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Anharmonic, Temperature, and Matrix Effects on the Molecular Structure and Vibrational
Frequencies of Lanthanide Trihalides LnXs (Ln = La, Lu; X = F, Cl)
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MP2 and CCSD(T) ab initio calculations have been carried out to elucidate geometrical structure and vibrational
frequencies of representative lanthanide trihalides 4.(0 = La, Lu; X = F, CI) explicitly including
temperature, anharmonic, inert-gas matrix, and-spibit effects. The results have been compared with gas-
phase electron diffraction, gas-phase IR measurements, and IR spectra of molecules trapped in inert-gas
matrices. On the BornOppenheimer surface LaglLuF;, and LuCk adopt trigonal planar¥s,) geometry

while Lak; assumes a slightly pyramidaly,) structure. Because of normal-mode anharmonicities, the resulting
thermal average bond angles are considerably lower than the equilibrium ones, while vibrationally averaged
bond lengths are predicted to be longer. The inert-gas matrix effects, modeled by the coordination of two
inert-gas molecules LnXIG; (IG = Ne, Ar, Xe, and N), are substantial and strongly depend on the
polarizability of coordinating particles. Coordinating inert-gas units always favor the tendency of LnX
molecules to adopt planar structure and induce noticeable frequency shifts.

Introduction 4f1%) elements of lanthanide series to probe in a systematic
) ) ) ~ manner the effect of lanthanide contraction on molecular
_The molecular properties of simple monomeric lanthanide properties. For such molecules, the symmetric occupation of
trihalides are of significant importance and have been examinedihe 4f shell (empty, half-filled, and filled) prevents significant
extensively by both experimentalists and theoreticians over the rg|ativistic spin-orbit coupling for the ground state, thus
past decades? The elucidation of the geometry, vibrational  gjiowing the inclusion of high-order correlation effects and the
motions, and electronic structure is an essential prerequisite toge of extended basis sets within a single-component wave
understand their basic chemical properties. Major experimental fnction. The fluoride/chloride structure comparison for various
efforts have b%‘g” carried out using the electron diffraction |anthanide elements is also particularly interesting. In fact, both
(ED) technlqué13 and vibrational spectroscopies (mainly IR flyorides and chlorides are characterized by very shallow out-
cies, while electronic structure information has been derived equilibrium structure changes from slightly pyramiealquasi-
from gas-phase photoelectron spectroscdpyhese studies  pjanar— planar. Therefore, the molecules under analysis show

provided very important reference data even though their 3 variety of intriguing potential energy curves along the large-
interpretation is not likely to provide a comprehensive and gmplitude out-of-plane motion.

unbiased view of lanthanide molecular properties. These un-
certainties are mainly due to the very high temperater®000 Computational Details
K) required for gas-phase measuremeéatsd to the hostguest
interactions occurring in inert-gas matridé©n the other hand,
recent advances in quantum chemistry have provided a comple
mentary and independent tool to probe molecular properties of

Electronic Structure Calculations. The relativistic effective
core potentials of Stevens et3lthat explicitly treat semicore
5s and 5p and valence 4f electrons were used for the lanthanum
d . 27 L ) >~ and lutetium atoms. RECP for the xenon atom was also adopted
Ianthanlde_ halide¥#” and a synergistic e_xpenmental/ theoretl- to describe core electrons while valence electrons were described
cal analysis seems to be particularly fruitful by a [41,41] basis set contracti@hAn extra “sp” function (

In a recent theoretical ab initio Study on structure and — 006) was added to the xenon basis set to warrant com-
vibrational frequencies of the GdXX = F, Cl) molecules we  patibility and comparability with results obtained for other
showed that very important spectral features can be interpretedinert-gas atoms. The Huzinaga all-electron (10s,6p) and
only by explicitly including anharmonicity, temperature and (12s,9p) basis sets contracted as [62111,411] by Duffémgl
inert-gas matrix effect3»?°On this basis a comprehensive and a5 [631111,52111] by McLean et ®lwere adopted for first-
accurate theoretical study on LgXnolecules requires ap-  and for second-row atoms, respectively. These basis sets were
proaches that go beyond the standard quantum chemicalcomplemented with two “d” polarization functions and are
calculations, and the inclusion of the above-mentioned effects hereafter indicated as TZ2D (&, = 1.60, 0, = 0.40; Fa, =
is mandatory?2° 1.976,a, = 0.425; Nea; = 1.90, 0, = 0.475; Cloy = 1.96,

This contribution extends our previous ab initio analysis on o, = 0.36; Ara; = 1.70,02 = 0.425; Xea; = 1.60,0, =
the GdX molecules to other lanthanide trihalides, namely, $aX 0.40). Recently, we showed that very large basis sets for both
and LuX, which are representative elements along the lan- halogens and gadolinium are required to obtain converged bond
thanide series. Thus, we have gathered information on halideslengths for the Gdffand GdC4 molecules® Therefore, some
of the first (La, 4f), the middle (Gd, 4%, and the last (Lu, calculations were performed adding two “g” polarization
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TABLE 1: Calculated Equilibrium Bond Lengths R, Bond Angles®,, Harmonic Vibrational Frequencies, and IR Intensities of
Isolated LnX3; Molecules

V1 V2 V3 Va
Re Oe w IR w IR w IR w IR
computational level A deg cm? kmmol? cm?* kmmol? cm?* kmmolt cm? kmmol?
Laks TZ2D/RHF 2.169 120 523.4 0.0 10.0 94.9 514.8 256.2 125.9 24.8
TZ2DIMP2 2.169 1176 524.3 8.8 44.9 75.6 516.3 230.4 120.9 18.6
TZ2D/CCSD(T) 2169 117.7
TZ2D2G2F+/MP2-AE®  2.158 116.2 530.5 14.1 53.8 70.6 517.9 234.2 123.9 17.1
LuFs TZ2D/RHF 1.984 120 596.0 0.0 58.6 97.4 584.3 187.3 145.8 25.9
TZ2DIMP2 1.966 119.7 594.8 0.7 20.1 83.3 585.2 171.8 149.6 18.0
TZ2D/CCSD(T) 1.974 120
TZ2D2G2F-/MP2-AE2 1971 120 590.2 0.0 24.1 81.9 580.2 174.7 139.7 17.5
LaCl; TZ2D/RHF 2.652 120 305.9 0.0 31.8 48.4 325.1 157.8 71.7 8.6
TZ2D/IMP2 2.623 120 311.8 0.0 1.9 41.5 337.0 145.8 68.8 6.0
TZ2D/CCSD(T) 2.632 120
TZ2D2G2F-/MP2-AE2  2.603 120 315.4 0.0 3.1 39.3 341.4 144.2 67.2 53
LuCl;  TZ2D/RHF 2.439 120 335.8 0.0 54.0 40.7 353.4 111.2 82.9 8.2
TZ2D/IMP2 2.397 120 341.6 0.0 42.1 345 364.4 99.9 80.7 51
TZ2D/CCSD(T) 2413 120
TZ2D2G2F-/MP2-AE2  2.381 120 344.7 0.0 384 31.5 370.4 98.5 79.9 4.4
aAll electrons are correlated in MP2 calculations.
functions and an extra “f” function on lanthanuy(= 0.4, 0 numbersif > 5). The evaluation of high-lying energy levels in

