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The mass spectral patterns of CeCls(g) and LuCls(g) and appearance energies for the identified ions were measured
using a Nier-type mass spectrometer coupled with a Knudsen cell. The molecular ion CeCl;* was found to be
considerably less stable in comparison to LUCls*. Partial pressures and sublimation enthalpies of LnCls(s) to monomeric
LnCls(g) and dimeric Ln,Clg(g) species were obtained in the ranges of 882—-1028 (Ln = Ce) and 850-1004 K (Ln
= Lu). The contribution of dimeric Ce,Clg(g) species to equilibrium vapors of CeCly(s) is considerably smaller than
the Lu,Cls(g) contribution in LuCls(s) vapors. The measurements were supplemented by quantum chemical ab
initio studies of structures, energetics, and vibrational frequencies of neutral and singly ionized LnCl, LnCl,, and
LnCl; species (Ln = Ce, Lu). The theoretical appearance energies of different ions, calculated from the energies
of the gaseous species, are in good agreement with experimental data. The fragmentation energies of LnCl, LnCl,,
and LnCl; were also computed and compared with the mass spectral patterns of respective vapor species. The
Mulliken and natural bond orbital electron population methods were applied for the systematic analysis of the
bonding scheme in molecules and cations.

Introduction available from these measurements. The experimental find-

Mass spectrometric studies of molecular fragmentation areings provide the grounds for the cglibrat?on of theoretical-
an important source of systematic data of consecutive Methods at every step of the reactions in the decomposi-

reactions leading to the decomposition or formation of tion sequence. Theoretical studies supplement the measure-
molecules. The experiments record an equilibrium molec- ments with structures, energetics, and vibrational frequencies

ular composition of vapors and provide thermodynamic data and allow analyses of the ele_ctronic densit_y distributiqn _to
for observed processes. Appearance energies and energeti®® Performed. The systematic data regarding the variation
of bonding in neutral, as well as in cationic, species are of molecular properties are important to provide an insight
into the still poorly understood bonding in lanthanide
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Neutral and lonized LnCl, LnC}, and LnCl; Species

published in the literature depend on the energy of ionizing comparison with previously published results. The vapors
electrons and, to some extent, on the type of ion source ofof CeCk and LUCk are predominantly monomeric, although
the mass spectrometer. In most magnetic field mass specimass spectrometric studies show evidence for dimeric species
trometers used for high-temperature thermodynamic studies,of cerium chloridé®>*® and oligomers, up to tetramers, for
the discrimination at magnet slit takes place depending onlutetium chloride’® The ionic-molecular equlibria were
the focusing property of the magnet. To correlate theoretical investigated in cerium chloride and lutetium chloride vapors
predictions of mass spectrum patterns with measured valuesas well!35 Several experimental and quantum chemical
the corrected mass spectra, obtained by the integration ofstudies were carried out on the molecular structure of
peak areas, instead of recording intensities, should be takermonomeric LnCJ species and are discussed in the recent
into account:? Mass spectra of vapor species should, to some reviews of Hargittdi® and Kovacs and Konings.
extent, correlate with the structures, bonding, and charge In the present work, we report the results of our experi-
distribution of ions formed upon ionization/fragmentation. mental and theoretical studies of the vaporization of @eCl
Recent developments in quantum chemistry have resultedand LuCh. The ionization and fragmentation of gaseous
in support of the theory of mass spectra in organic chentistry. species were investigated experimentally by recording mass
To our knowledge, only limited studies are available for the spectra and ionization efficiency curves. In addition, the
mechanism and nature of mass spectra formation forvapor composition and enthalpies of sublimation of the
inorganic vapors (e.g., refs4). The few available com-  gaseous species were obtained and compared with previous
bined experimental and theoretical studies allow a discussionstudies. Experimental mass spectra, ionization and fragmen-
of the energetic considerations and a quantitative analysistation energies, and thermodynamic data for gaseous species
of fragmentation dat&.2° To understand the processes related were obtained in two groups using different equipment. The
to the ionization and fragmentation of species of the general aim of the experimental part of the present work was to get
formula DyX; and to rationalize the relative stability of more reliable data in a systematic manner and to compare
different ions in their mass spectra, the electronic structure them with previous results, as well as with the theoretical
and thermodynamic properties were studied for dysprosium predictions performed in the present study. The molecular
halides DyX, (X = F, Cl, Br, I; n = 0—3).1* The role of f structures and vibrational frequencies of LgiCinolecular
electrons in the bonding of Dy-containing moieties was also ions and their fragments Lngl, LnCI*, and Ln" were
discussed. In the present work, we study the vaporization determined theoretically. lonization and appearance energies
and mass spectra of CeGind LuC} systems. To clarify  were also calculated and compared with experimental values.
the role of f electrons in the ionization and fragmentation The theoretical information regarding structures, stabilities,
processes of Ln@{g) species, the first and the last elements and dissociation energies constitutes a significant step toward
of the lanthanide group were selected for this study. the understanding of ionization and fragmentation processes
The vaporization of cerium and lutetium chlorides was in metal halide vapors and should therefore allow for the
studied by applying different experimental approaches. The prediction of their mass spectra. The nature of chemical
discussion and critical assessment of data for ge@ls bonding was studied using the Mulliken and natural bond
given previously**>~** Pogrebnoi et al® have studied the  orbital (NBO) electron population analysis. The analysis of
vaporization of LuC by the Knudsen effusion mass the electronic density distribution allows difficulties present
spectrometry technique, and they have also supplied ain the common interpretation of bonding in lanthanide
complexes to be removed and provides a model for an

(1) Gorokhov, L. N.; Khandamirova, N. E. Ildvances in Mass  adequate representation of the experimental findings.
Spectrometry, Part BTodd, J. F. J., Ed.; Wiley & Sons: Chichester,
U.K., 1985; p 1031. . .
(2) Popovic, Alnt. J. Mass Spectron2003 230, 99. Experimental Section
(3) Lorquet, J. CInt. J. Mass Spectron200Q 200, 43. S
(4) Deutsch, H.; Cornelissen, C.; Cespiva, L.; Bonacic-Koutecky, V..  1h€ mass spectra of equilibrium vapors over G&Jl) and

