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The structure and bonding in large complexes of actinide(III) and lanthanide(III) with tridentate N-donor
ligands and water molecules have been investigated through quantum chemistry calculations in order to
characterize the nature of the lanthanide-ligand and actinide-ligand bonds. Calculations have been performed
using relativistic density functional theory on [M(L)(H2O)6]3+, [M(L)(H 2O)5Cl]2+, and [M(H2O)9]3+ clusters
where M ) La, Ce, Nd, U, Pu, Am, or Cm and L) 2,2′:6′2′′terpyridine (Terpy) or 2,6-bis(5,6-dimethyl-
1,2,4-triazin-3-yl)pyridine (MeBtp). Calculated M-L distances compare well with X-ray crystal data obtained
on related systems. In particular, calculations correctly reproduce the experimentally observed shortening of
the uranium-ligand bond in comparison with the cerium-ligand bond. The calculated evolution of the M-L
bond as a function of the cation shows that lanthanide-ligand distances decrease with the diminution of the
ionic radius, whereas the actinide-ligand distances increase from uranium to americium and are shorter than
Ln-N distances. These trends are explained by the presence of slightly stronger covalent effects in the metal-
ligand bond for the actinides, decreasing in the order U> Pu > Am ≈ Cm, compared to lanthanides. The
participation of 5f orbitals in the bonding is found to be significant only for uranium.

1. Introduction

The separation of trivalent minor actinides (americium(III),
curium(III)) from trivalent lanthanides in the wastes produced
by nuclear fuel reprocessing is an active field of investigation.1

Actinide and lanthanide cations in the trivalent oxidation state
have very similar chemical properties in aqueous solution; they
are both strongly hydrated and present similar ionic radii.2,3

Finding ligands able to separate them through liquid/liquid
solvent extraction processes is a particularly difficult task. Hard
Lewis bases form purely ionic complexes and cannot achieve
the separation. On the other hand, softer Lewis bases are
expected to form bonds with a slightly greater covalent character
with actinides than with lanthanides.4 This subtle electronic
effect is attributed to the ability of valence orbitals of actinides,
especially 5f, to participate in bonding, whereas 4f orbitals of
lanthanides are lower in energy and less spatially expanded and
are often considered as core orbitals. This electronic effect is
expected to be small but has been exploited to design some
families of soft donor ligands, and successful separations have
been obtained through liquid/liquid extraction processes. Among
soft donor ligands, tridentate N-donor aromatic bases, such as
2,4,6-tri(pyridin-2-yl)-1,3,5-triazine (Tptz), 2-amino-4,6-di(py-
ridin-2-yl)-1,3,5-triazine (Adptz), 2,6-bis(5,6-di-alkyl-1,2,4-tri-
azin-3-yl)pyridine (RBtp), and 2,2′:6′2′′-terpyridine (Terpy),
have shown a good ability to separate americium(III) from
lanthanide(III) and are some of the most extensively investigated
ligands.5-10 Separation factors over 100 from nitric acid solution
into an organic phase have been obtained with RBtp ligands.9

However, although several tridentate N-donor ligands give rise
to high separation factors, some other ligands of the same family
present very poor separation properties.7,8

Understanding the mechanism of ligand binding to metal
cation is essential for finding ligands that demonstrate enhanced
effectiveness. Considerable progress has been made in this
area.11-14 In particular, the nature of the metal-ligand bond
has been probed through thermodynamic studies and crystal
structure determinations in order to characterize the differences
between actinide and lanthanide ligand bonds. X-ray structures
of complexes formed between uranium(III), cerium(III) and
Terpy, PrnBtp ligands have been determined by Berthet et al.14

and Iveson et al.;13 they show that the mean U-N(ligand) bond
lengths are from 0.05 to 0.09 Å shorter than the corresponding
Ce-N distances, even though the ionic radii of Ce3+ and U3+

are very similar. Recently, thermodynamic studies related to
the extraction of europium(III) and americium(III) by a PrnBtp
ligand have shown that the enthalpy term is the driving force
for the extraction of both metal ions and for the americium-
(III)/europium(III) selectivity. The enthalpy variation between
the trivalent cations is small (∆(∆H°)Am/Eu ) -11 kJ‚mol-1 in
octan-1-ol and NaNO3) but suggests slightly stronger Am-N
bonds than Eu-N bonds.15 Moreover, the thermodynamics of
the complexation of trivalent lanthanides and actinides with
Adptz in aqueous solution has been the subject of a very recent
systematic study.16 The comparison of the thermodynamic
parameters of the two series of f-elements shows that the
enthalpy term is a few kJ‚mol-1 more negative for actinide
complexes, resulting in increased stability of the complexes by
a factor of 20 in favor of the actinide cations. Computational
studies on the model complexes [M(pyrazine)3I3] (M ) La, Nd,
U) point to the shortening of the M-N(pyrazine) bond from
lanthanum to uranium because of the presence ofπ-back-
donation from the 5f orbitals of uranium into theπ* orbitals of
the pyrazine.17 Overall, these recent basic studies on tridentate
nitrogen aromatic ligands with actinide(III) and lanthanide(III)
support the idea of stronger actinide-nitrogen bonds with some* E-mail: dominique.guillaumont@cea.fr.
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covalent character. However, no structural data are available
for americium(III) and curium(III), and no thermodynamic
parameters have been measured for uranium(III) because of the
experimental difficulties in obtaining X-ray spectra for radioac-
tive Am or Cm and in stabilizing the trivalent U in solution.
Even though uranium(III) is generally considered as an actinide
analogue of americium(III) and curium(III), the metal-ligand
bond may be different across the actinide series.

