ 2.708/2.722 1.738/1.752 2.791/2.823 1.821/1.853 2.401/2.407 1.431/1.437

[BkLi(H2O)3]+ 2.669/2.693 1.709/1.733 2.765/2.793 1.805/1.833 2.371/2.360 1.411/1.400

[CfLi(H2O)3]+ 2.652/2.663 1.702/1.713 2.745/2.758 1.795/1.808 2.333/2.327 1.383/1.377

[EuLi(H2O)3]+ 2.704/2.715 1.754/1.765 2.766/2.780 1.816/1.830 2.386/2.373 1.436/1.423

a) …/…represents the results with Li = L2py and L2pz, respectively.

Analysis of Figure 5 and Figures S4-1 to S4-4 reveals that
all deff (An─NAM) values and most deff (An─NPY/PZ) and deff
(An─OCA) values exhibit an “increase-decrease” trend across
the Am, Cm, Bk, Cf series. Consequently, the strength of the
corresponding An─NAM bonds may follow a complementary
“decrease-increase”pattern, with the breakpoint occurring at Cm.
For An─NPY/PZ and An─OCA bonds in most complexes, deff also
exhibits this “increase-decrease” trend behavior. However, with
the nitrate ion coordinate to the complexes, in AnL2py(NO3)(H2O),
deff(An─NPY) no longer follows this increasing-decreasing trend.
For AnLi(NO3) and AnLi(NO3)(H2O)2, more irregular trends are
observed in deff(An─NPY/PZ) and deff(An─OCA) across the Am,
Cm, Bk, Cf series, demonstrating the perturbation by the
nitrated ions on the NPY/PZ and OCA donor atoms. Consistently,
the deff values for M─N/O bonds in M-L2ᵖʸ complexes are
shorter than those of corresponding bonds in M-L2ᵖᶻ complexes,
again indicating that H2L2ᵖʸ exhibits superior stripping ability
compared to H2L2ᵖᶻ.

3.3. Bonding Nature Analyses

The bond strength between central metal ions and donor atoms
(N, O) has been investigated using Mayer bond order (MBO)
calculations at the M06-L/6–311 + G(2df,p)/RECP level of theory.
The MBO values for the M─NAM, M─NPY/PZ, M─OCA bonds in
two representative CN = 9 model complexes (MLi(NO3)(H2O),
[MLi(H2O)3]+, M = Am, Cm, Bk, Cf, Eu, Li = L2py, L2pz) are
presented in Table 3. MBO data for other studied complexes
are listed in Table S4. Mayer bond order (MBO) analyses
of [AnLi(H2O)2]+, [AnLi(H2O)3]+, and [AnLi(H2O)4]+ (An = Am,
Cm, Bk, Cf; Li = L2ᵖʸ and L2ᵖᶻ) reveal that the strength of
An─NAM, An─NPY/PZ, and An─OCA bonds systematically decreases
from Am to Cm, increases from Cm to Bk, and continues to
increase from Bk to Cf. However, this characteristic decrease-
increase trend is absent for An─NPz, and An─OCA in nitrate-
coordinated complexes such as AnL2ᵖᶻ(NO3)(H2O), AnLi(NO3), and
AnLi(NO3)(H2O)2. In AnL2ᵖᶻ(NO3)(H2O)2 complexes, the MBOs even

Chem Asian J. 2025, 0, e00835 (5 of 10) © 2025 Wiley-VCH GmbH



Research Article

Figure 5. Trends in calculated effective bond lengths (deff) of M─NAM, M─OCA, M─NPY/PZ bonds for [MLi(H2O)3]+ complexes (left) versus MLi(NO3)(H2O)
complexes (right).

Table 3. Mayer bond orders of M─NAM, M─NPY/PZ, and M─OCA bonds in
investigated MLi(NO3)(H2O) and [MLi(H2O)3]+ complexes.

Species Mayer bond order

M─NAM M─NPY/PZ M─OCA

Am(Li)(NO3)(H2O) 0.350/0.335 0.177/0.183 0.353/0.360

Cm(Li)(NO3)(H2O) 0.346/0.327 0.181/0.175 0.342/0.360

Bk(Li)(NO3)(H2O) 0.359/0.331 0.159/0.175 0.357/0.368

Cf(Li)(NO3)(H2O) 0.388/0.344 0.150/0.181 0.370/0.385

Eu(Li)(NO3)(H2O) 0.286/0.284 0.199/0.197 0.386/0.391

[Am(Li)(H2O)3]+ 0.340/0.329 0.185/0.195 0.370/0.378

[Cm(Li)(H2O)3]+ 0.333/0.322 0.185/0.179 0.359/0.363

[Bk(Li)(H2O)3]+ 0.353/0.334 0.182/0.191 0.378/0.385

[Cf(Li)(H2O)3]+ 0.361/0.350 0.197/0.197 0.361/0.402

[Eu(Li)(H2O)3]+ 0.281/0.150 0.206/0.187 0.363/0.378

a) …/…represents the results with Li = L2py and L2pz, respectively.

