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The structure, bonding and vibrational properties of the mixed Li-(0 = La, Dy; X = F, Cl, Br, |) rare

earth/alkali halide complexes were studied using various quantum chemical methods (HF, MP2 and the Becke3-

Lee—Yang—Parr exchange-correlation density functional) in conjunction with polarized ttiplalence basis
sets and quasi-relativistic effective core potentials for the heavy atoms. Our comparative study indicated the
superiority of MP2 theory while the HF and B3-LYP methods as well as less sophisticated basis sets failed for
the correct energetic relations. In particulapolarization functions on Li and X proved to be important for the

Li---X interaction in the complexes. From the three characteristic structures of such complexes, possessing 1-

(Cs,), 2- (Cy,), or 3-fold coordination C3,) between the alkali metal and the bridging halide atoms, the bi- and

tridentate forms are located considerably lower on the potential energy surface then the monodentate isomer.
Therefore only the bi- and tridentate isomers have chemical relevance. The monodentate isomer is only a high-

lying local minimum in the case of X= F. For X = ClI, Br, and | this structure is found to be a second-order
saddle point. The bidentate structure was found to be the global minimum for the systems with Xl, and
Br. However, the relative stability with respect to the tridentate structure is very smdll kI/mol) for the

heavier halide derivatives and the relative order is reversed in the case of the iodides. The energy difference
between the three structures and the dissociation energy decrease in the row F to I. The ionic bonding in the
complexes was characterized by natural charges and a topological analysis of the electron density distribution
according to Bader’s theorem. Variation of the geometrical and bonding characteristics between the lanthanum

and dysprosium complexes reflects the effect of “lanthanide contraction”. The calculated vibrational data indicate
that infrared spectroscopy may be an effective tool for experimental investigation and characterization qf LiLnX
molecules.

Introduction the corresponding alkali halides (MX) are in this respect no
exception. Some of their bromide and iodide systems are
important components in high-intensity metal halide lamps (see,
e.g., ref 10), while the chloride complexes were suggested for
high-temperature extraction and separation of rare e&kfis.
The industrial importance of the LXxMX systems has
resulted in numerous research efforts, all intended to obtain
knowledge on the thermodynamic behavior of these systems.
The majority of the information known to date originates from
Knudsen-effusion mass spectrometf):13-17 Other techniques
such as gas-phase spectrophotometry and torsion-mass-effu-

The formation of vapor complexes in quasi-binary systems
of metal halides with alkali halides is a well-known phenome-
nonl~* Best known are the boron and aluminum complexes
present in vapors above equimolar mixtures of MX ancsBX
AlX 3 (M = alkali metal and X= halogen)>~7 In several high-
temperature applications, these halogen-bridged vapor com-
plexes are of fundamental importarf®&°The vapor complexes
formed between rare earth halides (LspXn = rare earth) and
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sion have been applied as well (see ref 4 and referencesa theoretical investigation of LiCepcomplexes using density

herein).
Information concerning the molecular structure and vibra-
tional characterization of the MLnXvapor complexes is still

functional theory with a less sophisticated basis set as used in
this studys®
In the present paper we report a systematic computational

very scarce, although they are important parameters for calculat-study of LiLnXs complexes (Ln= La, Dy; X = F, Cl, Br, I)

ing the thermodynamic functions of these species. This scarcity
is not surprising, since experimental methods available for gas-
phase structure determination (electron diffraction, microwave
spectroscopy) and for vibrational studies (IR and Raman
spectroscopy) suffer from technical difficulties at the required
high temperatures. Moreover, the complex nature of the vapor
composition seriously hampers the interpretation of the results:
Besides the MLnX species the MX and Lnxmonomers and
M2X, dimer are always present and, with less probability, the
LnoXe dimer, the MLnXs heterocomplex, and their decomposi-
tion products can appear as wéll.

Only one vibrational spectroscopic investigation is known
to date, involving a matrix-isolation infrared study of the systems
MCI—NdCl; (M = Li, Na, Cs) and LiBr-DyBr3.1® One IR-
active stretching mode of the LnXetrahedron of the MLnX
vapor species could be identified, but it proved impossible to
draw an unambiguous conclusion regarding the molecular
symmetry of the observed ternary complexes. A good alternative
for a structural and vibrational analysis of the MLnXapor
species is offered by theoretical methods. The reliability of
computations to obtain molecular data was confirmed by several
ab initio and DFT studies of different transition metal and
lanthanide compound$:-2” Among the halogen-bridged vapor
complexes the MBX and MAIX; compounds have been
extensively studied by theoretical methdd$;3* offering a
better basis for the interpretation of experimental results.

