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The structure and bonding in large complexes of actinide(lll) and lanthanide(lll) with tridentate N-donor
ligands and water molecules have been investigated through quantum chemistry calculations in order to
characterize the nature of the lanthanidigand and actinideligand bonds. Calculations have been performed
using relativistic density functional theory on [M(L)§8)s]*", [M(L)(H 20)sCl]?*, and [M(H:O)q]*" clusters

where M= La, Ce, Nd, U, Pu, Am, or Cm and & 2,2:6'2"terpyridine (Terpy) or 2,6-bis(5,6-dimethyl-
1,2,4-triazin-3-yl)pyridine (MeBtp). Calculated WL 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 ceriutfigand bond. The calculated evolution of the-\

bond as a function of the cation shows that lanthanigdgnd distances decrease with the diminution of the
ionic radius, whereas the actinidkgand 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 Bu> Am ~ Cm, compared to lanthanides. The
participation of 5f orbitals in the bonding is found to be significant only for uranium.

1. Introduction Understanding the mechanism of ligand binding to metal
) ) ] o o cation is essential for finding ligands that demonstrate enhanced
The separation of trivalent minor actinides (americium(lll), gffectiveness. Considerable progress has been made in this
curium(llN)) from trivalent lanthanides in the wastes produced grgali-14 |p particular, the nature of the metdigand bond
by pqclear fuel repropessing is an active.field ofinyes@iga’fion. has been probed through thermodynamic studies and crystal
Actinide and lanthanide cations in the trivalent oxidation state sirycture determinations in order to characterize the differences
have very similar chemical properties in aqueous solution; they petween actinide and lanthanide ligand bonds. X-ray structures
are both strongly hydrated and present similar ionic ratli.  of complexes formed between uranium(lll), cerium(lll) and
Finding ligands able to separate them through liquid/liquid Terpy, PFBtp ligands have been determined by Berthet ét al.
solvent extraction processes is a particularly difficult task. Hard gnd jveson et al? they show that the mean-N(ligand) bond
Lewis bases form purely ionic complexes and cannot achieve |engths are from 0.05 to 0.09 A shorter than the corresponding
the separation. On the other hand, softer Lewis bases arece—N distances, even though the ionic radii of*and U+
expected to form bonds with a slightly greater covalent character 5 very similar. Recently, thermodynamic studies related to
with actinides than with lanthanidésThis subtle electronic  the extraction of europium(lll) and americium(lil) by a"Btp
effect is attributed to the ability of valence orbitals of actinides, ligand have shown that the enthalpy term is the driving force
especially 5f, to participate in bonding, whereas 4f orbitals of for the extraction of both metal ions and for the americium-
lanthanides are lower in energy and less spatially expanded andjjy/europium(lil) selectivity. The enthalpy variation between
are often considered as core orbitals. This electronic effect is the trivalent cations is small(AH*)ames = —11 k3moltin
expected to be small but has been exploited to design somegctan-1-ol and NaNe) but suggests slightly stronger AN
families of soft donor ligands, and successful separations havepgnds than EgN bonds!® Moreover, the thermodynamics of
been obtained through liquid/liquid extraction processes. Among the complexation of trivalent lanthanides and actinides with
soft donor ligands, tridentate N-donor aromatic bases, such asadptz in aqueous solution has been the subject of a very recent
2,4,6-tri(pyridin-2-yl)-1,3,5-triazine (Tptz), 2-amino-4,6-di(py-  systematic stud¥® The comparison of the thermodynamic
ridin-2-yl)-1,3,5-triazine (Adptz), 2,6-bis(5,6-di-alkyl-1,2,4-tri-  parameters of the two series of f-elements shows that the
azin-3-yl)pyridine (RBtp), and 2,52"-terpyridine (Terpy),  enthalpy term is a few kihol~t more negative for actinide
have shown a good ability to separate americium(lll) from complexes, resulting in increased stability of the complexes by
lanthanide(lll) and are some of the most extensively investigated g factor of 20 in favor of the actinide cations. Computational
ligands®~10 Separation factors over 100 from nitric acid solution  stydies on the model complexes [M(pyrazig)(M = La, Nd,
intO an OrganiC phase have been Obtalned W|th RBtp I|g&nds U) point to the Shortening Of the MN(pyrazine) bond from
However, although several tridentate N-donor ligands give rise |anthanum to uranium because of the presencer-tiack-
to high separation factors, some other ligands of the same family gonation from the 5f orbitals of uranium into the orbitals of

present very poor separation propertiés. the pyraziné’ Overall, these recent basic studies on tridentate
nitrogen aromatic ligands with actinide(lll) and lanthanide(lIl)
* E-mail: dominique.guillaumont@cea.fr. support the idea of stronger actinideitrogen bonds with some
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SCHEME 1 the zeroth-order regular approximation (ZORAY and through
+ 3+ the use of relativistic effective core potentials (RECFY
[M(Terpy)(H;0)sX]" (M(MeBtp)(H20)q] Spin—orbit effects were not taken into account. Several studies
have shown that these two DFT methods reproduce the
N CH, experimental geometries of lanthanide and actinide compounds
with satisfactory accurac3?~2° For open-shell systems, unre-
/I stricted DFT methods were employed.

