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Photodissociation of Yttrium and Lanthanum Oxide Cluster Cations
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Transition metal oxide cations of the form M,0," (M = Y, La) are produced by laser vaporization in a
pulsed nozzle source and detected with time-of-flight mass spectrometry. Cluster oxides for each value of n
form only a limited number of stoichiometries; MO(M,O;),* species are particularly intense. Cluster cations
are mass selected and photodissociated using the third harmonic (355 nm) of a Nd:YAG laser. Multiphoton
excitation is required to dissociate these clusters because of their strong bonding. Yttrium and lanthanum
oxides exhibit different dissociation channels, but some common trends can be identified. Larger clusters for
both metals undergo fission to make certain stable cation clusters, especially MO(M,Os)," species. Specific
cations are identified to be especially stable because of their repeated production in the decomposition of
larger clusters. These include M;04", MsO7%, M;0,0%, and MyO,57, along with Y¢Os*. Density functional
theory calculations were performed to investigate the relative stabilities and structures of these systems.

Introduction

Transition metal oxides have applications in electronics,
ceramics, magnetic materials, and catalysis.!”® Their corre-
sponding metal oxide nanoparticles expand the range of
applications in magnetics, catalysis, and medicine.'®'® Gas
phase experiments on metal oxide clusters composed of fewer
atoms (up to 50—60) have been investigated to model the
stability, reactivity, and structure of solids and particles.!”#
Many experiments have used mass spectrometry to probe these
systems, "3*and some optical spectroscopy has been performed.’>*
Theoretical calculations have examined the cage and network
structures of oxide clusters, as well as their stabilities and
spectra.*6-54 In the present work, we use time-of-flight mass
spectrometry and mass-selected photodissociation measure-
ments, along with density functional theory (DFT) calculations,
to investigate the stability and structures of yttrium and
lanthanum oxide cluster cations.

Mass spectrometry has been the standard method with which
to investigate gas phase transition metal oxide clusters.!7-34
These experiments have most often used the relative intensities
in the mass spectrum or patterns of reactivity to gauge relative
cluster stability. Unlike the dramatic “magic numbers” seen for
metal carbides,’> ! a variety of stoichiometries are seen for
transition metal oxide clusters. Castleman and co-workers have
studied the mass spectrometry and collisional dissociation
patterns of oxide clusters as well as their reactions with small
hydrocarbons.?® Bernstein and co-workers have used ultraviolet
photoionization to study the mass spectra of these systems,?®
including yttrium oxide.?® Our research group has employed
mass spectrometry and mass selected photodissociation to a
number of transition metal systems.?” Matrix isolation® infrared
and anion photoelectron techniques’*“#?> have been used to
examine the spectroscopy of certain small metal oxide mol-
ecules. Infrared resonance enhanced photodissociation (IR-
REPD) in the far IR has been demonstrated to probe the
vibrational spectroscopy of larger, more strongly bound clusters.
Our group, along with Meijer and co-workers, has investigated
metal oxide*® and metal carbide®® clusters using this technique.
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Other work on mass selected cations and anions has been
performed by von Helden et al. and Asmis et al.*** Theoretical
calculations have been performed to gain information on the
structures, stabilities, and spectra of various smaller metal oxide
clusters to complement these experiments.*6-54

The previous studies of metal oxide clusters®>%* have revealed
limitations and problems in the determination of relative cluster
stabilities. The distribution of clusters produced in any experi-
ment may be strongly influenced by the kind of source and the
growth conditions, introducing possible biases toward larger or
smaller clusters. Furthermore, some form of ionization is always
necessary to detect clusters in mass spectrometers. Electron
impact ionization and photoionization are both influenced by
the unknown ionization potentials, size-dependent cross sections,
and fragmentation processes. Variable energy collision induced
dissociation (CID) has been used to fragment clusters to measure
their dissociation energies,® but significant kinetic shifts,
especially for strongly bound clusters, limit the accuracy of this
technique. Variable energy photoabsorption experiments have
been attempted for the same purpose, but absorption may not
be efficient in the threshold region. Equilibrium mass spec-
trometry measurements have been performed for small vanadium
oxide clusters,!” and photofragmentation has been performed
on bismuth and antimony oxides,?’* and the vanadium group
oxides,?”® as well as the oxide clusters of chromium?’® and
iron.?’d High energy atom bombardment has been used to study
the metastable decay of lanthanum oxide.>* In spite of these
various studies, much uncertainty remains about which specific
oxide clusters are stable, what causes the stability, and how the
stoichiometries in stable clusters relate to those in known bulk
oxide phases.

