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Theoretical investigations of Lnpéystems (Ln= La, Gd, Lu and X=F, Cl, Br, 1) have been carried out by
various density functional methods, including nonlocal gradient corrections and self-consistent hybrid density
functional/Hartree-Fock approaches. The relativistic effects were taken into account either by a relativistic
effective core potential (RECP) or within a frozen core approximation and a quasi-relativistic approach for
the valence electrons, either scalar or including the-spibit contribution. Geometry optimizations and
harmonic frequencies calculations were carried out, as well as computation of the atomization energies. All
data were found to be in very good agreement with experimental data, being at least of the same quality as
other RECP-based post-Hartreleock calculations. The conformation was found to be pyramidal for the
lighter lanthanides and halogens and planar for Gd8dls;, LuCls, LuBrs, and Luk. Special attention was

also devoted to the description of the lanthanritlalogen bond, depending on the hardness of these atoms.
The bonding was examined in terms of contributions of the lanthanide atomic orbitals to the molecular orbitals
of the LnX; species. Charges were calculated through the natural population analysis procedure, and some
investigations have been carried out using the natural resonance theory, as implemented in the framework of
the natural bond orbital approach. An energetic analysis based on the transition state method of Ziegler et
al. was also performed and gave the energetic contributions (i.e., steric, electrostatic, and orbital) to the bonding.
All these analyses point to a highly ionic interaction, especially for the lighter halogens and lanthanides, even
if some non-negligible ligand-to-metal charge transfer occurs with the more polarizable bromine and iodine.
Nevertheless, the stabilization brought by this covalent charactacter is weak compared to the stabilization
due to electrostatic interactions.

1. Introduction Different relativistic contributions play a significant role in
) o heavy metal chemistty and can be described by different
Electronic structure of molecular systems containing f ele- approaches (see ref 12 for a comprehensive recent review),
ments has been the object of numerous experimertahd ranging from four component fully relativistic Dirad=ock

theoretical studie$:® In this framework, one of the more methodst3-15 to two-component approximations resulting from
challenging topics is the “chemical” description of the lan- the Foldy-Wouthuysen (FW or the Douglas-Kroll7 trans-
thanide-ligand or actinide-ligand interactions in terms of ionic  formations of the Dirac Hamiltonian, to the very cheap and
vs covalent interactiok? This point is of great importance for  popular relativistic effective core potential (RECP)
a better understanding of the molecular properties of lanthanideapproache®2!

and actinide series, such as stability or reactivity. Forinstance, The development of accurate functionals, including gradient
the improvement of chemical processes involved in the nuclear corrections, makes the approaches rooted in the density func-
waste treatment may be expected from a better basic descriptionional theory (DFT) the most powerful nonempirical alternative
of these interaction¥. Theoretical investigations are therefore to conventional HartreeFock (HF) and post-HF method3A
useful to get more insight into the lanthanide or actiritigand number of studie’§ 26 show that DFT methods based on the
interactions within various kinds of molecular environments. generalized gradient approximations (GGA) can model with

Unfortunately, a precise evaluation of molecular properties remarkable accuracy the properties of heavy transition metals.
is still far from being a routine task, especially when f electrons Even better results can be obtained by the so-called self-
are involved. In fact, a reliable theoretical tool must be able to consistent hybrid (SCH) approach#s® Furthermore, these
yield, at the same time, precise geometrical and thermodynamicmethods are particularly powerful for a chemist, since their
results and a detailed “chemical” analysis of the electronic monodeterminantal nature allows an easy-to-read i_nterpretatio_n
structure. Such a tool requires a sufficiently accurate treatment©f the results. As a consequence, standard “chemical” analysis
of the two main physical effects that dominate the chemistry 00IS, originally developed for the HF scheme, can be apgfied.

and physics of heavy metals, i.e., relativity and electron The implementation of relativistic models in the DFT
correlation. framework has been achieved at different precision levels, such

as the perturbational treatment of a FW opertor the zero-
* Corresponding author. E-mail: pmaldivi@cea fr order regular approximation (ZC?RA§. Eurthermore, it ha§ .
T Permanent adress: Dipartimento di Chimica, Univexitia Basilicata, been shown that standard RECP's provide accurate description
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The above-mentioned studies document that DFT methods The valence space of all the atoms, including the 5s, 5p, 4f,

are able to capture the main features of meligland interac-
tions, at least for complexes involving first- and second-row
transition metals. The situation is more crucial for Ln and An
complexes, since the reliability of DFT methods in describing
on the same footing correlation and relativistic eff&teas not
been fully proved. In fact, only few investigations have yet

6s, and 5d electrons for lanthanides and rikenp® electrons

of halogens, was described by Slater type orbital (STO) basis
set of triple quality. One single d polarization function was
also added for halogef$. Auxiliary sets of STO functions were
used for all the atoms to fit the molecular density and to generate
the Coulomb and exchange potentis.

been carried out on small model systems, such as lanthanide The second DFT approach is based on a SCH method,

oxides3*

We thought it interesting to investigate whether SCH and
GGA approaches provide a sufficiently reliable description of
the bonding in Ln(Ill) compounds. In particular, two different

obtained by a combination of HF and Be&kexchange with
the Perdew? correlation functional. The ratios of the different
contributions are those optimized by Becke for a closely related,
althought not identical, function&?. We will refer to this SCH

approximations were chosen to take into account relativistic method as B3P. The RECP’s of Cundari and Sted/eiave

effects: either the RECP modgbr a frozen core description
combined with the quasi-relativistic treatment of the valence
electrons’>38