We report here the results of a systematic quantum chemistry
study of actinide(III) and lanthanide(IIII) complexes with
tridentate N-donor aromatic ligands in order to characterize and
compare the evolution of the metal-ligand bond within a series
of trivalent cations from a structural and electronic standpoint.
Actinide compounds remain a challenge for quantum chemistry
and the study was motivated in large part by the rare opportunity
to confront quantum chemistry results on actinide(III) with the
experimental work recently done on the systems of interest.

Calculations have been carried out on [M(L)(H2O)6]3+,
[M(L)(H 2O)5Cl]2+, and [M(H2O)9]3+ clusters where M is a
trivalent cation belonging to the first half of the lanthanides
(lanthanum, cerium, neodymium) or actinides (uranium, pluto-
nium, americium, curium) series (Scheme 1). The lanthanide
cations were selected because their ionic radii are comparable
with the actinides of interest. Two tridentate ligands were chosen
for the study, Terpy and MeBtp. MeBtp was taken as a model
for the RBtp ligands. The choice of the ligands was motivated
by the available experimental data; in particular, X-ray structures
with lanthanide(III) and uranium(III) would provide a test of
the calculated structures. The choice of the coordination sphere
besides the ligand in the calculated structures was more intricate
because of the various inner coordination spheres that have been
reported in crystal structures of lanthanide(III) and uranium-
(III) complexes with Terpy or Btp ligands. A 9-coordinated
structure with a neutral coordination sphere was first chosen
considering that it is representative of a large number of
experimental structures. Then, a few calculations on some of
the complexes were done by replacing a water molecule with a
chloride ion. Additionally, hydrated [M(H2O)9]3+ clusters were
calculated in order to compare M-O(H2O) and M-N(ligand)
bonds.

In the present investigation, the calculated metal-ligand bond
distances computed at different calculations levels are compared.
The calculated values are then compared with the available
X-ray data to validate the theoretical approach for these large
complexes of heavy elements. Finally the evolution of the
metal-ligand bond within the series of cations is discussed.

2. Computational Details

2.1. Computational Methods.The calculations were per-
formed using density functional theory (DFT) methods. Rela-
tivistic effects were considered by two different approaches, by

the zeroth-order regular approximation (ZORA)18-20 and through
the use of relativistic effective core potentials (RECP).21,22

Spin-orbit effects were not taken into account. Several studies
have shown that these two DFT methods reproduce the
experimental geometries of lanthanide and actinide compounds
with satisfactory accuracy.23-29 For open-shell systems, unre-
stricted DFT methods were employed.

The DFT/ZORA calculations were performed using the
Amsterdam Density Functional (ADF) program package.30-32

Uncontracted triple-ú Slater-type valence orbitals with one set
of polarization functions were used for all atoms. The frozen-
core approximation was used where the core density was
obtained from four-component Dirac-Slater calculations on all
of the atoms and kept frozen during molecular calculations. 1s2

core electrons were frozen for carbon, nitrogen, and oxygen and
(1s2s2p)10 for chlorine. The valence space of the heavy elements
includes 5s, 5p, 5d, 4f, 6s shells of lanthanides and 6s, 6p, 6d,
5f, 7s shells of actinides. The numerical integration parameter
in ADF was set to 6.0. The density functional consists of a local
density part using the parametrization of Vosko, Wilk, and
Nusair and exchange-correlation gradient corrected parts of
Becke33 and Perdew34 (BVP86).

RECP-based calculations were performed with the Gaussian
98 package.35 Energy-adjusted RECPs developed in the Stuttgart
and Dresden groups were used together with the accompanying
basis set to describe the valence electron density.21,22 Small-
core RECPs replace 60 core electrons for actinides and 28
electrons for the lanthanides, whereas large-core RECPs for
lanthanides put 5s, 5p, 6d, and 6s shells in the valence space.
The corresponding valence basis sets associated with small-
core pseudopotentials are 14s13p10d8f basis contracted to
10s8p5d4f for lanthanides and 12s11p9d8f contracted to 8s7p6d4f
for actinides. The basis set associated with lanthanides large-
core pseudopotentials is 7s6p5d contracted to 5s4p3d. On other
atoms the 6-31G* basis was employed. The BP8633,34functional
as well as the hybrid B3LYP functional36,37 were employed.
The use of DFT with a 6-31G* basis set was tested through
preliminary calculations. They were done on small [M(H2O)]3+

and [M(Py)]3+ systems, where M) La, Pm, Gd, Lu, U, Cm
and Py ) pyridine using 6-31G, 6-31G*, 6-31+G*, and
6-311+G(2d,p) basis set at the DFT(B3LYP) and MP2 levels.
The difference between the metal-ligand bond distances
(M-O(H2O), M-N(Py)) calculated at the MP2 and DFT level
is e0.02 Å. Increasing the size of the basis set from 6-31G* to
6-31+G* and 6-311+G(2d,p) basis set at the DFT level led to
small decreases of about 0.01 Å of the metal-ligand bond
length.

