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I. Introduction

Increasing global energy demand against the background of
depletion of mineral resources makes the elaboration of
novel, environmentally safe, reliable and economically

admissible methods for energy production a strategic task.
Solution to this task eventually governs the pace of the
development of our civilization. In this connection, the role
of nuclear power engineering as one of the major methods
grows steadily. A key obstacle to wide use of nuclear power
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engineering consists in problems related to production of
large amounts of radioactive waste. Therefore, the develop-
ment of new, environmentally safe technologies of nuclear
waste reprocessing and (long-term) disposal has been a
challenging problem to researchers and engineers working
in many countries.

At present, the main technology used for reprocessing of
spent nuclear fuel (SNF) is the PUREX process (an acro-
nym for Plutonium Uranium Recovery by Extraction). Fuel
rods unloaded from a reactor after holdup time for decay of
short-lived radionuclides are cut and their contents is
dissolved in nitric acid. Then, uranium and plutonium are
extracted (re-extracted) from aqueous nitric acid solutions
into a hydrocarbon solvent using tributyl phosphate (TBP).
The aqueous nitric acid solutions (PUREX raffinate) rep-
resent the bulk of high-level waste (HLW) and contain other
radioactive fission products including isotopes of trans-
uranium elements (so-called minor actinides (MA), namely,
neptunium, americium and curium). The content of MA is
at most 0.1% of HLW by mass, but it is these elements that
are the most environmentally hazardous because of long
half-lives (7370 years for Am-243, 8500 years for Cm-245,
15.6 000000 years for Cm-247 and 348 000 years for Cm-
248). In this connection, an advanced closed nuclear fuel
cycle should involve, as a key step, selective extraction of
MA from PUREX raffinate and their oxidation followed by
transmutation to stable nuclides in a fast neutron reactor.
Transmutation of MA is hampered by the presence of
lanthanides having similar chemical properties and charac-
terized by very large thermal neutron capture cross-sections.
Depending on the degree of fuel burnup, the content of
lanthanides in PUREX raffinate is 20— 50 times higher than
that of MA; this additionally complicates selective extrac-
tion of MA.

Minor actinides are separated from lanthanides by
countercurrent extraction in an aqueous phase-—organic
phase two-phase system using organic neutral or anionic
donor reactants (ligands) as extractants capable of forming
strong, organic-soluble complexes with lanthanides (Ln)
and actinides (An). Countercurrent extraction offers con-
siderable advantages over other methods, being the simplest
continuous process which provides high rates of mass
exchange. The state of the art in the field is well documented
in many monographs and reviews (see, e.g., a monograph!
and references cited therein). Modern trends in fractiona-
tion of HLW are analyzed in another review published in
this issue of Russian Chemical Reviews.?

Fundamentally, the separation of actinides and lantha-
nides in SNF reprocessing, as well as the separation of
lanthanides and actinides within each group of compounds
belong to classical problems in molecular recognition of
chemical systems with similar structures and properties. A
modern optimum strategy for solving this class of problems
is as follows. First, experimental data and theoretical
considerations are used to reveal general laws and trends
that govern the relationships between the recognition struc-
ture and the target property. Then, trial structures of
ligands (extractants) are designed taking into account
these relationships and the necessary amounts of extractants
are synthesized to carry out the extraction experiments
(tests) themselves. Experimental data are analyzed, the
problem is refined, the extractant structures are modified
and the cycle is repeated until a desired result is obtained.
The contributions of experimental data and results of

different-level theoretical studies depend on details that
are specific to each particular task.

For long, so-called ‘reasonable screening’ has been the
major strategy in the design of selective ligands for binding
and separating lanthanides and MA. It is based on the
synthesis of large series of compounds chosen based on the
previous experience and on qualitative intuitive considera-
tions and subsequent tests of these compounds. The avail-
able experience clearly shows that further progress in
solving this type of problems requires a deep insight into
the nature of metal—ligand bonding in the complexes of
lanthanides and actinides and into the ‘structure—extrac-
tion behaviour’ relationships for various types of ligands.
This information can be obtained by theoretical modelling
of corresponding systems using different methods; among
them, quantum chemistry methods are the most informa-
tive. This provides an explanation for ever-growing number
of publications devoted to quantum chemical studies of the
lanthanide and actinide complexes with donor ligands.

A steady increase in the contribution of the results of
theoretical modelling of chemical systems using high-level
quantum chemistry methods including supercomputer clus-
ters has been a common trend particularly pronounced in
the last twenty-five years. Supercomputer modelling allows
one not only to hugely reduce the computational cost of
calculations, but often provides a kind of information on
the mechanisms of chemical reactions that cannot be
obtained experimentally. Moreover, rapid progress in quan-
tum chemistry methods and dramatic increase in perform-
ance of personal computers made it possible to calculate the
structures and properties of molecular systems comprising
hundreds of atoms on personal computers and to obtain
reliable results that can, within the framework of particular
models, be directly compared with experimental data.
Methods of quantum chemical modelling have been applied
to problems in extraction separation of actinides and
lanthanides for prognostic purposes since quite recently. In
this review we will analyze the results obtained in this field
in the last fifteen years and consider prospects for utilizing
these results in the development of new extraction technol-
ogies.

I1. Methods for theoretical modelling of the
structures and properties of lanthanide and actinide
complexes: general

I1.1. Quantum chemistry methods for calculating the
structure and properties of lanthanide and actinide
compounds

Calculations of the structures and properties of the 4f-
element compounds (lanthanides) and 5f-element com-
pounds (actinides) belong to the most difficult problems in
quantum chemistry. These many-electron systems are char-
acterized by a wealth of different-multiplicity states with
close energies. Therefore, the need for correct inclusion of
the electron correlation effects and relativistic effects
becomes of particular importance. The nature of these
effects has been considered in detail in many textbooks
and monographs (see, e.g., monograph?). The state of the
art in the application of various quantum chemistry meth-
ods in relativistic calculations of lanthanide and actinide
compounds and a detailed critical analysis can be found in
an excellent monograph,* which includes a total of sixteen
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chapters written by the worldwide recognized experts and in
reviews.>: ¢

The accumulated experience shows that reliable results
of prognostic value can be obtained only using post-Har-
tree— Fock methods with inclusion of electron correlation
effects at a level of at least MP4(SDQ) (many-body fourth-
order Moller — Plesset perturbation theory with inclusion of
single, double and quadruple excitations) and (or) methods
of the density functional theory (DFT) based on the
generalized gradient approximation (GGA) with nonem-
pirically constructed and hybrid functionals. The most
widely used GGA-functionals are as follows: PBE,”
PW91 8 and BP86.° The hybrid density functionals usually
include the B3LYP '° and PBEO.!"- 12 Opinions are different
as to what are the best density functionals (GGA or hybrid
ones) for calculations of the actinide and lanthanide com-
plexes. Vetere et al.'3 1% believe that more reliable results
can be obtained using the GGA-functionals. Many other
density functionals are available. Taken altogether, they
form a hierarchy of DFT methods. A thorough analysis of
the assumptions and scope can be found in the literature
(see, e.g., Refs 15—17). It is a good practice to use two or
more density functionals to validate the stability of the
results obtained.

The quality of a basis set used in the calculations is of
paramount importance. The best results can be obtained
using polarized split-valence basis sets augmented with
diffuse functions [6-31G(d,p), 6-311G(3df,2p),
6-31G+(d,p), 6-311G+ +(3df,2p)] or correlation-consis-
tent polarized split-valence basis sets of the type aug-cc-
pVTZ. The potential of different approaches and methods
in the calculations of actinide compounds were compared in
a review by Schreckenbach and Shamov.!8

The magnitude of direct (scalar) relativistic effects and
the effects induced by the spin—orbit coupling is nearly
proportional to the squared atomic number of the element
(Z?). Therefore, the description of the chemical and physical
properties of compounds of the heavy elements, namely,
actinides (90 < Z < 103) and lanthanides (58 < Z < 71), is
impossible without correct inclusion of relativistic effects.
These effects lead to stabilization (a decrease in energy) and
contraction of the s-AOs and p-AOs. On the contrary,
strongly shielded d-AOs and f-AOs become more diffuse
and their energies increase. In the case of the lanthanide and
actinide compounds, this gives rise to a wealth of different-
multiplicity states with close energies. This in some extent
concerns the onset of the lanthanide (actinide) contraction.
Relativistic calculations are often carried out using a
combination of DFT with the zeroth-order regular approx-
imation (ZORA; here the relativistic terms appear in the
one-electron integrals'°) or with the scalar-relativistic
approach proposed by Dyall.?® The approximation using
the relativistic effective core potentials (RECP) is the least
computationally expensive.?! It is based on the fact that the
core electrons are usually not directly involved in chemical
bonding. Therefore, their indirect influence on various
properties can be described by the parameterized potential.
However, the estimates of the degree of involvement of the
in-core 4f- and 5Sf-electrons in chemical bonding obtained in
this approximation should be used with care. Most methods
of the relativistic post-Hartree—Fock calculations men-
tioned above are incorporated into modern quantum chem-
ical software packages (PRIRODA, GAUSSIAN,

MOLPRO,
DIRAC).

MOLCAS, TURBOMOL, NWCHEM,

I1.2. Modelling of extraction equilibria and the inclusion of
the effects of the medium

Both lanthanide and actinide cations can form complexes of
different stoichiometry with donor ligands. The coordina-
tion number (C.N.) of the central ion in the complexes can
vary from 6 to 12. Extraction involves a complex system of
consecutive and concurrent equilibrium reactions in the
aqueous and organic phases and at the interface between
them; in most cases, information on these reactions is
incomplete. An example is provided by the extraction of
an M3* ion from an aqueous solution containing nitric acid
into a polar organic solvent using a monodentate organic
anion L~ as extractant. Taking into account the fact that
nitrate anions in the lanthanide and actinide complexes
most often act as bidentate ligands, various hydrated com-
plex ions and neutral complexes can co-exist in the aqueous
phase. A number of equilibria involving these species are
presented in Scheme 1 [equilibria (1)—(3)]. For each
hydrated complex, water molecules and nitrate anions in
the inner coordination sphere of the metal can be replaced
by the ligands L~ in the course of the substitution reactions
at the interface [see equilibria (4)—(6) in Scheme 1].

Scheme 1
[M(H20),]}" + NO3; = [M(H20),_>(NO3)]** + 2H,0 (1)
[M(H20),,—>(NO3)]** + NO3 == 2)
= [M(H;0),_4(NO3))]* + 2H,0
[M(H20), - 4(NO3),]© + NO3 —= (3)
= [M(H,0),_6(NOs)3] + 2H,0
n=238,9 etc.

[]\/[(Hzo)n,2(1\103)]2Jr + L —= )

=—= [ML(H20),_3(NO3)]" + H,0
[ML(H20),_s(NO3);] + L~ =—= 5)
== [MLy(H20), ¢NO3)2]~ + H,0
[M(H20),—6(NO3)3] + L~ ===[ML(H10),_¢(NO3)s] + NOj (6)
n=238,9 etc.

L—+ 1‘1304r — LH + H,O (7)

Products, i.e., [L,,M(H20),_,,_2(NO3)]C~©F com-
plexes (n = 8, 9), are transferred to the organic phase. In
turn, the anionic ligand L~ undergoes reversible protona-
tion in the acidic medium [see Scheme 1, equilibrium (7)].

The solvent extraction systems used in real experiments
are even more complex because of the presence of ‘alien’
cations and anions that compete with the target cation M3*
and extractant L—, respectively, in the equilibria. However,
for many extraction systems, researchers know, from some
other experimental data, the structure of the target-metal
complexes that are transferred to the organic phase as well
as the ratio of the hydrated complex ions present in the
aqueous phase. Usually, this allows one to significantly
decrease the number of the equilibrium reactions to be
modelled and thus obtain a reduced but reasonably correct
model for the extraction system, which includes two or three
equilibria. This first step is of paramount importance. It is
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the quality of the model used, other factors being equal,
that governs the reliability and value of the results of
theoretical modelling.

The key parameters of an extraction system, which are
observed experimentally and should be modelled, include
the distribution ratios (D) of the cations being extracted.
They are defined as the concentration ratio of the target
cation in the organic and aqueous phases.

(aq)

For extraction separation of two cations, M! and M?2, the
separation factor (SFyyyp2) is defined as the ratio of the
distribution ratios of the cations.

Dyp
Fyiwe = 0
SFumim Dyp

These quantities can be calculated with ease by quantum
chemistry methods for an equilibrium using the isolated-
molecule approximation corresponding to gas-phase proc-
esses. Let, e.g., the reduced model for an extraction system
for the separation of cations M! and M? include two
equilibria described by Eqns (8) and (9).

KM!

[M!(H;0)3(NO3)3] + 3L == [M!'L3(NO3)3] + 3 H,0 ®)
KMZ

[M2(H,0)3(NO3)3] + 3L == [M2L3(NO3)3] + 3 H,0 ©)

The equilibrium constants (Ky;1 and Kj;2) can be determined
using expression (10) upon calculating the Gibbs energies of
these equilibria (AGy; and AG)p) that are equal to the
Gibbs energy differences between the starting compounds
and final products.

A
-y

Then, the separation factor of the process is given by
expression (11) where AAGyu: is a simple Gibbs energy
difference between two equilibria [Eqn. (12)].

K 1 AAG 1,2
SEyvimez = K—xz = exp (— T]]:A)

AAGMI.z = AGMI 7AGM2

(10

(1n

(12)

Usually, it is assumed that complexes of cations with
organic ligands are completely transferred to the organic
phase. In this case, the equilibrium constants Ky; and Ky
are linearly related to the distribution ratios D and the ratio
of the equilibrium constants equals the separation factor of
the process, SFyp /2. This makes it possible to compare the
results of calculations with experimental data and thus
assess the quality of the model and calculations.

