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Theoretical Study of Ln(lll) Complexes with Polyaza-Aromatic Ligands: Geometries of
[LnL(H 20),]3" Complexes and Successes and Failures of TD-DFT
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The accuracy and the usefulness of density functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations for the theoretical study of Ln (La, Eu, Lu) complexes have been investigated.
The geometries calculated at the DFT level for [LeChhL] 3" complexes have been successfully compared
with crystallographic data. TD-DFT is able to offer valuable insights into VUV spectra of lanthanide complexes.
However, the results obtained on the largest ligand (i.e., 2,4,6-tri-(pyridin-2-yl)-1,3,5-triazine (Tptz)) have to
be considered as a failure of TD-DFT.

1. Introduction

X

In the field of nuclear fuels reprocessing, one possible route | N
is the transmutation of the long-lived minor actinides, such as
americium, into short-lived isotopes by irradiation with neu- NN
trons! To achieve this goal, it is necessary to separate the Tey L

; : - A
trivalent minor actinides (An(lll)) from the other elements | N |
present in spent fuels (fission products), and especially from N N

. . L . Tptz

the trivalent lanthanides (Ln(Ill)). This is not a simple task
because of the similar chemical properties of these two groups NH,
of elements and because Ln(lll) amounts to about one-third of NN BN
the total fission products inventory. An(Ill)/Ln(lll) group L N | _ N
separation may be achieved by ligttliquid extraction systems @A\ NH\@ [ = N Y \j
involving soft-donor extractanfsRecently, polyaza-aromatic N, N N N\
compounds have been shown to extract actinides selectively Adptz Btp
from |anthan|de§_6 The |nVeSt|gat|0n Of faCtOI’S affeCtIng the Figure 1. Formulas of the four studied |igands: pr’ TptZ’ AdptZ’
complexes’ stability and the understanding of metaand and Btp.

interaction is of great importance in the design of new ligands. ) )

In that context, quantum chemistry calculations in the gas Potential (RECP) methods were chosen to study the electronic
phase could be used in order to understand the interactionsStructure of Ln complexes. The calculated geometry of the
between cations and N-bearing ligands better. The present papefomplexes was compared to available X-ray data. In the second
reports, as a first step of our progressive methodology, the Part, the excitation spectra of some of these complexes were
investigation of the reliability of such methods to determine Calculated by using time-dependent density functional theory
some properties of [LnL(kD),]3* complexes with L= N-donor (TD-DFT)?*methods and were compared to experimenta-UV
ligands and Ln= La, Eu, and Lu. Four ligands were chosen: Vi spectra in solution. TD-DFT has been widely used to
2,2:6:2"-terpyridine, named Tpy, 2,4,6-tri-(pyridin-2-yl)-1,3,5-  calculate excited states of molecqles with an accuracy compa-
triazine, named Tptz, 2,6-bis-(pyridin-2-yl)-4-amino-1,3,5-tri- rable to that of CAS-PT2 cal_culaﬂo‘f?sat Ie_ast for the lowest
azine, named Adptz, and 2,6-bis-(1,2,4-triazin-3-yl)-pyridine, Part of the spectrum. The main problem with TD-DFT methods
named Btp (Figure 1). Coordination numbers (CN) of 9 and 8 is the treatment of charge-transfer (CT) stdfe$, Rydberg
were considered for La(lll) and Lulll) complexes, respectively. States, and some excited states of largaolecule$***due to
For Eu(lll) complexes, CN of both 8 and 9 were considered by the incorrect limit of dissociation of the exchange-correlation
varying the number of coordinated water molecules=(CN functional (i.e., the local character of the exchange cannot
— 3) because Eu is in the middle of the lanthanide series wherecorrectly account for the intrinsic nonlocal nature of CT states).
a change in coordination numbers is often observed. As an T0 our knowledge, although TD-DFT has been able to reproduce
example, in the series of [Ln(Tpy)Cle@)J2t complexes and interpret the UM-vis spectré&ﬁlg of large organic com-
studied by Kepert et al.the coordination number observed for ~Pounds and d-metal complexes, it has never been tested on such
Eu is 8.45. Ln complexes.