Our group has previously demonstrated that mass-selected
photodissociation of metal compound cluster ions can be used
to identify the stoichiometries that are the most stable.?”-%-63
These studies show that the stable cation clusters may or may
not be prominent in the mass spectra of clusters produced
initially by growth processes. However, stable cluster cations
are resistant to decomposition, and they are likely to be produced
more often on average than others in the fragmentation of larger
clusters. Stable neutral clusters cannot be detected directly, but
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they can be inferred by mass conservation as the common
leaving group in fragmentation processes. This photodissociation
methodology has been used to study various metal carbides,*®
metal—silicon clusters,®> and several metal-oxide cluster sys-
tems.?’ These studies have found trends in the dissociation
behavior of these clusters and have identified a number of
specific clusters of each type with special stability. In the case
of oxides, we have found that stable species exhibit stoichiom-
etries quite different from those that would be predicted on the
basis of common metal oxidation states. Metal—oxygen ratios
corresponding to less common bulk phases (e.g., FeO) are often
formed in small clusters. Unlike the previously studied transition
metals (V, Nb, Ta, Cr, Fe), which have several common
oxidation states, yttrium and lanthanum, with valence configura-
tions of 4d!5s% and 5d'6s?, respectively, usually have only the
+3 oxidation state in solid materials.® The mass spectrum of
yttrium oxide has been studied by Bernstein et al.?® and that of
lanthanum oxide has been studied by Gibson? and Van Stipdonk
et al.,>* but photodissociation studies have not been applied to
these systems. In the present work, we investigate the stabilities
of yttrium oxide and lanthanum oxide clusters using photodis-
sociation measurements along with density functional theory
calculations.

Experimental Section

Metal oxide cluster ions are produced by laser vaporization
in a pulsed nozzle source and mass analyzed in a reflectron time-
of-flight spectrometer. This setup has been described previously.2”-56:65
The third harmonic (355 nm) of a Nd:YAG laser (Spectra
Physics INDI-40) is employed to vaporize metal from the
surface of a rotating and translating metal rod. Helium gas
seeded with 1—10% oxygen is pulsed with a General Valve
(60 psi backing pressure) through the sample rod holder, which
has a 5 mm diameter bore and a 1 in. long growth channel.
The metal oxide cluster cations grow directly in the laser-
generated plasma and expand to form a molecular beam which
is skimmed before it passes into a differentially pumped mass
spectrometer chamber. A reflectron time-of-flight mass spec-
trometer with pulsed acceleration fields is used to sample the
mass spectra of cation clusters produced under different condi-
tions. To mass select specific clusters for photodissociation
measurements, pulsed deflection plates are employed in the first
flight tube section of the reflectron. Photoexcitation occurs in
the turning region of the reflectron, where another Nd:YAG laser
(Continuum SureL.ite) is timed to intersect the mass selected
cation clusters. The parent ion and any fragment ions are mass
analyzed in the second flight tube and are subsequently detected
using an electron multiplier tube. The data are collected with a
digital oscilloscope (Lecroy WaveRunner 342) and transferred
to a PC computer using an IEEE-488 interface. Studies were
performed at different fragmentation laser wavelengths (532 and
355 nm) and pulse energies (20—60 mJ/pulse over a roughly 1
cm? spot) to investigate the photodissociation mechanism.

To investigate the possible structures and energetics of these
metal oxides, geometry optimizations were performed using
density functional theory (DFT) computations with the Gaussian
03W program.®® The Becke-3 Lee—Yang—Parr (B3LYP)®7:68
functional was used with the LANL2DZ basis set.%-7! Atomi-
zation energies and energies per bond are reported for the
minimum energy structures. No symmetry restrictions were
placed on the clusters in the initial calculations, but those
resulting structures that were close to symmetric were also
investigated further with imposed symmetry. Theoretical in-
vestigations focused on the yttrium oxide clusters, with some
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Figure 1. Time-of-flight mass spectrum for Y, 0,," clusters formed in
a He expansion with 5% O,.

selected lanthanum oxide cluster calculations performed to
investigate the possible differences between the two systems.
Calculations were performed for YO, YO,, YO3, Y03, Y053,
Y304, Y304T, Y406, Y406, Y507, Y507, YeOs, Y6Os™, Y7010,
Y70]0+, along with LaO, LaO,, LaOs, La,O3, L3.203+, La3z0y,
La3;04" LasO7, and LasO;*. The minimum energy structures,
energies, and vibrational frequencies were computed for each
cluster, and these data are reported in Supporting Information.
Natural bond orbital (NBO) analysis, employing the Wiberg
index,% was used to investigate the possible occurrence of
metal—metal bonding across the oxide cage structures.

Results and Discussion

The mass spectrum of Y,0,," cation clusters produced is
shown in Figure 1. As shown, oxide clusters are detected
containing up to 13 or more metal atoms. The stoichiometries
produced are not random. Instead, there is a strong tendency to
form certain clusters preferentially. Species such as Y304,
Y406", Y5077, Y6Os™, Y7010, and Y¢O13™ are prominent. For
convenience, these stoichiometries and others are designated
as 3/4, 4/6, 5/7, and so forth, from here on. This mass spectrum
changes slightly in its relative peak intensities with pulsed
nozzle-vaporization laser timing and gas conditions, but the same
prominent clusters are always observed. The number of oxygen
atoms, m, is always greater than or equal to the number of metal
atoms, n. Beyond that, many of the intense mass peaks fit the
formula YO(Y,0;),", and it is apparent that these odd-numbered
species are usually somewhat more abundant than the even-
numbered species. Little change in stoichiometry is observed
upon changing the oxygen concentration. The mass spectrum
in Figure 1 is obtained with 5% Oo; the overall signals decrease
with lower oxygen concentration, but values down to about 1%
still produce spectra with comparable overall intensities. The
oxygen concentration has a small effect on the stoichiometry
of the n = 4 clusters, with Y4O5™ (i.e., 4/5) the most prominent
species at lower oxygen concentrations and 4/6 slightly more
abundant at 5% oxygen or higher. The mass spectrum reported
here is similar to the one reported by Bernstein and Kang using
photoionization of neutral clusters,”" although no preference
was apparent in their work for the odd numbered species.

