J. Phys. Chem. A 2009, 113, 6239-6252 6239

Cerium Oxyhydroxide Clusters: Formation, Structure, and Reactivity

Introduction
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Cerium oxyhydroxide cluster anions were produced by irradiating ceric oxide particles by using 355 nm laser
pulses that were synchronized with pulses of nitrogen gas admitted to the irradiation chamber. The gas pulse
stabilized the nascent clusters that are largely anhydrous [Ce,O,] ions and neutrals. These initially formed
species react with water, principally forming oxohydroxy species that are described by the general formula
[Ce,Oy(OH).]™ for which all the Ce atoms are in the IV oxidation state. In general, the extent of hydroxylation
varies from a value of three OH per Ce atom when x = 1 to a value slightly greater than 1 for x > 8. The
Ce; and Ceq species deviate significantly from this trend: the x = 3 cluster accommodates more hydroxyl
moieties compared to neighboring congeners at x = 2 and 4. Conversely, the x = 6 cluster is significantly
less hydroxylated than its x = 5 and 7 neighbors. Density functional theory (DFT) modeling of the cluster
structures shows that the hydrated clusters are hydrolyzed, and contain one-to-multiple hydroxide moieties,
but not datively bound water. DFT also predicts an energetic preference for formation of highly symmetric
structures as the size of the clusters increases. The calculated structures indicate that the ability of the Ce;
oxyhydroxide to accommodate more extensive hydroxylation is due to a more open, hexagonal structure in
which the Ce atoms can participate in multiple hydrolysis reactions. Conversely the Ces oxyhydroxide has an
octahedral structure that is not conducive to hydrolysis. In addition to the fully oxidized (Ce(IV)) oxyhydroxides,
reduced oxyhydroxides (containing a Ce(III) center) are also formed. These become more prominent as the
size of the clusters increases, suggesting that the larger ceria clusters have an increased ability to accommodate
a reduced Ce(III) moiety. In addition, the spectra offer evidence for the formation of superoxide derivatives
that may arise from reaction of the reduced oxyhydroxides with dioxygen. The overall intensity of the clusters
tends to monotonically decrease as the cluster size increases; however, this trend is interrupted at Ce,3, which
is significantly more stable compared to neighboring congeners, suggesting formation of a dehydrated Keggin-
type structure.

on surfaces is a challenging task, which has motivated strong
efforts to model cluster behavior using computational methods,

The chemistry of cerium oxides is a topic of interest because
material surfaces display pronounced activity for catalyzing a
variety of processes, notably the water—gas shift reaction,!?
steam reforming of organics,>* and oxidation reactions.” !
Fundamental processes include adsorption of neutral reactant
molecules (such as CO, H,0O, CO,, and H,), and the breaking
and formation of bonds, producing formate leading to eventual
generation of methanol, formic acid, methyl formate, and other
molecules. Optimization of these reactions is a desired goal to
achieve improved yields, but requires a detailed knowledge of
the reaction mechanism including details of kinetics and
thermodynamics. Generating information at this level of detail
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and significant strides have been achieved using theory.!!'”2*
However, it is computationally difficult to model surface
processes because of the large number of atoms that must be
accommodated. For this reason clusters of atoms are modeled
as surrogates for reactive sites on surfaces. However, modeling
metal oxide clusters is not simple either, because for a given
elemental composition, multiple structures are possible that have
competitive formation enthalpies, which leads to ambiguity in
correlating reaction chemistry with discrete molecules. In
addition to catalytic interest, the cerium oxide clusters also form
from hydrolysis and condensation reactions occurring in Ce(IV)
solutions;> the details of the cluster formation processes are
not known. These considerations provide motivation for per-
forming experimental studies of clusters.
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An attractive approach for examining clusters is to form them
in the gas phase, where there is the potential for control of the
solvent environment. The difficulty in doing so, particularly with
metal oxides, is that clusters do not readily volatilize. Two
general approaches may be used, electrospray ionization and
sputter desorption. While electrospray has been used to examine
lanthanide coordination complexes,?®™* there are fewer ex-
amples for generation of cluster ions with multiple metal cations.
Salient examples of the use of electrospray include the work
on alumina clusters by Sarpola and co-workers,**~*? and more
recently on uranium oxides by Pemberton.*~* Clusters formed
in this manner tend to be ionically bound and have an inner
solvation sphere that is complete or nearly so. Sputter desorption
can employ either projectiles (neutral or charged atoms or
molecules) or laser pulses. In the projectile category, Gianotto
and Groenewold investigated a variety of aluminum, silicon,
and chromium oxides, generating small-to-medium sized cluster
ions with rhenium tetroxide (ReO,") as the projectile.*~> Laser
ablation is more commonly used, and Aubriet** % and
Gaumet®~% have used it for forming alumina, silica, and
d-block oxyanions. Laser irradiation has also enjoyed extensive
use for forming metal oxide clusters by targeting the laser on a
rotating metal rod as pioneered by several groups,**”7! enabling
study of a wide variety of transition metal oxides; this approach
tends to form hypo-oxidized species, and the extent of oxidation
can be manipulated by seeding the ablation region with oxygen.
Formation of cluster ions with heavier metals (e.g., f elements)
has not been widely explored, but pioneering work by Gibson
has used laser ablation to generate oxide cluster cations of both
lanthanide and transition metals,”?~7* and in one instance noted
a propensity for attachment of H,O to cations,’* which is
germane to the present study. Gibson and Haire also showed
that a wide range of plutonium oxides were formed by using
laser ablation,”>’ but beyond these studies there have been few
other experiments conducted to investigate oxide clusters of the
f elements.

Our initial attempts to produce cerium oxide cluster ions via
desorption using projectiles (ReO4~ molecules)’” in a quadrupole
ion trap did not produce abundant secondary ions, and motivated
the present study of the generation of cerium oxide ions with
laser ablation. While only low abundance clusters were produced
by the laser under high vacuum, application of a pulse of N,
gas coincident with the laser pulse produced abundant anion
clusters. This enabled investigation of the chemistry of the
cerium oxide clusters in terms of composition and dissociation
behavior, which was compared with computationally generated
structures, as described herein.

Experimental Section

Generation of Cerium Complexes by Laser Ablation.
Targets were generated by pressing powdered CeO, into a target
press (Cerac Inc., Milwaukee, WI) and then mounting it in the
sample holder. Samples were evacuated to between 20 and 30
mTorr prior to admission to the high vacuum chamber of the
FT-ICR-MS.

