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ABSTRACT: Although a variety of tetradentate ligands, 6,6'-bis(S,6-
dialkyl-1,2,4-triazin-3-yl)-2,2'-bipyridines (BTBPs), have been proved
as effective ligands for selective extraction of Am(III) over Eu(III)
experimentally, the origin of their selectivity is still an open question.
To elucidate this question, the geometric and electronic structures of
the actinide and lanthanide complexes with the BTBPs have been
investigated systematically by using relativistic quantum chemistry
calculations. We show herein that in 1:1 (metal:ligand) type com-
plexes substitution of electron-donating groups to the BTBP molecule
can enhance its coordination ability and thus the energetic stability of
the formed Am(III) and Eu(III) complexes in the gas phase. Accord-
ing to our results, Eu(II) can coordinate to the BTBPs with higher
stability in energy than Am(III), no matter whether there are nitrate
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ions in the inner-sphere complexes. The presence of nitrate ions leads to formation of the probable Am(III) and Eu(III) complexes,
M(NO3);3(H,0),, (M = Am, Eu), in nitric acid solutions. It has been found that the changes of Gibbs free energy play an important
role for Am(III) /Eu(11I) separation. In fact, the weaker complexing ability of Am (III) with nitrate ions and water molecules makes
the decomposition of Am(NO3);(H,0), more favorable in energy, which may thus increase the possibility of formation of

Am(BTBPs)(NOj3);. Our work may shed light on the design of novel extractants for Am(I1I)/Eu(I1I) separation.

1. INTRODUCTION

Separation of trivalent actinides (An(III)) from lanthanides
(Ln(IIT)) by solvent extraction is an important procedure for
spent nuclear fuel reprocessing. In this procedure, one of the
most challenging goals is to design efficient organic ligands (L)
with high selectivity toward An(III). A series of theoretical
investigations' ~'* has been performed to explore the complexa-
tion mechanisms'>~'® between ligands and heavy metal (M)
ions, such as the donor—acceptor interaction, the charge transfer
mechanism, the intrinsic relationship between geometry and
electron structures, and the thermodynamic stability. These
efforts can improve the design of novel ligands at the molecular level.

An(Ill) and Ln(1lI) show similar chemical properties in
aqueous solution such as similar ion radii and conformations of
hydrated ions. These features make An(III)/Ln(III) separation
very troublesome industrially. In experiments, the separation
process is generally determined by numerous factors such as
coordinating ions, ionic strength, pH, kinetics of complexation,
equilibration constants, number of coordinated water molecules,
nature of substituent groups, cocktail of solvents, etc. The
separation efficiency is determined by the synergy effects from
these factors. Therefore, it is important to understand the role of
these factors and their interaction mechanism. The rapid
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development of computational actinide chemistry has enabled
us to probe the complexation between An(III), Ln(Ill), and
ligands at the molecular level in the recent decades.' "' One
viewpoint proposed by Nash and shared by others is that the
selectivity of N- or S-donor ligands to An(III) over Ln(III) may
originate from the slightly greater covalent character in An—L
bonds, and the covalency difference may be the determining
factor in the An(III)/Ln(IIl) separation process.” However,
Cao et al. found that the Am(III)—S bonds are longer than
Eu(III)—S bonds in Cyanex301 complexes, which is inconsistent
with the general expectation that S- or N-donor ligands coordi-
nate to An(III) with shorter M—L bonds than Ln(III) due to
higher covalency in An—L bonds. ' To date, it remains to be a
challenging task to make clear the origin of the ligand selectivity,
which requires development of novel theoretical methods and
high-level experimental techniques.

To date, several families of N-donor ligands have been developed
to extract An(III), such as tridentate Terpy, 2,4,6-tri(2-pyridyl)-
1,3,5-triazine (Tptz), 2-amino-4,6-di(pyridin-2-yl)-1,3,5-triazine
(Adptz), and 2,6-di(1,2,4-triazin-3-yl)pyridine (BTP), as well as
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Scheme 1. BTBP Family of Molecules in ccc (cis, cis, cis)
Conformation, where R Terminals Denote Substituents”

6,6'-bis(5,6-dialkyl-1,2,4-triazin-3-yl)-2,2 bipyridines

2,6-bis(5.,5,8,8 56,78
R=H BTBPF; R=methyl C1-BTBP benzo-1,2,4-triazin-3-y1)-2,2" bipyridine

R=ethyl C2-BTBP; R=propyl C3-BTBP CyMe4-BTBP

R=butyl C4BTBP; R=n-pentyl C5BTBP

“NX and NX' (X = 1—3) are equivalent approximately owing to rough
C, symmetry.

