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Metal oxide molecules are of particular interest from both a scientific and technological perspective in view
of their elementary nature and role in such processes as high-temperature vaporization. A fundamental and
important property is the bond energy between the metal center and the oxygen in neutral and ionic monoxide
molecules, BDE[MOQO] and BDE[MOQ]. For the 4f-block lanthanide (Ln) and 5f-block actinide (An) inner
transition metals, it has been demonstrated that many chemical properties can be rationalized from the electronic
structures and energetics of the isolated metal atom or ion. In the present work, a relationship is developed
to reliably predict known BDE[LnQO], BDE[Ln®], BDE[AnO], and BDE[ANO'] energies from spectroscopi-

cally determined electronic properties; this relationship is employed to estimate unknown bond energies. A
notable implication of the results is that effective bonding between the metal center and the oxygen atom in
these species requires two unpaired valence d electrons.

Introduction employed in this work, comparisons are made with related

) ) ] N correlations previously reported in the literature.
Solid crystalline oxides of electropositive metals, MED),

can usually be reasonably approximated as highly ionic com- Results and Discussion
pounds comprised of © anions and MWt cations!2 For
example, lanthanide sesquioxides, lgp@r), can be represented
as Lr#TO% 3. The summed first three ionization energies of
lanthanide atomsAE[Ln — Ln3t + 3e7], are in the range of
3.5-4 MJ! The enthalpy for the association of an oxygen atom
with two electrons AH[O + 2e- — O?%7], is endothermic by
0.75 MJ? Accordingly, the energy required for the gas-phase

The goal here is to develop a model to predict the bond
energies of neutral and monopositive f-element monoxide
molecules. The approach is to consider an elementary model
that employs fundamental considerations of the variable elec-
tronic structures and energetics of the isolated metal atoms or
ions. The basic assumption, which has been invoked else-
S whered# is that the energy necessary to achieve a suitable
electron trz?msfer, L 3/20—Ln" + 3/.202 1S 1N EXCESS Of_ bonding configuration at the metal center for the free atom or
4 M‘J'Z_Sc’“d LnQy{cr) can be approximated as fl.J"y I0NIC “ion can be used to predict the net bonding upon association
Ln*"0*"5); only because of th? !arge fgvorable lattice ENergy ith an oxygen atom. The details of this approach are developed
that resuIFs from the elgctrostgnc interactions between the cationsgy the lanthanides where abundant experimental information
and multiple surrounding anions. is available and then applied to the actinides where experimental

In small gas-phase molecules such as LnO, the lattice energyresults are substantially more sparse and uncertain. Ab initio
is not available, and the interaction between the metal centercalculations on the molecular structures of lanthanide and
and the oxygen is best represented as a polar (partially ionic) actinide oxide molecules have been carried out with significant
covalent bond: Lfi'=0°". Accordingly, two outer valence  succes$§:7 Such ab initio calculations must take into account
electrons must be available at both the Ln atom and the oxygenthe complex electronic structures of the heavy metals, including
atom to allow for formation of the partially ionic formally double  relativistic effects. The empirically based type of approach
bond. Two valence p electrons are available for participation employed here depends on the availability of spectroscopically
in bonding for ground-state atomic oxygen with it2s2p* determined energetics for the metal center, which manifest
electron configuratio Attempts to correlate/predict Ln-O and  effects that must be incorporated into effective ab initio methods.
An-O bond dissociation energies then require knowledge of the  Bond Dissociation Energies of Neutral Lanthanide Mon-
energy to achieve an electronic configuration at the lanthanide oxides.For free lanthanide atoms the ground-state configurations
or actinide metal center that has two suitable outer valence are 4f—35d62 for La, Ce, Gd, and Lu, and %f26< for all other
electrons for bonding with an oxygen atom. The goal of the members of the series, whera”‘represents the total number
present assessment is to provide an improved basis for cor-of electrons outside of the closed xenon cone= 3 for La, n
relating known lanthanide and actinide monoxide bond energies = 4 for Ce, etc It has been well-established that the 4f electrons
with measured electronic energetics of the free metal atoms andof the lanthanides are localized and not chemically active in
ions. This enables predictions of monoxide bond energies thatmolecular bonding:® Accordingly, only the 5d/6s/6p outer
are in question or unknown. In the presentation of the approachvalence electrons at the metal center can participate in covalent
bonding in molecules such as lanthanide monoxides. As the

*To whom correspondence should be addressed. E-mail: gibsonjk@ SPin-paired electrons in the filled ®valence sub-shell are
ornl.gov. unavailable for bonding for a free atom or ion, excitation of
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800 - 4f"-35d6s] andAE[ground— 4f"~35P6s] promotion energies.
Figure 1 suggests that the energy for excitation to the’8fP6s
configuration should be a more reliable indicator of the
monoxide bond energy than is that for excitation to tHe%5id6s
configuration.

To a first approximation, there is an intrinsic £® bond
energy that varies little across the lanthanide sérighe
intrinsic bond energy, BDE*[LnO], is defined as the bonding
interaction between an oxygen atom and a lanthanide atom, Ln*,
that has an electronic configuration suitable for formation of
the covalent formally double bond in the 0 molecule. The
actual BDE[LnQ] can then be expressed in terms of the intrinsic
bond energy and the energy needed to excite the ground-state
Figure 1. Lanthanide monoxide dissociation energies (BDE[LnO], lanthanide atom to an electronic configuration suitable for bond
solid squared§, atomic promotion energies to the"4%6P6s config- formation, as shown in eq 1:
uration AE[5d%6s], open squareg)and atomic promotion energies to
the 4f~25d6s configuration (or 4f35c6s configuration as specified BDE[LnO] = BDE*[LnO] —

in Table 1;AE[5d6s], open triangles). AE[ground— bonding configuration] (1)