= 0.2,0s = 0.1) and lutetiumdy = 0.5,04 = 0.2,a; = 0.2) the PT2-VSCF approach requires simultaneous excitations of
atoms. Furthermore, an “sp” diffuse and an “f” polarization all modes; therefore, intractable grid points needed to be
functions were added to halogens. For lanthanides Gaussiarcomputed.
exponents were optimized by performing sets of RHF single- The Lak molecule has a double-minimum potential well
point energy calculations, while for halogens, the standard along the out-of-plane deformation with consequent splitting
exponents were useddk, = 0.1076, ey = 1.85 and Ghsp = of vibrational levels. The PT2-VSCF method is not suited to
0.0483, Ci = 0.7). This basis set is indicated as TZ2D2G2F deal with such situations, and the tunneling phenomenon is
Electronic correlation effects were evaluated by adopting the mistreated.
computational performing MP2 treatment, while high-order  Both limitations can be overcome by adopting an effective
effects were accounted for through the coupled-cluster single one-dimensional Hamiltonian (EODH) to describe large-
and double excitation corrected for the triples contribution by amplitude out-of-plane motiof(:*8In this method the nuclear
a perturbative fourth-order calculation CCSD(T). In both MP2 motions were analyzed in the framework of the so-called
and CCSD(T) wave function expansions, all valence electrons, distinguished coordinate approach whereby the inversion path
including the semicore lanthanide 5s and 5p, were correlated.is obtained through an optimization of all the other geometrical
Geometries and harmonic vibrational frequencies were ob- parameters (the distan&g,-x in this case) for selected values
tained using standard analytic or numerical gradient techniques.of a single coordinate (presently, the bond angtelX{—X, ©)
Besides the scalar-relativistic effects, it is well-known that chosen as the one more representative for such large-amplitude
spin—orbit coupling in lanthanides is a very important issue Mmotion. Analogously, the symmetric stretching motion was
and, for example, is much greater than ligand field effect in analyzed in the framework of the one-dimensional Hamiltonian.
perturbing electronic levels of partially filled 4f shells. Therefore, In this case, theR.,—x interatomic distance was chosen as
it is interesting to learn how it influences the potential energy representative coordinate for the symmetric stretching motion.
surfaces of LnX%. Nevertheless, the presently analyzed molecules ~ The one-dimensional variational problem can be solved by
have a closed-shell electronic structure with symmetric occupa- humerical integration for any vibrational number anth
tion of the 4f shell (empty and filled for 134 and L+ ions, eigenstates corresponding to the energy eigenvakiesre
respectively). For théA;' molecular ground state, first-order ~©Obtained. By assuming a Boltzmann population of the eigen-
spin—orbit effects vanish, and very small corrections for both states and anharmonic vibrational frequencies derived from
geometry and vibrational frequencies are expected (see Ap-ODEH method the thermal average angly and thermal
pendix for a detailed analysis of spiorbit coupling on the ~ average bond lengtiRy along the out-of-plane motion and
LuClz molecule). the thermal average bond lengfR'[# along the symmetric
All the calculations were performed using the GAMESS Stretching are computed as a function of the temperature.
code3* while CCSD(T) calculations were carried out using the

G98 progrants Results and Discussion

Nuclear Structure Calculations. Anharmonic fundamentals Gas-Phase Equilibrium Geometry and Electronic Struc-
(n—n+ 1,n=0) and hot transitions(— n + 1, n> 1) were ture. Optimized geometrical structures of LeXholecules are

computed through the correlation-corrected self-consistent-field listed in Table 1. For Lafat the correlated level the pyramidal
method (PT2-VSCF) adopting a full vibrational Hamiltoni#&n.  geometry (Figure 1) is energetically favoredQ.1 kcal/mol)
The presently investigated molecules were characterized bywith respect to the planar arrangement. For 4 uke Cs,
a very shallow potential along the out-of-plane bending and structure is preferred at the TZ2D/MP2 levAlE = 0.001 kcal/
hence, very small vibrational energy separations. Because gasmol) while on improving the basis set (TZ2D2G2RMMP2) or
phase experiments require high temperature, levels with highthe wave function (TZ2D/CCSD(T)) the equilibrium geometry
quantum numbers are significantly populated. Therefore, it is has Dz, symmetry. At all levels of theory Lagland LuCk
useful to explore excited states with high vibrational quantum molecules assume Bg, symmetry structure, but the potential
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Figure 1. MP2 potential energy and lower vibrational levels for
inversion of the LagFmolecule. The curve has been obtained through
geometry optimization of thR ,—r distance for selected values of the
bond angle®. The vibrational quantum numbemy,, labels the
eigenstates of the Schdimger equation for the double well potential.

Figure 2. Electron density contour plot of a—c; andsu—ci MOs in
energy along the out-of-plane motion is remarkably flat the plane containing the three-fold axes and aOhbond. The first
especially for the LaGlone. These data together with harmonic contour is 0.0024 e/bohrand the interval between successive contours
out-of-plane bendingy» frequency clearly suggest that all IS 0-0003 e/bofir
complexes are characterized by an extreme fluxionality and that
there is a greater tendency toward planar geometries for
chlorides than fluorides and on increasing lanthanide atomic
number (see also structural data on GdiXrefs 28 and 29).

Itis commonly stated that L-nX bond is predominately ionic
in character, however, there is evidence of significant covalent
contribution!” In fact, the greater tendency toward planar
geometries observed in the case of chlorides has been explaine
on the basis of a greater capability of the @n (than F) to
form z-bond?” The greater tendency toward planar geometries
on increasing lanthanide atomic number is a direct consequenc
of the lanthanide contraction, i.e. the incomplete shielding of
the nucleus by 4f electrons; thus, a larger effective core charge - L .
contracts and stabilizes the 5p, 5d, 6s orbitalshis has two the zero-point energy, and it is _reasonable to think that atoms
important effects: the reduction of metal ionic radius and the move on aDsn .symmetry potential well. )
growth of reduction potential of L3 ions (Lr#+ + e~ — A Iz_irge series of data based on the DFT methodologies
Ln2+).30 The former effect induces a shortening of the-1 adoptlng both Stuttgart and CundaBtevens RECP for lan-
bond distance on increasing the lanthanide atomic number andhanides have been reported by Adamo ét-&tand Joubert et
thus enhancing the mutual repulsion of the halogens which, in &% for LnXs. These calculations suggest more pyramidal
turn, opposes to the geometry bending. The latter effect gives Structures for bqth fluorides and chlorides with spreading of
rise to greater covalent-interactions involving the dand d, the bond angles in the range 116B18.9 for LnFzand 114.+
and the nphalogen orbitals and hence a lower flexibility of 120-0_f0f LnCls, depending on th(_e exchange anq correlation
Lu—X bonds with respect to L-aX bonds toward out-of-plane potentials adopted. Nevertheless, in agreement with the present

Dolg RECP and relativistic all-electron approach) led to the
same conclusions on geometrical structures. Overall data indicate
that ab initio results are stable versus the computational model,
i.e. RECP, basis sets and electronic correlation treatment, and
the present conclusions are fairly well supported. Therefore,
LaR; and LuCk molecules can be definitively assigned to have
yramidal and planar equilibrium structures, respectively. Both
aCl; and Luks adopt planaiDs, symmetry structure with a
very shallow minimum, but we cannot exclude a very slight
%ci‘eviation from planarity on increasing the theoretical level.
evertheless, even in this unlikely case, the energy gain upon
bending should be very smakQ.01 kcal/mol) and lower than

distortion. In fact, the electron density contour plotsmf ¢ results, these data show a greater tendency toward planar
and ., _c bonds for LaG) and LuCh molecules (Figure 2) ~ geometries on going from fluorides to chlorides and on
show greater contributions in bond formation efahd ¢, metal increasing the lanthanide atomic number.

atomic orbitals and a larger £} electron density polarization The level of theory appears also important in the bond
toward the metal. distance estimate and a general shortening is observed on passing