The mass spectrum of La,O,," cation clusters can be seen in
Figure 2, where clusters containing up to about 15 metal atoms
are detected. Many stoichiometries similar to those seen for
yttrium oxide are again found here; however, the preference to
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Figure 2. Time-of-flight mass spectra for La,O,," clusters formed in a
He expansion with 3% (top) versus 10% (bottom) O, concentration.

form LaO(Lay0;), " clusters appears to be stronger. The mass
spectrum in the top pane of Figure 2 is obtained with a 3%
oxygen gas mixture. The strong preference for odd numbered
cation clusters is apparent, and all of the prominent species fit
the LaO(LayO3)," stoichiometry. In the small clusters, the 3/4
species stands out, while in the larger clusters 7/10 and 9/13
are prominent. The 7/10 cluster has 3—4 times the intensity of
its 6/9 or 8/12 neighbors, and it is also appreciably more intense
than the 5/7 cation. At each metal atom increment, there is a
limited number of oxide stoichiometries present, with some
small intensity seen for the cation clusters containing only one
oxygen more or less than the main cluster in that group. The
two largest clusters observed, 13/19 and 15/22, both fit the
LaO(Lay03)," stoichiometry and have no adjacent peaks with
other amounts of oxygen. The bottom pane of Figure 2 shows
the mass spectrum measured with a 10% oxygen gas mixture.
Here, a wider variety of cluster cations are observed, with some
metal sizes having up to eight more oxygen atoms than the most
prominent cluster stoichiometry. In the n = 4 group, the 4/7
species is larger with 10% oxygen, but the 4/6 and 4/7 species
have comparable intensities with 3% oxygen. There is also a
slight preference for 8/13 with 10% oxygen instead of the 8/12
observed with 3% oxygen. These results generally agree with
those seen by Gibson?? and by van Stipdonk and co-workers,?*
although both of these previous studies detected primarily the
major LaO(La,05), " peaks and little else. It is not obvious why
the lanthanide species vary more with the oxygen concentration
or why they exhibit a stronger preference for the MO(M,03), "
stoichiometry. The growth conditions are the same for these
species, and their bonding energetics are similar (see below).
However, the clusters produced in experiments such as these
have likely undergone many addition/fragmentation steps in
growth, in addition to ionization/neutralization processes in the
plasma. The energy deposited into the plasma may vary
substantially because of the different species present and their
detailed states, spectra, and energy transfer processes. Any
further conclusions about the mass spectral intensities would
therefore be highly speculative.

To investigate the relative stabilities of these clusters, we
perform mass-selected photoexcitation experiments. Cation
cluster masses with sufficient intensity are selected and then
photodissociated by laser excitation in the reflectron at either
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TABLE 1: Stoichiometries of Yttrium Oxide
Photofragments (Y,0,,” = n/m) Detected Using 355 nm*

cation clusters fragment ions

4/5 3/4

4/6 11, 2/2, 2/3, 3/4
477 3/4, 4/5, 4/6

57 3/4

6/9 3/4

7/10 3/4, 5/7, 6/8

8/11 3/4, 5/7, 6/8

9/13 3/4, 5/7, 6/8, 7/10

@ When multiple fragments are produced, especially prominent
channels are indicated in bold.

TABLE 2: Stoichiometries of Lanthanum Oxide
Photofragments (La,0,," = n/m) Detected Using 355 nm*

cation cluster fragment ions

4/5 3/4

4/6 3/4

477 3/4, 4/5
5/7 3/4

6/8 3/4, 517
6/9 5/7
7/10 5/7
8/12 7/10
9/13 7/10
11/16 9/13

“When multiple fragments are produced, especially prominent
channels are indicated in bold.

