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Structural and vibrational frequency studies have been carried out for 30 lanthanide trihalide molecyl@snLnX

= La—Lu; X = Cl, F) using ab initio quasi-relativistic effective core potentials at Hartfeeck and Mgller

Plesset post-Hartred=ock levels of theory. A plandDs, geometry was obtained for all trichloride molecules.

In accordance with previous theoretical worksCa structure was clearly established for the majority of the
trifluorides. Calculated bond lengths and vibrational frequencies are in good agreement with the experimental
data. Therefore, thermochemical functions have been estimated from thermostatistics calculations combined with
our quantum mechanics results. The electronic partition function is crucial in order to be in accordance with
experimental data tables, especially for temperatures higher than 500 K. A simple example of thermochemical
equilibrium clearly proves the validity of the estimated functions in the case of the lanthanum halides.

Introduction taken on these molecules. They were studied experimentally
]using several methods: rotational, vibrational, and electronic
studies, electron diffraction, and electric deflection of a molec-
ular beamt!-12

The first important theoretical works began in the early
seventies. One of the most important was carried out by Myers

Today, the materials sciences are devoted to the synthesis o
new products or compounds with controlled properties. For
most of them, thermochemical data are not available from
common databases. As a matter of fact, the experimental

determination of these data is difficult for some compounds since et al. on lanthanide trihalidé$317 Then. thanks to the creation

:ts mrag/_ud deif:)izl?ds?nncgtilqgsgr Jggd;?edsgggéguii Z?SS:ITEZJQE of the lanthanide pseudopotentials during the eighties, ab initio
prejuc ' . . Pealculations were performed on these molectiie¥. The major
synthesis processes. One way to obtain them is based on

. . . - work at this time was carried out by Dolg et al. They studied
guantum calculations, which allow us to obtain enthalpies and y Lol y
vibrational frequencies ta0 K_for ggometricglly optimized_ _(7) Gaune-Escard, M.; Bogacz, A.; Rycerz, L.; SzczepaniakMater.
structures. These data, combined with classical thermostatistic  Sci. Forum1991, 7375, 61. _
relationships,lead to the heat capacities, entropies, enthalpies, (8 Re?’St'VOv T. A. G.; Pessine, E. J. Mater. Sci. Foruml991, 73-75,
and free energies of the considered m_OIeCU|e' For example, 9) Yan.g, Q.; Liu, G.; Ao, Y Ninth International Symposium on Molten
this procedure has already been used in the case of light and ~  salts 1994, Pennington.
heavy metal chloride%:® For systems with heavy elements, (10) Wu, 1; Zhu, H.; Sato, Y.; Yamamura, T.; Sugimoto, Kinth
relativistic effects have to be taken into account. This can be 'erg}t"’t‘gic’”ﬁ' ngg:gogﬁg"monl%gi';%% %?”?34' Pennington.
done bY_ either D'rael:o?k_'t}_’pe calculations or Hartredock (12) Gmelin Handbuch der Anorganischen Chemie: Sc, VY, La und Lan-
calculations using relativistic pseudopotentfalhe purpose thanides Springer-Verlag: Berlin, Heidelberg, New York, 1976; Vol.
of this paper is to check the consistency of this last procedure , _ 39 (C3), p 17; Vol. 39 (C4a), p 10; Vol. 39 (B4), p 152.

ith lanthanide chlorides and fluorides whose thermochemical (13) Myers, C. Elnorg. Chem.1975 14, 199.

wi (14) Myers, C. Elnorg. Chem. Lett1976 12, 575.
data are already known. (15) Myers, C. E.; Graves, D. T. Chem. Eng. Datd 977, 22, 436.

The industrial interest of the lanthanide halides (chlorides and (16) Myers, C. E.; Graves, D. T. Chem. Eng. Datd 977 22, 440.
(17) Myers, C. E.; Norman, L. J.; Loew, L. Mnorg. Chem.1978 17,

fluorides) is very important. These molecules are involved in 1581,
the industrial production of very reactive metals, through an (18) Dolg, M.; Stoll, H.Theor. Chim. Actal989 75, 369.
electrodeposition process in alkali halide méit¥} Therefore, (19) Dolg, M.; Fulde, P.; Kahle, W.; Neumann, C. S.; Stoll, H. Chem.

Phys.1991, 94, 3011.
(20) Dolg, M.; Stoll, H.; Flad, H. J.; Preuss, B. Chem. Physl1992 97,
1162.
*To whom correspondence should be addressed. E-mail: joubert@ (21) Dolg, M.; Stoll, H.; Savin, ATheor. Chim. Actal989 75, 173.
ext.jussieu.fr. WWW site: http://alcyone.enscp.jussieu.fr/Pages/LECA/GP/. (22) Dolg, M.; Stoll, H.; Preuss, HTheor. Chim. Actdal993 85, 441.
(1) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J.; McDonald, (23) Dolg, M.; Stoll, H.; Preuss, Hl. Mol. Struct.1991, 235, 67.