Theoretical data concerning MLnXomplexes are, however,
limited as well. Our literature search resulted in the sole work
of Kapala et al%8-3>who performed quantum chemical calcula-
tions at the HartreeFock level of theory on NaCegland
NaNdCl. They considered only the bidentate structure neglect-
ing other possible isomers. Additionally, we performed recently
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with the main goal to determine their structural, bonding, and
vibrational properties. We compare here the performance of
various computational methods (Hartrééock and MP2 theofy

as well as the Becke3-Leerang—Parr exchange-correlation
density functiona@3° in conjunction with quasi-relativistic
effective core potentials for the heavy atoffid}and investigate

the influence of basis set size on the various properties of the
systems. In the calculations all three possible structures (mono-,
bi-, and tridentate) were evaluated. Trends in the halogen group
as well as along the lanthanide row are reported for the prop-
erties considered. In forthcoming research we plan to investigate
the effect of the alkali size on the molecular properties.

Computational Details

The calculations were carried out applying the HartrEeck (HF)
approximation, the second-order MghdPlesset perturbation theory
in the frozen core approximation (MP®)and the Becke3-LeeYang—

Parr (B3-LYP¥&3density functional using the Gaussian 98 progfam.
For Li the standard 6-311G(d) basis set was used, while for F the
6-311+-G(d) basis set was used. Quasi-relativistic effective core
potentials (ECP) with a (31111/3111/311) valence basis set were used
for the rare earth®, while ECPs with (31/311) valence basis were
applied for CI, Br, and f! The ECPs used for the rare earths include
the shells +4 (that is also the 4f electrons in the case of Dy) in the
core, while those of the halogens contain all the electrons below the
valence shell. The basis sets were extended with polarization functions.
For the initial geometry optimizations and frequency calculations (at
HF, MP2, and B3-LYP levels) a single set@polarization functions
was added to the halogen atofidn the following this basis will be
denoted as set A.

The final energetic and structural characterization of the complexes
was carried out with the valence basis of the rare earths extended with
2fg while those of the other atoms witkdf polarization functions
(denoted in the following as set B). The two-parameter set$ of
functions for the rare earth atoms were taken from ref 44, whil@the
functions for the halides originate from ref 43. Tépandf polarization
functions for the rare earth atoms and the halogens, respectively, were
optimized according to the procedure described in ref 45 (the
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exponents.aia = 0.731,0py = 1.043,0c1 = 0.720,08; = 0.581,04 =
0.426). In all the calculations the default pured@nd 7f functions

were used. We note that studies on metal halide systems (except the

very small two or three atomic systems) have been performed with
less sophisticated basis sets until now (usually with only a single set
of f functions on the metal and functions on the haloger)Test

calculations with a gradually increasing basis set and the BSSE data

(vide infra) showed, however, that even set B is not sufficiently
saturated.
Important differences were found in the energetic relations of the

Inorganic Chemistry, Vol. 39, No. 26, 2006003
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Structure 1

Ln=La, Dy
X=F, Cl, Br, |

various possible structures as a function of the basis set and method

(vide infra). Test calculations on LiDylwere carried out extending
gradually set A toward set B. It was indicated tHapolarization
functions on both Li and | are important to predict the correct trend
between the possible structures. The reliability of HF, MP2, and B3-
LYP theories for predicting the energetics of the various structures was
checked by test calculations on the LiDy¥omplexes using CCSD-

(T) theory?¢ Because of economical considerations the basis set used

contained a single set éfunctions for Dy and @f polarization functions

for Li and I. Single-point calculations using the MP2 optimized
geometries of structures 2 and 3 confirmed the reliability of the MP2/B
results. Because of the observed limitations of the HF and B3-LYP

methods, calculations on the lanthanum complexes as well as the

bonding and vibrational analyses were only performed at the MP2 level.

The basis set superposition error was calculated according to the

counterpoise methaotd.The natural bond orbital (NBO) analyéisvas
performed with the routine built in Gaussian 94while for the
topological analysis of the electron density distributfone used the
AIMPAC program package: Due to some technical problems of the

NBO program to handle the present ECPs for f-shell elements and the

inability of both the NBO and AIMPAC programs to handjéunctions,

the NBO and topological analyses were exclusively carried out for the
LiLaX4 complexes. The wave functions for the analyses were obtained
by MP2 single-point calculations using a reduced basis (neglecting the
g polarization functions from set B, denoted in the following asdh

the MP2/B geometries. Test calculations revealed that the effect of the
reference geometry, MP2/B versus MP2/B negligible for the above
properties.

Results and Discussion

1. Structures and Energetics. The three characteristic
structures of the LiLnX complexes are presented in Figure 1.
In the individual isomers one (structure 1), two- (structure 2),

)
Structure 2 é«%f,/
(x)
o \"’
S @
(X

Structure 3

Figure 1. Characteristic structures and labeling of the geometrical
parameters of the LiLnX(Ln = La, Dy; X =F, Cl, Br, I) coordination
complexes.

Similarly, structure 1 was found to be a second-order saddle
point for the complexes X Cl, Br, and | while in the case of

the LiLnF, complexes, unlike the experience on analogous
MAIF 4 derivatives®* it proved to be a high-lying local minimum.