exhibit a reverse increase-decrease pattern. These observations
again demonstrate that the nitrate counterion perturbs the
metal ion affinity of NPY/NPZ and OCA atoms, whereas the binding
strength variation at NAM sites consistently follows the decrease-
increase trend across all studied complexes. Consequently, NAM

atoms may play pivotal roles in governing the metal ion
selectivity of both ligands.

To further investigate the covalent character of interactions
between actinide ions and the two ligands, key quantum theory
of atoms in molecules (QTAIM) descriptors, including electron
density (ρ), electronic energy density (H), and the absolute
ratio of potential energy density to Lagrangian kinetic energy
(|V|/G)[52,53] were computed at bond critical points (BCPs) of
M─NAM, M─NPY/PZ as well as M─OCA bonds in the studied metal
complexes using Multiwfn 3.7. These results are presented in
Table S3.

From Table S3, all studied bonds in MLi(NO3)(H2O) complexes
exhibit positive ∇2ρ, while ρ values at their BCPs are below 0.2,
indicating these bonds should be classified as closed-shell inter-
actions. However, negative H values are observed for An─NAM

and An─OCA bonds in AnLi(NO3)(H2O) complexes. According to E.

Espinosa’s classification method,[54,55] these bonds exhibit partial
covalent character (dative bonding). In contrast, all H values
for Eu─NAM, Eu─OCA bonds are positive, indicating no partial
covalent component in the corresponding bonds. Consequently,
the preferential binding of actinide ions by both water-soluble
ligands may originate from differential covalency character in
An─NAM/OCA and Eu─NAM /OCA. This conclusion can also be
drawn from the |V|/G values. Theoretically, 1 < |V|/G < 1.2
serves as key evidence for partial covalent character in the
associated bonds. In contrast to previous theoretical studies[56,57]

on hydrophobic extraction ligands, no indications of partial
covalency (negative H and |V|/G > 1.0) are observed in actinide
ion interactions with NPY/PZ donor atoms. As established in the
preceding discussion and prior work,[33] deprotonated OCA sig-
nificantly enhances the binding affinity of proximal NAM atoms.
This electronic effect subsequently modifies the electrostatic
potential (ESP) distribution across the ligand framework, ulti-
mately weakening the binding affinity of NPY/PZ donor atoms in
both water-soluble ligands. The characteristic decrease-increase
trend across Am, Cm, Bk, Cf is also evident in the H and
|V|/G values for An─NAM bonds, consistent with the above MBO
analysis. This agreement further confirms distinct covalency
variation at the Cm position. We propose this unique covalency
progression may facilitate sequential separation of Am, Cm, Bk,
and Cf. Moreover, M─N/O bonds systematically exhibit more
negative H values (and larger |V|/G) in M-L2ᵖʸ complexes than
in M-L2ᵖᶻ analogues. This observation confirms the superior
chelating ability of H2L2ᵖʸ relative to H2L2ᵖᶻ. This covalency trend
was further investigated via delocalization index (DI) analysis. DI,
a quantitative metric denoting electron sharing between central
atoms and donors,[58] provides enhanced characterization of
covalent interactions. Using Multiwfn 3.7′s basin analysis tool,
we calculated DIs for relevant bonds in MLi(NO3)(H2O) and
[MLi(H2O)3]+ complexes. Table 4 confirms the partial covalent
character of An─NAM and most An─OCA, An─NPY/PZ bonds follow
a decrease-increase progression with a transition at Cm. Con-
sequently, the An─NAM trend originates from electron-sharing
covalent character between actinides and NAM, NPY/PZ, OCA donor
atoms.

The partial density of states (PDOS) for the AnL2pz(NO3)(H2O)
complexes are plotted in Figures 6. Five fragments including 5f,
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Table 4. Delocalization indexes (DIs) of M─NAM, M─NPY/PZ, and M─OCA

bonds in studied MLi(NO3)(H2O) and [MLi(H2O)3]+ complexes.