Margreiter, D.; Maerk, T. DInt. J. Mass Spectrosc. lon Prot993 LuCls(s) were measured in two laboratories: Research Cefitoh Ju
129 43. (RCJ) and Jozef Stefan Institute (JSI). Experiments were performed

®) gpa’(lrggpﬁgi,rs.; JM(e:gd%Sr’]y'\g' Ac.ggr?]rrirgég Ebg'ﬁggr"n’ M. N.;Santos, ¢, the temperature ranges of 882103 (for CeGl) and 856

(6) Soldan, P.; Lee, E. P. F.; Gamblin, S. D.; Wright, T.JGPhys. Chem. 1013 K (for LuCk). The 60 magnetic high-resolution instrument

A 200Q 104, 3317. of the MAT 271 type supplied by Finnigan MAT, Bremen,
(7) Lesar, A.; Muri, G.; Hodoscek, Ml. Phys. Chem. A998 102 1170. ; ; i ;
(8) Schroeder, D.; Loos, J.; Schwarz, H.; Thissen, R.; Dutuitnorg. Germany, vyas used.ln.RGEEl.Vapor species were ionized with
Chem 2001, 40, 3161. electrons with an emission current of 1 mA and energy of 70 eV.
(9) Cooks, R. G.; Wong, P. S. Hcc. Chem. Re€99§ 31, 379. The employed Knudsen cells are made of iridium with knife-edged
(10) %g”%ég-? Cole, R. Bl. Electron. Spectrosc. Relat. Phenon200Q effusion orifices of 0.3 mm diameter. Temperatures were measured
(11) Saloni, J'.; Roszak, S.; Hilpert, K.; Miller, M.; LeszczynskiEir. J. with an automatic pyrometer of the ETSO-U type supplied by Dr.
Inorg. Chem 2004 1212. Georg Maurer GmbH, Kohlberg, Germany, and calibrated using
(12) Kapala, J.; Roszak, S.; Nunziante Cesaro, S.; Miller,JMAlloys the melting points of nickel, silver, and gold. The°6fagnetic

Compd 2002 345 90.
(13) Pogrebnoi, A. M.; Kudin, L. S.; Motalov, V. B.; Goryushkin, V. F
Rapid Commun. Mass SpectroB201, 15, 1662.

low-resolution mass spectrometer with a modified Nier-type ion

(14) Villani, A. R.; Brunetti, B.; Piacente, \J. Chem. Eng. Dat200Q (16) Hargittai, M.Chem. Re. 200Q 100, 2233.

45, 823. (17) Kovacs, A.; Konings, R. J. Ml. Phys. Chem. Ref. Da2004 33,
(15) Pogrebnoi, A. M.; Kudin, L. S.; Kuznetsov, A. Yu.; Butman, M. F. 377.

Rapid Commun. Mass Spectrot®97, 11, 1536. (18) Hilpert, K. Rapid Commun. Mass Spectroh®91, 5, 175.
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source was used at JSI. Details of the ion source are given in ref
2. The samples were evaporated from a graphite cell with an
effusion orifice of 0.5 mm. The Clausing factor was estimated to
be 0.9 from the effusion orifice geometry (conical orifice of 0.5
mm diameter, length of 1 mm with a half angle of°40The
temperature was measured by a Pt/PtRh (10%) thermocouple. The
vapors were ionized with electrons of a total emission current of
20 uA (10 £ 0.1 uA trap current) and energy from the threshold
up to 100 eV, depending on the type of measurement. To
compensate for the discrimination effects for fragments at the
magnet slit, Z scan distribution curves were measured using two
semielectrodés (45 mm of length, 14.5 mm apart), mounted
immediately after the ion exit slit. The respective correction factors
were measured at 35 eV. It was proven that they do not depend on
the electron energy substantially. The calibration of the Knudsen
cell-mass spectrometer system was performed by quantitative
evaporation experiments. In addition, ionization efficiency curves
were recorded from the threshold up to 100 V using the automatic
scanning of electron energy and the simultaneous acquisition of
the ion abundance at a rate of 10 points per second using the ATP
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discrete multiplier in the counting mode. The electron energy was
scaled in situ with the ionization energy oft® and Q. CeCk(s)
(99.9% purity) and LuG[s) (99.9% purity) were supplied by

Z-scan plate voltage

Figure 1. The Z scan curves for the Cand CeCJ*t ions observed in the
mass spectrum of Cefg) at a temperature of 1073 K and an electron

Aldrich Chem. Co., Poland. energy of 35 eV.

Ce and Lu (5.46 and 5.55 eV, DFT results) and the experimental
data (5.466, 5.426 &) indicates the reasonable treatment of the
The quantum-chemical calculations were carried out using the electronic states in neutral and cationic species. The theoretical elec-
density functional theory (DFT) approach which utilized Becke’s tron affinity of Cl (3.72 eV) agrees satisfactorily with the respective
three-parameter functiortlwith the local correlation pait of experimental value of 3.61 e¥.The presence of unpaired electrons
Vosko et al. and the nonlocal part of Lee efafabbreviated as  on the f orbitals of lanthanides allows for the rich manifold of
B3LYP). The DFT performance was compared with the second- electronic states in studied compounds. The calculations were
order Mgller-Plesset perturbation method (MP23nd the coupled- performed for different electronic states, allowed by electronic
cluster approach with single and double excitations, as well as a configurations of participating atoms, to ensure the location of
perturbative treatment of triple excitations (CCSD(®)j* The proper electronic ground states. All geometrical structures were
calculations were carried out using the energy-consistent small- optimized at the DFT level, and the location of the true minima
core (28 electrons) relativistic lanthanide pseudopotentials f&r Ce was confirmed by vibrational analysis. Vibrational frequencies and
and L& and the corresponding Gaussian (14s13p10d8f)/[10s8p5d4f] thermodynamic properties were calculated by applying the ideal
valence basis sét.The core electrons of Cl were also replaced by 9as, rigid rotor, and harmonic oscillator approximatiéhhe
the pseudopotential, and the valence basis set represépt$®s  €electronic density distribution study, based on the MP2 calculated
The basis set of Cl was additionally supplemented by two d polari- density, was performed within the Mulliken and natural bond orbital

Theoretical Methods

zations and a set of s and p diffuse functions proposed originally
as a part of the aug-cc-PVTZ basis s€tbor all calculations, the
eigenvalue of$ was within 5% of an expected uncontaminated
value indicating the applicability of the unrestricted Hartré®ck
wave function also for high-spin electronic states. For the MP2
calculations, projected values are repo&Because of the ionic
nature of the chemical bonds in the studied complexes, the applica-

(NBO) population analysis approach@sThe calculations were
carried out using the Gaussian98 package of progfams.