Fourier Transform Ion Cyclotron Resonance Mass Spec-
trometry (FT-ICR-MS). Mass spectra were acquired in nega-
tive detection mode by using a laser desorption/ablation
ionization (LDI)/(LA)-FT-ICR mass spectrometer (IonSpec,
Lake Forest, CA) equipped with an actively shielded 9.4-T
superconducting magnet (Cryomagnetics, Oak Ridge, TN). The
external ion source ProMaldi card was used. Particles were
pressed onto a sample holder prior to introduction into the source
region of the mass spectrometer. lons were generated by laser
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ablation (LA) of the sample with an ORION air-cooled Nd:
YAG laser system (New Wave Research Inc., Fremont, CA)
working at the 355 nm wavelength (laser pulse duration 5 ns,
output energy 4 mJ). The ions resulting from 8 successive laser-
sample interactions were stored in a RF-only hexapole before
being transferred to the FT-ICR cell, which was maintained at
a background pressure of 6 x 107! Torr. There were 200 ms
between pulses. After each pulse, the sample stage was moved
such that ions were generated from a fresh (not previously
ablated) target area. Stage motion is on the order of 100—200
um. An ion guide situated between the LA stage and the FT-
ICR cell was tuned to allow ions in the 200—1200 m/z range to
be efficiently transferred into the FT-ICR-MS cell. To observe
the highest mass clusters, the ion transfer parameters were
modified to increase the transfer/trapping efficiency of the high
m/z range ions. To thermalize ions during accumulation in the
storage hexapole N, was introduced by a pulsed valve, which
was opened for 1.8 s, allowing ion stabilization prior to transfer
to the FT-ICR-MS cell. After transfer, ions were trapped in the
ICR cell with a 0.2 V trapping potential. The pressure in the
FT-ICR-MS was on the order of 5 x 107'° Torr, as measured
with an ion gauge located near the throat of a turbomolecular
pump. The pressure inside the FT-ICR-MS cell during trapping
and all subsequent manipulations is not known, but is probably
close to that measured with the ion gauge because of the open
design and high conductance of the cell. Nevertheless, because
the cell is located further from the turbo pump than the ion
gauge, pressures in the cell could be modestly higher. Trapped
ions are excited by the application of an arbitrary excitation
wave function on the excitation plates. The resulting image
current was detected, amplified, digitized, apodized (Blackman),
and Fourier-transformed to produce a mass spectrum. The signal
was sampled during 2.097 s with 4096 K data points. The
obtained mass accuracy was typically better than 1 ppm, and
the mass resolution (m/Am) at m/z 500 was close to 100 000.
Mass measurements were made at very high resolution (e.g.,
1 000 000 at m/z 931.5) to confirm compositional assignments
when required.

Tandem mass spectrometry measurements were performed
by isolating the ion of interest, using a stored waveform inverse
Fourier transform (SWIFT) sequence,’”® which ejected all species
except those having the desired mass. Ion kinetic energy was
then increased by using sustained off-resonance irradiation
collision-induced dissociation (SORI-CID),” resulting in col-
lisions with nitrogen that was introduced into the FT-ICR-MS
via a pulsed valve opened for 10 ms during the SORI event.
The SORI frequency offset (1.5% of the parent ion cyclotron
frequency) was applied for 250 ms.

Additional LA-MS experiments were performed with a
Bruker Reflex IV MALDI-TOF instrument (Bruker-Franzen
Analytik GmbH, Bremen, Germany) equipped with a delayed
extraction. Ionization was achieved with use of a nitrogen laser
(A = 337 nm, pulse duration 3 ns, output energy 400 uJ,
repetition rate 5 Hz). The laser spot size diameter is ~30 um.
The laser fluence was varied by means of an attenuator from
22 to 540 mJ/cm?, producing irradiance values varying between
7.3 x 10° and 1.8 x 10® W/cm?. The mass spectrometer was
operated in the reflectron mode at a total acceleration voltage
of 20 kV and a reflecting voltage of 23 kV. Mass spectra are
the sum of 100 laser shots, each targeting a fresh area of the
sample surface. This was done to avoid variation of the mass
spectrum resulting from laser matter interaction that could
produce a significant alteration of the composition as well as
the physical and chemical properties. The ion assignment is
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Figure 1. Negative ion laser ablation mass spectrum of cerium oxide, recorded by using the FT-ICR-MS, applying a N, pulse coincident with the
laser. Only selected ions are labeled, and a complete listing is found in Table S1 in the Supporting Information. Compositions denoted with an “R”

are reduced, and contain a Ce(III) center.

attained after external calibration performed with polyethylene
glycol (PEG) 600 and/or PEG 1500, using the Na® and K*
cationized ions.®

Molecular Structure and Frequency Calculations with
Density Functional Theory. DFT calculations with the NWChem
suite of programs®!#? were performed by using the Stuttgart
small core relativistic effective core potential (RSC ECP, 28
electrons in the core) and associated Stuttgart orbital basis set
for cerium, % and the valence triple-{ plus polarization
(TZVP) DFT optimized basis sets for oxygen and hydrogen.’!
In all cases, spherical basis sets were employed. Geometry
optimization and frequencies (plus zero-point energy corrections)
were calculated by using the LDA functional,*** while
B3LYP*% was used to calculate binding energies.

Results and Discussion

The application of a pulse of N, gas coincident with the laser
impact produced numerous abundant higher mass clusters that
contained up to 16 cerium atoms (Figure 1, also Table S1 in
the Supporting Information). The most prominent ion series in
the smaller ion envelopes are compositionally described as
oxyhydroxides having the structural formula [Ce,O,(OH).]",
where x = (2y + z — 1), and for which all Ce atoms are in the
IV oxidation state. Within this paper, these formulas are referred
to by using [x,y,z]” designations, where x, y, and z refer to the
numbers of Ce atoms, oxo, and hydroxo moieties, respectively.
This formula as written carries with it structural connotation,
specifically that hydroxyl groups are present on the clusters, as
opposed to datively bound H,O, or hydride moieties. This is
consistent with the idea that water present in the hexapole ion
accumulation chamber reacts with the dehydrated Ce,O, cluster
anions by hydrolysis, forming hydroxyl groups, similar to what
was observed with alumina,*¥4%33 silica,”> and chromia*® oxya-
nions in the gas phase, and is supported by DFT calculations
(vide infra) which showed that hydroxyl-containing structures
were indeed lowest in energy.

A second ion series consists of the reduced oxyhydroxides,
which are distinct from the oxidized versions in that one of the

Ce atoms in these clusters can be considered to be reduced to
the III oxidation state. A third significant ion series is the
superoxides, whose formulas can be generated by substitution
of O, for OH in many of the elemental compositions of the
fully oxidized oxyhydroxides. By assuming the presence of a
superoxide moiety, the oxidation state of Ce in this ion series
is +4.0, the same as in the fully oxidized oxyhydroxides;
alternatively, restricting oxygen to the —2 state would require
hyperoxidized cerium, which is unlikely; we note that Schwarz
and co-workers produced [CeO,]", which is formally a Ce(V)
species;”® however, it underwent reduction in gas phase
ion—molecule reactions. The superoxide complexes are likely
formed from the reaction of reduced oxyhydroxide or oxide
species with dioxygen via a redox condensation, and by reaction
of neutral clusters with O,”. The former process is supported
by condensation of [CeO,]” with O, (vide infra) and by prior
studies of vanadyl and reduced uranyl coordination complexes
that have been shown to undergo redox condensations with
dioxygen in the gas phase.””*® In addition to these three families
of ions, several other types of ions are formed that are related
to the fully oxidized oxyhydroxide ion series by “substitution”
of hydroxide by other anions, such as ethoxide, acetate, or PO5™.
The alternative anions are derived from surface contaminants
that are present on the sample, and were also indicated by the
positive ion mass spectrum that contained C, H, and O atoms
consistent with organic acid surface contamination.