Species DIs

M─NAM M─NPY/PZ M─OCA

Am(Li)(NO3)(H2O) 0.241/0.235 0.194/0.182 0.370/0.373

Cm(Li)(NO3)(H2O) 0.223/0.212 0.185/0.165 0.345/0.358

Bk(Li)(NO3)(H2O) 0.232/0.218 0.179/0.174 0.376/0.376

Cf(Li)(NO3)(H2O) 0.239/0.220 0.185/0.177 0.387/0.388

Eu(Li)(NO3)(H2O) 0.216/0.212 0.161/0.151 0.331/0.334

[Am(Li)(H2O)3]+ 0.241/0.236 0.190/0.179 0.380/0.390

[Cm(Li)(H2O)3]+ 0.219/0.212 0.172/0.158 0.342/0.333

[Bk(Li)(H2O)3]+ 0.233/0.225 0.179/0.165 0.362/0.373

[Cf(Li)(H2O)3]+ 0.233/0.230 0.207/0.174 0.378/0.391

[Eu(Li)(H2O)3]+ 0.210/0.205 0.160/0.148 0.338/0.345

a) …/…represents the results with Li = L2py and L2pz, respectively.

6d orbitals of the Am3+, Cm3+, Bk3+, Cf3+ ions, and the 2p orbitals
of the donor NAM, NPZ/PY, and OCA atoms from both [L2pz]2− and
[L2py]2− are defined. Notably, the HOMO energy level correspond-
ing to the AmL2pz(NO3)(H2O) is energetically the lowest among
the four actinide complexes, with Am-5f orbitals positioned clos-
est to the corresponding molecule’ HOMO level. Consequently,
Am-5f orbitals demonstrate the strongest contribution to Am-
ligand binding compared to other three actinide complexes.
Furthermore, orbital overlap between An─5f and OCA-2p, NAM-
2p orbitals progressively increases across the Cm-Bk-Cf series.
These enhanced overlaps (Am-5f/Bk-5f/Cf-5f with NAM-2p, OCA-
2p) may attribute to more energy degeneracy-driven covalent

interactions relative to Cm-5f systems, ultimately causing the
distinctive downward-upward partial covalency variation along
Am-Cm-Bk-Cf sequence.

3.4. Thermodynamic Analysis

The back-extraction reaction occurring near the aqueous-
organic interface constitutes an extremely complex multi-step
process. It typically involves: 1) ligand transport from aque-
ous phase to interface, 2) dissociation of metal complexes
within the organic phase, 3) formation of new complexes
at the interface, and 4) transfer of these complexes into
the aqueous phase. Prior to back-extraction, co-extraction of
actinide and lanthanide cations from acidic aqueous solution
into organic diluent is performed using extractant ligands. In
processes such as EXAm, DIAMEX-SANEX, and certain GANEX
operations,[59–61] the DMDOHEMA/HDEHP ligand combination
co-extracts metal ions into TPH diluent. For this ligand system,
multiple metal complex species coexist in the organic phase.
Based on experimental and theoretical studies,[62,63] the pre-
dominant species is likely the M(DEHP)3(HDEHP)2DMDOHEMA
adducts. These large molecules contain over 400 atoms, largely
due to their extensive and flexible alkyl chains. This high
atom count renders their computational optimization extremely
challenging. To save computational time and cost, many prior
theoretical investigations have employed a simplification strat-
egy, used the “alkyl chain truncation” method,[64–66] wherein
the long alkyl chains in these complexes are replaced with
shorter analogues to facilitate modeling. In the present work,
we also used this alkyl chain truncation method, the structures

Figure 6. Partial density of states (PDOS) for AnL2pz(NO3)(H2O) complexes computed at the M06-L/6–311 + G(2df,p)/RECP level.
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Figure 7. Changes in reaction free energy (�G, kcal/mol) for model back-extraction from M(*DEHP)3(*HDEHP)2(*DMDOHEMA) (M = Am, Cm, Bk, Cf, and Eu)
to six product types, mediated by H2L2py (left) and H2L2pz (right) in n-dodecane/water solution.

of model ligands with ethyl chains (denoted as *DMDOHEMA,
*DEHP and *HDEHP, presented in Figure S5) were used to
model DMDOHEMA and HDEHP ligands, the model metal com-
plexes M(*DEHP)3(*HDEHP)2-(*DMDOHEMA) after optimization
were presented in Figure S6.

