Volume 190, number 3,4

CHEMICAL PHYSICS LETTERS

6 March 1992

Gas-phase thermochemistry of the group 3 dioxides:

SCOz, Y02 and LaOQ

D.E. Clemmer, N.F. Dalleska and P.B. Armentrout '
Department of Chemistry, University of Utah, Salt Lake Ciry, UT 84112, USA

Received 10 December 1991

Gas-phase ScO,, YO,, LaQ, and the singly charged cations of these species are formed in endothermic reactions between MO
(M=Sc, Y, and La) and NO, in a guided ion beam mass spectrometer. The cross sections of these reactions are measured as a
function of kinetic energy and are interpreted to give the following 0 K bond energies (in eV): D°(0Sc-0)=3.95+0.33,
DYNOY-0}=4.14%£0.22, D°(0La-0)=4.20+0.13, D°(0Sc*-0)=1.72£0.19, D’ (OY*-0)=1.7610.16, and D°(OLa*-
0)=0.9910.31. Values for the MO, ionization energies (in ¢V} are determined to be [E(ScO,;)=8.6610.20,IE(YO,)=8.2310.16
and IE(LaQ,}=8.11+0.35. The differences between these values and estimates in the literature are discussed by considering the

nature of the bonding in MO, and MOJ,

1. Intreduction

In contrast to the extensive thermochemical da-
tabase available for transition metal monoxides
[1,2], reliable thermochemistry for the metal diox-
ides is relatively scarce. Some MO, thermochemistry
is available for metals that commonly exhibit a +4
oxidation state, such as the group 4-6 and 8-10 tran-
sition metals [3-6], however, there is no experi-
mental thermochemistry for the group 3 dioxides,
ScO;, YO, and LaO,. This is primarily because the
group 3 metal oxides exist in the solid phase as ses-
quioxides (M,0,) that form mainly MO and small
amounts of the atomic metal when vaporized [7,8].
Thus, traditional mass spectrometric and effusion
experiments involving these metal oxides [ 7-9] and
chemiluminescence studies of the bimolecular oxi-
dation of the bare metal atoms [10,11] have mea-
sured thermochemistry for MO but have not men-
tioned MO,. To fill this void, Kordis and Gingerich
[5] have empirically estimated the atomization
energies for the group 3 metal dioxides as a factor of
1.9 greater than the dissociation energies for the metal
monoxides. This factor was based on their measured
thermochemistry for four other rare earth oxides (Ce,

! Camille and Henry Dreyfus Teacher—Scholar, 1987-1992.

Nd, Gd and Ho), and predicts OM-O bond energies
of 6.3, 6.6, and 7.5 eV (all £1.0eV) for M=Sc, Y,
and La, respectively. Also, Cockett et al. have esti-
mated the ionization energy of La0O, as 9.5+ 1.5 [12]
and 9.520.5 eV [13] based on a comparison to
CeQ,.

In this paper, we report the first direct experi-
mental measurements of the OM-~O bond energies
and ionization energies for the gas-phase group 3
metal dioxides: ScO,, YO,, and LaO,. This is
achieved by using guided ion beam mass spectrom-
etry to monitor the kinetic energy dependence of the
reaction of MO™* with NO,. This continues our on-
going pursuit of accurate thermochemistry for small
molecules containing transition metals and oxygen
[2,14-19].