700 -

a
o o
o o
1 1

Energy (kJ / mol)
N
o
o

la Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

one of the two 6s electrons is required to achieve a preparedThjs general approach was applied to the lanthanide monoxide
divalent configuration suitable for formation of the£=@ bond. ions, LnOf, by Cornehl et al%, where an additional term
The expected inert character of the spin-pairedefisctrons in - corresponding to the net loss of electron exchange energy at
gas-phase chemistry has been clearly demonstrated by thene |+ metal center was included. In that assessrhéntyas
reduced chemical reactivity of the tuon,*'**which has a  assumed that the prepared bonding configuration at the metal
5ft46s’ ground staté. center was 4f25d6s. The 5d/6s exchange energy was then
For all of the lanthanide atoms, the two lowest-lying presumed to be the relevant quantity. The loss of the 4f/6s and
configurations for which one of the &®lectrons has been  4f/5d exchange energies were calculated based on a derived
excited to an empty outer valence orbital ar&35d6s and  value and the assumption that this energy is linearly dependent
4f"~35¢#6s8 For La, Ce, Gd, and Lu, the lowest-lying excited on the number of unpaired 4f electrons. In the present treat-
configuration is 4f-35cP6s that results from promotion of a 6s  ment, the quantity referred to as the intrinsic bond energy,
electron to a 5d orbital. For Pr, Nd, Pm (estiniéteTb, Dy, BDE*[LnO], includes any constant contribution to the loss of
Ho, and Er, the 4f25d6s and 4f ?5¢f excited state configura-  exchange energy. Such a nearly constant effect would likely
tions are within 20 kJ/mol of one another, indicating that the be the case for the outer valence electrons involved in bonding,
5d and 6s orbital energies are essentially degenerate. For Smas was assumed by Cornehl et &corporation of a constant
Eu, Tm, and Yb, the 4f35¢6s configuration lies between 86  exchange energy term into eq 1 would result in a larger BDE*-
kJ/mol (Tm) and 219 kJ/mol (Eu) higher in energy than the [LnO] but would not alter the calculated BDE[LnO]. In contrast
4f-25d6s configuratiod. Because of the large discrepancy to the previous treatmeftthe possibility of an alternative
between the two relevant promotion energies for these latter prepared bonding configuration at the lanthanide metal center
four lanthanides, insights into the prepared divalent bonding is considered in the present assessment. Also, no allowance is
configuration should be most evident there. made here for the loss of 4f/6s and/or 4f/6d exchange energies
In the present assessment, the self-consistent set of BDE-because of the uncertainties associated with the estimate of this
[LnO] values from Chandrasekharaiah and Gingerich are varying quantity; the omission of this potential contribution is
employedd These are zero Kelvin bond energies, as are most further discussed and justified below in the context of the
appropriate for modeling based on the electronic considerationscalculated BDE[LnQ]. In the previous assessment of LhO
being employed; however, metal monoxide dissociation energiesbond energie,discrepancies between the experimental and
generally vary little between 0 and 298 K. For some of the calculated BDE[LnO] were in excess of 100 kJ/mol for four
actinides, higher-temperature experimental values are employedpf the eleven assessed Lh@he calculations were normalized
but in these cases, the assigned uncertainties are much largeto BDE[LaO"] and BDE[CeO)).
than any expected variation in the bond energies within this  The correlations seen in Figure 1 would suggest that it is
temperature range. In Figure 1, the BDE[LnO] are plotted along actually the 4F35cP6s configuration rather than the"4#5d6s
with the AE[ground— 4f"-25d6s] andAE[ground— 4f"~35¢£6s] configuration that is relevant to bonding in the lanthanide
promotion energies. For all of the excited-state configurations, monoxides. It should be noted that thé46s6p configuration
the lowest energy state in the manifold is employed as the lies lower in energy than the %#5d6s configuration for several
relevant excitation energy. For those Ln for which thz 28c26s of lanthanide atoms but that the correlation between the
configuration is lower in energy than the"4#5d6s configura- promotion energies to the 6s6p prepared divalent state and the
tion, the promotion energy to a bonding configuration with one experimental bond dissociation energies is very poor. The BDE-
unpaired 6s and at least one 5d valence electron is consideredLnO] were calculated according to eq 1 for both feasible
to be AE[ground — 4f"-35c6s]. Promethium is not included  bonding configurations, #f25d6s and 4¥35c#6s. The intrinsic
in Figure 1 as no experimentally measured BDE[PmO] is BDE*[LnO] is derived from the experimental BDE[La®].
available. It is evident from this plot that there is a very good BecauseAE[ground— 4f"-25d6s]= AE[ground— 4f"35cP65s]
inverse correlation between the BDE[LnO] an&[ground— = 32 kJ/mol for Lag the derived BDE*[LnO]= {BDE[LnO]
4f=35¢P6s]. The correlation between BDE[LnO] andE[ground + 32 kd/mo} = {795 kJ/mol+ 32 kJ/mo} = 827 kI/mol, is
— 4f"~25d6s] is reasonable, with the four obvious exceptions independent of which excited state is assumed to represent the
of Sm, Eu, Tm, and Yb, these being the elements for which relevant bonding configuration. In Table 1 are shown the
there are substantial differences between Mtgground — relevant parameters and calculated BDEs assumifigfsties
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TABLE 1: Lanthanide Atom Electronic Parameters and Bond Dissociation Energie3

ground AE[5d6sP AE[5d%6sP BDE[LNO]® BDE[5d6s] BDE[5P6sP

La 5068 32 [cPs] 32 795+ 10 795{0} 795{0}
Ce 415063 28 [cPs] 28 790+ 17 799{ +9} 799{+9}
Pr 4868 80 [cPs] 80 745+ 10 747{+2} 747{+2}
Nd 468 101 105 706k 13 726{+20} 722{+16}
Pm 4662 (115) (129) NA (712) (698)
Sm 466 129 272 569t 10 698{+129 555{ 14}
Eu 468 154 373 465k 15 673{+208 454{—11}
Gd 415468 76 [cPs] 76 711+ 13 751{ +40} 751{+40}
Tb 468 98 [cPs] 98 693+ 21 729{ +36} 729{+36}
Dy 4f1% 210 221 607t 21 617{+10} 606{—1}
Ho 4168 226 242 613t 10 601{ 12} 585{ 28}
Er 4% 231 241 607 10 596{ —11} 586{—21}
m 4% 244 330 508t 10 583{+75} 497{-11
Yb 4168 293 447 401 21 534{+133 380{—21}
Lu 4115068 225 [cPs] 225 663+ 10 602{ —61} 602{—61}

a All energies are in kJ/moP. The electronic configurations and excitation energies are from ref 8, except for the estimates faifeME[5d6s]
are the same aAE[5d°6s] where indicated. Calculated values based on other models are available, including for PmO (seExeatimental
bond dissociation energies from ref 13; no experimental value is available (NA) for PTi@.BDE[5d6s] and BDE[56s] were calculated using
eg 1 as described in the text. The numbers in brackets are the deviations of the calculated from the experimental values.