The different character of the fluoride derivatives can be
understood upon the very large electronegativity of F compared
to the other halogens. Obviously, the much stronger bonding

or three (structure 3) halogen atoms can act as a bridge betweelnteraction between the fluorine and lithium is responsible for
the alkali atom and the rare earth atom. Structures 1 and 3 havea change in character of the PES around this stationary point.

Cs, while structure 2 possesse€a symmetry. In our previous
study of the LiCeX complexes we have investigated the
potential energy surface (PES) searching for other possible
(nonsymmetrical) local minima beyond the three stationary
points3 These previous calculations confirmed the exclusive
possibility of structures 2 and 3 (and 1 if=XF) for the LiCeX
complexes.

The present calculations agree with previous re¥litsthe
minimum character of structures 2 and 3 of LiLpéobmpounds.

(46) Pople, J. A.; Head-Gordon, M.; Raghavachari) KChem. Phys1987,
87, 5968.
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Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G,; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94, revision B.2; Gaussian, Inc.: Pittsburgh, PA, 1995.

(50) Bader, R. F. WAtoms in Molecules: A Quantum Thep@xford
University Press: Oxford, 1990.

(51) Biegler-Kaig, F. W.; Bader, R. F. W.; Ting-Hua, 7. Comput. Chem.
1982 3, 317.

The computed relative energies of structures 1, 2, and 3 of
the LiDyX4 and LiLaXy complexes are compiled in Table 1.
The trends predicted by the HF/B and B3-LYP/B methods are
in agreement with the trends obtained by the present lower level
calculations (HF/A, MP2/A, B3-LYP/A) and with those obtained
recently for LiCeX, complexes® At these levels of theory
structure 2 is favored energetically irrespective of the halide.

At the MP2/B level the calculations resulted in somewhat
different trends. A more decreased stability of structure 1 of
the heavier halides with respect to structures 2 and 3 and a
considerably larger gain in stability of structure 3 with respect
to structure 2 were found. As a result, the relative energies of
structures 2 and 3 of the chloride, bromide, and iodide
complexes drop to within 5 kJ/mol, and the relative order of
stability is reversed in the case of the iodide complexes (cf.
Table 1). The relative stabilization of the tridentate isomer with
increasing halogen size was also found in a recent MP2 study
of the analogous MAIX complexes?

The significant differences between the MP2 and B3-LYP
results are contrary to the general experience upon comparing
both methods. The MP2 and DFT calculated properties (ener-
getics, molecular geometry, and vibrational spectra) are known
to be generally in good agreeméf€ We are not aware of any
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Table 1. Calculated Relative Energies (kJ/mol) of the LiDynd 100 - X=
LiLaX4 Complexed 1 v ' <F:1
structure o Br
- 80 ) e 1
complex method 1 2 3 S
LiDyF, HF 85.2 0.0 37.4 g .
MP2 87.7 0.0 29.8 = %7 .
B3-LYP 83.8 0.0 35.6 T Bidentate
LiDyCl, HF 88.4 0.0 21.3 g Tridentate
MP2 100.4 0.0 3.3 < a0
B3-LYP 80.8 0.0 18.2 2
LiDyBr4 HF 94.1 0.0 16.9 %
MP2 103.5 0.0 1.4 =T 1
B3-LYP 98.0 0.0 13.5 Br
LiDyl 4 HF 95.6 0.0 12.6 1 » a
MP2 113.1 4.2 0.0 ol f
CCSD(TY 4.9 0.0 0 25 500 750 1000 1250 1500 1750 2000 2250 2500
B3-LYP 100.4 0.0 8.9
LiLaFs MP2 94.2 0.0 35.1 Temperature (K)
LiLaCla MP2 101.3 0.0 4.6 Figure 2. Temperature dependence of the relative content of structures
LiLaBr,4 MP2 102.8 0.0 3.8 2 and 3 of LiDyX (X = F, ClI, Br, 1) molecules under equilibrium
LiLaly4 MP2 110.6 3.8 0.0 conditions.

2 With respect to most stable structure. The absolute energies wereTaple 2. Calculated Dissociation Energies (kJ/mol) of the LiDyX
calculated using basis set B (except CCSD(T), vide infra) and were and LiLaX, Complexes

corrected for zero-point vibrational energy obtained from calculations

using basis set A Single-point calculations on MP2 optimized structure
geometry. For details of basis set see text. complex 1 2 3

. . . LiDyF4 189.7 265.5 227.8
paper reporting such an unexpected turn of the relative energies | jpyci, 136.2 218.7 199.9
of structural isomers. We should note, however, that in general LiDyBr,4 118.0 209.7 199.2
smaller basis sets (up to a single sef pblarization functions LiDyl 4 101.0 196.6 190.3
on the metal andd polarization functions on main group t!::ag igé-g 533'% igé-g
elements) have been applied in past calculations due to hardware L:LzBri 1128 5035 1914
and algorithm limitations. Our CCSD(T) test calculations LiLal, 99.0 192.7 186.4

resulted in a preference of structure 3 over structure 2 by 4.9
kJ/mol, thereby confirming the MP2 results.

