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ABSTRACT

Transition-metal oxide cation clusters, M, O} (M = V, Nb, Ta, Cr, Fe), are produced
in a molecular beam using laser vaporization in a pulsed nozzle cluster source and detected
with time-of-flight mass spectrometry. The mass spectrum for each metal exhibits a limited
number of stoichiometries for each value of n, where m > n. The cluster cations are mass
selected and photodissociated using the second (532 nm) or third (355 nm) harmonic of a
Nd:YAG laser. All of these clusters require multiphoton conditions for dissociation, consistent
with their expected strong bonding. Dissociation occurs by either elimination of oxygen
or by fission processes producing stable cation species and/or eliminating stable neutrals,
repeatedly producing clusters having the same specific stoichiometries. In oxygen elimination,
vanadium, chromium and iron species tend to lose units of O, whereas niobium and tantalum
lose O atoms. For each metal increment, n, oxygen elimination proceeds until a terminal
stoichiometry is reached. Clusters having this stoichiometry do not eliminate more oxygen,
but rather undergo fission, producing smaller M, O, species. The smaller clusters produced
as fission products represent the corresponding terminal stoichiometries for those smaller
n values. This behavior suggests that these clusters have stable bonding networks at their
core, but additional excess oxygen at their periphery. Chromium and iron also shows a
strong preference for eliminating specific stable neutral clusters such as FeO, CrOs, CryOs,

or CryOq9. Specific cation clusters are identified to be stable because they are produced



repeatedly in the decomposition of larger clusters. These combined results determine that
M,Of, M;07, M,Of , M;07,, MsO7,, and M;O7, have the greatest stability for V, Nb, and
Ta oxide clusters. The Cr clusters determined to have the greatest relative stability are
Cr,0F, Cr30¢, Cr;0F, CryOf and Cry,Of, and the most stable iron clusters are n = m
clusters of Fe, O}, where n=2-13.

The most stable cation clusters have been calculated using density functional theory to
be ring or cage structures comprised on M-O-M-O networks. The inferred neutral clusters
eliminated are also noteworthy as their stoichiometries are found in the corresponding bulk
materials. In addition our data implies that the vanadium group and iron oxide clusters
exhibit oxidation states which are commonly found in the corresponding bulk oxides. The
vanadium group clusters imply oxidation states of +4 and 45 whereas the iron clusters sug-
gest the commonly found +2 and +3 states. In contrast, the most stable chromium clusters
suggest +4 and +5 oxidation states which are not commonly found in the corresponding
solid oxide materials. These results have provided insights into the similarities and differ-
ences between the oxide clusters and their corresponding nanoparticle and bulk oxides which
are useful for nanomaterial isolation experiments.

INDEX WORDS: Laser vaporization, Molecular Beams, Mass Spectrometry,
Photodissociation, Metal Oxide Clusters
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 APPLICATIONS OF BULK OXIDE MATERIALS

Transition metal oxides are ubiquitous throughout catalysis, ceramics, electronics, and mag-
netic materials.' ' Transition metal oxides exhibit several different oxidation states while
maintaining their chemical stability, making them ideal candidates for catalysis and elec-
tronics.® These oxidation states allow the oxidation processes used to form various alco-
hols, aldehydes, acids, ketones, and anhydrides to be selectively controlled.® Recent catalysis
experiments have tried using magnetite, Fe3O,4 in an attempt to lower the temperature at
which the water gas shift reaction occurs.!’ These oxides are perhaps even more renowned
for their utility in electronics.' The defect structures of zinc oxide, ZnO, are used in gas
sensors and semiconductors making it one of the most well studied oxide systems.® More
recently there have been speculations of whether ZnO can be used in spintronics, where
the electron spins are exploited for data storage rather than the charges.'> Other materials
such as capacitors used in automotive electronics, electronic devices, and high speed tools
are comprised of tantalum oxide, TayO5.12 These oxides are also found in magnetic appli-
cations. Magnetite, Fe3Oy, is the most magnetic of all the naturally occurring minerals on

earth making it particularly useful in magnetic materials used for data recording.!™