and 4f—35P6s as the prepared bonding configurations. The
BDE[5d6s] and BDE[58bs] in Table 1 correspond to employing
eq 1, BDE*[LnO]= 827 kJ/mol, and the excitation energies to
the 4f—25d6s configurationAE[5d6s]) and 4f35#6s config-
uration AE[5d%6s]), respectively. For La, Ce, Pr, Gd, Th, and
Lu, the 4f=35c6s configuration lies lower in energy than the

the bond energies were rationalized in the context of promotion
to a 4d—15s configuration, with the assumption that an unpaired
5s electron is necessary for effective—4® bonding. A
theoretical treatment of d-block transition metal oxide bond
energies by Siegbakhindicated that the very large variations

in bond strengths for the second row transition metal monoxides

4f"—25d6s configuration and is therefore employed as the lowest- are due to the decrease in the interaction between the oxygen
energy configuration with at least one unpaired 6s electron; thatlone pair electrons and the metal 4d orbitals as these 4d orbitals

is, AE[5d6s]= AE[5d?6s] for these particular lanthanide atoms,
as noted in Table 1.

The results in Table 1 indicate that the BDEJ6s] are
generally closer to the experimental BDE[LnO] than are the
BDE[5d6s]. For each calculated BDE, the deviation from the

are increasingly occupied upon proceeding across the series.
Such a variation would not be expected for the lanthanides,
where the 5d orbital occupancy is constant for the presumed
bonding configurations, and electron contribution from the

oxygen ligand to several vacant 5d orbitals can occur across

experimental value is indicated in brackets. The perfect agree-the series. One implication of the potential for back-bonding

ment for BDE[LaO] is an artifact of employing LaO as the
prototype to derive the intrinsic BDE*[LnO]. An experimental

from oxygen to the metal center is that the-\® bonds may
have some triple-bond charactéiThe triple bond character of

value is not available for comparison in the case of PmO. For early transition metal monoxides has been discussed by Ar-

the other 13 LnO, the average deviation between BDE[LNQO]

and BDE[5d6s] (absolute values) is 57 kJ/mol, whereas that

between BDE[LnO] and BDE[F6s] is 21 kJ/mol. It is for the
eight LnO where the 4f25d6s configuration lies below the
5c6s configuration that the calculated values differ, and

mentrout and co-workerd:18

Because of the uncertainty in deriving accurate 4f/6s and
4f/5d exchange energies and the indeterminate variation in the
total 4f-related exchange energy as a function of f-orbital
population, this factor was not included in the results shown in

comparison for those LnO thus provides the best indicator of Table 1. The loss of 4f-exchange energy should be greatest in

the comparative reliabilities of the two approaches. The corre-

the case of Gd where the proposed bonding configuration is

sponding average deviations are 75 kJ/mol for BDE[5d6s] and high-spin 4f5d6€. The BDE[5d6s] (and identical BDE[5d6s])

only 15 kJ/mol for BDE[586s] for these eight LnO. The greatest

deviation between BDE[LnO] and BDE[%6K] is 61 kJ/mol

in the case of LuUO; all other BDE[36s] are within 40 kJ/mol

of the experimental values. Atomic Lu is unique in having a
4f145d6€ ground-state configuration that comprises a filled 4f
subshell. Jenséh has summarized arguments that Lu is a
d-block transition metal and not a true lanthanide. From this
perspectivé? it would be expected that a model for predicting

for GdO exhibits the largest positive deviation from the
experimental value, and this discrepancy would be reduced by
inclusion of the f-electron exchange energy terms and loss of
this energy upon bond formation. Similarly, thel#d6$
configuration of Lu has a filled 4f shell and there should be no
loss of f-electron exchange energy; BDE{6s] coincidentally
exhibits the largest negative deviation from the experimental
value for LuO. Although it would appear that there may be some

lanthanide monoxide bond energies would not be applicable to nontrivial contribution from loss of 4f/6s and/or 4f/5d exchange

LuO.
The good agreement of the BDEPBG] with the experimental

energies, it would appear impractical to empirically quantify
this effect as a function of 4f-orbital occupancy, particularly in

values suggests that the bonding configuration of the Ln metal view of the uncertainties in the experimental bond dissociation

center in the LnO is 4f35d6s rather than 2f25d6s. One
rationale for this observation is that particular?6sl hybrid

energies. Qualitative adjustments to calculated bond dissociation
energies to account for this exchange energy may be appropriate

orbitals possess appropriate symmetry for bonding with an but it is currently difficult to quantify, as elaborated on below

oxygen atom. However, the results below for the nions
suggest that it is the Seklectrons alone that are key to providing
a suitable bonding configuration. Sievers et’assessed bond

in the context of the Ln® ions.
Several years ago, Ames etl@hoted a correlation between
the lanthanide 4f-to-5d promotion energies and the BDE[LnO].

energies of several second row d-block transition metal oxides Those authors presented a plot showing predicted BDE[LNO]

(and carbides) using the model of Carter and Godéditterel®

along with the experimental values but did not tabulate the
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predicted values. From their plot (Figure 2 in ref 19), discrep- 900 -
ancies of up to~1 eV (1 eV= 96 kJ/mol) appear between the 800 -
predicted and experimental values. Furthermore, it was as-

700 -
sumed® that it is the 41-35d6g lanthanide configuration that

is pertinent to bond formation, despite that thé 6kctrons E 600
are spin-paired and unavailable for bonding. Murad and Hilden- g 500 -
brand® refined the treatment of Ames et 'lby assuming Z 400 -

covalent bonding in the LnO molecules (as was done here) and g 300 -
employing free atomic, rather than solvated ion, excitation “ o,

energies. The experimental data were generally well reproduced
in a parametrization that assumed a monotonic decrease in the
intrinsic Ln-O bond energy across the series, from 795 kJ/mol

for LaO to 665 kJ/mol for LuO, and a correlation with the ) o - )
4268 — 4f-3506€ atomic Ln promotion energied.(This Figure 2. Lanthanide monoxide ion dissociation energies (BDE[LnO],

approach was subsequently applied to the actinides by #aire solid squares) atomic promotlon energies to the'#5¢f configuration

to estimate BDE[ANQ] for which experimental bond energies 4%%2(32’3 ggﬁf?gj?al:%rﬁ?éﬁddﬁs?’t%n;ecn ?rﬁg?éiggs; energies o the

are unavailable.) However, it is not obvious why such a

significant decrease in bond energies should be expectedconfigurations best represent the bonding configurations at the

between La and Lu. In comparison, for example, BDE[MO] metal center in LnO. In direct analogy with eq 1 for the neutral

are essentially the same, to within 20 kJ/mol, for KO, RbO, LnO, it is proposed that the bond dissociation energies of the

and CsC3 The 4f— 6d promotion energies are related to the LnO" can be estimated according to eq 2:

AE[5d%6s] in Table 1 in such a manner that inclusion of a N N

decrease in the intrinsic bond energy across the series using 8DE[LNO"] = BDE*[LnO "] —

model that employs four experimental BDE[LnQO] as parameters AE[ground— bonding configuration] (2)

would be expected to give agreement comparable to that ) .

achieved using the more fundamental model of Carter and ON the right-hand side of eq 2, BDE*[Ln® corresponds to

Goddard® first applied to the Ln® by Cornehl et af. and the; intrinsic bond energy between the*L\mt.h a configuration

further developed in the present work. It is concluded here that SUitable for formation of a double bond with an oxygen atom,

the intrinsic lanthanide and actinide monoxide bond energies 2"d the second term represents the energy needed to achieve

vary little across the series and that two valence d electrons,that configuration. Assumlng that the Ioss? of ,5d/63 and/or 5d/

i.e., a 5d configuration for the Ln, are required for effective 5d exchange energies upon bond formation IS constant across

Ln-O bonding. As discussed below, the same conclusion is the series, these exchange energy effects are incorporated into

arrived at for bond formation in the r-O ions. BDE*[!_nO+] (as would aiso be any energy that may _be need_ed
Bond Dissociation Energies of Lanthanide Monoxide to excite the ground state oxygen atom to its bonding config

M itive | The bond di i : £ th uration). As with the neutral LnO species, no provision is
onopositive -lons. 1he bond dissociation energies ot the initially made for loss of 4f/5d or 4f/6s exchange energy because
lanthanide monoxide monopositive ions, BDE[LTiChave also

b derived f ) al A d i th of the impracticality of accurately estimating this effect,
een derived from experimental measurements and again &, e jarly as a function of f-orbital occupancy; the issue of

self-consistent values given by Chandrasekharaiah and Ginger-f_electron exchange energy is further discussed below.

ich'® are employed in this assessment. In analogy with the The 4f~25d6s and 4F %5¢? are the two lowest-lying divalent
neutral monoxides, formation of a formally double bond in configurations for all of the Lh, except for Ld where the

{Ln=0}" requires two outer valence electrons available for 4f1%6s6p configuration is 25 kJ/mol lower in energy than the
bonding at both the lanthanide metal center and the oxygen; asysag configuration. As with the neutrals, the valence 6p
discussed above, additional bonding may result from dative- gjectrons do not appear to play a significant role in bonding in
type bonding with vacant 5d orbitai$.Because BDE[LnO)] the monoxide ions. Close examination of Figure 2, particularly
is defined as the energy for dissociation to'land an oxygen o1 the second half of the series, would seem to suggest that
atom, the issue in predicting the BDE[LADIs the electronic  he jnverse correlation between bond energies and promotion
configuration at the lanthanide metal ion center that is suitable energies may be better for the"#5 configurations, as is

for formation of the Li=0O bond. As with neutral LnO borne out by the following calculations.

molecules, it is assumed that the localized quasivalence 4f Tphe BDE[LnO'] were calculated using eq 2 for both the
electrons do not participate in covalent bonding with an oxygen 4m-25q6s and 425 configurations, and the results are given
atom. For the LA, the 4f~35P6s excited-state configurations, in Table 2. As with the neutral LnO, LaChas been employed
where " is now the total number of electrons outside of the g5 the prototype to establish the intrinsic bond energy, BDE*-
xenon core for the Lhions,n = 2 for La*, n = 3 for Ce', [LnO*] using the experimental BDE[LaQ of 847 kJ/mol.

etc., are too high in energy relative to the ground-state BecauseAE[ground — 5d6s] AE[5d6s]) is 24 kJ/mol and

configuration to be viable as the prepared state for double bond Ag[ground— 5] (AE[5d?)) is zero for La, the derived BDE*-
formation. This contrasts with the neutral lanthanide monoxides, [.n0*] are 871 kJ/mol (i.e{847 + 24} kd/mol) for AE[5d6s]

where it was concluded that 4P5¢?6s was the bonding  and 847 kJ/mol foAE[5d?].

100 -

0 A~ | | | | | | |
La Ce Pr Nd Sm Eu Gd T Dy Ho Er Tm Yb Lu

configuration. For each of the calculated BDE[5d6s] and BDEJ5dhe
For the Lnf ions, the two low-lying configurations with two  deviation from the corresponding experimental BDE[I@
non-4f electrons in half-filled valence orbitals aré #6d6s and included in brackets in Table 2. The agreement is exact for both

4f"~25R. The promotion energies to these configurations are calculated values for LaOonly because the BDE*[Ln€] were
shown along with the Lh—0O bond dissociation energies (BDE- defined using LaO as the prototype. For the other 13 LhO
[LnO™]) in Figure 2. In contrast to Figure 1, it may not be as for which comparisons can be made (no experimental BDE-
immediately obvious from Figure 2 which excited-state"Ln [PmO"] is available), the average deviation between the
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TABLE 2: Lanthanide lon Electronic Parameters and Bond Dissociation Energie3

ground AE[5d6sP AE[502]P BDE[LNO*]® BDE[5d6s] BDE[5c]
La 5¢f 24 0 847+ 15 847{0} 847{0}
Ce 4f5d 28 0 849+ 15 843{ —6} 847{—2}
Pr 4865 94 70 792+ 15 777{~15 777{-15
Nd 4165 135 110 74% 15 736{ 13} 737{-12
Pm 4f6s (131) (114) NA (740) (733)
sm 4965 227 227 565 15 644{+79 620{+55}
Eu 4f6s 361 438 38% 15 510{+121} 409{+20}
Gd 45d6s 0 48 732: 15 871{+139 799{+67}
Tb 465 39 106 718 15 832{+114 741{+23
Dy 4f1%s 127 234 593 15 744{+151} 613{+20}
Ho 4f16s 137 275 598 15 734{+136} 572{—26}
Er 4% 128 283 57% 15 743{+164 564{ —15}
m 4f%s 198 368 478 15 673{+195 479{+1}
Yb 41165 319 538 37215 552{+180 309{ 63}
Lu 4f1%6Q 141 351 520t 15 730{+210 496{ —24}

a All energies are in kJ/moP The electronic configurations and excitation energies are from ref 8, except for the estimategfor Bperimental
bond dissociation energies from ref 13; no experimental value is available (NA) for Pi@. BDE[5d6s] and BDE[5 were calculated using
eq 2 as described in the text. The numbers in brackets are the deviations of the calculated from the experimental values. Calculated values based
on other models are available, including for Pm@s discussed in the text.