355 or 532 nm. The lists of yttrium and lanthanum oxide cation
clusters studied and their photofragments are presented in Tables
1 and 2. We find that either 355 or 532 nm induces photofrag-
mentation in some but not all yttrium oxide clusters. However,
only 355 nm yields fragmentation in the lanthanum oxide
species. Relatively high laser fluences (40—60 ml/pulse) are
necessary to give detectable fragmentation in either system. This
indicates that multiple photon excitation is necessary to break
bonds in these clusters, consistent with the conditions we have
applied in the past to study other transition metal oxide species.?’
This suggests, as we suspect, that the bond energies in these
systems are quite high. Armentrout and co-workers determined
the dissociation energy for the yttrium oxide diatomic to be
7.14 eV using zero-kinetic-energy (ZEKE) photoelectron
spectroscopy.3d Jackson and co-workers determined the dis-
sociation energy for LaO to be 9.07 eV using CID.** Although
DFT calculations like these are not expected to provide
quantitative binding energies, the results of these calculations
presented later indicate that the per-bond dissociation energies
for many of the larger clusters are around 6 eV. It is therefore
understandable that these larger oxide clusters would also have
strong bonds, thus explaining why extreme laser conditions are
required for photodissociation. Dissociation is never efficient,
but 355 nm laser light produces the largest fragment yield here,
and thus all data shown are using this wavelength. We cannot
tell whether the greater efficiency at 355 nm is due to the larger
photon energy or to an improved absorption at this shorter
wavelength. At the extreme laser powers employed here, it is
conceivable that multiple photon processes could lead to doubly
charged photofragments, via photoionization of singly charged
fragment ions. However, no such species are detected.
Another observation in these photodissociation experiments
supports the exceptional bond strength in these systems. The
dissociation efficiency depends not only on the laser intensity
used for dissociation but also on the vaporization laser intensity.
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Figure 3. Photodissociation mass spectra for Y40, clusters at 355
nm. The parent ion depletion is marked as an off-scale negative-going
peak.

In the full mass spectra of both yttrium oxide and lanthanum
oxide, little dependence on the vaporization laser was noticed
other than a predictable decrease in signal when its power was
too high or too low. However, upon mass selection, laser
fluences of 15 ml/pulse or greater lead to the production of
signals for low-mass fragment peaks even without the photo-
dissociation laser. These so-called metastable ion signals are
familiar and are often seen with reflectron instruments when
ions have significant internal energy. Even though we have
collisional cooling via a supersonic expansion, the condensation
energy from the formation of multiple metal oxide bonds, and
perhaps the energy deposited into the metal-containing plasma
upon vaporization, is too great to be cooled by collisions with
the helium collision gas. Because of this unquenched internal
energy, some prompt fragmentation likely occurs in the cluster
source itself or in the transit time to the mass spectrometer,
and we only detect the remnant of the internal energy which is
still present at the mass spectrometer sampling position about
200 usec downstream. For metastable ions to be detected,
fragmentation must occur in the time window between the ion
acceleration at this point and the reflectron turning region, which
is an additional 60—80 usec away from the source, depending
on the mass. Such slow unimolecular dissociation like this is
typically found only for strongly bound ions. Reducing the
vaporization laser power eliminates the metastable fragmenta-
tion, presumably because clusters are not produced with as much
internal energy. However, too much reduction in the vaporiza-
tion laser intensity makes the photodissociation more difficult.
We find that vaporization laser pulse energies of about 12 mJ/
pulse were required to observe detectable photodissociation,
regardless of the fragmentation laser pulse energy. This suggests
that residual internal energy from the cluster formation process
is needed to aid in the photofragmentation process. In the
reflectron configuration that we use, photodissociation must
occur on a time scale of 1—3 usec to be detected. Apparently,
the internal energy that these oxide clusters retain from their
growth plus that imparted by photoexcitation makes it possible
for the dissociation to occur within this time frame.

Figures 3 and 4 show typical photodissociation mass spectra
for selected yttrium oxide clusters. These are shown in a
difference mode, in which the mass spectrum with the frag-
mentation laser off is subtracted from that with it on. This gives
a negative parent ion peak indicating its depletion and positive
fragment peaks. In an ideal scenario, the integrated fragment
peak intensities would equal the amount of depletion. However,
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Figure 4. Photodissociation mass spectra for Y;0;0" and Y¢Oi5*

clusters at 355 nm. The parent ion depletion is marked as an off-scale
negative-going peak.

mass discrimination in this photodissociation configuration
makes it difficult to focus simultaneously on parent ions and
their fragments.”> We can therefore distinguish between strong
and weak fragmentation channels but cannot give any quantita-
tive branching ratios. In the present experiments, the fragmenta-
tion yield is so extremely small that the fragment signal often
cannot be seen shot-by-shot on the oscilloscope, making it
difficult to focus on these species. The parent ion is always at
least partially focused, and its depletion is therefore more
intense. It is conceivable that fragment ion detection is affected
by some translational energy release in these photofragments,
but this is not generally expected to be prominent in multiphoton
processes, which deposit energy nonspecifically into many
internal states. In each of the fragmentation spectra here, the
parent ion depletion is offscale, and its intensity is therefore
limited with a horizontal line.