The structures of the complexes were fully optimized without
symmetry constraint. The initial conformations of the complexes
were deduced from crystallographic data, and vibrational
frequencies were calculated analytically for [La(Terpy)-
(H2O)6]3+, [La(MeBtp)(H2O)6]3+, [Cm(Terpy)(H2O)6]3+, and
[Cm(MeBtp)(H2O)6]3+ to ensure that the optimized structures
are true minima (with no imaginary frequencies).

All complexes except La(III) systems are open shell with a
4fn ground-state configuration for lanthanide(III) and a 5fn

configuration for actinide(III);n ) 1 for Ce,n ) 3 for Nd and
U, n ) 5 for Pu,n ) 6 for Am, andn ) 7 for Cm. This results
in several low-lying electronic states with different f electron
occupations and spin states. To determine the electronic ground-
state configuration, all possible spin states of [M(Terpy)-
(H2O)6]3+ complexes were calculated with ADF. For all Terpy
complexes, the calculations give the highest spin state as the
ground state. Therefore, considering the similar nature of Terpy,

SCHEME 1
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MeBtp, and aqua complexes, the results reported in the next
sections were obtained from ground-state configurations with
the highest spin multiplicity (indicated in Table 1).

Solvent effects were estimated for one of the complex
([La(Terpy)(H2O)6]3+) through the polarizable continuum model
using the polarizable conductor calculation model.38 The solute
cavity was built using UATM radii.39

2.2. Comparison of Calculated Metal-Ligand Distances
at Different Levels of Theory. The complexes under consid-
eration were initially calculated using relativistic effective core
potentials at the DFT level. Eventually, because of the difficulty
of obtaining the SCF convergence with RECPs for actinides
with an open 5f shell other than 5f7, we did not use this
approach for all the complexes. Because the ADF implementa-
tion allowed the convergence of these systems, the ZORA
approach was finally chosen. In this part, we compare the
calculated structural parameters of lanthanum and curium
complexes that have been successfully calculated with the two
approaches. RECP calculations were performed employing
large- and small-core (LC, SC) RECPs for Ln and small-core
(SC) for An at the DFT level using two different functionals.
Table 2 compares the computed metal-to-ligand and metal-to-
water interatomic distances at the different levels of calculations.
Other structural parameters are not reported here since our main
interest is in the comparison of the metal-ligand bonds.

Very good agreement was found between RECP (SC) and
ZORA results. The maximum difference between the optimized
bond distances is 0.02 Å and corresponds to the curium-oxygen
distance. Lanthanum-nitrogen and curium-nitrogen bond
distances agree within 0.01 Å between the two approaches.
However, the very good agreement found between the two
approaches for La and Cm cannot be extrapolated to other
actinide elements that may have more covalent metal-ligand
bonds. In particular, a recent DFT study on M(L)I3 complexes
with M ) La, Nd, U and L) NCCH3, CO showed that the
RECP approach in conjunction with a hybrid functional gives
much longer U-N(NCCH3) and U-C(CO) bond distances than
the ZORA approach with a GGA functional.40

It is noteworthy that the RECPs results show a significant
decrease in the bond distances when going from small-core to

large-core RECPs (up to 0.03 Å) for the lanthanum complex.
Metal-ligand bond distances obtained with B3LYP and BP86
density functionals are very close; BP86 values are only about
0.01 Å shorter than B3LYP values.

3. Results and Discussion

3.1. Comparison of Calculated with Observed Structures.
A large number of crystal structures of lanthanide(III) ions with
tridentate N-donor aromatic ligands have been resolved in
various experimental conditions. For a given cation and ligand,
depending on the solution (solvent and counterions), rare earth
complexes crystallize into different structures with various inner
coordination spheres. In the presence of weakly coordinating
counterions and solvent, 1:3 complexes [M(L)3]3+ are routinely
obtained, whereas in strongly coordinating environment such
as water with nitrate or chloride ions, 1:1 and 1:2 complexes
are observed with an inner coordination sphere that includes
solvent molecules and counterions. The coordination number
(CN) and the nature of the species present in the first
coordination sphere in addition to the nitrogen ligand(s) have a
significant effect on the metal-nitrogen bond distances. Varia-
tions of a 0.1 Å in the distances are routinely observed in the
crystal structures. In contrast, actinide(III) structures are very
scarce, and to our knowledge, only uranium(III) structures have
been resolved with nitrogen aromatic ligands. The few available
uranium(III) crystal structures have been obtained under the
same experimental conditions as for some cerium(III) structures,
so they are analogous complexes and can be directly compared.

Terpy Systems.From the Cambridge Structural Database41,42

we retrieved respectively 12, 6, and 7 crystal structures of
lanthanum(III), cerium(III), and neodymium(III) complexes with
terpyridine. The structures correspond to 1:1, 1:2, and 1:3
complexes; the coordination numbers range from 9 to 11 for
lanthanum(III), from 8 to 11 for cerium(III), and from 8 to 10
for neodymium(III). Metal-nitrogen(Terpy) bond distances vary
from 2.63 to 2.79 Å for La, from 2.60 to 2.71 Å for Ce, and
from 2.58 to 2.70 Å for Nd. Table 3 shows the bond distances
between the cation and the coordinating nitrogen atom for the
most relevant calculated and experimental structures. Crystal
structures of [Ln(Terpy)(H2O)5Cl]2+ structures have been
resolved for the Ln series,43 whereas the [Ln(Terpy)(H2O)6]3+

structure has been crystallized only for lanthanum. Therefore,
calculated [Ln(Terpy)(H2O)6]3+ structures are compared with
[Ln(Terpy)3]3+ crystal structures with the same coordination
number and with a neutral coordination sphere. We assume that
steric effects between Terpy ligands in [Ln(Terpy)3]3+ (Ln )
Ce, Nd) are small enough not to alter Ln-N distances as
observed in [La(Terpy)(H2O)6]3+ and [La(Terpy)3]3+ crystal
structures that present very similar mean La-N distances.