The LnX; model compounds (% F, Cl, Br, 1) were found

been used for both the lanthanide and the halogen atoms. These
RECP’s explicitly treat the 5s, 5p, 4f, 6s, and 5d electrons of
the lanthanides by a contracted basis set of Gaussian type
orbitals (GTO) with a (3111/3111/21/52) pattern for Gd and

to be good candidates for our purpose, as they have been theé.u and a (52111/5211/311) pattern for La. A single f polariza-

subject of numerous experimental studie® 43 and several

tion function (0.261) was also added for La. The valence space

recent theoretical investigations have appeared in the of the halogens includes thes andnp electrons, and it is

literature?43-48 Moreover, the use of halogen ligands leads
to a modulation of the chemical environment of the lanthanide
from a hard anion (F), to a soft, polarizable ion (), providing

a useful framework for further analysis of the electronic structure

in terms of ionic vs covalent bonding. We have investigated

described by a polarized double basis %8éf. All SCH
computations have been carried out using the Gaussian 94
programé?

All the geometries have been fully optimized both in
pyramidal Cs,) and planarDsn) conformations using an energy-

three lanthanides, namely, La, Gd, and Lu, chosen among thegnjy minimizer, and the resulting geometries characterized by
whole series because the electronic configuration of their .ompyting second derivatives by a double numerical derivation.

trivalent state is 4§ 4f7, and 44, respectively; thus, they do
not exhibit any first-order spinorbit (SO) coupling. In the

case of Gd(lll), no second-order SO coupling may be expected
as the first excited state is very high above the ground state

2. Computational Details

Two different implementations of the Kohtsham (KS)

approach have been used. In the first one, a quasi-relativistic

Finally, the electronic structures of these model systems,
obtained by SCH computations, have been investigated using

"the natural population analysis (NP®). Further analysis on

the LnX; electronic structure has been carried out throughout
the natural resonance theory (NReF)which provides a mo-
lecular electron density analysis in terms of classical resonance
theory concepts.

methodology has been chosen, as developed in the Amsterdan®. Results and Discussion

density functional package (ADF 2.3.9){°where the atomic
core electronic density is obtained via a fully relativistic Dirac

Slater (DS) calculation. The valence eigenfunctions and eigen-

Atomic Calculations. Before performing molecular calcula-
tions, we have checked the DFT approaches on a set of atomic

values are obtained by a quasi-first-order perturbative treatmentdata of La, Gd, and Lu, i.e., atomic orbital eigenvalues and

of the main relativistic (massvelocity and Darwin) terms
developed upon nonrelativistic Slater type orbif&lsCalcula-
tions were also performed with thg coupling scheme, i.e.,
making use of the double group symmetries.

ionization potentials (IP). In this connection, it is now well-
established that the KS orbitals are a well-defined approximation
to the HF orbital$4%5 From a chemical point of view, a number
of studies has shown that overall trends (e.g., IP, orbital

The exchange and correlation potentials were included eithereigenvalues, electron affinities) are well-reproduced (see for

in the local spin density approximation (LSDA) using the
exchange energy of the uniform-electron§agith the param-
etrization of Vosko, Wilk, and Nusai for the correlation

instance refs 31 and 66) compared to those obtained from HF
methodology.

Table 1 collects the orbital energies of the considered Ln

counterpart or within the GGA scheme. |In this latter case, a atoms, evaluated by the scalar relativistic Hamiltonian (Sc) or

number of different correlation functionals were considered,

by including the SOJ{) coupling. As it appears from these

namely, the functional developed by Lee,Yang, and Parr data, all the approaches are able to reproduce the main trends

(LYP),52 by Perdew® (P), or by Perdew and Wang (P\#).

regarding the evolution of the 5d, 6s, and 4f orbitals when going

These functionals were used, in a self-consistent procedure, withfrom La to Lu. These evolutions, generally explained by shell

either the Beck® (B) or Perdew-Wang (PV§j exchange
functional. Following the standard acronyms, the methods will
be referred in the following as LSDA, BLYP, BP, BPW, and
PW (abbreviation for PWPW), respectively.

The evaluation of the various energetic contributions to the
total binding, i.e., Pauli repulsion, electrostatic, and orbital

interactions, was carried out through the generalized transition-

state method of Ziegléf et al. In this approach the different

structure and relativistic effectéare due to the increase of the
nuclear effective charge when filling the 4f orbitals, which
stabilizes the 6s orbital and destabilizes the outer 5d orbitals.
The 4f orbitals also experience the increased effective nuclear
charge, getting more core like orbitals when going to the end
of the lanthanide series. Our LDA/SO calculations satisfactorily
reproduce the four-component relativistic LDA (RLDA) re-
sults®  Similarly, the GGA/SO computations give a good

contributions are estimated with respect to starting fragments, agreement with DS calculations. In this connection, methods

and we have chosen the ionic species3'Land X, as these
reference fragments.

including the P or the PW correlation functionals seem to
perform better than that using the LYP functional.
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TABLE 1: Orbital Eigenvalues (Absolute Values, eV) of the Ln Atoms, Computed Using Different DFT Approache3