Figure 3 shows a series of n = 4 cluster cations and their
fragments. This group of clusters showed no clear stoichiometric
preference in the mass spectrum, with the most intense cluster
in the group depending on the oxygen concentration. The 4/5
cluster has a relatively efficient fragmentation to form the 3/4
species. The 4/6 species fragments to produce the smaller 2/2,
2/3, and 1/1 ions. This cluster is the only one that leads to such
small fragments. The 4/7 cation fragments to produce 4/6 and
4/5 by losing one or two oxygen atoms, and also to a small
amount of 3/4. The fragmentation from 4/7 — 4/6 must occur
by loss of atomic oxygen, while the production of 4/5 could
occur by the loss of either two atoms or the O, molecule.
Likewise, the production of the 3/4 charged fragment here could
be accompanied by atomic or molecular neutrals. Unfortunately
in this case and others below, we cannot identify the missing
neutral(s) which would elucidate whether the mechanism of
decomposition is sequential or concerted. We therefore indicate
neutral losses in brackets, e.g. [O2], to emphasize this uncer-
tainty. It is also true that we cannot distinguish between
concerted and sequential fragmentation processes. The fragment
ions seen here could be formed stepwise or all in parallel. Laser
power dependence does not reveal any change in relative ion
intensities, but this is not a definitive way to identify the
mechanism. Therefore, we focus on just the nature of the
fragments formed and the neutral losses that must go along with
these.
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Figure 4 shows the fragmentation mass spectra for the Y7010™
and Y9037 clusters. The 7/10 species fragments to form 6/8,
5/7, and 3/4, with the 3/4 ion the most intense. Each of these
fragments are immediately recognizable as the most intense
stoichiometries seen in the mass spectrum coming out of the
cluster source. The 9/13 cluster fragments to produce 7/10, and
then the rest of the smaller fragment ions are the same for both
parents. As noted above, we cannot determine what the specific
neutral fragments are that go along with these ions. In every
case, atomic or molecular neutral species are possible that would
conserve mass. However, it is interesting to note the repeated
occurrence of the 2/3 interval in the neutrals. Except for the
6/8 species, there is a common interval of 2/3 for the apparent
sequence 9/13 — 7/10 — 5/7 — 3/4. Y,0s3 is of course the
stoichiometry of the most common bulk oxide of yttrium.!-3

These selected fragmentation mass spectra in Figures 3 and
4 already demonstrate the features common to all of the yttrium
oxide clusters that we have studied, as listed in Table 1. The
3/4,5/17, 6/8, and 7/10 ions are produced many times from many
parent ion dissociation processes. Except for the 6/8 species,
these all have an odd number of metal atoms and fit the general
formula of YO(Y,03),", where n = 1, 2, 3. Except for the
formation of the 6/8 species, these ions often fragment by the
loss of the [2/3] neutral interval or some multiple of this. It is
therefore tempting to view their fragmentation as a sequential
loss of the [2/3] neutral. Other ions that we have selected that
are not one of these YO(Y203),,™ species tend to lose whatever
group is necessary to produce one of these ions. The only even-
numbered ion that is produced in multiple fragmentation events
is 6/8. There are no prominent two, four, or eight-atom fragment
ions.

Lanthanum oxide clusters fragment in much the same way
that the yttrium species do. Here, fragmentation is extremely
inefficient, even compared with the yttrium oxide systems. The
fragmentation data shown was averaged for considerably longer
than the yttrium oxide data and still shows very low signals.
The fragmentation channels for each mass selected cation cluster
are shown in Table 2. Photofragmentation was attempted with
both 355 and 532 nm, but fragmentation was only observed
with 355 nm. Although different distributions of lanthanum
oxide clusters are observed when the oxygen concentration is
varied, there are no differences in the fragmentation channels
observed when the same parent ion is studied.

Figure 5 shows the photofragmentation data for the 4/6 and
4/7 clusters. In the top frame, the fragmentation of 4/7 produces
the 4/5 and 3/4 species. Again, the possible paths to 4/5 are via
the loss of O, or two oxygen atoms. Unlike in yttrium oxide,
no channel is observed for the loss of a single oxygen atom,
suggesting that the 4/7 — 4/5 process occurs by the loss of O5.
The 3/4 fragment could be formed by a single loss of neutral
[1/3] or by a sequential loss of [O;] and then [1/1]. The latter
seems more likely, as the [1/3] neutral should not be as stable
as [1/1] because of the likely oxidation state of the metal. Theory
was performed to investigate this, as discussed below. In the
lower frame, the dissociation of the 4/6 species to produce 3/4
indicates a neutral loss of [1/2].

Figure 6 shows the photofragmentation data for several other
representative La,O,," clusters, chosen mainly by their avail-
ability with good intensity in the mass spectrum from the source.
The top trace shows the fragmentation of 9/13, which produces
the next smaller LaO(LayO3), cation, 7/10, with a neutral
difference of [2/3]. The middle trace shows the fragmentation
of 7/10, which again loses [2/3] to yield 5/7, which is another
LaO(Lay03)," cluster. Most of the other clusters are also found
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Figure 5. Photodissociation mass spectra for LasO,," clusters at 355
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Figure 6. Photodissociation mass spectra for LasOs™, La;O0", and

LagOy5" clusters at 355 nm. The parent ion depletion is marked as an
off-scale negative-going peak.

to fragment in this way, eliminating [2/3] to form the next
smallest LaO(LaO3), cation cluster. The main exception to this
pattern is the 6/8 species, whose fragmentation is shown in the
lower trace. The charged fragments here are 5/7 and 3/4,
implying that 6/8 loses [1/1] and then the 5/7 species produced
fragments in exactly the way the selected 5/7 ion does, by the
elimination of [2/3] to produce 3/4. The 6/9 cluster (not shown)
has a single fragmentation channel to produce 5/7, implying
the loss of [1/2].