2. Experimental

Complete descriptions of the apparatus and ex-
perimental procedures are given elsewhere [20].
MO ions are produced in a de-discharge/flow-tube
(FT) source (described previously [21]) by allow-
ing M* (produced via argon ion bombardment of
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the metal chloride salt *') to react with O, down-
stream ¥, The MO* ions undergo = 10° collisions
with the Ar/He buffer gas mixture before exiting the
flow tube and are expected to equilibrate at a tem-
perature of 300 K with respect to all internal states.
The ions are extracted from the source, accelerated,
and focused into a magnetic sector momentum ana-
lyzer for mass analysis. Mass-selected ions are slowed
to a desired kinetic energy and focused into an oc-
topole ion trap. This device guides the ions through
a static gas cell containing a low pressure (= 0.02-
0.3 mTorr) of NO, that has been purified as de-
scribed before [18]. After exiting the gas cell, prod-
uct and unreacted beam ions drift to the end of the
octopole where they are directed into a quadrupole
mass filter for mass analysis and then detected by
using a Daly-type detector and pulse counting elec-
tronics. Conversion of raw ion intensities into re-
action cross sections and the calibration of the ab-
solute energy scale are treated as described previously
[20]. The beams are found to have a Gaussian ki-
netic energy distribution with a fwhm of =~0.4 eV in
the laboratory frame. All product cross sections re-
ported are results of single ion—-molecule collisions as
verified by examining the pressure dependence of the
product intensities.

3. Results and analyses

Only two icnic products, MOF and NO*, are
formed for all three metal systems in the reaction of
MO* with NO,. The cross sections for these pro-
cesses are shown in fig. | and correspond to the
reactions

MO* +NOQO, -MO+ +NO (1)
and
MOt +NO,-NOt+MO,. (2)

Reactions (1) and (2) are clearly endothermic for
all three systems, and MOZ formation is favored at

# Scandium chloride hexahydrate (Strem, 99.9%), yitrium
chloride hexahydrate (Aesar, 99.9%), and lanthanum chlo-
ride heptahydrate {Aesar) were dehydrated by pumping a vile
containing the sample to ~ 100 mTorr for several hours.

#2 A more complete description of MO* formation from this
source will be published soon [22].
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low energies. Since the products of these processes
differ only in the location of the charge, we expect
these reactions to compete with one another, con-
sistent with the relatively smooth variation of the to-
tal cross sections with energy. There is no ambiguity
that the neutral product of reaction (2) is MO, since
the thresholds for producing MO+0O or M+0O, (as
calculated from known literature thermochemistry
in table 1) are much higher than the observed
thresholds in fig. 1. In all three systems, the cross sec-
tions for reaction (1) peak near DJ (ON-0)=3.116
eV [4]. This behavior suggests that the MO7 prod-
ucts can dissociate in the overall process

MO™* +NQ, -MO*+0+NO, (3)

at these higher emergies. While there is no unam-
biguous evidence of competition between reactions
(2) and (3), we presume that such competition ex-
ists since reaction (1) and (2) are tighily coupled,
as noted above.

Previous work [2,17,25,26] has shown that cross
sections for endothermic reactions can be analyzed
by using

G(E)=a.0Zgl'(E_EU+Ei+ErDl)"/Ev (4)

which involves an explicit sum of the contributions
of individual states of the reactants, denoted by I,
weighted by their populations, g;. Here, g is a scal-
ing factor, E is the relative kinetic energy, n is an ad-
justable parameter, E, is the 0 K threshold for re-
action of ground electronic and vibrational state
reactants, In this study, F; represents the vibrational
levels of NO, populated at 305 K*# (the nominal
temperature of the octopole) and E,, ( =0.065 V)
is the total rotational energy of the reagents (kT for
MO* and 24T for NO,). In order to model the high
energy portion of ¢(MO5 ) and 6(NO*), we use a
modified form of eq. (4) (discussed previously
[27]) that accounts for a decline in the product ion
cross section above an energy, Ep, where a dissocia-
tion channel or competing reaction can begin.
Before comparison with the experimental data, eq.
(4) is convoluted with the neutral and ion kinetic
energy distributions as described previously [20].