Ln nonrel (BP) LSDASc BLYPSc BPSc PWSc BPWSc LDASO BLYPSO BPSO PWSO BPWSO DS RLDA
La
5p 22.62 22.33 23.14 2237 2231 22.29 23.59 24.47 23.61 23.56 23.54 23.46 24.23
21.46 22.33 21.49 21.43 21.41 20.90 21.68
4f 7.5 4.07 4,99 3.96 3.90 3.87 4.11 5.07 3.40 3.94 3.91 4.06
3.87 4.83 3.76 3.70 3.67 3.78
5d 4.07 3.35 3.93 3.38 3.30 3.28 3.24 3.92 3.23 3.15 3.13 2.55 3.34
3.08 3.76 3.07 2.99 2.96 2.36 3.15
6s 3.73 3.97 4.38 3.99 3.30 3.88 3.83 4.36 3.83 3.73 3.71 3.14 3.80
Gd
5p 27.64 28.09 28.73 28.14 28.07 28.04 29.76 30.65 29.77 29.72 29.69 29.60 30.39
25.86 26.73 25.86 25.81 25.78 25.19 26.02
af 9.31 10.21 10.92 10.18 10.13 10.08 8.69 9.62 8.58 8.53 8.49 8.45 9.48
7.99 8.91 7.88 7.83 7.79 7.68 8.72
5d 3.93 3.06 3.56 3.05 2.96 2.92 2.74 3.43 2.70 2.62 2.58 2.05 2.87
2.50 3.18 2.46 2.38 2.34 1.79 2.60
6s 4.13 4.51 4.94 4.53 4.43 4.41 4.27 4.84 4.26 4.17 4.14 3.56 4.25
Lu
5p 30.50 31.67 32.49 31.67 31.64 31.59 35.63 36.52 35.63 35.60 35.55 3591 36.63
29.60 30.46 29.58 29.54 29.50 28.96 29.75
af 15.32 9.50 10.39 9.38 9.35 9.30 10.27 11.17 10.16 10.12 10.07 9.96 10.81
8.81 9.71 8.70 8.66 8.60 8.43 9.28
5d 3.02 2.03 2.57 2.02 1.94 1.90 1.97 2.64 1.92 1.85 1.79 1.32 2.14
1.69 2.34 1.64 1.58 1.52 1.01 1.81
6s 4.41 5.00 5.46 5.03 4,94 4.92 4.79 5.39 4.79 4.70 4.67 4.06 4.78

a1n the case of scalar spin density calculations, onlycth@bital energies have been reported. The atomic orbitals derived from SO calculations
are listed with the+1/2 term above the#1/2 term. The following, lowest energy, electronic configurations have been taken: La, P%el 68
[Xe] 655, 503, Gd, [Xe] 68 5d 417 or [Xe] 503,65 A1 Af,; Lu, [Xe] 4765d! or [Xe] 65 AT Af5,5d;,.  From ref 66.

TABLE 2: lonization Potential (eV) for the Considered Ln (z 2J+ 1)E;
Atoms, Calculated with Scalar (Sc) or with Spin—Orbit (SO) = U
DFT Approaches ! =
av
La Gd Lu (z 2] + 1)
exptk 5.58 6.15 5.42 jj ‘conf
LSDA Sc 6.03 5.72 551 2 2 1 41
SO 6.31 6.85 5.59 6E(d3/2) + 15E(d5/2) + 24E(d3/2 d3/2)
SO 6.41 6.87 5.42 45
PW Sc 5.73 6.04 5.34
SO 6.08 6.69 5.41
SCG 6.18 6.72 5.24 The Gd" ground statelfDs,) leads to two possiblg subcon-
: : . 1 1
BP g& 65.-2858 6%125 55-21936 figurations: 4, 4, 5dk.6s, and 4f.4f. 5, st,, whereas
SO 6.37 6.84 5.33 the Lu" Conﬁguration is 6%2 with no LS Coupling. The
BLYP Sc 6.92 7.34 6.21 energy of the ground states of the neutral atoms?(config-
SO 6.71 7.47 6.36 uration) may also be averaged owing to thg, dand &
S¢ 6.81 7.49 6.18 splittings.
BPW Sc 5.60 5.90 5.31 .
so 6.02 6.66 5.38 Our results show that the BLYP and B3P approaches give
B3P Sc 6.78 7.03 4.39 quite poor results, whereas the BP, PW and BPW protocols are
Bg g?? g-g j-g; more efficient to reproduce experimental d&aThe inclusion
RLDA® 6.26 6.8 = Eo of SO effects gives a worse agreement with experimental data

aFrom ref 70.> From lowest energyj subconfiguration ¢ From

averagedj subconfigurations? From ref 66.

for the earlier lanthanides La and Gd, whereas it is as good as,
or better than, scalar calculations for the later element Lu. This
trend is in order with the increase of relativistic effects, from

the beginning to the end of the series. The differences are small

The computed ionization potentials of La, Gd, and Lu are anyway as the SO splittingf @ d shell is small40.14 e\#9),
reported in Table 2, and they refer to the lowest energy compared to the SO effect experiencgtatp shell for instance
electronic configuration (GGA and SCH results) or to the (x1.1 for 5p shellin9). Thereforgj coupling does not change
averaged subconfigurations (GGA results). In this last con- much the overall quality of the computations in those particular
nection, it must be remembered that, for rare earth elementscases.