Since the processes under study occur in the aqueous
and organic phases and at the interface between them,
phenomena usually called the effects of the medium (i.e.,
the ability of ligands to undergo protonation, as well as
solvation of metal cations and complexes in both phases
and hydrogen bonding resulting in the formation of the

second coordination sphere of the complexes) should
undoubtedly influence the distribution ratios and the
An/Ln separation factors. Experimental data show that
this does occur and the effect may be strong. Therefore,
modelling of extraction equilibria requires carrying out
quantum chemical calculations with inclusion of the effects
of the medium; this is a specific complicated problem.
Methods for solving this problem have been considered in
a number of monographs and reviews (see, e.g., review 22).

There are two types of commonly used models for the
description of solvation effects. These are the continuum
models and the cluster ones. The former treat a solvent as
isotropic polarizable dielectric continuum characterized by
the dielectric constant ¢ (PCM model,??-24) or as conductor
(COSMO model,?%2%) and ignore specific solute—solvent
interactions, such as hydrogen bonding or the formation of
donor—acceptor complexes. In the latter case, the solute
molecule and the solvent molecules forming its first (in some
cases, the second) coordination sphere are treated as a
supermolecule. This type of models is free from the draw-
back mentioned above, although there are some uncertain-
ties due to a priori unknown number of solvent molecules
that should be included in the supermolecule to obtain a
correct description of the system in question. It is believed
that the situation can be clarified using two approaches.
One of them is to apply a continuum model to the super-
molecule (solute molecule and solvent molecules in the first
coordination sphere). The other uses the QM /MM methods,
namely, the supermolecule is calculated rather accurately by
the quantum mechanical (QM) method while the environ-
ment (solvent molecules in the second and third coordina-
tion spheres) is described by the molecular mechanics (MM)
methods. Examples of successful application of the second
approach to elucidate the structures of the aqua complexes
of lanthanides and actinides in aqueous solutions can be
found in the literature 26—32 (see®). Studies on the extraction
separation of actinides and lanthanides reported so far have
been carried out with inclusion of solvation effects using the
continuum models only.

I1.3. The principle of hard and soft acids and bases

The extraction properties of different-type ligands for the
separation of lanthanides and actinides are often qualita-
tively considered in terms of Pearson’s acid base concept, or
the hard and soft acids and bases (HSAB) concept. Follow-
ing this concept, both Ln3" and An3" cations, which have
small ionic radii and bear high charges, are treated as hard
Lewis acids. The absolute hardness of an acceptor () can be
assessed using expression (13)

’7=T (13)

where I is the first ionization potential and A4 is the electron
affinity. In the case of organic compounds, 7 is taken equal
to —FEpgomo while 4 is taken equal to — Eprumo. The
reference pair for estimating the selectivity of ligands in
the separation of lanthanides and actinides includes the
Eu?"™ and Am3™" cations. Their ionization potentials and
electron affinities are listed in Table 1.

T A Correction to Ref. 30 is available. See G A Shamov, G Schrecken-
bach J. Phys. Chem. A 110 12072 (2006).
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Table 1. Ionization potentials, electron affinities and absolute hard-
nesses of Eu3* and Am3™ cations.

Cation 1/eV A eV n
Eu’* —37.16 —31.95 2.60
Am3+ —32.40 —28.45 1.97

From the data of Table 1 it follows that the much softer
Am?3™" cation and other An3* cations should exhibit higher
affinity for ligands with soft donor centres compared to
Ln3"* cations. This simple qualitative concept is basic to the
search for selective ligands for the extraction separation of
actinides and lanthanides in the early steps of research.
Indeed, both actinide and lanthanide cations exhibit very
high affinity for hard Lewis bases with oxygen donor
centres, but this type of bases usually exhibits no high
selectivity. In this connection, ligands containing somewhat
softer donor S- and N-centres have attracted increasingly
greater attention in the design of new extractants.

Researchers from China reported a review 33 of studies
on quantum chemical modelling of lanthanide and actinide
complexes formed in the course of extraction separation of
these elements carried out before 2010. In the text below
these studies will be touched upon only to the extent
necessary to understand the results obtained more recently.

ITI. Complexes of phosphinodithioic acids

A number of publications on theoretical modelling of
complexes of dialkylphosphinodithioic acids R,P(S)SH
with lanthanides and actinides are available.?*~43> These
ligands exhibit very high separation factors in the extraction
separation of lanthanides and MA. In 1996, Zhu et al.?*
showed that bis(2,4,4-trimethylpentyl)phosphinodithioic
acid (Cyanex-301, Fig. 1) provides a separation factor,
SFeuam, of 5900. Another group of researchers from
China reported that changes in the structure of the alkyl
substituent in this compound have little effect on the
SFEuam values.?> For instance, dialkylphosphinodithioic
acids with isomeric alkyl fragments Cg (n-octyl, 1-methyl-
heptyl, 2-ethylhexyl) are characterized by the following
SFEuwam values: 9.7 x 103, 1.0 x 10* and 1.0 x 10%, respec-
tively.

The stoichiometry and structure of the lanthanide and
actinide complexes with thiophosphinic acids depend on

Figure 1. Optimized molecular structure of bis(2,4,4-trimethyl-
pentyl)phosphinodithioic acid (Cyanex-301) obtained from gas-
phase quantum chemical calculations.*!

various factors. Among them, the most important are the
ionic radius of the central ion and the volume of the ligands.
Boland et al3® studied reactions of anhydrous cerium,
neodymium, samarium, gadolinium and ytterbium chlorides
with sodium phosphinodithioate in organic solvents and
showed that lanthanides with large ionic radii (Ce**, Nd3 ",
Sm3*, Eu?") form anionic complexes [Ln(S>PPh»),]~ with
this ligand. In all cases, phosphinodithioate anions act as
bidentate ligands, while the central metal atoms form eight
coordination bonds with sulfur atoms. Lanthanides with
smaller ionic radii, Gd and Dy, form a mixture of com-
plexes. Among them, both anionic complexes
[Et4N] " [Ln(S2PPh2)4]~ (Ln=Eu, 1) and neutral complexes
[Gd(S,PPh3)3(NCMe),] and [Dy(S:PPhy);(NCMe),] (2)
(Fig. 2) were isolated and structurally characterized. In
these species, one anionic ligand is replaced by two acetoni-
trile molecules (acetonitrile was used as solvent in the
reaction). Eventually, ytterbium, which has the smallest
ionic radius among all elements studied, forms an anionic
complex [PhaP]"[Yb(S2PPh»)3Cl]~ (3); here, the coordina-
tion number of the metal ion decreases to 7 and one position
is occupied by chloride anion (see Fig. 2).

Ph Ph Ph Ph
Ph
Ph Ph
Ph Eu Ph Yb a
Ph
Ph O S Ph
QP
Ph o N Ph
Ph 1 Ph Ph 2 3 Ph
Figure 2. Structures of lanthanide diphenylphosphinodithioate complexes (see text).3¢
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Reactions of lanthanide and actinide cations with dia-
lkylphosphinodithioic acids in acidic aqueous solutions
result in complexes of different composition; in particular,
[M(S2PR>)3] and [HM(S2PR2)4] (M = Ln, An) can be
extracted to the organic phase. Theoretical investigation of
these complexes and their analogues with selenium-contain-
ing ligands have been a subject of publications.3!-36-43 The
research efforts were aimed to reveal the nature of high
selectivity of dialkylphosphinodithioic acids for actinides.

Researchers from India carried out a thorough study on
solvent extraction of La3*, Eu3", Lu** and Am3" from
aqueous solutions containing nitric acid with bis(2,4,4-tri-
methylpentyl)phosphinodithioic acid (Cyanex-301, L) to
toluene (organic phase) at different extractant/cation con-
centration ratios and at different pH values.*? The solvent
extraction experiments revealed that, irrespective of the
extractant concentration, americium and lutetium are
extracted as complexes of the type [AmLi] and
[LuL>(NO3)], respectively. Europium and lanthanum form
extractable species of the type [LnL2(NO3)] (Ln = Eu, La)
at low concentrations of the ligand L (0.1 mol litre—!) and
of the type [LnLs3] at higher L concentrations (0.5 mol
litre = 1).

Theoretical modelling of extraction was performed 43
taking model complexes with dimethylphosphinodithioic
acid Me,P(S)SH (L) as examples. The ligand L' was used
as model for Cyanex-301 in order to reduce the computa-
tional cost. Density functional calculations were carried out
using four GGA functionals (BP86, PBE, BLYP, PW91)
and the polarized split-valence basis sets of the aug-cc-
pVTZ quality. The basis sets were augmented with 4f-AOs
for lanthanides and 5f-AOs for actinides, the relativistic
effects were included in the ZORA approximation, and the
solvent effects were considered using the COSMO contin-
uum model. Four types of complexes, that is, [M(INO3)3],
[ML'(NO3),], [ML5(NO3)] and [ML}] (Fig. 3) were calcu-
lated for each metal. The results obtained using different
functionals appeared to be consistent. All main trends and
features were reproduced correctly.

[M(NO3);]

®

[M(S2PMe,)(NO3),]

[M(S2PMe)s]

[M(S2PMe2)2(NO3)]

Figure 3. Types of computationally studied complexes of La3™",
Eu?*, Lu** and Am3* (see Ref. 43).

The calculated M —S, P—S and M —O bond lengths
agree with the available experimental data and with the
results obtained in other theoretical studies. Besides, com-
plexation causes elongation of P—S bonds, thus indicating
a decrease in their n-character owing to partial transfer of
the electron density to the metal. The M —S bond lengths
increase on going from the complexes [ML'(NO3),] to
[ML4], but in all types of complexes the Am —S bonds are
much shorter than the Eu—S bonds, although the ionic
radius of Am3* is larger than that of Eu3* (1.115 vs.
1.087 A, respectively). The positive partial Mulliken atomic
charges of metals in the Am3* complexes are much smaller
than in the Eu?* complexes. The authors cited** believe
that this is indicative of higher covalency of the Am—S
bonds compared to the Eu—S bonds. The results of calcu-
lations of the Eu** and Am>" complexes with the simplest
S-donor ligand HS~ revealed the same trends in changes in
the bond lengths and atomic charges, but the differences in
the M—S bond lengths were much smaller than in the
complexes with L'. It follows that steric effects that are
much more pronounced for L' should also be taken into
account.

The most interesting results were obtained in calcula-
tions of the complexation energies of La’>™, Eu?™, Lu3"
and Am3* with L’ for the gas phase (isolated molecules)
and with inclusion of solvation effects. The gas-phase
complexation energies were obtained for reaction (14).

M(NO3); + n MeaPS; === [M(S:PMe»),(NO3)s_,] + nNO3  (14)
n=1-3

These energies were calculated as the total energy differ-
ences between the starting anhydrous nitrates and corre-
sponding complexes. The energies of the Am complexes
appeared to be appreciably higher than those of the com-
plexes of the three lanthanides. Considering the species
[ML'(NO3),], [ML5(NO3)] and [ML3], one has —4.4, —9.8
and 79.8 kcal mol—! for M = Am and —5.4, 77.3 and
—6.7 kcal mol—! for M = Eu. These values were obtained
from calculations with the BP86 functional, but calculations
with other functionals gave similar results. Equal complex-
ation energies of the complexes [ML,(NO3)] and [ML}] for
M = Am and even lower complexation energy of [ML}] for
M = Eu are in good agreement with the experimental fact
that for these two metals the type of the complex being
extracted depends on the cation/ligand concentration ratio.
Higher complexation energies of Am excellently reproduce
high selectivity of phosphinodithioic acids for americium
observed in the extraction experiments.

The effects of solvent were included 4> within the frame-
work of the COSMO approach. The most interesting
information was obtained from the ‘extraction energies’
calculated using Eqn (15).

M

aq) +n MCQPSE(“)I) + (3 —n) NO;(aq) —~ (15)

— [M(S:PMe,),(NO3)3 _]ctol

It was found that for M = Am the extraction energies of
the complexes [ML,(NO3)] and [ML4] (—7.8 and —9.5 kcal
mol 1!, respectively) are higher in absolute value than those
of the complexes with M = Eu (—3.5 and —4.6 kcal mol—!,
respectively). This result also makes it clear that phosphi-
nodithioic acids exhibit much higher affinity for americium,
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being in excellent agreement with experimental data.
Undoubtedly, an important contribution comes from the
higher dehydration energy of Eu3* ions compared to Am3*
ions {in aqueous solutions, both ions exist as the aqua
complexes [M(H20),1?*t* (M = Am, Eu; n =8, 9)}. There-
fore, high selectivity of phosphinodithioic acids as ligands
for the extraction of actinides and lanthanides is due to two
complementary factors, namely, higher covalency of Am—S
bonds compared to Eu—S bonds and higher dehydration
energy of Eu3™ ions compared to that of Am3" ions when
water molecules are displaced by the ligand.

Recognizing high quality of the study by Bhattacharyya
et al.,*3 two important remarks should be made. The models
used do not directly include the role of water molecules and
the acidity of the medium. This drawback was also pointed
out by the authors of that publication. In particular,
representation of weak acid Me,P(S)SH by the anion
Me,>P(S)S~ in acidic media is manifestly unjust. Besides,
much higher ‘extraction energies’ of the lutetium complexes
[LuL5(NO3)] and [LuLj] (—7.2 and — 6.0 kcal mol—"') have
no explanation within the framework of the models used.
Eventually, discussing positions of chemical equilibria
requires calculations of the Gibbs energies AG, which can
vary over a wide range when long branched alkyl substitu-
ents are replaced by methyl groups.