Calculated and experimental M-N distances in [Ln(Terpy)-
(H2O)5Cl]2+ (Ln ) La, Ce, Nd) agree within 0.01-0.04 Å.
When no counterion is present in the first coordination sphere,
calculated metal-ligand bond distances become shorter as a
result of the increased charge on the cluster and the absence of
solvent beyond the first coordination sphere in the model
structures. Thus, calculated Ln-N distances in [Ln(Terpy)-
(H2O)6]3+ (Ln ) La, Ce, Nd) are 0.05-0.07 Å shorter than
experimental distances found in the analogous [La(Terpy)-
(H2O)6]3+ and [Ln(Terpy)3]3+ clusters. Optimizing the geometry
of [La(Terpy)(H2O)6]3+ including solvent effects through a
polarized continuum model increases the computed values of
La-N distances and provides better agreement with experi-
mental values (within 0.03 Å). The trends in M-N distances
measured when going from La to Ce and Nd is correctly

TABLE 1: Electronic Ground-State Configuration of
Ln(III) and An(III) Complexes (C 1 Symmetry)

metal
ion

4f
occupation

ground
state

metal
ion

5f
occupation

ground
state

La 4f0 1A U 5f3 4A
Ce 4f1 2A Pu 5f5 6A
Nd 4f3 4A Am 5f6 7A

Cm 5f7 8A

TABLE 2: Calculated M -N and M-O Bond Distances (Å)
in Terpy and MeBtp Complexes of Lanthanum and Curium
at Different Levels of Approximations

cluster method M-Nc M-Nd <M-O>a

[La(Terpy)(H2O)6]3+ LC/BP86 2.660 2.646 2.662
SC/B3LYP 2.638 2.620 2.658
SC/BP86 2.632 2.609 2.649
ZORA/BVP86 2.632 2.618 2.658

[Cm(Terpy)(H2O)6]3+ SC/B3LYP 2.553 2.560 2.587
SC/BP86 2.539 2.547 2.575
ZORA/BVP86 2.535 2.545 2.592

[La(MeBtp)(H2O)6]3+ SC/BP86 2.709 2.687 2.606
ZORA/BVP86 2.702 2.674 2.599

[Cm(MeBtp)(H2O)6]3+ SC/BP86 2.605 2.595 2.523
ZORA/BVP86 2.595 2.593 2.533

a Average of the six M-O(H2O) distances.

Actinide(III) and Lanthanide(III) Complexes J. Phys. Chem. A, Vol. 108, No. 33, 20046895



reproduced by the calculations, in [Ln(Terpy)(H2O)5Cl]2+ as
well as in [Ln(Terpy)(H2O)6]3+.

Crystal structures of uranium(III) with terpyridine correspond
to 1:2 and 1:3 complexes (CN) 9) with triflate or iodide
counterions in the first or second coordination sphere and with
uranium-nitrogen distance varying from 2.59 to 2.68 Å.
Calculated distances in [U(Terpy)(H2O)6]3+ are 0.09-0.10 Å
shorter than U-N distances in [U(Terpy)3]3+. Calculations
underestimate U-N distances more than Ln-N distances. As
a result, the M-N bond contraction observed experimentally
from cerium to uranium is slightly overestimated by the
calculations. The shortening of the mean M-N bond distance
is 0.06 Å in [M(Terpy)(H2O)6]3+ structures, whereas it is equal
to 0.02 Å in [M(Terpy)3]3+ crystal structures and to 0.05 Å in
[M(Terpy)2I2]+ crystal structures.14 Nevertheless, the agreement
in the distances between experiment and calculation is satisfac-
tory.

Btp Systems.Only a few crystal structures corresponding to
complexes formed between lanthanides(III) and ligand belonging
to the Btp family were retrieved from the Cambridge Structural
Database. Five structures with neodymium(III) have been
resolved with Btp substituted with ethyl, methyl, and isopropyl
group and corresponding to 1:1, 1:2, and 1:3 complexes with a
coordination number of nine or ten. Neodymium-nitrogen
distances vary from 2.59 to 2.68 Å. For lanthanum(IIII), cerium-
(III), and uranium(III) only 1:3 complexes have been obtained
with CN ) 9 and no solvent molecule or counterion in the first
coordination sphere. Three structures of 1:3 complexes of
cerium(III) with MeBtp and EtBtp complexes have been
resolved with Ce-N bond distances varying from 2.54 to 2.66
Å. A complex of lanthanum with MeBtp and uranium with
PrnBtp has been crystallized; La-N distances range from 2.61
to 2.69 Å and U-N distances range from 2.52 to 2.59 Å.