In the first part, we have optimized the geometry of the ) )
complexes at the HF and DFT levels. Relativistic effective core 2- COmputational Details
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TABLE 1: Comparison of [Ln(L)(H ,0),]3" Calculated Structures (HF/B3LYP) and X-ray Available Experimental Structures,
where N; and N, Stand for Central and Lateral Coordinating Nitrogens, Respectively

La Eu Lu
calcd calcd calcd calcd
HF B3LYP exptl HF B3LYP HF B3LYP exptl HF B3LYP exptl
CN=9 CN=9 CN=28 CN=9 CN=29 CN=28 CN=28
Tpy Ln—N. (A) 2.69 2.67 2.69 2.53 251 2.59 2.56 2.84 2.42 2.40 2.49
Ln—N; (&) 2.69 2.65 2.66 2.55 2.53 2.60 2.57 2.85 2.46 2.44 2.4%
Ln—0 (A) 2.69 2.67 2.56 2.55 2.53 2.59 2.57 2.48 2.45 2.42 2.31
CN=9 CN=10 CN=38 CN=9 CN=10 CN=38 CN=10
Tptz Ln—N. (A) 2.63 2.60 2.66 2.47 2.45 2.52 2.49 2.54 2.36 2.34 2.48
Ln—N; (A) 2.72 2.70 2.70 2.60 2.57 2.64 2.62 2.52.63 2.51 2.49 2.482.50
Ln—0O (A) 2.69 2.66 2.49 2.55 2.52 2.59 2.56 2.40 2.44 2.42 2.29
CN=9 CN=10 CN=38 CN=9 CN=9 CN=8 CN=9
Adptz Ln—N¢ (A) 2.62 2.58 2.52 2.58 2.36 2.44
Ln—N; (A) 2.72 2.63-2.64 2.63 2.58-2.59 2.51 2.49-2.53
Ln—0 (A) 2.70 2.48 2.59 2.38-2.3¢ 2.45 2.29-2.30
CN=29 CN=38 CN=9 CN=38
Btp Ln—N. (A) 2.77 2.75 2.60 2.60 2.65 2.64 2.49 2.49
Ln—N; (&) 2.72 2.73 2.57 2.60 2.62 2.62 2.49 2.49
Ln—0 (A) 2.66 2.62 2.52 2.48 2.55 2.52 2.41 2.38

* [La(Tpy)(H-0)sCII2*." * [Eu(Tpy)(HO)sCII>"." ©[Lu(Tpy)(H20).ClJ2".7 < [Ce(Tptz)(NQ)s(H20)].° ¢[Gd(Tptz)(NQ)s(Hz0)].**  [Lu(Tptz)-
(NO3)s(Hz0)].77 ¢ [La(Adptz)(NOs)s(Hz0)].* " [Eu(Adptz)(NQ:)2(Hz0)] *.* ' [Lu(Adptz)(NOz)a(H20)] .4

molecular systems was carried out without symmetry constraints. coordination number. This is due to the complexity of obtaining
Considering that 4f electrons of lanthanide cations do not such 1:1 complexes in nitric acid as the solvent. The interest in
participate very much in the reactivity of these elem&is making calculations on this set of ligands across a Ln series
and in order to reduce the computational time, the choice of (Ln = La, Eu, Lu) is directed toward obtaining general trends,
large core quasi-relativistic effective core potentials (RECP) was as will be shown. The ligand Adptz was studied partially to
made. Calculations were made using ECPs from Stutfgdrt  allow comparison with other similar ligands because experi-
for Ln atoms, where 46- 4" electrons are included in the core. mentally it shows a weak stability to radiolysis. As shown in
We modeled the lanthanide Il ions as 11-valence-electron Table 1, experimental distances between the metal ion and the
systems. The contracted (7s6p5d)/[5s4p3d]-&Nalence basis  ligand L are correctly reproduced by these calculations with an
set was used for the lanthanides, and the polarized all-electronaccuracy of a few hundredths of an angstrdt should be
6-31G(d) basis set was used for all other atoms. Calculationsmentioned that other parameters as angles and dihedrals, not
of the 40 lowest singlets were carried out in the framework of given here, are also in agreement with the experimental data.
TD-DFT using LDA and B3LYP functionals on the HF-  Moreover, the lanthanide contraction is well taken into account
optimized structures of the ground state. We have determinedpy the calculations, as shown by the decrease irligand