High selectivity of bis(2,4,4-trimethylpentyl)phosphino-
dithioic acid (Cyanex-301, L) for americium was also
studied by researchers from Germany.*' The structures of
the ligand and its complexes of the types [MLs] and [HML4]
(M = Am, Cm, Eu) were calculated without structural
simplifications. The calculated structures of the [MLj]
complexes have a C3 symmetry (Fig. 4). Most calculations
were carried out by the DFT/BP86 method with two
extended split-valence basis sets, def2-TZVP and QZVP.
Relativistic effects were described using the relativistic,
energy-consistent, ab initio 4f-in-core pseudopotentials for
europium and 5f-in-core pseudopotentials for actinides.
Additional energy calculations for a number of structures
with DFT-optimized geometries were carried out within the

Figure 4. Calculated structure of complexes [ML3] [M = Am, Cm,
Eu; L = RyPS;, R = bis(2,4,4-trimethylpentyl)].4!

framework of the many-body MP2 perturbation theory for
calibration purposes.

It was shown that cations are most probably extracted
as complexes of the type [ML3] (M = Am, Cm, Eu). In this
connection, equilibrium (16) was simulated.

M3* +3HL —= [ML;] +3H" (16)
M = Am, Cm, Eu

Geometry optimization of the complexes was performed
for the gas-phase conditions. The Gibbs energies of the gas-
phase equilibria (AG,) were calculated as the Gibbs energy
differences between the starting compounds and products
following Eqn (17).

AGg = Gy(ML)) + 3 Go(H ")~ Go(M3*) 3 Gy(HL)  (17)

Since the metal ions (M3") and protons (H") are in the
aqueous phase, while the ligand L and complexes [MLs3]
reside in the organic phase (hydrocarbon solvent), the
changes in the Gibbs energies in solution (AGscv) were
determined using expression (18). The corrections, AAGsoly,
are given by Eqn (19).

AGsoly = AGg + AAGson (18)

AAGsory = Gso([ML3]) + 3Gaq(H)— (19)

—Gag(M3 ") =3 Gsoiv(HL)

The solvation effects AGsov were included in a combined
fashion. The hydration energy of H* was assumed to be
equal to the experimental value, viz., —264.2 kcal mol—1.44
The experimental hydration energy of Eu?™ is —804.8 kcal
mol—1.45> However, here we used the results of the DFT
calculations by Dolg and co-workers,?! namely,
—754.1 kcal mol—! for Eu?* and —716.3 kcal mol—! for
Am?3* as the corresponding AGso1v values (emphasize that
both values were calculated by the same method). The
hydration energies of the ligand L and complexes [MLj]
were determined within the framework of the COSMO
model.

The results obtained by Cao et al.*! are significantly
different from those reported by researchers from India.*3
The M —S bond lengths in the complexes [MLs] are larger
than in the complexes [ML}], probably due to noticeable
influence of the steric strain produced by the long branched
hydrocarbon groups in the first coordination sphere of
metals in the complexes [ML3]. The elongation is most
pronounced for [AmL3] (0.08 A). According to calculations,
the Am—S bond is 0.055 A shorter than the Eu—S bond,
the difference being larger than the ionic radii difference
between americium and europium (0.028 A). The positive
atomic charge of Am in the complex [AmL3] is higher than
that of Eu in the complex [EuLs] (+1.21 vs. +0.94,
respectively); this also holds for the averaged negative
atomic charges of sulfur (—0.455 and —0.435 in the Am
and Eu complexes, respectively). It follows that Am—S
bonds are more ionic in character than Eu—S bonds. An
analysis of orbital populations showed that f-AOs are only
slightly involved in chemica bonding.

Gas-phase complexation resulting in [EuLs] and [AmLas]
(see Eqn. (16)) is an endothermic process (AGy = 15.26 kcal
mol~! for [EuLs] and 34.23 kcal mol—' for [AmLs3]). The
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europium complex is much more stable in the isolated-
molecule approximation; this contradicts the results
obtained in the extraction experiments. However, the sit-
uation is reversed, i.e., complexation becomes exothermic
(this agrees with experimental data) when the effects of the
medium are included using the COSMO approach (see
above). The energy gain AGsov for [AmLs3] (—80 kcal
mol—1) is much higher than for [EuLs] (—12.95 kcal
mol—1). Thus, calculations predict that the europium com-
plex is much less stable than the americium complex in the
two-phase system under study; this is immediately related to
the higher desolvation energy of Eu™" ion in water. It is this
contribution that is responsible for high selectivity of
dialkylphosphinodithioic acids for americium in the extrac-
tion experiments.*!

Cao et al.*! made a critical analysis of their results and
pointed out a number of uncertainties. Firs of all, this
concerns imperfection of the chemical model used, which
ignores the fact that americium and europium ions are
present in aqueous solutions in the form of octa- and
nonahydrates [M(H20),]** (n = 8, 9), additionally solvated
by water molecules that form the second coordination
sphere through hydrogen bonds. These specific interactions
are ignored by the continuum models for solvation. It is also
unclear how the inclusion of f-AOs in the core pseudopo-
tentials may influence the results of calculations. Conclu-
sion drawn by the authors 4! contradict not only those made
by many other researchers, but also almost commonly
accepted point of view, according to which higher thermo-
dynamic stability of actinide complexes arises from higher
covalency of An—X bonds compared to Ln—X bonds.
Therefore, Dolg et al.*® carried out an additional quantum
chemical study of [EulLs;] and [AmL3] complexes. The
structures and energies of these species were obtained from
DFT calculations with different functionals and f-in-valence
(‘small-core’) pseudopotentials, as well as from unrestricted
Hartree— Fock and MP2 calculations. Most DFT calcula-
tions gave conventional results, namely, the calculated
Am—S interatomic distances are shorter than the Eu—S
interatomic distances irrespective of the type of the func-
tional and pseudopotential. However, the MP2 and unre-
stricted Hartree— Fock calculations with better inclusion of
electron correlation effects led to different results, viz., the
Am—S bonds are longer than Eu—S ones in agreement
with the ionic radii of the elements. Since more rigorous
calculations of the large systems modelling the [MLj]
complexes were not feasible, simpler model compounds
were used. These were americium and europium iodides
MI; where the lanthanide and actinide atoms form bonds
with soft donors. The experimentally determined Eu—I
bond length in Eul; is 2.831+0.022 A. This value is
reproduced with a reasonable accuracy in the most reliable
CCSD(T) coupled cluster calculations (2.841 A) and in the
MP2 calculations (2.822 A). Calculations of the Am—I
bond length in Aml; by these two methods give 2.882 and
2.862 A, respectively, which is in agreement with the ionic
radii. However, DFT calculations with different functionals
in all cases predict that the Am—1I bond is 0.04—-0.06 A
shorter than the Eu—1I bond. The calculated Eu—1 bond
length is 0.1-0.13 A longer than the experimental value.
The authors emphasized that the bond lengths obtained
from DFT calculations of lanthanide and actinide com-
pounds are inappropriate for being a criterion for cova-
lency, although agree that covalency can contribute to high

selectivity of dialkylphosphinodithioic acids for americium
in the extraction experiments. Uncertainties in DFT calcu-
lations may result from the so-called ‘delocalization error’,
as was pointed by Cohen et al.!” Noteworthy is the follow-
ing. Dolg and co-workers #® found that the results of DFT
calculations of the geometry and energies using the f-in-core
(‘large-core’) pseudopotentials are closer to the experimen-
tal values and to the results obtained by more rigorous
methods. In order to eliminate the second drawback of their
model and to provide a better description of the effects of
hydration, Dolg and co-workers47-48 carried out two stud-
ies on the hydration of lanthanides and actinides.

Significantly different interpretations of the results of
DFT calculations in studies of the nature of selectivity of
the extractants in the extraction separation of actinides and
lanthanides do not exclude the possibility to use these
results in practice in order to predict the extraction proper-
ties of ligands. Although dialkylphosphinodithioic acid
derivatives have not been subject to prognostic investiga-
tions in the strict sense where prediction of important
results is followed by experimental substantiation, the
ability of DFT calculations to reproduce the observed
relationships a posteriori was confirmed repeatedly. An
example is provided by a study by Keith and Batista.*®
Indeed, Klaehn er al.>® unexpectedly found that two struc-
turally similar diarylphosphinodithioic acids used as ligands
for extraction separation of americium and europium
exhibit dramatically different selectivities, namely, one has
SFam/Eu & 20 for bis[3,5-di(trifluoromethyl)phenyl]phos-
phinodithioic acid (4) and SFam/eu & 103 for bis[2-(trifluor-
omethyl)phenyl]phosphinodithioic acid (5) (Table 2). The
reasons for so large differences were examined in a DFT
quantum chemical study.*’

HS S HS S
N7 N7
P P
F]C CF?
Fsc/@cﬁ @
X
4 5

It was assumed that complexation and extraction are
described by Eqn (20) and the thermodynamic cycle shown
in Fig. 5.

Structures 4, 5

Ml + 3HL{yg === [ML}]ore) + 3H () (20)

Density functional calculations were carried out with the
B3LYP hybrid functional, a DZ extended split-valence basis
set and relativistic pseudopotentials for Am and Eu.
According to gas-phase calculations, the process described
by Eqn (14) is exothermic (AG < 0). For both ligands 4 and
5, the ligand —Eu?* binding energies appeared to be much

Table 2. Selectivity in extraction separation of Am** and Eu®" using
ligands 4 and 5.%°

Ligand SFAm/Eu AAGexir AAAG
/kcal mol—! /kcal mol—!

4 20 —1.8

5 100 000 —6.8 —30
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AGuon[HL]
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AGson[H™]
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34 7 +
M(aq) +3HL ?Ofg) ML31 (org) +3H (aq)

org

Figure 5. Thermodynamic cycle for actinide and lanthanide
extraction by diarylphosphinodithioic acids 4 and 5.4°

higher (by 13-15 kcal mol—!') than the ligand—Am?3"
binding energies, which contradicts experimental data.

The solvation energy of a proton was assumed to be
equal to the experimental value (264.2 kcal mol—1), like in
Ref 44, while the solvation energies of Eu** and Am3™* ions
were estimated using the combined approach by Dolg (see
above) and a semiempirical approach by David and Vokh-
min.>! Both methods led to qualitatively similar results.
According to calculations with inclusion of solvation
effects, the Am complexes with both ligands 4 and 5 in the
two-phase system appear to be thermodynamically more
favourable than the Eu complexes; this agrees with exper-
imental data.

AmL{y, + EuL{

—~ 2 1
(org) ~—— AmL + EuL(Org) (21)

(ore)

In accordance with the thermodynamic cycle (see Fig. 5,
the Gibbs energy difference AAG observed for the
equilibrium (21), which describes the separation factor
difference between ligands 4 and 5, is independent of the
method for calculating the hydration energies of the ameri-
cium and europium ions. The computed AAG value is
—3.09 kcal mol—!, being close to a value of —35.0 kcal
mol—! determined using experimental data taken from
Ref. 50. ‘Chemical’ reasons for the giant selectivity differ-
ence between two ligands with very similar structures
remain unclear. Most probably, steric interaction between
the bulk CF3 groups in ortho-positions of phenyl rings and
the sulfur atoms causes significant changes in the geometry
of the coordination site, but detailed description of the
molecular geometry of the complexes was not reported. We
believe one should not hope for good agreement with

systems. In the case in point, this agreement can be a result
of mutual cancellaltion of errors. But even a qualitatively
correct result ‘with accuracy up to a sign of the effect’ seems
to be encouraging.

Among other studies on the nature of the metal —ligand
bonding in the actinide and lanthanide complexes with
S-donor ligands, mention should be made of a comparative
DFT study of tris(dithiolene) complexes with urani-
um(I11,1V) and neptunium(IIl) carried oust using the BP86
functional, the TZ2p basis set and the ZORA approxima-
tion.® A dianionic ligand 5,6-dihydro-1,4-dithiin-
2,3-dithiolate (dddt) forms various complexes with transi-
tion metals, actinides and lanthanides; many of them were
isolated and characterized by X-ray diffraction analysis.
Figure 6 presents the calculated structures of the complex
anion of neodymium (structural data for this species are
shown in parentheses) and a hypothetical complex anion of
trivalent uranium. The metal atoms in these complexes have
a coordination number of 7. A detailed analysis of the
electronic structures and orbital populations in the com-
plexes of both anions revealed that the uranium complex is
characterized by not only ligand-to-metal electron density
transfer, but also m-backdonation (dative interaction), i.e.,
partial transfer of the electron density from the metal to the
1*-MO of the double bond.

IV. Complexes of tridentate donor ligands with
oxygen centres

Although dialkyl- and diarylphosphinodithioic acids used
as extractants exhibit excellent separation factors in the
separation of lanthanides and MA, they also have a number
of clearly seen disadvantages. These are (i) the possibility to
achieve high distribution ratios (D) only for extraction from
weakly acidic solutions, (ii) low oxidation stability and (iii)
formation of solid phosphate and sulfate residues upon
incineration of the complexes (this is exceptionally undesir-
able because of subsequent cracking of matrices on vitri-
fication). Consequently, these ligands are inappropriate for
real technological applications. Extractants containing only
C, H, O and N atoms are free from this drawback and offer
undoubtful advantages from the technological point of
view. These compounds include one of the most promising
classes, namely, diglycolic acid diamides (diglycolamides) 6.
There is considerable literature on theoretical modelling of
the complexes of these ligands with lanthanides and acti-

experimental data in studies of other complex molecular
(C=C)

Q. Q.
v 1.366/[1.370]

(Nd—S) ‘ (Nd—S)

2.920/[2.86(2& N p
o “of
s -%- A

Figure 6. Structures of
[M(dddt);Py]*~ (M = Nd, U) anions
obtained from DFT calculations.*?