Results and Discussion

Fragmentation Patterns of CeCk(g) and LuCl3(g) and
Appearance Energies (AE) of lons.Figure 1 presents an

bility of the basis sets was validated by the computation of the
ionization energies of Ce and Lu and the electron affinity of the CI

atoms. The agreement between the calculated ionization energy oft

(19) Becke, DJ. Chem. Phys1993 98, 5648.

(20) Vosko, S. H.; Wilk, L.; Nusiar, MCan. J. Phys198Q 58, 1200.

(21) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(22) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618.

(23) Bartlett, R. J.; Sekino, H.; Purvis, G. Bhem. Phys. Letfl983 98,
66.

(24) Pople, J. A.; Head-Gordon, M.; Raghavacharij KChem. Phys1987,
87, 5968.

(25) Dolg, M.; Stoll, H.; Preuss, Hl. Chem. Phys1989 90, 1730.

(26) Cao, X.; Dolg, M.J. Chem. Phys2001, 115, 7348.

(27) Cao, X.; Dolg, M.THEOCHEM2002 581, 139.

(28) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll, H.; Preuss, Mol. Phys
1993 80, 1431.

(29) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1995 103 4572.

(30) Schlegel, H. BJ. Chem. Phys1986 84, 4530.
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(31) Martin, W. C.; Hagan, L.; Reader, J.; SugarJ.JPhys. Chem. Ref.
Data 1974 3, 771.

32) CRC Handbook of Chemistry and Physi88rd ed.; Lide, D. R, Ed,;
CRC Press: Boca Raton, FL, 2002.

(33) Davidson, NStatistical MechanigsMcGraw-Hill: New York, 1962.

(34) Reed, E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q,;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.9; Gaussian, Inc.:
Pittsburgh, PA, 1998.



Neutral and lonized LnCl, LnC}, and LnCk Species

Table 1. Experimental Mass Spectra of Cg(@) and LuCj(g) Relative to the LnGi" lon Intensity and in a Percentage (italic) of the Total lon

Intensity
LnCl3 Eel (V) T (K) LnClz* LnCl," LnCI*+ Ln* ref
CeCl(g) 70 1070 2312 100, 53.9 26.6 14.3 56.8 30.6 this work, JSI (not corrected)
70 1070 2.00.96 100 47.2 33.7,15.9 76.1, 35.9 this work, JSI (corrected)
70 882-1028 2.61.2 100, 46.2 39.0 18.0 74.9 34.6 this work, RCJ
50 1063 5.03.9 100, 78.3 10.6 8.3 12.1,9.5 13
LuCls(g) 70 900 20.38.3 100 41.0 48.6 19.9 75.0 30.7 this work, JSI (not corrected)
70 900 18.86.6 100, 34.9 59.9 20.9 108 37.6 this work, JSI (corrected)
70 850-1004 23.08.0 100, 34.8 39.1 13.6 125 43.6 this work, RCJ
90 1056 38.123.0 100, 60.4 13.6 8.2 13.984 15
12¢10* I I Table 2. Experimental and Theoretical lonization Energils) @nd
Appearance Energief\E) (in eV) of lons Detected in the Mass Spectra
of CeCk and LuCk Vapors
10+10% CeCh
IE AE AE AE
LnClst/ LnCl,*/ LnCI*/ Ln*/ IE
4 LnCls LnCl3 LnCl3 LnCls Ln*/Ln
»8410" -
2 experiment
» thiswork 9.5+ 0.2 11.0+£0.2 16.3+ 0.2 21.0+0.2 5.466
< ref 13 10.6+ 0.5 12.4+ 0.5 158+ 05 21.4+05
§ 6:10% - ref 38 10.22+ 0.07 12.30+ 0.05 15.92+ 0.07 21.174+ 0.06
> theory (this work)
g B3LYP 10.10 11.30 17.36 20.64 5.46
o MP2 11.18 18.23 22.90 5.26
E 4104 ccsD(T) 5.33
LUC|3
2:10% |- experiment
" thiswork 11.15+0.2 11.70+£0.2 17.3:0.5 22.2+0.5 5.4258
10 x CeCl, ref 15 11.4£05 125+05 16.6+05 23.4+05
ref 39 11.5£05 125+03 16.0£05 20.5£05
0 l I I I theory (this work)
0 20 40 60 80 100 B3LYP  10.67 12.19 16.52 20.39 5.55
electron energy/ev MP2 10.84 12.15 16.68 20.54 5.15
) o o ) CCSD(T) 10.74 12.01 16.34 19.91 4.99
Figure 2. Relative ionization efficiency curves for ions from mass
spectrum of CeG(g). aRef 31.

example of normalized Z-scan curves for C€Cind Cée
ion intensities detected in the mass spectrum of €dBlese

curves show the distribution of the kinetic energy of different

ions resulting from fragmentatié#f which leads to a consid-
erably larger width for the Cefragment in comparison to
the molecular CeGt ion. The area below the respective Z

obtained for ions observed in mass spectra of ge@t
LuCl; are presented in Table 2. The respective values of the
appearance energies available in the literdfdfe®3are
provided for comparison. Taking into account the accuracy
of experimental values of about0.5 eV, the theoretical
ionization/fragmentation energies generally agree with the

scans of the ion intensities yields corresponding correction respective energies derived from IEC (Table 2). The ther-
factors used for the recalculation of ion intensities to cor- modynamic agreement indicates that the electronic ground

rected mass spectra. The mass spectra of {&p@nd LuC}-

states of the studied species were properly determined.