On the basis of its found superiority, the molecular geometries

of the lanthanum complexes and the dissociation energies werg.gnrqqyce the experimental vibrational data of such compounds

only calculated at the MP2/B level. The relative energies of quite well.

:22 Llill‘gx)‘é Cocrgg:ei(;xsegﬁlEsltet:etﬁg;nitrset?scstl?rsegbgeg?e?h?r The relative contributions of structures 2 and structures 3 as
Y24 P : ; 9 . a function of the temperature are depicted in Figure 2. From

lanthanum complexes are slightly more stable with respect to,, . = .. . .

structures 1 and 3 than those of the dvsprosium compounds this figure it can be concluded that in the temperature range

structure 3 remains the absolute minyirr?um for the Fi)o dide 'where, based on mass-spectrometric results, a substantial vapor

pressure of the complexes is expectedQ0 K) (e.g., ref 4),

complex LiLal, by 3.8 kJ/mol. .
. . . structure 2 is the most abundant vapor complex for all the
Before a discussion of other molecular properties we comment aiides. At 1000 K. the relative amount of structure 3 is ca.

on the calculated relative stabilities from an experimental point 1%, 9%, 15%, and 23% respectively for the fluoride, chloride,

of view. First of all, it should be taken into account that the romide, and iodide complex. Responsible for the predicted high

calculategl results refer to the isolated molecule at zero K. The rejative content of structures 2 is the entropy. As a result of the
energy differences of structures 2 and 3 are relatively small, change in symmetry upon going from structure 2 to structure

and at the temperature of gas-phase experiments (Ca. 150D 3, the entropy change of the isomerization process structure 2

K) an equilibrium between both structures can be expected. To ., gircture 3 is negative, meaning that it favors the equilibrium
illustrate this, the equilibrium constants of the isomerization ;, he direction of structure 2. In the case of the fluoride,

reactions of the LiDyX species were evaluated over a wide cpiorige, and bromide complexes the enthalpy change of the
temperature range using thermodynamic functions which were o4 tion also shifts the equilibrium in the direction of structure

calculated by employing the usual statistical mechanical for- 2, but as already indicated by the energy differences at zero K,
mulas (rigid rotator, harmonic oscillator approximation) (€.9., for the jodide complex the opposite holds. At high temperatures,
ref 53). The molecular constants needed for this calculation were however, the contribution SFAS*(T) to —RTIn K, = AH°(T)

taken from the MP2/B calculations, and the vibrational frequen- _ TAS(T) dominates over the enthalpy change of the reaction
cies (vide infra) were used from the MP2/A calculations. The AHe(T), leading to a predicted high amount of structure 2 in
vibrational frequencies were left unscaled, since recent COm- a case of LiDy4 as well.

putational studies on rare earth trihaligfes”->*have shown that
computations of a quality similar to the MP2/A calculations

aComputed at the MP2/B level and corrected for BSSE (MP2/B)
and zero-point vibrational energy (MP2/A).

The dissociation energies of the LiLpXpecies to the simple
halides LiX and LnX are compiled in Table 2. They give
- — additional information on the stability of the title complexes.
ggg ELeonxlf”}.]'|E|3.'l;vli[glclﬁ?éerE:r%ngdsﬁér%?ggnldoii;14john Wiey &  Note that these data are corrected for basis set superposition
Sons: New York, 1978. error (BSSE) calculated at the MP2/B level. The BSSE values
(54) Kovas, A.Chem. Phys. LetR00Q 319, 238. varied between 11 and 54 kJ/mol, thus playing a non-negligible
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Table 3. Calculated Geometrical Parametens$ the LiDyX, and were found in the Li-X distances and in the bond angles. With
LiLaX4 Complexes and the Respective Simple Halides respect to MP2/B, considerably longer +X bonds were

LiDyX 4 LiLaX4 obtained at the HF/B and B3-LYP/B levels, varying from ca.