1.2 NANOPARTICLE APPLICATIONS

Recently, nanoparticle studies have further expanded the applications of transition metal
oxides into magnetism, catalysis and biotechnology.'® 7 Perhaps the first observation of
micron-sized particles came from Michael Faraday in 1857 when he theorized that the red
color of gold colloids was due to their microscopic size.?® Even smaller particles can be studied
today in the nano regime. These nanoparticles do exhibit classical bulk like properties yet in
some ways still maintain properties of the material from which they originate.!® This alludes
to their intermediate behavior which is between the corresponding bulk solid as well as the

atoms and molecules which makeup that solid. Thus, their size can have a large influence



on the chemical reactivity, stability, magnetic, optical and electrical properties. Reactivity,
stability, and optical properties are related to the fraction of the total number of atoms which
are found on the surface of these nanoparticles. This change in stability is found where transi-
tion metal oxides are used as supports for solid metal catalysts.'® For example, small clusters
of gold supported on titanium dioxide are well known for their efficacy in CO oxidation.% 1°
The relationship between the magnetic and electrical properties of these particles and the
corresponding bulk material is not so intuitive.'® Extensive investigations have proven that
while some of the magnetic and electrical properties change, others remain very similar.
For example, a-Fe;O3 behaves like typical antiferromagnetic bulk materials at sizes > 14
nm, whereas smaller crystals < 9 nm show ferromagnetic behavior.® However, chromium
oxide, Cry0O3, which is antiferromagnetic in the bulk solid has ferromagnetic properties in
the nanoparticle size regime.?? ZnO quantum dots is another example of nanoparticles which
are considered a hybrid of molecules and bulk materials. Quantum dots exhibit some of the
same properties as the corresponding bulk material as well as quantum behavior found at
the molecular level.'* Probing physical properties of these oxides is therefore vital to our
understanding of these systems. Gas phase metal oxide clusters are model systems which
can be used to probe stability, geometry, and reactivity at the molecular level. This work
focuses on the determination of stable cation clusters using photodissociation studies. The
results can be compared to those from a variety of experimental investigations and density
functional theory (DFT), providing insights into the bonding, structure, stability and pos-
sibly magnetic properties of these systems. These results will provide valuable information

which can then be used in isolating nanocluster materials.

1.3 CLUSTER PRODUCTION

Experiments have been used to generate and detect clusters for decades, thus there is an
enormous amount of information available discussing the results provided by these tech-

niques. For this reason, disadvantages and advantages of specific sources and techniques



will be discussed in relation to the present investigations. Subsequently, techniques used to
study metal oxide clusters will be discussed providing justification and advantages of our
experimental techniques.

It is instructive to first discuss the overall physical properties of transition metal oxides.
This will be useful in understanding the advantage and disadvantages of the techniques which
can be used to produce gas phase clusters. Bulk solids of transition metal oxides are highly
refractory materials with boiling points ranging from 2000 K for zinc oxide to 4000 K for
chromium oxide.!® The bond energies of these clusters are in the range of 3 - 7 eV.3032
The ionization potentials of the oxide clusters have only been measured for FeO, which is
about 8.5 eV.3® Theory has been used to calculate the ionization potentials of iron®** and
vanadium?®® oxides which are also thought to be approximately 8 eV. Zinc is the only oxide
with a measurable conductivity while most other oxides are insulators.! Lastly, most of
these bulk oxides are considered chemically inert due to their inherent stability. All of these
properties combined necessitate a technique which can overcome the physical properties
allowing gas phase clusters to be produced and studied.

Historically clusters have been generated by synthetic methods, high temperature ovens
known as Knudsen cells, and ion sputtering. Alivisatos and coworkers have used synthetic
methods to produce nanoparticle clusters of cobalt, cadmium selenide and iron oxide.!%35
Hill and coworkers have even synthesized transition metal oxygen anion clusters, known as
polyoxometalates or “POMs”.1%36 However these methods are limited to forming large clus-
ters as well as to those that can be produced in solution. It is useful to produce small gas
phase clusters which can be used to study fundamental properties such as bonding, struc-
ture, and reactivity. Generating gas phase clusters consists of 4 processes: 1) vaporization
which produces gas phase atoms or molecules, 2) nucleation where condensation of these
atoms occur forming small clusters, 3) growth where additional atoms are added to the ini-
tial cluster, and 4) coalescence where the smaller clusters merge to form larger clusters. In

addition to growth, clusters can also shrink due to evaporative cooling or even fragmentation