-~ - A U—N N )
(0) 2.694 (0) 2490 Experimental geometrlc.parameters of
16.1/[14.8] 21 [Nd(dddt);Py]?” determined by X-ray
’ ’ diffraction are shown in square brack-
ets. Distances are given in A and angles
[Nd(ddd)s(Py) - (U(dddt)s(Py)]~ are given in degrees; Py stands for

pyridine.
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Structures 6

R! = R2 = Me (a), Et (b, TEDGA), Pr" (¢), n-CsH,7 (d, TODGA),
R! = Me, R? = n-C;H;5 (e, DMDHOPDA)

nides.>2~ % Diamides 6a—c¢ with short alkyl substituents at
nitrogen atoms are well soluble in water. Diamides 6d,e with
long alkyl chains at nitrogen atoms are very well soluble in
nonpolar organic solvents and can be used as extractants.
Numerous experimental studies on these ligands are
reflected in a review.’?> A few theoretical studies>>~3% on
the topic have been reported recently.

Depending on extraction conditions, diglycolic acid
diamides can form complexes of different stoichiometry
and composition with actinides and lanthanides. For
instance, extraction with N,N,N’,N'-tetraoctyl diglycol-
amide (TODGA, 6d) to a nonpolar (n-dodecane) or low-
polarity solvent (toluene) mainly results in the 1:3 or 1:4
complexes.’®- %0 Extraction to more polar 1,2-dichloro-
ethane or octanol affords the 1:2 complexes, while the
1:1, 1:2 and 1:3 complexes co-exist in aqueous ethanol.°!
In these complexes, diglycolamides act as tridentate ligands
coordinated to the metal through two carbonyl groups and
the ether oxygen atom. The bonds with the carbonyl oxygen
atoms are much shorter and stronger than with the ether
oxygen atom.>*

Researchers from China carried out®® a detailed
theoretical DFT study of the complexes of europium,
americium and curium with two ligands, TODGA (6d)

N}

Figure 7. Structures

of complexes
[M(6d)>(NO3)3] (b) obtained from gas-phase DFT calculations.>?

[M(6d)(NO3)3] (a) and

and N,N’-diheptyl-N,N’-dimethyl-3-oxapentanediamide
(DMDHOPDA, 6e), using the BP86 and B3LYP
functionals, relativistic f-in-core pseudopotentials and the
6-31G(d) basis set; the effects of solvation were included
using the COSMO approach. Full geometry optimization of
the octa- and nonahydrates [M(H,0),]?" (=38, 9),
aqua ions [M(NO3)(H20)7)>", [M(NO3)2(H20)s]",
[M(NOs3)3(H0)3], as well as complexes [ML]?T,
[ML2]*, [ML(H20)6]* ", [ML(NO3)(H20)4]> ",
[ML(NO3)2(H20)2] ", [ML(NO3);] and [ML2(NO3)3]
(M = Eu, Am; L = 6d,e) was performed. As examples,
Fig. 7 presents the structures of the complexes
[M(6d)(NO3)3] and [M(6d)2(NO3)s].

According to gas-phase calculations, neutral complexes
[ML(NO3)3] are the most stable species. Gas-phase thermo-
dynamic parameters were calculated for complexation and
extraction described by Eqns (22) and (23), respectively.

[M(H20)o** + L + 3NO; == [ML(NO3);] + 9H,0  (22)

[M(H20)5]},) + Liors) + 3NO3 () == (23)
== [ML(NO3)s3]org) + 9 H20(aq)

The nature of the metal —oxygen coordination bonds in
the complexes was examined using the natural bonding
orbital (NBO) approach, which involves transformation of
delocalized many-electron wavefunctions to the natural
orbitals that describe the electronic structure of a molecular
system in terms of localized bonding and nonbonding
orbitals.%? The calculated Wiberg indices of the M « O
bonds lie in the range from 0.10 to 0.37 and correspond to
a noticeable covalency of these bonds, the covalent contri-
bution being larger for the metal—carbonyl oxygen bonds.
From the populations analysis it follows that negative
charges on the carbonyl oxygen atoms are larger than on
the ether oxygens and there is considerable transfer of the
electron density from the ligand oxygen atoms to the metal.
The degree of charge transfer is higher for the europium
complexes, which are more thermodynamically stable in the
gas phase. However, the situation is reversed upon the
inclusion of solvent effects [Eqn (23)]. The thermodynamic
characteristics of the extraction processes are listed in
Table 3.

The results of calculations agree with experimental data,
namely, both ligands 6d and 6e are expected to exhibit
higher selectivity for americium, the selectivity being more
pronounced for 6e. For both the gas phase and the two-
phase system ‘nonpolar organic solvent—aqueous solution’,
the stability order of the metal complexes is as follows:

[MLP* < [ML(H20)6]** < [ML(NO3)(H20)4]*" <

< [ML(NO3)>(H,0):]* < [ML(NO3)3]

Table 3. Energies of extraction equilibria [Eqn (23)].3

Metal [M in Eqn (23)] AGexr [kcal mol —!
L=6d L = 6e
Am —424 —48.4

Eu —42.2 —46.1
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Narbutt et al.> reported a thorough theoretical DFT
study on extraction of the Am3* and Eu?* ions from
aqueous nitric acid solutions into 1,1,2-trichloroethane
with the B3LYP hybrid functional, the PBE GGA-func-
tional and the extended polarized split-valence TZ basis set
6-311G**. In order to reduce the computational cost of
calculations, N,N,N’ ,N’-tetraethyl diglycolamide (TEDGA,
6b) was used as simplified model for TODGA (6d). The
relativistic effects were taken into account using the core
potentials; also, the 5f-, 6d-, 7s- and 7p-AOs for Am and the
4f-, 5d-, 6s- and 6p-AOs for Eu were treated explicitly with
the complementary pseudorelativistic basis set for Eu and a
valence basis set for Am. Relativistic effects were included
in the ZORA approximation while the solvent effects were
considered using the COSMO approach. The ionization
potentials were calculated both ignoring and including the
spin—orbit coupling. The nature of chemical bonding was
analyzed using the Mulliken atomic charges in the NBO
approximation and following Bader’s approach ‘Atoms in
Molecule’ (QTAIM).%3 Calculations of the 1:3 cationic
complexes [M(6d);]°" reproduced the tridentate nature of
all ligands in the inner coordination sphere of the metal.
The metals are characterized by C.N. 9 and their coordina-
tion polyhedra represent twisted tricapped trigonal prisms.
The bonds of the metals with the carbonyl oxygen atoms
(Rgu—0 =2.42 A and Ram_o = 2.46 A) are much shorter
than the bonds with the ether oxygen atoms
(RL,_0 =262 A and R.,, o = 2.6 A). The types of ligand
coordination and the optimized structure of the cation
[Am(6b)3]** are shown in Fig. 8.

The structure of the complexes [M(6b);]*+t was not
studied by X-ray diffraction, but the metal—oxygen intera-
tomic distances in the europium complex and the type of the

Figure 8. Type of ligand coordination and the optimized structure
of [Am(6b)s]* " cation.

coordination polyhedron are, taking account of the ionic
radii difference between two ions, in good agreement with
those determined experimentally ®* for the cationic lantha-
num complex with N,N,N’,N'-tetra(isolutyl)diglycolamide
(TiBDGA), [La(TiBDGA);]**. An analysis of the electron
density redistribution between the ligands and the central
atom using Mulliken atomic charges revealed a pronounced
ligand-to-metal electron transfer with greater involvement
of the amide (carbonyl) oxygen atoms (Oa.m) rather than the
ether oxygen atom (Oewm). This is a clear indication of
noticeable covalency of the metal—oxygen coordination
bonds. The Wiberg indices are indicative of even more
pronounced covalency, being lower for the M — O, bonds
(0.13 for M = Am and 0.10 for M = Eu) than for the
M — O, bonds (0.23 for M = Am and 0.19 for M = Eu).
Interesting results were obtained in the orbital analysis
(Table 4). As can be seen, the populations of the 7s/6s-
and 5f/4f-AO of both metals differ only slightly from the
canonical values, 0 and 6, respectively. The electron density
is mainly transferred to the 6d/5d-AOs that make the major
contribution to the covalency, which is much higher for
americium.

Table 4. Charge distribution on metal AOs in complexes [M(6b);]>*+ .53

Complex Partial charges
[Am(6b)s]>* [core] 7s(0.14) 5£(6.13) 6d(0.71) 7p(0.01)
[Eu(6b)s]3* [core] 6s(0.13) 4£(6.07) 5d(0.61) 6p(0.01) 6d(0.05)

Based on the results of analysis, the authors > drew a
general conclusion of crucial importance, namely, the ques-
tion as to what are the AOs responsible for the covalent
contribution to the coordination bonds of the f-metals
(actinides and lanthanides) requires detailed consideration
using various methods of analysis in each particular case.
An a priori statement that the major contribution comes
from the f-AOs cannot stand up under criticism. The
situation is governed by the energies and nodal properties
of the metal and ligand orbitals participating in chemical
bonding. Correct energy estimates showed that the complex
cations [Eu(6b)s;]*" are more thermodynamically stable
than [Am(6b);]*" in the gas phase, but the inclusion of
solvation effects and the difference between the transfer
energies of these ions from the aqueous phase to trichloro-
ethane give rise to some selectivity for americium ions,
which agrees with experimental data.

Concluding our consideration of the results of theoret-
ical modelling of tridentate donor ligands with oxygen
centres and their complexes with actinides and lanthanides,
mention may be made of two more interesting studies
reported by researchers from India>%3% and devoted to
modelling of binding the Eu3* and Am3* ions to a single-
walled carbon nanotube (SWCNT) functionalized with
diglycolamide (DGA). A HO,CCH,OCH,C(O)NH frag-
ment was attached to the nanotube wall through a linker
CH>CH>;NHC(O)—CNT. Such a functionalized nanotube
was synthesized earlier and used for extraction of the UO3"
and Th** ions from aqueous solutions.® % Diglycolic acid
monamides as anionic tridentate ligands appeared to be
efficient extractants for the separation of actinides and
lanthanides with high affinity for the lanthanide ions.67 %9
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Figure 9. Optimized geometry of the model fragment of carbon
nanotube {DGA(8.0)SWNT}.%8

Figure 10. Optimized geometry of Am3* complex with carbon
nanotube {DGA(8.0)SWNT}.8

Density functional calculations were performed with the
BP86 GGA-functional, a polarized split-valence basis set
and the relativistic effective core potentials with 28 electrons
in the core for Eu and 60 electrons in the core for Am.
Energy calculations of the structures optimized with the
BP86 functional were also carried out using the B3LYP
hybrid functional and the TZVP basis set. The solvent

effects were included using the COSMO approach. It is
noteworthy that calculations were performed in the first
step of the study with prognostic purposes prior to carrying
out the experimental tests.

The optimized geometry of the model fragment of the
nanotube {DGA(8.0)SWNT} (four unit cells with a tube
length of 5.78 A and a width of 6.40 A) with the functional
group is shown in two projections in Fig. 9, while the
optimized structure of the complex with the Am3™ ion is
presented in Fig. 10. The complex with the Eu?* ion is
structurally similar. As in the studies considered above,’3-33
the bonds of the metal ions with the ether oxygen atoms in
the complexes appeared to be longer (2.520 A for Eu3* and
2.596 A for Am37") than the bonds with the carbonyl oxy-
gen atoms (2.292 and 2.391 A for Eu®*; 2.324 and 2.419 A
for Am3™). Also, the Eu—O bonds in these complexes are
shorter than the Am — O bonds in accordance with the ionic
radii difference. The binding energy (AE) of the Eu?* ion
obtained from gas-phase calculations is much higher than
that of the Am3* ion (—600.98 vs. —550.44 kcal mol—!,
respectively). The Gibbs energy differences (AG) are also
large (—583.59 and —534.65 kcal mol—!, respectively). The
Eu?*™ and Am?" ions are bound in the aqueous phase. As
should be expected, the inclusion of hydration effects
abruptly decreases the thermal effect of binding and the
AG values (—23.13 kcal mol—! for the Eu®** ion and
—0.22 kcal mol~! for the Am3* ion). However, the calcu-
lations were carried out ignoring the fact that the Eu?* and
Am?3" jons are extracted from solutions which also contain
nitrate anions as counterions. In this connection, the Gibbs
energies were re-estimated taking account of the counter-
ions using Eqn (24).

AGCXII‘

M3+

(aq) +3 Nog(aq) + CNT-DGA(aq)

(24

—= [CNT-DGA —M(NO3)3]aq)

The results obtained in this case were opposite to those
mentioned above, namely, one has AG = —52.7 kcal mol !
for Eu?* and 762.7 kcal mol—! for Am3*.

The experimentally determined > distribution ratios of
the Eu** and Am?" ions between the aqueous phase and
the solid phase (nanotube) are equal to 496 and 337 ml g~ !,
respectively, being in qualitative agreement with the results
of modelling carried out without inclusion of the nitrate
counterions. Clearly, ambiguity of the results is due to
incompleteness of the chemical model. First of all, one
should take into account the fact that the nanotube is a
mono-anionic ligand, and the number of nitrate ions in the
complex with the nanotube should be equal to two. Never-
theless, both studies carried out by researchers from
India 3% 38 seems to be useful and valuable.