The formation of cluster ions containing a large number of
hydroxyl groups was unexpected, since prior laser ablation
experiments of metal oxides showed that one or at most two
OH groups were present in anion and cation clusters.”? %! In
the present LA experiments, large cluster anions are formed by
ejection of Ce,O, species into the gas phase” that are stabilized
by collisions with the pulse gas. The Ce,O, species may be ionic
or neutral, and may exist in their ground state or in an excited
state. lonization of the neutral clusters occurs by (i) reaction
with electrons or small anions (OH™, O~, O,~, OEt™, OAc™,
PO;7) in the LA-induced plume or (ii) the fragmentation of
excited neutrals by means of the heterolytic bond rupture.® The
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Figure 2. Negative ion laser ablation mass spectrum of cerium oxide, recorded by using the ToF-MS. In this experiment, pressures in the target
region, and ion lifetimes, are much lower than those in the target region of the FT-ICR-MS shown in Figure 1. Compositions denoted with an “R”

are reduced, and contain a Ce(III) center.

initially formed cluster ions are dehydrated, but react with water
to form highly hydroxylated molecules in the ion accumulation
hexapole where the ions spend several seconds before being
injected into the FT-ICR-MS cell. The hydrolysis of cerium
oxyanions with adventitious water present in the background
atmosphere is analogous to hydrolysis of Al, Si, and Cr
oxyanions seen in quadrupole ion traps.*4%52 This mechanism
would require a higher pressure of water vapor and substantial
ion lifetimes, conditions that are met in the accumulation
hexapole of the FT-ICR-MS. Upon addition of the gas pulse,
transient pressures of 107* to 107 Torr are reached, and the
time between the beginning of ion accumulation in the hexapole
and transfer to the FTICR cell is about 2 s. The stabilizing effect
of the gas pulse is underscored by observation of abundant,
highly hydroxylated oxyhydroxides, which readily dehydrate
with modest excitation (vide infra).

The oxyhydroxide ion formation mechanism was supported
by a lower pressure LA experiment, in which the time between
the formation and the detection of ions is shorter and the in-
source pressure is lower. These conditions should produce ions
that are less extensively hydroxylated. Ion emission under these
conditions was examined by analysis of CeO, with use of a
LA-ToF-MS, making the assumption that the species initially
produced by laser-material interactions will be unaffected by
the mass analyzer.!” The ToF mass spectrum contains ion series
that correspond to the fully oxidized oxyhydroxides
[CeO,(OH),]", only in this case z never exceeded 3 and usually
had a value of 1 (Figure 2). Thus the number of hydroxyl
moieties in these clusters is much fewer than in the clusters
generated in the FT-ICR-MS experiments, where ions are
produced that are much more extensively hydroxylated. Sig-
nificant reduced [Ce,O,,]™ anions (designated with a subscripted
R in the figures) are also observed in the ToF spectra that were
lower in intensity or not observed in LA-FTICRMS experiments.
The intensities of the reduced [Ce,O,,]” anions increase as x
goes from 3 to 6, compared to the intensities of the correspond-
ing oxidized [Ce,O,(OH),]” anions, to the point where the
reduced species is the most intense ion in the Ceq envelope.
These observations underscore the importance of reduced
[Ce,0,,] ions in the LA plume.

The fact that the O,-containing species are also observed in
the ToF-MS analyses suggests that these are formed by reactions
of O, with neutral clusters. However, we note that these are
not as prominent as in the higher pressure FT-ICR-MS experi-
ment, which indicates that some of the cluster anions, i.e., the
reduced species, are being converted to O,-containing species
by reaction with O,. This conclusion was further supported by
direct observation of dioxygen condensation with the reduced
[CeO,]™ cluster (vide infra).

Another important difference between the two experiments
is that the intensities of the larger clusters formed under low-

pressure conditions of the ToF are generally lower, which
suggests that not only are the hydrated species stabilized by
the gas pulse, but so also are the initially formed Ce,O, clusters
(neutral and ionized). The LA-ToF mass spectrum shows that
the intensities of the Ce, ion envelopes decrease with size, a
pattern that is not always overtly apparent in the FT-ICR-MS
experiments, because the latter are perturbed by temporal gating
of the ion guide leading to the ICR cell, which is adjustable
depending on the mass of the ions to be trapped. Nevertheless,
the FT-ICR-MS data do show that the overall intensities of the
high-mass clusters generally decrease with increasing size,
except for the Ce; clusters, which are lower abundance due to
the timing of the ion guide gating, and the Ce; clusters, which
are more intense than their neighboring congeners. This suggests
augmented stability for the Ce;; clusters. The molecules
containing surface contaminants become significantly less
important with increasing cluster size.

To gain perspective on ion formation tendencies, the pro-
pensity for formation of the fully oxidized oxyhydroxide,
reduced oxyhydroxide, and superoxide ion families was exam-
ined as a function of cluster size, using the N, gas-pulse
experiments in the FT-ICR-MS. A qualitative evaluation of the
relative importance of the fully oxidized and reduced oxyhy-
droxide and superoxide families is shown by a plot of their
fractional abundances within the individual Ce, envelopes
(Figure 3). By using the Ce, reduced oxyhydroxides as an
example, the intensities of all Ce, reduced oxyhydroxides are
summed, and ratioed to the total abundance of the Ce, fully
oxidized oxyhydroxides, reduced oxyhydroxides, and superox-
ides. This analysis shows that for x < 4, the fully oxidized
oxyhydroxides (Figure 3, square data points) are predominant,
but for greater x values, their fraction decreases to values
between 0.2 and 0.4 for x > 7. The fraction of the fully oxidized
oxyhydroxide values is variable in the x = 10, 11 envelopes,
which reflects imprecision resulting from low overall ion
abundances (and the x = 12 clusters were not observed at all).
As the fully oxidized oxyhydroxides decrease, both the reduced
oxyhydroxides and superoxides increase, which is consistent
with the idea that a fraction of the reduced oxyhydroxides are
converted to superoxides by redox condensation with dioxy-
gen 979

However the reduced oxyhydroxides and superoxides do not
maintain a constant ratio in the different ion envelopes. In the
Ce; envelope, formation of the superoxides is strongly disfa-
vored, while formation of the reduced oxyhydroxides is
predominant. This suggests that the Ce;-reduced oxyhydroxides
are less reactive with the dioxygen. An alternative explanation
is that the Ce; superoxides may further react with H,O to form
fully oxidized and reduced oxyhydroxides, which could deplete
their abundances. The situation is exactly reversed in the Ces
envelope, where effectively no reduced oxyhydroxides were
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formed, but instead the superoxides account for most of the
ion intensity. These observations probably reflect variations in
(a) the abilities of the reduced clusters to stabilize dioxygen
versus a Ce(III) center that become pronounced for x > 6 and
(b) the reactivity of the superoxides with water, leading to
depletion of these species in the Ce; and Ce;; envelopes.
Species in the ion envelopes also display differences in their
tendency to undergo hydrolysis, which is reflected in the
hydroxide-to-cerium ratio (OH/Ce) in the fully oxidized oxy-
hydroxides (Figure 4). The Ce, envelope shows a value of nearly
three, reflecting the preferential formation of [CeO(OH)s] ™. For
Ce, envelopes having higher x values, OH/Ce values generally
show a slow decrease toward ~1.1, with two salient disconti-
nuities. The Ce; molecules display a remarkable tendency to
accommodate H,O, much more so compared to neighboring
congeners. Conversely, Ceq clusters do not hydrolyze to the
same extent as either Ces or Ce; species, and the OH/Ce ratio
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for the Ceq envelope is low as a result. As the ion envelopes
increase in size, the OH/Ce ratio is found to be near 1.1 to 1.2;
note that the value for the highly stable Ce,; envelope is 1.15.
These preferences will be discussed in the context of ion
dissociation and computational modeling.