numerous experimental or theoretical works have been under-

R. A.; Syverud, A. NJ. Phys. Chem. Ref. Date985 14. (24) Dolg, M.; Stoll, H.; Preuss, Hl. Chem. Phys1989 90, 1730.
(2) Bouyer, F.; Picard, G. S.; Legendre, Jni. J. Quantum Cheni994 (25) Ross, R. B.; Gayen, S.; Ermler, W. @. Chem. Phys1994 100,
52, 927. 8145.
(3) Bouyer, F. Thesis, Universiteierre et Marie Curie, Paris VI, 1995. (26) Cundari, T. R.; Sommerer, S. O.; Strohecker, L. A.; TippettJ.L.
(4) Hébant, P.; Picard, G. Sl. Mol. Struct.1995 358 39. Chem. Phys1995 103 7058.
(5) Hemery, A.; Picard, G.; Sibony, M.; Champin, Bit. J. Quantum (27) Cundari, T. R.; Stevens, W. J. Chem. Phys1993 98, 5555.
Chem.1997, 61, 483. (28) Bella, S. D.; Lanza, G.; Fragala L. Chem. Phys. Lett1993 214,
(6) Dolg, M.; Stoll, H.Handbook on the Physics and Chemistry of Rare 598.
Earths Elsevier: Amsterdam, 1996; Vol. 22, Chapter 152. (29) Lanza, G.; Fragald. L. Chem. Phys. Lett1996 255, 341.
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lanthanide halides, lanthanide oxides, and other deriveftitied! Table 1. Experimental and RHF and MP2 Calculated Bond
A similar very complete structural work was recently realized Lengths (in A) for Lnk Molecules

by Cundari et al. on 56 LnxXmoleculed® (Ln = Ce—Lu; X = exptt exptt RHFE RHE  MPZX  MPX
F, Cl, Br, and I) based on the pseudopotentials created by LnFs  [15] [11] calcd calcd calcd calcd

Stevens and Cundari, which include the f orbitals in the valence | g, 222 2114 217 215 218 215
shellZ” Finally, Di Bella? et al. and Lanza et &P.calculated (117.5) (116.0) (115.1) (112.9)
the equilibrium geometries and vibrational frequencies of six Cek  2.18 213 2.16 2.13 2.16 2.13
trinalide molecules. To our knowledge, no theoretical thermo- - o (112-?4 (112-?)2 (112-3 (113-3
chem|ca_l study has been carried out to date using quantum (1186) (1174) (116.1) (114.1)
mechanics data. Ndfs 216  2.09 2.13 211 2.13 2.10
(118.0) (116.5) (114.6)
Procedure Pmk 216  2.08 2.11 2.09 2.12 2.09
, . L o (118.9) (117.5) (115.5)
It's commonly admitted that, in a first approximation for the rare Smk 214 207 210 208 210 208
earths, the 4f orbitals may be treated as core orbitals and that only 5d (119.8) (118.2) (116.3)
and 6s valence orbitals are important for a chemical study. The various gyr, 213 2.05 2.08 2.06 2.09 2.06
studies realized in Stuttgart by Dolg et&f-2* confirm this assumption. (118.6) (118.3)
The same authors also published a paper concerning pseudopotentialsGdF; 2.12 2.05 2.07 2.06 2.08 2.06
which attribute the 4f orbitals explicitly to the valence space and use (118.9) (117.8)
a spin-orbital coupling correctio®* However, these calculations were ~ ThFs  2.10 2.03 2.06 2.05 2.07 2.05

not feasible for any molecules other than the diatomic rare earth (119.1)
molecules. Therefore, it seemed to be acceptable in our calculations PyFs ~ 2.09  2.02 2.05 2.03 2.06 2.04
HokR; 2.08 2.01 2.03 2.02 2.04 2.02

to use pseudopotentials which explicitly include the 4f orbitals in the
lanthanide’s core. That is why we chose a set of quasi-relativistic _IE_”:3 ggg igg ggi 28(1) 383 ggé
pseudopotentials developed by the Stuttgart team for lanthatiiéfes. Yg}? 2'04 1.98 2'00 1'99 2'01 1‘99

The term “quasi-relativistic” means that spiarbit effects are omitted qu 2:04 1:97 1:99 1:98 2:00 1:98

and the other one-electron relativistic effects included. This set of

pseudopotentials explicitly includes the f orbitals within the core orbitals 2 The calculated bond angles of nonplanar trifluorides are indicated
with a fixed 4f occupation corresponding to the desired valency of the between parentheses (in degre@8jumbers in italices represent
atom. Therefore, for the trihalide molecules, all rare earth elements €xtrapolated values.ECPs for both lanthanides (with optimized
are modeled as 11-valence-electron systems. The Stuttgart pseudopok/S6p5d)/[5s4p3d] valence basis sets) and fluorine (with an optimized
tentials were also chosen for the halog&hsince they will shorten (4s5p1d)/[2s3p1d] valence basis S€ECPs for lanthanides (with
the computational time for larger molecules which will be studied in OPtimized (7s6p5d)/[5s4p3d] valence basis sets) and a 6-31G(d) basis

the future. They are modeled as 7-valence-electron systems, and the®t for fluorine.
ns andnp orbitals are included in the valence shell< 2 andn = 3
for fluorine and chlorine atoms, respectively). The determination o
the quasi-relativistic pseudopotential parameters is described in detai
in ref 21.