characterized by high spin and orbital quantum numbers, the

Finally, and to further check the performances of DFT

determination of the states arising from the LS coupling becomesapproaches, th#s), — 2D, splitting arising from the ground
rather cumbersome. An approximate evaluation of the energy state of La has been calculated. As it is well-known, in this

of a state with given LS has been proposed in the liter&tGfe
by averaging the energies of all thg subconfigurations

particular case, the resulting Slater determinant is also an
eigenfunction of the LS operator. All the considered DFT

generated from a LS state, weighing each energy by the protocols provide a good agreement with the experimental
degeneracy of thg configuration. For example, the averaged estimate (0.13 eV}? the values ranging between 0.16 eV (LDA,
energy of the ground state of t4d? 3F,) is

BP, and PW) and 0.17 eV (BLYP).
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TABLE 3: Bond Lengths (d, A) and Angles @, deg) for the LnX3 Series, Computed with GGA (BP/QR, BP/RECP) and SCH
(B3P/RECP) Methods, Compared with Experimentat®42 Data and Other Published RECP-Based Results: MC/SCH4647and
CISD+Q%*

BP/QR B3P/RECP BP/RECP CISBQ MC/SCF exptl

d (S] d (S) d (S) d d d (O]
LaFs 2.124 114.8 2.177 115.4 2.168 112.7 2.159 2.176 2.22 120
LaClz 2.590 116.5 2.609 118.2 2.641 114.1 2.612 2.643 2.59/2.62 112.5/120
LaBr; 2.740 116.3 2.754 118.1 2.779 114.6 2.770 2.74 1155
Lals 2.983 119.4 2.969 117.8 2.993 114.4 3.016 2.99
GdR; 2.031 113.9 2.050 1175 2.046 115.6 2.056 2.047 2.053 108.4
GdCk 2.481 119 2.519 120.0 2.515 120.0 2.511 2.528 2.489 113
GdBr; 2.63 119.8 2.662 120.0 2.661 120.0 2.667 2.68 2.640
Gdls 2.868 120 2.887 120.0 2.893 120.0 2.903 291 2.84
LuF3 1.968 117.8 1.985 118.5 2.003 117.3 1.965 1.985 1.968
LuCI3 2.400 120 2.425 120.0 2.444 120.0 2.428 2.440 2.417 111.5
LuBr3 2.546 120 2.552 120.0 2.577 120.0 2.584 2.60 2.506
Lul3 2.791 120 2.797 120.0 2.807 120.0 2.819 2.83 2.771

a QR: quasi-relativistic treatment from ADF.

These results on atomic systems clearly point out the relevantThe BP/QR and the B3P/RECP (see Table 3) computations
role played by the correlation functional in determining the differ by both the treatment of the exchange term and the type
performance of DFT methods in heavy-metal systems. Theseof relativistic correction. We have therefore carried out
effects can be related to a set of physical conditions that mustadditional BP/RECP geometry optimizations in the same

be respected by a formally correct correlation functidfah framework as the B3P/RECP calculations. Without entering
particular, three conditions play a determining role in chemical in a tedious analysis of these results, we only note that DFT
applications: interatomic distances are usually better than those provided by
(a) the attainment of the exact limit of the uniform electron post-HF computations. In particular, the mean absolute error
gas; on the bond length is 0.021 A for the BP/QR approach, 0.025
(b) the distinct treatment of parallel and antiparallel spin A for the B3P/RECP, and 0.035 for BP/RECP, whereas it is
correlation; 0.033 for CISD+Q computations. Previously published SCH
(c) the attainment of exactly zero correlation energy in any computationg?® carried out with the popular B3LYP model and
one-electron system (e.g., H atom). the same RECP’s, provide an error of 0.036 A, pointing out,

With respect to these requirements, the three chosen correla-once again, the key role played by the correlation functionals
tion functionals (LYP, P, and PW) have a different behavior. in the performances of DFT approaches, when applied to heavy-
From one hand, the LYP functional has the correct behavior metal chemistry. The nature of relativistic corrections is also
for one-electron systems but does not contain any correlationdeterminant to accurately reproduce experimental geometries:
for electrons with parallel spins and does not have the right the frozen core methodology (BP/QR) clearly gives better results
limiting behavior for uniform electron-gas systems. Despite that all other RECP-based computations, either in the DFT or
these limitations, the LYP functional has been long considered HF framework.
as a reference point in DFT computation of organic systérfis. As expected, the energy differences betw&sn and D3y,

In contrast, the PW and P correlation functionals have a strong structures, corrected for zero-point energy (ZPE) effects, are
theoretical background, both respecting all the above-mentionedvery low, being always below 1 kcal/mol. In particular the
conditions, except the vanishing-correlation one. largest difference is found for LgFwhere theCs, structure is

In light of our results, it is evident that conditions a and b more stable by 0.05 kcal/mol (at the B3P level). Nevertheless,
are dominant for the description of the electronic properties of a general trend can be observed from these computations,
systems including heavy metals. So we will not further consider whatever the DFT method. All Lagdnolecules are pyramidal,
the LYP correlation functional. Furthermore, to minimize the as well as Gdfand Luk, whereas GdByf Gdls, and LuXg, X
spurious effects arising from the self-interaction (condition c), = Cl, Br, |, are planar. This means that the planar geometry is
we will use only the P correlation functional, which provides favored for the heavier lanthanides, and this trend may be
an error lower than the PW functiondl. correlated to the contribution of the £hd and s valence orbitals