#} Vibrational frequencies for NO; are 1357.8, 756.8, and 1665.5
cm™! as given in ref. [4].
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The ay, n, E;, and Ey, parameters are then optimized
by using a non-linear least squares analysis to give
the best reproduction of the data. Error limits for E,
are calculated from the range of threshold values ob-
tained for different data sets (four independent data
sets for Sc and Y, and three for La) with different
values of # and the uncertainty in the absolute en-
ergy scale. The resulting parameters found upon this
treatment of the cross sections for reactions (1) and
(2) are given in table 2. Overall, eq. (4) and its
modified form accurately reproduce all cross sec-
tions shown in fig. 1.
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Fig. 1. Cross sections for formation of MO7 (solid circles) and
NO* (open circles) from the reaction of MO™* with NO, as a
funcrion of kinetic energy in the center-of-mass frame (lower axis)
and the laboratory frame (upper axis). Parts (a), (b) and (c)
show results for M =Sc, Y, and La, respectively. Arrows indicate
the bond energy of NO, at 3.116 eV,

4, Discussion
4.1, Thermochemistry

If there are no energy barriers in excess of the re-
action endothermicity, as is often true for endother-
mic ion-molecule reactions [26,28], then the
threshold energy E, can be equated with the reaction
enthalpy. Thus, we can calculate D (OM*-0) and
DY (OM-0) from the threshold energies for reac-
tions (1) and (2) via the relations

DY(OM*-0)=DJ(ON-0) —Ey(1) (5)
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Table 1
Metal oxide thermochemistry (ineV) at 0 K

M D°(MQ) * D(M*-Q)® IE(MO)® AH(MO) AHy(MO™) 9!
Sc¢ 7.01(0.12) 7.14(0.11) 0 6.43(0.16) 1 —0.55(0.13) 5.88(0.14)
Y 7.41(0.12) 7.78(0.19) 5.85(0.15) —-0.49(0.12) 5.36(0.19)
La 8.27(0.12) 8.95(0.18) 4.90(0.1) —1.24(0.12) 3.66(0.16)
ScO 3.95(0.33)y ® 1,72(0.19) ® 8.66(0.20) ® —1.94(0.35) 6.72(0.40)
YO 4.14(0.22) & 1.76(0.16) ® 8.23(0.16) # -2.07(0.25) 6.16(0.30)
LaO 4.20(0.33) ® 0.99(0.31) ® 8.11(0.35) —2.88(0.35) 5.23(0.49)

Ti . 6.92(0.10) 6.92(0.10) 6.819(0.006) M 0.50(0.10) 7.32(0.10)

Zr 8.00(0.13) 8.74(0.33) 6.1{0.3) 0.80(0.13) 6.9(0.3)

Ce 8.30(0.14) 8.94(0.17) 4.9(0.1) —1.36(0.14) 3.54(0.17)
TiQ 6.14(0.16) ¥ 3.42(0.19) 9.54(0.1) —3.08(0.19) 6.46(0.21)
2r0 6.3(0.5) 9 2.9(0.7) 9.5(0.3) —2.9(0.5) 6.6(0.6)

CeO 6.8(0.5) % 2.0(0.7) 92.7(0.5) —-3.6(0.5) 4.1(0.7)

1 Unless otherwise stated, D°(MO) values are from ref. [1].

) Unless otherwise stated, values are derived from D°(M*-0) =D%(MO)+IE(M) —IE(MO). Other ionization energies (in ¢V) needed
are [E(Y)=6.22,[E(La)=5.58,1E(Ti) =6.82, IE(Zr) =6.84, and 1E(Ce) = 5.54 from ref. [3].

) Values are from ref. [3] unless otherwise noted,

D AH (MO) =AH (M) + AT, (0) - DI(MO), where AFH(0)=2.558 ¢V from ref. [4]. Other necessary values {in eV) are
Al (8c) =13.90, A, (YY) =4.36, A (La) =4.47, AiHo{Ti) =4.86, AdH,(Zr) =6.24, and AcHy(Ce) =4.38 from ref. [3].

) Ao (MO* ) =AH, (MO) +IE(MO).
" Ref. [17].
&) This study.
B Ref. [23].

) Value derived from the atomization energy of TiO,=13.06 +0.12 eV given in ref. [ 24].