V. Complexes with aminopolycarboxylic acids

The most widely used aminopolycarboxylic acids (complex-
ones) include ethylenediamine-N,N,N’,N'-tetraacetic acid
(EDTA) and diethylenetriamine-N,N,N' ,N'',N"-pentaace-
tic acid (DTPA) which are utilized in, e.g., extraction
processes. The latter compound is used as ligand for the
separation of actinides and lanthanides in the TALSPEAK
process and its recently proposed modification
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called ‘reversed TALSPEAK’ process.”?:7! In the latter
case, the actinides and lanthanides are co-extracted from a
0.1 M HNOs solution into the organic phase using 1M
solution of  bis(2-ethylhexyl) phosphoric acid
(HDEHP). Then, americium and curium are selectively
re-extracted from the organic phase to the aqueous
solution containing DTPA (0.05 mol litre ') and lactic
acid (1.5 mol litre—').~! The separation factors of
An3"/Ln3* can be as high as 100 and more. The
structure of the Am3*" and Nd3" complexes with
DTPA and the nature of the experimentally observed
selectivity of complexation was theoretically studied by
DFT methods.”>? The system [M3"(DTPA)H,0]>—
(M = Nd, Am) was modelled using the B3LYP func-
tional, the aug-cc-pVDZ basis set and relativistic pseu-
dopotentials and analyzed using the NBO approach and
according to Bader. The solvation effects were consid-
ered within the framework of the PCM model.

Calculations correctly reproduced the geometry of the
complexes. The coordination spheres of the metals include
six oxygen atoms from the carboxylate groups and three
nitrogen atoms. The interatomic distances r(C—N) and
r(C—0) are somewhat longer than the experimentally
determined ones. The r(C—N) and r(C—0O) values are
almost equal for both cations having similar ionic radii
(1.123 for Nd3* and 1.115 A for Am3*). The complexation
energy (AG) of Am3* in the gas phase and in aqueous
solution is higher than that of Nd3* by 0.6 and 1 kcal
mol—!, respectively; this agrees with experimental data. A
detailed analysis showed that the higher affinity of DTPA
for Am3" originates from higher covalency of the
Am3* —0O and Am3" —N bonds in the coordination site
compared to that of the Nd** —O and Nd?** —N bonds. It
is noteworthy that the highest covalency was found for the
Am3* —O bonds. The f-AOs of both cations contribute
slightly to corresponding MOs, the contribution being
larger for the more diffuse 5~AO of Am3*. The major
contribution comes from transfer of the electron density
from the oxygen 2p-AO to the vacant d- and p-AOs of the
metal ions; this is more pronounced for Am?". The results
obtained in that excellent study emphasize again that con-
clusions on the nature of coordination bonds in the actinide
and lanthanide complexes should be drawn only based on
the results of comprehensive analysis in each particular
case.
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VI. Complexes of polydentate ligands based on
N-heterocycles

In the last decade, polydentate ligands based on aromatic
heterocycles containing pyridine nitrogen atoms acting as
donor centres have become a major type of extractants for
the separation of lanthanides and MA. They offer a number
of significant advantages. Most of them exhibit high oxida-
tion, hydrolytic and radiation stabilities and form no solid
products upon incineration in contrast to the extractants
containing sulfur and phosphorus atoms. Based on rigid
polycyclic structures, one can design ligands with tunable
size of the coordination cavity. It is also important that
synthetic methods in chemistry of N-heterocycles are well
developed and allow one to synthesize structures of any
degree of complexity from available reactants.

To date, a considerable body of experimental data on
application of tridentate ligands based on 2,6-disubstituted
pyridines (compounds of the general formula I) as well as
tetradentate ligands based on 6,6'-disubstituted 2,2’-bipyri-
dines (II) and 2,9-disubstituted 1,10-phenanthrolines (III) in
the experiments on the extraction separation of lanthanides
and MA has been accumulated. A particular group includes
ligands containing, in terms of the HSAB concept, soft
donor N-centres and harder O-centres, namely, pyridinedi-
carboxylic acid diamides (IVa), 2,2'-bipyridine-6,6'-dicar-
boxylic acid diamides (IVb) and 1,10-phenanthroline-
2,9-dicarboxylic acid diamides (IVc). A number of modern
studies on theoretical modelling of these ligands and their
complexes with lanthanides and actinides are available.”3~88
Since some of them have been reviewed recently,?? we will
only briefly outline the materials reported in Ref. 33.

VI.1. Complexes of ligands based on 2,6-disubstituted
pyridines

Both actinides and lanthanides form 1:3 complexes
(IML3]3*) with tridentate ligands in solutions in the pres-
ence of weakly coordinating solvents and counterions (per-
chlorate, ezc.). In the presence of ions capable of forming
strong coordination bonds (nitrate and chloride anions) and
strongly solvating solvents (water), they can also form 1:1
and 1:2 complexes. The inner coordination sphere of the
metals in these species comprises water molecules and
counterions. In this case, one deals with a complex system
of equilibria and theoretical assessment of selectivity in the

Structures -1V

R!,R? = H, Alk, Ar
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extraction separation should be done taking into account
the fact that it depends on the physicochemical properties of
all the complexes present in the solution and on the ratios of
their concentrations.

Unrestricted Hartree — Fock calculations and DFT cal-
culations with different functionals correctly reproduce the
type of coordination polyhedra provided that the relativistic
effects are included properly. The M —O and M —N coor-
dination bond lengths are systematically overestimated to
0.1 A as compared to the values obtained in the X-ray
crystallography studies. This can be due to the crystal
packing effects, to neglect of the influence of outer-sphere
solvation of the complex in solution and to incomplete
consideration of the electron correlation effects. As men-
tioned above, complex-forming ligands for the separation of
actinides and lanthanides should rather strongly bind target
ions, being of sufficiently low basicity. Among 2,6-disub-
stituted pyridines, this criterion is best met by bis(triazinyl)-
pyridines (BTP). These ligands and their complexes with
americium and europium were studied in detail by quantum
chemistry methods.

A thorough DFT study (PBE functional, TZ basis set,
ZORA) of complexes of the type [ML3] [M = U3+, Ce3*;
L = 2.2":6'2"-terpyridine (TPY); 2,6-bis(1,2,4-triazin-3-
yl)pyridine (7a); 2,6-bis(5,6-dimethyl-1,2,4-triazin-3-yl)pyr-
idine (7b)] was reported.”’

Structures 7

R = H (a), Me (b)

The calculated geometric parameters of the complexes
are in very good agreement with experimental data deter-
mined by X-ray diffraction. Also, it was found that ligand
7b forms stronger complexes with U3 and Ce?* than TPY
and exhibits a higher affinity for U3* and much higher
selectivity (SFan/Ln is ~10 for TPY and ~150 for 7b).%”
The donor methyl groups, which increase the electron
density in the ligand and its basicity, also increase the
metal binding energy and selectivity. Chemical bonds are
mainly ionic, but the complex with uranium is characterized
by higher covalency of the bonds; according to calculations,
this is due to p-backdonation, i.e., partial transfer of the
electron density from the filled metal AOs to the ligand
n*-MOs. This effect was not found in the cerium complexes.

Wipff and co-workers 78 carried out a DFT study of the
effect of the substituents R in position 4 of pyridine ring on
the basicity and extraction properties of substituted
bis(triazinyl)pyridines 4-R-BTP used as ligands in the com-
plexes [Ln(4-R-BTP)3]. The B3LYP functional, the
6-31G(d,p) basis set and pseudorelativistic core potentials
were used. The effects of solvent were included within the
framework of the PCM model. It was shown that the
metal —ligand binding energy decreases as the ligand basic-
ity decreases in the following order of 4-R-substituents:
NMe;, > NH; > OMe > Ph > But >Me > H > F > CL
For lanthanides, the metal—ligand binding energy changes
as follows: La?" < Eu** < Yb3". The relative contribu-
tions of the central pyridinyl and lateral triazinyl nitrogen

atoms of the ligand to chemical bonding depend on the
stoichiometry of the complex and on the ionic radius of the
metal.

A direct proof of higher covalency of coordination
bonds in the bis(triazinyl)pyridine complexes of Am3"
compared to isostructural lanthanide complexes was
obtained by "N NMR spectroscopy. Adam et al.®® synthe-
sized a cationic complex [Am(Pr"-BTP);]3 " (8) and labelled
it with the isotope "N having a spin of 1/2.

Structure 8

Two nitrogen atoms, N(1) and N(8), involved in the
coordination of the americium ion, show very large upfield
shifts (295 and 327 ppm, respectively) relative to positions
of their signals in the ''N NMR spectrum of a diamagnetic
complex with lutetium. At the same time, the chemical shifts
of the N(12) and N(9) atoms not involved in coordination
are almost identical in the SN NMR spectra of the two
complexes. A clear-cut temperature dependence of the
chemical shifts of the N(1) and N(8) atoms was also
observed. Both these facts indicate that abnormal chemical
shifts of the coordinated nitrogen atoms are due to the
direct Fermi contact interaction. This is only possible if the
Am—N(1) and Am—N(8) bonds have a large s-contribu-
tion, thus being noticeably covalent.

VI.2. Complexes of ligands based on 6,6 -disubstituted-2,2’-
bipyridines and 2,9-disubstituted 1,10-phenanthrolines
Compounds derived from 2,2’-bipyridine and 1,10-phenan-
throline have long been used as ligands in coordination
chemistry of main-group elements and transition metals.
They are also utilized for the separation of MA and
lanthanides. Numerous derivatives containing pyridine and
triazine rings as substituents in positions 6,6’ and 2,9,
respectively, have been synthesized to date. They exhibit
very high separation factors (68 < SFam/eu < 400) in the
extraction in two-phase systems. There are a number of
studies on theoretical modelling of these ligands and their
complexes with lanthanides and actinides;”-83-8°-93 often,
the extraction properties of the ligands in question are
compared with those of 2,6-disubstituted pyridines.
Tetradentate ligands 9 (R-BTBP) and 10 (R-BTPhen)
form 1:1 and 2:1 complexes with lanthanides and actinides
in solutions, the concentration ratio being dependent on the
relative concentrations of the ligand and the metal ion, on
solution pH and on the types and concentrations of the
counterions. The structures of neutral complexes of the type
[ML(NO3);] [M =Am3*, Eu3? L = 6,6-bis(5,6-diethyl-
1,2,4-triazin-3-y1)-2,2'-bipyridine, 9a] were studied 798990
by DFT using the B3LYP hybrid functional, the 6-31G(d)
and 6-311G(d,p) basis sets and the effective core potentials,
as well as by the MP2/6-311G(d,p) method for particular
structures. In addition, Narbutt and Oziminski’® calculated
cationic complexes [ML,]3*. In all cases, metal atoms form
coordination bonds with two N(1) atoms of the bipyridine
or phenanthroline moiety and two lateral atoms, N(2). The
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Structures 9, 10
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structure of the complex of 6,6'-bis(1,2,4-triazin-3-yl)-2,2’-
bipyridine (9b) with americium nitrate is shown in Fig. 11.
According to X-ray diffraction data and results of calcu-
lations, the M — N(2) bonds with the lateral nitrogen atoms
in the complexes are shorter than the M — N(1) bonds, thus
indicating a higher strength of the former. This conclusion
is confirmed by analysis of the orbital populations and the
electron density distribution in this type of complexes. In
these species, nitrate anions act as bidentate ligands and the
coordination number of the actinide and lanthanide atoms
is 8.

The results of analysis of the electron density distribu-
tion and those of energy calculations show that the metal —
ligand bonds in the complexes are mainly of ionic character.
The metal—ligand bonds are more covalent in the ameri-
cium complexes. In the extraction experiments, these
ligands exhibit a high affinity for actinides [according to
different sources, SFam/eu(9b) = 16016 and 200 +25].
However, gas-phase calculations predict that complex
[Am(9b)(NO3)3] is less stable than [Eu(9b)(NO3)s]. As
mentioned above, similar results that contradict experimen-
tal data on the extraction selectivity were also obtained for
the complexes of Am3* and Eu?* with the P-donor

Figure 11. Structure of complex of 6,6'-bis(1,2,4-triazin-3-yl)-2,2'-
bipyridine (9b) with americium nitrate [Am(9b)(NO3);].%°

(Cyanex-301) and O-donor [TODGA (6d), DMDHOPDA
(6e)] ligands.*>33 It is an experimental fact °4 confirmed by
high-level calculations 4743 that the hydration energy of the
Eu?" ion is much higher than that of the Am3* ion (804.8
vs. 786.6 kcal mol—!, respectively). The gas-phase metal —
ligand binding energies (AE and AG) are respectively calcu-
lated as the £ and G differences between the free ligands and
the metal ions. In this case, the energies of hydration are
ignored. Therefore, a model similar to those proposed in
Refs 42 and 53 was used for correct description of the
extraction from aqueous solutions.” According to the
model, the ligand reacts with the nonahydrates
[M(H20)9]*" in the aqueous phase to give complexes of
the types [ML(NOj3)3] and [ML;]? " and then the complexes
are transferred to the organic phase [Eqns (25) and (26)].
The separation factor SFam/e. was estimated from the
Gibbs energy difference using expression (27). The model
includes the hydration energies of the Eu** and Am3* ions
naturally and the estimated energies agree with experimen-
tal data.

Kextr, 1
IM(H>0),] (2 *+ Liorg) + 3NO3 ) @)
=== [ML(NO3)3)org) + nH20(,q
M(H20),] 5 + 2 Liors + 3NO3 20
=—= [MLx(NO3),] EZ@;H + G =) NO3(org) + 1 H20caq)
— RTIn SFam/Eu = AGexi(Am) — AGexi(En) = @7)

= A(AGextr)/\m,’Eu

Wipff and co-workers 8 modelled the behaviour of the
bipyridine ligands and their protonated forms in the system
‘acidic aqueous solution—organic solvent’ by the molecular
mechanics method. It was shown that free neutral ligands
are not concentrated at the interface where complexation
occurs, the interface being mainly covered with the proto-
nated ligands. Therefore, complexation shold be treated as
replacement of a proton in the cavity of the protonated
ligand by the metal cation. This model provides an explan-
ation for the slow extraction kinetics and for an increase in
the distribution ratios with increasing acidity of the medium
in certain systems.