For all of the cations, the calculations reproduce very well
the experimental M-N distances observed in [M(Btp)3]3+

complexes. Computed Ce-N and U-N distances agree per-
fectly with X-ray measurements, whereas computed La-N
distances are 0.03-0.04 Å longer than experimental values. The
U-N/Ce-N bond contraction is also very well reproduced by
the calculations: the U-Nc bond length has been measured as
0.09 Å shorter than Ce-Nc and the mean U-Nd values as 0.08
Å shorter than the mean Ce-Nd in [M(PrnBtp)3]3+; the
calculated shortening in [M(MeBtp)(H2O)6]3+ was 0.09 and 0.06
Å, respectively.

It is noteworthy that although the measured metal-nitrogen
distances are shorter for MeBtp complexes than for Terpy
complexes, calculations give the opposite trend and closer
agreement with the experimental results for MeBtp than for
Terpy complexes. A possible explanation is related to the nature
of the metal-ligand bond. As discussed in the next section,
the metal-ligand bond is slightly more covalent with MeBtp
than with Terpy. Because of the limitation of the model systems
with the absence of long-range solvent effects, a better descrip-
tion is expected for the metal-MeBtp bond than for the more
electrostatic metal-Terpy bond for these charged complexes.

Aqua Cations.It is worth mentioning that the structures of
trivalent lanthanides and a few actinide aqua complexes have
been determined in aqueous solution with EXAFS, in the solid
state with X-ray as well as through theoretical calculations. Our
calculated values of metal-to-water distances in [M(H2O)9]3+

clusters are indicated in the last column of Table 4. The
plutonium(III)-to-water distances were measured in two EXAFS
studies in dilute chloride solutions, with reported values of 2.49
and 2.51 Å (mean values),44,45 and a crystal X-ray of [Pu-
(H2O)9][CF3SO3]3 has been resolved46 with a comparable
distance of 2.51 Å. Previous theoretical calculations with ADF/
ZORA on a [Pu(H2O)9]3+ cluster predicted a value of 2.55 Å.47

Our calculations, based on the same theoretical approach with
a different density functional, give the very similar value of
2.56 Å. Water to trivalent americium, curium, lanthanum,

TABLE 3: Calculated and Experimental M -N Bond Distances (Å) in Terpy and MeBtp Complexes

M-Nc <M-Nd>c

calculated structure crystal structure calcd expt calcd expt

[La(Terpy)(H2O)5Cl]2+a [La(Terpy)(H2O)5Cl]2+ (ref 43) 2.67 2.688(4) 2.65 2.658(3)
[Ce(Terpy)(H2O)5Cl]2+a [Ce(Terpy)(H2O)5Cl]2+ (ref 43) 2.63 2.658(5) 2.62 2.643(4)
[Nd(Terpy)(H2O)5Cl]2+a [Nd(Terpy)(H2O)5Cl]2+ (ref 43) 2.59 2.622(4) 2.57 2.613(3)
[La(Terpy)(H2O)6]3+a [La(Terpy)(H2O)6]3+ (ref 55) 2.63 2.684(6) 2.62 2.66(1)
[La(Terpy)(H2O)6]3+ sol.b 2.68 2.63
[La(Terpy)(H2O)6]3+a [La(Terpy)3]3+ (ref 56) 2.63 2.686(4) 2.62 2.67(4)
[Ce(Terpy)(H2O)6]3+a [Ce(Terpy)3]3+ (ref 56) 2.59 2.662(7) 2.58 2.64(4)
[Nd(Terpy)(H2O)6]3+a [Nd(Terpy)3]3+ (ref 56) 2.58 2.63(1) 2.57 2.63(4)
[U(Terpy)(H2O)6]3+a [U(Terpy)3]3+ (ref 56) 2.52 2.623(2) 2.53 2.63(4)
[La(MeBtp)(H2O)6]3+a [La (MeBtp)3]3+ (ref 56) 2.70 2.67(2) 2.67 2.63(2)
[Ce(MeBtp)(H2O)6]3+a [Ce(MeBtp)3]3+ (ref 55) 2.65 2.64(2) 2.62 2.61(2)

[Ce(PrnBtp)3]3+ (ref 55) 2.64(1) 2.60(4)
[U(MeBtp)(H2O)6]3+a [U(PrnBtp)3]3+ (ref 55) 2.56 2.55(2) 2.54 2.54(2)

a ZORA/BVP86 calculations.b Calculated using a continuum solvent approach and RECP(SC)/BP86.c Average of the two M-Nd distances.

TABLE 4: Calculated Metal -Nitrogen and Metal-Oxygen Bond Distances (Å) in [M(L)(H2O)6]3+ Complexes (ZORA/BVP86
Calculations)