B DE(OZr-0) = A (ZrO) + Ao (0) = AHyp (Z10),).
) Values are from ref. [13],

Table 2
Summary of parameters of eq. (4) used to fit cross sections =

Products Ey(eV) dp n En(eV)
ScOF +NO 1.40(0.19) 0.7(0.3) 2,4(0.5) 3.1(0.1)
YO; +NO 1.36(0.16) 1.1{0.%5) 2.9(0.4) 3.1(0.1)
LaOf +NO 2.13(0.31) 0.4(0.2) 2.8(0.9) 3.1(0.1})
ScO, +NO* 2.00(0.29) 1.0(0.6) 2.1(0.8)
YO,+ NGO+ 2.39(0.16) 1.4(0.5) 2.5(0.7)
LaO, +NO* 3.28(0.31) 0.5(0.1) 1.4{0.8)

) Uncertainties in parentheses.

and
D3(OM-0) =D§(ON-0)+IE(NO)
—IE(MO)}—Fy(2), (6)

respectively, where IE(NO) =9.26436 £0.00006 eV
{3] and IE(MO) is the ionization energy of the metal
monoxide given in table 1. Combined with the val-
ues of £, in table 2, these equations yield the OM* -
O and OM-0 bond energies for the group 3 metals
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listed in table 1.

The difference in the thresholds for reactions (1}
and (2), AE;=E;(2)—Ey(1), can be used to de-
termine values for the ionization energy of MO,,
since IE(MQ,) =1E(NO) —AE,. The average differ-
ences between the thresholds for each independent
data set are AE,=0.60+0.20, 1.0320.16 and
1.15+0.35 eV for the Sc, Y and La systems, respec-
tively. Combining these values with IE(NO) gives
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the IEs for the group 3 metal dioxides listed in table
1.

The OM-O bond energies measured here are
grossly different than the estimates made by Kordis
and Gingerich (KG) [35]. As noted in section 1, they
assumed that D°(OM-0)+D° (M-Q) would be 1.9
times D°(M-0Q), based on comparisons with other
metal dioxides. We find instead that the sums of the
first and second metal oxide bond energics average
only 1.54 times the first bond energy for the three
group 3 metals. Likewise, our value for IE(LaQ,) is
substantially lower than the estimate of Cockett et al.
[12,13], 9.5£1.5 eV, also cited in section 1. Both
KG and Cockett et al. made their estimates by com-
parison with metals than can support a +4 oxida-
tion state {and thus bond strongly to twe O~ li-
gands). Since the group 3 metals have a maximum
valence oxidation state of only +3, the difference
between our thermochemistry and the estimates are
easily justified, as discussed in more detail in section
4.2,

4.2. Comparison to chemiionization results

The one experimental observation in the literature
that can provide thermochemical information con-
cerning the group 3 metal dioxides is a chemiioni-
zation experiment of Cockett et al. [12]. They ob-
served LaO* and LaO7 formation by crossing an
¢ffusive La beam (evaporated from a heated furnace
at 1600 K) with an effusive beam of O, in the re-
action region of an electron spectrometer. They at-
tributed formation of the dioxide ion to the chemi-
ionization reaction,

La+0,-La0f +e—, (7)

which they believed was ¢xothermic by 1,08+ 1.95
eV, based on the thermochemistry of Kordis and
Gingerich and their IE estimate. This exothermicity
was apparently confirmed by the observation that the
maximum kinetic energy of the chemielectrons was
1.5+0.1 eV (although no such correspondence be-
tween the exothermicity of the chemiionization re-
actton and the maximum kinetic energy of the chem-
ielectrons was found in the case of Ce).