The present structural results are similar to ab initio data from TZ2D/HF to TZ2D/MP2 and to TZ2D2G2HMP2-AE.
reported by Joubert et &.adopting the Stuttgart RECP (4f The reduction amount depends on the specific molecule;
orbitals are treated as core orbitals) and MP2 in treating however, it is more pronounced for chlorides than for fluorides.
electronic correlation effects. They predicted a planar structure ConverselyRi,—x bond length slightly increased on improving
for the entire lanthanide series of chlorides and for fluorides a electronic wave functions (TZ2D/MP2 vs TZ2D/CCSD(T)).
slightly pyramidal geometry for Lnf~(Ln = La—TDb), while Gas-Phase Vibrational FrequenciesHarmonic vibrational
planar structures were found for Lsyf.n = Dy—Lu). Previous frequencies and related IR intensities (proportional to the first
theoretical studies (CISD calculations reported by us onsLaX derivatives of the dipole moment with respect to normal modes)
using LAN-RECP for lanthanurlt, CISD calculations by at various computational levels for LaXnolecules are listed
Solomonik et af> on LnX3 with Cundari-Stevens RECP, and  in Table 1. It is evident that frequencies of symmetric stretching
CCSD(T) calculations by Jansik et%lon LaX; adopting Cae- v1, double degenerate asymmetric stretchiggand scissors-
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TABLE 2: Anharmonic PT2-VSCF Vibrational Transitions
Calculated at the RHF and MP2 (in parentheses) Levels for
the LaF; and LuF3 in the Gas Phase

Lanza and Minichino

TABLE 3: Anharmonic PT2-VSCF Vibrational Transitions
Calculated at the RHF and MP2 (in parentheses) Levels for
the LaCl; and LuCl; in the Gas Phase

vilem™t volcm1 valem™t vagem1 vifemt volemt valemt vocmt
transition Aw? ) Aw w Aw w Aw transition ® Aw? o Aw w Aw w Aw
LaRs LaCI3
harmonic 523.4 10.0 514.8 125.9 harmonic 305.9 31.8 325.1 71.7
(524.3) (44.9) (516.3) (120.9) (311.8) (1.9) (337.0) (68 8)
—1 520.3 24.7 510.3 125.3 0—1 304.7 325 323.1
(520.2) (38.9) (511.7) (120.4) (310.6) (13.4) (334.9) (68 9)
1—2 519.8 —-0.5 334 8.7 508.3 —2.0 1251 -0.2 1—2 304.3 —04 332 0.7 3222 -09 716 -0.1
(519.3) (-0.9) (41.1) (2.2) (509.6){2.1) (120.2) (0.2) (310 2) ¢0.4) (20. 1) (6.7) (333 7){1 2) (68 7) £0.2)
2—3 5194 —-05 381 47 5062 —2.1 1248 —0.3 2.3 “03 341 09 3214 -08 716 00
(518.8) (0.5) (44.5) (3.4) (507.4)2.2) (120.1) €0.1) 3—4 303 7 -0.3 35_0 0.9 320.6 -0.8 71.6 0.0
3—4 5196 02 415 34 5044-18 1247 -0.1 4—5 3034 —-03 358 0.8 3200-0.6 717 0.1
LuFs 5—6 303.2 —-0.2 36.8 1.0 3195 -05 717 0.0
harmonic 596.0 58.6 584.3 145.8 6—7 303.1 —-0.1 37.2 0.4 319.1 -04 718 0.1
(594.8) (20.1) (585.2) (149.6) 7—8 3033 0.2 382 10 3189-02 721 03
0—1 592.1 60.5 579.2 1454 LuCl,
(590.0) (30.3) (579.1) (148.0) )
1—2 5914 -0.7 624 19 5769 —23 1452 —0.2 harmonic 3?213;568 4524-10 3%54344 8%2'79
(589.5) (-0.5) (37.0) (6 7) (576 6)€2.5) (148.3) (0.3) (341.6) (42.1) (364.4) (80.7)
2.3 5909 05 646 5 5746 -23 1451 —01 0—1 334.3 54.1 351.2 83.1
(589.4) (-0.1) (47.7) (10 7) (573.7)+2.9) (148.1) ¢0.2) (340.4) (42.2) (362.4) (80.8)
314 5906 -03 667 21 5722 —24 1451 = 0.0 1—2 3339 -05 543 0.2 350.3-09 832 0.1
4—5 5906 0.0 685 1.8 569.8—-24 1451 0.0 (340.0) (-0.4) (42.6) (0 4) (361 5)%0 9) (80.9) (0 1)
5—6 590.8 02 704 19 567.4-24 1452 0.1 2—3 3334 -04 545 02 5-08 833
o (339.5) (0.5) (43 1) (o 5) (360 7)+0.8) (81.0) (o 1)
aAw = wn+1 — wn (N = vibrational quantum number). 3—4 333.0 —-04 348.7 —0.8 83.4 0.1
. . . (339.1) (0.4) (43 6) (o 5) (359 8)0.9) (81.2) (o 2)
type bending, slightly depend on the computational level (the 4—5 332.7 —0.3 348.0 —0.7 83.6

(338.4) (0.7) (44 1) (o 5) (358 8)+1.0) (81.3) (o 1)
5—-6 3325 —0.2 . —05 838 0.2
6—7 3324 —0.1 557 03 3473 —02 841 03
7—8 3326 02 561 04 3473 00 843 0.2

maximum difference observed is 9.9 and 17.0 &for fluorides
and chlorides, respectively). Conversely, theout-of-plane
bending changes significantly on passing from TZ2D/HF to
TZ2D/MP2 wave functions, indicating a substantial potential
energy modification. The close TZ2D/MP2 and TZ2D2GZF
MP2-AE harmonic frequencies justify the usage of the TZ2D/
MP2 theory level for the subsequent nuclear structure analysis.case, molecules adopg, symmetry with “steep” wall potential

Potential energy curves along the v3, andv, normal modes  (LaCly/HF, LuR/HF, LUCk/HF, and LUCYMP2); thus, there
are more or less parabolic. Anharmonic corrections are generallyis @ moderate increase of frequency on going from harmonic
small, and the adoptions of ODEH or PT2-VSCF methods allow to fundamental and to hot transitions. The PT2-VSCF method
a fine refinement. Conversely, the potential energy curves alongallows estimation of vibrational levels with high quantum
the out-of-planev, mode for all molecules have a rather flat numbers @ < 8). In the second case, molecules adbyg
and anharmonic form (Figure 1 for LgFand the adoption of ~ symmetry with a very shallow well (LafHF and LaCyMP2)
more rigorous PT2-VSCF and ODEH treatments is mandatory. 0Or Cz, Symmetry with vanishing potential barrier (Ls/MP2).

For all molecules hereby considered, on passing from These molecules are characterized by huge differences between
harmonic to fundamental frequencies and hot transitions (Tablesharmonic, fundamental, and hot transitions. In such situations
2 and 3), it can be seen that anharmonicities are actually smallthe PT2-VSCF method requires dense grids to get reasonable
for v, v3, andv,4 normal modes. The data slightly depend on accuracy, and in any case, only the lowest vibrational levels (
electronic wave functions (HF or MP2), and some general trends < 4) can be obtained. The adoption of the EODH to describe
can be drawn. The vibrational frequencies of in-plane bending out-of-plane motion of a “nonrigid molecule” is more fruitful.

