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Thermochemical data for the lanthanide monohalides have been combined with recent ligand field theory calculations (A.
Kaledin, M. C. Heaven, R. W. Field, and L. A. Kaledin (1996).J. Mol. Spectrosc.179, 310) to estimate the dissociation
energies and ionization potentials for allLnX (whereLn [ Ba through Lu, andX [ F, Cl, Br, or I) molecules and the
dissociation energies for theLnX1 ions. Owing to the negligible involvement of the core-like 4f electrons in bonding, the
dissociation energies and ionization potentials of allLnX molecules, whereLn [ Ba through Lu, andX [ O, S, F, Cl, Br,
or I, should vary withLn atom in a simple linear manner, provided that corrections are made for differences inf-orbital
occupancy between theLnX molecule and the freeLn atom or between theLnX molecule and theLnX1 molecular ion. We
provide such a model here and, in so doing, correct several inconsistencies in the thermochemical data. Based on therm
chemical data (A. A. Kitaev, I. S. Gotkis, P. G. Val’kov, and K. C. Krasnov (1996).Russ. Chem. Phys.7, 1685) and recent
spectroscopic observations (M. C. McCarthy, J. C. Bloch, R. W. Field, and L. A. Kaledin (1996)J. Mol. Spectrosc.179,251),
a revised value for the ionization potential of DyF, IP(DyF)5 5.856 0.06 eV, is proposed.© 1999 Academic Press
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INTRODUCTION

Processes by which gas phase lanthanide metal atom
roduced from bound systems display a double periodici

heir enthalpy changes as the atomic number varies fro
hrough 71. Two classical examples of such processes a
nthalpy of sublimation of the metals (1) and the dissociatio
nergy of the gaseous lanthanide monoxides (2). Dissociation
nergies of the other lanthanide monochalcogenides (3–6) and
arbides (7) follow similar trends. The observed double pe
dicity closely parallels the energy of 4f 3 5d promotion for

hose elements which have no 5d electron in the gaseo
tomic ground state, i.e., all but La, Ce, Gd, and Lu.
lements Eu and Yb, which, respectively, have half- and f
ccupied 4f-shells, deviate considerably from the smooth tr
efined by the other elements, as predicted by the 4f 3 5d
romotion scheme. Owing to the negligible involvement of
ore-like 4f electrons in bonding, the dissociation energies

onization energies of allLnX molecules, whereLn [ Ba
hrough Lu, andX [ O, S, F, Cl, Br, or I, should vary withLn
tom in a simple linear manner, provided that corrections
ade for differences inf-orbital occupancy between theLnX
olecule and the freeLn atom or between theLnX molecule
nd theLnX1 molecular ion.
Recent advances in spectroscopic techniques and the

pment of ligand field theory (LFT) models (8, 9) have mad
t possible to eliminate the major uncertainties in the diss
tion energies of the lanthanide monoxides and have pro
framework for understanding the observed trend in the

ociation energies (10). The central features of the electro
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tructure of theLnO molecules are the assumptions that
owest lying states are dominated by the ionic struc
n21O22 and that the electronic configurations of the gro
tates near the equilibrium internuclear distance are
f N21

6s, with the exception of EuO and YbO, which have
f N type of the ground state configuration due to the extr
inary stability of the half- and fully-occupied 4f shells (8). It
as shown in Ref. (10) that the dissociation energies of La
eO, GdO, and LuO, whose gaseous atoms have
f N21

5d6s2 ground state configuration, correspond to the
ess

Ln21~4f N216s!O223 Ln~4f N215d6s2! 1 O~3P!, [1]

nd decrease monotonically across the series. This mono
ehavior is consistent with the Racah method (11) which was
eveloped to predict the energy of the lowest levels for the
nd second spectra of lanthanide atoms (Ln andLn1, respec

ively) using available experimental data for the third spe
Ln21). Racah suggested that differences in energy bet
he lowest levels of opposite parity (the so-called system
erences) in the second and in the third spectra are app
ately constant across the lanthanide series. This meth
ased on the idea that all interactions among the 4f electrons
nd between the 5d electron and the 4f electrons are cancelle
y the differencing procedure, provided that the number of
lectrons remains constant. A detailed examination of
acah hypothesis was made by Judd (11) when more exper
ental data had become available. Based on experimenta
0022-2852/99 $30.00
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286 KALEDIN, HEAVEN, AND FIELD
t was shown that the system differences are remarkably
tant across the lanthanide series (see Table 3 of Ref.11)).
everal authors have successfully used Racah’s meth
stimate energy differences between electronic configura
f neutral and ionized lanthanide and actinide atoms (12, 13),
s well as the ionization potentials of theLnF molecules (14).
heir results indicate that the Racah method works reaso
ell for mostf-cores with the possible exceptions of the em