Ce; Complexes. Several low mass ions were recorded that
corresponded to Ce; species, most notably the ion at m/z 206.9,
which is [1,1,3]” in accord with the accurate mass measurement
(Table S1 in the Supporting Information, Figure 1) and the fact
that the predominant dissociation pathway is dehydration. DFT
calculations generated a tetrahedral structure consistent with
expression of the formula as [CeO(OH);]” (Figure 5) that
required on the order of 40 kcal/mol for dehydration to form
[1,2,1]". In fact a low abundance [1,2,1]” ion at m/z 188.9 was
also recorded by using the FT-ICR-MS, and it was much more
prominent in the LA-ToF experiment. Calculations for the
[1,2,1]7 molecule indicate a trigonal structure that is probably
very susceptible to hydrolysis, consistent with the preference
for the formation of [1,1,3]". A higher hydrate that would have
a composition of [CeOsHs]™ was not observed, indicating that
Ce prefers to form four-coordinate anion structures in the gas
phase. Calculations indicate tetrahedral geometry, a reasonable
supposition in accord with similar to geometries previously
calculated for Ce(halide), molecules.?!

Collision-induced dissociation reactions were also conducted
on the superoxide derivative [1,1,2,0,]", which showed elimina-
tion of H,O (forming [CeO,4]™) at low excitation energies, but
at higher energies both HO and O, were eliminated, forming
the reduced [1,2,0]” molecule at m/z 171.9. Isolation of [1,2,0]™
for 10 s resulted in conversion of ~15% of the ions to
[1,2,0,0,]", which occurred via reaction with trace O, present
in the FT-ICR-MS. Dissociation of [1,2,0,0,]” occurred by loss
of O,. DFT modeling of the [1,2,0,0,]” molecule showed that
the lowest energy structure contained two oxo ligands, and a
side-on bound O, moiety (Figure 6). This structure would be
consistent with the coordination expected for a peroxide ligand.
However, if that were the case, then the formal oxidation state
of the Ce atom would be +5. A more reasonable explanation
is that the O, moiety is a side-on bound superoxide ligand,
analogous to those identified as products of reduced uranyl
([U(V)O,]") and dioxygen.'9*1% The second lowest energy
structure contained two oxo ligands, and a superoxide bound
in a more conventional end-on arrangement. Three other
structural alternatives were significantly higher in energy.

Ce, Complexes. The most abundant Ce, species at m/z 378.8
had an accurate mass consistent with the structural composition
[2,3,3]". Collision-induced dissociation of [2,3,3] occurred by
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SCHEME 1: Dissociation Reactions of [2,3,3]
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one-step elimination

dehydration forming [2,4,1]", which is seen at low abundance
in the MS-1 spectrum, and also formed [1,2,1]” by loss of (H,O
+ Ce0,) (Figure 7, Scheme 1). The latter loss is termed cluster
fission, and could occur directly (perhaps losing a CeO(OH),
neutral) or by the serial losses of H,O and CeO,. Both
dehydration and cluster fission occurred with modest excitation
of [2,3,3], requiring only Vsor; & 2 V (Figure S1, Supporting
Information). In contrast, if the intermediate [2,4,1]" dehydration
product was cooled by inserting a second isolation-activation
event, then the cluster fission reaction required much more
energy, not being observed until Vsor; exceeded 12 V in the
second event. This indicates that the [2,4,1]" is very resistant
to cluster fission, which suggests formation of [1,2,1]” directly
from [2,3,3]". During the extra time needed for the second
isolation/excitation event (an additional 2 s), the [2,4,1]” may
undergo radiative cooling or isomerization to a structure more
stable with respect to cluster fission. Another alternative is that
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[2,3,3]7 may rearrange and eliminate CeQO,, forming [1,1,3]"
sufficiently activated that it spontaneously eliminates H,O to
provide the observed [1,2,1]". Since [1,1,3]" is not seen in the
CID spectrum of [2,3,3]", we think this is less likely, but the
explanation cannot be excluded on the basis of these experiments.

Theory is in accord with a single structure for [2,3,3]:
calculations indicate a rhombic structure (Figure 8), similar to
those predicted for analogous aluminum, silicon, titanium, and
chromium species.*%3253195 The calculations predict that dehy-
dration to form [2,4,1] would require ~40 kcal/mol, and that
the product would retain the rhombic structure, as attempts to
generate alternative structures (which require a Ce=0O moiety)
were not successful. Cluster fission of [2,4,1] to produce
[1,2,1]" and CeO, was calculated to require an additional 64.8
kcal/mol.

A low abundance ion at m/z 396.8 was also formed, having
an accurate mass consistent with [2,2,5]7, indicating that [2,3,3]"
reacts further with one additional water. DFT predicted that this
too would have a stable rhombic structure, and that the second
hydration step would be exothermic by about 20 kcal/mol.
Maintaining the rhombic core would entail formation of a gem-
triol moiety on one side of the molecule, consistent with its
somewhat lower stability. The fact that this is not a more
abundant ion in the mass spectrum indicates that kinetics are
limiting the extent of hydration in the cluster ions that are
observed. This suggests that in some cases the cerium oxyhy-
droxide clusters may well be able to thermodynamically
accommodate additional hydrolysis, but the products of these
reactions are not observed because condensation kinetics tend
to slow down as hydration of metal centers proceeds.*$>°

Lower abundance ions observed at m/z 393.8, 406.8, and
420.8 can be rationalized in terms of substitution of hydroxide
in the [2,3,3]” molecule by superoxide, ethoxide, and acetate,
respectively, and have accurate masses consistent with those
assignments. The superoxide is denoted [2,3,2,0,], and colli-
sionally dissociates by dehydration forming [2,4,0,0,]7, in a
process that was calculated to require 32.3 kcal/mol. Dehydra-
tion of the superoxide was accompanied by cluster fission
producing [1,2,0,0,]" at m/z 203.9; the latter ion was also
produced by dehydration of the [1,1,2,0,] molecule (vide
supra). The [1,2,0,0,]" eliminates O,, as noted above. As in
the case of the Ce, superoxides, the O, moiety prefers side-on
coordination (Figure 9), only in this case, O, is more stable
when bridging the two metal centers. The calculations predict
that the Ce—O bond distances for the dangling oxygen atoms
are very nearly the same (1.86—1.87 A) suggesting that electrons
are delocalized among the O atoms in these molecules. In
aggregate, the O atoms in the Ce, superoxides must be oxidized,
otherwise Ce would be forced into an oxidation state >+4. The
abundant Ce,-bearing ion at m/z 458.8 contains phosphate, as
indicated by the accurate mass measurement, and by the
observation of [POs]™ in the low mass region of the mass
spectrum. The phosphate is evidently a contaminant of the CeO,
target, since we do not see it in the analysis of other samples,
and it was also detected in the LA-ToF experiments. As in the
lower mass Ce, ions, a ring-bearing structure is indicated by
the composition, and the intensity of the ion suggests that the
Ce,-phosphate cluster [2,2,4,(PO;)]” molecule is very stable,
which is consistent with the fact that it was resistant to cluster
fission, instead undergoing only losses of one and two H,O
molecules when excited to dissociation.