experimental and calculated values is 117 kJ/mol for BDE[5d6s] The BDE[LnO"] derived by Cornehl et dl.using AE[5d6s]
and 26 kJ/mol for BDE[5¢. The values calculated using the and terms for the 5d/6s, 4f/5d, and 4f/6s exchange energies
two excitation energies are in good agreement for the early exhibit substantially greater deviations from the experimental
lanthanides, through SmQas would be expected from the near values than do the calculated BDEfbdvalues in Table 2.
coincidence of the excitation energy curves for the early Because no experimental BDE[PmO] or BDE[Phj@re given
lanthanides in Figure 2. For the lanthanides beyond Sm, eachhere, it should be noted that the experimental BDE[Piried
of the calculated BDE[5d6s] differs from the experimental in ref 4 is not actually a measured valued but was obtained
values by more than 100 kJ/mol. from an interpolation by Kordis and GingeriéhThis estimaté
Among the calculated BDE[Sjifor the LnO", the greatest  for BDE[PmMO'] of 674 + 67 kd/mol is 59 kJ/mol lower than
discrepancy from the experimental values is for Gd@his the BDE[5¢] for PmO" of 733(60) kJ/mol derived from the
may be related to the distinctive ground statédbs config-  present analysis. Koyanagi and Bolfhstudied the reaction
uration of Gd which has a half-filled 4fsubshell with seven  f |anthanide ions with BD and identified a correlation of the
unpaired f electrons. Because inclusion of 4f/5d exchange energyreaction rates with the promotion energies to the presumed
terms would decrease_the predicted bonq energies to the greatesjm-2546s honding configuration at the metal center in the tnO
extent for those Lh with the most unpaired 4f electrons, the  products. However, quantification of this correlation required
positive deviations of BDE[64 from the experimental values  the assumption that the efficiencies of electronic excitation for
for SmO*, EuO", GdO', TbO", and DyO™ may be related to  he early and late lanthanides are entirely disparate, purportedly
the neglect of the 4f exchange energy loss. If it |s_assur_ned thatpecause of the differing 4f-electron populati3Adhis correla-
the 4f/5d exchange energy for the"#5¢ configuration,  ion2sis intriguing but does not appear to provide evidence that

AE[4f"2/5¢F], is a linear function of the number of unpaired o 4n-2546s configuration is indeed the bonding configuration
4f electrons,N;, then the+67 kJ/mol discrepancy for BDE- at the lanthanide center in the LAO

[5d?] in the case of Gd® can be used to obtaihE[4f" %5 .
= {1/7 x 67 kd/mo} ~ 10 kJ/mol per 4f electron. Cornehl et The calculated BDE[S for YbO™ (Table 2) is only 309

al? inferred a much larger value for thg4f/sd + 4f/6s kJ/mol, 63 kJ/mol less than the experimental bond energy. This
exchange energy of 29 kJ/mol per 4f electron by using the calculated value is less than would be expected for a single
difference between of the calculated and experimental BDE- Metal-oxygen bond (e.g., BDE[BaQ = 389 kJ/moF). In

[CeO']. Using the exchange energy per 4f electron derived here, those cases where the metal ion promotion energy to a divalent

the BDE[5d] in Table 2 can be recalculated incorporating the bonding state is so large that the resulting bond energy is less
4f/5d exchange energy term in eq 3: than that for a single bond, promotion would not be expected,

and only a single bond should be formed using the single
BDE[LNO'] = BDE'[LnO"] — AE[5¢%] — (N)(10 kJ/mol)  Unpaired valence electron at the metal center. In support of this,
3) the experimental BDE[Yb® of 372 + 15 kJ/mol is only 17
kJ/mol lower than BDE[Ba®)]. Evidently a ground-state Y'b
The BDE[LnO'] obtained according to eq 3 are all smaller than i0n combines with an oxygen atom to produce a singlé-YO
the experimental values, with the exceptions of perfect agree-0bond using the unpaired 6s electron at the metal center. The
ment for BDE[LnO'] and BDE[GAO], which were employed  calculated BDE[5§ for EuO* is 409, whereas the experimental
to obtain the BDELnO*] (847 kJ/mol) andAE[4f"~2/5¢] (10 BDE[EUO'] is 389 15 kJ/mol, identical to BDE[Bad]; the
kJ/mol) used in eq 3. The average deviation from the experi- €uropium ior-oxygen bond may also be of single character.
mental BDE[LnO increases from 26 kJ/mol using the BDE- When the calculated bond energy is significantly less than 450
[5d?] and eq 2, to 31 kJ/mol using eq 3, and to 33 kJ/mol if kJ/mol, the model employed in the present assessment is likely
BDE[GdO'] is excluded as it was used in the parametrization inapplicable. When the calculated bond energy for Yb&
of eq 3. The conclusion is that although the loss of 4f/5d 309 kJ/mol is excluded from consideration, the average devia-
exchange energy may play a role in decreasing the bond energietion between the calculated and experimental values for the
for certain LnO" and LnO, it does not appear practical at this remaining LnO (excluding LaO and PmO) decreases to 23
point to reliably quantify this effect across the series. kJ/mol. The predicted BDE[YbQ employing A[5d6s], rather
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TABLE 3: Actinide Atom Electronic Parameters and Bond Dissociation Energied

ground AE[607sP AE[6275] BDE[ANO] BDE[6c7s] BDE[6cP7¢]°
Ac 607 110{2} 110 (794y 720 720
Th 67 66{3} 0 877 764{—113 830{—47}
Pa 586074 84{2} 24 788 746{—42} 806{ +18}
U 516478 75{2} 75 755 755{0} 755{0}
Np 5f6d7¢ 85{2} 85 733 745{+16} 745{+16}
Pu 5678 162{1} 178 661 661{0} 652{—9}
Am 5f17¢ 173{1} 245 553 657{+104 585{+32}
Ccm 56d7S 121{2} 121 728 709{ —19} 709{—19}
Bk 5978 205{1} 257 (5989 625 573
cf 5f107g 240{1} 377 (498} 590 453
Es 5R179 275{1} 430 (4609 555 400
Fm 57278 311{1} 466 (443Y 519 364
Md 5f1378 (335){1} (610) (4189 (495) (220)
No 51479 (359){ 1} (729) (268Y (471) (101)
Lr 5f14727p (329){ dsp (406) (665Y (501) (424)