To investigate the thermodynamics of complex back-
extraction processes, we constructed probable reaction
pathways starting from water-soluble ligands (H2L2ᵖʸ and H2L2ᵖᶻ)
and model complexes (M(*DEHP)3(*HDEHP)2(*DMDOHEMA)),
generating back-extraction products: [M(Li)(H2O)2]+,
[M(Li)(H2O)3]+, [M(Li)(H2O)4]+, M(Li)(NO3), M(Li)(NO3)(H2O),
and M(Li)(NO3)(H2O)2 (M = Am, Cm, Bk, Cf, Eu; Li = L2ᵖʸ, L2ᵖᶻ).
The overall reaction free energy �Gback-extr was calculated as
�Gback−extr = ∑

m Gproduct−m − ∑
n Greactant−n. Gibbs free energies

for all species in solution were computed using the IEFPCM
solvation model at the M06-L/6–311 + G(2df,p)/RECP level,
evaluating solvent effects for both n-dodecane (modeling TPH
diluent) and aqueous phases. Figure 7 presents the variation in
reaction free energy (�Gback-extr) across actinides and product
types. Analysis reveals �Gback-extr for all modeled back-extraction
reactions are negative, ranging from −2.95 to −22.53 kcal/mol.
These moderately negative values indicate both water-soluble
ligands (H2L2ᵖʸ and H2L2ᵖᶻ) exhibit favorable stripping efficiency
for Am, Cm, Bk, and Cf. Reaction energies systematically decrease
from Am to Cm, increase from Cm to Bk, and continue increasing
from Bk to Cf. This decrease-increase progression corresponds
to analogous trends in ligand stripping capacity and agrees
quantitatively with prior effective bond length and bonding
analyses results. �Gback-extr values for H2L2ᵖʸ are ∼4 kcal/mol
more negative than comparative reactions with H2L2ᵖᶻ. Hence
that the H2L2py possesses a stronger stripping capacity than the
H2L2pz ligand, which can consist with the above atomic charge,
ESP, partial covalent analyses, and the experimental findings.
In literature,[67] Heitzmann find that with 0.5 M ligand, 0.4 M
citric acid, and 0.3 M HDEHP, 0.6 M DMDOHEMA, and pH = 3,
H2L2py did have stronger affinity toward Am3+ (DAm = 1.37) and
Eu3+(DEu = 49) ions than those of H2L2pz ligand (DAm = 0.31,
DEu = 13).

Figure 7 further indicates that back-extraction reactions gen-
erating neutral M(Li)(NO3)-(H2O) complexes (see the following
Reaction (1)) exhibit the most negative �Gback-extr values when

initiated from M(*DEHP)3(*HDEHP)2(*DMDOHEMA) precursors.

M(*DEHP)3(*HDEHP)2(*DMDOHEMA)org+H2Liaq+NO3
−+H3O+

aqM
(
Li

)

(NO3) (H2O)aq + *DMDOHEMAorg+5*HDEHPorg (1)

This suggests neutral M(Li)(NO3)(H2O) complexes are likely
the predominant back-extraction products for both ligands
(H2L2py and H2L2pz). For these primary reactions, we com-
puted differences in �Gback-extr among metal ions (Am, Cm,
Bk, Cf, Eu) to evaluate intra-actinide separation capabilities and
An/Eu separation key performance. The calculated ��GAm/Eu,
��GM1/M2 (M1 and M2 are two different metal of Am, Cm, Bk, Cf,
and Eu) values are presented in Table 5.

The calculated ��GAm/Eu values for H2L2ᵖʸ and
H2L2ᵖᶻ (An = Am, Cm, Bk, Cf ) are consistently negative,
thermodynamically confirming both ligands’ significant
selectivity for back-extracting Am3+, Cm3+, Bk3+, and Cf3+

over Eu3+. Notably, ��GAm/Eu for H2L2ᵖᶻ (−8.60 kcal/mol) is more
negative than for H2L2ᵖʸ (−8.42 kcal/mol), indicating superior
Am/Eu separation efficiency by H2L2ᵖᶻ. This computational
finding aligns with Heitzmann’s experimental results: H2L2ᵖʸ
achieves Am3+ back-extraction from HDEHP-DMDOHEMA
organic phase with separation factor SFAm/Eu = 36, whereas H2L2ᵖᶻ
exhibits higher selectivity (SFAm/Eu = 41). Thus, our calculations
quantitatively reproduce H2L2ᵖᶻ’s enhanced separation capability.
According to Table 5, the calculated ��GAm/Cm, ��GBk/Cm,
and ��GCf/Cm values are all negative, indicating that both
studied ligands may separate Am3+, Bk3+ and Cf3+ from Cm3+.
Specifically, the magnitudes of ��GAm/Cm, ��GBk/Cm, and
��GCf/Cm range from one-fourth to one-third of the calculated
��GAm/Eu. Theoretically, the separation factor between metal

ions (M1,M2) can be estimated using SFM1/M2 = e− ��GM1/M2
RT .[68]

Thus, the estimated SFAm/Cm, SFBk/Cm, SFCf/Cm values likely range
from 2.45 to 3.45, corresponding to the fourth-root to cubic-root
values of the experimental SFAm/Eu data (36 and 41).