Concerning the associated valence basis sets, we chose, for bot
halogens and lanthanides, the corresponding optimized valence baSEResultS
sets developed at Stuttgdt€?3°adding a polarization function on the
halogens in order to describe the anionic nature of the halide ligands. A preliminary structural study was necessary to validate for
For the trivalent rare earth elements optimized (7s6p5d)/[5s4p3d] our molecular systems the use of the Stuttgart pseudopotentials
valence basis sets were applied; for chlorine and fluorine atoms, (zllowing short computational time) before undertaking any rare
optimized (4s5p1d)/[2s3p1d] valence basis sets were used. Toimproveggth thermodynamical study which is the main purpose of this

the results, we also used all-electron 6-31G(d) basis sets for thework. We considered two sources of experimental vakiés.
halogens. ]
Two remarks are to be made: these values do not agree exactly

The ab initio software Gaussian®4used during this work, was d onl t of th I . tall d
running on both IBM RISC 6000 and SGI R4000 workstations. The &nd only a part of them was really experimentally measure
In fact, these data are a mix of

geometry optimizations and vibrational frequency calculations were (BY €lectronic diffraction).

limited to the restricted Hartreeock (RHF) level. To improve the ~ €xperimental and extrapolated values. '
computational accuracy, it was necessary to take the electronic First, we used Stuttgart's ECPs for both lanthanides and

correlation by a MgllerPlesset perturbational approach (MP2) into halogens. A geometry optimization was performed on thirty
account. LnX3 compounds (Ln= La—Lu; X = Cl, F), starting from a
The first thermostatistics calculations were carried out using the nonplanaiCs, geometry (bond angle XLn—X equal to 109.5).
MacMaster software developed in the laboraf8ryt has the advantage Al of these optimizations were realized at RHF and MP2 levels
of running easilyonqsimple Macintosh c_omputt_er. Using the molecular gnq based on a gradient-driven geometry optimization. In
structure and the vibrational frequencies, this software allows the Tables 1 and 2, the calculated results are compared to the two
: : : : sources of “experimental” valué$!®> Whatever the level of
(30) f;égng(;” '1“4’32.0'9’ M.; Kuechle, W.; Stoll, H.; Preuss, Mol. Phys. theory, we obtained a final planBg, geometry for all trichloride
(31) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.; Gill, P. M. W.; Johnson, Mmolecules. If the electronic correlation is taken into account,
B. G.; Robb, M. A.; Cheesman, J. R.; Keith, T. A.; Petersson, G. A.; pyramidal Cs, structures are found for the majority of the
\'\;'Ogtg%r‘rr‘t‘?zryhj'vA_'?F%?ggg‘gczargK';CiAJ;'[:VCgEi" JM é{ééi'g\feé"sg'_ trifluoride compounds, that is, Lako GdR. Considering the
Nanayakkara, A.. Challacombe, M.. Peng, C. Y.; Ayala, P. Y. Chen, MOst recent experimental valuésye found between 3 and 5
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; pm of error on La-F bond lengths and between 1 and 6 pm of
Martin, R. L.; Fox, D. J.; Blnkley, J. S.; Defrees, D. J.; Baker, J, error on Ln—-Cl bond |engths (at MP2 |eve|, us|ng pseudo_

:rt]%vxag,e}]/.isl?(.);nHDe. if.j'c?:l:gggn'\fr'{fo;ﬁggﬁ’rg%; Explféé]é.A' Gaussi- potentials for both lanthanides and halogens). These errors may

(32) Bouyer, F.; Picard, G. S.; Legendre, JJJChem. Inf. Comput. Sci.
1996 36, 684. (33) Joubert, LG-Thermg 2nd ed.; 1996.

¢ determination of some thermochemical properties: enthalpy, entropy,
|Gibbs free energy, and heat capacity. An IBM RISC 6000 version of
this software (G-Thermo) was also developed. It takes the electronic
H)artition function in thermostatistics studies into accaoiint.
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Table 2. Experimental and RHF and MP2 Calculated Bond
Lengths (in A) for LnC} Molecules

Joubert et al.

Table 3. Experimental and RHF and MP2 Calculated Vibrational
Wavenumbers (in cri) for LaCl; and Lak with Several Basis Sets

exptk  exptt RHP RHF  MP2 MP2 LaCls LaFs

LnCls [15] [11] calcd calcd calcd calcd v va vs va m v Vs Va
('-:i%'E 2o 2% 2or 208 28 29D RHP calcd 292 27 313 71 529 50 517 128
PrCh 2'57 5 '55 2'63 2'64 2.61 2.62 RHP calcd 288 33 310 67 554 59 543 125
NdCl 2.56 2'54 > '61 2.61 2 '59 > '60 MPZ22 calcd 294 16 317 67 521 65 507 121
PmC?[; 2'55 2'53 2'60 2'59 2'57 2'59 MP2 calcd 289 24 313 60 554 72 539 114
SmeCh 2‘53 2'52 2.58 2'57 2.56 2'57 RHF calcd 278 65 316 57 553 113 543 110

: : : : : : exptl -10)[15] 335 51 316 79 540 82 511 125
EuCk 2.52 2.50 2.56 2.56 2.53 2.55
GdCk 2.51 2.49 2.55 2.55 2.53 2.54 aUsing ECPs for both lanthanum and halogens (with optimized
TbCls 2.50 2.48 2.54 2.53 2.51 2.52 valence basis set)Using ECPs for lanthanum (with optimized valence
DyCls 2.49 247 252 2.52 2.50 2.51 basis sets) and a 6-31G(d) basis set for halogedsing a MINI basis
HoCls 2.47 2.46 2.51 2.51 2.48 2.50 set for lanthanum and a 6-31G(d) basis set for halogens.
ErCls 2.46 2.45 2.49 2.50 2.46 2.48
%‘&3 %‘jg %'f‘é 3'33 %ig g'jg 3'32 by Cundari et al., seems to indicat®g, lowest-energy structure
LuCls 2:42 2:42 é.46 é_47 2._43 é.46 at 0 K for the trichloride CompOUndS. They used ECPs for both

aNumbers in italics represent extrapolated valdSCPs for both

lanthanides (with optimized (7s6p5d)/[5s4p3d] valence basis sets) and

chlorine (with an optimized (4s5p1d)/[2s3pld] valence basis set).
¢ ECPs for lanthanides (with optimized (7s6p5d)/[5s4p3d] valence basis
sets) and a 6-31G(d) basis set for chlorine.