Ce; Complexes. Ces-containing complexes are formed at m/z
values ranging from ~530 to ~630, and display a more rich
array of possible ions compared to those of the Ce, and Ce,
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Figure 9. Reaction coordinate diagram and structures of reactant and
product calculated for Ce, oxyhydroxide species undergoing hydration.
The process shown is [2,4,0,0,]" + H,0 — [2,3,2,0,] .

ion envelopes. The [3,2,9]" fully oxidized oxyhydroxide
constitutes one of the more abundant ions in the mass spectrum,
and is related to the [3,3,7], [3,4,5]7, [3,5,3]7, and [3,6,1]" by
hydration/dehydration reactions. The salient feature of the Ce;
ion envelope is the pronounced ability to accommodate water,
to a much greater extent than any of the Ce, ions, or any ions
having a larger number of Ce atoms. Kinetic arguments derived
from differing ion lifetimes in the ion accumulation hexapole
are not satisfactory to explain this very different behavior,
principally because both the Ce, and Ce4 ion envelopes are
formed under exactly the same conditions, and neither of these
have comparable propensities for addition of H,O. Computa-
tional modeling of the [3,3,7] suggests stabilization resulting
from the formation of intramolecular hydrogen bonds; however,
as of this writing models for the [3,2,9]" had not yet been
completed, and so the unusual ability of the Ces clusters for
accommodation of H,O has not been satisfactorily rationalized.

Dehydration of the hydrated, fully oxidized oxyhydroxides
was demonstrated by collision-induced dissociation studies of
[3,3,7], which resulted in facile elimination of one, two, and
three H,O molecules at low Vsog; values (Figure S2 in the
Supporting Information and Scheme 2). In series with the
dehydration reactions were two cluster fission reactions that
eliminated one and two CeO, molecules forming [2,4,1]” and
[1,2,1]7, but hydrated versions of these ions were not formed.
All five of these product ions could be observed at very low

SCHEME 2: Dissociation Reactions of [3,3,7]
serial dehydrations
[3.3.7T —Ho, [3,4,5]'& [3,5,3]'& [3.6,1]

cluster fissions

- Ceoz; [2,4,1]'- CeO,

2> [1,2,1]

excitation voltages. The [3,6,1]” product resulting from elimina-
tion of all three H,O molecules may be significantly condensed,
and when this ion was isolated after dehydration, we were unable
to induce cluster fission, even at Vsory = 16 V. The observation
of a dehydrated cluster stable to cluster fission is analogous to
that seen in the dissociation of the [2,3,3]" fully oxidized
oxyhydroxide, and in fact is common to all of the cerium
oxyhydroxide systems. The intriguing question posed is why is
cluster fission achievable starting from the extensively hydroxy-
lated [3,3,7]" parent ion, but not after isolating the triply
dehydrated [3,6,1]" product. In this case, formation of the
[2,4,1]" cannot be achieved by a reasonable loss of a single
molecule from [3,3,7], and thus serial dehydration/cluster
fission reactions must be responsible. The fact that [3,6,1]
cannot be activated to cluster fission once it is isolated suggests
that the ion is either vibrationally cooled during the second
isolation/activation step, making energies necessary to cause
cluster fission unattainable, or it undergoes an isomerization to
form a highly condensed structure that is resistant to cluster
fission. Alternatively, cluster fission may be competitive with
dehydration in [3,3,7]: elimination of CeO, or CeO(OH), would
produce [2,1,7] and [2,2,5], respectively, and these ions may
not be stable with respect to dehydration when formed in this
manner.

The DFT calculations of the [3,3,7]" isomer predicted two
stable structures, a hexagonal structure bridged by a u;-OH
moiety, and a bis-thombus containing gem-triol moieties on both
terminal Ce atoms, which was 20.1 kcal/mol higher in energy
(Figure 10). Calculated interatomic distances suggest that the
Us-hydroxo moiety in the [3,3,7] hexagonal structure may be
stabilized by intramolecular hydrogen bonding. Elimination of
H,O from [3,3,7] produces [3,4,5]", for which four different
structures were calculated to be stable. The lowest was a
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Figure 10. Reaction coordinate diagram and structures for the Ces; oxyhydroxides.
hexagonal structure with a u3;-oxo bridge; however, a nonbridged Information), which is the dehydrated version of the

hexagon and a bent double rhombus were only 7.8 and 8.9 kcal/
mol higher, respectively. Loss of a second H,O generated
[3,5,3]7, but in this case only x3;-oxo-hexagons were calculated,
the double rhombus structures being no longer competitive.
Similarly, loss of the third H,O produces [3,6,1]", and in this
case a single structure was identified, a u3-oxo-hexagon. The
energies required for elimination of the three H,O molecules
from the oxo-bridged hexagonal structures are on the order of
20—30 kcal/mol, and the values do not increase dramatically
as the ion approaches dehydration. A total of 73.3 kcal/mol is
required for elimination of the three H,O molecules, and an
additional 80.9 kcal/mol to induce cluster fission of the [3,6,1].
Interestingly, cluster fissions of [3,5,3] and [3,4,5]  are slightly
less energetically expensive, but products of these eliminations
are not observed. Thus, cluster fission is not occurring in the
Ce; ion envelope while the much more favorable dehydration
reactions are still available.

As in the case of the Ce; and Ce, ion envelopes, Ce; species
were observed in which a hydroxide has been substituted by a
superoxide, ethoxide, or PO;™. Dissociation of the [3,4,4,0,]
superoxide at m/z 583.7 resulted in two serial dehydration
reactions to form [3,5,2,0,]" and [3,6,0,0,]", and this was
accompanied by subsequent loss of O, to form [3,6,0] at m/z
515.7 via a reductive elimination in which one Ce atom in the
product ion can be viewed as reduced to the +3 oxidation state
(Figure S3, Supporting Information). This suggests that the Ces
oxy cluster is better able to accommodate an electron compared
to Ce, , ions. No cluster fission was observed in the [3,4,4,0,]"
dissociation experiments. A particularly abundant phosphate-
containing ion at m/z 630.7 is formed and can be written with
the structural formula [3,4,4,(PO3)]”. Dissociation studies were
consistent with this formula, in that the ion eliminated two H,O
molecules to form [Ce;04(PO3)]™ at m/z 594.7, and underwent
a concurrent cluster fission losing an additional CeO, to form a
stable product ion at m/z [Ce,O4(PO5)]™ (Figure S4, Supporting

[Ce,0;3(PO3)(OH),]™ ion at m/z 440.8.