from internally hot clusters.®” Thus, the type of source utilized determines the size distri-
butions of clusters. The initial step in gas phase cluster formation, vaporization, requires
high-temperatures which are provided by only a few methods. Knudsen cells and ion sput-
tering are two sources which operate at high enough temperatures to produce gas phase
clusters. A Knudsen cell involves heating a volatile solid or liquid in a high temperature oven
which has an aperture small enough that it does not disturb the equilibrium between the
gas and condensed phases within the cell.>” Heating the sample creates a low enough vapor
pressure that the evaporated atoms, molecules, or clusters within the cell can effuse through
the aperture. The high temperature required creates internally hot clusters which undergo
fragmentation generating smaller clusters.’” An additional problem is the aperture diameter
necessary to maintain equilibrium in the oven can cause clogging for less volatile solids. Reck-
nagle and coworkers evaded the problems of creating hot clusters by filling the Knudsen cell
with helium gas and enclosing it in a liquid nitrogen cooled condensation cell. This is known
as inert gas condensation.®® Antimony, bismuth and lead clusters were detected containing
between 2 and 500 atoms using this source.?® Martin and coworkers used this method to
generate alkali metal clusters,®® alkali - halide clusters,?® and even small oxygen deficient
alkali oxide clusters.?® Although development of inert gas condensation was an improvement
over traditional Knudsen cells, there are still disadvantages. As mentioned previously, most
transition metal oxides have extremely high boiling points, up to 4000 K, which would be
impossible to study using this source. For example, aluminum oxide cluster can be initially
formed in this cell, however, discontinuities in the evaporation rate were noted which alters
the clusters produced.?® Ton sputtering sources can generate clusters of high refractory mate-
rials. Target materials are bombarded with high energy inert gas ions from an ion gun.*’
Heavier inert gases are typically used as sputtering ions with energies of approximately 20
keV %! The clusters produced are hot and therefore undergo evaporative cooling so that the
most abundant clusters are those with larger binding energies. This method can be used

for high melting materials but it cannot be used for those materials which are reactive, like



transition metals. Thus, this method is mainly used with gold and silver which are considered
inert metals.“®4! An alternative to the previously described technique is laser ablation, or
sometimes called laser vaporization. In laser ablation high powered pulsed lasers are focused
onto a solid target vaporizing the material instantaneously.*> The advantage of this source
is that practically any solid can be studied confining the limitations to the creativity of the
user rather than the chemical species. In addition this source produces neutral, cation and
anion clusters which are all contained in the clusters expansion adding further versatility to

the manifold of clusters which can be studied.

1.4 CLUSTER DETECTION

Various detection methods have been utilized to ionize and detect clusters produced by the
aforementioned sources. Traditionally electron impact ionization (EI), and photoionization
(PI) were used to ionize neutral clusters in order to detect the generated clusters. Elec-

40,41 gources to detect

tron impact has been used with Knudsen cell®®*3? and ion sputtering
antimony, bismuth, lead, alkali metal, alkali - halide, and small alkali oxide clusters. This
process efficiently produces ions where the electron energy is above the ionization poten-
tial.#® However, the excess energy required to produce ions with high ionization potentials,
like transition metal oxides, results in internal heating as well as extensive fragmentation
of these clusters. Originally laser vaporization was used in the investigations of photoion-
ized neutral clusters.*? The advantages of laser vaporization allowed numerous systems to
be studied, however photoionization suffers from similar disadvantages as EI. As mentioned
previously, the measured ionization potential of FeO is approximately 8.5 eV3? and the cal-
culated ionization potentials for iron®® and vanadium®* oxides are approximately the same.
These potentials show that multiphoton conditions are required in order to detect the neu-
tral clusters using 193 nm and 355 nm. VUV photoionization, 118 nm, has the best chance

to ionize clusters without fragmentation, and thus may be able to detect the most abundant

neutral clusters formed. However photoionization with VUV could also be detecting those



clusters which are easier to ionize as opposed to those that are the most stable. This possible
bias in the photoionization measurements makes it impossible to truly obtain neutral cluster
distributions. In order to avoid these disadvantages cations can be measured out of the jet
using laser ablation. A supersonic expansion containing cold cations is produced by coupling
this source with a pulsed nozzle.** >3 This not only circumvents the disadvantages of ion-
ization methods but adds the ability to seed ligands of interest directly into the expansion
gas. This technique produces weakly bound metal ion-ligand complexes or strongly bound

transition metal oxide and metal carbide clusters, as shown by our group.’' 3

1.5 SURVEY OF TRANSITION METAL OXIDE EXPERIMENTS

Several detection methods and experimental techniques have been combined with laser
vaporization in order to study gas phase transition metal oxide clusters.?? 335467 Cluster
stoichiometries and relative abundances of various transition metal oxide clusters have been
determined using mass spectrometry. Equilibrium measurements have been performed on the
small vanadium oxide clusters.>* Castleman and coworkers measured mass spectra for vana-
dium, niobium, tantalum, and chromium oxide cation clusters.?? These spectra show that
oxide clusters exhibit several stoichiometries for each metal increment, as opposed to “magic
numbers” like metal carbides.™ ™ Armentrout and coworkers determined the binding ener-
gies for small chromium and iron oxide clusters are in the range of 3-5 eV via the thresholds
for energetic oxidation reactions.®® Castleman and co-workers have also investigated collision