TAB
Thermochemical Properties of Lanthan

TAB
Thermal Population in the L

Ln1(4fN6s)F2
Copyright © 1999 by
n-
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f 0) and full ( f 14) f-core occupancies (12). Recently, Kaledin
t al. (15) used this method to estimate the energies fo
ound configurations ofLnX, whereLn [ Ce through Yb, an
[ F, Cl, Br, or I.
The gaseous lanthanide monohalides have been the

ect of several thermochemical investigations (16 –25). In
ontrast to the pronounced double periodicity in the
erved dissociation energies of the lanthanide mono

1
Monofluorides (in units of 103 cm21)

2
st State of the First Excited
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287THERMOCHEMICAL PROPERTIES OFLnX
ompounds (2–7), no such double periodicity is apparent
he lanthanide monofluorides. The experimentally de
ined LnF D80 values [BaF (17, 18), LaF (16), NdF (19),
mF (20 –22), EuF (20 –22), GdF (20), DyF (23), HoF (23),
rF (23), TmF (21), and YbF (22)] fall within the range
8 6006 6300 cm21, quite different from theD80 behavior
f the LnO molecules. The application of LFT models to
nF molecules now makes it possible to understand
bserved trend in theLnF dissociation energies. Converse

hermochemical data can be used to determine the ene
f the low-lying electronic configurations. From a practi
oint of view, knowledge of dissociation energies is
uired for calculations of thermodynamic equilibria
eans of statistical mechanics (26).
The primary objective of the present work is to estimate

issociation energy and ionization potential of eachLnX mol-
cule and the dissociation energy of eachLnX1 ion.

FIG. 1. The ionization potential of the lanthanide monofluorides as a
eighted equally in the fitting procedure despite the fact that the ioniz
pectroscopic measurements (18, 34) than the accuracy of its determination
eviations are due to cases where it is known that Eq. [2] is inapplicable.

he excitation energy for the lowest state of theLn1(4f N6s)F2 configuratio
Copyright © 1999 by
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RESULTS AND DISCUSSION

. Ionization Potentials of LnF Molecules

Based on the behavior of the ionization potentials ofLnX
olecules (24, 25), Gotkis (14) suggested the following mec
nism for the electron impact ionization process:

Ln1~4f N6s! X2 1 e3 Ln21~4 f N! X2 1 2e, [2]

hereLn [ Ba, Nd, Sm, Eu, Dy, Tm, and Yb, andX [ F, Cl,
r, and I. Relevant data forLnF are collected in Table 1 an
hown in Fig. 1. Available spectroscopic data are consi
ith such assignments for BaF (27), EuF (28), and YbF (27).
owever, recently McCarthyet al. (29) determined from spe

roscopic measurements that the ground state of DyF be
o the 4f N21

6s2 configuration, which is in apparent contrad

nction of atomic number. All of the data for the process described by Eq
n potential of BaF is known with considerably better accuracy (63 cm21) from
electron impact measurements [;600 cm21, Refs. (17, 24, 25)]. All of the large

possible to use these deviations and atomicLn configuration energies (33) to derive
lative to theLnF ground state.
fu
atio
from
It is

n re
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288 KALEDIN, HEAVEN, AND FIELD
ion with the suggestion of Ref. (14) that Eq. [2] should appl
o DyF.