Molecular Structure Calculations. There has been an to the bonding (see below).
extensive debate in the literature regarding the exact conforma- Some calculations including the SO coupling have been
tion of the LnX; species’?4>and some authors have tried to carried out varying the geometrical parameters for some
relate the most stable structure to the nature (ionic or covalent) molecules (LaG), Lals, and Luk), and no influence has been
of the bonding'>7475> Unfortunately, the interpretation of the detected on the position of the equilibrium geometry.
experimental data from infrared spectroscopy or electron dif- The harmonic vibrational frequencies were also computed
fraction are sometimes contradictdfypwing to the flexible for the whole series of molecules, in both pyramidal and planar
nature of these molecules. For instance, electron diffraction conformations. The calculated harmonic wavenumbers for the
experiments only give averaged values about the bend anglemost stable structure of the whole series of molecule are
and the low-frequency bending mode may not be dete@ted. collected in Table 4, together with experimental data, either
So we prefer to compare our results with published computations measured or estimatééi#243 For all the molecules belonging
rather than with experimental data, allowing readers to draw to Cs, symmetry, the correspondiridg, saddle point was also
their own conclusions. The geometrical parameters of the mostcharacterized, whose imaginary frequency corresponding to the
stable conformation of each species, i.e., the-Krbond length v, bending mode (out-of-plane mode) is generally around 100i
and the X-Ln—X valence angle, have been reported in Table cm™1). The agreement with experimental data is satisfactory
3, together with experimentl*? and post-HF datél:444648 for all the considered DFT approaches, the mean absolute error
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TABLE 4: Calculated Harmonic Frequencies (cnm?) with TABLE 5: Atomization Energies (eV) from DFT
BP and B3P, Experimental Values (Estimated Values in Computations, Experimental Data/* and CISD+Q
Italicg“’), and Other Theoretical Calculations: CAS"4”and Calculations*
MP2 BP ASO B3P Dbestestimate CISD+Q exptl
method  v1 v2 v3 va LaFs 2202 +1.23 19020  20.43 1817 19.81
LaCl, 16.19 +0.59 15.18 15.77 13.80 15.88
Laks  expif 528 e A P LaBr; 1450 +0.11 1370  13.81 1186 1371
B3P 517 83 485 127 Lals 12.32 —0.35 12.02 11.67 9.55 11.28
CAS 545 53 542 129 Gdk 2115 20.03 18.16  18.81
GdCk  15.43 15.97 13.24 1514
LaClg exptl 335/337 51/59 300/333 72[74 GdBr, 13.73 13.43 12.28 13.06
BP 320 30 309 65 Gdl;  11.52 11.20 8.96  10.33
B3P 331 45 323 80 LuF; 21.00 +1.17 19.56 20.73 18.21  18.44
CAS 323 26 301 72 LuCl; 15.29 +0.54 16.02 16.56 13.15  15.10
MP2 332 35 321 70 LuBr; 14.30 —0.67 14.60 13.93 11.15  12.80
LaBr; exptl 220/232 30/35 190 47 Luls 11.80 —0.90 11.65 10.75 8.78 10.67
BP 233 26 196 42 aB3P + SO correction from BP computationsSO contribution,
B3P 236 46 208 66 evaluated at the BP level.
MP2 248 22 205 45
Lals exptl 186 28 177 44 Apart from the good agreement of structural parameters
Egp ig? gé ig% gg compared to experimental data, we have also checked the ability
MP2 150 19 201 33 of our approach to reproduce thermodynamic quantities, by
GdRs exptf 573 97 552 136 computing the atomizqtion energies of the lgnmolgcules,
BP 563 48 549 138 whose values are experimentally knoWnThese energies were
B3P 569 117 553 138 calculated for the most stable conformation of each species and
CAS 577 116 568 134 corrected for ZPE effects. The atomic ground states were
GdCk exptl 338 56 326 84 computed within spherical symmetry and including spin polar-
BP 337 32 322 73 ization’¢
B3p 333 43 331 7 The results are reported in Table 5. As can be seen, all the
CAS 336 45 814 & DFT computations provide results that are in better agreement
GdBr;  expth 268 44 257 66 with experimental data than the post-HF values. The absolute
EEP ggg g égg gi mean error is 1.2 eV at the BP level and 0.85 eV at the B3P
level, while CISBD+Q computations provide a deviation of 1.5
Gdls exptf 188 31 181 46 eV3* The inclusion of SO effects at the BP level further reduces
EgP igg ég ﬁg %E; the discrepancy with experiments, and the best estimate (mean
absolute error, 0.7 eV) was obtained with the B3P results
LuFs gﬁptp 2%% i%G ggi ij; corrected by the SO contribution, the latter being estimated from
B3P 589 60 573 150 the BP/SO and BP/Sc computations. In particular, it must be
CAS 596 55 594 135 noted that the calculations including SO effects are significantly
MP2 629 42 622 141 more reliable for the molecules containing heavy halogens (from
LuCls exptk 342 60 331 88 Cl to I, mean relative error 0.5 eV) whereas the poor agreement
BP 351 25 331 82 obtained for the fluoride derivatives may be related first to the
B3P 340 73 323 I worse agreement already observed for the scalar computations
CAS 349 52 323 87 and also to the inadequacy of tjecoupling to describe light
MP2 368 41 342 78
elements.
LuBrs  exptf 271 48 263 70 For the three elements computed here,jtrmupling is not
ggp égg ég igé % yet adequate, except maybe for the heaviest lanthanide, and the
best treatment of SO effects would be an intermediate coupling.
Luls eB)I(:,ptP 11981 ?;é 1183% ii For trivalent lanthanides with partial filling of the 4f shell, such