(v4) are almost invariant upon inclusion of anharmonic terms, The Lak/MP2 potential energy (the third case) is characterized
thus indicating an almost pure harmonic potential. The frequency by a relatively high inversion barrier-Q.1 kcal/mol), therefore,

of stretching modes/{ andv3) drop on passing from harmonic the lowest two vibrational levels are below the potential
to fundamentals and to hot transitions, indicating a small positive maximum, while energy levels higher thaz 2 lie above
anharmonicity constant. Furthermore, anharmonicities are more(Figure 1). Also in this case computed fundamental and hot
pronounced for the asymmetric stretching. Unexpectedly, transitions show remarkable negative anharmonicity. However,
vibrational levels of the:; mode and to a lesser extent those of it should be noted that the potential energy grid used in PT2-
the v3 mode computed at the HF level do not crowd together VSCF calculations has been derived starting from one of the
more closely for the highest vibrational quantum numbers. This two energy minima and does not adequately describe the
is an artifact of HF in the evaluation of potential energy grids Symmetry of the potential energy well; thus, the tunneling
used in subsequent PT2-VSCF calculations. However, this effectthrough the barrier is not reproduced by the PT2-VSCF method.
is absent or less pronounced when correlation effects areAlso in this case the adoption of the EODH method produces
included?2® more appropriate results.

The out-of-plane bending frequency shows remarkable nega- EODH vibrational levels for the, out-of-plane motion of
tive anharmonicities even for the lowest vibrational levels all presently analyzed molecules (Table 4) show a remarkable
because of the strongly anharmonic potential energy associatedncrease of energy separation between adjacent states as the
(Figure 1). In this context the potential energy curve can be vibrational quantum number increases in good agreement with
classified in three discernibly different shapes. In the simplest PT2-VSCF data. For the extreme LaChse, the computed 10

aAw = wnr1 — wn (N = vibrational guantum number).
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TABLE 4: Selected Anharmonic ODEH Vibrational States well-documented common feature of nonplanar tricoordinate
Energy for the v, Out-of-Plane Bending Mode of LnX; molecules in the electronic ground state (NRHs, SiHs, and
Molecules amines}®4243or in excited states (OGFSCCbh, SCF, OCFH,

LaF; LuF; LaCl; LuClg LaF; LuFs LaCl LuCls etc)#4 46 However, to our knowledge, this phenomenon has
n cm? cm?® cmt cm! n cm?! cm? cm' cm? never been observed for metal trihalides.

0 200 88 44 211 21 8282 1137.7 5245 976.4  Comparison of Theoretical and Gas-Phase Experimental

1 221 321 158 63.6 30 1346.0 1796.9 828.9 1428.7 Frequencies. The high temperature (1350 K) gas-phase IR
2 494 645 309 106.4 31 1407.2 1874.2 864.7 1480.8 . e

3 667 1017 48.1 1494 40 1987.7 2603.0 1203.6 1970.1 SPectrum of LaGIshows two broad bands: the firstin the 280
4 927 1427 67.0 192.7 41 2055.3 2687.6 1243.2 2026.9 340 cnT! range exhibiting a flattened band shape on the low-
10 300.9 442.5 204.7 459.0 50 2691.7 3483.9 1618.0 2557.9 frequency wing and the second in the-316 cnT?! range®®

11 342.4 499.2 230.7 504.5 51 2765.7 3576.4 1661.9 2618.2 For trigonal planaDay, structure only ther,, v, andv4 modes

20 774.8 1068.9 492.7 927.9 are IR active with the intensity ratio 1.0:3.0:0.2, respectively,
N N while the v is inactive (Table 1). Therefore, the band located
— 11 (26.0 cm*), 30— 31 (35.8 cm¥), and 50— 51 (43.9 approximately at 320 crt is assigned to thes normal mode,
cm™Y) hot transitions are respectively 2, 3, and 4 times greater \ypile the band envelope in the range-30 cnT! contains

than the fundamental 6~ 1 (11.4 cn).. _ absorptions of bottr, andv, modes. For the LaGlsymmetric

For D3, symmetry molecules, transitions between adjacent top molecule, thevs is a perpendicular vibratiomfis = +1;
levels of thev; normal mode are IR allowed by both the Aj—=( 41 AK = +1) and gives rise to many sets Bf Q
symmetry rule (there is an alternation of thg"Aand the A’ andRunresolvable branch lines which produce a consistent peak

symmetry states) and then = 1 selection rule. Even though  yrgadening. However, this is not the only reason for the presence
LuFs possesses a double-minimum potential at the TZ2D/MP2 o 5,ch a large absorption. In fact, the anharmonicity shifts the

level, then = 0 eigenstate of the; mode is above the inversion  hqt hands (Table 3) by-1 cnm?, thus producing a significant

barrier; therefore, it can be treated as a single-minimum system,apsorption enlargement. In addition, because high levels are less
and the above-mentioned IR selection rules remain valid. For populated (for the’s mode, Boltzmann population at 1350 K
the Lak molecule the inversion energy barrier height is of nine lowest states relative to the fundamental one are: 1.00,
sufficient to observe the phenomenon of quantum mechanicalg 71 050 0.36. 0.25. 0.18. 0.13. 0.09. and 0.07), the associated
tunneling?®#!The barrier penetration induces a great interaction ot hand intensities decrease, thus rendering the peak asym-
between the identical sets of vibrational levels into two limbs  metric. in agreement with the absorption band shape in the
of the potential curve. This interaction splits thg levels of experimental IR spectrum.

the “rigid nonplanar molecule” into two componenis;” and The v, is a parallel vibration &n, = +1: AJ = 0, +1: AK

nz". In Figure 1 the ODEH inversion states are numbered both _ 0) anzd eac?] transition gives ris?e toa eingle sé? dD’ and

by _thenz value for the *rigid nonplanar molecule” level, with R brenches. However, as discussed above, this ’mo,de suffers
V\;h'ﬁh they correlate,bane by tﬁ_ek?uentumhnumgie,r Thebusef from a strong negative anharmonicity, and levels aver 50

of the quantum numbati,y (Which gives the total number of . significantly occupied, thus giving rise to tens ROR

ggd:s Ilgntzrerlr?c\)llgrcSL:(I)en V\C'I?r:/ Zfﬁ?cgion;nﬂsmsoﬁith{i?de:Ee structures separated by the anharmonic hot band shift (Tables
sap . . gnly ¢ out-ol-p 3 and 4). This allows us to explain the large band (starting from

vibration. By using this quantum number the vibrational and ~30 up to~75 cnt) observed in gas-phase IR spectrum. The

rotational selection rules for allowed optical transitions are easily ve falls in the same region of the, absorption; it is a

1
fo%ﬂar;eoicular svmmetrv aroun of invertin olecule perpendicular vibration and gives rise to complical@R
Y y group g Lam branch lines. The’, mode is much less intense thanand is

:: D3t'}ng tTrlle symmte.tryfof tlhe vllbra.tt|tc1>.nal e|genflij1rl1|ct|e[nf are only slightly anharmonic; therefore, it should give a “sharp”
'1th( .e Odg hsymrPhG ric) for eve s Yl_vr'] .nv.beve'n, WI Ve states signal centered at70 cnt ! superimposed on the maig band.
s nan sy M fac, e lrge band n he 205 cr . assocted i e
The Al = (Niy — My -+ 3) = 3 With Ny €ven andAniny v, mode shows a shoulder &70 cnT! which can be ascribed
- _ ; v \ to thev, absorption.
= (Niny — Niny + 1) = £1 with njp, odd conditions should give
rise to two band envelopes separated in the IR spectrum. These Unfortunately, gas-phase IR spectra of bafuFs, and LuCt
transitions, correlated with th&n, = (n, — n, + 1) bands of have not been reported until now; therefore, a detalled com-
the rigid nonplanar molecule, should have a high transition Parison of experimental a.no! theoretical analysis is hampered.
probability (they are indicated by solid arrows in Figure 1). The Nevertheless, some predictions can be made on the basis of

ANy = (Niny — Niny + 3) = =3 With Niny 0dd andAniny = (Niny present theoretical data.