9 as well as niobium

induced dissociation of both vanadium oxide cluster cations and anions,?
oxide cations.?® The binding energies of vanadium, niobium and tantalum oxides were deter-
mined to be 3-6 eV.2%30 In addition, the stable clusters were determine to be V5,07,
VgOg_/g_, V4O§r_/1_0, V5Of1/__13, VGOE/__H), and V17Of6/__18 and the stable neutral leaving groups
were determined to be VO,, VO3 and V5,05 for both cation and anion clusters.??3° The

same patterns were observed for the niobium oxide cation clusters.?® This same group also

measured the photodissociation of V,,Of clusters for n < 7.2 Although the data is not as



complete, the same stable clusters were measured. These CID and photodissociation studies
were used to determine the stable cluster cations for vanadium and niobium oxide clusters
where similar stoichiometries were found.?:30

Additional experiments by Bernstein and co-workers investigated neutral mass distribu-
tions for the vanadium group and iron oxides using laser photoionization at vacuum ultra-
violet33°¢ and x-ray wavelengths.’” While cross sections are not known for any of these
species, the ionization potential of FeO has been measured by Leone and coworkers to be
8.56 eV.3? Additionally Khanna and co-workers calculated the ionization potentials to be
approximately 7.5 eV for n=m FeO clusters, where n = 2-6.33 VUV photoionization is the
best way to ionize these clusters without fragmentation, allowing the possible detection of
the most abundant neutral clusters formed. The most abundant clusters detected with 118
nm photoionization studies were V05, V307, V4Oq, V5015, VgO14, and V;07 with small
amounts of Vg0i9.3%% Whereas the most abundant clusters for all three group V metals
detected using 26.5 eV were of the form (MOs)g;1(M3O5), corresponding to MyO5, M50y,
M4O19, M5012, MgO15, M7O17, MgOsg, and MgOq,.5" This same photoionization technique
was used to measure photoionized Fe,O,, neutral clusters using three different wavelengths,
355 nm, 193 nm, and 118nm.%¢ All three wavelengths show distributions where n = m, or
1:1, species are the most intense features within the mass spectra.

The dissociation patterns of small iron oxide cation clusters, where m < 4, were measured
by Schwarz and co-workers using collisional activated mass spectrometry.3! These results
showed preferential inferred losses of FeO from the 1:1 clusters and losses of O from the
more oxygen rich clusters. The thermochemical data presented by Schwarz and co-workers
for the smaller clusters, suggest the loss of FeO from Fe;O3 is ~ 20 kcal /mole lower energy
than the competitive channels of dissociation to FeO + Oy and FeO, 4+ FeO and ~ 30
kcal /mole lower energy than the dissociation to Fe3Oq + O.3!

The combined results from these experiments provide evidence for the relative stabilities

of some oxide species. However all of these measurements use mass spectrometry, where



problems due to unknown ionization potentials, fragmentation processes, and size-dependent
cross sections are of concern. Cation experiments using energy-variable collision induced
dissociation or photodissociation to determine the thresholds for bond breaking also have
problems. Photodissociation relies on the absorption of light, which may not be efficient in
the threshold region, and collisional measurements may suffer from significant kinetic shift
effects at the threshold, especially for strongly bound clusters. These same issues generally
make it difficult to measure the relative concentrations of neutral clusters detected by mass
spectrometry, regardless of the ionization method employed. Ionization methods may detect
clusters which are easier to ionize as opposed to those that are the most stable. Clusters that
are the most stable as cations often have low ionization potentials, making it conceivable
that the VUV ionization detects low IP clusters more easily than stable neutral clusters. The
measured and calculated potentials show that multiphoton conditions are required in order to
detect the neutral clusters using 193 nm and 355 nm. VUV photoionization, 118 nm, has the
best chance to ionize clusters without fragmentation, and thus may be able to detect the most
abundant neutral clusters formed. The x-ray laser at 26.5 eV does not require multiphoton
conditions, but the excess energy could create internally hot clusters which could result
in their fragmentation before detection. This possible bias in the photoionization makes it
impossible at present to resolve the issue of cation versus neutral stabilities.