from test cases that using DFT-optimized structures does notphond lengths when going from La(lll) to Lu(lll). HF and DFT
significantly modify absorption spectra. The LDA functional results are very similar for the bond length, whereas DFT
is known to give a reliable description of the excited states performs better for angles and dihedrals. This fair agreement
whose energies lie undere"°MO, where—e"oMCis the highest  petween those methods may be due to softer correlation effects
occupied molecular orbital energy obtained in the keBiiam  opserved in ionic bonds rather than in covalent ones. In most
description of the ground stateln our case, the-e"MC limit cases, La-N distances are closer to experimental values than
is 227 nm for the free ligands and 80 nm for the complexes. | n—Q distances: water molecules are very mobile and therefore
The discrete spectra were convoluted with Gaussian functionsyery sensitive to the chemical environment in the first coordina-
to reproduce the bandwidth of the experimental spectra (obtainedtion sphere?® Indeed, the difference between the calculated and
at 298 K in a 76% methanol/24% water medidfnyithin the experimental Lr-O distances is larger for Tptz and Adptz (for

200-400 nm range. which the experimental structures involve nitrate ions in the
) ) first coordination sphere) than for Tpy complexes. However, it
3. Results and Discussion has to be noticed that such calculations tend to overestimate

3.1. Structure of [LnL(H ,0),]3* Complexes.The calculated these distances.slightly: calculations for La(lln), Eu(lll), and
geometries at both the HF and B3LYP levels of theory of [LnL- Lu(lll) hydrated iong?° (not shown here) give O distances
(H20),]3+ complexes were compared to available experimental that are longer by about 0.08 A (HF) and 0.05 A (B3LYP)
structureg:” 2’ Table 1 shows some geometrical features{hn compared to experimental data.
and Ln—Owater bond lengths) for Tpy, Tptz, Adptz, and Btp The lack of experimental data for La, Eu, or Lu complexes
complexes. Note that the experimental structures of Ln(lll) of Btp ligands did not allow us to compare them directly to the
complexes displayed in Table 1 are somehow different from calculated structures of [Ln(Btp)g®),]®". However, two
the calculated complexes because of the lack of experimentalexperimental structures are available for the Nd(lIl) ion, [Nd-
structures strictly identical to those considered in those series(EtBtp)(NOs)s(EtOH)] and [Nd(nPsBtp)(NOs)4] 2032 The
of complexes. Those differences arise from the molecules calculated LA-N distances for La(lll) and Eu(lll) complexes
present in the first coordination sphere or from a different are (as expected because the two ions are close to Nd(lIl) in
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i s - “ Figure 3. Virtual d orbital of the Tpy La complex involved in low-
Figure 2. HOMO—LUMO intense transition in the Tpy La complex.  and high-intensity transitions in LDA and B3LYP calculations,
respectively.
the lanthanide series) longer and shorter, respectively, than those
experimentally observed with Nd(Ill) complexes, in accordance discrepancies are noticed between the relative intensities of the
with the lanthanide contraction. bands. The bands are blue shifted with respect to experimental
The distances from B3LYP calculations are generally in better 0nes by approximately 30 nm. The excitation located around
agreement with experimental data than those from HF calcula- 250 nm always involves the coordinating central N atom of the
tions. The same trend between B3LYP and HF can be observedigand. The most intense transitions are of charge-transfer
for dihedral angles. If one looks carefully at the-tN distances ~ character from ther orbital located on the central ring to*
between ligands and lanthanide cations, B3LYP calculations Orbitals based on lateral rings of the ligand. The increase in
provide a reasonable estimation of CN. As a matter of fact, in intensity when going from the free ligand to the Ln complexes
the case of the Tpy ligand, we have performed calculations with is related to a more important contribution of the coordinating
the same CN as for the molecules analyzed by means of X-rayscentral N atom, showing the major role of this atom in the
It appears that the L-aN; and Ln-N, distances are a good probe  bonding with the LA&" cation. In the case of the five-hydrated
for CN: the largest difference is found for Lu (0.04 A). Lu(lll) complex, the theoretical spectra exhibits the same
Concerning the Tptz ligand coordinated to Eu, one can see inStructure as the six-hydrated one, but with the broken symmetry
Table 1 that whereas the EW, distance is insensitive to the ~ Of thez* orbitals located only on one lateral ring.
number of water molecules in the first coordination sphere the  Tpy Complexes. As in the Btp case, the free ligand and the