their derivatives.'® >> Among these ligands, the BTP family has
been reported to display a high Am(III)/Eu(III) separation factor
(SFam/ga = 130) in nitric acid systems.**** However, the BTPs
also have several drawbacks, like low stabilities with respect
to acidic hydrolysis and radiolysis.”**” Recently, a new family
of ligands, 6,6'-bis(S,6-dialkyl-1,2,4-triazin-3-yl)-2,2'-bipyridines
(BTBPs),”® *” was developed. As shown in Scheme 1, the BTBPs
are hydrophobic, tetradentate nitrogen heterocyclic reagents and
their side terminals can be substituted by others groups. The
BTBP family has been found to be promising for extracting
pentavalent and trivalent elements from tetravalent and hexava-
lent elements.*' In addition, CyMe4-BTBP possesses not only
high An(1II)/Ln(III) separation efficiency but also excellent
stability toward nitric acid.”’ Though abundant extraction ex-
periments have been performed so far, there are still many
unclear scientific issues in An(III) and Ln(IlI) coordination
process with BTBPs, such as the origin of selectivity and the
corresponding thermodynamics and kinetics. Compared to numer-
ous BTBPs crystals concerning Ln(IIT),”® there seems to be no
reported crystals formed by An(IIT) —BTBPs complexes due to the
strong radioactivity. This makes computational investigations more
important for explaining An(III) complex behavior. Recently, Wipff
et al. studied the basicity, complexation ability, and interfacial
behavior of BTBPs using quantum chemistry and molecular
dynamics simulations and reported that Eu(1II) may be extracted
via the protonated ligand form in acidic conditions."”

In this work, relativistic quantum chemical calculations were
performed to explore the following issues: (i) the bonding nature
of the BTBPs with An(Ill) and Ln(I); (i) the impact of
substituents on the geometry, electronic structure, and complexation
strength of the BTBPs complexes; (iii) the possible complexing
reactions for An(IIT) and Ln(III) with the BTBPs in nitric acid solu-
tions. Here, Am(IIT) and Eu(IIl) were selected as representatives of
actinides and lanthanides, respectively. A series of substituents,
including alkyl groups from methyl to n-pentyl, methoxyl, and cyano,
were considered. In addition, CyMe4-BTBP was also studied. These
theoretical studies could provide insight into the complexation of
An(1II) and Ln(III) with tetradentate nitrogen-donor ligands and
help the molecular design of selective ligands for An(III) extraction.

2. COMPUTATIONAL DETAILS

All quantum chemistry calculations were performed with the Gaussian
03 program.®® Relativistic effects were considered with the quasi-relativistic
effective core potentials (RECP) developed by the Stuttgart and Dresden

groups together with the accompanying basis sets.>* *' The adopted
small-core RECPs replace 60 core electrons for actinides and 28
electrons for lanthanides, and the corresponding valence basis sets use
a segmented contraction scheme for both of them. The spin—orbit
coupling effects were not taken into consideration. For geometry
optimization, the hybrid B3LYP method* was used, in combination
with 6-31G(d) basis set for all other atoms. As reported by Guillaumont,”
the increase of basis set size from 6-31G(d) to 6-311G(2d, p) at the DFT
(B3LYP) level leads to a decrease of the M—L bond length by about 0.01
A, and the MP2 and DFT methods give the bond length difference <
0.02 A for An— and Ln—BTP complexes.

The targeted ligands and their complexes with Am(III) and Eu(III)
were fully optimized without constraint. On the basis of the optimized
structures, the binding energies were obtained by single-point energy
calculations, including correction of thermal free energy at 298.15 K in
the gas phase. Single-point energy calculations were carried out at the
B3LYP level with the 6-311G(d, p) basis set for all light atoms. For
metals, the same theoretical methods as those for geometry optimization
were adopted. Natural population analysis (NPA) '***~* was done on
the optimized systems because it is less basis sets dependent.*®

In this work, complexes with a 1:1 metal to ligand ratio were
considered based on the observation that Am(III) and Eu(III) can form
1:1 and 1:2 complexes with BTBPs in experiments. 2°~2%3"46~%¢ Given
the large computational cost, we first adopted a simple theoretical model
[ML]** to explore the influence of substituents on the complexation
ability of ligands and the M—L bonding nature in the complexes. In
aqueous solution, the counterions and solvents may influence formation
of complexes significantly, especially the structural parameters. There-
fore, we then adopted the more common complex ML(NOj3); to
investigate the influence of counterions and solvents. The possible
complexing reactions for Am(III) and Eu(IIT) with BTBPs in nitric acid
solutions were studied, and the thermodynamic properties were dis-
cussed in detail.

