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Do f Electrons Play a Role in the Lanthanide-Ligand Bonds? A DFT Study of Ln(NR2)s; R
= H, SiH3
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The participation of 4f electrons in the bonding of the lanthanide complexes Li{NR= H, SiHs;, has

been investigated at the DFT level. Structural parameters obtained with small core (f electrons in the valence)
and large core (f electrons in the core) effective core potentials (ECPs) suggest the nonparticipation of the f
electrons to the LaN bonding. A methodological study has been carried out on the lanthanide contraction
with various ab initio methods using large core ECPs. The calculated lanthanide contraction (0.180 A) is in
excellent agreement with the experimental value (0.179 A). Comparison of calculated structural parameters
with available X-ray data shows that calculations with large core ECPs and density functional methods
quantitatively reproduce the bonding at the lanthanide.

Introduction calculation which could reproduce properly the value of the
Understanding the bonding to lanthanide and actinide is of lanthanide contraction and representative structural parameters.
increasing interest due in particular to the problem of separation 1€ contraction Is experimentally determined by the following
in nuclear wastes. However, the number of theoretical studies formula:
of f elements has increased in the last yéaighereas actinide A — R(L
. ide= aX) — Ry(LuX 1

complexes (e.g., Ang)24 have been studied (see also ref annanige = Re(LAX) = Re(LuX) )
5), much less is known about Ianthanidg complexes. Calculationsang is found to be equal to 0.179 A from experimental 842,
by Dolg et al® on small molecules (diatomic molecules) and
on the spectroscopy of lanthanocenes have been carried out. IComputational Details
has been shown that the atomic 4f shell of the lanthanide atom . . . . .

The calculations were carried out with the Gaussian 98 suite

is strongly stabilized and does not contribute to the chemical 3 e . -
bonding. Studies of large systems containing lanthanide centersmc programs* The relativistic effective core potentials (RECPs),

have been limited, to our knowledge, to La and’ lamd thus optimizgd by the Stuttge'uftDresden groug;™=° were used for
did not address in details the role of 4f orbitals in the chemical 'anthanide centers and silicon. Large and small core RECPs were

bond since the atomic centers correspond @At energetically used. Small core RECPs include the=m, 5, 6 §hells in_the
low-lying 44 configuration, respectively. The very limited valence whereas the Iarge core RECPs explicitly consider the
number of studies ! of lanthanide complexes with open f shells 5s, 5p, 5d, 6s electrons in the valence shell and thus put the 4f
is probably due to the complexity of the DFT calculations in electro_ns in the core. The. Iarge core RECPs were cho_sen
the high spin configurations. according to the formal oxidation degree of the lanthanide
The present study addresses for the first time the role of f center. Thus, 11 valence electron RECPs were used for the

electrons in lanthanide-ligand bonds for the complete Ln series. '3?“7"""’; IIIY(E)en;cersa_ 10 tvalence et!ecltronhREC(ljDs for Ilantha-
Relativistic effects need to be incorporated at a proper level nide(ll) (Eu, YD), leading to a negatively charged complexes,

and several models are available in the case of molecularand_ .12 valence electron RECPs for cerium(IV), Ie_ading to a
systems. A fully relativistic DFT calculation including four- posnwely chgrged. cgmplex. The RECP§ were used in combina-
component solutions is available with the Beijing cédhile tion with their optimized basis sets, which were supplemented

this approach gives result in good agreement with experimental by po:arlfr?thg fug:Etngm)s, nam?h? 9 iynctlfon ft?]r thle small
data, it is highly demanding in computational effort. An alternate lcor':ah a_r:j aé'és ah dsfl ar][_ uncﬂl10n .lc.>r € atrge T%ore
solution is to solve the relativistic problem with the Dougtas anthanide » @na d funclion on the sflicon center. e**
Kroll 1314 Hamiltonian in an all-electron scheme which is Ca/bon and the hydrogen atoms were treated with a 6-31G
therefore limited to small systems. Effective core potentials basis set.