Ce,4 Complexes. The most abundant Ce, species was [4,5,7]
at m/z 758.6, although both hydrated and dehydrated versions
of this ion are also formed at m/z 776.6 and 740.6, respectively,
which correspond to [4,4,9]" and [4,6,5] . The abundance of
[4,5,7] is significantly greater than either [4,4,9]" or [4,6,5],
suggesting that either the kinetics of formation are more
favorable, or that the structure is fairly stable. Interestingly the
intensities of the ethoxide and phosphate derivatives in the Cey
ion envelope are substantially lower compared with those of
Ce,—3;, which suggests that formation of the larger clusters
involves atoms lying below the ceria surface, where surface
contaminants are not directly attached. The Ce, ion envelope
also contains substantial abundances of reduced ions having the
composition [4,4,8], signaling the ability of these clusters to
accommodate a Ce(III) metal center.

The structural formula of the [4,5,7]" ion was supported by
ion dissociation experiments. Like the Ce, and Ce; oxyhydrox-
ides, the molecule fragmented at very low excitation voltages
by eliminating all possible (three) H,O molecules forming
[CesO3(OH)]™ at m/z 704.6, which was accompanied by cluster
fission eliminations of one, two, and three CeO, molecules
(Figure S5, Supporting Information). Fragmentation of [4,5,7]
was accomplished by using very low ion excitation energy (Vsor:
= 0.5 V), and showed that while ~40% of the product ions
were accounted for by the dehydration reactions, >20% were
the result of cluster fission, the latter accounting for a larger
fraction than had been seen for the Ce, or Ces clusters. This
implies that this cluster may be less stable compared to
neighboring congeners in the Ce,_; ion envelopes. At greater
excitation energies, the fraction of the ions as intact parents
decreased, but the relative abundances of the dehydration and
cluster fission products did not appreciably change. When the
dissociation cascade was interrupted by isolating the triply
dehydrated product [4,8,1]" at m/z 704.6, further attempts to
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Figure 11. Structures and reaction coordinate diagram for two Cey
species, related by a modestly exothermic hydration reaction.

induce dissociation were unsuccessful, at excitation energies as
high as Vsorr = 12 V. As in the case of the smaller, fully
oxidized oxyhydroxides, dehydration followed by ion isolation
results in stabilization with respect to cluster fission.

The dissociation studies of the Ce, species occurred just after
a sample change, which meant that the base pressure in the FT-
ICR-MS was slightly increased, probably as a result of a trace
amount of H,O vapor emanating from the oxide surface. This
afforded the opportunity to see whether the [4,8,1]” would add
H,O back, which is an important phenomenon related to
hypothesized ion formation processes. After formation by
collision-induced elimination of three H,O, [4,8,1]” was isolated
and then allowed to react with ambient H,O vapor present in
the FT-ICR-MS. The ion could be observed to smoothly add
first one and then two H,O molecules, forming [4,7,3]" and
then [4,6,5] at m/z 722.6 and 744.6, respectively (Figure S6,
Supporting Information). The kinetics for the H,O additions
followed those expected for serial bimolecular reactions, and
modeled as such by using the approach developed for hydration
of alumina cluster anions.*® The base pressure in the FT-ICR-
MS (6 x 107!° Torr as measured by the ion gauge, see the
Experimental Section) was assumed to consist entirely of H,O,
which would be equivalent to a number density of 1.9 x 107
molecules/cm?®. The modeled rate constants were k; = 1 x 107°
and k, = 3 x 107'° cm? s7! molecule™!, which would be about
50% and 10% efficient compared to values calculated by using
reparameterized average dipole orientation theory.'%~!'2 This
shows that the partial pressure of H,O cannot be lower than a
factor of 2 less than that recorded by the ion gauge, but more
importantly that [4,8,1]" and [4,7,3]" show significant hygro-
scopic behavior. We believe that this behavior is probably
general for many of the other cerium oxyhydroxides, and
perhaps for other cerium oxygenated cluster anions (phosphates,
alkoxides, and superoxides).

The structures calculated for [4,5,7] and [4,6,5] were both
polyhedra decorated with multiple pendant oxo or hydroxo
moieties (Figure 11). The [4,6,5] structure contains a particu-
larly interesting u4-oxo bridge connected to all four Ce atoms,
which evidently is hydrolyzed upon reaction with H,O since it
is not observed in the [4,5,7] structure. The fact that addition
of H,O to [4,6,5] only results in a 9.6 kcal/mol advantage in
formation of [4,5,7] suggests that the structure is approaching
a point where further hydrolysis does not occur. In fact Ce atoms
in both structures are more highly coordinated than are the
monomeric species (where tetrahedral coordination is preferred).
The [4,5,7] structure can be viewed as a Ce;0; hexagon that
is capped by a CeO,0OH™, which the capping Ce atom is directly
coordinated to each of the ring O atoms, and bound to each of
the ring Ce atoms by a u,-0xo or u,-hydroxo bridge. On the
opposite side of the Ce;O; hexagon, the [4,5,7] structure is
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Figure 12. Structures and reaction coordinate diagram for [5,5,7]
and the dehydration congener [5,8,5].

stabilized by intramolecular hydrogen bonding between the
pendant hydroxo moieties.

A small superoxide ion at m/z 755.6 having the composition
[4,5,6,0,] was isolated and dissociated (Figure S7, Supporting
Information), which revealed serial losses of one and two H,O,
followed by loss of dioxygen, finally forming the reduced
species [4,8,0]" at m/z 687.6, a dissociation pattern analogous
to that seen for the Ce; superoxide cluster.

Ces Complexes. The Ces ion envelope contains only one
abundant, fully oxidized oxyhydroxide, the [5,7,7]" at m/z 930.5;
neither abundant dehydrated nor abundant hydrated versions of
this ion are formed. As in the case of the Ce, ion envelope, a
significant reduced ion is observed, which has the composition
[5,6,8]". The dissociation pattern observed from the fully
oxidized [5,7,7]” was in accord with the structural formula, in
that at low excitation energies three H,O molecules were
eliminated, together with cluster fission eliminations of one, two,
three, and four CeO, molecules (Figure S8, Supporting Informa-
tion). Use of higher excitation energies did not appreciably
change the fraction of ions partitioned into the cluster fission
and dehydration channels, although the fraction of intact parent
ions decreased. We had insufficient intensity to isolate the fully
dehydrated ions, and hence knowledge is lacking regarding
whether or not these became more resistant to dissociation upon
cooling in the FT-ICR-MS cell. In addition to dehydration, a
minor fragmentation pathway was observed that corresponded
to loss of three H,O plus one OH, producing a reduced anion
having the composition [5,10,0] at m/z 859.5; in this process
the leaving hydroxide is oxidized to the radical, which requires
that the remaining ion is reduced by one electron. This
elimination suggests that the Ces oxyhydroxide has an enhanced
ability to accommodate a Ce(III) metal center compared to the
smaller oxyanions, where elimination of an OH radical does
not occur.