Castleman and coworkers have reported extensive studies of transition metal oxides and
the reactivity of the group V oxide cations and small iron oxide anion clusters with small
hydrocarbons and carbon monoxide, respectively.?® The stable cations previously reported for
the group V oxides were found to be less reactive, for the most part, than their more oxygen-
rich counterparts. In the oxygen-rich clusters, reactions often lead to the loss of oxygen
and the formation of smaller oxide clusters, which typically correspond to those reported as
having the largest relative stability. From these studies Castleman also concluded that the
overall oxide cluster stabilities are as follows, V<Nb<Ta.? The reactivity of iron oxide anions

was very limited as only the small clusters (where n=1-2) were probed.?* However, these
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results showed that Fe,O, was less reactive than its oxygen rich counterparts. Castleman
also reported the repetitive inferred loss of molecular oxygen with subsequent inferred losses
FeO or FeO,.%°

The spectroscopy of small oxides has been studied with rare gas matrix isolation and
photoelectron spectroscopy (PES) of mass-selected ions. Matrix isolation studies of small
iron, chromium, nickel and noble metal oxides have been combined with DFT to determine
isomeric structures of these small species.®! Such experiments do not employ mass-selection
making it difficult to accurately determine the clusters studied. PES has determined the
electronic structures of small anion oxide clusters of copper, manganese, iron, cobalt, nickel,

chromium, vanadium, tungsten and molybdenum.%? 64

The vibrationally resolved spectra
obtained from this experiment provide vibrational frequencies for the small mass selected
clusters. The limitations of this experiment are the requirement of anion clusters and ultra-
violet light. Because the binding energies are high for metal oxide clusters a source with
more energy per photon would be useful. Both of these techniques are useful for elucidating
structures of the small oxide clusters but not the large ones.

Infrared experiments have been used to determine structures using vibrational spec-
troscopy. Our group in collaboration with Meijer and coworkers, used IR-resonance enhanced
multiphoton ionization (IR-REMPI) to obtain the IR spectra for several metal carbide™ and
oxide% cluster systems. The most applicable work in this area are the new infrared pho-
todissociation experiments using the FELIX free electron laser.%%:%" FELIX has been used to
measure vibrational patterns of mass selected clusters which are compared to the patterns
predicted by theory®® ™ for different cluster geometries. Since these clusters require mul-
tiphoton conditions to dissociate, these experiments work the best. Asmis and co-workers
used FELIX to measure the mass-selected infrared photodissociation spectra of V,07;,%
as well as infrared multiple photon dissociation (IRMPD) of vanadium oxide anion clusters
(V305),(where n=1-4).5" The spectra from both experiments reveal compelling evidence

that these anion clusters have polyhedral cage structures as suggest by theory.®” Asmis
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and coworkers have also used rare gas tagging experiments to study the VO3 and V,0;
cations.%” Rare gas tagging experiments rely on the elimination of the tag atoms rather than
fragmentation of the oxide cluster itself. There is excellent agreement between the calculated
structures and those measured via tagging and IRMPD, however the experimental data is
still very limited for these oxides.

While these IR methods have proven to be useful, they are not without their limitations.
The free electron laser has a rather broad spectral resolution which is usually greater than 20
cm™~!. In addition, particularly high laser energies are required to dissociate large transition
metal oxide clusters. This creates internally hot clusters which can result in fragmentation
prior to probing their vibrational spectra or broadening if the spectra are recorded. Because
these clusters are strongly bound they also require multiphoton conditions in order to dis-

sociate. With bond energies on the order of 4 eV and the frequencies for M=O stretches

1 1

around 1000 cm", a simple calculation shows that about 32 photons of light at 1000 cm™
are required to dissociate and observe such a vibration. This is impossible except with free
electron lasers. For these reasons experimental studies determining the structure of these
oxides clusters are limited.