(ECPs) that take into account implicitly the relativistic effects Bgcla_sc;)rggeggy Ogtggé?lsg% %tl thel H?:Lree-Fock (HF).‘ d“" Ztl
in a Schidinger or Kohn-Sham calculation are necessary for " ' an evel ol theory was carried ou
calculating large systems. without any symmetry constraint. No spiorbit interactions

In this paper, we have carried out a systematic investigation have been considered in the following.
of a class of lanthanide compounds Ln[N(§#Rs; R = H, SiHs
whose structures are known experimentally forSiMe; 1519
Our focus was to determine the participation of the 4f electrons  Role of the 4f Electrons for Ln(NH)s. In order to determine
in the bonding and to select the most appropriate level of the influence of 4f electrons, results coming from small core
(including explicitly the 4f shell in the valence) and large core
TE-mail: odile.eisenstein@Isd.univ-montp2.fr. RECPs at the B3PW91 (DFT) level are compared. The ground
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TABLE 1: Ground State Configuration of Ln(NH ;)3
Complexes Calculated at the B3PW91 Level

TABLE 2: Natural Ground State Configuration of Ln(NH 7)3
Complexes Calculated at the B3PW91 Level

oxidation oxidation metal configuration natural configuration
metal configuration  deg metal configuration deg La A 65(0.05)5d(0.42)6p(0.05)6d(0.02)
La 1A 3 Tb A 3 Ce A 65(0.06)4(0.05)5d(0.42)6p(0.04)
Ce A 4 Dy oA 3 Pr 3A 65(0.07)4f(2.02)5d(0.39)6p(0.04)5f(0.01)
Pr 3A 3 Ho SA 3 Nd A 65(0.07)4f(3.01)5d(0.39)6p(0.03)5f(0.01)
Nd A 3 Er A 3 Pm SA 65(0.07)4f(4.04)5d(0.38)6p(0.04)5f(0.01)
Pm A 3 m 3A 3 Sm 6A 65(0.08)4f(5.03)5d(0.36)6p(0.04)5f(0.01)
Sm 6A 3 Yb A 2 Eu 8A 65(0.08)4f(7.01)5d(0.36)6p(0.04)5f(0.01)
Eu 8A 2 Lu A 3 Gd 8A 65(0.08)4f(7.05)5d(0.34)6p(0.04)5f(0.01)
Gd 8A 3 Tb A 65(0.09)4f(8.06)5d(0.33)6p(0.03)5f(0.01)
Dy oA 65(0.10)4(9.07)5d(0.30)6p(0.04)5f(0.01)
B3PWOI calculations on Ln(NH,), Ho 5A 6s(0.11)4f(10.05)5d(0.35)6p(0.04)5f(0.01)
obo ' . Er A 65(0.11)4f(11.05)5d(0.41)6p(0.04)5f(0.01)
' Tm 3A 65(0.11)4f(12.02)5d(0.57)6p(0.04)5(0.01)
T e Yb A 65(0.11)4f(14.09)5d(0.60)6p(0.05)5f(0.01)
oo | * ] Lu 1A 6s(0.15)5d(0.76)6p(0.07)6d(0.02)
B * to the bonding but could be probably attributed to a better
S 230 © o treatment of the core-valence correlation with the small core
£ . . RECPs. The lack of core polarization potential GPPin our
§ C . e . large core RECP calculation is in line with our analysis. The
5220 ° o . . almost constant difference in bond lengths, 0.04 A, with the
7 . ° o, e two cores along the whole series suggests that the influence of
= o1l o ° o ° ] the core-valence correlation on the geometry appears to be
' ¢ small. The nonparticipation of the 4f electrons to the bonding
is also suggested from an NB®analysis (Table 2) obtained
200 b from the small core ECP calculation. The number of electrons
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Figure 1. Ln-N bond lengths (A) for Ln(NH); complexes at the

B3PWO1 level.
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Figure 2. Average N-Ln—N bond angle (deg) for Ln(Nj; com-
plexes at the B3PW91 level.

state configuration of the open f-shell compounds was deter- et al. have shown the existence of a correlation between the
mined by calculating all possible spin occupations. Our calcula- participation of the 5d orbitals in the metdigand bonding and
tions indicate that Hund's rule is obeyed for all complexes and the thermal stabilities of the Ln(TTB)species (TTB=

the ground state configuration corresponds to the highest spin#®-(1,3,5¢-Bu);CsHs). The thermal stabilities of the Ln(TTB)
number (Table 1). This already suggests that the 4f electronsspecies correlate qualitatively with the free atdsi £ f"~1d!s?