(9) (as measured in JSI) together with corrected values are The thermodynamic meaning of the appearance energy
summarized in Table 1. Additionally, uncorrected mass spec- (AE) is the energy associated with the dissociation of the
tra obtained in RCJ, as well as those obtained by other au-metat-halide bond of the neutral molecule because of its
thors, are also reported. It should be noted here that the lossnteraction with an electron. The electron impact ionization
of fragments also occurs at the ion source extraction slit, processes of the Ln€imolecule are accompanied by the
and further correction should be performed to improve the following fragmentation pathways:

“true” spectra. Thus, the abundance of fragment ions in the
corrected spectra should be considered as their lower limit. LnCly(g) + e— LnCl,* + 2e
Figure 2 presents ionization efficiency curves (IEC) for

ions originating in the CeGlsystem at 1023 K and a total

pressure of ca. 0.1 Pa. Because of the broad energy
distribution of the ionizing electrons of 0.8 eV, the appear-
ance energies were obtained by deconvolution of measured

curves according to the Vogt method using a Maxwell
Boltzmann distribution functio®” The appearance energies

(36) Stephan, K.; Deutsch, H.; Maerk, T.ID.Chem. Physl985 83, 5712.
(37) Vogt, J.; Pascual, Gnt. Mass Spectrom. lon Phy$992 9, 441.

IE(LnCL) (1a)
—LnCl," +Cl+2e  AE(LnCL") (1b)
—LnClI"+2Cl+2e  AE(LnCl")  (lc)
—Ln"+3Cl+2e  AE(Ln") (1d)

(38) Khasanshin, I. V.; Pogrebnoi, A. M.; Kudin, L. S.; Kuznetsov, A.
Yu.; Butman, M. F.High Temp. (Engl. Transl.}J998 36, 712.

(39) Hastie, J. W.; Ficarola, P.; Margrave, J.J.Less-Common Metals
1968 14, 83.
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Table 3. Experimental and Theoretical (B3LYP) Dissociation Energies Am 27RT
of Metal-Chlorine Bonds in CeGJ LuCls, and Their Derivatives =y [ ——— 3
: PO = AcaV ™ 3)
origin of the system dissociating species
D(LnCl—Cl) D(LnCI-Cl) D(Ln—Cl) the estimation of the calibration factor is given as
CeCk molecule theor 5.11 5.06 4.99
cation exptl  1.5£0.3 5.3+ 0.3 4.7+0.3 k _
theor 1.2 6.05 3.28 -
LuClz molecule theor 4.98 4.38 5.48 O(LnCI?’)
cation exptl  0.55-0.28 5.6+ 0.5 4.9+ 0.7 a(LnCIS)
h 1. 4.34 .87 [27R Am
theor 50 3 38 m/(Zl(LnC|3) + ﬁZI(LnZCIG) —)
aEnergies in eV. Averaged dissociation energies of-Oh bond in t U(Ln2C|6)
neutral LnC}(g) were obtained as 522 0.1 (exptl) and 5.05 eV (theor) for
CeCk(g), as well as 5.6t 0.2 (exptl) and 4.95 eV (theor) for Lugg). (4)

The combination of appearance energies yields the dis-whereR denotes the gas constalitrepresents the molecular
sociation energies of lanthanidehlorine bonds inions. The  mass of LnCJ, Cis the Clausing factor, anrtimis the mass
difference AE(LnC}*) — IE(LnClst), AE(LnCI") — AE- loss of the sample from evaporation during tirkiefrom the
(LnCl,"), and AE(Ln") — AE(LnCI*) correlates with the  effusion areaA, of the Knudsen cell. The relative ionization
energy of the LnGt = LnCl,* + CI, LnCl," = LnCI* + cross sectiow(Ln,Cle)/a(LnCls) was assumed to be 115.

Cl, and LnCI = Ln* + Cl dissociation process, respectively. Mass losses of 3.01 mg of Ce(after 1130 min at 1023 K)

The averaged dissociation energy of the Laall bond in and 9.60 mg of LuGl(after 582 min at 1003 K) were ob-
neutral species was calculated as 1/3 of the AEJLA IE- tained in experiments with the isothermal evaporation of both
(Ln) difference. The IE(Ln) values were adopted from studied substances. In every run, the mass spectrum used
literature as given in Table 2. Experimental appearance for the calibration in eq 4 was interpolated to the respective
energies yield, in fact, the upper limits of the adiabatic values temperature of the isothermal vaporization experiment. Partial
because of the additional kinetic energy of the fragment pressures were evaluated by eq 2 for each temperature of the
ions236 Therefore the determination of the energies of the measurement. Figure 3a and b show the partial pressures
dissociation and fragmentation processes by the use ofdetermined over Cegb,l) and LuCy(s). Expressions for par-
experimental appearance energies is limited. The sequentiatial pressures of LnG{(g) and LnClg(g) as functions of tem-
dissociation energies of Lncand LnCk™ are presented in  perature are a result of the least-squares method (Table 4).
Table 3. Averaged dissociation energy of the La@l bond ~ For CeCl(g) and CeCle(g) species, the point recorded in JSI

in the neutral species was calculated from theoretical dataabove the melting temperature of Cg@), T, = 1095 K;*?

as 1/3D(LnCl,—Cl) + D(LnCI-CI) + D(Ln—Cl)}. Al- was not considered in this calculation. The second law subli-
though the precision of data is not high, the qualitative mation enthalpies of Ce&b), LuChk(g), and LuCle(g) at
conclusions resulting from the experimental and theoretical 298 K (standard pressupg = 101 325 Pa) were computed
data are similar. The dissociation energy for Lyn@blecules from the slopesa, of the pressure equations given in Table

is higher than that of their ionized form, Lnl The LnCk* 4. Recalculation to the standard temperature was performed
cation is shown to be significantly less stable than any other using the thermodynamic functions for Ce(@)/ > *4
fragment studied. The above observation is consistent with LUCl(s),*?> and CeCle(g)*? reported in the literature. Ther-

its low abundance in the Lngb) mass spectra. modynamic functions for Cegb), LuCk(g), and LuCls-
Partial Pressures and Vaporization Thermodynamics (g9) were estimated on the basis of molecular parameters
of CeCl; and LuCl;. Mass spectra of Cegland LuC} obtained in the present study. The results of the calculations