[M(Terpy)(H2O)6]3+ [M(MeBtp)(H2O)6]3+ [M(H2O)6]3+

metal ion M-Nc <M-Nd> <M-O> ∆da M-Nc <M-Nd> <M-O> ∆da <M-O>

La 2.632 2.618 2.658 +0.01 2.702 2.674 2.599 +0.07 2.611
Ce 2.589 2.584 2.630 +0.01 2.648 2.624 2.567 +0.05 2.579
Nd 2.579 2.570 2.599 +0.03 2.649 2.620 2.546 +0.08 2.547
U 2.517 2.527 2.624 -0.07 2.555 2.543 2.549 -0.04 2.589
Pu 2.538 2.556 2.618 -0.01 2.610 2.599 2.556 +0.04 2.560
Am 2.561 2.566 2.615 +0.01 2.624 2.611 2.555 +0.07 2.550
Cm 2.535 2.545 2.592 +0.00 2.595 2.593 2.533 +0.06 2.537

a Difference between the metal-oxygen distances in [M(H2O)9]3+ and metal-nitrogen distances in [ML(H2O)6]3+ (mean values).
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cerium, and neodymium distances have been measured45 by
EXAFS under the same conditions as Pu, the reported values
(in Å) were 2.49 (Am), 2.46 (Cm), 2.54 (La), 2.52 (Ce), and
2.49 (Nd) compared with our calculated values of 2.55 (Am),
2.54 (Cm), 2.61 (La), 2.58 (Ce), and 2.55 (Nd). For all of the
cations, the calculated distances are 0.06-0.08 Å longer than
measured values. The precise description of cation-to-water
distances in [M(H2O)n]q+ systems from quantum chemistry
calculations is particularly difficult because of the strong cation-
water interaction that remains effective beyond the first and even
second solvation sphere, especially for highly charged+3
ions.48-50 In the specific case of lanthanide ions, Cosentino et
al.39 have shown that the addition of a continuum representation
of the solvent surrounding a [Nd(H2O)9]3+ cluster leads to a
decrease in the computed Nd-O distances of∼0.04 Å and better
agreement with the experimental findings. The systematic
overestimation of the Ln-O and An-O distances in the present
calculations performed on isolated clusters can be attributed in
a large part to the absence of water molecules beyond the first
coordination sphere. The relative evolutions of M-O distances
in Ln and An series measured with EXAFS are reproduced by
the calculation taking into account the experimental uncertainties
of 0.01-0.02 Å in EXAFS distances.

3.2. Trends in the Metal-Ligand Bond. Metal-Ligand
Distances in[M(L)(H 2O)6]3+. Table 4 gives the evolution of
the metal-ligand bond distance calculated in [M(H2O)9]3+,
[M(Terpy)(H2O)6]3+, and [M(MeBtp)(H2O)6]3+ clusters. In the
following, metal-nitrogen bond distances, metal-oxygen bond
distances, and differences between the two will be discussed.

The trends in mean metal-nitrogen bond distances versus
the reciprocal of the ionic radius of the metals are shown in
Figure 1. A purely ionic bonding model would give a regular
decrease of M-N distances with 1/r ionic. As can be seen from
Figure 1 and Table 4, opposite trends are obtained for An-N
and Ln-N bond distances. Although metal-nitrogen distances
computed for the lanthanides follow the order La-N > Ce-N
> Nd-N as expected from the diminishing ionic radius in the
series, the calculated actinide-nitrogen distances increase at the
beginning of the series in the order U-N < Pu-N < Am-N
whereas the size of the ions increases in the series.The shortest
M-N distances are obtained for uranium, which is the largest
of the cations investigated here; for instance, U-N(MeBtp)
distances are∼0.07 Å shorter than for Cm-N(MeBtp), whereas
the ionic radius of uranium(III) is 0.07 Å larger than that for
curium(III). From Am to Cm, the An-N distances decrease
with the diminishing ionic radii of the ions.

It is remarkable that An-N distances are all shorter than
Ln-N distances for a given ligand and the considered metal

ion. The smallest differences between An-N and Ln-N
distances correspond to Am/Nd, which have a similar ionic
radius.

Terpy and MeBtp ligands give rise to very similar trends in
M-N bond distances. The main difference is the larger M-N
diminution calculated from Pu to U for MeBtp than for Terpy.

In contrast, the trends in metal-oxygen distances calculated
in [ML(H 2O)6]3+ and in [M(H2O)9]3+ follow the expected
decrease with the diminishing ionic radius of the metal cation.
Thus, according to the ionic radius tabulated by Shannon51 and
David,52,53 the size of the cations in the Ln series decreases by
0.02 Å from La to Ce and by 0.03 Å from Ce to Nd. In the An
series, the differences in the ionic radii are 0.04 Å from U to
Pu, 0.02 Å from Pu to Am, and 0.02 Å from Am to Cm. These
values correspond to the calculated diminution of the metal-
oxygen distances in the hydrated [M(H2O)9]3+clusters (within
( 0.01 Å, see Table 4).

Table 4 indicates the difference∆d between the metal-
oxygen distances in [M(H2O)9]3+ and metal-nitrogen distances
in [ML(H 2O)6]3+ (mean values). If we consider the complexation
reaction by a tridentate ligand in water solution leading to the
formation of a 1:1 complex, the reaction corresponds to the
replacement of three water molecules bound to the metal by a
ligand ([M(H2O)9]3+ + L f [ML(H 2O)6]3+ + 3 H2O). ∆d is a
useful parameter for qualitatively comparing the relative strength
of M-N and M-O bond between the cations for a given ligand.
∆d is positive and almost equal for the all the lanthanides
cations, for Am and for Cm.∆d is slightly negative for Pu and
significantly negative for U. Based on the∆d values, the strength
of the metal-nitrogen bond relative to the metal-oxygen bond
is comparable between the La, Ce, Nd, Am, and Cm, whereas
it is slightly stronger for Pu and significantly stronger for U.