may not participate to the bonding. However, in order to obtain promotion energies for the lanthanides. A similar result is
a more definite proof of this result, the &N bond lengths

(Figure 1) and average N.n—N angles (Figure 2) are

in the 4f shell is calculated to be equal to that in the isolated
atom and entirely determines the total spin of the molecule as
indicated by the configuration. Examination of bond order from
the NBO analysis also proves that the 4f electrons remain in
the atomic f orbitals. The calculated charge at the lanthanide
center is very close te-3 for all atoms but Ce, for which it is
+4, and Eu, Yb, for which it ist-2. In all cases, the charge at
nitrogen is close to-1. The bond appears to be strongly ionic
with some slight donetacceptor character.

The Ln—N bond length decreases monotonously (Figure 1)
with increasing number of 4f electrons with the exception of
Ce, Eu, and Yb. The shorter bond length in the case of Ce is
associated with its formal oxidation state 4 and the smaller size
of the Cé™ ion. In the same way, Eu(ll) and Yb(ll) lead to
longer bond lengths associated with a larger size of th& Eu
and YB#* ions with respect to a 31 ion. The angles NLn—N
remain close to 120(Figure 2) and the metal lies in the plane
defined by the three nitrogens, with the exception of Ce in which
a small pyramidalization is obtained.

The equivalent results obtained with large and small core
RECPs is in good agreement with the experimental analysis by
Anderson et at* and more recently by King et &.Anderson

reported by King et al. in the case of dissociation energies of
the Ln(TTB), species, which also correlate with the free atom

compared for the two RECPs. The curves obtained with the f"s>— f"~1d's? promotion energies for the lanthanides. The large
small and large core RECPs are very similar (Figure 1). La- core RECPs for the lanthanides, leading to formaFiLn
(419 and Lu(4t4 are excluded from this comparison since no complexes, are extracted from tHfe’l's? atomic configuration
small core is available for these centers, which are in fact and thus properly describe the participation of the 5d orbitals

transition metal atoms. The &N bond lengths are calculated

in the bonding. In a similar way, the large core ECP for the Ce

to be slightly shorter (0.04 A) with the small core RECPs than atom is extracted from théf2d2s? configuration as we have a
with the large core RECPs which is not due to a 4f participation formal Cé" ion. The large core RECPs used in this work
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TABLE 3: Ln-N Bond Length (A) of Ln(NH ,); Complexes 1220 — " T — T —
Calculated at Different Levels of Theory o
metal HF B3PW91 B3LYP MP2 .
La 2.34 2.31 2.32 2.32 ERREC S S S R S B
Ce 2.17 2.16 2.27 2.17 2 e e ©
Pr 2.31 2.27 2.29 2.29 2 * .o 4
Nd 2.29 2.26 2.27 2.27 —g’ *
Pm 2.27 2.24 2.26 2.26 = 18O m ]
Sm 2.26 2.23 2.24 2.24 2
Eu 2.48 2.43 2.44 2.45 7
Gd 2.24 2.21 2.22 2.22 -T
Tb 2.22 2.19 2.20 2.20 z 160y oear | |
Dy 2.21 2.18 2.19 2.19 SHE el
Ho 2.20 2.17 2.18 2.18 .
Er 2.18 2.16 2.17 2.17 s
Tm 217 2.15 2.16 2.16 0 L Ce Pr Na P Sm Eu Gd To Dy Ho Er Tm Vb Lu
Yb 2.39 2.35 2.36 2.37 Metal
Lu 2.15 2.13 2.13 2.14 Figure 4. Average N-Ln—N bond angle (degrees) for Ln(NH
055 - ' complexes at the Hartree-Fock, MP2, B3PW91, and B3LYP level of
' theory.
® B3PW91 level
oas | S || correlation effect is high as shown by a decrease of roughly
' : 0.10 A going from HF to a correlated level. Since the Ln-N
E . bond length vary from 2.30 to 2.13 A (versus 1.73 A for U),
S 235) § _ the effect of the correlation in the bonding region should be
E) H . drastically reduced. This phenomenom is thus in agreement with
E M the nonparticipation of the 4f atomic orbitals in the chemical
g 2257 - . . bonding in the lanthanide complexes. As shown in Figure 4,
7 : ; oo the bond angle NLn—N along the lanthanide series for the
= s : L R four considered methods shows no variation. Comparison of
’ 8 the correlated methods, namely, DFT (B3PW91 and B3LYP)
and MP2, shows that the structural parameters are almost
oos Lo e constant. DFT seems, therefore, a method of choice, since it