— ninv + 1) = £1 with ni,, even conditions should also give For LuCk, a broad and asymmetric band centered-as0
rise two bands overlapping with those previously discussed. cm™* is expected since a similar shift is computed for the
However these bands, correlated with thie = (n, — nz + 2) anharmonic frequencies of LuCknd LaC}. The v, band

= 42 andAn, = (n, — ny) = O transitions of the rigid nonplanar ~ €nvelope in the IR spectrum should appear at wavenumbers
molecule, should have a low transition probability (they are higher than those observed for LaGFurthermore, because of
indicated by dashed arrows in Figure 1). These predictions arethe lower anharmonicity frequency shift and less population of
very important since they could provide an additional simple high-excited levels, the, absorption in the LuGlspectrum
tool to distinguish between planar (single-band envelope) and should be less broad. The band should appear as a shoulder
pyramidal structure (double-band envelope) of molecules in the on the high-frequency wing of the, band at~81 cnr™.
gas-phase. The more intense band in the IR spectra of $aRd Luk

A similar energy level separation for the out-of-plane bending would be thevs (~515 and~585 cnt?, respectively). Despite
of the Lak molecule has been reported by Solomonik e2%l.; the more consistent anharmonic frequency shift (compared to
however, no analysis about allowed optical transitions has beenLnCl3), the bandwidth should be similar to those observed for
done. The inversion doubling of the out-of-plane bending is a lanthanide chlorides<50 cnt!) because the higher vibrational
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TABLE 5: Calculated Average Bond Lengths and Bond
Angles of LnX3 over the Out-of-Plane and the Symmetric
Stretching Vibrations at the Experimental ED Temperature;
Experimental Average Structural Parameters Ry and 0,y)
and Equilibrium Geometrical Data (in parentheses) Are
Reported for Comparison

computation experimeht
[RFYA [OFYdeg RGYA RyA  O,/deg

LaF; TZ2D/MP2 (2.168) (117.6)

1500 K 2.165 1149 2173 2.22(3) 120
LuF; TZ2D/MP2 (1.966) (119.7)

1500 K 1.961 116.0 1.971
LaCl; TZ2D/MP2 (2.623) (120) (120)

1100 K 2.616 115.6  2.628 2.589(6) 116.7(1.2)
LuCl; TZ2D/MP2 (2.397) (120) 120

1070 K 2.393 117.3  2.400 2.403(5) 117.9(1.3)

a Experimental data are taken from refs 2, 3, and®%Qhermal
average structure over the out-of-plane bendtng@hermal average
distance over the symmetric stretchifg.Equilibrium bond angle
estimated from ED dat&
step prevents a significant population of vibrational levels higher
thann = 4. Thev; signal should be absent (Lg)For very weak
(LaFs) and hidden by the very strong band. Also for Lnk
molecules, ther, mode should raise the lowest frequency

absorption. It should be very broad because of the huge

anharmonicity. For Lufthe v, mode should yield to a rather
“sharp” single-band envelope-@0 cnt?), while LaR; should

give rise to a large double-band envelope overlapping in some
degree because of the tunneling effect discussed above. For th

LuFs; molecule thev,—v, frequency separation is more con-
spicuous than that observed for LaC+60 vs~30 cnmt), and
presumably the, absorption would appear as separated single
weak band.

Comparison of Theoretical and Gas-Phase Experimental
Geometrical Data. The comparison of theoretical and experi-

Lanza and Minichino

Electron diffraction studies on LnFare scarce because of
technical problems implicit in the high temperature required for
sublimation ¢&1500 K). Consequently, a detailed comparison
of theoretical and experimental structure is hampered (the past
ED measurements reported in 1959 suggested a planar structure
for LaFs).4°

As the molecule moves away from the equilibrium ange (
decrease), there is a gradual reduction of the optiRaalx
distance, and fo® = 100 the R ,_x decreases by0.025 A
for both fluorides and chlorides. Therefore, when the-Xn
bond length is averaged along themode, there is a significant
reduction ¢-0.005 A) with respect to the equilibrium structure
(Table 5).

Even though anharmonicities on stretching modes are small,
they directly affectR; parameters and of course cannot be
ignored for the correct description of the vibrational average
structure. Ther; and vz normal modes show small “positive”
anharmonic forms; thus, when the bond distance is averaged
along these modes, it should increase with respect to the
equilibrium value. The one-dimensional nature of th@ormal
mode allows a practicable computational analysis of its effect
on thermal average distance. For all cases, the population of
high excited vibrational states (up to= 4 for fluorides and
up ton = 7 for chlorides) results in MP2 thermal average
distancesRF slightly larger ¢0.005 A) thanR. at the
temperature of ED experiments. The double degenerate asym-

g1etric stretchingys, is more anharmonic than the symmetric

Stretching (Tables 2 and 3); therefore, a substantial bond
lengthening (at least 0.01 A or even higher) should occur when
the structure is averaged over this mode.

Assuming a simple additive effect due to the thermal
vibrational modulation discussed above, the bond length short-
ening due to the out-of-plane bending@.005 A) would be

mental geometrical parameters is not straightforward. In fact, compensated by the lengthening due to the symmetric stretching
the equilibrium structure generally derived in computational (~0.005 A), while the asymmetric stretching should infer a
studies corresponds to the minimum of the Be@ppenheimer  lengthening 0f~0.01 A. In summary, we may conclude that
potential energy surface, while in ED studies the thermal averagethe bond distance averaged over all vibrations should be greater

bond lengthR »-x (Ry) andRx-x are directly measured, and
the “virtual” thermal average bond angl®{y) is indirectly

than the equilibrium bond distance by0.01 A. An addition of
0.01 A to our best (TZ2D2G2FHMP2-AE) estimatedR. of both

derived:}. Two Ways are poss|b|e to make a reasonable theoretl_ LaCl3 aﬂd LuC!; |eadS toa theoretical thermal average distance

cal/lexperimental comparison: (i) the experimental ED data
should be handled to derive both equilibrium bond length and
bond anglé;® and (ii) vibrational effects should be included in
the calculations to get average structffié?

Recently, a planar equilibrium structubg;, has been derived
for LaClz and LuCg from ED data analysis through a semiem-
pirical dynamic model, which takes into account the
anharmonicitied: This estimation is in full agreement with the
present theoretical results on the La@hd LuCk molecules.

No experimental data have been reported orRilen—Cl) and

on the symmetry of the equilibrium structure of fluorides.
Therefore, the ab initio theoretical derivation of thermal average
structures becomes a very important issue.

close to that measured by ED (2.613 A vs 2.589(6) A and 2.391
A vs 2.403(3) A for LaC{ and LuCk, respectivelyf:3

Geometry of Molecules Trapped in Inert-Gas Matrices.
IR and Raman measurements of isolated reactive molecules in
inert matrices at cryogenic temperatures doubtless are important
tools for the structural characterization of Lsi¥pecies; 13 since
the quenched rotational motion gives IR/Raman spectra that are
greatly simplified compared to those obtained in gas-phase at
high temperatures. Nevertheless, the spectra analysis is not
straightforward because of additional experimental problems that
sometimes might lead to controversial interpretatfon? In this
perspective, the following various aspects should be considered.
(i) Host—guest interactions in matrices are generally substantial;

For all molecules presently considered, the thermal averagethus, there is an ample shift of band frequencies on changing

bond anglel®F computed along the out-of-plane motion at
experimental ED temperature is lower than the equilibrédgs,
thus giving rise toCs, structures in all cases (Table 5). Our

inert-gas, especially for large amplitude modes. (ii) Isolated
molecules can occupy different matrix sites; thus, the molecular
orientation and shape might depend on the disposition of

estimate of thermal average structures is in good agreement withneighbor matrix units, and sometime various absorptions can
gas-phase ED data on lanthanide trichlorides that suggestbe associated to a normal mode. (iii) For strongly interacting
pyramidal structures for all cases. Also, numerical comparison matrices such asJi\there is also evidence of the degeneracy

of thermal average angf@.q is good (Table 5); thus, theoretical
data for LaC} and LuC} (115.6 and 117.3, respectively) well
reproduce experimental gas-phase ED results (116.7(ar2)
117.9(1.3y, respectively).

removal due to lowering of the molecular symmetry. (iv)
Depending on the experimental conditions in matrix/molecules
preparation, oligomerization can significantly occur, giving rise
to additional absorptions.
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units, N > Xe > Ar > Ne. Computed Mulliken charges on

atoms for all LnX-1G, complexes indicate a considerable
9 transfer of electron density from the J&amework to the LnX
molecule. This leads to the formation of a weak Ln- - -IG bond,
and its strength qualitatively parallels the stabilization energy
trend reported in Figure 4 (the bond order~9.05, ~0.13,
~0.14, and~0.19 for LnXz*Ney, LnX3*Arp, LnX3Xep, and
LnX3:(N2)2, respectively).