3. RESULTS AND DISCUSSION

Both experimental and theoretical investigations show that the
BTBPs possess six possible conformations in the gas phase and
solution.”® Among these conformations, the ccc in Scheme 1 is
considered as the most favorable one during the chelating process.
Our calculations show that the BTBPs and their complexes with
Am(III) and Eu(III) display C, symmetry roughly. Therefore,
N1 and N1/, N2 and N2/, as well as N3 and N3’ are approxi-
mately equivalent in Scheme 1. Subsequently, the geometry
properties, charge distributions, and bonding natures in M—L
(M = Am or Eu, L = BTBPs) complexes will be analyzed in detail
to provide insight into An(III) extraction.

3.1.[ML]?* Complexes. To explore the impact of substituents
on the complexation ability of ligands, the [AmL]** and [EuL]**
complexes are first investigated in this section, where L denotes
the BTBPs. In this work, the small-core ECPs were adopted to
treat the f shell explicitly. We expect that treatment of the f shell
as the valence shell can give reliable predictions of chemical
properties for actinides and lanthanides. To test the reliability of
our theoretical methods, we selected the trifluoride europium
(EuF;) as a theoretical model and optimized it at the DFT,
Hartree—Fock (HF), and configuration interaction (CISD)
levels in combination with the same ECPs and basis sets. On
the basis of our calculations, these theoretical methods give
comparable predictions on the Eu—F bond which are close to the
experimental values.***> We can see from Table 1 that most of
the predicted values (2.04 A) are within a reasonable range
except for the one (2.05 A) by the HF method. Therefore, it is
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Table 1. Equilibrium Bond Distances in EuF; Calculated at
the DFT, HF, and CISD Levels in Combination with Small-
Core RECPs

B3LYP PBE PWIo1 HF CISD exp.”

Dru_r 2.04 2.04 2.04 2.05 2.04 2.02
“The estimated uncertainty is +0.02A

Table 2. Calculated Interaction Distances from Central
Metal Ions to Neighboring Nitrogen Atoms in [AmL]*" and
[EuL]*" Complexes (L = BTBPs)

bond lengths (A) in [ML]** complexes*”

BTBP Cl1- C2- C3- C4- CS- CyMe4- MO- CN-

M—-N1 Am 254 25§ 255 255 256 256 256 2.54 283
Eu 254 254 255 255 255 255 2SS 2.53 2.55
M—-N2 Am 237 235 235 234 234 234 234 233 238
Eu 245 244 244 244 244 247 246 245 248

“In this table ligands are represented with their substituents. b Only a
part of the bond distances are listed owing to rough C, symmetry of
complexes.

believed that the adopted methods in this work can predict the
geometric structures of the studied complexes reasonably.

Geometry. Complexes of [AmL]*" and [EuL]** (L = BTBPs)
were then studied based on the above work. Table 2 lists the
calculated bond distances between the central metal ions and the
coordinated nitrogen atoms in the studied complexes. The
optimized structures of Am(III) and Eu(IIl) complexes are
displayed in Figure S1 in the Supporting Information. In Table 2,
the calculated Am—NI1 bond is close to the Eu—N1 bond in
length in the studied complexes with differences of no more than
0.02 A, while the Am—N2 bond is obviously shorter than the
Eu—N2 bond. In [Am(BTBP)]**, the Am—N2 bond is about
2.37 A, which is much shorter than 2.45 A for the Eu—N2 bond in
the [Eu(BTBP)]** complex. Taking into account the difference
of ion radii (ram = 0.98 A; r, = 0.95 A),* the Am—N2 bond is
about 0.11 A shorter than the Eu—N2 bond. These results may
indicate the higher covalency in the Am—N2 bond compared
with the Eu—N2 bond when no counterion or water exists in the
inner-sphere complexes. As the alkyl substituents extend in
length, the M—N2 bond displays a tendency to decrease.
However, the [Am(CN—BTBP)]3+ complex possesses the long-
est Am—N2 bond (2.38 A) and the shortest Am—N1 bond (2.53
A). The above changes can be attributed to the electron-donating
and -withdrawing abilities of the studied substituents as discussed
below. In contrast, the Eu—N2 bond distance shows a much
slighter tendency to decrease. Furthermore, the Eu—N2 bond in
[Eu(CN-BTBP)]*" reaches 2.48 A and is still the longest among
the studied complexes. It can also be deduced that the BTBPs
mainly coordinate with metal jons via N2 and its counterpart N2’ in
[ML]** complexes.