seem important. In fact, that corresponds to a maximum error
of 2.4% for both Lr-F and Ln—Cl bonds. Using a 6-31G(d)
basis set for halogens greatly improves the results for trifluoride

lanthanides and chlorine atoms with a polarization function on
the halogens at the MCSCF level of theory. With the same
MCSCEF calculations, they found planar structures for all 56 of
the lanthanide halide molecules. They also realized a structural
study on trifluorides at UHF level using ECPs for lanthanides
and a 6-31G* basis set for fluorines. All 14 of the structures
converged to a planar geometry except three moleculess(CeF
Pris and PmE). As precised by Cundari in his paper, it is
strongly probable that these “floppy” molecules are fluxional

lanthanides. RHF and MP2 geometry optimizations have beenat ambient temperature. Recent works realized by Di Bella et
carried out with this all-electron basis set while keeping al?® and Lanza et &? indicateCs, structures for Lak GdFs,
pseudopotentials on the lanthanides. We obtained a very goodand Luks molecules when correlation effects are taken into
agreement between theory and experiment for the bond lengthsaccount. They found that the electron correlation seems to play
of the trifluorides. In comparison with the experimental results a crucial role in predicting the trigonal shape of fluorides as it

of ref 11, we found up to 3 pm of error on bF bond lengths
(MP2 level), thus corresponding to a maximum error of 1.4%.
Moreover, the pyramidalC;, structures are also more pro-

has been confirmed by our study. However, @g structures
they found are very close to the planar geomeéry«118.9
and 118.7, respectively, for Gdfand Luk; molecules at MP2

nounced since the bond angles decrease. However, it does nolevel, using a very large TZ2P basis set on fluorffies

modify the previous results in the case of the trichloride
lanthanides. The planarity of these molecules is certainly due
to the fact that the Clions have a greater-donor capability
than the F ions?8

It is interesting to notice that Cundari etZ8land Dolg et
al.23 found similar results, respectively, with MCSCF (multi-
configuration SCF) and CI-SD (configuration interaction single
and double excitations) calculations. Cundari et al. treated
explicitly 4f orbitals in the valence shell, while Dolg et al.
included them in the core of the atom. These results verify the
hypothesis that the 4f orbitals can be explicitly included in the

Moreover, the bond angles are still far from experimental bond
angles for trifluoride molecules. It is clear that the structural
problem of these compounds still subsists. However, finding
a very accurate structure is not our main purpose, as it will be
emphasized in the thermochemical part of this paper.
Following the structural analysis, a vibrational study of these
compounds was carried out. The vibrational frequencies were
first calculated at the RHF level, using ECPs for both lanthanides
and halogens. The results seem to be more accurate without
the use of the classical 0.9 scaling faétan the frequencies.
The second time, we calculated the same frequencies at a

core without loss of accuracy. Although the present results are M@ller—Plesset post-Hartreg=ock MP2 level of theory. Rather

slightly different from the data calculated by Cundari et al., they
are rather similar to those obtained by Dolg et al.

As yet, the exact structure of these compounds was not clearly

established. The first experimental studies allowed us to think
that these molecules adopt a plabay geometry3* Then, the
planarity or nonplanarity problem became a subject of
controversyt1173541 The present work, like the studies realized

(34) Akishin, P. A.; Naumov, V. AVestn. Mosk. Uni. Ser. Mat., Mekh.,
Astron., Fiz., Khim1959 14, 229.

(35) Wesley, R. D.; DeKock, C. WI. Chem. Phys1971, 55, 3866.

(36) Kaiser, E. W.; Falconer, W. E.; Klemperer, W.Chem. Physl972
56, 5392.

(37) Lesiecki, M.; Nibler, J. W.; DeKock, C. W.. Chem. Physl972 57,
1352.

(38) Popenko, N. I.; Zasorin, E. Z.; Spiridonov, V. P.; lvanov, Al#org.
Chim. Actal978 31, L371.

(39) Ruscic, B.; Goodman, G. L.; Berkowitz,J.Chem. Physl983 78,
5443.

(40) Lohr, L. L.; Jia, Y. Q.Inorg. Chim. Actal986 119 99.

similar frequencies were obtained. Finally, RHF and MP2
calculated frequencies were estimated by using a 6-31G(d) basis
set on the halogens.

The calculation of experimental frequencies is based on the
matrix isolation data of Hastie et &.and corrected by the
empirical relationv(gas)~ v(Ne) + 0.8(vne — var) given by
these authors. Vibrational frequencies of lanthanide halides
were not measured in all cases. Most of them were extrapolated
from experimental values, using an empirical formula which
assumes a linear progression of the frequencies throughout the
rare earths family.

Table 3 illustrates the differences between the experiméntal
and RHF and MP2 calculated vibrational frequencies forsLaF

(41) Culberson, J. C.; Knappe, P.; 8, N.; Zerner, M. CTheor. Chim.
Acta 1987 71, 21.