Kitaevet al.(24) discussed the possibility that in cases w
he first excited configuration of theLnX molecule lies low
elative to the ground state, the ionization potential ofLnX,
hen it is derived from the appearance potential of ioniza
fficiency curve, could be affected by the relatively high th
al population of this low-lying configuration in the hig

emperature experiments (see footnote 1 of Ref. (24)). It is
ikely that this is the case for the DyF molecule where it
ound that the lowest state of the Dy1(4f 106s)F2 configura-
ion lies only 24316 5 cm21 above the Dy1(4f 96s2)F2

round state configuration (29). Moreover, the appearan
otential of ionization efficiency curve for DyF (Fig. 2 of R
24), see curve #2) shows a zigzag behavior with two dis
uishable linear segments which correspond, respective

he thermal populations of DyF molecules in the 4f N6s and
f N21

6s2 types of configurations. The difference between

FIG. 2. The dissociation energies of the lanthanide monofluorides a
arge deviations are due to cases where it is known that Eq. [4] is inapp
o derive the excitation energy for the lowest state of theLn1(4f N6s)F2 con
Copyright © 1999 by
n

n
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to
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xtrapolated values of these two linear regions (50.306 0.05
V or 24006 400 cm21) is in good agreement with the ener
f the lowest state of the first excited Dy1(4f 106s)F2 config-
ration (52431 6 5 cm21, Ref. (29)). Table 2 presents th
quilibrium population in the lowest state of the first exc
onfiguration at the temperature of the experiment (T 5 1400
for the Dy-F system, Ref. (24)). This excited state populatio

'0.082) is within the sensitivity range of the experime
etup of Ref. (24). Therefore, we propose that the low-ene
egment of the appearance potential of ionization efficiency c
or DyF corresponds to the process described by Eq. [2], whil
diabatic ionization potential corresponds to the high-en
egment of the curve. This leads us to propose that the va
he adiabatic ionization potential for DyF reported in Ref. (24)
hould be increased by 0.3 eV. Based on data of Ref. (24), we
ecommend the value for the ionization potential of DyF to

Ip(DyF) 5 5.856 0.06 eV or 47?2006 500 cm21. [3]

function of atomic number. The straight line corresponds to Eqs. [4, 5]
ble. It is possible to use these deviations and atomicLn configuration energies (33)
ration relative to theLnF ground state.
s a
lica
figu
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289THERMOCHEMICAL PROPERTIES OFLnX
t should be noted that this value agrees with the value fo
ppearance potential of DyF (IP5 6.0 6 0.3 eV) reported in
ef. (23).

. Dissociation Energies of LnF Molecules

The LFT model (15, 30) and ab initio calculations (31)
redict that the electronic ground state belongs to the 4f N6s
onfiguration for thoseLnF molecules whereLn [ Ba, Nd,
m, Sm, Eu, Yb. To get a coherent set of values for
issociation energies ofLnF molecules with the same numb
f f-electrons in the ground states ofLn atoms andLnF
olecules, as is required by the Racah (11) method, we con

ider the following process:

Ln1~4f N6s!F23 Ln~4f N6s2! 1 F~2P!, [4]

hereLn [ Ba, Nd, Pm, Sm, Eu, and Yb.
Experimental data forLn atoms (32) and LFT prediction

or LnF molecules suggest that the process described b
4] is applicable to the ground states of BaF, NdF, SmF, E
nd YbF. Therefore, the dissociation energies of BaF, N

TAB
Dissociation Energies of
Copyright © 1999 by
e

e

q.
,

F,

mF, EuF, and YbF are approximated by an equation line
he occupancy of the 4f orbitals,N,

D80~Ln 2 F! 5 a 1 b z N. [5]

ata were weighted according to the inverse square of
tated experimental accuracy. The fit producesa 5 48 5006
00 cm21 andb 5 2375 6 40 cm21. The hitherto accepte
alues forD80 of DyF, HoF, and TmF fall into the energy regi
redicted by Eqs. [4, 5] (see Fig. 2), which would seem

mply that these molecules have the 4f N6s ground state con
guration. However, the spectroscopic data for DyF (29) and
heoretical calculations (15, 31) suggest that DyF, HoF, an
mF all have the 4f N21