The geometry of a ligand in the free state and in the
complex with a metal can be significantly different. There-
fore, the kinetics of complexation should depend strongly
on the ligand ‘pre-organization’ energy which can be esti-
mated as the Gibbs energy difference between the free
ligand and the ligand in the complex. It is this feature that
is responsible for higher efficiency of the phenanthroline
ligands compared to the bipyridine ones in the extraction.
The phenanthroline molecule adopts a rigid cis,cis,cis-con-
formation suitable for binding the cation. Full conforma-
tion maps of 6,6'-bis(1,2,4-triazin-3-yl)-2,2'-bipyridine and
2,9-bis(1,2,4-triazin-3-yl)-1,10-phenanthroline are avail-
able.”? High ‘pre-organization’ energy of the bipyridine
ligand (12 kcal mol—") in the chelation of the metal ion is
mainly due to the changes in the molecular conformation as
a result of rotation about the C(2) — C(2') central bond. The
influence of the ‘pre-organization’ energy of the ligands on
the thermodynamics of complexation was considered in
more detail using simpler model systems in another study.8!
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Figure 12. Structure of complex [Y(10b)(NO3);].3

Researchers from China®°~92 as well as Lewis and co-
workers 23 carried out detailed DFT studies of complexes of
the types [ML(H20)4]** and [ML(NO3);] (M = Am, Eu;
L =9a—c, 10a,b, etc.) using the B3LYP functional, the
6-311G(d,p) basis set and relativistic core potentials. They
calculated the free energies of formation and analyzed the
electron density distribution, the MO energies and the nodal
properties of the MOs. The structure of the complex
[Y(10b)(NO3);] determined by X-ray diffraction®® is
shown in Fig. 12.

According to these calculations, the gas-phase free
energies of formation of the Eu?* complexes with phenan-
throline ligands ((ML(NOs)s]) are higher than those of the
Am?3* complexes. However, like in other cases, the selectiv-
ity in the extraction experiments is governed by the higher
relative stability of the americium complexes in solution,
which is due to higher desolvation energy of [Eu(H>O)o]? ™
(see also Ref. 79). Within the framework of the model
described by Eqns (25) and (26), calculations correctly
reproduce the experimentally observed trends including the
influence of substituents and ligand ‘pre-organization’ ener-
gies on the stability of the complexes.

Concluding our consideration of the extraction proper-
ties of the polyazine tetradentate ligands containing the 2,2'-
bipyridine and 1,10-phenanthroline moieties, mention
should also be made of a study®> on the synthesis, exper-
imental and theoretical investigations of complexes of
2,9-bis(pyrid-2-yl)-1,10-phenanthroline (11) with various
lanthanide cations (La3*, Pr3*, Sm3*, Gd3*, Dy3"*,
Er3*t, Yb3 ", Lu?™), UO%+ cation and a number of alkaline
earth metal cations. The authors of that study systemati-
cally examined how the size of the coordination cavity of
the ligand and the ligand ‘pre-organization’ energy influ-
ence the stability constants of the metal complexes. In
particular, taking calcium complexes as examples, it was
shown that going from the conformationally flexible, ‘non-
pre-organized” 6,6'-bis(pyrid-2-yl)-2,2'-bipyridine to the
conformationally rigid 2,9-bis(pyrid-2-yl)-1,10-phenanthro-
line (11) causes the stability constant of the complex in

aqueous solution to increase by more than a decimal order
of magnitude.
Structure 11

VI1.3. Complexes of pyridine-2,6-dicarboxylic acid diamides,
2,2'-bipyridine-6,6'-dicarboxylic acid diamides and
1,10-phenanthroline-2,9-dicarboxylic acid diamides

A disadvantage of the polyazine ligands based on 2,6-dis-
ubstituted pyridines, 6,6'-disubstituted 2,2'-bipyridines and
2,9-disubstituted 1,10-phenanthrolines containing only soft
donor N-centres and used in the extraction experiments
consists in strong dependence of the distribution ratios (D)
on the pH of the medium. Namely, the distribution ratios
appreciably decrease as the concentration of nitric acid in
the aqueous solution increases to more than 3 mol litre 1.
Pyridine-2,6-dicarboxylic (dipicolinic) acid diamides (12),
2,2'-bipyridine-6,6’-dicarboxylic acid diamides (13) and
1,10-phenanthroline-2,9-dicarboxylic acid diamides (14)
are free from this drawback. These ligands also exhibit
higher affinity for actinides. In particular, experiments ¢
showed that ligands 12 containing one alkyl and one aryl
substituent at the amide nitrogen atoms can be used for
efficient extraction of actinides and lanthanides in the form
of complexes [ML(NO3);] (M =Ln, An; L =12) from
solutions containing less than 6 mol litre~! of nitric acid
into polar organic solvents. Noteworthy is that the extrac-
tion coefficients increase rather than decrease with increas-
ing acidity of the medium. Namely, on going from 1M to
6M HNOj; they increase from 0.1 to 10 for extraction of
Am3* and from 0.01 to 1.5 for extraction of Eu3". The
extraction properties of these ligands have been reviewed
recently.”’
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Figure 13. Optimized structure of complex [Eu(12¢)(NO3)3].%8

The structures and properties of a large series of pyr-
idine-2,6-dicarboxylic acid diamides (L) bearing different
substituents at the amide nitrogen atoms and in the pyridine
ring, including compounds 12a—d, their complexes of the
types [ML]?* and [ML(NO3)3] (M = Eu, Am) and hydrates
[M(NO3)3(H20),] (n =3, 4) were modelled by quantum
chemistry methods within the framework of the DFT
approach using the PBE functional and an extended rela-
tivistic full-electron basis set.”® Gas-phase calculations
excellently reproduce the geometry of the ligands (in the
free state, the ligands adopt asymmetric unfolded confor-
mations) and complexes [ML(NO3)3] (M = Eu, Am) where
the ligands adopt the syn,syn-conformations for convenient
chelation of the metals. The Eu and Am ions are coordi-
nated through two carbonyl oxygen atoms and the pyridine
nitrogen atom. As an example, Fig. 13 presents the struc-
ture of the complex [Eu(12¢)(NO3)3]. 4 propos, calculations
reproduce an experimentally observed %190 feature of the
geometry of this type of complexes, viz., deviation of the
metal ion from the pyridine ring plane, and provide a
relevant explanation for this subtle detail. Deviation of the
carbonyl oxygen atoms from the pyridine ring plane owing
to rotation about the C(2)—C(O) and C(6)— C(O) bonds
violates conjugation between the carbonyl groups and the
pyridine ring. An analysis showed that this causes the
negative charges of the oxygen atoms and the energies of
the M3* —O bonds to increase because the bonding is
mainly of electrostatic ionic character.

Since the formation of the europium and americium
complexes with ligands occurs at the interface and involves
protonated ligands, the structures of the [L(H3O)] " species
were calculated.”® It is noteworthy that, according to
calculations, the complexes also have nonplanar geometry.
The hydroxonium ion forms two strong hydrogen bonds
with the carbonyl oxygen atoms, while the nitrogen atom is

Figure 14. Optimized structure of protonated N,N’-diphenyl-
N,N’-diethylpyridine-2,6-dicarboxamide [(12¢)(H;0)]* (Ref. 98).

not involved in the bonding. Figure 14 presents the struc-
ture of protonated N,N’-diphenyl-N,N’-diethylpyridine-
2,6-dicarboxamide (12c).

Modelling of the behaviour of free ligands and their
protonated forms in the two-phase system water —octane by
the molecular mechanics method showed ?® that the proto-
nated ligand molecules [L(H3O)]* are localized at the
interface and their conformations are convenient for the
replacement of hydroxonium ion by the metal cation to
occur. At the same time, unprotonated ligand molecules
reside in the organic phase and their concentration at the
interface is very low. This made it possible to formulate a
more complete model for extraction processes, which pro-
vides a consistent explanation for both the experimentally
observed increase in the extraction coefficients with increas-
ing acidity of the medium and the influence of the bulky
hydrophobic anions, such as chlorinated cobalt dicarbollide
(CCD), which cause the distribution ratios to increase and
accelerate the extraction kinetics. As was assumed by Wipff
and co-workers®® for the complexes of lanthanides with
R-BTBP and R-BTBPhen, the process begins with reversi-
ble protonation of the ligand which is localized at the
interface [Eqn (28)]. Most probably, the counterion (in this
case, the nitrate anion) residing in the aqueous phase forms
a contact ion pair with the ligand. The exchange step
involves replacement of hydroxonium ion in the protonated
ligand by the metal ion and simultaneous displacement of
water molecules from the inner coordination sphere of the
metal ion [Eqn (29)]. Within the framework of this model,
the influence of bulky hydrophobic anions becomes under-
standable. Being near the interface in the organic phase, the
anions form solvent-separated ion pairs with the ligand
bound to the hydroxonium ion and thus provide nucleo-
philic assistance to the attack of the metal ion and facilitate
displacement of the hydroxonium ion from the coordination
cavity of the ligand.

Structures 12— 14

R! A R! —
N O ) .
Z R — R
R2 N “R2 \ NN /
N N
12a-d R hS 4 ez
13a.b R2 O 142 O R2
R! = R? = Et(a); R! = Ph:
R? = Me (b), Et (¢); R! =Me, R! = Et, R2 = Ph (a); R! = R2 = Bu" (b) R! = Et, R2 = 4-MeC¢H, (a), R! = R? = Et (b),

R2 = 4-MeOC¢H (d)

H (c), Bul (d); R! = H, R?>= n-CjoH> (e)
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Scheme 2

L + [H30]* —= [LH3O]* (28)

—= [ML(NOs);] + H;0* + nH0O
n=3,4

According to calculations,’® the experimentally deter-
mined higher stability of the complexes containing one aryl
and one alkyl substituent at the amide nitrogen atoms
compared to the complexes of N,N,N’ N'-tetraalkylamides
(‘aryl strengthening effect’) is due to the smaller energy
difference between the syn,syn-conformations adopted by
the ligands in the complexes and the unfolded conforma-
tions correspoding to minimum of the total energy of free
ligands (ligand ‘pre-organization’ energy).

The thermodynamic parameters of the equilibria (28)
and (29) were evaluated using the overall Eqn (30) for the
gas phase and the separation factors were calculated con-
ventionally using Eqn (31).

L + [M(NO3)3(H20),] == [ML(NOs)] + nH,0 (30
n=23,4
—RTIn SFAm/Eu = AAGggg(Am — Eu) (3 1)

Here, the effect of solvent is not included in explicit
form. First of all, the approach ignores specific solvation,
that is, the formation of hydrogen bonds by the ions and
complexes in the aqueous phase, although these bonds
undoubtedly play the key role. In spite of this, the calcu-
lated separation factor SFam/eu = 2.3 appeared to be close,
in the order of magnitude, to the experimental value
SFam/Eu & 6. Good agreement seems to be due to the fact
that the solvent influences the two isostructural complexes
in almost the same fashion.

The ligand ‘pre-organization’ energies calculated for
pyridine-2,6-dicarboxylic acid diamides 12 are rather high,
viz., 19—22 kcal mol—! for the compounds containing four
alkyl substituents at nitrogen atoms and 16.0—16.6 kcal
mol~! for the compounds containing one alkyl and one
aryl substituent at each amide nitrogen atom. In this
connection, it was assumed °® that dilactams (their simplest
representatives are ligands 15 characterized by almost zero
‘pre-organization’ energies) should exhibit much better
extraction properties (Scheme 2).

Calculations predict that the extraction coefficients and
the separation factor SFam/eu should increase by about two

and one orders of magnitude, respectively, on going to this
more conformationally rigid structure. The synthesis of
dilactams 15 has not been reported as yet; however, meth-
ods for the synthesis of dilactams 16 of more complex
structure containing a structurally similar fragment are
available.!! Calculations of the model lactam (16a,
R = Me) and its complexes with Eu?** and Am3" were
carried out using the same approach as that utilized for
pyridine-2,6-dicarboxylic acid diamides.® Since the compo-
sition of the complexes was a priori unknown, calculations
were performed for the 1:1 and 2:1 complexes of the types
[ML(NO3);] and [ML>(NOs);] [M = Eu, Am; L = 16a
(R = Me)] resulting from the equilibrium reactions (32)
and (33).

[M(NO3)3(H20)4] + L === [ML(NO3)3] + 4H,0 (32)
[M(NO3)3(H20)4] + 2L === [ML>(NO3);] + 4H>0 (33)

The thermodynamic parameters were evaluated as in
Ref. 98 and the separation factors were calculated conven-
tionally using Eqn (31).

The Gibbs energies of formation of the complexes
[ML(NO3)s] and [ML»(NO3);] [M = Eu, Am; L = 16a
(R = Me)] and the calculated separation factors SFam/ku
are listed in Table 5.

The calculated Gibbs energies of formation (AG5dg) of
the complexes [ML(NO3)3] appeared to be ~30 kcal mol—!
higher than those of the complexes of the open-structure
diamides 12. This suggests that the distribution ratios for
extraction of the complexes should increase by at least two
orders of magnitude. Dilactams 16a—c¢ [R = Me (a), Et (b),
n-CgH13 (¢)] have been synthesized recently.'0% 193 Extrac-
tion of Eu?* and Am?* from aqueous nitric acid solutions
to m-nitrobenzotrifluoride (m-trifluoromethylnitrobenzene,
F-3), chloroform and dichloroethane at different nitric acid

Table 5. Gibbs energies of formation of complexes [M(16a)(NO3)s]
and [M(16a)>(NO3)s] and separation factors (M = Eu, Am; R = Me)
(author’s data; unpublished).