The fragmentation in all of these lanthanum oxide clusters
seems to be driven by the strong tendency to form the
LaO(Lay03), stoichiometry. Other fragmentation channels are
rare and only observed for the clusters which are less intense
in the mass spectrum. When the LaO(La,03), cation clusters
fragment, they all lose units of neutral [2/3], which is the bulk
stoichiometry. Van Stipdonk and co-workers observed similar
behavior in the metastable decay of LaO(LayO3)," clusters.?*
These particular clusters demonstrate considerably less efficient
photofragmentation compared with the even numbered clusters.
Given the dramatic preference for these clusters in the mass
spectrum and how they dominate the fragmentation channels,
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it seems likely that they are significantly more stable than other
cluster stoichiometries.

Some insight can be gained from comparing these yttrium
and lanthanum oxides. Both have the same bulk stoichiometries,
M,0;. In the mass spectra for both systems, the MO(M,0O3),"™
cations are more intense than the clusters with even numbers
of metal atoms. For these odd-numbered metal species, there is
little variation in the number of oxygen atoms. This is not the
case for the even-numbered clusters, which demonstrate no clear
preference for a specific number of oxygens. In the fragmenta-
tion processes of both yttrium and lanthanum oxides,
MO(M;05), cations are universally the most abundant, as is
the loss of neutral [2/3]. For the even-numbered ions of both
metals, the initial neutral loss varies as needed to produce the
nearest MO(M,O3)," species as the highest mass charged
fragment. Smaller fragments then follow the same MO(M;O3), "
sequence seen for the other clusters. This indicates that the
production of MO(M;03), cations is the strongest driving force
behind these fragmentation processes. Another important ten-
dency is the loss of the [2/3] neutral unit.

The similarities between these yttrium and lanthanum systems
are striking, but there are also differences. In particular, the
overall fragmentation processes for lanthanum are less efficient
than those for yttrium, and fewer fragment channels are detected
for lanthanum. This is consistent with a sequential fragmentation
mechanism for both kinds of systems, which proceeds to a
greater extent for the yttrium species. This suggests that the
bond energies for the yttrium species are generally lower than
those for the lanthanum species. The most common step in the
sequential fragmentation appears to be the elimination of the
[2/3] neutral corresponding to the bulk stoichiometry. Another
noticeable difference is the importance of the 6/8 cluster for
the yttrium oxides. This is a prominent species in the mass
spectrum of the clusters produced by the source, and it is the
only cluster with an even number of metal atoms produced as
a common fragment ion. This particular cluster appears to be
quite important for yttrium oxides, but not for lanthanum.

The stoichiometries seen in these yttrium and lanthanum oxide
clusters are reasonable in light of the metal oxidation states
known for these metals. As noted, both lanthanum and yttrium
oxides take the form M,0; in the bulk, where the metal
oxidation state is +3. If we average over all of the atoms without
regard to structural arrangements, the MO(M,O3),* cations seen
throughout the data here for both metals indicate that the metal
in these clusters has the same +3 oxidation state. This same
MO(M;0;), " stoichiometry was observed previously for oxide
clusters of aluminum?¢ and those of antimony and bismuth,?7
where the +3 oxidation state is also expected. Apparently, this
stoichiometry pattern is the best way for these clusters to
maintain the 43 oxidation state while accommodating the single
positive charge. Yttrium is also known to have a +2 oxidation
state in metal hydrides, as does lanthanum in hydrides, sulfides,
tellurides and selenides.® The 1/1 neutral seen occasionally in
the data here as a leaving group can be rationalized in this way,
along with the 4/5 and 6/8 clusters, which would require a single
metal atom in this lower oxidation state. However, there is no
simple way to assign common oxidation states to some of the
other even numbered metal clusters produced as minor species
in the source distribution. At least one metal with a +4 oxidation
state would be necessary in the 4/6, 6/9, and 8/12 clusters.
Although some of these latter species deviate from this, it is
clear that the most stable species produced for both of these
metals follow the MO(M»03)," formula and have the most
common +3 oxidation state. This behavior is quite different

J. Phys. Chem. A, Vol. 112, No. 24, 2008 5359

YzO;‘ YSO-iL

Y405+ Y507+

Y701

Figure 7. Structures computed for various Y,0,, clusters.

from that seen previously for other transition metals. In our
studies of the vanadium group (V, Nb, Ta) oxides, where the
normal oxidation state is +5, we found evidence for lower
oxidation states (average values of 4.5) in the smaller clusters.?”®
In the case of chromium oxides, where the most common
oxidation state is +3 (as in Cr,03), the small clusters preferred
the higher 46 oxidation state, which is known, but less common,
for chromium (as in CrO;).?’¢ In the iron system, the small
clusters preferred the +2 oxidation state and 1:1 oxide stoichi-
ometries rather than the more common +3 value seen in
Fe;03.27¢ Thus, we have seen significant variation in the
oxidation states of small transition metal oxides compared with
the most common bulk phases in other studies. However, the
yttrium and lanthanum systems seen here follow the same
oxidation state trend seen in the most common solids.