SR — E o  Br | 0.01 A in the fluorides up to 0.14 A in the other halides (the

B3-LYP values being somewhat closer to the MP2 ones). The

Structure 1 calculated HF/B and B3-LYP/B LiX distances are generally

re 2.053 2.476 2.628 2.845 2.173 2.614 2.767 2.983 : k .

o 29034 2.650 2817 3.040 2414 2818 2988 3204 shorter in the fluorides (up to 0.03 A) but longer in the other
Li—X 1.654 2.084 2252 2467 1.649 2.079 2.255 2.470 halides (up to 0.07 A). On the other hand, only minor differences
o 102.8 102.8 103.0 103.1 103.2 102.8 103.3 103.1 (genera"y W|th|n I) appear in the bond ang|esl

Vo) 115.2 115.3 115.1 115.0 115.0 115.3 1149 115.0

Ln—X—Li 180.0 180.0 180.0 1800 180.0 180.0 180.0 180.0 The most important bonding interaction in title coordination

Structure 2 complexes is the principally electrostatic interaction between

I 2033 2460 2.611 2.829 2.148 2.594 2.748 2.965 '.[he Iithigm (?ation gnq 'Fhe LnX anions. Characteristics of this

I 2.180 2.602 2.767 2.983 2.333 2.759 2.922 3.138 interaction in the individual structures (1 to 3) are reflected by
Li—X 1.774 2204 2390 2609 1.764 2201 2385 2.604 the Li—X distances as well as by changes in the geometrical
o 1145 1125 1119 111.0 1154 1135 113.0 112.0 rameters of the LnX moieties in the complexes with r

o 46 848 890 S35 704 807 844 888 parameters of the LnX moieties in the complexes with respect

oz 1172 1175 1169 117.0 1167 1168 1165 1166 © the parentfree Lnx" ions. . o
X—Li—X 96.3 105.6 108.5 112.9 99.4 108.4 1109 115.2 The most obvious consequence of the-1X interaction is

Ln—X-Li 945 848 813 76.8 951 855 824 780  the lengthening of the L.AX bonds of the bridging halogens

Structure 3 (rp) with respect to the LaX bonds in the free LnX ions
Nt g.(l)ig g-gzg g%; 5'3‘21411 ggi g-gg %Zé g-ggg (cf. Table 3). Additional geometrical consequences are the
I'p . . . . . . . . A . .
Li—X 1953 2396 2597 2815 1939 2384 2585 2806 shortepmg of the terminal L.aX bonds ¢;) and (?Ieformatlon of
oy 132.4 1279 126.0 124.0 1352 1309 128.8 126.8 the Orlglnally tetrahedra! LnX geometr_y. S-|m||ar|y tO the
oo 795 863 89.0 91.7 752 819 849 878 weakened La-X bonds in the Lr-X—Li units, the Li—X

X-Li-=X 877 930 938 964 904 952 961 985  (distances are also longer in the complexes (especially in the
Ln=X-Li 79.3 710 685 646 802 723 696 658  pj gnd tridentate structures) than in the respective lithium halide.

Lnex 0001 2515 nggxggsg 91 2658 2813 3.030 The change of the various geometrical parameters in the
n- ‘ i R ‘ : : ‘ structure 13 series of a given LiLnXcomplex is determined
LiX primarily by the fact that the Li-X interaction weakens with

Li=Xx 1.590 2,020 2.193 2.414 increasing coordination number of Li. Thus theIX distances

2 Calculated at the MP2/B level. Bond lengths are given in angstroms, are the shortest in structures 1 and the longest in structures 3.
bond angles in degrees. For the abbreviation of geometrical parameterszccordingly, r, changes in the opposite direction: it is larger
see Figure 1. by ca. 7%, 4%, and 1% in structures 1, 2, and 3, respectively,

contribution to the uncorrected dissociation energy. Generally, compared to the LaX bonds of the parent LnX anion. The
the BSSE values were around 12, 25, and 35 kJ/mol for the Shortening of the terminal L.AX bonds () (ca. 2% with respect
mono-, bi-, and tridentate forms, respectively, except the chloride {0 LnX4") is essentially independent of the type of Li coordina-
complexes, where approximately 50% higher values were found. tion. In accordance with the observed lengthening,ahe bond
The high dissociation energies (between 99 and 266 kJ/mol, @ngles between a terminal and a bridging haloger) @re
cf. Table 2) indicate strong interactions in the complexes and a Smaller in structures 1 compared to the tetrahedral value
large stability against decomposition, although this may not be (109-47) of the free LnX". In structures 2 and 3 the bridging
reflected in high-temperature experiments. In agreement with halogens are geometrically constrained to lithium, resulting in
the expectations based on the electrostatic character of the? larger than tetrahedral value fa.
bonding, the strongest bonding interactions are present in the The magnitude of steric effects strongly correlates with the
fluoride complexes, while there is a considerable drop upon previously determined energetic relations of the various struc-
going from the fluorides to chlorides. The decrease becomestures. As was shown before, structures 2 and 3 gain stability
gentle from the chlorides to the iodides. The trend in the with respect to structure 1 in the case of heavier halogens (cf.
lanthanide row appears in consistently higher dissociation Table 1). The larger possible bond interactions of the heavier
energies of the LiDyX compounds compared to those of the halogens, leading to a decrease in steric strain of structures 2
LiLaX 4 derivatives. and 3, are responsible for this. As a measure, the ratios of the
2. Geometry. The calculated geometrical parameters of the Li—X distances of structures 2 and 3 can be compared to the
LiLnX , complexes as well as those of the simple reference Li—X distances of structures 1, where steric effects play a
halides (the tetrahedral LnX anions and LiX) are compiled ~ negligible role. For example, the £X bond in structure 2 of
in Table 3. Our discussion includes also the geometrical LIDYF4is found to be longer by 7.2% than in structure 1, while
parameters of structures 1. Although the practical importance this ratio is reduced to 5.8% in the case of LiyThe o, and
of these isomers is negligible due to their high energy and most- &2 bond angles indicate a decreasing strain as well (tend to
ly saddle-point character, they are the forms where the single approach the tetrahedral value) in structures 2 and 3 toward the
Li---X interaction can be studied without the geometrical heavier halides.
constraints present in the other two isomers. For the main differences in the geometrical parameters of
In view of the found deficiencies of smaller basis sets as well the respective LiLaXand LiDyX, complexes the “lanthanide
as the HF and B3-LYP methods, our discussion is focused on contraction” is responsible. Thus, theandr, bond distances
the molecular geometries obtained at the MP2/B level. We note of the La complexes are longer by 0-12.18 A than those of
only some characteristics of the less superior levels. The smallerthe Dy complexes. On the other hand, only minor differences
basis set A resulted generally in longer-tX bonds compared  can be observed in the £X distances with different rare earths.
with those obtained using set B (ca. 0.01 A with HF and B3- The affected bond angles change accordingly: henceuhe
LYP, and ca. 0.05 A with MP2) while only minor variations angles of structures 2 and 3 are smaller by Gathe X—Li—X