(42) Scott, A. P.; Radom, L]. Phys. Cheml1996 100, 16502.

(43) Hastie, J. W.; Hauge, R. H.; Margrave, J.J..Less-Common Met.
1975 39, 309.
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Table 4. Calculated and Experimental LaX/ibrational TZ2P basis sets for the halogens. They found frequencies
Wavenumbers (Except PrgXCompounds) similar to ours except slightly better, but they still underesti-
MP2 expt @10 cnr?) [15] mated thev, frequency for the Gdf GdCh, LuFs, and LuCh

molecules. Jia and Zhatfyused another method. They
evaluated the force constants and fundamental frequencies of
'(‘:aC|3 289 24 313 60 335 51 316 9 the rare earth trihalides by means of the effective nuclear charge
eCk 291 26 316 61 335 52 319 80 . .
PrCk 294 27 319 62 336 52 320 80 model. The results calculated by using this model show that
NdCl; 297 27 322 63 336 53 324 81 the agreement between the experimental values is moderately
SmCk 301 30 326 66 337 55 323 82 good (LnC}k compounds) but sometimes very satisfactory @-nF
EuCk 313 32 332 70 338 55 324 83  compounds, for example). However, this method is an ap-
GdCl 304 35 328 66 338 56 326 84 proximate one since it does not take the difference between the

TbhCl; 308 36 333 69 339 57 326 84 - -
DyCl; 310 38 334 70 339 58 327 85 electronegativities of the bonded atoms into account.

HoCl;, 312 39 33 71 340 58 328 85 Some thermodynamical functions may be easily estimated
ErCl; 314 41 338 72 340 59 329 86 from equilibrium structures and vibrational frequencies, using
ITmCl, 316 42 341 73 341 59 330 87  yell-known analytical expressions. Therefore, they may

Zl?glj 3(1); gg gg% ;g gf'é gg ggi g; provide a validation of the ab initio calculations using pseudo-

lak, 554 72 539 114 540 82 511 125  Ppotentials.

Cek 558 68 544 115 549 86 519 115 We know that the energy of a molecule is the sum of the
Pr 562 65 548 117 552 86 525 121 = contributions of its different modes of motion: translation,
ggﬁ% gg? gg gg? ﬁg ggz 8‘21 gig gg rotation, vibration, and electronic. This separation is only
Euf 579 37 571 122 570 92 544 130 approximate pecauge the mo_des are not completely.lndependent.
GdF 575 39 564 121 573 97 552 136 However, it is satisfactory in most cases and widely used.
ThFRs 576 24 566 121 579 97 554 131 Therefore, the partition function factorizes into contributions
DyFs 578 7 569 122 581 98 561 133 from each mode and we can derive thermodynamical functions

HoFs 582 20 572 123 585 109 569 120  jj the approximation of a perfect gas.
Erfs 585 27 576 124 589 102 571 137 . .
TmEs 589 35 580 124 593 103 576 139 The translational contributions can be expressed as

YbF; 592 39 582 125 597 100 579 144  follows:
LuFs 597 44 588 127 598 106 585 147

a ECPs for lanthanides and 6-31G(d) basis set for halogens. Co(M= 5/2R (1)

V1 V2 V3 V4 V1 V2 V3 V4

and LaC} molecules. Compared to experimental data, the
calculated values at the RHF level are accurate enough for (M) = R(5/ +3 INM+3InT+In ﬁ(ﬁk)) (2)

2 2 2 o
thermodynamic calculations. However, we found an exception NH
concerning the small frequency associated withitheut-of-
plane bending mode. This frequency is systematically under- H°(T) — H°(0 K) = *L,RT (3)
estimated for all of our compounds. In the case of the
trichlorides and for some trifluorides, the small frequencies
obtained are the consequence of the flat energy surface alon
the out-of-plane distortion. From an experimental point of view, %e standard pressuiethe Boltzmann constarf the Avogadro
weak interactions with the inert gas matrix may strongly affect constant, anflh the Planck constant. ) o
the smallest frequency associated with thenormal mode. For a nonlinear molecule, the rotational contributions are as
Nevertheless, if we suppose that the frequency is really ~ follows:
underestimated, it will induce small errors in the vibrational
contributions to the calculated thermochemical functions (see Cp"(T) = 3/2R (4)
the thermochemical analysis). The next pages provide evidence

aT? )

hereR denotes the gas constaM, the molecular masg°

that these small errors do not spoil the thermodynamics study 3 R

of these molecules. The best estimated vibrational frequencies S(M="1R+ 2 In|l—"——

are obtained at the MP2 level using the standard 6-31G(d) basis

set on the halogens, thus corresponding to a better accuracy on )

the equilibrium geometry and, hence, on the force constants.With the following:

These results are summarized in Table 4. We have to notice

that the smallest frequency is better predicted with an all- 9. = h? 0. = h® and 6. = h?

electron calculation (using only a simple MINI basis set for A e Ak B 8AK ¢ 874k

lanthanur? and a 6-31G(d) basis set for chlorine), which is a b ¢

not very different from the experimental one, though the

structure is not well-predicted. This surprising result is certainly

due to the cancelation of errors during the calculation.
Recently, vibrational analyses were carried out by Di Bella

et al?® and Lanza et & on LnXsz compounds (respectively H°(T) — H°(0 K) = *,RT (6)

LaCls, LaFs and GdR, GACE, LuFs, LuClz molecules) by using

several levels of theory (SCF, CASSCF, and MP2) and large

(%)

00500

wherel,, |y, andl. are the moments of inertia of the molecule
ando its symmetry number.