Electronic Structure of[M(L)(H 2O)6]3+ Complexes. The
covalent bonding in these systems can be described in terms of
a ligand-to-metal donation, involving the filled ligandσ andπ
molecular orbitals and the empty metalns, (n - 1)d, and (n -
2)f orbitals (withn ) 7 for An andn ) 6 for Ln) and metal-
to-ligand back-donation from the partially filled metal 4f or 5f
orbitals to the empty ligandπ* molecular orbitals. This view
of the bonding is supported by an analysis of the molecular
orbitals involved in the metal-ligand bonding. According to
the % contribution of the atomic orbitals to each molecular

Figure 1. Evolution of M-N bond lengths versus the ionic radius of
the trivalent metal in [M(L)(H2O)6]3+.

Figure 2. Localized molecular orbitals exhibiting covalency in metal-
ligand bonds that are representative of the type present in the
complexes: (A, B, C) ligand-to-metalσ-donation (σ1, σ2, σ3); (D) metal-
to-ligand π-back-donation (π1). The orbitals shown correspond to
[U(Terpy)(H2O)6]3+.
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orbital, only a few MOs show a mixing between the ligand and
the metal orbitals. All molecular orbitals deriving from the ligand
and the metal atomic orbitals and having a metal or ligand
contribution at least greater or equal to 1% are listed in Table
5. For all metal centers, ligand-to-metal donation is found in
three bonding molecular orbitals involving mainly the ligandσ
orbital and the empty metal d orbitals (Figure 2A-C). The
contributions (%) of the metals and ligand orbitals show that
the molecular orbitals are mainly localized on the ligand. On
the contrary, metal-to-ligand back-donation takes place mainly
for uranium and to a lesser extent for Ce. For U, the donation
involves a singly occupied 5f orbital and aπ* with significant
% contribution on the ligand, 16% on Terpy and 27% on MeBtp
(Figure 2D). The most striking result is the absence of retro-
donation from plutonium and americium. Except for U and Ce,
the singly occupied 4f or 5f orbitals are pure with 99-100% 4f
or 5f contribution.

The participation of empty s and f metal orbitals is greater
for actinides than for lanthanides but remains weak for all of
the cations. Overall, the total participation of the An center per
σ bond is a few percent greater than the participation of Ln, for
similarly size cations. However, the increase of charge trans-
ferred from the ligand to the metal when going from lanthanide
to actinide is difficult to establish firmly. Although metal atomic
charges determined from a Mulliken population analysis clearly

show a diminution of the An charge in comparison with Ln
denoting an increased charge transfer, a Hirshfeld decomposition
scheme54 give similar values for the actinide and lanthanide
charges (Table 6). Mulliken charges are known to be strongly
dependent on the atomic basis set and the large difference
between An and Ln charges may be partly due to basis set
differences between An and Ln. In the actinide series, Mulliken
and Hirschfeld analysis give both the largest charge for U due
to the metal-to-ligand back-donation.

To summarize, the metal-ligand bond is predominantly ionic.
Covalency is present through ligand-to-metal electron donation
and slightly more pronounced for actinides than for lanthanides
although the differences reach the limits of the calculated
approximations. Uranium is an exception with its ability to
donate 5f electron to the ligandπ* resulting in larger covalent
effects in the U-N bond.

The larger contraction calculated for U-N(MeBtp) with
respect to U-N(Terpy) distances in the actinides series is related
to the larger 5f-π*(MeBtp) mixing than 5f-π*(Terpy). Accord-
ing to the calculations on the free ligands, theπ* of MeBtp is
at lower energy thanπ* of Terpy, and interact better with U(5f).

Counterion Effect.To investigate how the nature of the
coordination sphere may alter the metal-ligand bond, some
calculations were performed on a few complexes where water
molecules were replaced by chloride ions. The results, metal-

TABLE 5: Percentage Contribution of Metal and Ligand Orbitals to Bonding M -L Molecular Orbitals (Boys-Foster
Localized r-Spin Orbitals) in [M(Terpy)(H 2O)6]3+ and[M(MeBtp)(H 2O)6]3+a

[M(Terpy)(H2O)6]3+ [M(MeBtp)(H2O)6]3+

description

M
(%)
d f s

Terpy
(%)
total description

M
(%)
d f s p

MeBtp
(%)
total

La σ1(LfM) 6 91(σ) σ1(LfM) 5 94 (σ)
σ2(LfM) 6 91(σ) σ2(LfM) 5 93(σ)
σ3(LfM) 5 92(σ) σ3(LfM) 4 93(σ)

Ce σ1(LfM) 6 91(σ) σ1(LfM) 7 92(σ)
σ2(LfM) 6 91(σ) σ2(LfM) 5 93(σ)
σ3(LfM) 5 92(σ) σ3(LfM) 5 92(σ)

π1(MfL) 92 6(p*)
Nd σ1(LfM) 7 91(σ) σ1(LfM) 4 92 (σ)

σ2(LfM) 7 90(σ) σ2(LfM) 5 1 91(σ)
σ3(LfM) 5 91(σ) σ3(LfM) 5 1 92(σ)

U σ1(LfM) 7 1 1 91(σ) σ1(LfM) 6 91(σ)
σ2(LfM) 7 2 1 88(σ) σ2(LfM) 7 2 1 90(σ)
σ3(LfM) 7 2 1 90(σ) σ3(LfM) 6 1 1 91(σ)
π1(MfL) 2 76 16(π*) π1(MfL) 82 1 6 5(π*)