6s2 type of configuration for the groun
tate. A plausible explanation for this disagreement betw
rends inD80 and the spectroscopic assignments and/or the
redictions of the ground state configuration is that the
xcitedLn1(4f N6s)F2 configuration of DyF, HoF, and Tm

ies sufficiently low in energy (14, 15) to have significan
hermal population. Therefore, the thermal population of
rst excited configuration is significant at the temperatur
he experiments (see Table 2), and this could lead t

3
(in units of 103 cm21)
LE
LnX
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290 KALEDIN, HEAVEN, AND FIELD
rroneous reduction of the derived value ofD80 in the way tha
as described above for the ionization potential of DyF.
stimate the degree to which this contribution would skew

hermochemical results, an explicit evaluation of ioniza
ross section for the 4f N21

6s2 and 4f N6s type of configura
ions is required. Such evaluation is beyond the scop
resent work.
The D80 value for PmF is estimated from Eq. [5] as

owest configurations for Pm and PmF (14, 15, 31) that corre
pond to the process defined by Eq. [4]. For the TbF mole
t is necessary to add to the value obtained from Eq. [5]
N21

s2 3 f Ns excitation energy which we take to be
ifference between the lowest levels of the Tb1(4f 96s)F2 and
b1(4f 86s2)F2 configurations (15). Similarly, for the CeF
olecule it is necessary to add thef N21

ds3 f Ns excitation
nergy for the Ce1(4f 26s)F2 configuration (15) and to sub

ract thef Nds3 f Ns2 excitation energy for Ce(4f 26s2) atom
33). TheD80 value for LuF cannot be estimated from Eqs.
nd [5] as the appropriate configuration does not exist fo
acah scheme to be applied to the Lu atom. Therefore, w

he following process:

TAB
Ionization Potentials of L
Copyright © 1999 by
o
e

n

of

le
e

]
e
se

Ln1~4f N216s2!F23 Ln~4f N215d6s2! 1 F~2P!, [6]

hereLn [ La, Gd, and Lu. TheD80 values for LaF and Gd
ere taken from Refs. (16, 20). The dissociation energies
aF and GdF are approximated by an equation linear in
ccupancy of the 4f orbitals, (N 2 1),

D80~Ln 2 F! 5 a 1 b z ~N 2 1!, [7]

here a 5 55 300 6 1100 cm21 and b 5 2745 6 180
m21. The value for LuF is estimated from Eq. [7] as
owest configurations for Lu and LuF (27) correspond to th
rocess defined by Eq. [6].

. Dissociation Energies and Ionization Potentials ofLnCl,
LnBr, and LnI Molecules

Assuming that theLnX dissociation energies follow simil
rends, i.e., the linear terms in Eqs. [5] and [7] are the sam
orresponding processes defined by Eqs. [4] and [6] and
he available reliable data forD80(BaX) (17, 18), it is straight-
orward to calculate the dissociation energies for allLnX

4
(in units of 103 cm21)
LE
nX
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291THERMOCHEMICAL PROPERTIES OFLnX
where X [ F,Cl, Br, or I). Similarly, theLnX ionization
otentials were calculated using Eq. [2] and available ex
ental data. The results of those calculations are collect
ables 3 and 4.

. Dissociation Energies of LnX1 Molecular Ions

The dissociation energies ofLnX1, D80(Ln1 2 X), can be
elated toD80(Ln 2 X), IP(Ln), and IP(LnX) as follows:

D80~Ln1 2 X! 5 D80~Ln 2 X! 1 IP~Ln! 2 IP~LnX!. [8]

able 5 presents the results of theD80(Ln1 2 X) calculations
hich have been done with use of Eq. [8] and available dat
80(Ln 2 X) (see Table 3), IP(LnX) (see Table 4), and IP(Ln)

33).

CONCLUSION

Errors in experimental determination of dissociation
rgies and ionization potentials of lanthanide monofluor
ave been identified, which were due to thermal popula

TAB
Dissociation Energies of L
Copyright © 1999 by
ri-
in

or

-
s
n

he lowest state of the first excited configuration of l
hanide monofluorides. Simple linear relationships en
redictions of the dissociation energies and ionization

entials for allLnX (whereLn [ Ba through Lu, andX [ F,
l, Br, or I) and dissociation energies forLnX1 ions. This
rovides further evidence for the lack of 4f electrons par

icipating in bonding.
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