Because of the greater electronegativity of fluorine with
respect to chlorine atoms, the charge on metal is higher in LnF
than in LnC§; thus, we would have expected greater complex-
ation energy for Lng-1G,. Nevertheless, a reverse order has
been found which can be ascribed to greater steric nonbonding
repulsive interactions between halogen pairs and inert-gas units
in LnF3:1G, complexes.

6 The complex formation energy for LyiNe,, LnX3-Ar,, and

LnX3-Xe, series is almost insensitive to the metal (Figure 4),

thus indicating that matrix effects are very similar in a
Figure 3. Schematic view of molecular structures of LaXe, and homologous series. In contrast, for Ly#N,), complexes, there
LnXz(N2)2 complexes. is a gradual rise of stabilization energE becomes more
exothermic) on increasing the lanthanide atomic number, thus
suggesting that hosguest interactions augment across the
Santhanide series and the nitrogen is not actually an inert-gas
matrix.

All the LnX3:1G, complexes have trigonal bipyramid ar-
rangement withDg, symmetry (except the LafMNe, at MP2
level, Table 6); thus, the symmetric coordination of two inert-
gas molecules invariably leads to planar Lyfiddmework. These

In a previous study on GdXsystems we modeled the local data clearly indicate that inert-gas matrices strongly affect the

static matrix effects through a simple coordination of one (gdx ~ molecular structure of floppy molecules such as lanthanide
IG) and two (GdX%IGy) inert-gas atoms (or molecule$)2° trihalides and the geometry deduced in the gas-phase might be

These data show that the coordination energy of two inert-gas différent from that obtained in matrices. For the k¥, the
atoms (Ne, Ar, and Xe) or molecules{Ns almost double than computedDgy structure at MP2 level is unstable, and equilibrium

that obtained for the coordination of a single species. Therefore,80Metry haCs, symmetry with a slightly pyramidal LnX
the high Lewis acidity of GdX is not quenched by the framework and asymmetric coordination of Ne atoms. Present

coordination of a single inert-gas unit, and the complexation of calculations for isolated molecules show that the 4la&s the
two species is the process energetically favéfeédPresently, greatest propensny toward adopting pyramidal structurg. Thls
we restricted our analysis only to the coordination of two inert- {€ndency is not completely quenched by the weak coordinating
gas units since Ln¥IG, complexes better simulate hegjuest V€ atoms. Although results on La{G, complexes (with the
interactions in real systems. This model, initially proposed by €Xception of the LagNe;) suggest planar structure for LaF
Schleyer et a¥ for Cak-L and Cak-L systems, despite its matrices (in contrast to data obtained for isolated species), it
simplicity, allows a rationalization of important experimental S Prémature to conclude that Lafolecules in matrices assume
spectroscopic features. planar structure, because of the simplicity of the adopted model.
Figure 3 shows schematic representations of 436 (IG However, to date this aspect does not seem to be fully settled

= Ne, Ar, Xe, and N) structures, whereas Table 6 collects experimentally.9*3
metrical parameters and complex formation energies g-#X The R n-ic distance decreases substantially on passing from
2IG — LnXzIG, + AE) obtained at RHF and MP2 levels. RHF to MP2 level {-0.3 A, Table 6), indicating an enhanced
Furthermore, Figure 4 displays MP2 complex formation energies LNX3—IG> interaction in agreement with the increased com-
(corrected for basis set superposition error) as a function of the Plexation energy discussed above. In addition, Re-ic
lanthanide atom, including results previously reported for @dX Separations are ubiquitously longer in fluoride than in chloride
IG, complexe$829 complexes, accordingly to the reduced complexation energy.
The Comp|exation energies Computed at MP2 level are This effect may be eXpIained by COﬂSidering the reduced room
considerably greater than the HF ones, thus confirming the at the metal center. Furthermore, because of the lanthanide
crucial role of electron correlation in describing weak van der contraction, theR.,-ic distance diminishes for heavier lan-
Waals interactions (ion-induced-dipole) between molecules andthanides.
host-matrix. Energetic data indicate that inert-gas atoms (or The coordination of inert-gas atoms (or molecules) induces
molecules) strongly coordinate the metal and the binding energy a significant increase of the EnX bond distances. In fact, the
depends on inert-gas species, lanthanide atoms, and bondettansfer of electron density from &0 LnXs moiety slightly
halides. Some general features can be derived from analysis ofdestabilizes LnX molecular orbitals thus weakening £iX
data reported in Table 6 and Figure 4. bonds. The lengthening parallels the complexation energy, it
There is a gradual growth of stabilization energy on passing increases on passing from the RHF to MP2 wave functions,
from LnX3z'Ne, to LnX3-Arz and LnXs:-Xe, complexes, while and it grows along the series Lae, < LnX3:Ar, < LnXs:
a more pronounced increase is found for the bX,), systems. Xez < LnX3:(Ny)2 (percentages of lengthening at MP2 level
This behavior reflects the enhanced polarizability of inert-gas are: ~0.2%, ~0.4%,~0.5%, and~0.7%, respectively).

Om)——0

From a computational point of view the simulation of hest
guest interactions is a challenging task, and various treatment
have been proposé&5tin a simplified view two effects should
be considered, (i) a local static interaction between the molecules
and the neighbor matrix units which might lead to the forma-
tion of a “complex” and (ii) a nonlocal dynamic effect due to
the coupling of extended solid vibrations and intramolecular
modes.
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TABLE 6: Calculated Equilibrium Bond Lengths and Bond Angles for LnX 3, and LnX3:1G, (IG = Ne, Ar, Xe, and N,)
Systems; the Stabilization Energies Have Been Computed with Respect to Isolated LaZnd LuX3 Molecule and Isolated
Inert-Gas Units