a All energies are in kJ/moP The electronic configurations and excitation energies are from ref 27. The valubopfAE[6d¥7s] is given in
brackets. The value of for AE[6d?79] is 2 for Th and Pa, and 1 for all other AhThe BDE[6d7s] and BDE[6@79] were calculated using a
relationship analogous to eq 1 in the text. The numbers in brackets are the deviations from the experimental values. The calculated values for MdO,
NoO, and LrO, in parentheses, are extrapolations outside of the range of the friggtehate from ref 21¢ Reference 23\ Reference 28 Reference
29." The preferred BDE[PuOQ] is from the evaluation of Hildenbrand é? edther than from a recent measurem@ntased on mass spectrometric
studies of plutonium oxide thermochemistfy® ' Reference 33.Reference 34.

thanA[5d?], is 552 kJ/mol which is 180 kJ/mol larger than the the generalization regarding the lowest-lying relevant configura-
experimental value. This suggests that th&4§d6s configu- tions are Th and Pa, for which the & and 5f6d7<, re-
ration is not suitable for double bond formation with oxygen, spectively, are the lowest lying configurations that have two
and instead a single bond is formed in YhO 6d electrons available for bonding. The results for the £tnO

In view of the conclusion that promotion to the prepared indicated that it is the two Scelectrons, and not the unpaired
divalent configuration at the metal center is a valid model only 7s electron, that participate in formation of thet=#0 formally
when the predicted bond energy exceeds the single bond energydouble bond. Accordingly, for Th and Pa, the energies of the
the results for the neutral monoxides deserve comment in this6?7¢ and 5f6d7s configurations are considered in the
regard. The BDE[CsO] of 282 kJ/nf8lis significantly smaller assessment, and the relevant promotion energy in Table 3 is
than BDE[Bad] and can be considered as a typical single bond AE[6d?7¢] wherey = 2 for Th and Pa ang = 1 for all other
energy for heavy metal neutral monoxides. The calculated BDE- An. For the lanthanide atoms, the lowest lying configurations
[YbO] of 380 kJ/mol is greater than this single-bond energy, with one valence 6s electron and at least one valence 5d electron
suggesting that the Y¥bO bond is of a double character. The are either 4F25d6s or 4f-35#6s; the latter cases are noted in
possibility of single-bond formation for the neutrals can Table 1. For the actinide atoms, the lowest-lying configuration
furthermore be excluded based on electronic considerations. Thewith one valence 7s electron and at least one valence 6d electron
ground state of Yb, 4f6<, has its two outer valence electrons is either 5f~26d7s or 5f36c7s (except for Th which has a
in a closed 65subshell, so that excitation to a prepared divalent lower-lying 6cf7s configuration and Lr which has a lower-lying
state must occur for formation of even a single bond; accord- 5f°6d7s7p configuratior). The AE[6d*7s] given in Table 3 are
ingly, a more energetically favorable double bond can be forx=1, 2, or 3 (Th), with the value of indicated in brackets,
presumed. It is only when the ground-state configuration at the with the distinctive exception of Lr for which AE[6d*7s]”
metal center comprises a spin-unpaired outer valence electrons actually AE[6d7s7p]. Having definedAE[6d*7s] and
that bond formation may occur without electronic excitation. AE[6d?7¢] for the actinides, these energies are given in Table
This condition is not fulfilled for most of the neutral Ln, which 3. The BDE[ANO] are calculated employing a modified eq 1 in
have a 41-26< ground-state configuration (see Table 1). which “Ln” is replaced by “An.”

Bond Dissociation Energies of Neutral Actinide Monox- Because no accurate experimental value for BDE[AcO] is
ides. For the actinides, experimental knowledge of monoxide available, the intrinsic BDE*[AnO] cannot be derived in analogy
bond dissociation energies, BDE[ANQO], is very limited, and a with the derivation of BDE*[LnO] from the known BDE[LaO].
plot analogous to that in Figure 1 cannot be created. It is Reliable BDE[AnO] are available for As Th and U2 It would
desirable to estimate the unknown actinide monoxide bond appear more appropriate to employ the experimental BDE[UO],
dissociation energies, and we propose that the model used forrather than BDE[ThO], to derive an intrinsic BDE*[AnQ]. The
the 4f-lanthanide monoxides should also be applicable to the primary basis for this preference is that the distinctive electronic
5f-actinide monoxides. The validity of the model that most structure and energetics of the Th atom, as discussed above,
reliably predicted the BDE[LNO] can be assessed based on thesuggest that Th may not be a characteristic actinide. The general
few known BDE[ANO]; these experimental values are included character of thorium saa d block, rather than an f block,
in Table 3. Spectroscopic energies of actinide atomic energy transition element has been discussed elsewiidriee BDE*-
levels are known for the actinides through#rand have been  [AnO] derived using BDE[ThO] and the actinide equivalent of
estimated for Md, No, and L}2 For the neutral lanthanide atoms, eq 1 are 943 kJ/mol usindE[6d*7s], and 877 kJ/mol using
the 4f—35cP6s configurations were the lowest-lying states with AE[6d?7¢]. The BDE*[AnQ] of { 755 kJ/mol+ 75 kJ/mo} =
two valence 5d electrons. In analogy, th&8627s configura- 830 kJ/mol obtained usind\E[6d*7s] = AE[6d?79] in the
tions are the lowest-lying states with two valence 6d electrons case of uranium is nearly identical to the BDE*[Ln&] 827
for most of the actinide atoms, wher@"“for the actinides kJ/mol derived above. Such similar BDE*[LnO] and BDE*-
represents the total number of electrons outside of the closed[AnO] might be expected based on the corresponding compari-
radon coren = 3 for Ac, n = 4 for Th, etc. Two exceptionsto  son between LaO and YO. Using BDE[Y®] 714 kJ/mol from
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Sievers et al® and AE[4d5¢< (ground)— 4#5s] = 131 kJ/mol TABLE 4: Actinide lon Electronic Parameters and Bond