Measurements of stability can aid in the determination of possible structural motifs for
these systems, and to date no thorough studies determining the relative stability of such clus-
ters exist for these transition metal oxides. Our group has shown repeatedly that photofrag-
mentation studies of cluster cations can be used to determine relative stabilities.?® ™89 Stable
clusters are difficult to dissociate, however, they are often produced as fragment ions upon
the dissociation of larger clusters. Although stable neutrals are not detected, they can be
inferred from the neutral leaving groups via mass conservation. These methods have been
used previously in our lab to study metal carbide™ and metal oxide clusters.?® The work

presented here focuses on the using photodissociation studies to determine the most stable

clusters for V, Nb, Ta, Cr, and Fe oxide cluster cations. The stable cations cluster can then be
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compared to the results of the aforementioned experiments as well as the structures obtained

by theory.58 72
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Clusters are produced and studied in a specially designed molecular beam machine which
is shown in Figure 2.1. The machine contains two chambers which are differentially pumped.
The one where clusters are formed is known as the “source” chamber. It is held at a constant
pressure of ~ 1075 torr by a VHS-10 (Varian) diffusion pump. Clusters are produced by
laser vaporization of a rotating metal rod in a pulsed nozzle cluster source. The clusters
produced are skimmed into a molecular beam through a skimmer cone which separates the
two chambers. The second chamber, known as the “detection” chamber houses the reflectron
time-of-flight mass spectrometer (TOF-MS) where the clusters are mass analyzed.!»? This
chamber is held at a constant pressure of ~ 107® torr by a VHS-6 (Varian) diffusion pump.
Figure 2.1 shows a schematic of our apparatus including the chamber where clusters are
formed and the differentially pumped reflectron TOF-MS.

The laser vaporization source is shown in Figure 2.2a. The second harmonic (532 nm) of a
pulsed Nd:YAG laser (Spectra Physics GCR-11) is used to vaporize a 1/4 metal rod. Typical
vaporization laser energies used are 20-60 mJ/pulse with a 5 - 10 ns pulse duration and a
10 Hz repetition rate. The timing and synchronization of our entire experiment is controlled
by digital delay generators (Stanford Research Systems DG535). The metal rod is held in a
homemade holder where an aperture allows the vaporized material to intersect with a helium
buffer gas which is seeded with 1 to 20% oxygen. A General Valve (series 9) with backing
pressures of 60 to 150 psi is used to pulse in the gas mixture creating a supersonic expansion
where cluster growth occurs. The clusters formed are cooled via collisions with the helium
mixture. Cooling the expansion too quickly essentially freezes the clusters thus spoiling
the growth of large, strongly bound ones. For this reason a 1 inch growth channel, with a
Smm diameter, is attached to the end of the regular rod holder, as shown in Figure 2.2a.
A photograph of the entire nozzle assembly is shown in Figure 2.2b. This growth channel
allows the clusters more time to cool and find their thermodynamically favored state. The
channel also introduces turbulence into the flow creating more collisions between the metal

and oxygen and thus there are more opportunities to grow larger clusters. Although the
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resulting expansion has an overall neutral charge, it contains cations, anions, electrons, and
neutral species alike. The expansion is skimmed into the differentially pumped TOF-MS
chamber creating a collimated molecular beam of clusters containing the helium buffer gas
as well as the clusters of interest. A photograph of the cluster source including the nozzle
assembly and skimmer cone is shown in Figure 2.3.

After entering the mass spectrometer chamber, the cation clusters are detected with a
TOF mass spectrometer. To do this, ions are accelerated, perpendicular from the initial
direction of beam flow, down the first flight tube with a Wiley McLaren® type source. The
acceleration region consists of a repeller plate, a draw-out-grid (DOG), and a ground plate.
The repeller plate and DOG are pulsed with voltages of 1000V and 900V respectively, while
the ground plate is held at a constant 0 V. The plates are timed properly using digital delay
generators and switched using fast high voltage transistor switches (Behlke HT'S-500). The
plate voltages and amount of spatial separation between the plates creates two electric fields
whose ratio is adjusted to achieve optimized resolution. As the ions move through the electric
field they are accelerated into the first flight tube. Clusters, which all have some remaining
velocity in the direction of the molecular beam, are steered into the first flight tube using
deflection plates. An additional lens, known as the einzel lens, is used to further focus the
ions.

Once the ions enter the first flight tube they are separated in time based on their mass.