vapors were recorded in JSI and RCJ over the temperatureare summarized in Table 5. The second law sublimation
ranges reported in Table 4. lon intensitid§), of the enthalpies of LnGlg) are represented by the arithmetical
respective gaseous speciesecorded at temperatuileare mean values obtained in RCJ and JSI. The second law

related to the partial pressung(j), via the expressidf treatment of data was not performed for,Ck(g) because
only four experimental points were recorded for this species.
p(i) = kT(ZI(i))/o(i) (2) Sublimation enthalpies of the Lngy)) and LnCle(g)

species were additionally obtained according to the third-
wherek, Y I(i), ando(i) denote the pressure calibration factor, law method by applying the equation
the sum of intensities of ions originating from the same
neutral precursor, and the relative ionization cross section AH®(298 K)= —T{RIn K;° + A [G°(T) — H*(298)]/T} (5)
of speciesi, respectively. lon intensity of LiClst was
considered in each case aHLn,Clg). The relative pressure  (41) Suvorov, A. V.Termodinamicheskaya Khimiya Paroobrazados-
calibration factorsk/a(LnCls), were obtained by using the tajanija; Khimiya: Leningrad, Russia, 1970; p 107.

. . . . (42) lorish, V. S. Glushko Thermocenter of Russian Academy of Sciences,
mass-loss Knudsen effusion technique combined with the Moscow, Russian Federation, Private communication of preliminary

mass spectrometry. By combining eq 2 with the Hertz data adopted in IVTANTHERMO database.
Knudsen expressidh (43) Barin, 1. Thermochemical Data of Pure Substances, ParVCH:
p Germany, Weinheim, 1989; p 610.
(44) Chervonnyi, A. D.; Chervonnaya, N. Russ. J. Phys. Chem. (Engl.
(40) Hilpert, K. J. Electrochem. Sod 989 136, 2009. Transl.) 2004 78, 313.
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Table 4. Partial Pressures of Lngg) and LrClg(g) (Lh = Ce, Lu) over LnCi(sp

Inp(i)=-a/T+b
species N AT a b [i) at 1000 K ref
CeCk(g) 15 882-1028 3719H 437 34.215+ 0.457 5.1x 102 this work, RCJ
18 923-1093 38 695+ 126 35.675+ 0.125 4.9x 1072 this work, JSI
7.5x 1072 12
0.12 13
5.8x 102 14
3.7x 1072 43
CeClg(g) 4 1063-1093 43378t 975 33.76 7 0.905 6.8x 10°° this work, JSI
4.3x 1076 13
8.0x 10°° 120
LuCls(g) 25 850-1004 36 427H 318 35.862+ 0.344 0.57 this work, RCJ
17 853-1013 35082+ 144 34.519+ 0.155 0.57 this work, JSI
0.34 15
Lu2Cle(g) 12 903-1013 42594+ 357 39.162+ 0.374 3.2x 1072 this work, JSI
0.10 15

aThe measurement includétiexperimental points in thAT temperature range. Partial pressures at 1000 K are given for the comparison. Pressure in Pa,
temperature in KP Extrapolated from the temperature range of study of +aB191 K.

whereA[G°(T) — H°(298)]/T is the variation of the Gibbs  than LuCls. The vapor pressure of @els(g) at 1000 K is

energy function for the respective sublimation reactiy?. less than 0.2% of the total equilibrium pressure over cerium
is the equilibrium constant for the respective sublimation chloride. Vapors of LuGlat the same temperature are over
reaction 5% dimeric molecules. A similar tendency regarding the

. . dimerization in vapors for the sequence from Ce to Lu was
LnCly(s) = LnCly(g) o = P(LnCly)/p (6) previously stated by Gietmaffras a result of his studies of
2LnCL(s)= Ln.Cl ° — n(Ln.ClL)/p° 7 lanthanide bromides.

(5) Ll(0) p = PLNLCl/P % The [G°(T) — H°(298)]/T function estimated for gaseous
Computations were carried out for each temperature of theSPecies in the present study was compared with values
measurement. Mean values of sublimation enthalpies ob-Previously obtained by other authdfsi>#24 The accuracy
tained for all experimental points are given in Table 5. of this function determines the validity of the third-law
Statistical uncertainties equal to 2re given for individual ~ Sublimation enthalpies calculated from experimental partial
second and third law values in Table 5. Selected sublimation Pressures. Maximal differences (in J moK ™) of 5 (CeC}-
enthalpies obtained in the present study are a result of the(9)), 19 (LUCk(g)), 27 (CeCls(g)), and 21 (LuCle(9)) exist
computation of weighted averages from the second- andbetween the individualg®(T) — H°(298)/T values reported
third-law values. In the case of @&le(g), the third-law in the cited sources fof = 1000 K. This agreement can be
sublimation enthalpy is given as the selected value. Recipro_considered tq be satisfactory if the fact that a difference of
cal probable overall errors given in Table 5 were taken as a1 J mof K™in Ehe_[G"(lOOO)_— H°(298)J/T function results
weight of each value. The probable overall errors of the in @ 1 kJ mof™ difference in the third-law enthalpy of
selected enthalpies of the sublimation reactions reported inSublimation is taken into account. -

Table 5 were estimated by considering statistical errors and  Structures and Nature of Bonding in CeCb, LuCls, and
probable uncertainties of the data used in the calculations.their Derivatives. The available experimental structural and
The following probable uncertainties were assumed for the Vibrational data are restricted to Ln(pecies. However,
computation of the overall errorp(LnCls), £20%; p(Ln,- the reasonable agreement between e?(penr.né?n%’l and
Clg), £50%:; T, +£5 K; [G°(T) — H°(298)]/T, &2 (for LnCls- theoretical structural parameters for trichlorides (Tables 6
(s)), %5 (for LnCl(g)), and+10 J mot* K1 (for Ln,Clg(g)). and 7) gives us a confidence in the calculated values for