If the chemiionization reaction (7) is truly exo-
thermic, this means that Ey(1) must be less than
1.3710.16 eV, and if the reaction is exothermic by
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1.5 eV, then reaction (1) with M=La should be
exothermic. The lowest threshold consistent with our
cross sections for this reaction is 1.8 eV, clearly in-
consistent with an exothermic reaction and or a
threshold of 1.37 eV. While it is possible that reac-
tion (1) with M =La is exhibiting an activation bar-
rier (this cannot be ruled out unequivocally), such
a barrier (especially one of 1.8 eV) is unusual for
ion-molecule reactions unless the reaction involves
a restriction of spin or orbital angular momentum,
No such restrictions are apparent for reaction (1) ¥,

Another possibility that we have considered in or-
der to rationalize the discrepancies between our ce-
sults and those of Cockett ¢t al. [12] is that the
structures of the MOZ ions formed here are different
from the products of the chemiionization experi-
ment. It is possible that our thermochemistry cor-
responds to a M *-0;, structure instead of the metal
dioxide ion. This assumption leads to D°(La"-
0;)=4.82£0.35 eV **, which is much too large to
be reasonable. The thermochemistry from Cockett et
al. leads to an even higher value for D°(La*-0,)
such that this structure can be ruled out.

Our thermochemistry predicts that reaction (7} is
endothermic by 0.76+0.39 e¢V. While this value is
actually consistent with the estimated thermochem-
istry for reaction (7) of —1.08+1.95 eV, it implies
that LaO4 is formed by some other pathway in their
experiment. This could involve excited electronic
species of La, although the population of such states
should be very small under the conditions of their
experiment. More complex pathways to the produc-
tion of LaOf are also possible since formation of
LaO™, a more prevalent product than LaO7 at low
0, pressures, requires two sequential reactions,
La+0,;—+La0+0 and La+0-LaO*+e- [12],

* Reaction {1) involves interaction of a singlet species, LaO*,
with a doublet, NO,, and thus must proceed along a potential
energy surface that has doublet spin. Such a surface can then
evolve into products, NO, which has doublet spin, and LaO3,
which could be either a singlet or a triplet species. If LaO3
has a singlet ground state, reaction (1) clearly conserves spin,
[fLaQ; has a triplet ground state, its interaction with doublet
NO will lead to doublet and quartet potential energy surfaces
and thus also allows spin to be conserved in the overall reaction.

# This value is calculated from D°(La*-Q,)=D°(MO*)
+D%ON-Q)-D%0,)—Ey(1) and the thermochemical
values listed in tables 1 and 2.
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both of which are exothermic by over 3 eV, table 1.
While the reaction sequence leading to LaO3y for-
mation is not obvious, it is possible that it involves
excited states of products formed in these strongly
exothermic reaction channels.

4.3. Trends in OM-Q bonding

In order to help gauge whether the thermochem-
istry measured in the present experiments is more
reasonable than the estimates of Kordis and
Gingerich and Cockett et al,, it is useful to consider
the bonding in these speciecs. As we have discussed
previously [2,29], the large values for the group 3
neutral and cationic monoxide bond energies (table
1) can be rationalized as two covalent M-O bonds
(since oxygen atoms have two unpaired electrons)
enhanced by donation of electron density from the
lone pair of 2p electrons on the oxygen atom into an
empty metal s or d orbital (a dative bond). The net
result is essentially a triple bond between the metal
and the oxygen for both the neutral and ionic mon-
oxides and leads to ground electronic states that are
doublets and singlets, respectively. The similarity of
D°(MO) and D°(MO*) for the group 3 metals is
consistent with this picture. Alternatively, the bond-
ing can be viewed in the ionic limit as interaction of
0%~ with M?* and M?*, respectively, again pre-
dicting doublet ground states for MO and singlet
ground states for MO™.