To further investigate the stability of the specific ions and
neutrals identified here, we performed DFT calculations to find
the lowest energy structure and binding energies, using the
B3LYP functional. The prominent cations Y,03;", Y3047,
Y406", Y5077, Y6Os™t, and Y;00" were investigated. Ad-
ditionally, the possible neutral leaving groups YO, YO,, YOs,
and Y03 were investigated. To investigate possible differences
in structure between lanthanum oxide and yttrium oxide, selected
lanthanum oxide clusters were also included in these compu-
tational studies (La,Os3, LarO3", LazO4, La3O4*", LasO;, and
LasO;%). The schematic minimum energy structures found for
these clusters are shown in Figure 7 and Figure 8. The cations
and neutrals have quite similar structures, only differing slightly
in bond lengths and angles. In these figures, only one structure
for each stoichiometry is shown; additional details are presented
in Supporting Information along with the calculated vibrational
frequencies. For each of the stable cations, the corresponding
neutral was investigated to explore the role of charge on the
relative stability. The energetics for these systems are sum-
marized in Table 3 and Table 4. For each cluster studied,
numerous starting geometries and spin states were investigated
in the search to locate the most likely structures for these species.
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La,0;' La;0,'

Las0;"

Figure 8. Structures computed for various La,O,, clusters.

TABLE 3: Energies Computed Using B3LYP for the
Yttrium Oxide Clusters Studied Here?

atomization energy  energy per bond  ground state

YO 154.8 154.8 =
YO» 235.6 117.8 %
Y,03 815.3 135.6 A
Y,05" 819.5 136.6 ZA
Y304 1175.6 130.6 ZA
Y304" 1248.9 138.8 A
Y406 1789.1 149.1 A
Y.4O06" 1790.9 149.2 ZA
Y50 2126.0 141.7 ZA
Ys0," 2200.1 146.7 A
Y7010 3036.5 151.8 ZA
Y;00" 3101.9 155.1 A

@ All units are kilocalories per mole.

TABLE 4: Energies Computed Using B3LYP for the
Lanthanum Oxide Clusters Studied Here”

atomization energy  energy per bond  ground state

LaO 229.1 229.1 =

LaO, 400.9 200.5 8
La,O3 652.1 108.7 A
La,O5" 795.6 132.6 ZA
LazO4 1153.0 128.1 ZA
La;O04" 1210.4 134.5 A
LasO; 2064.1 137.6 ZA
LasO;" 2130.0 142.0 'A

@ All units are kcal/mol.

Unfortunately, none of even the diatomic or triatomic species
here have been studied with high resolution spectroscopy
whereby we could test ground-state bond distances or spin
configurations.

As shown in Figure 7 and Figure 8, the structures for these
oxides are cage-like with alternating metal—oxygen—metal
bonds. Each oxygen is bonded to two or three metal atoms and
each metal forms at least three bonds, consistent with the +3
oxidation state. There are no terminal oxygens; that is, oxygen
atoms only attached to a single metal via a double bond.
Terminal oxygens like this have been seen in the structures of
all previous transition metal oxide systems that we have studied
(V, Nb, Ta, Cr) except iron?’ and are the result of higher metal
oxidation states. No internal atoms are found for any of these
clusters. NBO analysis shows that all of the bonding occurs
along the edges of these structures, with no significant
metal—metal interactions across the interior of the cages.
Lanthanum oxide clusters are calculated to have the same

Reed and Duncan

general structures as the corresponding yttrium species, but the
bond distances are generally longer. For each stoichiometry,
the neutral and cation have essentially the same structure, with
only minor differences in bond lengths and angles. These
structures presumably maximize the number of strong metal —oxygen
bonds. Interestingly, the structures shown here for the smaller
clusters are pretty much the same as those we proposed several
years ago in our study of antimony and bismuth oxide clusters.?”
At that time, we were not able to do any DFT calculations, but
instead just used the expected oxidation states and connected
the atoms to make structures that satisfied their bonding capacity.
It is satisfying that the more sophisticated DFT calculations here
arrive at the same qualitative conclusions for these structures.
The NBO analysis also provides a charge on each atom, which
is within 0.2 of +3 for each metal atom and —2 for each
oxygen, consistent with the expected ionic bonding.