B3P 195 29 145 37 as Nd* (4f%) or EW*(4f9), the LS states arising from this
electron configuration are given by combinations of various 4f
subconfigurationg? This is why the method given by Desclaux,

) 1 i.e., evaluating an average energy, deserves to be tested on such
being 18 cm* for the BP model and 13 cm for the B3P g stems. Anyway, these orbitals being almost core like, the
approach. Similar errors, even if obtained over a smaller setyquence of varying 4f occupations on structural properties or
of molecules, are found at the MP2 (18 thand at the CAS  qp, the nature of the bonding, the properties that we are interested
(13 cnm?) level #4347 The largest deviations from experimental i is not expected to be determining. This will be further tested
data are found for some low frequencies, which have not beenfgr Nd3+ and E$* in either the scalar or SO scheme.
measured directly but only estimated by an extrapolation  Ejectronic Structure of LnX 5. Starting from the BP resuilts,
proceduré®4? For instance, an error of 46 crhis found for a general scheme of the interactions between the Ln and the X
the v, mode of Luk at the B3P level, and BP computation atoms may be drawn, in which three main contributions may
places thers mode of LuBg 62 cn? below the experimental  be evidenced: the interaction between the inner 5p electrons
estimate. Similar differences are found at any level of computa- of the lanthanide and the valenos orbitals of the halogens,
tion, including post-HF methods, suggesting either a revision the contribution arising from the 4f atomic orbitals (AOs), and
of the evaluation of extrapolated frequencies or the influence finally the interaction between the valence occupipdrbitals

of the anharmonicity. (X) and the 5d and 6s electrons of the lanthanide.

aSee ref 80.
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TABLE 6: Orbital Energies (Absolute Values, eV) and Ln Orbital Character (%) of the Three np-Based MO'’s of LnX3, Ln =
La, Gd, Luand X = Cl and |

Cl |
MO E Ln orbital character E Ln orbital character
LaXs al/al —8.619 4.7 ¢, 2.7 6s —7.939 5.7¢,9.26s
el/é1 -8.410 14.3 (¢, d2-y?) ~7.543 19.9 (¢, d2-y?)
el/é'l —-8.027 8.6 (g, dy) -7.119 11.6 (g o)
GdXs al/al —8.866 3.7¢,5.86s —8.335 4.2 ¢, 16.6 6s
el/él —8.664 15.1 (d, de-y?) —7.752 15.9 (d, de-y)
el/e'l —8.198 9.9 (g, dyy) —7.205 10.3 (¢, d2)
LuXs al/al —9.447 2.2¢,9.46s —8.792 2.2 ¢, 24.86s
el/él —8.853 12.9 (4, de-y) —7.841 13.6 (4, de-?)
el/e'l —-8.313 9.5 (g, ) —7.230 12.2 (g dy)
a All values are computed at the BP level. In the case of the open-shell derivatives of Gdpthéals are reported.
Let us analyze in some detail these interactions. First, a four- >
electron/two-orbital repulsion is observed between the sym- 20
metry-adapted combinations of 5p (Ln) and (X) orbitals, 15
modulated by the energy gap between these AO’s. The energies 10
of these 5p (Ln) ands (X) orbitals were evaluated in the LgX
molecular calculations, from the noninteracting combinations 0

of these AO’s. In particular this repulsive interaction is very
strong in Gdf, in which the 5p orbitals of the metat-8.5
eV) are very close to the 2s orbital of F27.9 eV). Weaker,
but still significant repulsions are found between La and Cl or
Br. Finally, for Lu derivatives, the large energy gap between
the 5p andns levels precludes any orbital interaction, except
for LuFs. From a technical point of view, this shows that an
accurate description of the bX interactions can be obtained
only through an explicit description of 5p electrons, i.e., reducing
the frozen core of the metal. F al Br I