The DFT/ZORA calculations were performed using the

N,
d\N CH;

Hyollm M X HOltm M HOH, Amsterdam Density Functional (ADF) program pack&yé?
H,0 OH, H,0 OH, Uncontracted tripl€: Slater-type valence orbitals with one set
H,0 Hy H0  OH, of polarization functions were used for all atoms. The frozen-
X =H,0, Cl M = La, Ce, Nd, U, Pu, Am, Cm core approximation was used where the core density was

obtained from four-component DiraSlater calculations on all
covalent character. However, no structural data are availableof the atoms and kept frozen during molecular calculatior. 1s
for americium(lll) and curium(lll), and no thermodynamic core electrons were frozen for carbon, nitrogen, and oxygen and
parameters have been measured for uranium(lil) because of thé152s2p)° for chlorine. The valence space of the heavy elements
experimental difficulties in obtaining X-ray spectra for radioac- includes 5s, 5p, 5d, 4f, 6s shells of lanthanides and 6s, 6p, 6d,
tive Am or Cm and in stabilizing the trivalent U in solution.  5f, 7s shells of actinides. The numerical integration parameter
Even though uranium(lll) is generally considered as an actinide in ADF was set to 6.0. The density functional consists of a local

analogue of americium(lil) and curium(lll), the metdigand density part using the parametrization of Vosko, Wilk, and

bond may be different across the actinide series. Nusair and exchange-correlation gradient corrected parts of
We report here the results of a systematic quantum chemistryBecke? and Perdew# (BVP86).

study of actinide(lll) and lanthanide(llll) complexes with RECP-based calculations were performed with the Gaussian

tridentate N-donor aromatic ligands in order to characterize and 98 packagé® Energy-adjusted RECPs developed in the Stuttgart
compare the evolution of the metdigand bond within a series  and Dresden groups were used together with the accompanying
of trivalent cations from a structural and electronic standpoint. basis set to describe the valence electron deAsf#/Small-
Actinide compounds remain a challenge for quantum chemistry core RECPs replace 60 core electrons for actinides and 28
and the study was motivated in large part by the rare opportunity electrons for the lanthanides, whereas large-core RECPs for
to confront quantum chemistry results on actinide(lll) with the lanthanides put 5s, 5p, 6d, and 6s shells in the valence space.
experimental work recently done on the systems of interest. The corresponding valence basis sets associated with small-

Calculations have been carried out on [M(L)(®e]3", core pseudopotentials are 14s13p10d8f basis contracted to
[M(L)(H 20)sCl]?", and [M(HO)J]3" clusters where M is a  10s8p5d4f for lanthanides and 12s11p9d8f contracted to 8s7p6d4f
trivalent cation belonging to the first half of the lanthanides for actinides. The basis set associated with lanthanides large-
(lanthanum, cerium, neodymium) or actinides (uranium, pluto- core pseudopotentials is 7s6p5d contracted to 5s4p3d. On other
nium, americium, curium) series (Scheme 1). The lanthanide atoms the 6-31G* basis was employed. The BP88unctional
cations were selected because their ionic radii are comparableas well as the hybrid B3LYP functiorfi*” were employed.
with the actinides of interest. Two tridentate ligands were chosen The use of DFT with a 6-31G* basis set was tested through
for the study, Terpy and MeBtp. MeBtp was taken as a model preliminary calculations. They were done on small [MO)]3"
for the RBtp ligands. The choice of the ligands was motivated and [M(Py)P" systems, where M= La, Pm, Gd, Lu, U, Cm
by the available experimental data; in particular, X-ray structures and Py = pyridine using 6-31G, 6-31G*, 6-31G*, and
with lanthanide(lll) and uranium(lil) would provide a test of 6-311+G(2d,p) basis set at the DFT(B3LYP) and MP2 levels.
the calculated structures. The choice of the coordination sphereThe difference between the metdigand bond distances
besides the ligand in the calculated structures was more intricate(M —O(H,0), M—N(Py)) calculated at the MP2 and DFT level
because of the various inner coordination spheres that have beeis <0.02 A. Increasing the size of the basis set from 6-31G* to
reported in crystal structures of lanthanide(lll) and uranium- 6-31+G* and 6-311-G(2d,p) basis set at the DFT level led to
(Il complexes with Terpy or Btp ligands. A 9-coordinated small decreases of about 0.01 A of the metajand bond
structure with a neutral coordination sphere was first chosen length.
considering that it is representative of a large number of  The structures of the complexes were fully optimized without
experimental structures. Then, a few calculations on some of symmetry constraint. The initial conformations of the complexes
the complexes were done by replacing a water molecule with a ere deduced from crystallographic data, and vibrational
chloride ion. Additionally, hydrated [M(bD)q]*" clusters were  frequencies were calculated analytically for [La(Terpy)-
calculated in order to compare MD(H.0) and M—N(ligand) (H20)e]3*, [La(MeBtp)(H:0)s3*, [Cm(Terpy)(HO)e3, and
bonds. [Cm(MeBtp)(H:O)e|3* to ensure that the optimized structures