Electronic Structures. The charge distribution, especially the
atomic charges on nitrogen, may be an important factor that
impacts the ligand chelating ability. Table 3 lists the calculated
orbital population occupancy and spin densities of the f shell as
well as a part of the NPA charges in the studied complexes. The
remaining NPA data are displayed in Table S1, Supporting
Information. For simplification, the net charges of central
pyridine rings and lateral rings including substituents are denoted

as Q. and Q while the atomic charges on N1, N2, and N3 are
described as qn1, gn2, and g3, respectively. According to our
calculations, the studied alkyl and methoxyl groups produce
comparable electron-donating effects but the cyano group shows
strong electron-withdrawing ability, respectively. We also found
that the changes of electron density on the coordinated nitrogen
follow a similar trend to those on the central pyridine rings after
substitution, as displayed in Figure 1.

After complexing with Am(III) and Eu(I1I), we observed that
there is a charge flow from the BTBPs to the metal ions, leading
to a significant charge decrease of the central metal ions (<3).
This phenomenon indicates a significant electron donor—
acceptor interaction in the formed complexes. Actually, this
interaction may predominantly originate from the induced
polarization of ligands by the chelated cations. The changes of
atomic charge on Am and Eu ions (Aq) remain as 0.549 e < Aq
< 088l e (e=1.6 x 10~ '? C), suggesting that there may exist
covalent character in M—L bonding (M = Am or Eu, L =
BTBPs). It should be mentioned that the coordinated Am ions
show more positive charges than Eu ions in the studied com-
plexes, for example, qa, = 2.433 e in [Am(BTBP)]*" and g, =
2232 e in [Eu(BTBP)]*". The stronger electron affinity of
Eu(1I) may result from the so-called lanthanide contraction
and the weaker nucleus-screening ability of the 4f shell. There-
fore, the ionic interaction in Am—N bonds seems to be stronger
than that in Eu—N bonds, because of the larger absolute charge
values on N and Am ions in [ML]>* complexes. As listed in Table
S1, Supporting Information, there exists a relationship of Q. < Q
for most Am and Eu complexes, indicating that the electron-
donor groups make the lateral rings lose more electrons during
the coordination process.

As shown in Figure 1, as the terminal alkyl group extends from
methyl to n-pentyl, the positive charges on the Am ion decrease
gradually whereas the negative charges on N1, N2, and N3
decrease. The increase of electron density might stem from the
electron transfer from the lateral rings as well as the substituted
alkyl groups to the Am center, which indicates enhancement of
donor—acceptor interaction in Am complexes. By comparison,
we see that the methoxyl group shows comparable electron-
donating abilities with n-pentyl. In contrast, the presence of
cyano groups leads to a significant decrease of electron densities
on the Am ion, central pyridine rings, and coordinated nitrogen
atoms. For [EuL]** (L = BTBPs) complexes, similar trends are
observed. On the basis of Mulliken population, the flevels in the
complexes are occupied by additional electrons compared with
free trivalent cations. In addition, the Eu ion has slightly higher
f-occupancy numbers than the Am ion, proving its stronger
electron affinity again. The f spins of the Am ion are also found to
be lower than those of the Eu ion. For the test system EuFj, the f
occupancy and spin density reach 6.08 and 5.97, respectively, that
is, about three valence electrons of Eu are donated to F atoms in
EuF;

To explore the M—L bonding nature, the bond overlap
population (OP) in the studied complexes was also performed.
The OP in chemical bonds is widely considered as the degree of
covalency. In the BTBPs complexes, the overlap values in a
covalent single bond such as C—H bond are within the range of
0.8—0.9. In the covalent C—C bond of the heterocyclic rings, the
overlap values are between 1 and 1.5 due to formation of a
conjugated 77 bond. However, the very small overlap values in
M—L bonds indicate that the ionic interaction is predominant for
Am(IIT) and Eu(IIT) complexes. As shown in Table 4, the M—N2
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Table 3. Calculated Mulliken Orbital Occupancy, Spin Density of f Shells, and NPA Charge Distribution in [ML]** (M =Am, Eu;

charges in [ML]**

L = BTBPs)”

ligandb f occupancy f spin N1

Co- 6.40/6.62 6.15/6.54 —0.659/—-0.645
CI- 6.41/6.64 6.13/6.56 —0.654/—0.642
C2- 6.43/6.67 6.16/6.59 —0.652/—0.696
C3- 6.43/6.67 6.16/6.59 —0.651/—-0.639
C4- 6.43/6.69 6.16/6.61 —0.650/—0.638
Cs- 6.43/6.74 6.17/6.67 —0.649/—0.635
CyMe4- 6.44/6.73 6.18/6.66 —0.650/—0.636
MO- 6.41/6.68 6.13/6.61 —0.653/—0.314
CN- 6.38/6.66 6.13/6.59 —0.662/—0.635

qN2 N3 qm
—0.494/—-0.447 —0.209/-0.158 2433/2.232
—0.506/—0.460 —0.244/—0.189 2.410/2.208
—0.507/—0.476 —0.254/—0.176 2.399/2.160
—0.511/-0.464 —0.253/—-0.195 2.395/2.181
—0.513/—-0.466 —0.256/-0.199 2.392/2.167
—0.514/—-0471 —0.257/—0.211 2.389/2.119
—0.513/—0.456 —0.256/—0.185 2.392/2.130
—0.544/—0.496 —0.365/—0.637 2417/2.167
—0.492/—0.452 —0.180/—0.146 2.451/2.200