RHF MP2
Rin-x/A O/deg Rin-i/A AE¥kcal mol? Rin-x/A O/deg Rin-ic/A AE#kcal mol?
LaFs 2.169 120 2.169 117.6
LaFRs*Ne 2.171 120 3.206 -1.2(-0.7) 2.175 119.7 2.976 —3.4(—1.6)
2.968
LaFs-Ar; 2.173 120 3.550 —-1.9(1.4) 2.178 120 3.275 —5.6 (—3.7)
LaRs - Xe; 2.175 120 3.910 —24(-2.2) 2.181 120 3.607 —8.9(-5.4)
LaFs(Ny), 2.181 120 3.050 —8.9(-7.9) 2.185 120 2.890 —-15.9 12.1)
LuFs 1.984 120 1.966 119.7
LuFs'Ne; 1.986 120 2.746 —-2.0(1.2) 1.970 120 2.568 —-7.5(2.8)
LUFsAr, 1.989 120 3.165 —2.8(-2.3) 1.974 120 2.873 —9.8 (-5.5)
LuFsz-Xe> 1.991 120 3.568 —3.7(3.1) 1.976 120 3.258 —13.0 (=7.0)
LuFs+(No)2 1.996 120 2.666 —~13.9 (-12.6) 1.981 120 2.505 —27.5(-18.6)
LaClg 2.652 120 2.623 120
LaClNe, 2.655 120 3.153 —1.4 (~0.9) 2.626 120 2.910 —4.5(2.3)
LaClz-Ar; 2.659 120 3.460 —2.5(1.9) 2.630 120 3.193 —8.0 (—5.7)
LaCly-Xe, 2.663 120 3.809 —3.4(-3.2) 2.635 120 3.518 —~12.9 (-8.6)
LaCls(N2)2 2.668 120 2.978 —11.2 (-10.2) 2.637 120 2.820 —21.0 (-16.3)
LuCl; 2.439 120 2.397 120
LuCls:Ne, 2.444 120 2.801 —1.5(0.6) 2.402 120 2.566 —7.7(2.0)
LuCls-Ar, 2.447 120 3.234 —2.3(-1.6) 2.408 120 2.867 —10.8 -5.6)
LuCls-Xe; 2.451 120 3.607 —3.4(-2.6) 2.412 120 3.243 —15.6 (-8.3)
LuClz*(N2)2 2.461 120 2.645 —14.8 (-13.0) 2.416 120 2.465 —32.4 (-21.0)
@ Stabilization energies corrected for basis set superposition error are given in parentheses.
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—A- = Figure 5. Potential energy curves for the isolated katolecule, solid
= 5 LnCl A line (a), and Lnk-IG, complexes broken lines (5 Ne; c= Ar; d =
o —————0 Xe; e= Ny) as a function of the bond ang®. The Rs_r andRia i
E R distances have been fixed to the optimized MP2 equilibrium structure.
% 210 A " LnClXe,
Qo LaF; species and for LafdG, complexes. The isolated LaF
é molecule and the LaFNe, complex show a double-minimum
% -15 -+ potential well, but the energy barrier to passage of the lanthanum
atom through the $plane is considerably reduced for the latter
20 4 system (0.12 vs 0.003 kcal/mol). In contrast the 4-4F,, LaF;-
Xe,, and Lak-(Ny)2 complexes show single-minimum energy
curves with the steepest wall for the third one. Therefore, weak
225 . . . interactions of LnX molecules with the inert-gas matrices

La

have been taken from refs 28 and 29.

Harmonic Vibrational Frequencies of Molecules Trapped
in Inert-Gas Matrices. Figure 5 reports inversion potential
energy curves (fixeR o—r andR _a—c distances) for the isolated

Gd

Lu

Figure 4. Calculated Ln%—I1G; interaction energy for Ln¥IG; (Ln
= La, Gd, Lu) complexes at MP2 level. Data for GAIXG, complexes

profoundly affect the out-of-plane bending, and molecules
become stiffer upon increasing the LgX-IG, interaction
energy (Table 7). For the LafMP2 case, there is a substantial
lowering of thewv, harmonic frequency on going from the

isolated molecule to LajNe, complexes because of the steeper

curve of Lak at the equilibrium geometry. A similay,
frequency reduction has been previously observed on passing
from GdR; to GdR*Ney;282°however, in that case this tendency
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TABLE 7: Harmonic Vibrational Frequencies of LnX 3 and LnX3:IG, (IG = Ne, Ar, Xe, and N;) System$

SCF/cnm?t MP2/cnr?t experimeriycm*
V1 V2 V3 Va V1 V2 V3 Va V1 V2 V3 Va

LaFs 523.4 10.0 514.8 125.9 524.3 44.9 516.3 120.9 541D 510+ 10

LaFRs*Ne 521.5 24.3 512.9 125.7 517.9 14.1 513.0 120.1 527.9 81 496.6 130

LaRs:Ar; 518.8 33.9 510.3 125.3 513.6 23.8 509.4 119.4 513.0 83 479.0 121.2
(84) (478) (120)

LaFs-Xez 515.8 38.1 507.4 124.5 509.6 32.9 505.6 118.2

LaFs (N2)2 511.3 48.9 503.1 122.1 507.3 35.0 503.4 117.0 490 94 459 112
(84) (457) (116)

LuFs 596.0 58.7 584.3 145.8 594.9 20.1 585.2 149.6

LuFs:Nex 592.5 71.3 580.7 145.3 589.2 50.4 579.3 147.7 585.4 101 570.5 150

LuFs-Ar; 588.6 78.6 577.1 144.5 583.2 74.1 573.5 146.7 569.6 112 552.2 144

LuFs-Xe 584.6 78.8 573.2 143.3 577.7 75.0 567.8 144.7

LuFs:(N2)2 578.6 97.1 567.4 140.2 573.6 90.4 563.5 142.1 121 530 149

LaClz 305.9 31.8 325.1 71.7 311.8 1.9 337.0 68.8 ~30°F 317 AT

LaCl*Ne, 304.3 38.4 323.3 71.7 309.9 30.0 335.0 68.7
LaClz*Ar; 3014 446 320.3 71.6 306.7 39.4 331.9 68.1

LaCls-Xe, 298.6 50.0 317.4 70.9 303.7 40.7 328.6 67.6 52 300 74
LaClz*(N2)2 297.2 50.1 316.2 70.1 303.4 38.4 328.8 66.6
LuCls 335.8 54.0 353.4 83.0 341.6 42.1 364.4 80.8

LuClzNe, 333.0 70.3 350.0 83.3 338.8 65.5 360.7 82.3
LuClz-Ar, 330.4 70.9 347.3 82.7 334.0 78.5 355.6 82.3
LuClz-Xe; 326.6 69.0 343.5 81.6 330.0 85.0 351.5 80.2 60 331 88
LuCls(Ny), 3224 85.0 338.2 80.2 329.8 84.4 350.9 79.3

a Only intramolecular LnX frequencies are reporte®l.Experimental data are taken from refs 6, 8, 9, 10, 11, and Exstimated from Figure
1in ref 6.
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Figure 6. Experimental (LnX[IG], dashed lines) and MP2 computed (Lf)G,, solid lines) frequencies for out-of-plane (left) and in-plane bending
(right) for trifluoride and trichloride molecules trapped in inert-gas matrices. Data fors8Xcomplexes have been taken from refs 28 and 29.

was less pronounced because of the minor propensity of theare: vo(LnFz:1G2) = 3.3m + p; v2(LnCls:1Gy) = 2.9m + p,
GdR; molecule to adopt a pyramidal struct#e® A monotonic wheremrepresents the position number in the lanthanide series
increase of the out-of-plane bending frequency is observed on(m., = 0, Mgq= 7, M, = 14); the intercepp is thev, frequency
going from isolated molecules to inert-gas complexes for all of of LaXs:1G,, and it is characteristic of each serf@sThe
the other Ln%-1G, species. Figure 6 reports the computed and computed trend for fluorides is very similar to that deduced
experimentab, frequency (including previous results on GgX  from IR measurements of molecules trapped in matrices. Thus,
IG,) for each LnX%:IG; series on increasing lanthanide atomic the straight line related to the neon matrix is found at the lowest
number (experimental data are indicated as ${hX]). wavenumbers followed by those obtained for argon, xenon, and
For both fluorides and chlorides the frequency increases  finally nitrogen matrices. Also, slopes obtained by fitting the
linearly with the atomic number of the lanthanide. The slope is three experimental points are roughly independent of inert-gas
roughly independent of inert-gas matrices while it is steeper matrices, but they are less steep than that computed; the average
for fluorides than for chlorides and the average line fittings line fitting is vo(LNF3[IG]) = 1.8m+ p. The computed intercept
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Figure 7. Experimental (LnX[IG], dashed lines) and MP2 computed (L£i)G,, solid lines) frequencies for asymmetric (left) and symmetric
(right) stretching for trifluoride and trichloride molecules trapped in inert-gas matrices. Data foyIGdXomplexes have been taken from refs
28 and 29.