) In the present inVeStig.ation, the Calcu!ated me'lghnd bond are true minima (Wlth no imaginary frequencies)_

distances computed at different calculations Ievgls are compared. All complexes except La(lll) systems are open shell with a
The calculated v_alues are then _compared with the available 4 ground-state configuration for lanthanide(lll) and & 5f
X-ray data to validate the theorethal approach for f[hese large configuration for actinide(lll)n = 1 for Ce,n = 3 for Nd and
complexes of heavy elements. Finally the evolution of the U. n =5 for Pu,n= 6 for Am, andn = 7 for Cm. This results
metal-ligand bond within the series of cations is discussed. i goyerq) 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)-
2.1. Computational Methods.The calculations were per-  (H,0)s]®" complexes were calculated with ADF. For all Terpy
formed using density functional theory (DFT) methods. Rela- complexes, the calculations give the highest spin state as the
tivistic effects were considered by two different approaches, by ground state. Therefore, considering the similar nature of Terpy,

2. Computational Details
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TABLE 1: Electronic Ground-State Configuration of
Ln(lll) and An(lll) Complexes (C ; Symmetry)

metal 4f ground metal 5f ground
ion occupation  state ion occupation  state
La 4f A u 5f3 A
Ce 4f A Pu 5f 5A
Nd 4f A Am 5f6 A
Cm 5f 8A

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

cluster method MN; M—Ng <M-0>2
[La(Terpy)(HO)|**  LC/BP86 2.660 2.646  2.662
SC/B3LYP 2.638 2.620  2.658

SC/BP86 2.632 2609 2649

ZORA/BVP86 2632 2618  2.658

[Cm(Terpy)(HO)]3* SC/B3LYP 2553 2560  2.587
SC/BP86 2539 2547 2575

ZORA/BVP86 2535 2545  2.592

[La(MeBtp)(H,0)]** SC/BP86 2.709 2687  2.606
ZORA/BVP86 2.702 2674  2.599
[Cm(MeBtp)(HO)s]3* SC/BP86 2.605 2595  2.523
ZORA/BVP86 2595 2593  2.533

@ Average of the six M-O(H;O) distances.
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large-core RECPs (up to 0.03 A) 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 A shorter than B3LYP values.

3. Results and Discussion

3.1. Comparison of Calculated with Observed Structures.
A large number of crystal structures of lanthanide(lll) 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{E} 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 metalnitrogen bond distances. Varia-
tions of a 0.1 A in the distances are routinely observed in the
crystal structures. In contrast, actinide(lll) structures are very
scarce, and to our knowledge, only uranium(lll) structures have

MeBip, and aqua complexes, the results reported in the nextpeen resolved with nitrogen aromatic ligands. The few available

sections were obtained from ground-state configurations with

the highest spin multiplicity (indicated in Table 1).

uranium(lll) crystal structures have been obtained under the
same experimental conditions as for some cerium(lll) structures,

Solvent effects were estimated for one of the complex so they are analogous complexes and can be directly compared.

([La(Terpy)(H0)s]®") through the polarizable continuum model
using the polarizable conductor calculation mo@érthe solute
cavity was built using UATM radi#®

2.2. Comparison of Calculated Metat-Ligand Distances
at Different Levels of Theory. The complexes under consid-
eration were initially calculated using relativistic effective core

Terpy System&rom the Cambridge Structural Databis@
we retrieved respectively 12, 6, and 7 crystal structures of
lanthanum(lll), cerium(lll), and neodymium(lil) 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(Ill), from 8 to 11 for cerium(lll), and from 8 to 10

potentials at the DFT level. Eventually, because of the difficulty for neodymium(lil). Metat-nitrogen(Terpy) bond distances vary
of obtaining the SCF convergence with RECPs for actinides from 2.63 to 2.79 A for La, from 2.60 to 2.71 A for Ce, and

with an open 5f shell other than 5f we did not use this

from 2.58 to 2.70 A for Nd. Table 3 shows the bond distances

approach for all the complexes. Because the ADF implementa- petween the cation and the coordinating nitrogen atom for the
tion allowed the convergence of these systems, the ZORA most relevant calculated and experimental structures. Crystal
approach was finally chosen. In this part, we compare the structures of [Ln(Terpy)(bD)sCl]2* structures have been
calculated structural parameters of lanthanum and curium resolved for the Ln serig8,whereas the [Ln(Terpy)@#D)s)3*
complexes that have been successfully calculated with the twostructure has been crystallized only for lanthanum. Therefore,
approaches. RECP calculations were performed employing calculated [Ln(Terpy)(k)e]3* structures are compared with
large- and small-core (LC, SC) RECPs for Ln and small-core [Ln(Terpy)s]3" crystal structures with the same coordination

(SC) for An at the DFT level using two different functionals.

number and with a neutral coordination sphere. We assume that

Table _2 compa_res_the computed metal-to-ligand and met_al-to-steric effects between Terpy ligands in [Ln(Ter$) (Ln =
water interatomic distances at the different levels of calculations. Ce, Nd) are small enough not to alter +N distances as

Other structural parameters are not reported here since our mairphserved in [La(Terpy)(kD)s]3" and [La(Terpy)]3+ crystal

interest is in the comparison of the metéiand bonds.

structures that present very similar mean-IMdistances.