Not surprisingly, the energies of the 4f AO’s decrease from Fjgure 1. Contributions from Ln atomic orbitals (6s, 1a;&tlb) to
La (—2.0 eV) to Gd (10.2 eV) and to Lu £10.8 eV) the o-bonding orbitals in LaX (®), GdX; (M), and LuX (a) as
corroborating the well-known chemical inertness of these resulting from BP computations.
electrons, owing to the small rqdial e_xtension of.thes_e orbitals. for gJi species, even for molecules characterized bpsa
In fact, there is almost no mixing with thep orbitals in the  eqyilibrium structure, the results being similar in both confor-
case of La species or in the case of Gd and Lu derivatives with yations.
Brand I. In contrast, strong mixings were observed in the case  aq can be seen from Table 6 and Figure 1, both the 6s and
of GdXs and LuXg with X = F and Cl, owing to the very close 54 characters in the 1-AX bond increase when going to the
proximity of the 4f energy levels of Gd or Lu with those of heaviest halogens, for a given Ln, owing to the more diffuse
F(2p) and CI(3p). Anyway the corresponding overlaps are weak p, yalence orbitals. This effect is much more pronounced for
(0.01-0.04), whereas the overlaps betwegnand 5d orbitals  he 6s than for the Sdorbital. For the other 5d orbitals, the
are 10 times Iarg.er. This mixing of 4f AO’s with ligand orbitals, {eng parallels that of 5¢ with slightly larger contributions
owing to an accidental degeneracy, has already been observeqca_ 10-20%, see Table 6).
in photoelectron spectroscopy of LaXpecies as well as in Other interesting trends may be observed concerning the
the associated X—discrete variational computatiofs. evolutions through the lanthanide series. The 6s character
The most important orbital interactions for describing the increases from La to Lu for a given halogen (except F), and in
Ln—X bonding arise in the X valence region, where the resulting the case of the iodide species, it is reinforced from 9.2% for
MO’s are mainly of p-character, with various contributions of | a, up to about 25% for Lu. Conversely, the 5d character shows
Ln valence electrons involving essentially the 5d and 6s AO’s. either an almost constant behavior or a decrease depending on
In trigonal symmetry, three MO’s describe the main bonding the halogen. This relative behavior of the 6s ang Bebitals
features: the gorbital formed by the interaction between the had been already described in the literature, either in experi-
6s, ¢z and the fully symmetric combination afp orbitals mentaf or theoreticdP results. This is related to the variation
belonging to the X atoms, and the ¢or €; and € in Da, of the 6s and 5d orbitals through the lanthanide series. The
conformation) MO’st-bonding orbitals, formed by the two sets  energy level of the 6s AO decreases from La to Lu thus bringing
of 5di;, 5d,, and 54, 5de-y2 AO’s of the lanthanide. the 6s AO closer in energy to t orbitals of the halogen. In
The orbital energies and the contributions (%) of the Ln AO’s contrast, the 5d orbitals are more diffuse: the indirect effect of
in thesenp-based MO’s are reported in Table 6 for some contraction of the 6s increases the shielding of the nuclear charge
representative Lnxcompounds. Several trends may be pointed thus destabilizing the 5d orbitals. The electron transfer from
out, either along the halogen series, for a given lanthanide, or X~ to Ln3' follows the same trends, thus giving rise to the
along the Ln series, for a fixed halogen. As an example, we above-mentioned variations observed in the bonding depending
have plotted in Figure 1 the evolutions of the 6s angz5d on Ln and X.
characters within the;arbital for the three lanthanide elements This balance between the relative 6s ang Bdaracters may
as a function of the halogen. The symmetry was takeBsas be responsible for the change in the symmetry of the most stable

F Cl Br I
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0,8
0,6 = f
F Cl Br I
La Gd Lu Figure 3. Variation of the ionic character (1, ionic bond; 0, covalent

Figure 2. Mulliken and NPA atomic charges on Ln for the Ln@, bond) of the Lr-X bond in the trihalide complexes of La#{, Gd
Mulliken; &, NPA) and Lnj (O, Mulliken; B, NPA) (Ln = La, Gd, (W), and Lu @) as resulting from B3P computations.
Lu) complexes computed at the B3P level. 200
conformation, and this phenomenon has been mentioned in a
previous calculation&4® When the contribution of the Sds -1000
higher than that of the 6s orbitals, the overlaps waphorbitals 1200
are larger in the bent conformation. When the 6s character
becomes predominant, i.e., for the heavier Ln and X, the overlap 1400 1
with the symmetry-adapted combinationrpf orbitals increases F a I

when going from a bent to a planar conformation. These

changes in the overlaps were checked in the BP computations: 200
in the case of LaG| the 5¢@%3p overlap is 0.258 fo€3, and

0.157 forDsn, whereas for Lu, the 6s/5p overlap is 0.477 for

Cs, and 0.492 foDzn. Such subtle effects determine the small 250 1
energy difference between the two conformations. Finally, it
should be noted that the content of the MO’s with./5&bd,,

and 5gy—5de-y2 characters, i.e., thée(and €1 orbitals) do -300

not vary as much: their contributions for all the species vary F cl I
only by a few percent, depending on the lanthanide and halogen

atoms. -800

All these results suggest that the+K bond has a strong
ionic character, which decreases in going from La to Lu, whereas
the covalent character is enhanced by the presence of soft -1000 T
ligands, such as I. These results are at variance with previous
published data obtained by standard ab initio computations,
which strongly support the idea of a covalent-tx bond’4 -1200 7
This statment is based on standard population analyses, such F Cl I
as the popular Mulliken one (MPAY. Without going into Figure 4. Electrostatic interactions (a), orbital interactions (b), and
details, the theoretical limitations of such an analysis are well- ttal bonding energies (c), in kcal/mol, vs the halogen atom (F, CI, 1),
known (see, for instance, ref 78). In contrast, the NPA provides for LaX3.(’)’ GdXs (W) and LuX (a) as resulting from BP

. . . computations.
electronic populations that are more reliable and stable to
computational parameters (e.g., basis sétsJhis situation is number of electrons, thus favoring a ionic bonding interaction.
well-evidenced in Figure 2, where are plotted the Mulliken and A better quantitative evaluation of the nature of the bonding
the NPA charges for the Ln atoms, obtained at the B3P level, can be obtained by a more detailed energetic analysis using the
for the fluorine and the iodine complexes in their minimum transition-state methot.
energy conformation. From this plot, it is quite clear that MPA  The evolution of the electrostatic and of the orbital interaction
and NPA give drastically different descriptions of the-tX terms, together with the total bonding energy for La, Gd, and
bond. In fact, the Mulliken charges suggest the presence of aLu derivatives, has been plotted as a function of the halogen
bond with a significative covalent character for the fluorine for F, Cl, and | in Figure 4. As expected, the stabilization due
complex @ = 1.8e7|) and a totally covalent bond for the iodine  to electrostatic interactions decreases when going to the softer
complex ¢ < 1.0e"|). Furthermore, the charge on the metal iodide ligand, whatever the lanthanide. The second interesting
is almost constant along the whole lanthanide series. In contrasttrend, which was expected from the increase of hardness when