In the first flight tube the ions encounter a °

‘mass gate” which is a plate that can be left at
0 V or held at 200 V and pulsed down to 0 V, depending on the mode of operation. When
a mass spectrum is being collected in order to determine what clusters are being formed in
the source, the mass gate is left at 0 V allowing all clusters to pass through. When mass
selection is being used the plates are held at 200 V to reject any undesired ions. The plates

are switched back to 0 V at the precise time the ion of interest passes through, after which

the plates are switched back to 200 V, rejecting later cluster ions.
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Figure 2.3: Photograph of the cluster source in the vacuum chamber. The metal sample rod
is seen going through the rod holder. The vaporization laser enters from the
opposite side. The skimmer cone, left, separates the source chamber from the
mass spectrometer.
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At the end of the first flight tube the clusters ions enter the reflectron assembly, commonly
referred to as the “turning region”. In this region, the ions pass through a set of grids which
are used to slow the ions down to near zero velocity. The ions are in the turning region
for approximately 2-3 us. They are then re-accelerated down the second flight tube by the
reflectron field. When a mass spectrum is being taken all of the clusters enter the turning
region and all are re-accelerated down the second flight tube. However, the turning region
also allows us to intersect mass-selected clusters ions with a high power pulsed laser used to
initiate photodissociation. The second (532 nm) or third (355 nm) harmonic of a pulsed Nd:
YAG laser (Spectra Physics DCR-3) are used for photodissociation. Once photodissociation
has occurred, the parent and fragment ions are reaccelerated down the second flight tube.
Whether taking a full mass spectrum or a photodissociation mass spectrum, at the end of
the second tube the cluster ions are detected using a Hamamatsu (Model R595) electron
multiplier tube detector, EMT, which amplifies the signal by a factor of 10°. The signal
then gains an extra factor of 5 amplification by a Stanford Research Systems pre-amplifier
(SRS 445A). The signal is collected using a digital oscilloscope (LeCroy 9310). The data are
then transferred to a computer via an IEEE-488 interface where it is analyzed and assigned.
Figure 2.4 shows a schematic of the reflectron TOF-MS.

The following equation (2.1) is used to determine the precise mass of each cluster ion as
it is detected in time.

KE = L2 (2.1)
2

The kinetic energy, KE, is the same for all ions since they all pass through the same electric
field, m is the mass of the ion, and v is its corresponding velocity. The velocity equation (2.2)

can then be substituted into the KE equation (2.1) to obtain a new KE equation (2.3).

v=— (2.2)
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Equation 2.3 can be rearranged to show the relationship between mass and time, equation

24.

t

np:ﬂKE)c02 (2.4)

Since all ions have the same initial KE, the KE of an ion with mass m; equals the KE of an

ion with mass my. Therefore the following equations (2.5 & 2.6) can be written

KE, = KE, (2.5)

() m ()

Since the repeller and DOG are pulsed, the time when the voltage is applied is time zero.
Additionally, all ions drift down the same flight tube making d constant. This allows equation

2.7 to be written which is used to assign each mass peak within the mass spectrum.

m2:nh(@)2 (2.7)

131
Thus a mass spectrum is assigned by first assigning a known ion, m;, which is recognized
by its known TOF or isotope pattern. Using equation 2.7, the time of arrival of both ions
in combination with m; is used to determine my. The entire mass spectrum can be assigned
using this approach. Figure 2.5 shows a mass spectrum of Nb, O clusters obtained using
our cluster source and reflectron TOF-MS.

In order to obtain large clusters with the highest intensity, various concentrations of
oxygen and backing pressures have been investigated. The concentrations of oxygen range
from 1 - 20% and the backing pressures range from 20 to 200 psi. For the vanadium group
and chromium oxides the optimal concentration of oxygen was determined to be 1-3% with
a backing pressure of 60 psi. For these systems, changing the oxygen concentration from 1
to 20% or the backing pressure from 60 to 150 psi did not change the cluster distributions.
In addition the detected signal levels for the cluster produced only varied slightly. However,

the iron oxide clusters produced were dependent on both the concentration of oxygen and
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backing pressure. A comparison of the cluster distributions using 150 psi backing pressure is
shown for 1% and 20% oxygen in Figure 2.6. Figure 2.7 shows the cluster distributions for
20% oxygen with 70 psi and 150 psi backing pressures. For this system, the optimal oxygen
concentration was determined to be 20% with a backing pressure of 150 psi.