Very good agreement was found between RECP (SC) and Calculated and experimental-MN distances in [Ln(Terpy)-
ZORA results. The maximum difference between the optimized (H,0)sCI]2* (Ln = La, Ce, Nd) agree within 0.640.04 A.

bond distances is 0.02 A and corresponds to the curioxggen
distance. Lanthanumnitrogen and curiumnitrogen bond

When no counterion is present in the first coordination sphere,
calculated metatligand bond distances become shorter as a

distances agree within 0.01 A between the two approaches.result of the increased charge on the cluster and the absence of
However, the very good agreement found between the two solvent beyond the first coordination sphere in the model
approaches for La and Cm cannot be extrapolated to otherstructures. Thus, calculated £ distances in [Ln(Terpy)-

actinide elements that may have more covalent mdigénd
bonds. In particular, a recent DFT study on M@¢$bmplexes
with M = La, Nd, U and L= NCCHs, CO showed that the
RECP approach in conjunction with a hybrid functional gives
much longer U-N(NCCH;z) and U-C(CO) bond distances than
the ZORA approach with a GGA function&.

(H20)]3t (Ln = La, Ce, Nd) are 0.050.07 A shorter than
experimental distances found in the analogous [La(Terpy)-
(H20)]®" and [Ln(Terpy)]®" clusters. Optimizing the geometry
of [La(Terpy)(H:O)s]®" including solvent effects through a
polarized continuum model increases the computed values of
La—N distances and provides better agreement with experi-

It is noteworthy that the RECPs results show a significant mental values (within 0.03 A). The trends in-NN distances
decrease in the bond distances when going from small-core tomeasured when going from La to Ce and Nd is correctly
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TABLE 3: Calculated and Experimental M —N Bond Distances (A) in Terpy and MeBtp Complexes
M—N¢ <M—Ng>¢
calculated structure crystal structure calcd expt calcd expt
[La(Terpy)(H0)sCl]?™2 [La(Terpy)(HO)sCl]?" (ref 43) 2.67 2.688(4) 2.65 2.658(3)
[Ce(Terpy)(HO)sCl]?+2 [Ce(Terpy)(HO)sCl)?" (ref 43) 2.63 2.658(5) 2.62 2.643(4)
[Nd(Terpy)(H0)sCl]>*2 [Nd(Terpy)(HO)sCl)2" (ref 43) 2.59 2.622(4) 2.57 2.613(3)
[La(Terpy)(H0)q] 2 [La(Terpy)(HO)s]®" (ref 55) 2.63 2.684(6) 2.62 2.66(1)
[La(Terpy)(H:0)s]%" sol? 2.68 2.63
[La(Terpy)(H0)g] 2 [La(Terpy)]®* (ref 56) 2.63 2.686(4) 2.62 2.67(4)
[Ce(Terpy)(HO)g] 3+ [Ce(Terpy}]®" (ref 56) 2.59 2.662(7) 2.58 2.64(4)
[Nd(Terpy)(H:0)g] 2 [Nd(Terpy)]® (ref 56) 2.58 2.63(1) 2.57 2.63(4)
[U(Terpy)(H0)¢]3*2 [U(Terpy)]3* (ref 56) 2.52 2.623(2) 2.53 2.63(4)
[La(MeBtp)(HO)e] > [La (MeBtp)]3* (ref 56) 2.70 2.67(2) 2.67 2.63(2)
[Ce(MeBtp)(HO)s] 32 [Ce(MeBtp)]** (ref 55) 2.65 2.64(2) 2.62 2.61(2)
[Ce(PPBtp)s]3* (ref 55) 2.64(1) 2.60(4)

[U(MeBtp)(H,0)e] 32 [U(PrBtp)s]** (ref 55) 2.56 2.55(2) 2.54 2.54(2)

a ZORA/BVPS86 calculations? Calculated using a continuum solvent approach and RECP(SC)/BR86rage of the two M-Nq distances.

TABLE 4: Calculated Metal —Nitrogen and Metal—Oxygen Bond Distances (A) in [M(L)(H.O)¢]3>" Complexes (ZORA/BVP86

Calculations)

[M(Terpy)(HZO)e 3t [M(MeBtp)(HZO)s 3t [M(H 20)6 3t
metalion ~ M-N;  <M—Ng>  <M-O> Ad? M-N.  <M-Ng>  <M-0> Ad? <M-0>
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
] 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

aDifference between the metabxygen distances in [M(¥D)]>" and metatnitrogen distances in [ML(ED)s]*" (mean values).

reproduced by the calculations, in [Ln(Terpy}®sCl]?" as
well as in [Ln(Terpy)(HO)e]3+.