The bond energies in these clusters are all quite high, as is
typical for metal oxides. Table 3 shows that the per bond
dissociation energy varies from 59 to 155 kcal/mol (2.56 to 6.72
eV) for yttrium oxide, with the larger clusters having bond
energies around 150 kcal/mol (6.5 eV). Lanthanum oxide
clusters (Table 4) have per bond energies ranging from 100 to
142 kcal/mol (4.3—6.2 eV), with the larger clusters again having
bond energies around 140 kcal/mol (6.1 eV). These bond
energies are significantly greater than those for other transition
metal oxides that we have studied.?’ For example, the per-bond
energy computed for chromium oxide clusters with the same
DFT methods were in the range of 70—90 kcal/mol.?’ DFT is
of course not reliable for quantitative energetics in clusters of
this type, but the relative energies computed indicate that the
yttrium and lanthanum clusters are quite strongly bound. We
can investigate the effect of charge on bonding energetics as
well. The atomization energies are relative to separated neutral
atoms or to separated neutrals and one metal ion, respectively.
By using this as a reference, the cations here are found to be
slightly more stable than the corresponding neutrals. It is
possible in principle to use the difference in atomization energies
for neutrals and ions to derive ionization potentials for the
neutral clusters. However, because DFT energetics are not
quantitative even for the atomic metal species, such an exercise
would not be useful. Although the atomization energy is
generally higher for yttrium oxide, the lanthanum oxide clusters
proved to be more difficult to fragment and had fewer
fragmentation channels. However, the absorption cross sections
for lanthanum and yttrium oxide are unknown, so lanthanum
oxide may simply not absorb light at the wavelengths used as
efficiently as yttrium oxide.

The calculated energetics prove somewhat useful in explain-
ing the observed stabilities and fragmentation patterns. YO and
YO, are strongly bound, but YO3 does not converge to a stable
structure. This suggests that the loss of [1,3] in our photodis-
sociation experiments most likely represents the simultaneous,
or rapid sequential, loss of YO and O,. The same is seen with
lanthanum clusters, where LaO3 does not converge to a stable
structure. The computed atomization energy for YO (6.71 eV)
is somewhat lower than the value measured by Armentrout et
al. (7.14 eV).33 The computed value for LaO (9.93 eV)
compares somewhat less favorably to Jackson’s measured value
of 9.07 eV.3* Although these comparisons are reasonable, some
of the energetics computed for the larger clusters are somewhat
troubling. Oddly, both the Y4Og cation and the Y4O¢ neutral
are calculated to be among the most stable clusters per bond,
but these are not seen as fragments in any case other than the
dissociation of 4/7. Y304" and the Y,O3 are not calculated to



Yttrium and Lanthanum Oxide Cluster Cations

be especially stable relative to other clusters, but these are seen
to be the most intense cation fragment and the most common
neutral leaving group, respectively, throughout our data. Y,03
is not calculated to be more stable than the cation, despite having
the same stoichiometry as bulk yttrium oxide. On the other hand,
the Y70 cation is nearly 20 kcal/mol more stable per bond
than the 5/7 cation; this species is quite prominent in the mass
spectrum, and it appears in the fragmentation of all clusters with
n>"17.

Another trend running through the data for both metal oxide
systems is that the per-bond dissociation energies increase with
cluster size. The 5/7 clusters for both metals have energies of
about 140 kcal/mol, while the 7/10 value for yttrium is about
150 kcal/mol. These are significantly greater than the 2/3 and
3/4 values for both metals. Apparently, the smaller cage
structures are strained compared with the larger ones. It could
then be speculated that the smaller cage species here are more
reactive than their larger cage counterparts. Reaction kinetics
studies on these systems would therefore be interesting to test
this possibility.

Conclusions

Yttrium and lanthanum oxide clusters produced by laser
vaporization have been investigated with time-of-flight mass
spectrometry and mass-selected photodissociation. Only a
limited number of oxide stoichiometries are observed for each
cluster size. There is a strong preference for odd numbered metal
clusters in the mass spectrum. Dissociation produces mainly
the same ions, most commonly those with the MO(M;03),"
stoichiometry. Yttrium oxide clusters are observed to have a
variety of fragmentation channels. Photodissociation appears to
be a sequential process, with the loss of the M,O3 neutral
occurring throughout the data for both metals. In addition to
the MO(M,03),”" ions and M,O3; neutrals, the Y¢Og™ cluster is
also formed prominently by cluster growth and is a common
photofragment. Lanthanum oxide clusters rarely have more than
one fragmentation channel, with LaO(LayO;)," fragments
produced almost exclusively. Unlike other transition metal oxide
clusters studied previously, the +3 oxidation state implied by
the data here for both of these cluster systems is exactly the
same as that for the corresponding bulk oxides.

Density functional theory computations on these clusters
produce structures that are visually and geometrically appealing,
which lead to high bonding stability. Examination of the per-
bond energetics gives some insight into the stabilities of the
clusters, but the picture is not as clear as in the experiment.
Future theoretical investigations of these systems could be
useful. These oxide systems have greater per-bond binding
energies than many other transition metal oxide clusters. Because
of this high intrinsic stability, these systems may be interesting
for isolation in macroscopic quantities as nanocluster materials.
Because several of these systems are closed-shell singlets with
an overall single charge, they might be less reactive and produce
more stable solids if co-condensed with negatively charged
ligands.
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