NPA indicates a strong ionic bondy (> 2.5/e7]), which going to the end of the Ln series, is the greater stabilization of
significantly decreases in going from Gd to Lay€ 2.0je"| for the Lu species owing to ionic interactions compared to Gd and
Lulsg). La. The orbital interactions are more stabilizing when going

Similar conclusion can be drawn starting from the NRT from F to I, and this is due in particular to the increase of the
analysis, carried out on B3P results. Figure 3 shows the ionic participation of the 6s orbital in the valence orbitals.
contribution to the La-X bond for all the considered lanthanide As can be seen, these two energetic terms exhibit opposite
complexes. From this plot, it is quite apparent that the ionic trends, but clearly the predominant term is the electrostatic
contribution is almost the same for all complexes of Gd and contribution, with a destabilization of about 400 kcal/mol from
Lu, while it is somewhat larger for the La derivatives. This Ftol. Inturn, the orbital interactions brings about a stabilizing
discrepancy increases in going from F to Cl, thus confirming effect of less than 100 kcal/mol. Thus we can conclude that
the strong relationship between the strength of electrostatic the predominant effect in the stabilization of these species is
forces and the molecular arrangement. the electrostatic interaction: this is reflected in the evolution

These results are quite puzzling, since chemical intuition of the total bonding energy, which parallels that of the
would suggest that the hardness oftrincreases with the  electrostatic term.
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4. Conclusion

We have presented here the first DFT computations on the
LnX3 species, which have already been extensively studied by 7>

other ab initio or extended Huel methods. We have shown
here the ability of density functional calculations to satisfactorily

reproduce both structural and thermodynamic experimental data
on these compounds containing heavy atoms. Comparable
results are obtained by both approaches employed to take into

J. Phys. Chem. A, Vol. 102, No. 34, 1998319

(18) Ermler, W. C.; Lee, Y. S.; Christiansen, P. A.; Pitzer, KC&em.
Phys. Lett.1981 81, 70.
(19) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Hheor. Chim. Actd 989
173-194.
(20) Hay, J. P.; Wadt, W. Rl. Chem. Phys1985 82, 299-310.
(21) Cundari, T. R.; Stevens, W. J. Chem. Phys1993 98, 5555.
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U. J.J. Chem. Phys1995 110, 872.
(25) Castro, M.; Salahub, D. R.; Fournier, R Chem. Physl994 100,

acount relativistic effects, namely, the RECP-based methodologys233.

and the frozen core/quasi-relativistic computation. It is interest-
ing to note that the RECP used here was obtained by fitting
fully relativistic HF data and has been used as such in the DFT

computations without any modification.

Another point deserving interest is that the standard gradient-
corrected functionals as well as SCH methods are successful tq,,
describe the electronic properties of species containing heavy

(26) Delly, B.; Wrinn, M.; Luthi, H. PJ. Chem. Physl994 100 5785.

(27) Adamo, C.; Lelj, FJ. Chem. Phys1994 103 10605.
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J. Phys. Chem1989 93, 3050-3056.
(32) van Leeuwen, R.; van Lenthe, E.; Baerends, E. J.; Snijders, J. G.

metal atoms, characterized by large correlation and relativistic J. Chem. Phys1994 101, 1271.

effects.

Finally, it must be pointed out that one of the major
advantages in using DFT relies on their ability to provide a
“chemical” analysis of the bonding, in terms of a quantitative

determination of the electrostatic and covalent interactions. In
this connection, we have thus shown that the bonding in the
LnX3 species is mainly ionic, whatever the lanthanide and the

(33) Russo, T. V.; Martin, R. L.; Hay, P. J. Phys. Chem1995 99,
17085.

(34) Wang, S. G.; Pan, D. K.; Schwarz, W. H.E .Chem. Physl995
102 9296-9308.
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(39) Spiridinov, V. P.; Gershikov, A. G.; Lyutsarev, V.5.Mol. Struct.

halogen, and that the increase of covalency induced by more199Q 221, 79.

polarizable ligands is too weak to provide any stabilization due

to orbital interactions.
The study of 5f analogues is under way, within the same
framework, with in particular a careful examination of the

influence of 5f occupations on the bonding, as these orbitals

(40) Myers, C. E.; Graves, D. T. Chem. Eng. Datd 977, 22, 436.

(41) DiBella, S.; Lanza, G.; Fragala, I. Chem. Phys. Letl.993 214,
598.

(42) Hargittai, M.Coord. Chem. Re 1988 91, 35-88.

(43) Kovacs, A.; Konings, R. J. M.; Booij, A. &hem. Phys. Letl997,
268 207-212.

(44) Dolg, M.; Stoll, H.; Preuss, H.. Mol. Struct. THEOCHEM1991,

are expected to be more diffuse and to be more involved in the 235, 67.

bonding. On the basis of these computations, more complex

lanthanide and actinide species will then be studied.
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