Crystal structures of uranium(lll) with terpyridine correspond
to 1:2 and 1:3 complexes (CH 9) with triflate or iodide

complexes. Computed €&\ and U-N distances agree per-
fectly with X-ray measurements, whereas computed-MNa
distances are 0.03.04 A longer than experimental values. The
U—N/Ce—N bond contraction is also very well reproduced by

counterions in the first or second coordination sphere and with the calculations: the UN. bond length has been measured as

uranium-nitrogen distance varying from 2.59 to 2.68 A.
Calculated distances in [U(Terpy){8)s]** are 0.09-0.10 A
shorter than U-N distances in [U(Terpy)®". Calculations
underestimate UN distances more than EfN 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 mear-M bond distance
is 0.06 A in [M(Terpy)(HO)¢]3* structures, whereas it is equal
to 0.02 A in [M(Terpy}]3* crystal structures and to 0.05 A in
[M(Terpy).lo] ™ crystal structure$? Nevertheless, the agreement

0.09 A shorter than CeN. and the mean YNy values as 0.08
A shorter than the mean €&y in [M(PrMBtp)]3*+; the
calculated shortening in [M(MeBtp)@®d)e]*+ was 0.09 and 0.06
A, respectively.

It is noteworthy that although the measured metatrogen
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 metat-ligand bond. As discussed in the next section,

in the distances between experiment and calculation is satisfacthe metat-ligand bond is slightly more covalent with MeBtp

tory.
Btp SystemdOnly a few crystal structures corresponding to

than with Terpy. Because of the limitation of the model systems
with the absence of long-range solvent effects, a better descrip-

complexes formed between lanthanides(ll) and ligand belonging tion is expected for the metaMeBtp bond than for the more

to the Btp family were retrieved from the Cambridge Structural electrostatic metaiTerpy bond for these charged complexes.
Database. Five structures with neodymium(lll) have been Aqua Cationslt is worth mentioning that the structures of
resolved with Btp substituted with ethyl, methyl, and isopropyl trivalent lanthanides and a few actinide agua complexes have
group and corresponding to 1:1, 1:2, and 1:3 complexes with a been determined in aqueous solution with EXAFS, in the solid
coordination number of nine or ten. Neodymitmitrogen state with X-ray as well as through theoretical calculations. Our
distances vary from 2.59 to 2.68 A. For lanthanum(llll), cerium- calculated values of metal-to-water distances in [MDh]3+
(111, and uranium(lll) only 1:3 complexes have been obtained clusters are indicated in the last column of Table 4. The
with CN = 9 and no solvent molecule or counterion in the first plutonium(lll)-to-water distances were measured in two EXAFS
coordination sphere. Three structures of 1:3 complexes of studies in dilute chloride solutions, with reported values of 2.49
cerium(lll) with MeBtp and EtBtp complexes have been and 2.51 A (mean value$}?5 and a crystal X-ray of [Pu-
resolved with Ce-N bond distances varying from 2.54 to0 2.66 (H,0)q][CFsSQs]3 has been resolvédl with a comparable
A. A complex of lanthanum with MeBtp and uranium with  distance of 2.51 A. Previous theoretical calculations with ADF/
PMBtp has been crystallized; kN distances range from 2.61  ZORA on a [Pu(HO).]3* cluster predicted a value of 2.55%A.
to 2.69 A and U-N distances range from 2.52 to 2.59 A. Our calculations, based on the same theoretical approach with
For all of the cations, the calculations reproduce very well a different density functional, give the very similar value of
the experimental MN distances observed in [M(Bt§" 2.56 A. Water to trivalent americium, curium, lanthanum,
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Figure 1. Evolution of M—N bond lengths versus the ionic radius of
the trivalent metal in [M(L)(HO)g]3".

cerium, and neodymium distances have been mea$ubgd
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Figure 2. Localized molecular orbitals exhibiting covalency in metal

EXAFS under the same conditions as Pu, the reported valuesjigand bonds that are representative of the type present in the
(in A) were 2.49 (Am), 2.46 (Cm), 2.54 (La), 2.52 (Ce), and complexes: (A, B, C) ligand-to-metatdonation 61, o2, a3): (D) metal-

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 6.:088 A longer than

to-ligand mw-back-donation ;). The orbitals shown correspond to
[U(Terpy)(H0)]*".

measured values. The precise description of cation-to-waterion. The smallest differences between -Ad and Ln—N

distances in [M(HO),]9" 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 charge®l

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 largerM

ions#8-50 |n the specific case of lanthanide ions, Cosentino et diminution calculated from Pu to U for MeBtp than for Terpy.

al.2° have shown that the addition of a continuum representation

of the solvent surrounding a [Nd{B)o]3" cluster leads to a
decrease in the computed N@ distances 0f-0.04 A and better

In contrast, the trends in metabxygen distances calculated
in [ML(H20)]®" and in [M(HO)o]3" follow the expected
decrease with the diminishing ionic radius of the metal cation.

agreement with the experimental findings. The systematic Thus, according to the ionic radius tabulated by Shapiramd

overestimation of the LrO and An-0O distances in the present

David 5253the size of the cations in the Ln series decreases by

calculations performed on isolated clusters can be attributed in0.02 A from La to Ce and by 0.03 A from Ce to Nd. In the An
a large part to the absence of water molecules beyond the firstseries, the differences in the ionic radii are 0.04 A from U to

coordination sphere. The relative evolutions of-& distances

Pu, 0.02 A from Pu to Am, and 0.02 A from Am to Cm. These

in Ln and An series measured with EXAFS are reproduced by values correspond to the calculated diminution of the metal
the calculation taking into account the experimental uncertainties oxygen distances in the hydrated [M{®l)¢]3"clusters (within

of 0.01-0.02 A in EXAFS distances.