for the neutral Y atom from Moor& an intrinsic BDE*[YO] Dissociation Energie3
of {714+ 131} = 845 kJ/mol is obtained. This BDE*[YQO] is ground AE[6d7sP AE[6d?® BDE[AnO*] BDE[6d7sF BDE[6cP]°
only 18 kJ/mol greater than the BDE*[LaG} 827 kJ/mol Ac 72 57 158 NA 753 704
derived above, and a similar correspondence between BDE*-Th 67s  0[6&7s] 0[6cf7s] 875 810 862
[LnO] and BDE*[AnO] would seen reasonable as Ac is the Pa 5f§7§ éO 57 gloﬁ% 88c())0 8885
: : . U 5f7 55 7 7
heawerdho_mologue:; of La._Ir_1 furthzr r?uppk)]or:jof_u;,mg fBDE Np 566d7s 0 BAL36 7734 43 810 7784 36
[UQ] to derive BDE*[AnQ], itis noted that the deviations from  p; 5e75 104 207 683 55 706 655
the few known BDE[ANO] (except for ThO) are all greater if am 5f7s 245 347 24 560+ 30f 565 5154 24
ThO is employed as a prototype. As for the lanthanides, the Cm 5f7¢ 48 177 NA 762 685
loss of d/s and/or d/d exchange energy upon bond formation isBKk 5f7s 148 263E 36 NA 662 599+ 36
5f07s  (289) 406t 48 NA (521) 456+ 48

implicitly included in the derived BDE*[AnO]. Because the
uranium atom, unlike actinium, has three 5f electrons in both ~ All energies are in kJ/mol. “NA” indicates that an experimental
the 5f6d7€ ground state and the 3tP7s excited state, the BDE is not available® The electronic configurations and excitation
derived BDE*[AnO] may also incorporate some loss of 5f/6d energies are from ref. 27. For Thboth AE[6d7s] andAE[6cF] are

f h iation in thi taken as zero because the ground state {68 The BDE[6d7s] and
and/or 5f/7s exchange energy. However, any variation in this gpe[gd] were calculated using a relationship analogous to eq 2, as

quantity with 5f-orbital occupancy is not included in the described in the text. The specified uncertainties for some of the
assessment because of the uncertainties in accurately estimatingDE[6c?] reflect only the additional uncertainty introduced from the
this variable energy loss. Although significant bonding partici- AE[6cF], not the inherent uncertainty Reference 23: Reference 30.
pation of the quasivalence 5f electrons is not expected for small' Reference 33.

actinide molecular species, some 5f participation for the light

actinides may be feasible and neglect of this possibility in the 3 for the three heaviest actinides are not considered reliable,
present treatment should be noted. though these results are intriguing. It would be particularly

interesting to obtain experimental BDE[AnO] for CfO, EsO,
and FmO in view of the large discrepancies between the values
predicted based on promotion to the 5d6s and didalent
configurations. The BDE[6dY] estimates from the model
employed here are in accord with the experimental observations
reported by Hair@122In that work, the Ad/AnO™ ion intensity
ratios were obtained by electron impact ionization mass
spectrometry of the high-temperature vapor species in equilib-
rium with solid AnpOs3, Cmp0Os3, Bk203, Cf203, and EsOs. The
d qualitative nature of those experimental results precludes any
guantitative comparisons with the present bond energy estimates.
Haire also estimated unknown BDE[AMDF? using the pa-
rametrized approach developed by Murad and Hildenbf&nd;
hese estimates are included in Table 3.

Bond Dissociation Energies of Actinide Monoxide Mo-
nopositive lons. It is also reasonable to use the model de-
veloped above to predict bond energies for actinide monoxide
monopositive ions, BDE[An®]. These bond energies can be

In accord with the lanthanide results, the comparisons between
the calculated and experimental BDE[AnQ] in Table 3 suggest
that excitation to a 6d configuration with two valence d
electrons available for formation of the A® bond better
predicts the actinide monoxide bond energies. With the excep-
tion of PuO, where both calculations exhibit very good agree-
ment with the experimental value, the deviation from experi-
ment is smaller, or necessarily identical whexE[6d*7s] =
AE[6d?79], when the 68 configuration energy is employed.
The greatest deviation is for BDE[ThO] which may be relate
to the electronic considerations discussed above. The much
better agreement in the case of BDE[AmOQ] particularly supports
the use of the 6dconfiguration as the bonding configuration.
The good agreement between the experimental and predicte
BDE[PaQ] suggests that the 7s electrons do not play a significant
role in the bonding because the?@nfiguration in the case of
Pa is 6d7<, in which the two 7s electrons are paired. The

simplistic picture of two electrons remaining in a filled inert yoaqred by various mass spectrometric techniques but the
7< orbital at the metal center in PaO may be unrealistic; instead, existing data on BDE[An®] is quite limited, with only BDE-

it may be that the 7s orbitals of Pa hybridize with empty 6d [ThO*] = 875 + 16 kJ/mol and BDE[UO] = 807 + 22
orbitals to enable effective bonding. kJ/moP3 known with reasonably good accuracy. Other reported
For AcO and all of the transcurium AnO, experimental BDES experimental values for BDE[ANQ are given with their
are not available. The lanthanide results indicated that the BDEsassociated uncertainties in Table 4. As with the neutrals, it is
could be accurately predicted by assuming excitation to%a 5d considered appropriate to employ tW@s a prototypical An®
rather than a 5d6s configuration, even when the@dmotion in the absence of an experimental BDE[AJOThe analogous
energy was greater than the 5d6s promotion energy by as muchrelationship to eq 2 for the lanthanides is applied to the AnO
as 219 kJ/mol, as in the case of Eu. In cases where the promotionyhere the two relevant promotion energies are to the?667s
energy difference exceeds this value, it cannot be confidently (6c#7s for Th") and 5f~26cR (6627s for Th) configurations,
assumed that the model will remain valid. Instead, it is feasible AE[6d7s] andAE[602]. The spectroscopically determined con-
that the additional promotion energy is not offset by the figuration energies are also less well established for most of
evidently more efficient bonding of a metal center with & 6d  the transuranium actinide ions, Ancompared with the neu-
configuration. For Ac, Bk, Cf, Es, and Fm, the %6bonding trals?” In those cases where these uncertainties are greater than
configuration is<200 kJ/mol higher in energy than the 5d6s ~10 kJ/mol, they are included with the excitation energies,
configuration, and the calculated BDE[ANO] for these five values, given in Table 4. From the experimental BDE[{JO
actinides in the final column of Table 3 are considered accurate two intrinsic bond dissociation energies are obtained: BDE*-
to within £50 kJ/mol. For Md, No, and Lr, the promotion [AnO"] = 810 kJ/mol for the 5f26d7s configuration and
energies are only estimates. For Md and No, the estimatéd 6d BDE*[AnO*] = 862 kJ/mol for the 3f26c2 configuration. The
promotion energies exceed the 6d7s promotion energies bylatter value is close to the corresponding BDE*[LH{i.e.,
>250 kJ/mol, and for Lr, the ground and excited state energetics 862 vs 847 kJ/mol), whereas the former is not (i.e., 810 vs 871
are unique among the f elements, as is evident from Table 3.kJ/mol), supporting the hypothesis that it is thé &dnfiguration
For these reasons, the parenthetical BDE[AnO] given in Table that is relevant to Ah—=0 bond formation.
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The results are summarized in Table 4 where the indicated the experimental BDE[Ln®] and AE[5d?] from Table 2 for