The vibrational contributions (nonlinear molecules) can be
written as follows:

(44) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.;
Sakai, Y.; Tatewaki, HGaussian Basis Sets for Molecular Calcula-
tions Elsevier: Amsterdam, 1984. (45) Jia, Y. Q.; Zhang, S. Gnorg. Chim. Actal988 143 137.
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consists of a very large number of electronic levels, strongly

+  Cp° (exp) [46] v Cp° (caled) i
with no electronic correction degenerated and near the fundamental level. However, some
x  Cp° (exp) [47] s vaﬁh ngt%nic sorrection exceptions can be found, like the¥faGd™, or Lu3" ions, the
first excited electronic states of which are located beyond 30 000

92 ——— T~ T T cm! above the fundamental state. For the correspondingsLnX
r Laasrs 1 molecules (Ln= La, Gd, and Lu; X= ClI, F), the electronic
90 b 2t N $¥a, . E contribution is, in this case, equal to 0 in the temperature range
88l ﬁ;x * : 3 of interest (306-2000 K). This result is verified in the
s f £ ] thermodynamics data tablés*” This particularity is the
_.E- 86 - 2 7 consequence of the strong stability of these species in their
é 8a L y * ] respective ground-state configuration$, (f” and 4. The
% C 5 vrvvYvYYYYYY ] complexity of the electronic spectra of the other lanthanide
© 82 [ AR 3 trihalide molecules does not allow a quantum mechanics
; ' ] approach. Therefore, we calculated all electronic contributions
80« ] thanks to the experimental Ehelectronic spectra (using energy
78 S I S DA RN levels and their respective degeneracy), available in ref 12.
0 500 1000 1500 2000 2500 Figure 1 clearly proves that this “electronic correction” is of
prime importance for obtaining calculated data in fairly good
Figure 1. C,° evolution versus temperature for the Ng@iolecule agreement with the thermodynamics data tables.

between 300 and 2000 K. Calculated (with and without electronic ~ The thermochemical functions we chose to compare with
correction with G-Thermo software) and experimental values from two tabulated experimental functions are the standard heat capacity
different thermochemical data sourcés! C,°(T) and the standard entro(T). In these thermodynamics
2 —a tables, the data are given with an unrealistic accuracy:® 10
. g e JK~Lmol! for both C,°(T) and S’(T). In this work, we
o (M=R T a2 (@) preferred to give the coefficients of the adjusted thermodynamics
Sl(1-e?) functions with a number of significant digits allowing us to
s obtain a more realistic accuracy: 0-K~1-mol~? for C,°(T)
a9 ae a and 101 JK~1mol~* for (T). Instead of giving all of the
S(M=R —,a, —In(1—-e") 8) estimated values, we preferred to give tables collecting the
=1\l—e coefficients of the least-squares adjusted curve€§ofT) and
S’(T) (Tables 5 and 6). FoCy°(T), we used a function which
is usually found in thermochemical data tabtésdNevertheless,
no similar function is provided in these tables for the standard
entropyS°’(T). Therefore, we interpolated the calculated values
with & = aw/T, 7 (wavenumbers) in cnf ando = hok = with a _second-o_rc_ier po_IynomiaI function, thus providing_ a
1.438786 crrK. correlation coefficient higher than 0.99. The corresponding
H°(T) curve could be easily obtained by a simple integration
of the Cy° function versus temperature. All of the calculated
coefficients are valid in the temperature range of interest.
& In qE Td Inq It was glso interesting to test the influencg of the vilbrational
C,o(T) =RT—_- +2R T (10) frequencies on the estimated thermochemical functions. Ac-
dT cording to a recent study on other moleculés, most of the

3n—6

n-6] ge &
H°(T) = H°(0K) =RT ) [(——— 9)
F1\1—-e?®

Finally, the electronic contributions can be expressed as
follows:

E cases a small modification of the geometry does not influence
(M= rR1ENA L pin 9 (11) the thermochemical functions. To verify this assumption, we
daT computed the inertia moments of the LaCholecule for
£ different geometries and calculated the modiff@drotational
He(T) — H°(0 K) = RTZM (12) contributions (eq 5). First, we tested the influence of the-La
daT Cl bond length from 2.62 to 2.70 A with a fixed planar
h E is th | . - ¢ e geometry. Figure 2 clearly indicates that the thermodynamic
where 418 the gfctronlc partition unc'ilon.q_ = S° function is not affected by such a change in the molecular
Jimigie el € is thei'™ electronic level (in cm?), g is its geometry. Therefore, we fixed the bond length (2.62 A) and
degeneracy, and is already defined. modified the “flap angle” (angle between one of the-Gl
As well as Gaussian94, the first software we used (MacMas- \eciors and the plane sustended by the lanthanum and the other
ter) neglects the electronic contribution for polyatomic systems. wvq chiorine atoms). As it can be seen in Figure 3, even a
This approximation can be employed with success in the casegirong change in the molecular structure does not influence the
of light metal studies. In our concern, we clearly distinguish < rotational contribution. Figures 4 and 5 show the variation
a hlgh-toemperature deviation between the calculated and meays the different kinds of thermal contributions (translational,
suredC,° values for Nd{ (Figure 1). This important deviation rotational, vibrational, electronic, and total) for t8¢°(T) and

is a consequence of the complexity of the Ng&ectronic levels oo(1) of NdCl,. However, this study reveals that great precision

spectrum. The G-Thermo software is able to take the electronic

partition function (egs 10, 11, and 12) into account if the (46) Barin, I.; Sauert, F.; Schultze-Rhonhof, E.; Sheng, WTiSermo-

electronic levels spectrum of the molecule is available. For the chemrzcal Data of Pure Substance§¥CH Verlags Gesellschaft:
i i i Weinheim, 1989.