Complex AG 54 /kcal mol ! SFAm/Eu
[Eu(16a)(NOs)3] —347 ol
[Am(16a)(NO3)3] ~36.9 :
[Eu(162)>(NOs)3] —244 o1
[Am(16a)2(NO3)s] —26.4 ’
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Table 6. Distribution ratios and separation factors in extraction of Eu3* and Am>* using 0.01 M solutions of ligand 16¢ (R = n-C¢H 3) in three

different solvents at different concentrations of nitric acid.!02-103

[HNO;] /mol litte=!  F-3 CHCl; CH,Cl
DAm DEu SFAm/Eu DAm DEu SFAm/Eu DAm DEu SFAm,’Eu

1 12 0.8 15 0.2 0.01 20 3 0.2 15
2 22 1.2 18 0.5 0.04 13 7 0.4 18
3 44 1.9 23 1.0 0.08 13 14 0.8 18
4 70 2.7 26 1.9 0.18 11 24 - —
5 120 4.5 27 3.8 0.36 11 49 2 25
6 150 4.9 31 8.5 0.79 11 22 — —

concentrations was studied '92-193 taking ligand 16¢ (R = n-
Ci6H13) (Table 6) as an example.

An analysis of the dependence of Dam and Dgy on the
concentration of the ligand showed that both metals are
extracted as complexes [ML2(NO3)3] (M = Eu, Am). Thus,
the results of calculations are in excellent agreement with
experimental data. Very high Dan and Dg, values deserve
particular attention because they are about three orders of
magnitude higher than the corresponding values
obtained ' for the Dbest ligand 12 (R!'= Et,
R? = 4-F3CCgHy).

Studies 195-199 on the experimental and theoretical
research into the extraction properties of 1,10-phenanthro-
line-2,9-dicarboxylic acid diamides were published nearly
simultaneously. Researchers from China %> reported very
high selectivity of 1,10-phenanthroline-2,9-dicarboxylic acid
N,N’-diethyl-N,N'-di(p-tolyl)diamide (14a) for MA in the
extraction from strongly acidic solutions. The separation
factors for extraction from 1M nitric acid were as follows:
SFAm/Eu = 67, SFTh‘V/Eu = 2277 and SFle/Eu = 227. The
structures of the complexes of ligand 14a and corresponding
tetraethyl derivative 14b with Eu?*, Am3*, [UOy]*™*,
[NpOz]* and [PuO;]?" cations were thoroughly
studied 19>-19¢ by DFT methods using the B3LYP hybrid
functional, the 6-311G(d,p) basis set and pseudorelativistic
core potentials. Geometry optimization of the complexes
[AnO,L(NO3)]"" (An = U°", Np>*, Pu®"; n =0, 1) and
[PuL>(NO3),]>* and [PuL(NO3)4]?>* was performed for the
gas phase; only electrostatic solvent effects were considered
using the COSMO approach with water and cyclohexanone
being model solvents. Both ligands in the complexes act as
tetradentate species and coordinate the metal ions through
two nitrogen atoms of the phenanthroline moiety and two
carbonyl oxygen atoms. Calculations reproduce the geom-
etry of the complexes with high accuracy. The orbital
population analysis and the NBO analysis showed that the
metal —ligand bonds M < N and M « O are mainly of ionic
character. Noticeable covalent contribution was found only
for the actinide complexes. The An « O bonds appeared to
be more covalent.

Estimation of thermodynamic parameters showed that
the metal —ligand binding energies in the actinide complexes
change as follows: Pu'v > UV! > PuV! > NpV. This is in
agreement with experimental data. Although the character
of bonding and the electron density distribution in the
complexes of both ligands were almost identical, compound
14a forms stronger complexes. Thus, the effect of ‘anom-
alous aryl strengthening’ also manifests itself in these
systems.

Researchers from India theoretically studied '°7 com-
plexes of 1,10-phenanthroline-2,9-dicarboxylic acid diamide
(14¢), its N,N,N',N’-tetraisobutyl (14d) and N,N’-didecyl
(14e) analogues, as well as 1,10-phenanthroline-2,9-dithio-
carboxylic acid diamide (17) with the Am3* and Eu3™*
cations of the types [ML*", [ML2(NO3)]?* and
[ML>(NO3)s]. They carried out DFT calculations using the
BP-86 GGA-functional, the B3LYP hybrid functional, the
TZ2p basis set and the COSMO approach. Earlier,'°8 they
studied complexes of 1,10-phenanthroline-2,9-dicarboxylic
acid within the framework of the same approximations.
Only the total electronic energies were calculated and
compared, the Gibbs energies were not calculated. Calcu-
lations predicted a lower stability for the Am3* complexes
of the [ML]* " type in the gas phase compared to the Eu? ™"
complexes, but the situation is reversed on going to com-
plexes of the type [ML>(NO3)]>*". Having synthesized
ligands 14d,e, the authors carried out experiments on
extraction of Am3* and Eu?* from 0.01 M HNOj; solutions
into a mixture of 2-bromo-octanoic acid and dodecane and
showed that both these ligands exhibit some selectivity for
Am37", but the distribution ratios were very low.

Recently,'% we have reported the results of DFT calcu-
lations (PBE functional, full-electron relativistic TZ2p basis
set) of the structures of N,N’-diethyl-N,N’-diphenyl-
4,7-dichloro-1,10-phenanthroline-2,9-dicarboxylic acid dia-
mide (18a) and its complexes with lanthanides and ameri-
cium of the type [M(18a)(NO3)s].

Structures 17, 18

X =S,Y=R!=R2=H(17);
X =0,Y=CLR'=Et
R? = Ph (18a), 4-n-CH 3CcH, (18b)

N
RI” OR2

N
R” OR2

17, 18a,b

Donor ligands capable of forming strong complexes
with Ln®* ions can be conditionally divided into three
groups with respect to the behaviour of the stability con-
stants of the complexes with increasing atomic number of
the lanthanide:

— monotonic increase in stability constants throughout
the series from La3* to Lu?* as a consequence of the
increase in the charge density on the central metal ion with
decreasing ionic radius; this is the largest group; examples
are provided by all N-heterocyclic ligands based on 2,6-di-
substituted pyridines (see above);
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Figure 15. Optimized structure of complex [Gd(18a)(NO3)3].1%°

— an increase in the stability constants, reaching a
plateau and subsequent decrease for heavier lanthanides;
these ligands are more rarely to occur; an example is
provided by 2.9-bis(pyrid-2-yl)-1,10-phenanthroline (11);°>
and

— a decrease in the stability constants throughout the
series; a rare case; examples are provided by functionalized
azacrown ethers.!10

Alyapyshev et al.!!! studied extraction of lanthanides by
2,2'-bipyridine-6,6’-dicarboxylic acid diamides (13a,b) and
showed that the distribution ratios (D) of ligands of this
type somewhat decrease with increasing atomic number of
the lanthanide, although the dependence is not well pro-
nounced. Undoubtedly, the reason is that diamides 13 have
large coordination cavities that are more appropriate for
binding cerium subgroup cations with large ionic radius.
Choosing compound 18a as an object for theoretical study,
we were guided by the assumption that 1,10-phenanthro-
line-2,9-dicarboxylic acid diamides having more rigid geom-
etry should bind light lanthanides more selectively than
diamides 13.

According to calculations, all complexes with compound
18a acting as tetradentate N,N,O,O-ligand are structurally
similar. The calculated structure of the gadolinium complex
is presented in Fig. 15. Like in the complexes of pyridine-
2,6-dicarboxylic acid diamides (see text above and Fig. 13),
the metal ions deviate from the plane of the donor ligand
n-system. However, the angles of deviation of the Ln3* ions
from the plane of the rigid phenanthroline system are
merely 6—8°. Owing to the rigid ligand geometry, the
interatomic distances in the coordination site vary only

D
1000

100

0.1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 16. Distribution ratios for the extraction of lanthanide ions
in the system 3M HNO;—F-3.

Extractants: 0.2M solution N,N’-diethyl-N,N'-di(o-tolyl)pyridine-
2,6-dicarboxamide (/), 0.1 M solution of diamide 13a (2) and 0.05M
solution of ligand 18b (3).1%°

Different extractant concentrations were used to obtain close D
values for easy comparison.

slightly on going throughout the series from La3" to
Lu’". For instance, the Ln®** —N(1) and Ln?** —N(10)
distances lie in a relatively narrow range 2.82-2.63 A,
while the shorter distances, Ln** —O(CO), lie in the range
2.62—2.47 A. The metal—ligand binding energies (EP, Gb)
were calculated as the total electronic energy differences and

the Gibbs energy differences between the complexes
[M(18a)(NO3);] and anhydrous nitrates [M(INO3)s]
(Table 7).

The data of Table 7 clearly demonstrate a general trend,
namely, a decrease in the binding energy with increasing
atomic number of the lanthanide, the trend being most
pronounced for the early lanthanides from Ce to Sm.
Calculations were carried out for the gas phase ignoring
potentially significant effects of the medium. Therefore, the
results obtained are inappropriate for estimating the sepa-
ration factors and should be considered only qualitatively.
Nevertheless, they substantiated the assumption of high
selectivity of ligand 18a for the light lanthanides.

We synthesized '%° a series of 1,10-phenanthroline-
2,9-dicarboxylic acid diamides and studied the extraction
properties of ligand 18b for lanthanides, americium and

Table 7. Ligand — metal # binding energies in complexes [M(18a)(NO3);].1%°

M Eb (G b) /kcal mol—! AECefl\/[ (AGcefM) M Eb (G b) /kcal mol—! AECefM (AGcefl\/[)
/kcal mol —! /kcal mol—!

Ce 63.2 (43.8) 0.0 Tb 55.4(35.2) 7.8 (8.6)

Pr 56.9 (38.5) 6.3(5.3) Dy 54.0 (33.8) 9.2 (10.0)

Nd 55.3(35.7) 7.9 (8.1) Ho 53.1(33.1) 10.1 (10.7)

Pm 55.2(35.6) 8.0 (8.2) Er 54.2 (34.0) 9.0 (9.8)

Sm 54.3 (35.4) 8.9 (8.4) Tm 51.1(31.3) 12.2 (12.5)

Eu 56.1 (36.6) 7.1(7.2) Yb 50.7 (31.2) 12.5(12.6)

Gd 56.4 (36.2) 6.8 (7.6) Lu 51.8(29.7) 11.4(14.1)

2 AE and AG denote the differences with corresponding quantities for the cerium complex.
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curium in two-phase systems ‘aqueous nitric acid solu-
tions — m-nitrobenzotrifluoride’ at HNOs3; concentrations
from 1 to 5 mol litre~!. Ligand 18b differs from its ana-
logue 18a only in that the phenyl moieties at the amide
nitrogen atoms bear n-hexyl substituents introduced into
distant para-positions to enhance the solubility in organic
solvents. Figure 16 presents the distribution ratios for
extraction of the lanthanide ions in the system
3M HNOj;—F-3 for three extractants belonging to diamides
of N-heterocyclic dicarboxylic acids considered in this
Section, viz., N,N’-diethyl-N,N'-di(o-tolyl)pyridine-2,6-
dicarboxamide and compounds 13a and 18b. As can be
seen, experimental data are in good agreement with the
results of calculations. Dramatic differences in the extrac-
tion properties of the three ligands can be explained with
ease using the results of theoretical study and experimental
data. As was assumed, pyridine-2,6-dicarboxylic acid di-
amides with small coordination cavities preferentially bind
heavier lanthanides having small ionic radii. 2,2'-Bipyri-
dine-6,6"-dicarboxylic acid diamides have much larger coor-
dination cavities, but conformational flexibility of these
ligands due to rotation around the central bond,
C(2)—C(2), allows them to ‘tune’ to different cations. The
rigid, more ‘pre-organized’ ligand 18b is much more appro-
priate for binding lighter lanthanides with large ionic radii.
Figure 17 presents the distribution ratios D for extraction
of the lanthanide and americium ions in the same system at
different HNOs3 concentrations.

The separation factors SFam/e, obtained for diamide
18b are close to those reported for diamide 14a synthesized
by researchers from China.'%5 The SFy, > values for the
separation in pairs of neughrouring lanthanides using
extraction from 1M HNOj; by ligand 18b are as follows:
2.17 for La/Ce, 3.5 for Ce/Pr, 2.8 for Pr/Nd, 3.9 for Nd/Sm,
2.3 for Sm/Eu and 3.0 for Eu/Gd. They are much higher
than those obtained using other extractants in similar
conditions, being close to record-high values. The extrac-
tion coefficients for compound 18b are tenfold and more
higher than corresponding values for TBP and N,N-diiso-
butylcarbamoylmethyl(octyl)phenylphosphine oxide in the
whole range of the HNOj3; concentrations studied. The
observed increase in D values with increasing acid concen-
tration substantiates our model®® for extraction mecha-
nism, according to which extraction proceeds at the

D
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Figure 17. Distribution ratios of Ln?>" and Am3" for extraction
from aqueous solutions by solutions of ligand 18b in F-3 at three
different concentrations of HNOs: 1 (1), 3 (2) and 5 mol litre—! (3)
(author’s data; unpublished).

interface as replacement of hydroxonium ion in the coordi-
nation cavity of the ligand by the metal ion. Ligand 18b also
exhibits high selectivity in the extraction separation of
americium and curium in the same system (SFam/cm = 7).

VII. Recent results

In the course of preparation of the manuscript, a number of
new studies on the title topic have been published. This
again emphasizes topicality of this review. We will briefly
outline the most important recent results.

Researchers from India studied !'? extraction separation
of actinides and lanthanides in the ionic liquids based on
alkyl-methylimidazolium [C,mim][NTf;] (Tf= CF3SO,;
n=2-4, 6, 8) using bis(5,6-dialkyl-1,2,4-triazinyl)pyridines
whose extraction properties were considered in Section VI.
Unprecedently high separation factors, SF s+ g+ > 3000,
obtained for the 5,6-dimethyl derivative of BTP were
explained by the formation of an 1:4 americium complex
in this system. This type of complexes was not idenitied
earlier in any type of extraction systems. The results of DFT
calculations ''? are indicative of higher covalency of the
ligand — metal bonds for the americium complex.