3.2. Trends in the Metal-Ligand Bond. Metal-Ligand
Distances in[M(L)(H 20)s]3". Table 4 gives the evolution of
the metat-ligand bond distance calculated in [M{8)o]3,
[M(Terpy)(H20)s]3", and [M(MeBtp)(H0)s]3" clusters. In the
following, metat-nitrogen bond distances, metaixygen bond

+ 0.01 A, see Table 4).

Table 4 indicates the differencad between the metal
oxygen distances in [M(bD)o]3" and metat-nitrogen distances
in [ML(H 20)]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

distances, and differences between the two will be discussed.replacement of three water molecules bound to the metal by a

The trends in mean metahitrogen 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 MN distances with X/onic. AS can be seen from
Figure 1 and Table 4, opposite trends are obtained forMn
and Ln—N bond distances. Although metatitrogen distances
computed for the lanthanides follow the ordertd > Ce—N
> Nd—N as expected from the diminishing ionic radius in the
series, the calculated actinidaitrogen distances increase at the
beginning of the series in the order < Pu—N < Am—N

ligand ([M(Hz0)o]3" + L — [ML(H 20)¢]3" + 3 H,0). Ad is a

useful parameter for qualitatively comparing the relative strength

of M—N and M—0O bond between the cations for a given ligand.

Ad is positive and almost equal for the all the lanthanides

cations, for Am and for CmAd is slightly negative for Pu and

significantly negative for U. Based on tiAal values, the strength

of the metal-nitrogen bond relative to the metakygen 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 »0)s]®"™ Complexes The

whereas the size of the ions increases in the series.The shortesiovalent bonding in these systems can be described in terms of
M—N distances are obtained for uranium, which is the largest a ligand-to-metal donation, involving the filled ligamdandx

of the cations investigated here; for instance; N[MeBtp)
distances are-0.07 A shorter than for CmN(MeBtp), whereas
the ionic radius of uranium(lll) is 0.07 A larger than that for
curium(lll). From Am to Cm, the Ar-N distances decrease
with the diminishing ionic radii of the ions.

It is remarkable that ArN distances are all shorter than

molecular orbitals and the empty metal, (h — 1)d, and G —

2)f orbitals (withn = 7 for An andn = 6 for Ln) and metal-
to-ligand back-donation from the patrtially filled metal 4f or 5f
orbitals to the empty ligand* molecular orbitals. This view

of the bonding is supported by an analysis of the molecular
orbitals involved in the metalligand bonding. According to

Ln—N distances for a given ligand and the considered metal the % contribution of the atomic orbitals to each molecular
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TABLE 5: Percentage Contribution of Metal and Ligand Orbitals to Bonding M —L Molecular Orbitals (Boys —Foster
Localized o-Spin Orbitals) in [M(Terpy)(H 20)¢]3" and[M(MeBtp)(H ,0)g]3*2

[M(Terpy)(H:0)e]** [M(MeBtp)(Hz0)e]**

M Terpy M MeBtp

(%) (%) (%) (%)

description d f s total description d f S p total
La o1(L—M) 6 91(0) o1(L—M) 5 94 (0)
g(L—M) 6 91(0) ga(L—M) 5 93(0)
o3(L—M) 5 92(0) o3(L—M) 4 93(0)
Ce o1(L—M) 6 91(0) gi(L—M) 7 92(0)
aa(L—M) 6 91(0) ox(L—M) 5 93(0)
o3(L—M) 5 92(0) g3(L—M) 5 92(0)
m(M—L) 92 6(p*)
Nd o1(L—M) 7 91(0) gi(L—M) 4 92 (0)
oa(L—M) 7 90(0) oa(L—M) 5 1 910)
o3(L—M) 5 91(0) o3(L—M) 5 1 92(0)
U o1(L—M) 7 1 1 910) o1(L—M) 6 91(0)
oa(L—M) 7 2 1 880) oa(L—M) 7 2 1 900)
o3(L—M) 7 2 1 900) o3(L—M) 6 1 1 910)

m(M—L) 2 76 166*) mi(M—L) 82 1 6 5@*)

7(M—L) 4 64 27@*)
Pu o1(L—M) 6 2 1 890) o1(L—M) 5 1 93(0)
oa(L—M) 6 3 1 900) oa(L—M) 5 94(0)
as(L—M) 6 1 1 91¢) a3(L—M) 5 2 1 91¢)
Am o1(L—M) 6 1 92(0) o1(L—M) 6 1 92(0)
ga(L—M) 6 1 910) oo(L—M) 5 1 93(0)
o3(L—M) 6 1 90(0) o3(L—M) 5 94(0)
Ccm a(L—M) 6 1 91(0) a(L—M) 6 1 94(0)
oo(L—M) 6 1 91() oa(L—M) 5 1 94(0)
o3(L—M) 6 1 92(0) o3(L—M) 5 93(0)

@ Only contributions greater or equal to 1% are reportetype orbitals are doubly occupied whereasype orbitals are singly occupied.