La Ce Pr Nd Pm Sm Fu Gd Tb Dy Ho Er Tm Yb Lu
Metal
Figure 3. Ln-N bond lengths (A) for Ln(NE); complexes at the
Hartree-Fock, MP2, B3PW91, and B3LYP level of theory.

gives the same results as MP2 at a lower computational cost.
The two different hybrid functionals B3PW91 and B3LYP give
similar results for the Ln-N bond length (Figure 3) or the
N—Ln—N bond angle (Figure 4). It has been shown by Parisel
describe properly the bonding at lanthanide through, in par- et al®” that the PW91 correlation functional leads to better results
ticular, the participation of the 5d orbitals. than the LYP correlation functional when a weak interaction,
In conclusion to this analysis, it appears that the 4f electrons e.g., an agostic interaction, is considered. This suggests that the
do not participate in the bonding and that properly chosen large interactions between Ln and an amido group do not qualify as
core RECPs can be used to calculate lanthanide complexes. lweak interactions. Our calculations reproduce in a remarkable
also appears that DFT or other single reference methods shouldnanner the lanthanide contraction at all levels of calculation.
be usable since open f electrons are only in the core. The experimental value of 0.179 A is quantatively reproduced
Comparison of Levels of Calculation for Ln(NH2)s. The with BBPW91 and MP2 (0.180 A), whereas the values are 0.185
ground state geometries of all Ln(MH complexes were A for HF and 0.190 A for B3LYP. In all respects, B3PW91
optimized at several levels of theory (HF, MP2, DFT) with large gives the best results and will only be considered hereafter for
core RECPs. The Ln-N bond lengths are reported in Table 3 calculating lanthanide complexes.
and their variation within the lanthanide series is presented in  Comparison with a Closer Model to the Real System:
Figure 3. Direct comparison with experimental geometrical Study of Ln[N(SiH3);]s. The trisamidolanthanide complex is
parameters is not feasible because of the presence of the silyknown with two trimethylsilyl groups in the amido ligand. We
groups which could influence the Ln-N distances (see below). have therefore calculated four representative complexes for La-
Nevertheless, comparing methods should be informative regard-(lll), Eu(ll), Gd(ll1), and Lu(lll) with SiHz as a model of SiMg
ing the dependence of the geometry on the level of calculation. We have used a large core RECP for the lanthanide center and
Table 3 shows that all methods lead to similar Ln-N bond performed DFT calculations with the B3PW91 hybrid func-
lengths and Figure 3 illustrates that all methods give similar tional. For La, Eu, and Lu complexes, the optimized structures
results for each atom. As expected, the bond lengths at the HFshow the presence of thrgelLn---Si—H agostic interactions,
level are longer by 0.010.02 A than with any other method.  which cannot be present in the experimental trimethylsilylamido

This is due to the lack of electronic correlation in the HF
calculations when we compare with the DFT or MP2 results.
However, the effect of the correlation on the Ln-N bond length
is found to be small with respect to that obtained forNin

the actinide complex UM® This is due to the large 5f
participation in the case of actinide complex, which adds
covalent character to the otherwise strongly ionic b&nd,
resulting in short U-X bonds. The electronic density is, thus,

system. While this result is interesting on its own standing and
will be discussed in a forthcoming paper, we are presently
mostly interested in analyzing the most important meligland

interaction, i.e., the Ln-N bond. The calculations for Gd show
the presence of two minima. The global minimum has three
agostic interactions, and the secondary minimum, with only one
agostic interaction, is found 11.4 kcal méhbove. The G&N

bond length is very close in the two structures (2.27 and 2.24

important in the bonding region for the 5f complexes and the A) for the global and the secondary minimum, respectively. The
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metak-N distance is therefore not very much influenced by the  (11) Cundari, T. R.; Stevens, W. J. Chem. Phys1993 98, 5555~
agostic interaction and this allows us to compare the calculated®°6>:

. : : . 12) Liu, W.; Dolg, M. Phys. Re. A 1998 57, 1721.
distances for La, Eu, and Lu with the results from diffraction gmg Douglas, M.? Kroll, ,\)l' M.ARN. Phy851974 82 89.

studies. Close agreement is obtained in each case since the (14) Hess, B. APhys. Re. A 1986 33, 3742.

experimental and calculated values differ at most by 0.02 A c %5)_ AFwa,'\‘AdJerb F;-? Runstev 0-[;) Elgp'ngeﬁ ;5 ggegge@eﬂ G.; Herdtweck,
. . ., Oplegler, NE em. Soc., Dalton Iran .

(La2.38 A’Cal(:d 2.40 A’ Eu251 A’ FaICd 2.51 'Bf’ Lu 2'18,'&’ (16) Edelmann, F. T.; Steiner, A.; Stalke, D.; Gilje, J. W.; Jagner, S.;

calcd 2.19 A). Excellent agreement is also obtained ferN\si

Hakansson, MPolyhedron1994 13, 539.
bond lengths, which average to 1.70 A with a deviation of 0.01 _ (17) Tilley, T. D.; Andersen, R. A.; Zalkin, Ainorg. Chem1984 23,

; ot ; 2271.
A. This quantitative agreement between solid state structures (18) Allen, M. Aspinall, H. C.: Moore, S. R.: Hursthouse, M. B..

and calculated models clearly suggests that the method Ofkarvalov, A. 1. Polyhedron1992 11, 409.
calculation presented here is very well adapted for the repre- (19) Herrmann, W. A.; Anwander, R.; Munck, F. C.; Scherer, W.;
sentation of lanthanide complexes Dufaud, V.; Huber, N. W.; Artus, G. R. Z. Naturforsch., B1994 49,
' 1789.

(20) Shannon, R. D.; Prewitt, C. Acta Crystallogr., BL969 25, 925.

(21) Shannon, R. DActa Cryst A1976 32, 751.
hi K sh h h ical £l (22) David, F.; Samhoun, K.; Guillaumont, R.; Edelstein,INInorg.
T lis work shows that the geometrical parameters of lan- nycl. chem1978 40, 69.
thanide complexes can be calculated accurately for any number (23) Gaussian 9§Revision A.7); Frisch, M. J.; Trucks, G. W.; Schlegel,
of f electrons with large core RECPs (f electrons in the core) m B-t? Scuse“iy 2-. ESt RIObb’ M-RA-I?E(?hBeese’th‘“bJ; g-? ZakfﬁE\’SVSKI:)I,\I{- G;
and within the DFT framework. This is shown to be due to the 3 07 J2mery, & A, Staimann, =. £, Burant, 2. &., Dapprich, ., Mriam,

JHTHTE . . J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
nonparticipation of f electrons to the ktigand bonding as Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;

demonstrated by calculations with small core and large core Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q;

B : Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,
RECPs. C.Ompanson between D.FT and MP2 .Calcmatlons Sh.OWSJ. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
that DFT is the method of choice because it reproduces in apijskorz, P.: Komaromi, I.; Gomperts, G.: Martin, R. L.; Fox, D. J.; Keith,

quantitative manner the lanthanide contraction (exptl 0.179 A T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.;

vs calcd 0.180 A) at a reasonable computational cost. In addition Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
) P W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian,

Conclusions

to the lanthanide contraction, the absolute Ln-N bond lengths Inc.:Pittsburgh, PA, 1998.

in Ln[N(SiH3)2]3 are reproduced with an average deviation of

(24) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Hheor. Chim. Actd 989

0.01 A when compared to the experimental X-ray structures of 75, 173.

Ln[N(SiRs)2]s. This method of calculation should permit the
theoretical investigation of large lanthanide complexes.
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