Eu—N, distance tends toward the experimental value when CN complexes show the same number of bands and the same shift
varies from 8 to the experimental CN (i.e., CGN 10); the along the Ln(lll) series with a noticeable change in the relative
difference between X-ray data and theoretical results is 0.14 A intensities (Figure 4). The transition located around 350 nm is
for CN = 8 and 0.04 A for CN= 9. Concerning Lt Tptz always based on the HOMO and LUMO orbitals witlr*
complexes, we have considered only GN8, whereas the character (Figure 2). Some transitions observed at 230 nm or
experimental evidence is Ci 10. at shorter wavelengths correspond to excitations fromsthe
Again, although the LN, distance is already close to the orbital to virtual d orbitals (Figure 3) of the lanthanides in the
X-ray data, the La-N. one is far from experiments (2.34 vs case of Eu(lll) and Lu(lll). These LMCT states significantly
2.43 R). However, it appears that the theoretical models we contribute to the overall intensity of the high-energy band. The
used are not yet able to provide geometries that are accuratdheoretical spectra appear shifted in all the cases by ap-
enough to determine the coordination number of middle Proximately 30 nm.
lanthanide series complexes because the interactions with other Tptz Complexes. The theoretical spectra of the Tptz ligand
coordination spheres is very important in predicting such a and complexes convoluted with 40 singlets ranges from 200 to
property correctly. Therefore, it would be interesting to enclose 600 nm. No experimental spectra were detected from 400 to
these systems in a box of water molecules by means of QM/ 600 nm, thus leading to a large disagreement with our theoretical
MM methods and to consider the dynamical effects. calculations, which predict for the complexes the presence of
3.2. Theoretical Spectroscopy of [LnL(HO),]3* Com- medium bands in this range. Those bands observed at longer
plexes.Calculations have been carried on lanthanide complexesWwavelengths in the complex are not observed in the free ligand.
of coordination number of 9 for lanthanum, 8 for lutecium, and The excited states in the range of 40800 nm are described
for both coordination number for europium, which is in the by CT transitions between the lateral rings of the ligand. As a
middle of the lanthanide series at the HF and/or DFT level. ~matter of fact, the supplementary ring compared with the other
LDA. The most intense bands are without exceptiontie ligands leads to a wider variety afr* states with excitations
type and are for ligandligand transitions, as shown in Figure ~based on the upper ring to the lateral rings or from the central
2. Some excitations of minor intensity involve virtual d orbitals ©ne t0 the lateral ones. Excitations to virtual d orbitals of Ln
of the lanthanide, as in the case of Tpy (Figure 3). The change @€ also observed all along the series.
in the intensity of the free ligand and the complex shows the  Considering that TD-LDA leads to the wrong spectrum, the
participation of the central N atom in the bonding of théttn theoretical interpretation of the UV bands in the framework of
cation. As can be seen in Figure 4, the respective intensity of that method is questionable.
the various bands and the position of the bands are not correct, B3LYP.From our experienéé with the analysis of TD-
clearly showing the limitation of the LDA functional. Better B3LYP spectra from benzophenone and its derivatives, there
guantitative results would be expected with more efficient is a smaller difference between the theoretical transition
functionals such as B3LYP. wavelength and the experimental ones than in the TD-LDA case;
Btp Complexes. From a theoretical point of view, the hydrated thus, the assignment of the bands is certainly more reliable.
complexes show the same number of bands (Figure 4). Along Tpy Complexes. The free ligand experimentally exhibits an
the Ln series, thémax Of all of the bands increases by a few intense and broad band at 232 nm, which is predicted to be at
nanometers. In comparison with experimental data, a similar 246 nm (Figure 5). A new band appears in the Ln complexes
structure of bands can be observed, despite the fact that somearound 320 nm corresponding to a HOMOUMO transition
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Figure 4. Comparison of experimental spectra (dashed lines) for free ligands and complexes with theoretical LDA spectra (solid lines).
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Figure 5. Comparison of experimental spectra (dashed lines) for free ligands and complexes with theoretical B3LYP spectra (solid lines).
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of wa* character. The theoretical spectrum around 275 nm is LDA case. The relative intensities of the bands are in most cases
unable to represent the sharp structure of the experimental oneyell described.