For the neutral group 3 dioxides, both covalent and
dative interactions are possible for bonding MO to
Q. Since the neutral group 3 monoxides have a single
unpaired electron, one covalent bond to the second
oxygen atom is possible and this can be augmented
by dative interactions. This type of bonding implies
that the group 3 dioxides have doublet spin ground
states since one oxygen electron is left unpaired. In
the ionic bonding limit, M>* interacts with O*~ and
O, again to form a doublet ground state. In either
bonding model, these ideas suggest that D°(OM-0)
should be much less than D°(M-0O). Such ideas con-
trast with the estimate that D®(OM-0) ~0.9D% (M-
O) [5], but this was based on a comparison with
other rare earth metals. Indeed, table | shows that
the dioxides of the group 4 metals (Ti and Zr) and
Ce have second metal oxide bond energies that are
similar to their monoxide bond energies. This is
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clearly because the group 4 metals and Ce (as well
as other rare earth elements) have four valence elec-
trons and thus can bond (either covalently or ioni-
cally ) two oxygen atoms in an equivalent manner. It
is useful to note that TiOF, ZrO} and CeOQf, spe-
cies that are isoelectronic with 8¢Q,, YO,, and LaO,,
also have much weaker second bond energies,
D?(OM*-0), than their very strong first bond ener-
gies, DY(M*-0), table 1.

An indirect observation that illustrates that the
group 3 metal dioxides are less stable than the group
4 metal dioxides is that the dioxides of Ti, Zr, and
the rare earth elements, Ce, Pr, Nd, Gd, Tb, and Ho,
have been abserved in high temperature [6,30] and
matrix [31,32] studies and their thermochemistry
measured. The dioxides of Sc, Y and La have not
been observed, even though the experimental con-
ditions are similar [5,33,34]. According to ther-
mochemistry listed in table 1 and in the compilation
of Cockett et al. [13], these eight metal dioxides have
atomization energies, D°(MO)+ D°(OM-0), above
13,1 eV (the value for Ti). According to the esti-
mates of Kordis and Gingerich and Cockett et al.
[5,13], all other rare earths have lower atomization
energies, except La, which has the highest value of
15.6+0.5 eV, and Lu, which is borderline at
13.4% 1.1 eV. If this thermochemistry for LaQ, were
correct, it seems hard to reconcile why this molecule
would not be observed. In contrast, our thermo-
chemistry vields an atomization energy for LaO; of
12,35+ 0.35 eV, 2 value that is more consistent with
the failure to observe LaQ, previously. Overall, it
seems clear that accurate thermochemistry for the
group 3 metal dioxides cannot be obtained by simple
comparisons with metals having additional electrons.

For the ionic group 3 dioxides, bonding between
MO*, which has no unpaired valence ¢lectrons, and
an additional oxygen atom can be achieved with only
dative interactions whether the bonding is covalent
or ionic ", These ideas suggest that the MOZ mol-
ecules could have either a singlet or triplet spin
ground states and that D°(OM*-0) should be much

% Of course, once the MOZ molecule is formed, the two metal-
oxygen bonds are equivalent and essentially double bonds (one
covalent and one dative bond for each O atom). As MOZ dis-
sociates to MO* +0, the remaining metal~oxygen bond in-
creases in strength as it becomes a triple bond, thus lowering
the dissociation energy of OM™*-O.
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less than D°(M*-0) and less than D°{OM-0).
These relative bond energies are consistent with both
our measurements and with the thermochemistry for
LaO7 estimated by Cockett et al. [12,13]. Indeed,
their estimates suggest that D°(QLa*-0)— D°(OLa-
0)=IE{La0,;)-IE(La0)=4.5+0.5 eV, while we
find that this difference is 3.21 +0.36 eV. Their es-
timate of the absolute value of D°(OLa*-0),
3.0+ 1.2 eV [13], is substantially higher than ours,
however, because their estimates for D°(0OLa-0) are
much higher than our value, as discussed above,

At this point, there is no obvious rationale for ex-
plaining the discrepancies between our measure-
ments and the observations of the chemiionization
experiment. Simple considerations of the nature of
the bonding in these metal dioxides help rationalize
the bond energies measured here and do not appear
to be consistent with the previously estimated ther-
mochemistry. It would clearly be beneficial for ad-
ditional experimental and theoretical work to be per-
formed to help clarify the nature and strength of the
bonding in these interesting chemical species,
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