error limits on selected BDE[BHrepresent only the additional
uncertainty introduced from the spectroscofdle]6d?], not the

the 12 Ln excluding Pm, Yb, and Lu (see text) yields an average
intrinsic BDE*[LnO*] = 837 £ 29 kJ/mol, a value 10 kJ/mol

base uncertainty inherent to the approach. In view of the large smaller than the value derived using BDE[LHO= 847

uncertainties in the promotion energies for the heavy Ahe

calculated results are given only through Cf. Because of the

relatively large uncertainties in some of the experimental BDE-
[AnO] and/or the calculated BDE[Y it is impractical to
effectively evaluate whether the calculated BDE[6d7s] or BDE-
[6d7] better reflect the actual bond energies. For The 6&
value is significantly closer to the experimental value than is
the 6d7s value, but thorium is not considered a particularly
representative actinide. For NpOPuO', and AmO', the error
limits are too large compared with the differences between
BDE[6d7s] and BDE[64 to establish that the latter are more
reliable; the greater reliability BDE[6Hin Table 4 can only

kJ/mol andAE[5d?] = 0.

The model successfully demonstrated here for the lanthanides
was applied to the actinides, where experimental information
is sparse and/or less well-established because of experimental
constraints. Employing UO and UOas prototypes, bond
energies were estimated for other AnO and An@iith the
values given in the final columns of Tables 3 and 4. As indicated
in Table 3, it is not reasonable to confidently extrapolate to
cases such as NoO, where the predicted bond energy of only
101 kJ/mol is outside of the demonstrated range of applicability.

The relationship between ionization energies (IEs) and bond
energies in eq 4 indicates that the difference between IE[MO]

be presumed based on the lanthanide and neutral actinide oxideand IE[M] is related directly to that between BDE[MO] and

results. Accordingly, the values in the final column of Table 4
are considered the best available estimates for theAméhd

energies. It is emphasized that, in addition to the indicated

uncertainties, there is an inherent additional uncertainty for all

BDE[MO™]:

IE[MO] — IE[M] = BDE[MO] — BDE[MO™]  (4)

of the calculated values in Table 4 which is estimated as up to IE[M] is known, then IE[MO] can be calculated using the
460 kJ/mol based on the evaluations for lanthanide and neutraltWO monoxide bond energies. With the typical exceptions of

actinide monoxides.

Summary and Conclusions

A model for covalent bond formation by lanthanide and

actinide atoms and ions has been refined and employed to

the distinctive lanthanides, Gd and Lu, the inference is that the
IE[Ln] and IE[LnO] are within ~0.5 eV of one anothe®
Similar agreement within 0.5 eV is found for IE[An] and
IE[AnO] using both the experimental BDEs and those calculated
in the present work, providing an additional indication that the

predict unknown monoxide bond energies. The general approach”ature of the bonding in the lanthanide and actinide monoxides

is in accord with observations by Scott and Rich&tdsgarding
bonding in transition metal hydrides. The correlation between

metak-ligand bonding and the electronic structures and energet-

ics of metal ions was further elaborated by Armentrout &8 al.
Subsequently, Carter and Goddardlated d-block transition
metal organometallic bond energies, BDE[MC], to the
electronic structures and energetics of the free metal ion, M
This model was applied to the lanthanide monoxide ions,™,nO
by Cornehl et af. The analysis presented here for the neutral
LnO molecules and their monopositive ions, LhMas led to
the conclusion that the :nO and Ln"—O bonds are evidently

is similar and that the same model should be applicable to both
series. Based on the inferred bonding configuration"ofds

for the MO and 2d? for the MO, the similarity between the
atomic and monoxide ionization energies may be attributed to
the removal of a nonbonding valence 6s electron from the LnO
and a 7s electron from the AnO to achieve ionization. Murad
and Hildenbran® similarly concluded primarily 5d-electron
bonding in lanthanide monoxides, and ionization by removal
of a nonbonding 6s electron, based on their assessment of the
relevant electronic considerations. From the present work, it is
concluded that the intrinsic lanthanide and actinide monoxide

formed using two 5d electrons, rather than one 5d and one gsbond energies vary little across the series and that two valence
electror? This implications of this conclusion are intriguing and  d electrons, Séifor the Ln and 6@ for the An, are required for

cast some doubt on the assumption that it is necessarily the

4fn=25d6s lanthanide metal ion configuration that is required
for gas-phase bond activatiénil

The bond energies calculated according to the model de-
scribed here are generally close to the experimental values. As

there is no experimental value for BDE[PmO] that given in the
final column of Table 1 is of special interest. Using the model
described here, an estimate of BDE[Pm©P98 + 40 kJ/mol

is obtained. For comparison, Kordis and Ginget¥astimated
BDE[PmMO] ~ 644 kJ/mol, this being the average of their
experimental values for BDE[NdO] and BDE[SmO]. H&ir&?
has estimated BDE[PmMG¥ 711 kJ/mol.

In the present analysis, the intrinsic lanthanide monoxide bond

energy, BDE*[Ln—0] was taken as 827 kJ/mol, the sum of the
experimental BDE[LaO] = 795 kJ/mol andAE[5d%6s] = 32
kJ/mol for La (Table 1). A general intrinsic BDE*[.nO] can
be obtained by summing the experimental BDEH®] and
AE[5d%6s] for each of the lanthanides and determining the
average. Using the values given in Table 1 for the 13 Ln

excluding Pm and Lu (for the reasons discussed in the text), a

BDE*[LnO] = 827+ 21 kJ/mol is obtained, the same value as

effective f-element bonding in both MO and Mf—O.
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