The sublimation enthalpies of CeGind LuCk measured other neutral and ionic Lnglspecies. The interatomic
in both laboratories (RCJ and JSI) agree well. The selecteddistances in cerium chlorides are about 0.15 A longer than
second- and third-law enthalpies differ less than the estimatedoonds characterizing lutetium chlorides. This trend agrees
uncertainty_ Satisfactory agreement can also be seen W|thwe” with the difference of the metallic radius of atoms of
previous studies (Table 5). Partial pressures of monomeric0-10 A®! Interatomic distances in CeCand LuCh com-
species also agree well between laboratories and other , : — : :

. . . ., (45) Gietmann, C. Thesis, Rheinisch-Westfalische Technische Hochschule
studies. It is not the case, however, for the cerium chloride Aachen, Germany, 1996.
dimeric species, where the vapor pressure obtained in thegi% EargittaiAM.lgoqrd. Cr;zegﬁ.’\;!':/gbl%sa 91, 35.1997 15 131
H H ovacs, A.; Konings, . ibr. Spectrosc ) X .

present s'Fudy is a factor of 17 higher than the r_esulj[s of (48) Kovacs, A+ Konings, R. J. MJ. Phys. Chem. Ref. Da@004 33,
Pogrebnoi et al The value ofp(CeCls) measured in this 377. _ _
work for 1000 K agrees, however, with the value of our E§3§ @Se?;mbE'E Z_Zé‘;a'f/'é-s Ké"r%l?;iae S]Z’ Sr?;' DtA997 29, 4436
former study? extrapolated from the temperature range of (51) Gschneider, K. A.; Caldderwood, F. Wandbook on the Physics
10371091 K. Also if somewhat contradictory data con- and Chemistry of Rare EarttGschneider, K. A., Eyring, L., Eds.;
cerning dimer contributions in Ce£and LuC vapors are North-Holland Physics: Amsterdam, 1986; p 1.

. . (52) Perov, P. A.; Nedyak, S. V.; Mal'tsev, A. Aestn. Mosk. Uni. Khim
considered, G€Ils seems to be considerably less stable 1975 30, 281.
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(a) TIK Table 5. Second- and Third-Law Standard Enthalpi&s< 298 K) of
1100 1000 900 Sublimation of LnCi(s) to LnCk(g) and LrCls(g), Ln = Ce, Li#

I ' I species second law third law selected ref

' CeCh(g) 331.7+£7.2 331.6+1.2 this study, RCJ
100 | 344.1+ 2.0 331.8t14 this study, JSI
3379+ 9.1 331.7+5.2 333.2+6.3 this study, selected
331.0+£53 12
334.8+7.2 1Z
329+ 10 13
331+5 14
— 330.5 43
CeClg(g) - 439.64+ 10.6 439.6+ 10.6 this study, JSI
443.2+12.0 12
4514 25 14
LuClx(g) 318.6+54 296.1+2.2 this study, RCJ
307.4+ 2.4 295.2+1.2 this study, JSI
313.0+£ 7.9 295.7+5.2 300.9+12.9 this study, selected
285+ 5 15
LuCls(g) 373.7+11.2 358.0+10.6 365.4+ 13.5 this study, JSI
370+ 10 15

-
e
I

p(i)/iPa

meiting point

1072

% Ce
- a Enthalpies in kJ/mol® Original value.c Recommended value.
LnClst than that observed in LnCland LnCh". As a

I | I I consequence, the structure of LgCtations is significantly
100 105 11.0 1.5 perturbed from that of neutral trichlorides, and th€i

_10* symmetry is destroyed. The kQls dimer possesses By,

TK structure similar to other LiCls compounds studied befote.
(b) 7K The_ planar four-m_embered Lu@Lu ring is_ formed by
1000 950 900 850 equivalent Lu-Cl bridged bonds (2.570 A) with a ELu—
Cl angle of 82.7. Terminal Lu-Cl bonds (of 2.403 A) define
the plane perpendicular to the central ring. ThgGtLu—
Clerm angle is 116.1.

An electronic population analysis allows electronic density
changes resulting from the formation of new bonds or from
ionization processes to be tracked. Despite the differences
in absolute values, both methods lead to a similar pattern of
variations in the density distribution. Mulliken values are
presented in the following text along with NBO values given
in parentheses. The chemical bond in CeCl possesses an ionic
nature with~0.40 (~0.77) electron transferred from Ce to
Cl (Table 8). The electronic density is donated almost
exclusively to the p orbitals of Cl. The density distribution
in the Ce-Cl bonds of CeGland CeCJ may be considered
additive since a similar amount of electron is transferred,
when each bond is considered separately. Orbitals s, d, and
| | | | f of cerium are involved in the bonding, while the p orbitals

95 100 105 110 115 120 are totally inactive. The total donations from Ce (s and f
10* electrons) to Cl are 0.993 (1.070), 1.904 (2.010), and 2.571
TTIK (2.751) electrons in CeCl, Cefland Ced, respectively.
Figure 3. Partial pressures of gaseous species over £=0I(a) and The overall electron transfer is reduced by theback-
LuCls(s) (b) at different temperatures obtained in J$) @nd RCJI ). donation to the d orbitals of Ce amounting to 0.561, 0.924,
. o .and 1.080 according to Mulliken analysis or 0.300, 0.485,
pounds follow the same pattern with the I_|ttle_ Increase N 5nd 0.490 electron for CeCl, CeCand CeG, respectively,
the bond length from LnCl to LnGl The ionization of when the NBO scheme is applied. Although the NBO

molecules leads to a _shortening_ of b_onds by as _much as 0']analysis generally leads to a smaller amount of electron back-
A and to the blue shifting of the vibrational stretching modes. donation than the Mulliken approach, the trends of the

The effect is well explained as a consequence of removing changes remain similar. The smaliedonation per single

Ithedponbondlpg electrofnsl of metalls.m LnQI and L‘SICI Ce—Cl bond in Ce of 0.857 (0.917) electron is compen-
eading to an increase of ectrpstaﬂc interactions (Tables 8.'sated by the lower electron back-donation per bond of 0.360
and .9)' The |on|zat|qn of Ln(;l!nvolves the glectrons of . (0.163) electron. In the case of CgCthe total electronic
chlorine atoms, leading to a different bonding scheme in density withdrawn from Ce, as predicted by the Mulliken
(53) Giricheva, N. |.: Girichev, G. V. Krasnov, A. V.. Krasnova, O. . population analysis, amounts to 1.438 electrons. The NBO
Struct. Chem. (Engl. Transl900Q 41, 388. approach gives a picture that is qualitatively similar, although