“ Atomic unit of e is used for charge and .../... refers to the results for [AmL]>" and [EuL]*", respectively. b All ligands are represented by their
substituents, and CO denotes the nonsubstituted BTBP. “gn, g2, g3, and gy denote charges on N1, N2, N3, and central metal ion, respectively.
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Figure 1. NPA charges on the central pyridine rings (Q,), the nitrogen atoms (g and gy3), and the metal ions (g, and gg,,) in (a) [AmL]*" and (b)
[EuL]*" complexes as a function ofligands (L = BTBPs). The BTBPs are represented by their substituents and CO- denotes the nonsubstituted BTBP for

simplicity.

Table 4. Calculated Bond Overlap Populations in Complexes
of [AmL]*" and [EuL]*" (L = BTBPs)

bond overlap populations in [ML]** complexes®

Co- Cl1- C2- C3- C4 C5 CyMe4- MO- CN-

0.142 0.152
0.091 0.093

N1 Am 0.148 0.143 0.141 0.140 0.139 0.139
Eu 0.102 0.099 0.108 0.095 0.093 0.088
N2 Am 0210 0223 0224 0227 0229 0229 0229 0.236 0.20S
Eu 0.122 0.123 0.116 0.118 0.112 0.088 0.102 0.114 0.099

“ BTBPs are represented by substituents, and CO- denotes the nonsub-
stituted BTBP. Only the OPs of several M—L bonds are listed owing to
rough C, symmetry.

0.139
0.091

bonds show larger overlap values than M—N1 bonds, which may
indicate their higher covalency, while the substituents just show a
slight impact on the OPs. We also found that the OPs and
M~—N2 bond lengths show similar trends as the substituents
change. Most substituents reduce the OPs in both Eu—N1 and
Eu—N2 bonds in Eu(Ill) complexes with BTBPs, making the
Eu—N bond more ionic. Cao et al. found that the An(III)—S
bonds are longer than Eu(IIT) —S bonds in Cyanex301 complexes,'*
which might indicate the absence of the expected covalency in
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An(III) —S bonds. They proposed that the hydration Gibbs free
energies for M>* may play an important role for the high
selectivity of Cyanex301 toward Am(III) and Cm(III) over
Eu(1II). However, considering the difficulty in accurate evalua-
tion of covalency, development of modern chemical bond theory
and advanced experimental techniques are needed to make clear
the M—L bonding nature.

Generally, the relatively diffuse 5f orbitals might participate in
the chemical bonding of these complexes, and the energy levels
with predominant 5f character exist in the frontier orbitals.
Figure 2 presents the calculated main energy level mixing
between metal and ligand moieties in [Am(CyMe4-BTBP)]>*
and [Eu(CyMe4-BTBP)]*" complexes. Here, we just consider
the level mixing relevant to the lone pars of N2 and its counter-
part. According to our calculations, the top two highest occupied
molecular orbitals (HOMO) of the ligand moiety are occupied
by the lone pairs of N2 and N2/, forming two nearly degenerate
levels. In addition, the lowest unoccupied molecular orbital
(LUMO) of the ligand is assigned as a 77* orbital, being formed
by the overlap of conjugated C and N 2p, orbitals in the
heterocycles. As for Am or Eu moieties, the (n — 2)f subshell
become the HOMO. Furthermore, the ns levels rise significantly
after losing two electrons. In Figure 2, the energy level difference
A(Sf— n(lp)) in Am(III) complex is smaller by about 3.49 eV

dx.doi.org/10.1021/ic200078; |Inorg. Chem. 2011, 50, 9230-9237
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Figure 2. Main energy level mixing between metal and ligand moieties in (a) [Am(CyMe4-BTBP)]*" and (b) [Eu(CyMe4-BTBP)]** complexes. Only
orbitals with alpha-spin state are listed. The f orbitals of Eu(III)/Am(III) are partially occupied, as listed in Table 3. The inset gives the M—L molecular
orbital diagrams relevant to the lone pairs (Ip) of N2 and N2'. The molecules are displayed in stick mode, and yellow, cyan, blue, green, and light blue
represent C, H, N, Am, and Eu atoms, respectively. The isosurface value of the molecular orbitals is set to be 0.03 au.

Table 5. Calculated Binding Energies for the [ML]**
Complexes.