TABLE 6: Calculated Mulliken and Hirshfeld Charges on the Metal Cation in [M(Terpy)(H 20)¢]3", [M(MeBtp)(H »0)g]3*, and
[M(H 20)¢]3* Clusters

Terpy MeBtp HO
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 2.37 212 2.36 2.40 2.45
U 1.91 2.53 2.00 2.58 2.06 251
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

orbital, only a few MOs show a mixing between the ligand and show a diminution of the An charge in comparison with Ln
the metal orbitals. All molecular orbitals deriving from the ligand denoting an increased charge transfer, a Hirshfeld decomposition
and the metal atomic orbitals and having a metal or ligand schemé&* give similar values for the actinide and lanthanide
contribution at least greater or equal to 1% are listed in Table charges (Table 6). Mulliken charges are known to be strongly
5. For all metal centers, ligand-to-metal donation is found in dependent on the atomic basis set and the large difference
three bonding molecular orbitals involving mainly the ligand  between An and Ln charges may be partly due to basis set
orbital and the empty metal d orbitals (Figure 28). The differences between An and Ln. In the actinide series, Mulliken
contributions (%) of the metals and ligand orbitals show that and Hirschfeld analysis give both the largest charge for U due
the molecular orbitals are mainly localized on the ligand. On to the metal-to-ligand back-donation.
the contrary, metal-to-ligand back-donation takes place mainly  To summarize, the metaligand bond is predominantly ionic.
for uranium and to a lesser extent for Ce. For U, the donation Covalency is present through ligand-to-metal electron donation
involves a singly occupied 5f orbital and# with significant and slightly more pronounced for actinides than for lanthanides
% contribution on the ligand, 16% on Terpy and 27% on MeBtp although the differences reach the limits of the calculated
(Figure 2D). The most striking result is the absence of retro- approximations. Uranium is an exception with its ability to
donation from plutonium and americium. Except for U and Ce, donate 5f electron to the ligand* resulting in larger covalent
the singly occupied 4f or 5f orbitals are pure with-9B00% 4f effects in the U-N bond.
or 5f contribution. The larger contraction calculated for—N(MeBtp) with

The participation of empty s and f metal orbitals is greater respectto U-N(Terpy) distances in the actinides series is related
for actinides than for lanthanides but remains weak for all of to the larger 5f«z*(MeBtp) mixing than 5fs*(Terpy). Accord-
the cations. Overall, the total participation of the An center per ing to the calculations on the free ligands, tifeof MeBtp is
o bond is a few percent greater than the participation of Ln, for at lower energy than* of Terpy, and interact better with U(5f).
similarly size cations. However, the increase of charge trans- Counterion Effect.To investigate how the nature of the
ferred from the ligand to the metal when going from lanthanide coordination sphere may alter the meth$jand bond, some
to actinide is difficult to establish firmly. Although metal atomic  calculations were performed on a few complexes where water
charges determined from a Mulliken population analysis clearly molecules were replaced by chloride ions. The results, metal
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TABLE 7: Calculated M —N Distances (&), Contributions of Metal and Ligand to the M—L Bonding Orbitals (%), and
Mulliken and Hirshfeld Charges on the Metal Cation in [M(Terpy)(H ,0)sCI]2" and Cm(Terpy)Cl; Clusters

distances bonding charge
M—N¢ M—Ngy description M (%) d M (%) s Terpy (%) total Mulliken Hirshfeld
[Nd(Terpy)(HO)sCl]2* 2.59 2.57 o(L—M) 5 91%(0)
o2(L—M) 5 92%(0) 1.64 2.29
o3(L—M) 5 92%(0)
[Am(Terpy)(H0)sCl]#+ 2.58 2.57 o1(L—M) 6 1 92%0)
oa(L—M) 6 1 92%() 1.51 2.34
o5(L—M) 6 1 93%)
[Cm(Terpy)(HO)sCl]2+ 2.56 2.56 o(L—M) 6 1 92%¢)
oAL—M) 6 1 93%) 1.54 2.37
os(L—M) 5 1 92%¢)
Cm(Terpy)C} 2.62 2.53 o1(L—M) 5 1 92%)
o2(L—M) 5 1 93%¢) 1.15 2.26
o5(L—M) 3 95%(0)
ligand distances and composition of the-ld bonding, are The other major objective of the study was to probe the nature

summarized in Table 7. The complexes correspond to [M(Terpy)- of the metat-ligand bond. According to the calculations, the
(H20)sCl12" (M = Nd, Am, Cm) and [M(Terpy)G]. Not lanthanide-ligand distances decrease with the diminishing ionic
surprisingly, as already discussed, metaitrogen distances  radius, whereas the actinidégand bond increases from
become slightly shorter when a water molecule is replaced by uranium to americium and are shorter than-i distances.
a chloride ion even though the counterion effect on the distance These trends are explained by the presence of stronger covalent
is rather small £0.02 A) for the complexes under consideration. effects in the metatligand bond for actinides than lanthanides.
If the counterion effect on the distance is relatively small, However, the increased covalency is significant for uranium
diminishing the total charge of the system could be expected but reaches the limit of the calculated approximation for
to influence the nature of the bond and in particular to decreaseamericium and curium. According to this study there is no
the ligand-to-metal donation and increase the metal-to-ligand significant 5f contribution of americium and curium to the
donation. However, the calculation shows very similar metal bonding. As previously shown for other uranium(lll) com-
contributions to the bond in [M(Terpy)@®D)sCl]?t and plexesl’ the present study confirms the significant participation
[M(Terpy)(H20)s]3". Very remarkably, the presence of even of the uranium 5f orbital in the metaligand bond, with greater
three chloride ions in the inner sphere has no significant effect mixing for MeBtp ligand than for Terpy, leading to a more