π2(MfL) 4 64 27(π*)
Pu σ1(LfM) 6 2 1 89(σ) σ1(LfM) 5 1 93(σ)

σ2(LfM) 6 3 1 90(σ) σ2(LfM) 5 94(σ)
σ3(LfM) 6 1 1 91(σ) σ3(LfM) 5 2 1 91(σ)

Am σ1(LfM) 6 1 92(σ) σ1(LfM) 6 1 92(σ)
σ2(LfM) 6 1 91(σ) σ2(LfM) 5 1 93(σ)
σ3(LfM) 6 1 90(σ) σ3(LfM) 5 94(σ)

Cm σ1(LfM) 6 1 91(σ) σ1(LfM) 6 1 94(σ)
σ2(LfM) 6 1 91(σ) σ2(LfM) 5 1 94(σ)
σ3(LfM) 6 1 92(σ) σ3(LfM) 5 93(σ)

a Only contributions greater or equal to 1% are reported.σ-type orbitals are doubly occupied whereasπ-type orbitals are singly occupied.

TABLE 6: Calculated Mulliken and Hirshfeld Charges on the Metal Cation in [M(Terpy)(H 2O)6]3+, [M(MeBtp)(H 2O)6]3+, and
[M(H 2O)9]3+ Clusters

Terpy MeBtp H2O

metal ion Mulliken Hirshfeld Mulliken Hirshfeld Mulliken Hirshfeld

La 2.19 2.43 2.09 2.43 2.30 2.50
Ce 2.19 2.41 2.08 2.43 2.36 2.48
Nd 2.22 2.37 2.12 2.36 2.40 2.45
U 1.91 2.53 2.00 2.58 2.06 2.51
Pu 1.87 2.41 1.87 2.42 2.04 2.48
Am 1.80 2.39 1.85 2.44 2.00 2.48
Cm 1.82 2.43 1.84 2.44 1.99 2.50
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ligand distances and composition of the M-L bonding, are
summarized in Table 7. The complexes correspond to [M(Terpy)-
(H2O)5Cl]2+ (M ) Nd, Am, Cm) and [M(Terpy)Cl3]. Not
surprisingly, as already discussed, metal-nitrogen distances
become slightly shorter when a water molecule is replaced by
a chloride ion even though the counterion effect on the distance
is rather small (e0.02 Å) for the complexes under consideration.

If the counterion effect on the distance is relatively small,
diminishing the total charge of the system could be expected
to influence the nature of the bond and in particular to decrease
the ligand-to-metal donation and increase the metal-to-ligand
donation. However, the calculation shows very similar metal
contributions to the bond in [M(Terpy)(H2O)5Cl]2+ and
[M(Terpy)(H2O)6]3+. Very remarkably, the presence of even
three chloride ions in the inner sphere has no significant effect
on the curium-ligand bond.

4. Conclusions

The first objective of the study was to test the feasibility and
accuracy of quantum chemistry calculations in determining the
structural parameters of large actinide(III) and lanthanide(III)
complexes with more than 50 atoms. To this end, two theoretical
approaches describing relativistic effects have been compared,
the molecular model has been tested through the use of a
continuum as well as with change of the species present in the
coordination sphere, and the results were compared with
experimental values when available. A comparison of the
structures of lanthanum and curium complexes calculated with
small-core RECPs and ZORA reveals no difference between
the two theoretical approaches. Presumably because of the strong
ionicity of the metal-ligand interaction in the complexes of
interest, structural parameters are much more sensitive to the
molecular model than to the theoretical approach, and the
additional solvent effect beyond the inner coordination sphere,
through a continuum model, highlights the significant effect of
the molecular model on the structural parameters.

Comparing the calculated and experimental structures shows
that the ZORA calculations correctly reproduce the measured
bond distances. Agreement between theory and experiment is
particularly good when we compare the evolution of the
structural parameters as a function of the cation, the choice of
the molecular model becoming less critical. Calculations
reproduce particularly well the shortening of the uranium-ligand
bond/cerium-ligand bond observed experimentally. This is an
important result as it is a strong indication of the capability of
the DFT/ZORA approach to describe correctly the structures
of 4f/5f ions, although the lack of crystal structures for
americium(III) and curium(III) complexes prevents complete
validation of this theoretical approach.

The other major objective of the study was to probe the nature
of the metal-ligand bond. According to the calculations, the
lanthanide-ligand distances decrease with the diminishing ionic
radius, whereas the actinide-ligand bond increases from
uranium to americium and are shorter than Ln-N distances.
These trends are explained by the presence of stronger covalent
effects in the metal-ligand bond for actinides than lanthanides.
However, the increased covalency is significant for uranium
but reaches the limit of the calculated approximation for
americium and curium. According to this study there is no
significant 5f contribution of americium and curium to the
bonding. As previously shown for other uranium(III) com-
plexes,17 the present study confirms the significant participation
of the uranium 5f orbital in the metal-ligand bond, with greater
mixing for MeBtp ligand than for Terpy, leading to a more
significant shortening of the U-N(MeBtp) bond than for
U-N(Terpy). These results are coherent with experimental
findings that indicate significantly shorter U-N bonds but very
small energy differences between the thermodynamic parameters
of americium(III), curium(III), and lanthanide(III).
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