AG (eV) for reaction of L + M>* — [ML]***

Co- C1- C2- C3- C4 C5- CyMe4 MO- CN-

Am —19.43 —20.76 —21.11 —21.30 —21.68 —21.54 —21.39 —21.39 —17.29
Eu —20.67 —21.79 —22.19 —22.39 —22.59 —23.03 —22.58 —22.38 —18.28
“BTBPs are represented by their substituents.

than A(4f — n(lp)) in the Eu(Ill) complex, leading to slightly
stronger Am—N orbital overlaps. For Am(III) complex, the lone
pairs of N2 and N2’ mainly participate in formation of two nearly
degenerate bonding orbitals, 0; and 0,. For the Eu complex,
three nearly degenerate bonding orbitals, 0}, 0, and 03, are
formed. However, the M—L orbital interaction is obviously
weaker in Eu complexes as shown in the insets, proving that
the Eu—N bonds are less covalent than Am—N bonds. In
addition, using the topological methodology of electron localiza-
tion function (ELF),"” the higher covalency in Am—N bonds can
also be observed for [ML]** (see the Supporting Information).
Thermodynamics. To explore the relationship between the
covalency of M—L bonds and the stability of complexes, we also
calculated the binding energy of the studied Am(III) and Eu(11I)
complexes (see Table 5). The binding energy is defined as

AG = G(IML]'") — G(M*") — G(L) (1)
where G is the electronic energy contribution with Gibbs free
energy correction. According to our calculations, the Eu(III)
complexes seem to be more stable in energy than the Am(III)
complexes, though the Am—N bonds are more covalent. For
both Am(III) and Eu(III) complexes, their energetic stability
increases as the alkyl substituents extend, indicating that the
substituents with stronger electron-donating ability can make the
formed complexes more stable in energy. These results explain why
the cyano-substituted complexes have the worst stability while
the methoxyl-substituted complexes are more stable. It is surpris-
ing that the higher covalency in Am—N bonds does not make the
Am(III) complexes more stable in energy, which might suggest
the dominant role of ionic interaction in those complexes. In the
next part, we will focus on the more common ML(NO;);
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complexes to explore the complexation mechanism of the BTBPs
with Am(IIT) and Eu(III) in nitric acid solutions.

3.2. ML(NO3); Complexes. As is well known, coordination of
counterions and solvents may have a non-negligible impact on
formation of M—L complexes in aqueous solution. Here, we
adopted BTBP and CyMe4-BTBP as representatives and then
studied their possible complexation processes with Am(III) and
Eu(III) as well as nitrate ions. In experiments, the M(BTBPs)-
(NOj3);-type complexes are found to be favorable for Eu(IIl) in
nitrate-rich solutions. Drew et al. reported that the majority of
the structures show the lanthanide to be 10 coordinated with a
stoichiometry Ln(BTBPs)(NO3) 5.2%Another work reported by
Drew et al. proposed that the extracted Am(II) compound may
appear in the form of [Am(NOj3);(C2-BTBP)] experimentally.36
On the basis of these investigations, we then studied the
geometries and thermodynamic stabilities of the Am(BTBPs)-
(NO;3); and Eu(BTBPs)(NOs); species. Figure 3 gives the
optimized structures of AmL(NO;); and EuL(NOj;); com-
plexes, where L denotes the nonsubstituted BTBP and CyMe4-
BTBP. According to our calculations, three nitrate ions can
coordinate to the Am and Eu centers at most in 1:1 complexes
with one in the ligand plane (NO; i) and two out of the plane
(NO3™_0). In these complexes, the nitrate ions are bidentate
ligands when coordinating to the metal center, resulting in the
metal coordination number of 10.

As listed in Table 6, coordination of nitrate ions makes the
M—N bonds elongated by about 0.1—0.3 A than those observed
previously. In the presence of NO;~, the M—N2 bonds are still
shorter than the M—N1 bonds. In addition, CyMe4-BTBP can
bind Am(III) or Eu(III) with shorter M—N bonds than BTBP,
owing to the strong electron-donating ability of the substituents.
More importantly, the Am—N bonds are longer than the Eu—N
bonds in both BTBP and CyMe4-BTBP complexes, which is
different from observations in the absence of nitrate ions. Similar
trends were also found in Cyanex301 complexes by Cao et al.
recently, where Am—S bonds are found to be longer than Eu—S
bonds.'" The structural parameters of the inner-sphere nitrate
ions are also listed in Table 6. In both BTBP and CyMe4-BTBP
complexes, the average distances between the Am center and the
coordinated oxygen atoms in out-of-plane nitrate ions (Am—O_o)
are about 2.54 A, which is about 0.03 A longer than the average
Eu—O_o distances. As for the Am(1II) and Eu(II) complexes
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Figure 3. Optimized structures of AmL(NOs); and EuL(NOj);
complexes, where L denotes the BTBPs: (a) Am(BTBP)(NOj)s,
(b) Eu(BTBP)(NO3)3, (c) Am(CyMe4-BTBP)(NO3)s, and (d) Eu-
(CyMe4-BTBP)(NO3);. Yellow, cyan, blue, red, green, and light blue
spheres represent C, H, N, O, Am, and Eu atoms, respectively.