6006 Inorganic Chemistry, Vol. 39, No. 26, 2000

Table 4. NBO Atomic Charges of the LiLaXComplexes and the
Respective Simple Halides

LiLaX4
F Cl Br |

Structure 1
q(Li) 0.982 0.965 0.957 0.938
q(La) 2.625 2.387 2.303 2.118
a(Xp) —0.951 —0.899 —0.887 —0.848
q(Xy) —0.885 —0.818 —-0.791 —0.736

Structure 2
q(Li) 0.957 0.897 0.876 0.822
q(La) 2.631 2.378 2.292 2.095
a(Xp) —0.920 —0.835 —0.809 —0.742
q(Xy) -0.874 —0.803 -0.775 -0.717

Structure 3
q(Li) 0.939 0.862 0.841 0.778
q(La) 2.637 2.384 2.303 2.109
aq(Xp) —0.897 —0.807 —-0.782 —-0.715
q(Xy) —0.885 —0.825 —0.799 —0.743

LiX
q(Li) 0.976 0.948 0.931 0.899
q(Xx) —-0.976 —0.948 —0.931 —0.899
LaXs™

q(La) 2.615 2.376 2.288 2.100
q(Xx) —0.904 —0.844 —-0.822 —-0.775

aCalculated at the MP2/Bevel; for details of basis set see text.
The abbreviations b and t mean bridged and terminal, respectively (cf.
Figure 1).

angles larger by ca.°3in the LiLaX4 derivatives. The other
bond angles agree within®lin the respective LiLaX and
LiDyX 4 complexes.

The fairly constant Li+X distances indicate a minor influence
of the lanthanide type on the 1iX interaction. In most of the
cases the L+X distances are slightly longer in the Dy
complexes, indicating a somewhat weaker interaction, while,
according to the calculated dissociation energies, the Dy

complexes should be more stable than the La derivatives (cf.

Table 2). These facts point to the importance of the-i
interaction and prove that the dissociation energies into the LiX
and LnX; components are determined by the strengths of the
Ln—X bonds.

3. Bonding Analysis.Information on the bonding in the title

molecules can be obtained from the analysis of the electron

density distribution. We investigated the ionic interactions in
the LiLaXs complexes using NBO atomic charges which are
considered to be sufficiently reliable and stable to computational
parameter4? Unfortunately, the NBO subunit of the Gaussian94

and 98 programs failed to calculate the natural charges for the
dysprosium complexes using the present ECP of the rare earth

with f electrons included in the cof@.The other choice, an

analysis based on Mulliken atomic charges, was omitted here

because of known limitations of the Mulliken population
analysis>® especially concerning metaligand interaction$®

We note here that recent studies on rare earth trihalides repor

a decreasing ionic character toward the higher rare e#fis.

The present NBO charges demonstrate a decreasing ionic

character of the metahalogen bonds going from F to | (cf.
Table 4). Within a structure-13 series the data show a signifi-

(55) Mulliken, R. S.J. Chem. Physl955 23, 1833.

(56) A recent theoretical study of Adamo and Maldivi showed the
inadequacy of Mulliken atomic charges for rare earth halides predicting
trends incorrectly upon variation both the rare earth and the hafSgen.