studled+molegules, the electrqnlc levels spectra are S|m|llar to (47) Knacke, O.: Kubaschewski, O.: Hesselmann, Tkermochemical

the Lr** atomic spectra, experimentally observed for free ions Properties of Inorganic Substanced ed.; Springer-Verlag: Berlin,

or in crystals'? For each rare earth, the electronic spectrum Heidelberg, New York, 1991.
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Table 5. Coefficients of the Least-Squares Adjusi@gt(T)
Functions for LnX Molecules (Except PmXCompounds)

Co°(T)2 (K ~L-mol-Y)

LnX3 a b c d
LaCls 82.83 0.3596 —0.1083 —0.3546
CeCk 77.58 14.05 —4.838 —-0.2279
PrCk 75.78 16.01 —4.010 —0.1169
NdClz 77.38 15.40 —4.450 —0.2539
SmCk 86.39 7.427 —1.978 —0.7304
EuCk 91.15 3.730 —2.086 —0.2504
GdCk 82.78 0.4246 —0.1275 —0.3864
ThCl; 75.97 15.90 —4.635 —0.1615
DyCls; 80.10 4.263 0.2959 —0.2588
HoCl; 82.90 —-0.7115 1.205 —0.3961
ErCls 83.56 —1.483 1.073 —0.4421
TmCl; 83.33 —-1.290 1.202 —0.4326
YbCls 82.96 —0.0004262 0.1006 0.4273
LuCls 82.77 0.4272 —0.1285 —0.3948
LaFs 80.66 2.822 —0.8428 —0.8357
CeF3 75.35 16.58 —5.591 —0.7100
Pri 73.50 18.60 —4.781 —0.5998
NdR 75.04 18.05 —5.250 —-0.7377
Smk 84.00 10.14 —2.787 —-1.121
EuR 88.60 6.621 —2.947 —0.7302
GdR 80.29 3.241 —0.9667 —0.8703
ThR 73.49 18.72 —5.475 —0.6353
DyFs 77.58 7.113 —0.553 —0.7333
HoRs 80.33 2.205 0.3357 —0.8726
Erks 80.92 1.497 0.1855 —0.9208
Tmks 80.66 1.739 0.3005 —0.9116
YbF; 80.23 3.086 —0.8184 —0.9104
LuF 79.90 3.686 —1.098 —0.1939

aC2(T) = a + bT(10°9) + cT2(10°9) + dT %(109).

Table 6. Coefficients of the Polynomial Least-Squares Adjusted

S°(T) Functions for LnX% Molecules (Except PmXCompounds)

S ()2 (FK1-mol™?)

LnX3 a b c

LaCls 326.6 0.1826 —0.4293
CeCk 338.9 0.1857 —0.4290
PrCk 341.7 0.1846 —0.4186
NdCls 341.3 0.1864 —0.4252
SmCk 333.7 0.1943 —0.4462
EuCk 323.9 0.2056 —0.4865
GdCk 338.0 0.1823 —0.4282
TbCls 339.5 0.1845 —0.4214
DyCl; 341.9 0.1813 —0.4157
HoClz 341.8 0.1813 —0.4219
ErCls 340.4 0.1816 —0.4246
TmClz 338.2 0.1814 —0.4231
YbCls 333.8 0.1819 —0.4268
LuCl3 313.2 0.1822 —0.4279
LaR; 287.2 0.1760 —0.4070
CeF3 300.9 0.1790 —0.4065
Pri 304.4 0.1778 —0.3958
NdFR; 304.7 0.1795 —0.4022
Smk 300.9 0.1874 —0.4231
EufR 295.0 0.1985 —0.4629
GdR 308.2 0.1752 —0.4046
TbRs 315.0 0.1776 —0.3982
DyF; 323.1 0.1743 —0.3923
HoR; 314.2 0.1743 —0.3982
ErRs 310.8 0.1745 —0.4007
TmkRs 307.0 0.1742 —0.3989
YbFs 301.8 0.1746 —0.4023
LuFs 283.1 0.1745 —0.4020

a3(T) =a+ bT+ cT3(10°°).
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Figure 2. Influence of the bond length on ti® rotational contribution
versus temperature (for a fixed LaQlanar structure).
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Figure 3. Influence of the “flap angle” on th& rotational contribution
versus temperature (for a fixed bond length (2.62 A) in IsaCl
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Figure 4. Different C,°(T) contributions versus temperature (between
300 and 2000 K) for NdG! translational, vibrational, rotational, and
electronic contributions and tot&l,*(T).

is needed for the small frequencies if they exist. Since the frequencies is important. Figure 6 illustrates the importance
rotational contribution is weak, it confirms that the geometry of the small vibrational frequencies on tH& vibrational
does not significantly influence the thermodynamics functions contribution (eq 8) for LaGl We replaced one by one each of
of these molecules and that the influence of vibrational the calculated frequencies by its experimental value. We can
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Figure 6. Influence of the smallest frequencies on 8tevibrational

contribution versus temperature (Lg@holecule). (a) All calculated
frequencies:v; (symmetric stretching modey), (out-of-plane bending
mode), vz (asymmetric stretching mode) and (in-plane bending
mode). (b) Calculated frequencies:, vs, and vs. Experimental
frequency?® v,. (c) Calculated frequenciesrz; and vs. Experimental
frequencies® v, andv,. (d) Calculated frequencyv,. Experimental
frequencies? vy, v4, andvs. (e) All experimental frequenciés.
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According to Kubaschewski and Evat¥sye can easily verify
that, at a sufficiently high temperature, we can neglect the terms
involving the heat capacities,