which nevertheless may be a vibrational substructure. Intense

transitions at wavelengths lower than 200 nm are predicted to 4. Conclusions

be from to virtual d orbitals of the lanthanide type. Thisisa  per cajculations have been able to fairly reproduce structures
major difference with the TD-LDA results, where those transi- 4t | n(ji1) complexes more accurately than HF and have revealed
tions were always very weak. There is still a small blue shift {he main importance of the first coordination sphere. The
between the theoretical wavelength and the experimental onesgisiance between water molecules and Ln(lll) was always
but it is now rathef small (|.e.$_15 nm). The relative intensities  gyerestimated whatever the method used.
of the bands are improved with respect to TD-LDA results. TD-LDA calculations on free ligands and complexes have

Btp Complexes. The assignment is made as easily as for theshown various discrepancies between theory and experiment
previous ligand. The experimental spectra and the theoreticalcoming from the intensity ratio between excitations, which may
ones are superimposed, showing the same relative intensitiegive rise to supplementary bands. TD-LDA spectra always show
and a very small shift. The experimental spectra after 325 nm a larger shift than TD-B3LYP according to experimental data.
do not show a rapid decrease to the baseline. From our In contrast, TD-B3LYP spectra are systematically closer to
calculation, an excitation at 366 nm offhcharacter is involved experimental ones considering the wavelength and relative
and explains the weak intensity of this type of transition. The intensities of bands. Consequently, insofar as agreement between
strengthening of some transitions between the free ligand andtheory and experiment is achieved, TD-B3LYP calculations can
the complexes can be clearly assigned to a more importantprovide theoretical insights into the nature of the excitations
contribution of the nitrogen atoms. involved in the observed bands. o

Tptz Complexes. The Tptz ligand is the largessystem of Howev_er, several charge-trgnsfer_—type excitations have been
this study. The experimental spectrum of the free ligand shows characterized W'th_ a strong intensity Ieadlr)g 1o unobserved
the same number of bands as the theoretical one (Figure 5).band_s. Those excitations are poorly described by the usual
The relative intensities of the theoretical band and the experi- functionals and may give energy shifts of several eV, therefore

mental band located around 275 nm are inverted. Experimen-pmdl.JCIng such unc_)pserved bands. . )
tally, no absorption spectra were observed in the-Z® nm This casts suspicion on TD-DFT calculations used with

range, whereas TD-B3LYP calculations predict excitations with popular fuqctloqa!s. TD-B3LYP appears to be an interesting
. o . . . tool for rationalizing VUV spectra but cannot be used for
large intensities in this domain, as in the LDA case. The

presence of bands in the complex that do not correspond to thepredicting spectra in the framework of molecular design without

free ligand cannot be attributed to any major difference in the a careful analysis of the results.
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