Table 6. Calculated Structural Parameters (A) in ML(NO;);
(M = Am, Eu; L = BTBPs) Complexes”

NI N2 0 o 0 i

Co- Am 274 2.63 2.54 247
Eu 2.70 2.60 2.51 243

CyMe4- Am 273 2.60 2.54 2.49
Eu 2.65 2.58 2.51 2.46

“Bond distances are averaged, and BTBPs are represented by substit-
uents. *O_o denotes the coordinated oxygen in the out-of-plane
nitrate ions. “O_i denotes the coordinated oxygen in the nitrate ions
within the complex surface.

with the same ligand, the average Am—O_i bonds are also
evidently longer than the Eu—O_i bonds.

The inner-sphere nitrate ions also influence the M—L bonding
in the studied complexes. In Table 7, the bond overlap populations in
Am—N and Eu—N bonds decrease significantly in the ML(NO3)5
complexes in comparison with those in [ML]*". The very subtle
discrepancies of overlaps in Am—N and Eu—N bonds might
suggest the similar M—L bonding nature in ML(NO3); com-
plexes, that is, the slightly longer Am—N bonds than Eu—N
bonds may originate from the ion radii differences between
Am(III) and Eu(II). In terms of the obtained bond overlap
populations, the An—N bonds seem to show comparable cova-
lency with Ln—N bonds. Subsequently, we compared the
thermodynamic stability of ML(NO3;); complexes by defining
the binding energy as

AG = G(ML(NO3),) — G(M*") — G(L) — 3G(NO;3 ")
(2)

For Am(BTBP)(NO;); and Eu(BTBP)(NO,);, the calculated
binding energies are about —44.17 and —44.75 eV, respectively.
As for Am(CyMe4-BTBP)(NO;); and Eu(CyMe4-BTBP)-
(NOs3)3, the obtained values are about —44.43 and —45.08 eV,
respectively. Our results seem to suggest that formation of Am-
(BTBPs)(NO3)3 and Eu(BTBPs)(NO;); complexes in solution

Table 7. Calculated Bond Overlap Populations in ML(NO3);
(M = Am, Eu; L = BTBPs) Complexes”

L M N1 NI/ N2 N2/
Co- Am 0.018 0.018 0.023 0.001
Eu 0.015 0.015 0.017 0.016

CyMe4- Am 0.018 0.019 0.028 0.028
Eu 0.066 0.064 0.063 0.061

“BTBPs are represented by their substituents.

is probable, which agrees well with experimental observations.”*

We can also see that Eu(1II) has a slightly stronger complexation
ability with the BTBPs than Am(III), which is independent of
counterion or solvent coordination.

On the basis of the above results, we then focused on the
changes of the thermodynamic properties during the Am(III)/
Eu(IIl) separation process. In aqueous solution, the spherical
Am(III) and Eu(I1I) ions prefer to form hydrated ions with the 8
to 9 coordination number,*** and these coordinated water
molecules can also be replaced by ligands with similar or stronger
binding energies. In the presence of enough NO; ™, the hydrated
neutral nitrate complexes may be produced with several water
molecules to fully occupy the inner-sphere space. Skarnemark
et al. also suggested the complexing process of Am>" + 3NO; ™~
—Am(NO3)3(H,0), in acid solution, where n is equal to
the maximal 4—6.%" According to our DFT calculations, in
M(NO3);3(H,0), (M = Am or Eu) complexes, four water
molecules can be coordinated to the metal center with a
coordination number of 10 at most. Figure 4 displays the
optimized structures of M(NO3);(H,0),, (M = Am, Eu; n =2,
3, and 4) complexes. We see that the average M—L interaction
distances are elongated gradually as the number of water
molecules increases and the Gibbs free energies of the complexes
decrease. In Am(NO;);(H,0)4 complex, the average Am—
Oyater and Am—Ojrare distances are about 2.59 and 2.52 A,
respectively. In Eu(NO;);(H,0)4 complex, the average Eu—
Ouater and Eu—Opierq¢e distances reach 2.56 and 2.48 A, respec-
tively. Given that the optimizations were performed in the gas
phase, it can be deduced that the bond distances may be
elongated to some extent, as observed for hydrated ions.***’
Though the neutral nitrate complex can be extracted to the
organic phase, however, the presence of water in the inner sphere
will decrease the solubility of complexes in organic solvents.
Therefore, formation of neutral complex with a large and an
essentially aromatic ligand will help to improve the efficiency of
extraction into organic solvents.