“p” for each LnkIG; series differs considerably from that functions and across the series LylXe, < LnX3-Ar, < LnX3s:
derived from experimental datd Both differences are mainly ~ Xe; < LnX3+(N2).. Measured IR frequencies for the LaCl
due to the simplified model we used to simulate matrix effects molecule trapped in xenon matrix at-280 K are reported in
and clearly indicate that LrFmolecules maintain higher  Table 7 and compared with Lag3jas-phase experimental data
flexibility toward the out-of-plane deformation in La#G, (1350 K) and present theoretical results. Going from gas-phase
complexes than that found in the real matrix environment. More to xenon matrix, experimentals frequency undergoes a
reliable systems, certainly, would provide a better quantitative considerable reduction~(17 cnt?) as qualitatively predicted
comparison even though qualitative trends are well reproducedby calculations on the LaglXe, model complex (8.4 cri).
by the proposed Lnf1G, model. The only experimental data These data indicate that the simple Le®k, model roughly
available for LnC§ molecules are those obtained in the xenon accounts for 50% of total matrix effect on thg stretching
matrix: vo(LnCl3[Xe]) = 0.6m + p.252The experimental trend  frequencies.
is qualitatively similar to computational data, i.e. the Computational data on LndG, model complexes (Figure
frequency increases for heavier lanthanides. 7) point to a monotonic growth of; and v3 frequencies on
The computedvs scissors-type bending frequency is less increasing the lanthanide atomic number, and the average slopes
sensitive to inert-gas coordination (Table 7, Figure 6). It for fluorides and chlorides arey(LnFs:1G,) = 4.9m + p; va-
generally diminishes on passing from gas-phasedmilecules (LnF3:1Gy) = 4.5m + p; v1(LnCls:1G,) = 1.9m + p; v3(LnCla:
to LnX31G, complexes and on increasing of the knF-IG, IG,) = 1.7m + p. The straight lines for all the frequencies are
interaction energy. For both fluorides and chlorides the ordered in function of decreasing wavenumbers kiNé >
frequency increases almost linearly with the atomic number of LnXz-Ar, > LnX3-Xe, > LnXa+(N.),, and they are steeper for
the lanthanide. The slope is roughly independent of the inert- fluorides than for chlorides. These results are borne out in
gas matrices considered (Figure 6), and it is steeper for fluoridesexperimental IR measurements of LaidG]. Thus, the experi-
than for chlorides:v4(LnFz:1G2) = 1.9m + p; v4(LnClz:1Gy) mentalv; and v1 straight lines for fluorides follow the order
= 0.95m + p. Excluding experimental data of LgffiN2] which LnFs[Ne] > LnFs[Ar] > LnF3[N2], and for both the fluoride
seem rather irregular, computed trends are in close agreemengnd chloride series the slopes from theoretical data are close to

with those obtained in IR measurements. Thus, thesi[AH those derived experimentallyzy(LnF3[IG]) = 4.7m + p; va-

curve lies at lower wavenumbers than that obtained for the:LnF  (LnF3[IG]) = 5.2m + p; v3(LnCls:[Xe]) = 1.7m + p52

[Ne] series and the experimentally derived slopaf iFs'1G>) Furthermore, the computed intercepps for the v; vibrational

= 1.5m + p; v4(LnCl3:1G2) = 1.0m + p) are close to those  frequency in the LnkIG, model series are close to experimental

computed for the Ln¥IG> model. values; thus, theoretical and experimental curves almost overlap.
The host matrix affects even stiff stretching modes (Table 7,

Figure 7); thus, a consistent reduction of bath and v3 Conclusions

frequency modes is noticed on passing from isolated molecules

LnX3 to inert-gas complexes LipX G, in agreement with the The recent history of theoretical and experimental studies

R.on-x bond weakening discussed above. The reduction is directed toward elucidating spectroscopic properties of mono-
roughly proportional to the interaction energy. Therefore, the meric rare-earth halides demonstrates that the huge mass of the
frequency shift increases on passing from RHF to MP2 wave metal, the large metal radius, the availability of orbitals s, p, d,
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and f for the formation of bonds give rise to various and TABLE A: Spin —Orbit Coupling Constants (cm™?) for
surprising features. The high polarizability of semicore orbitals LUCls at Various Bond Angles R = 2.450 A)

and the presence of low-lying empty orbitals produce very stated 120° 119
shallow ground-state _minima, and the differe_nt mol_e_cu_lar A, (%A 735 60.8
symmetry and geometrical parameters on comparing equilibrium 37, (A1) 0.0 0.0
or vibrational average of structures is not an exception but a 3E" (3E) 53.8 50.1
rule. In line with this view, spectroscopic parameters, derived °E' (E) 0.0 11.9
for molecules in the gas-phase at high temperature, are generally zE' ,35 0.0 9.7
different from those obtained when molecules are embedded Ar (CA) 0.0 0.0
in inert-gas matrices at cryogenic temperatures. @ Low-lying triplet states irDs, andCs, (in parentheses) symmetries.

Emerging rigorous computational studies offer a comple-
mentary and independent tool to probe the molecular properties'A1 ground state. The spirorbit coupling of two different spin
of rare-earth halides. For example, present computed anharmonistates was determined by using the relativistic BrBiauli
vibrational frequencies for gas-phase LgiXolecules allow a Hamiltonian with both one- and two-electron terms as imple-
rational and exhaustive interpretation of the high-temperature, mented in the GAMESS codé:>3"%°
gas-phase IR spectrum of LaGlvhile for other molecules, some For the planarDs, arrangement, the spirorbit coupling
spectral predictions are reported and invite experimental veri- constants, 73.5 cnt (*A;'—3A7') and 53.8 cm* (*Ay'—3E"),
fication. In any case, generally great care has to be taken inindicate a small coupling between the ground state and the low-
comparing theoretical results and experimental data, sincelying triplet states, therefore suggesting a very small perturbation
sometimes the corresponding parameters have different meanof adiabatic CISD surface around the minimum. In fact, the
ings as in the case of equilibrium or thermal-average structures.energy difference between the lowest spambit state and the
Therefore, throughout appropriate models, anharmonic vibra- adiabatic CISD energy amounts to 0.12 €mthus leaving
tional effects should be included in computational data to derive unchanged equilibrium geometrical paramet&s{ci = 2.450
thermal-average structures, or they should be subtracted fromA, ® = 120°). For pyramidal configurations, as expected, there
experimental data to derive equilibrium structures. These is a greater number of triplet states involved in spambit
analyses would allow a reasonable theoretical/experimental coupling. Interactions related to the two “nedE states are
comparison. Furthermore, such molecules might be in different modest, while those involvingA, and3E, which correlate with
“physical states” such as when they are embedded in inert-gasthe A7’ and 3E" states inDz, symmetry, undergo minor
matrices. Note that the term “inert” is sometime misleading, variations, thus leaving unchanged the potential energy surface
since hostguest interactions have been found to be substantial, along the out-of-plane motion (see Table A).

and computed data for LipG, demonstrate that the “spec- In summary, for the presently analyzed LyiXolecules it is
troscopic accuracy” can be reached only by including matrix more important to address interelectronic repulsions and high-
effects. order electronic correlation effects rather than spmrbit

coupling, since the latter effect on geometries is very small.
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