In the case of the present complexes, the fluorines of structures 1 and

Groen et al.

cant variation of the atomic charges in the different structures.
The largest effect can be seen on Li and the bridging halogens:
their charge is gradually decreasing in absolute value with the
coordination number of Li. This points unambiguously to a
decreasing electrostatic character of the-I interaction from
structure 1 to 3. On the other hand, the charges of La and the
terminal halogens show much smaller variation, supporting the
conclusion (indicated already by the bond distances, vide supra)
that this moiety of the complexes is only marginally influenced
by the Li--X interaction. These bonds have slightly smaller
ionic character in structures 2 than in the other two forms.

Comparison with the LiX and LaxX reference molecules
reveals an increase in the ionic character of theXiand La—

Xp bonds in structures 1. The opposite holds for the Xiand
La—Xp bonds in structures 2, which show a slight decrease in
ionic character. A larger decrease is found for the-Xiand
La—Xp bonds in structures 3 and for all the terminal-&
bonds. In agreement with the above trend, the ring halogens
are more negatively charged than the terminal ones in struc-
tures 1 and 2, while this relative order is reversed for struc-
tures 3. The largest differences in the ionic/covalent character
of the ring and terminal LaX bonds appear in the case of
structures 1.

Other characteristics of the electron density distribution can
be seen in Figure 3 where the contour line diagrams of the
Laplacian distribution for the three structures of LiLa@re
depicted. Most obvious is the contraction of the charge toward
the nuclei and the somewhat deformed charge distribution
around lanthanum according to the negatively charged chloride
ions.

Results of the topological analysis of the electron density
distribution are compiled in Table 5. We note the deficiency of
the searching algorithm for locating several bond critical points.
Its reason may be the low electron density around the critical
points, as is usual with closed-shell interactions.

Characteristics of the bond critical points are in agreement
with strong electrostatic interactions between La and the
halogens. Thus the charge densipese relatively low in value,
and the Laplaciaiv?p values are positive? Variation of these
parameters in the LiLaxXseries (X= F to ) corresponds to
the increasing metalhalogen bond distances with larger
halogens. The small variation in the ionic/covalent character of
the bonding cannot be distinguished in thand V2p properties
of the bond critical points. On the other hand, the slight
distortion of the electron density distribution fra@a, symmetry
in the La—X;, and Li—X bonds of structures 2 and 3 (cf. the
ellipticity values in Table 4) is in agreement with minor covalent
contributions in the bonding.

4. Vibrational Spectra. In this section we investigate the

possibilities of vibrational spectroscopy for the identification
and characterization of the title coordination complexes. We
discuss only the vibrational spectra of the most relevant

structures 2 and 3. For visual presentation (Figure 4) the IR

and Raman spectra of LiLafand LiLal, were selected. The
spectra of the bromides and chlorides are similar to the presented
ones of LiLal. Differences between the spectral features of
LiLnF4 and the other three halide complexes can be attributed
to the different mixing of internal coordinates in the normal
modes of the various complexes with light (F) or heavy (Cl,
Br, I) halogens. Additionally, the large polarity of the metal
fluorine bonds results in an increased sensitivity of IR spec-
troscopy for fluoride complexes, while the opposite holds for

3 were found to be less negatively charged than the respective chiorinesth®€ Raman technique. The change of the rare earth from La to

in full contrast with usual chemical experience.

Dy results in a small increase of the frequency values and in
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) Table 5. Results from the Topological Analysis of the Electron
Structure 1 Density in the LiLaX Complexe3

LiLaX4
F Cl Br
Structure 1

o

p(re) 0.316 0.192 0.162 0.139

V20(rc) 5.406 2.578 1.938 1.437

€ 0.000 0.000 0.000 0.000
It

p(reo) 0.517 0.331 0.296 0.258

V20(rc) 8.640 4.165 3.044 2.090

€ 0.025 0.026 0.021 0.016
Li—X

p(ro) 0.361 0.200 0.169 0.147

V20(rc) 12.139 4.826 3.572 2.492

€ 0.000 0.000 0.000 0.000

Structure 2
b

p(ro) 0.236 0.211
V2p(re) 2.980 2.275
€ 0.062 0.063

It
o(ro 0.347 0.309 0.268
V2p(re) 4.340 3.144 2.143
€ 0.020 0.014 0.008

Structure 3

o

o(ro) 0.283 0.255 0.223
V2p(rc) 3.472 2.594 1.812
€ 0.069 0.077 0.083
It
o(ro) 0.520 0.337 0.302 0.262
V2o(rc) 8.736 4.230 3.090 2.122
€ 0.000 0.000 0.000 0.000
Li—X
| p(re) 0.067 0.062 0.056
i V20(rc) 0.694 0.521 0.395
€ 0.069 0.077 0.083

a Calculated at the MP2/Bevel; for details of basis set see text.
Charge density at the critical poiptr) (e A-3); Laplacian at the critical

. . . . o point V2p(r;) (e A5). The abbreviations b and t mean bridged and
Figure 3. Contour line diagrams of the Laplacian distributi®fo(r) terminal, respectively (cf. Figure 1).