Researchers from China reported''? a combined ESI
mass spectrometric and DFT investigation of the actinide
and lanthanide complexes with diamide 14a in acetonitrile.
The mass spectra revealed the formation of the
([EuL2(NO3)]?*) complexes at low metal : ligand ([M]:[L])
ratios and the 1:1 complexes at [M]:[L] > 1. The results of
DFT calculations were analyzed within the framework of
the NBO approach and according to Bader; the molecular
electrostatic potentials were also calculated. Based on the
results obtained, the authors concluded that the ameri-
cium —ligand bonds are more covalent than the europium —-
ligand bonds.

The structure, the nature of coordination bonds and the
thermodynamics of the Am3* and Eu®* complexes with
ligand 19a containing picoline amide groups in positions 2
and 9 of the phenanthroline moiety were studied in detail by
DFT calculations and analyzed using the NBO approach
and according to Bader.!' In the complexes with Am3"
and Eu®", compound 19a acts as hexadentate ligand and
coordinates the cations through four nitrogen atoms and
the oxygen atoms of both amido groups. According to
calculations, the cationic complex [ML(NOs3),]* is the
most stable nitrate complex. Ligand 19a is expected to be
more selective for americium compared to europium in the
extraction experiments.

Structures 19
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In the next study!!> carried out in the same research
group the selectivity of the 1,10-phenanthroline ligands 10b
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20a,b

R = CH,CHEtBu" (a),
Me (b)

and 19b—d bearing heterocyclic donor groups in positions 2
and 9 of the phenanthroline moiety for lanthanides and
actinides is considered within the framework of the HSAB
concept. It was shown that the softer ligands exhibit higher
selectivity for actinides.

The extraction properties of three 1,10-phenanthroline
ligands 19d —f with donor heterocyclic substituents in posi-
tions 2 and 9 for lanthanides and actinides were theoret-
ically investigated ''® using density functional B3LYP/6-
31G(d)/RECP and MP2/6-31G(d)/RECP methods. Accord-
ing to calculations of the structures and properties of
complexes of the type [LnL(NO3)]?* , the Gibbs energies
of formation of the complexes decrease with increasing
atomic number of the lanthanide in the order Eu, Tb, Tm;
this agrees with the results obtained in other studies 10%-112
of this type of ligands.

The role of triazinyl groups in the bonding of actinides
and lanthanides with 2,6-bis(triazinyl)pyridines was
assessed in a computational DFT study.!'” The formation
of complexes with 2,6-bis(2-pyridyl)pyridine (TPY) and
2-(2-pyridyl)-6-triazinylpyridine (hemi-BTP) was studied
for comparison.

Researchers from Poland reported ''® a DFT examina-
tion of the conformations of water-soluble 2,6-bis(triazi-
nyl)pyridines containing triazinyl groups 3-sulfophenyl
substituents in positions 5 and 6 and their solvation by
water molecules. For the first time, these ligands were
studied using a model in which five water molecules in the
first coordination sphere and the ligand molecule were
considered in the supermolecule approximation. Solvation
of the supermolecule was described using the PCM model.
According to calculations, the most stable configurations
are identical to those observed for protonated BTP ligands.
Hydroxonium ions formed in solvation of the sulfo groups
can migrate to the coordination cavity of the ligand and
bind nitrogen atoms. Thus, the metal ion should displace
the hydroxonium ion in the course of extraction. The model
proposed in that study is consistent with our model® for
the mechanism of extraction of lanthanides and actinides by
pyridine-2,6-dicarboxylic acid diamides.

An excellent study by Bryantsev and Hay !'° occupies a
particular position among recent publications. In order to
estimate the selectivity of novel ligands containing donor
O-, N- and S-centres, the authors attempted to find a well-
reasoned answer to a major question formulated in
Section II.1: what high-level quantum chemical methods
should be used to predict the separation factors in the
extraction separation of actinides and lanthanides? They
examined a total of eleven different-type ligands (com-

Structures 20-29
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pounds 20a,b and 21-29) and calculated the selectivity in
the extraction separation of americium and europium using
different DFT methods.

Calculations were carried out using the relativistic core
potentials, two GGA-functionals (BPE and BP86), the
B3LYP hybrid functional, the local meta-GGA-functional
MO06-L, the hybrid meta-GGA-functional M06. Four differ-
ent basis sets (6-31G*, 6-311G**, 6-31+G** and
6-311+ +G**) were tested for B3LYP and one
(6-31+G**) was used for the other density functionals.
The solvation effects were considered including water mol-
ecules from the first coordination sphere to a supermolecule
and then solvation of the supermolecule was described using
the COSMO approach. The solvents were dichloroethane,
trifluoromethyl phenyl sulfone and kerosene and the chem-
ical model was represented by the equilibrium (34).

[Am(H>0)o]5) + [EuLa(NO3)s]ore) == (34)

—= [AmMLa(NO3)s)iorg) + [Eu(H20)0](;1)

On the basis of detailed analysis of the structural factors
governing the selectivity in the extraction separation of
actinides and lanthanides, the authors concluded: ‘To
allow reasonably accurate predictions, it was critical to
employ sufficiently flexible basis sets and provide proper
account of solvation effects’.

The results reported in the recent publications substan-
tiate the efficiency of methods for theoretical modelling in
the design of novel, highly selective ligands for the separa-
tion of actinides and lanthanides. This is the main reason
for rapidly increasing number of studies on the title topic,
which are carried out by research groups in different
countries.

VIII. Conclusion

Although high-level quantum chemistry methods have been
used for theoretical modelling of extraction separation of
MA and lanthanides in processing of high-level PUREX
raffinate only recently, the available results point to fruitful-
ness of this approach. Using these methods, a number of
basic and applied problems were solved, including the
following, most valuable ones.

Now researchers have a more clear idea of the nature of
coordination bonds in the complexes of polydentate donor
ligands with actinides and lanthanides. The results of all
theoretical studies point that these bonds are mainly ionic.
The covalent contribution is small. It is significantly larger
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for the actinides rather than lanthanides and thus to a great
extent governs the thermodynamic stability of the com-
plexes.

By and large, the HSAB is upheld, other factors being
equal. Namely, Lewis bases with softer donor N- and
S-centres exhibit higher affinity for softer actinide ions.
This holds for most highly selective ligands. The maximum
separation factors, SFan/in = 104, were obtained for dia-
lkylphosphinodithioic acids. Unfortunately, these com-
pounds are inappropriate for utilization in large-scale
technologies since extraction from strongly acidic media is
impossible, they have low oxidation stability and low
radiation stability and form solid phosphate and sulfate
residues upon ashing, which leads to cracking of matrices
(see above).

The degree of involvement of the actinide and lantha-
nide f~-AOs in the bonding is still a moot question. Based on
qualitative considerations, it was assumed that the contri-
bution of the more diffuse actinide 5f-AOs is larger than
that of the lanthanide 4f-AOs. A critical analysis of the
available results of calculations shows that not only
nf-AOs, but also (n+ 1) p-AOs and (n+ 1) d-AOs contribute
to the covalent component originating from transfer of the
electron density from the bonding MOs of the ligand to the
vacant AOs of the metal. In each particular case, the relative
contributions of the metal AOs are determined by the nodal
properties and the relative energies of the ligand MOs and
the metal AOs. Complexes of actinides, in particular,
uranium, are also characterized by backdonation, i.e.,
partial transfer of the electron density from the filled metal
AOs to the antibonding ligand MO of corresponding
symmetry. One can accept the opinion by Dolg and co-
workers 47 that the bond lengths obtained from DFT calcu-
lations of the lanthanide and actinide compounds should be
used as a criterion for covalent contribution with great care
because of possible uncertainties due to the ‘delocalization
error’.!7

In spite of this, DFT calculations using nonempirically
constructed and hybrid functionals represent the main
reliable and convenient method for structure elucidation of
the lanthanide and actinide complexes. The GGA-func-
tionals (PBE, PW91, BP86) allow one to carry out computa-
tionally inexpensive calculations. Calculations with the
hybrid functionals (B3LYP and PBEO) are much more
time-consuming. A common and justifiable practice is to
use two functionals (e.g., PBE + PBEO or BP86 + B3LYP)
to validate the stability of the results obtained. In some
cases, the following computational trick is used in order to
make the overall procedure less labour- and time-consum-
ing: fast calculations using a GGA-functional are followed
by the energy (E and G) calculations using the GGA-
optimized geometry and a hybrid density functional without
additional optimization. It this case, uncertainties in the
total energy values (£) can be as large as +(2-5) kcal
mol—!; this should be taken into account when interpreting
the results obtained.

The quality of the basis set is of paramount importance.
Reliable results can be obtained using polarized split-
valence basis sets augmented with diffuse functions. The
inclusion of relativistic effects in the scalar-relativistic
approximation or using relativistic effective core potentials
allows one to obtain correct results of similar quality.

One should also take into account that fact that the
potential energy surfaces of the actinide and lanthanide

complexes with donor ligands of complex structure are
usually characterized by a large number of local minima
corresponding to different conformations with close ener-
gies. Therefore, the search for a global minimum should be
carried out using different starting geometries and, when
possible, without structural simpifications.

Thus, we can state with certainty that quantum chemical
modelling of the structure and properties of actinide and
lanthanide complexes with polydentate donor ligands is an
efficient tool for solving practical problems in the extraction
separation of MA and lanthanides in HLW processing in
the nuclear fuel cycle and in the separation of lanthanides.
Having chosen the models and computational methods
properly, one can not only obtain qualitatively correct
results and an explanation for the experimentally observed
trends, but also use the results of calculations for prognostic
purposes. The main goal of prognosis is to establish
‘structure —extraction behaviour’ relationships for various
types of ligands, to choose the most promising ligand
structures and to correctly predict the SFann values for
particular systems. These quantities depend on a number of
factors that should be taken into account.

1. The metal—ligand binding energies (AE and AG) in
the complexes MLX, are usually estimated in gas-phase
calculations as the total electronic energy (E) differences
and the Gibbs energy (G) differences between the fragments
L and MX,,. When comparing complexes of two ligands (L'
and L?) or two metals (M' and M?), the differences
AAGML'X,, —ML?X,) and AAG(M'LX,,—M?LX,) can be
used, other things being equal, for qualitative predictions
(see, e.g., Refs 65, 102, 103, 107, 109). One should keep in
mind that ligand conformations in the free state and in the
complex are often strongly different. High ligand ‘pre-
organization’ energies can lead to strong destabilization of
the complexes. As a consequence, extraction systems
should, if possible, be designed using conformationally
rigid structures where the geometry of the free ligand is
close to its geometry in the complex.

2. Calculations, in accordance with the available exper-
imental data, correctly reproduce the influence of substitu-
ents in the heterocyclic moieties of ligands and at the donor
centres on the binding energies. Donor substituents make
the actinide and lanthanide complexes more thermodynami-
cally stable. However, the effect of substituents on the
separation factors has been studied fragmentarily as yet
and deserves additional investigations.

3. The influence of anionic ligands at the metal atoms on
the efficiency and selectivity of extraction has also been
poorly studied. Information on the nitrate and chloride
complexes and on cationic aqua complexes is available.
Preliminary results of quantum chemical calculations show
that anionic ligands may have strong effect on the distribu-
tion ratios and separation factors. It seems that theoretical
and experimental investigations of carboxylate complexes
will offer new prospects for the design of efficient extraction
systems.

4. Investigations of extraction systems containing sev-
eral extractants have formed an important avenue of exper-
imental research into extraction separation of MA and
lanthanides in the last decade. There is a considerable
body of information on synergistic effects that are most
probably due to the formation of mixed-ligand complexes
containing different-type donor ligands in the inner coordi-
nation sphere of metals. This type of complexes has almost
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not been studied theoretically and research in this field
seems to be quite promising.

5. The formation of complexes in solutions occurs as a
sequence of equilibrium processes. Therefore, the result of
theoretical prognosis depends critically on how correct is
the chemical model for the system under study. In partic-
ular, the fact that the complexes ML,X, extracted to the
organic phase result from equilibrium reactions between
hydrated cations [M(H»0),?>* (n =28, 9) and different-
ligand neutral and charged complexes [M(H20)X/, ] is
of crucial importance. The hydration energies of lantha-
nides and actinides vary over a wide range and change
regularly throughout the series and often govern the con-
centration ratios of all types of the species present in
solution. Positions of chemical equilibria are controlled by
the AG values, so it is these parameters that should be used
to estimate the separation factors SFan/in -

6. As mentioned above, assessment of solvation effects
remains a stubborn problem. Electrostatic effects of the
medium can be relatively easy included withn the frame-
work of continuum models (COSMO, PCM). The available
data show that these calculations can be performed using
the gas-phase geometries without additional optimization.
But the key role is played by the effects of specific solvation
through formation of hydrogen bonds in the solute —solvent
systems. Although methods for solving these problems are
in principle, available, high computational cost of calcula-
tions makes them hardly applicable to real complex systems.

Summing up, the most valuable and reliable information
that can be obtained at present from the results of quantum
chemical modelling of the structure and properties of the
actinide and lanthanide complexes with polydentate donor
ligands in order to predict the extraction properties of the
ligands consists in reliable establishment of qualitative
trends in the changes in the separation factors in series of
related compounds. This make it possible to significantly
decrease the number of ligands and complexes to be
synthesized and studied experimentally as compared to
conventional ‘reasonable screening’ approach based on the
intutitive and qualitative ideas and thus to reduce the
expenses and to shorten the time necessary to develop
novel extraction technologies for processing PUREX raffi-
nate. Progress in this research avenue occurs very rapidly
and one can expect new important results in the nearest
future.
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