AH°(T) = AH°/(0) = AU°,(0) + AZPE (14)
whereAU,(0) stands for the difference between the sum of the
calculated electronic energies of the products and the sum of
the calculated electronic energies of the reactants and ZPE stands
for the correction due to the residual vibrational energy at 0 K
(or zero-point energy): ZPE Y,5; hv;, whereh is the Planck
constant andy; is theith vibrational frequency.AZPE is the
difference between the ZPE of the products and the ZPE of the
reactants.

So, Gibbs free energy can be easily calculated from the
relationship

AG(T) = AH°(T) — TAS(T) (15)
with the above-mentioned hypothesis:
AG°(T) = AU°(0) + AZPE— TAS(T) (16)

Hence, it is easy to calculate the equilibrium constant:

~AG®,
K(T) = EXF(T(T))

For the quantum calculations, ECPs have been used for both
lanthanum and the halogens. Therefore, we have replaced the
ECPs for the halogens with 6-31G(d) basis sets. The results
obtained at the RHF level are accurate enough to determine a
good estimation of the Gibbs free energy. SidcEPE equals
—0.794 kdmol~1 with regard taAU°,(0) which equals-514.033
kJmol~1 (RHF level), only the electronic energies obtained with
Gaussian94 increase the precision on the reaction enthalpy
AH®(T). This is why we can, in a first and really good
approximation, calculatAU°,(0) with better precision, keeping
in the same time th&AZPE term calculated at the RHF level.
We chose a MgllerPlesset perturbational approach as a post-
Hartree-Fock method. Therefore, we have calculated the
molecular energies at MP2 (with optimized geometry) and MP4
(single-point energy) levels.

We found that the Gibbs free energies have only a small
variation throughout the rare earths family. Here, we present

17)

see that the accuracy of the two smallest vibrational frequenciesonly the results on lanthanum:

(i.e., the out-of-planev, (a;) and in-planev, (e) bending
frequencies) has a significant impact on the thermodynamics
functions. It introduces a small difference between the calcu-
lated thermodynamics functions and the experimental ones
(about 10 K~1-mol~! for S(T) and less than 0.5K~1-mol~?

for Cp°(T)).

In the aim of future studies on reactions involving rare earth
halides, it was necessary to extend this work on free-energy
calculations. We chose the following exchange reaction,
involving at the same time, chlorides and fluorides:

LnCl; + 3

SF, Ly + 5Cl, (13)

In our temperature range of interest (300 K), the free
energy of this gas-phase reaction can be easily estimated fro
the thermodynamics data tables. These experimental data will
be used to validate our calculated free energy.

LﬁCg+gFfﬁLw%+ng (18)

The small errors in the calculateg,°(T) and S°(T) values
due to the inaccurate smallest vibrational frequency are not
important here for two reasons. First, as mentioned above, we
neglect thermal contributions such &g°(T), then the errors
on S(T) cancel in the considered reaction. Moreover AZ&E
term, which involves vibrational frequencies, can be neglected
too, as has already been stated. Table 7 gives the obtained
results, compared to an experimental thermodynamics téble.
In the case of all-ECP calculations, we can notice that a RHF
calculation is in accordance with the experimental results (2.5%
difference), whereas an MP2 or MP4 calculation does not
provide any improvement (4.9% and 5.3% difference, respec-

m

(48) Kubaschewski, O.; Evans, Betallurgical Thermochemistryard ed.;
Pergamon Press: Oxford, 1958.
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Table 7. Calculated Free Energy (in #dol™?) of the Exchange procedure described in this work is able to provide accurate
Reaction thermodynamics data up to 2000 K (temperature corresponding
AG°2 AGeP AG°? AG®P  AG(exptl) to metallization processes and plasmas) and hence to derive
T (RHF) (RHF) (MP2) (MP2) [46] thermochemical equilibriums between different lanthanide tri-
(K)  (k¥mol™") (kFmol™) (kJmol™) (kJmol™) (kFmol™) halide molecules within this range of temperatures (39000
500 —516 —493 —555 —561 —529 K). Therefore, it leads to a better understanding of the behavior
1000  —515 —492 —555 —561 —528 of these chemical species in such thermal conditions which is
2000  -515 —491 555 —560 —531 of great interest in order to improve the preparation conditions
aUsing Stuttgart's ECPs on both lanthanum and halogebsing of the lanthanide halides. The pseudopotentials we used will

Stuttgart’s ECPs on lanthanum and a 6-31G(d) basis set on halogensbe useful for more complex calculations, allowing one to shorten
the calculation time. Calculations on bigger rare earth com-
tively). Similar results are found with 6-31G(d) basis sets on pounds are actually in progress in our laboratory.

the halogens.
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The lanthanide trihalide molecules which have been studied
in this work were chosen because a research program on th
electro deposition of these metals is currently in progress in
our laboratory, and we expect to develop a model for these rare
earth halide molecules in a molten salt environment. The 1C970350V