10

©
o
©
3

100_

p(i)/Pa
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Table 6. Theoretical (B3LYP) and Experimental (in square brackets) Bond Lengh386nd Angles (C+-Ce—Cl), and Vibrational Frequencie®)(
for Neutral and Charged Fragments of the Parent Molecule £eCl

multiplicity R(A) Cl—Ce—ClI (deg) 7 (Cm™)

Ce 3

Ce* 4

CeCl 2 2.530 301.8

CeCl 1 2.433 364.9

CeCh 3 2.559 125.7 299.7%¢) 62.8 (2) 311.3 3)

CeCb* 2 2.462 110.1 377.%f) 55.5 (2) 381.6 (3)

CeCk 2 2.571 119.0 311.3/) 45.0 (r2) 324.9 3) 69.0 (v4)
[2.577p [320]¢ [58]° [321p [85]¢

CeCk* 3 2.459 109.3%2) 381.1¢1) 209.1¢) 181.1¢3) 46.7 (va)
2.656 (x2) 61.1 307.7%s) 61.6 (e)

aRef 46 (estimated) Ref 47.¢ Ref 17 (recommended values).

Table 7. Theoretical (B3LYP) and Experimental (in square brackets) Bond Lengh86ond Angles (C+-Lu—Cl), and Vibrational Frequencie)(
for Neutral and Charged Species of the Parent Molecule 4 uCl

multiplicity R(A) Cl—Lu—ClI (deg) 7 (cm™h

Lu 2

Lu* 1

LuCl 1 2.391 330.5

LuCIt 2 2.292 406.9

LuCl, 2 2.400 129.7 335.3/) 62.1¢72) 343.2 3)

LuCl,* 1 2.314 113.1 401.5/) 87.1(2) 403.9 (3)
2.403 335.2%1) 37.4 () 354.5 ¢3) 82.6 (4)

LuCls 1 [2.417(6)} 120.0 [342} [60]¢ [331F [88]¢
[2.403(5)F [345]¢ [69]® [351]F [98]°

LuCls* 2 2.467 (2) 115.1 «2) 397.4 ¢1) 255.3 @) 148.6 ¢3) 66.7 (va)
2.322 68.8 328.11%) 67.1 (ve)

aRef 49 (thermal average) Ref 50 (estimatedf Ref 52.9 Ref 17 (recommended value§)Ref 53 (thermal average).

Table 8. Orbital Occupancies (in electron) from Mulliken and NBO (in parentheses) Population Analysis ig I@eletule and Related Fragmehts

Ce Cl Cl

S p d f total S p total S p d total
Ce 6.000 12.000 10.000 2.000 30.000

(6.000) (12.000) (10.000) (2.000) (30.000)
Ce" 5.000 12.000 10.000 2.000 29.000

(5.000) (12.000) (10.000) (2.000) (29.000)
Cl 2.000 5.000 0.000 7.000

(2.000) (5.000) (0.000) (7.000)
Cl- 2.000 6.000 0.000 8.000
(2.000) (6.000) (0.000)  (8.000)

CeCl 5.548 12.021 10.561 1.459 29.589 1.966 5.427 0.018 7.411

(5.512)  (11.997) (10.300) (1.418) (29.227) (2.010) (5.754) (0.009) (7.773)
CeCI* 4.569 11.999 10.550 1.576 28.694 2.036 5.242 0.028 7.306

(4.535)  (11.997) (10.277) (1.534) (28.343) (1.982) (5.653) (0.021) (7.656)
CeCb 4.765 12.039 10.924 1.331 29.059 1.998 5.455 0.018 7.471

(4.724)  (11.999) (10.485) (1.266) (28.474) (1.988) (5.767) (0.008) (7.763)
CeCbt  4.100 12.000 11.052 1.249 28.401 2.043 5.230 0.027 7.300

(4.038) (11.986) (10.542) (1.182) (27.748) (1.987) (5.622) (0.019) (7.628)
CeCk 4.176 12.053 11.080 1.253 28.562 2.014 5.447 0.018 7.479

(4.061) (11.996) (10.490) (1.188) (27.735) (1.985) (5.763) (0.008) (7.756)
CeCkt  4.155 12.047 11.051 1.252 28.505 2.010 5.058 0.029 7.0972.043 5.233 0.026 7.302

(4.082) (11.988) (10.498) (1.191) (27.759) (1.985) (5.313) (0.012) (7.310) (1.981) (5.617) (0.019) (7.617)

aPpopulations are given for valence configurations defined in the text. Cl (c88gj3€e (core)4¥pP4dio4f2525p56<. P Populations for the symmetry
equivalent atoms.
the amount of total density transferred out of Ce slightly molecule is the double ionized atom with the?&&d
exceeds two electrons (2.265 electrons). A rough estimationelectronic configuration corresponding to the lowest-excited
of the sharing of two electrons between the metal and electronic state of the e cation.
chlorine atoms in CeGlcorrelates with the consecutive In the studied compounds, the ionization of the molecules
ionization energies of the Ce atom of 5.446, 11.85, and competes with bond formation. The ionization of CeCl
20.198 eV28 The transfer of the third electron out of Ce to removes an electron exclusively from the 6s orbital of Ce
the vicinity of chlorine atoms, as one corresponding to the leaving the original bonding electrons almost untouched
third ionization energy, is not feasible. The common scheme (Table 8). In CeGlJ, only ~0.76 (~0.72) electron occupies
of bonding in LnC} postulated as [LH][(Cl3)%] is not the valence 6s orbital with the rest of the s density being
adequate for the Cegtase. The more appropriate electronic involved in the Ce-Cl bonding. The ionization of Cegl
configuration representing the Ce center within the GeCl proceeds mostly through 6s electrons. Part of the electronic
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Table 9. Orbital Occupancies (in electron) from Mulliken and NBO (in parentheses) Population Analysis ip Mof@cule and Relative Fragmehts