On the basis of the favorable complexes of Am(IIT) and Eu(III) in
nitric acid systems, Skarnemark et al. suggested the following complex-
ing reaction M(NO;), + BTBPs — M(NOj3),(BTBPs), where
the coordinated water is neglected.**" In this work, we adopted one of
the probable complexing processes at the interface between water and
organic phase as representative

M(NO3),(H,0), + L — ML(NO;), + 4H,0 (L = BTBPs)
(3)

Our results show that in the presence of the BTBP molecule the
changes of Gibbs free energy of reaction 3 for Am(III) and Eu(III)
reach —0.54 and —041 eV, respectively. Because DFT methods are
basically reliable in predicting the trends of chemical properties, we
deduce that the complexing reaction for Am(III) is more preferable in
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AG=-0.26eV
—_—
+H,0

Am-O,e =2.53A
AM-Oyige = 2.46 A

AG=-0.05eV

—l

+H,0

Eu-Oy e = 2484
Eu-Opige = 242 A

Eu-O,,, =2.53A
Eu-Opiime = 2.44 A

AM-Oyye =258 A
AM-O,ige =249 A

+H,0

Eu-O,e = 2.56A
Eu-Opie = 248 A

Figure 4. Probable complexes for Am(III) and Eu(III) with nitrate ions and water molecules in nitric acid solutions. Changes of gas-phase Gibbs free
energy and average interaction distances are also presented. Cyan, blue, red, green, and light blue spheres represent H, N, O, Am, and Eu, respectively.

energy compared to that for Eu(IIl). In contrast, when CyMe4-BTBP
is used, the calculated changes of Gibbs free energy are —0.80 and
—0.73 €V for Am(Ill) and Eu(IIl), respectively. All complexing
reactions are found to be exothermic according to our calculations.
By comparison, we see that complexation of CyMe4-BTBP with
Am(TIT) and Eu(11I) is more favorable compared with that of BTBP.
The preference toward formation of Am(BTBPs)(NOs); may result
from the lower stability of Am(NO;);(H,0), than Eu(NO;);-
(H,0),, which can make the former easier to decompose and thus
increases the formation probability of Am(BTBPs)(NO;); com-
glexes. These findings agree well with the experimental results.
8303136 Finally, the stronger complexation ability of Eu(IIl) with
ligands including nitrate ions and water molecules may play an
important role for Am(1II) /Eu(IIl) separation.

4. CONCLUSIONS

The complexation mechanism of the BTBPs with Am(III) and
Eu(Ill) was studied in this work by using relativistic DFT
calculations. In terms of our calculations, the nitrogen atoms of
N2 and N2’ in the lateral heterocyclic rings of the BTBPs may
play a dominant role when coordinated to Am(III) and Eu(III).
It has been found that substitution of electron-donor groups to
the BTBP molecule can enhance its coordination ability in the
gas phase and thus slightly strengthen the stability of the formed
Am(III)—L and Eu(III) —L complexes in energy. In contrast, the
electron-acceptor groups exert an opposite effect.

According to bond overlap populations, the M—N bonds in
M(BTBPs)(NO;3)3; (M = Am or Eu) have mainly ionic features.
In addition, the Am(III) complexes are less stable compared to
the Eu(IIl) complexes, no matter whether there are nitrate ions
in the inner sphere. In nitric acid solutions, Am(III) and Eu(III)
can complex with nitrate ions and water molecules and the 10-
coordinated M(NOj3);(H,0), complexes are found to be favor-
able for both of them based on our calculations. The related
experimental and our DFT studies indicate that the complexa-
tion reaction M(NO3)3(H,0)4+L—ML(NO;); +4H,0 (M=
Am or EBu; L = BTBPs) is probable at the interface between
water and the organic phase. In this reaction, formation of
Am(BTBPs)(NO;); is found to be more favorable than

Eu(BTBPs)(NO3); energetically, which may result from the
weaker complexing ability of Am(III) with nitrate ions and water,
that is, formation of M(BTBPs)(NO;); may depend on the
decomposition of M(NO;)3(H,0), strongly for Am(III) and
Eu(III). In summary, the changes of Gibbs free energy play an
important role for Am(IIT) /Eu(IIl) separation. We expect that
this work can provide useful information for designing novel
extractants for Am(IIT) /Bu(III) separation, and in the future, we will
further investigate the complexation mechanism of 1:2-type BTBP
complexes.
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