on the curium-ligand bond. significant shortening of the UN(MeBtp) bond than for
U—N(Terpy). These results are coherent with experimental
4. Conclusions findings that indicate significantly shorter+N bonds but very

g small energy differences between the thermodynamic parameters

The first objective of the stud to test the feasibilit
© TITS? ODJSCHVE O e Study was 10 168 1he Teasiily an of americium(lll), curium(lll), and lanthanide(lll).

accuracy of quantum chemistry calculations in determining the

structural parameters of large actinide(lll) and lanthanide(lll)
complexes with more than 50 atoms. To this end, two theoretical Sa’zf;n?g\rlleﬁjo%%?r?t'u-[]hig?st:?gé tc:rag'rai]é tcr:ﬁc?l?rrége;feﬁrgrﬁﬁe
approaches describing relativistic effects have been compared,(m) W?;h Tgr Th?s Sth was su y orted by CEA. Direction
the molecular model has been tested through the use of aOle la Simulgt)i/c.)n ot des )é)utils E’pp entaU))(//Rech'erche de
continuum as well as with change of the species present in theBase e
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 (1) Actir.lide and Fission Product Partitioning and Transmutation
the two theoretical approaches. Presumably because of the stron ECD/NEA; Proceedings of the Seventh Information Exchange Meeting,
S . . . . eju, Republic of Korea, 1416 October 2002.
lonicity of the metat-ligand interaction in the complt_a>_<es of (2) Marcus, Y In lon Properties Marcel Dekker: New York, 1997.
interest, structural parameters are much more sensitive to the (3) Handbook on the Physics and Chemistry of Rare Earths, Vet. 18

i Lanthanides/Actinides: Chemisti@schneidner, K. A., Eyring, L., Choppin,
mdodle.CUIa[ m|0de| t?_fan tl:()) thedthﬁor.etlcal appdr.oac.h’ an?} the G. R,, Lander, G. H., Eds.; Elsevier Science: New York, 1994; p 197.
additional solvent effect beyond the inner coordination sphere, ™ ) "Nash, K. L.Sobent Extr. lon Exch1993 11, 729.
through a continuum model, highlights the significant effect of (5) Vitorge, P. Complexation de lanthanides et d’actinides trivalents
the molecular model on the structural parameters. Baf_ la _TfPFT)Z-, Agpgcation fgsixtraction liquide-liquide. Ph.D. Thesis,

: : niversiteraris o, France, .

Comparing the calculgted and experimental structures shows (6) Madic C.. Hudson, M. J: Lilienzin, J. O.: Nannicini, R.: Glatz,
that the ZORA calculations correctly reproduce the measured j.-p.; Facchini, A.; Kolarik, Z.; Odoj, Ferog. Nucl. Energ2002 40, 523.
bond distances. Agreement between theory and experiment is  (7) Boubals, N.; Drew, M. G. B.; Hill, C.; Hudson, M. J.; Iveson, P.
particularly good when we compare the evolution of the %gr’:/lsagé)%ZC%Russe“' M. L.; Youngs, T. G. Al. Chem. Soc., Dalton
structural parameters as a function of the cation, the choice of "~ (g) cordier, P. Y.; Hill, C.; Baron, P.; Madic, C.; Hudson, M. J.;
the molecular model becoming less critical. Calculations Lilienzin, J. 0.J. Alloys Compd1998 271, 738.
reproduce par[icu|ar|y well the Shortening of the uram't]'rgand 17 (9) Kolarik, Z.; Mllich, U.; Gassner, FSobent Extr. lon Exch1999
,bond/ce”um_“gand,b_ond observgd gxpgrlmentally. Th|§ !S an ’(10)' Hagstrom, I.; Spjuth, L.; Enarsson, A.; Lilienzin, J. O.; Skalberg,
important result as it is a strong indication of the capability of Mm.: Hudson, M. J.; Iveson, P. B.: Madic, C.: Cordier, P. Y. Hill, C.:
the DFT/ZORA approach to describe correctly the structures Francois, N.Sokbent Extr. lon Exch1999 17, 221.

; (11) Colette, S.; Amekraz, B.; Madic, C.; Berthon, L.; Cote, G.; Moulin,
of 4f/5f ions, although the lack of crystal structures for C. Inorg. Chem 2003 42, 2215,

americium(ll) and curium(lil) complexes prevents complete  (12) colette, S.; Amekraz, B.; Madic, C.; Berthon, L.; Cote, G.; Moulin,
validation of this theoretical approach. C. Inorg. Chem.2002 41, 7031.
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