for the three characteristic structures of LiLaC{a) structure 1 in the

Li=Cl=La~Cl plane; (b) structure 2 in the E(Cl)—La plane; (C)  for |ocating the exact position of their bands) is required in order
structure 3 in the Li+Cl—La—Cl plane. Dashed lines indicate charge to disti ish the ML band bi |

depletion §2o(r) > 0); solid lines indicate charge concentratioifg- 0 distinguish the MLnX bands unambiguously.
(r) < 0). The solid lines connecting the atomic nuclei are bond paths ~_Figure 4 illustrates  significant differences between the
(where the bond critical points were found). The solid lines separating Vibrational spectra of structures 2 and 3. Structure 3 has fewer

the atoms show the zero-flux surfaces in the plane. vibrational bands compared to structure 2, due to degeneracies
in the Cs, point group. Generally, three of the eight fundamentals
minor differences in the relative intensities. The calculated of structure 3 and four to six of the total 12 fundamentals of
vibrational frequencies as well as IR and Raman activities of structure 2 have considerable IR intensity. Very strong bands
all the molecules are available in the Supporting Information. belong to some LaX stretching modes of structure 3 positioned
First we should note the difficulties in the interpretation of in the middle of the IR spectra. However, the most characteristic
the vibrational spectra of MLnxcompounds due to the complex difference between the spectra of the two structures appears in
composition of their vapor. According to mass spectroscopic the region of the L+X stretching vibrations. This highest
studies on related compleXethe LnXs, MX, and MpX, species fundamental frequency of structures 2 is positioned ca. 106 cm
might be present in considerable amounts in equilibrium vapors higher than the respective £X fundamental of structures 3.
over MX—LnX3 systems. Their vibrational bands appear in the The frequency values of these +X stretching vibrations
same, and rather small (ca. 500 ¢ spectral region as those correlate well with the L+X bond distances of the two
of the respective MLnXmolecules with possible overlaps of structures (vide supra). The characteristics of the IR spectra of
close-lying fundamentaf$. Moreover, as pointed out earlier, both possible structures outlined above should, in principle,
both isomers of the MLnXspecies are expected to be present provide a possibility to distinguish unambiguously between the
in the vapor, especially in the case of the bromides and iodides.two structures.
All these features point to the importance of a selection of the  Considering the Raman spectra, we should note the less
experimental method: preferably a technique providing narrow reliability of computed Raman activities than found for the IR
signals (matrix-isolation or supersonic jet) over “simple” gas- intensities, which makes a prediction based on computations
phase experiments. Additionally, a careful preinvestigation of more ambiguous. Moreover, the computed Raman spectra of
the LnX; and MX halides (under similar experimental conditions the two structures look more similar than found in the case of
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Figure 4. Calculated vibrational spectra of the bi- (solid line) and tridentate (dotted line) structures ofylahdH.iLal,. Units of the calculated
IR and Raman intensities are km/mol anéfafnu, respectively.

IR. Due to the comparable Raman activity of most of the funda- contribution of the entropy at the experimentally meaningful
mentals, the spectra are also more crowded. Most characteristidhigh temperatures may support the predominance of structure
is again the highest frequency-tX stretching band of structures 2 in a thermodynamical equilibrium, even in the case of the
2, in which range structures 3 have no fundamentals. However,iodide systems.
the Raman activity of this band might be too weak (close to  In accordance with the observed trends in the relative
the magnitude of overtones and combination bands) for an energies, the geometrical parameters indicate a more favored
unambiguous identification of structure 2 in a complex vapor. coordination of Li in structure 3 with increasing halogen size.
An additional feature with indicator character may be the The NBO atomic charges and the results of the topological
asymmetric Lr-X stretching band of structures 3 of bromides analysis of the charge distribution are in agreement with strong
and iodides around 250 cr appearing in a relatively un-  jonic interactions in the title complexes. Minor covalent
crowded range with considerable calculated activity. Altogether, contributions appear in the complexes with heavier halogens
an unambiguous assignment of the structure of the LiLnX as well as with increasing coordination of Li. Variation of the
complexes on the basis of the Raman spectrum is less probablegeometrical and bonding characteristics between the lanthanum
and dysprosium complexes reflect the effect of “lanthanide
Conclusions contraction”.

The vibrational (IR and Raman) spectra of the chemically
relevant structures 2 and 3 have characteristic features, based
on which the complexes can be identified in the vapor phase.
In principle, the two structures can be distinguished unambigu-
ously by their infrared spectra.

The present calculations indicate the superiority of MP2
theory over the HF and B3-LYP methods regarding the
energetics of LiLnX% coordination complexes and point to the
importance off polarization functions in the basis sets of the
alkali metal and the halogens for a proper description of the
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the dissociation energy decreases in the row F to |I. The IC000581T