Lu Cl Cl
s p d i total s p d total s p d total
Lu 6.000 12.000 11.000 14.000 43.000
(6.000) (12.000) (11.000) (14.000) (43.000)
Lut 6.000 12.000 10.000 14.000 42.000
(6.000) (12.000) (10.000) (14.000) (42.000)
Cl 2.000 5.000 0.000 7.000
(2.000) (5.000) (0.000) (7.000)
ClI- 2.000 6.000 0.000 8.000
(2.000) (6.000) (0.000) (8.000)
LuCl 5.976 12.142 10.536 14.008 42.662 1.940 5.380 0.018 7.338

(5.886) (12.031) (10.363) (14.000) (42.280) (1.986) (5.716) (0.017) (7.719)
LuCH 5016  12.099  10.702  14.009  41.826  1.998 5145  0.030  7.173
(4.950) (12.013) (10.517) (14.000) (41.480) (1.966) (5.530) (0.025) (7.521)
LuCl, 50027 1221 10912  14.015  42.146  1.990 5418  0.020  7.428
(4.881) (12.048) (10.765) (14.000) (41.694) (1.950) (5.688) (0.014) (7.652)
LuCl* 4417 12172 10989 14018 41595 1999 5173  0.029  7.201
(4.169) (12.008) (10.842) (13.999) (41.018) (1.956) (5.513) (0.021) (7.490)
LuCl; 4540  12.245  10.965  14.024 41774  1.986 5402  0.020  7.408
(4.203) (12.020) (10.972) (14.001) (41.196) (1.940) (5.647) (0.014) (7.601)
LuCls*  4.476 12229  10.992  14.021 41718 2010 5192 0028 ©7.230.985 5011  0.030  7.026
(4.215) (12.010) (10.939) (13.999) (41.163) (1.941) (5.504) (0.021) (7.466) (1.952) (5.216) (0.018) (7.186)

aPopulations are given for valence configurations defined in the text. Cl (c88gj3ku (core)434p°4di4f1452585d16<2 P Populations for the symmetry
equivalent atoms.

density is supplemented from the 4f orbital. As discussed orbital of a different nature (d), the overall picture of bonding
above, the electronic distribution in Ce@tdicates that the s similar in Ce and Lu compounds. The bonding in LyCI
total loss of the electronic density of Ce, as an effect of the correlates with the central atom ionization series of 5.42,
bond formation, amounts approximately to two electrons. The 13.9, and 20.95 e¥£ The total electron sharing between the
further removal of electrons from Ce would correspond to Lu and chlorine atoms amounts to 1.226 (1.804) electrons
third (20.198 eV§! or higher ionization energies. The supporting the [L&][Cls?>"] bonding scheme.
ionization energy of chlorine atoms is much lower (12.967  The ionization of LuCl removes electrons from the 6s
eV),®2 however. The electron population analysis indicates orbital with little influence on the LuCl bond formed
that the ionization of the Ce@inolecule leads to the Cefl because of the electron transfer from the d valence orbital
cation with an electronic configuration on Ce similar to the of Lu core (Table 9). Both population schemes provide the
one found in the parent molecule. The ionization of GeCl same picture of the ionization process. The ionization
proceeds through the electron detachment almost exclusivelymechanism, with an electron being removed from the 6s
from two chlorine atoms. The atomic charge on these atomsorbital, also explains the ionization of LuCI'he ionization
drops by 0.382 (0.446) electron compared to GeSlich a of LuCl; does not change the electronic configuration of
mechanism leads to drastic energetical changes in thelutetium. The high value of the third ionization energy of
bonding in Ced", as was demonstrated above, and the the Lu atom (20.95 eV} prevents Lu from being “ionized”,
properties of CeGl do not continue the sequence of the and as is well illustrated by the spin-density distribution
CeCI" and Ce(' cations. In each studied system the (Table 4), electrons are removed from the chlorine part of
electron loss from the metal atom was not significantly higher the molecule. Similar to the cerium chlorides, no more than
than two. two electrons are involved in bond formation or ionization.
The o-donation-m-back-donation bonding scheme in The qualitative bonding scheme of LuClkan be described
lutetium chlorides is similar to the one observed in cerium as [LWPH][Cl37] with the 69d! configuration on the metal.
moieties; however, the role of the metal orbitals is different. The ionization of LuC involves the chlorine part.
The Lu atom possesses thé*4flosed shell which is inactive
in all species studied (Table 9). Orbitals s, p, and d are
involved in the bonding. The formation of the bond is based  Mass spectra of Cegb) and LuCi(g) species, corrected
on theo donation of s and d (in-plane) valence electrons. for the kinetic energy distribution of fragment ions, consist
This donation is balanced by theback-donation to the p  of the parent ion LnGf and LnC}", LnCI*, and Ln
and d (out-of-plane) orbitals of Lu. Because d orbitals are fragment ions. Results obtained in RCJ and JSI, for the same
involved ino, as well as inz, electron transfers, the picture electron energy, are in an excellent agreement despite the
of bonding is more complex than that in the Ce compounds. difference in ion source construction. Data obtained by other
The o donations from the s and d orbitals to chlorine atoms authors are also in the satisfactory agreement with the
are 0.488 (0.751), 0.860 (1.354), and 1.495 (1.825) for LuUCl, corrected mass spectra determined in the present study (Table
LuCl,, and LuC}, respectively, and they are balanced by 1). The highest contribution to the mass spectra comes from
the back-donation to the Lu p orbitals (0.142, 0.217, and the LnCL" fragment. This observation correlates well with
0.245 electron in the Mulliken approach and negligible when the highest stability of LnGl ions, as measured by the £n
the NBO scheme is applied). Despite the involvement of an Cl bond dissociation energy. The LnClions are character-

Conclusions
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ized by the lowest abundance in the mass spectra, which isCeCk and LUCk may be best represented by the JLfCl %]
again in agreement with the lowest LaCHCI dissociation scheme, with the LiT core cation being represented by the
energy (Table 3). lowest-electronic excited state. None of studied complexes
The mass spectrometry measurement of the molecularis well described, assuming the triple-ionized metal core is
fragmentation is an important source of data concerning involved in the bonding.
consecutive processes leading to the formation or decom-
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