4. Conclusion

In this work, we theoretically investigated metal complexes
formed by four trivalent transplutonium ions (Am3+, Cm3+,
Bk3+, Cf3+) and two water-soluble ethylenediamine carboxylate
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Table 5. Computed free energies �Gback-extr (kcal/mol) and differences ��GM1/M2 (kcal/mol) for Am3+ , Cm3+ , Bk3+ , Cf3+ , and Eu3+ in model back-extraction
reactions (1), evaluated at the M06-L/6–311 + G (2df,p)/RECP level with n-dodecane/water solution system.

Product species �Gback-extr ��GAm/M ��GCm/M ��GBk/M ��GCf/M

Am(L2py)(NO3)(H2O) −21.59 – 2.78 2.21 −0.93

Am(L2pz)(NO3)(H2O) −16.88 – 3.51 0.25 −1.51

Cm(L2py)(NO3)(H2O) −18.81 −2.78 – −0.57 −3.71

Cm(L2pz)(NO3)(H2O) −13.37 −3.51 – −3.26 −5.02

Bk(L2py)(NO3)(H2O) −19.38 −2.21 0.57 – −3.14

Bk(L2pz)(NO3)(H2O) −16.63 −0.25 3.26 – −1.76

Cf(L2py)(NO3)(H2O) −22.52 0.93 3.71 3.14 –

Cf(L2pz)(NO3)(H2O) −18.39 1.51 5.02 1.76 –

Eu(L2py)(NO3)(H2O) −13.17 −8.42 −5.64 −6.21 −9.35

Eu(L2pz)(NO3)(H2O) −8.28 −8.60 −5.09 −8.35 −10.11

ligands (H2L2py and H2L2pz). The optimized geometries of these
complexes closely resemble each other across all four transplu-
tonium ions. After deducting metal ion radii, the effective bond
length between metal ions and all NAM (deff(An─NAM)), most
NPY/PZ, OCA exhibit a distinctive “increasing–decreasing” trend
(rising from Am to Cm, then declining from Cm to Bk, and contin-
uing to decrease toward Cf). This trend inversely correlates with
a corresponding “downward–upward” variation in bond strength
across Am-Cm-Bk-Cf series. Mayer bond order (MBO) analyses
confirmed that bonding intensities undergo this downward-
upward variation. MBO results further revealed that H2L2py ligand
exhibits stronger affinity toward all studied ions than H2L2pz.
QTAIM parameters (H and |V|/G) suggests that the An─OCA

and An─NAM bonds have weak yet significantly varying partial
covalent interactions, and the covalency intensity of all An─NAM

bonds and most An─NPY/PZ, An─OCA bonds in studied complexes
also follow a decreasing trend from Am to Cm, then increase
from Cm to Bk and Cf. Consequently, this intensity variation may
originate from differing covalency extents between donor atoms
and Am3+/Cm3+/Bk3+/Cf3+ ions. Additional covalency descriptors
(Delocalization index, DI) likewise confirm that partial covalent
character changes in the downward-upward pattern, with Cm
identified as the transition point.

Despite exhibiting marginally longer bond lengths (as well
as deff (M─NAM)), NAM atoms demonstrate stronger binding
affinity than NPY/PZ atoms in N-heterocyclic rings. This enhanced
interaction is potentially attributable to electrostatic influences
from nearby deprotonated OCA atoms, and consequently serve
as dominant contributors to the ligands’ mutual separation
capabilities. Thermodynamic analysis revealed superior stripping
efficiency for the H2L2ᵖʸ ligand relative to H2L2ᵖᶻ, whereas
H2L2ᵖᶻ exhibits enhanced Am/Eu separation performance.
The calculated ��GAm/Cm, ��GBk/Cm, and ��GCf/Cm values
approximate one-fourth to one-third of the ��GAm/Eu

magnitude for a given ligand, suggesting themodynamic
separation factors SFAm/Cm, SFBk/Cm, SFCf/Cm likely reside within
2.45–3.45 range. Collectively, these findings indicate both ligands
possess significant potential for mutual group separation of the
four trivalent transplutonium ions. We anticipate our work will

provide fundamental molecular-level insights for designing
advanced water-soluble ligands targeting: (1) mutual separation
of Am, Cm, Bk, and Cf, and (2)f-element lanthanide-actinide
separations.
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