The structures calculated for the Ces species begin to assume
a higher level of symmetry (Figure 12). The [5,7,7] molecule
has what is very close to D,, symmetry, with four Ce atoms
forming a square planar base, in which the metals are coordi-
nated by a p4-oxo, and alternating ur-oxo and u,-hydroxo
bridges. This base is capped by the fifth Ce atom, which is
coordinated to the four metal atoms in the square Ce, base by
four ps-oxo moieties. The structure of the monodehydrated
[5,8,5]" was also calculated, and found to be very similar to
that of the [5,7,7], lacking a pendant OH on one of the Ce
metal centers. The non-OH coordinated Ce atom may be fairly
reactive, since the [5,8,5] is not seen in the mass spectrum
generated directly from laser ablation, but only in the MS/MS
experiment. The DFT calculations showed hydration of the
[5,8,5]" to be exothermic by 32.8 kcal/mol.
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A relatively abundant [5,7,6,0,]" is seen at m/z 945.5,
corresponding to the superoxide derivative of [5,7,7]". The fact
that the superoxide was formed suggests a precursor capable
of accommodating a Ce(III) metal center, and undergoing one-
electron oxidation with dioxygen in forming the superoxide
complex. This is consistent with the fact that the fully oxidized
oxyhydroxide eliminated a OH radical forming a reduced
oxyhydroxide, which are also seen in the mass spectrum. The
[5,7,6,0,]" eliminated one, two, and three H,O forming
[CesO10(0,)]™ (Figure S9, Supporting Information), and also
lost (3H,O + O,) to form the reduced [CesOjy]” ion in a low
abundance process analogous to the loss of (3H,O + OH) from
[CesO7(OH),] ™.

Ces Complexes. The fully oxidized [6,11,3]" oxyhydroxide
at m/z 1066.4 is the most abundant ion formed in the Ceq
envelope; however, there are also substantial ions corresponding
to the reduced oxyhydroxide [6,10,4]" at m/z 1067.4 and a
superoxide [6,11,2,0,] at 1081.4. These compositions indicate
that ions in the Ceg envelope are substantially less hydroxylated
compared to clusters having either smaller or larger numbers
of Ce atoms. Since the Ceq oxyhydroxides are formed under
exactly the same conditions as the other clusters, which are
substantially more hydroxylated, we conclude that this cluster
has a much lower tendency for hydrolysis. Dissociation of
[6,11,3]" resulted in elimination of a single H,O, forming
[6,12,1]" at m/z 1048.4 (Figure 13, top), and was accompanied
by a cluster fission resulting in losses of one to five CeO, units,
ultimately forming [1,2,1]". In addition, the fully oxidized
[6,11,3]" loses a hydroxyl radical, which necessitates reduction
of the Ceg core in producing the reduced [6,11,2]™ at m/z 1047 4.
The average Ce oxidation number in the [6,11,2] is 3.8, as
compared to 4.0 for the other cluster ions in the Ceg ion
envelope. This suggests that like the Ces clusters, the Ceq
oxyhydroxides effectively accommodate a Ce(III) metal center.

DFT modeling suggests a structure for [6,11,3]" in which
the Ce atoms comprise a slightly distorted octahedron (Figure
14). A second stable structure was identified 18.4 kcal/mol
higher in which five of the Ce atoms comprise a square pyramid
that is modified by addition of CeO, to one of the trigonal faces
(referred to as “side-on”). Hydration of the octahedron was
predicted to be exothermic by 38.1 kcal/mol, and produces a
[6,10,5] structure for which all Ce atoms except one have a
pendant hydroxide; however, despite the favorable calculated
energetics, this ion was only present in very low abundance,
suggesting that its formation was kinetically limited. A [6,10,5]
side-on structure analogous to that for [6,11,3]" side-on structure
was also calculated to be stable, although ~13 kcal/mol higher
than the isomeric octahedron. A second hydration step was also
predicted to be exoergic by 13.4 kcal/mol, but the product
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[6,9,7]" was not seen in the mass spectrum. The calculated
structure suggests that this hydration step would require
formation of a gem-diol moiety on one of the Ce metal centers
on the octahedron, which is evidently slow enough that it is
not observed.

A surprisingly abundant superoxide-containing cluster was
observed at m/z 1081.4, corresponding to the structural formula
[6,11,2,0,]. This ion suggests formation of a reactive reduced
[6,11,2]" (seen from loss of OH radical from [6,11,3]™ above)
in the laser ablation plume that is condensed with dioxygen,
forming the superoxide complex. An alternative explanation may
be the formation of a superoxide anion [6,12,0,0,] by reaction
between O, and the reduced [6,12,0] (produced by laser
ablation) followed by hydration reaction to yield [6,11,2,0,] .
This structural formula was supported by collision-induced
dissociation, which showed initial loss of neutral dioxygen
producing [6,11,2]" at m/z 1049.4, followed in series by loss
of H,O to form [6,12,0]" (Figure 13, bottom). The fact that
loss of O, preceded loss of H,O was surprising because H,O
had been the most easily eliminated neutral in previous
superoxide systems. The favored redox elimination of O, in this
system further supports the idea that the Ceg cluster ions have
the ability to stabilize a Ce(III) metal center to a much greater
degree than do the smaller clusters.

Ce; Complexes. The Ce; ion envelope contained a low
abundance m/z 1274.3 that corresponds to the fully oxidized
[7,11,7]7, which is accompanied by a more intense ion at m/z
1275.3 that is reduced [7,10,8]". The structure calculated for
[7,11,7] showed Ce atoms positioned symmetrically in Ds,
symmetry (Figure 15). #3-Oxo bridges connect each of the five
equatorial Ce atoms to four adjacent Ce atoms, and the two
axial Ce atoms to all five equatorial Ce atoms. In addition, the
two axial Ce atoms were bound to each other by a u,-oxo bridge
through the center of the structure; this oxygen atom is not
calculated to interact with any of the equatorial metals. The
reduced [7,10,8] ion at m/z 1275.3 is slightly more abundant
than the fully oxidized [7,11,7]". The abundance of the reduced
[7,10,8]" again suggests the ability of the larger clusters to
stabilize a Ce(IIl) metal center. The peak at m/z 1312.3
corresponded to fully oxidized [7,9,11]  that is related to the
[7,11,7] by the addition of two H,O molecules. Curiously there
is no intermediate oxidized [7,10,9], which indicates that the
Ce; may be partitioned into two populations that have dissimilar
abilities to accommodate hydrolysis.

Ce, Complexes, x = 8—13. Cerium clusters for Ceg_; had
compositions corresponding to fully oxidized and reduced
oxyhydroxides and to the corresponding superoxides. The fully
oxidized oxyhydroxides had OH/Ce ratios that hovered between
1.1 and 1.2, displaying none of the variability seen in the Ces
or Ceq ion envelopes (Figure 4). The relative abundances of
the reduced oxyhydroxides within the individual ion envelopes
become greater than that of the corresponding fully oxidized
ions, and the oxyhydroxides also become relatively less
abundant, as shown in Figure 3. The absolute ion abundances
decrease steadily as the number of Ce atoms increases above
Ceg, to the point where Ce, clusters are not significantly above
background. The monotonic decrease in intensities is interrupted,
however, by the abundant ion envelope for Ce,3, which indicates
that the Ce,; ions are more stable neighboring congeners. Given
the trend toward reduced species seen in the Ceg—;; ion
envelopes, it was surprising that the Ce;3 ion envelope did not
contain any reduced oxyhydroxides, instead only the fully
oxidized [13,19,15]" was formed. However, the most abundant
Ce,; ion was the superoxide [13,19,14,0,]", which may be
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Figure 14. Structures and reaction coordinate diagram for [6,11,3]” undergoing addition of one and two H,O to form [6,10,5] and [6,9,7] .

Figure 15. Structure of [7,11,7] calculated with DFT.

formed from a redox condensation of the reduced [13,19,14]~
with dioxygen or by serial O, and H,O additions of a dehydrated
reduced precursor as suggested for the Ce, clusters. Finally, a
low abundance, but above background ion was measured at m/z
2944 4, which would correspond to [16,23,18,0,]". The fact
the neighboring congeners were not formed indicates that this
composition also enjoys unusual stability.

Dissociation experiments were not performed for the Ce,»;
ion clusters because ion abundances were low; however,
elucidating the fragmentation behavior and structures of these
clusters remains a worthy target for future research. The
surprising intensity of the Ce; clusters [13,19,15]" and

"

[13,19,14,(O,)]” does suggest formation of structures of higher
stability, perhaps Ce analogues of a Keggin structure well-known
for Group 6 transition metals (notably W) and also Al. A charge
neutral Ce Keggin would have the structural formula
[(CeO4)(Ce,05(OH)25]°, and when ionized by attachment of a
hydroxide would form [13,12,29]", using the notation of this
paper. Exactly seven dehydration reactions of [13,12,29] would
produce the observed [13,19,15]7; however, if this were
occurring then the absence of any of the higher hydrates is
puzzling. An alternative concept might be direct LA formation
of a [13,19,15]" Ce Keggin that can accommodate additional
water molecules, but is not further hydrated because of slow
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addition kinetics and weak binding, perhaps suggesting datively
bound water, in which case the hydrated version should be rather
written as [13,15,19,(H,O);]”. DFT calculations, which are
challenging given the range of possible structures and the
expense of calculations of systems of this size, are currently
underway. Strategies to investigate this hypothesis are needed
for better understanding of these intermediate-sized clusters.

Conclusions

Cerium oxyhydroxides are an intriguing class of molecules
on account of their possible catalytic potential, and due to the
fact that they provide insight into the difficult problem of
oxypolymer formation in solutions of f elements in the +4
oxidation state. The study of discrete species has historically
been difficult; however, in the present case a number of cerium
oxyhydroxide clusters have been formed in the gas phase
environment of a trapped ion mass spectrometer by using laser
ablation with a coincident pulse of N, gas, which stabilizes
nascent cluster ions. A low-pressure laser ablation experiment
conducted with a time-of-flight mass spectrometer showed that
only very low abundance, mostly dehydrated cluster ions were
formed, a stark contrast to the gas-pulse LA experiment in the
FT-ICR-MS. This suggests the following: (a) LA results in
emission of both neutral and ionized Ce,O, cluster ions having
arange of sizes, together with small neutral molecules and small
ions; (b) the neutral clusters are ionized by reaction with the
charged moieties, either electrons or small anions notably OH™
or O,7; (c) the cluster anions are stabilized by collisions with
the N, gas; and (d) the cluster anions react with adventitious
H,0 by hydrolysis to form oxyhydroxide species, or by reaction
with O, to form superoxides. The reverse of these processes
was demonstrated by collisionally activated dissociation that
produced loss(es) of one or more H,O molecules, accompanied
by cluster fission reactions occurring in tandem with the
dehydration reactions. Interruption of the dissociation cascade
after the dehydration reactions allows the intermediate ions to
deactivate, and subsequent reactivation of the cooled ions does
not result in resumption of the cluster fission reactions,
suggesting that the ions produced by dehydration are highly
stable. The high stability was further suggested by extensive
DFT calculations that showed that H,O elimination required
anywhere from 10 to ~40 kcal/mol, and that cluster fission
required on the order of 80 kcal/mol.

Distributions of ions within the different Ce,—;_;3 ion
envelopes varied considerably with x, and showed that as x
increased, the number of hydroxyl moieties per Ce atom
decreased, approaching 1 at values =7, suggesting that a OH
“surface” density on the clusters is similar to what would be
seen on a ceria surface is being approached. Ions having x values
of 3 and 6 do not follow this general trend. The Ce; ion envelope
is significantly more hydroxylated than would be expected,
pointing to a structure capable of accommodating more hy-
drolysis than expected (implying a less-condensed structure that
is likely hexagonal). Conversely, the Ceg ion envelope eschews
hydrolysis as indicated by oxyhydroxide compositions that have
a significantly fewer number of hydroxyl moieties, probably as
a result of preferential formation of an octahedral structure.
Limitations associated with slow hydration kinetics for the Ceg
species may temper this conclusion; however, the Ceq clusters
were formed under conditions identical to the neighboring Ces
and Ce;, which strongly suggests hydration chemistry that is
much different.

Once x becomes greater than 4, the relative abundances of
reduced oxyhydroxide clusters become much more significant,

Aubriet et al.

as do those of the superoxides. This is consistent with the
hypothesis that initially formed, reduced oxyhydroxides undergo
a redox condensation with dioxygen, forming the superoxide
complexes, but also may be due to slower reaction rates for
homolytic reactions with water resulting from the larger size
of the molecules. In general, the abundances of the ion envelopes
fall monotonically as x increases; however, this pattern is
interrupted at x = 13, and perhaps x = 16: these clusters are
significantly more stable than are neighboring congeners having
other numbers of Ce atoms.

DEFT calculations of the clusters show an energetic preference
for highly symmetrical structures as defined by the Ce atoms.
Structures calculated for the Ce, ion envelope are modifications
of a Ce,O, rhombus. The most stable Ce; structures contain a
Ce;05 hexagon, which tends to accommodate additional oxo
moieties by additional u#-oxo bridges, and is unusually suscep-
tible to hydrolysis. The Ce atoms in the structures for the clusters
in the Cey4 ion envelope define an approximate tetrahedron, and
are bound by u-oxo bridges. The Ce atoms in the lowest energy
structure for the Ces oxyhydroxide define a square pyramid that
is notable because it contains a centrally situated u4-oxo bridge
at the center of the base. Octahedral structures that account for
the most stable species in the Ceg envelope, and similarly the
Ce;, appear to be best represented by a related Ds), structure.
The unusual stability of the Ce;; oxyhydroxides may be
accounted for by formation of a Ce Keggin-type complex;
however, this represents an ongoing research question.

These structural variations clearly manifest in terms of large
alterations in the chemistry, in terms of reactivity with H,O,
ability to undergo reduction, and subsequent redox condensation
with dioxygen. The variations may provide insight into reactivity
of active sites on surfaces that are important in effecting catalytic
transitions, and we expect that the ability to form these species
will provide an entrée to studies of a wider range of ion—molecule
reactions designed to simulate heterogeneous adsorption, hy-
drolysis, oxidation, and reduction.
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