Photodissociation mass spectra are also measured for the individual clusters. The same
methodology used to assign mass spectra is used to assign photodissociation mass spectra.
However, since photodissociation occurs in the turning region, the time zero corresponds to
the time when the photodissociation laser is fired. As long as the dissociation occurs while the
parent cluster ions are in the acceleration region of the reflectron, the parent and fragment
ions will all receive the same initial KE allowing them to be mass resolved in the second flight
tube and detected. The photodissociation mass spectra are collected in a difference mode
of operation where spectra collected with the photodissociation laser off (only the selected
parent ion present) are subtracted from the spectra collected with the photodissociation
laser on (which contains fragment peaks and residual parent ion). This method produces a
negative parent ion peak, showing depletion, and positive fragment ion peaks, as shown for
Fe,OF in Figure 2.8. Ideally the integrated intensities of the fragment ion peaks would equal
the integrated intensity of the parent ion, displaying charge conservation. However, mass
discrimination effects within our instrument make it impossible to focus on both the parent
and fragment ions with equal detection sensitivity and resolution.® Therefore, we focus on
the fragment ions and use several focusing conditions to ensure that no fragment ions are
missed and that no strong bias occurs for any mass peaks. However, for these reasons, we do
not report branching ratios for the various fragment ions. Instead, we distinguish between
strong and weak fragment mass peaks. Additionally, in our spectra the fragment ion peaks
are amplified which may result in an off scale parent ion peak. This is illustrated in Figure 2.8
for the Fe,OF cluster.

A general assumption of unimolecular kinetics, according to RRKM, is that the weakest

bond in a cluster will break first.* The rate of dissociation depends on the amount of excess
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energy deposited above the dissociation threshold as well as the density of states near the
level where excitation occurs. There are additional factors which affect the observed frag-
mentation products of clusters in our experiment. Oxide clusters are very strongly bound
networks with calculated bond energies of 3-7 eV /bond.> ' Therefore, they require high
laser fluences to dissociate. The photodissocation laser provides 2.3 eV at 532 nm and 3.5
eV at 355 nm, and one photon from either of these is not enough energy to break a metal
oxide bond. Therefore, we use multiphoton conditions for dissociation of these systems. An
additional reason for using multiphoton conditions is that the rate of unimolecular disso-
ciation increases with excess energy. Using high laser fluences increases the chances that
fragments can absorb light and subsequently fragment again, resulting in sequential disso-
ciative processes. We use laser-power-dependence studies to determine if these sequential
dissociative processes occur. If fragmentation is sequential we should observe a decrease and
eventual loss of mass peaks resulting from additional fragmentation. The power of the dis-
sociation laser is varied from 5 mJ/pulse to 50 mJ/pulse. These studies do not show such
sequential process for the vanadium group and chromium oxides, however these processes
are shown for iron oxides. Figure 2.9 shows the power-dependence photodissociation mass
spectra for the Cr O, where the sequential processes are not observed. Figure 2.10 shows
the power-dependence photodissociation mass spectra for the Fe;507,. For the vanadium
group and chromium oxides, they might be happening on a timescale that is too fast to be
resolved. However, the best interpretation is that several dissociation channels all happen
simultaneously in these systems.

The experimental set-up described in this chapter has been used to study the photodis-
sociation of various “met-car” systems,®!* Sb, 0,, and Bi,0,, ' Si, C;,,'* metal silicon,'* V,

Nb, and Ta oxides,'® Cr, O/ 16 and Fe, O} .17
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3.1 ABSTRACT

Transition metal oxide clusters of the form M, O, (M=V, Nb, Ta), are produced by laser
vaporization in a pulsed nozzle cluster source and detected with time-of-flight mass spec-
trometry. Consistent with earlier work, cluster oxides for each value of n produce only a
limited number of stoichiometries, where m>n. The cluster cations are mass selected and
photodissociated using the second (532 nm) or third (355 nm) harmonic of a Nd:YAG laser.
All of these clusters require multiphoton conditions for dissociation, consistent with their
expected strong bonding. Dissociation occurs by either elimination of oxygen or by fission,
repeatedly producing clusters having the same specific stoichiometries. In oxygen elimina-
tion, vanadium species tend to lose units of Oy, whereas niobium and tantalum lose O
atoms. For each metal increment n, oxygen elimination proceeds until a terminal stoichiom-
etry is reached. Clusters having this stoichiometry do not eliminate more oxygen, but rather
undergo fission, producing smaller M,,O;f species. The smaller clusters produced as fission
products represent the corresponding terminal stoichiometries for those smaller n values.
The terminal stoichiometries identified are the same for V, Nb and Ta oxide cluster cations.
This behavior suggests that these clusters have stable bonding networks at their core, but
additional excess oxygen at their periphery. These combined results determine that M;O},
M30:F, M;Of , M;07, MgO{, and M;O7> have the greatest stability for V, Nb and Ta oxide

clusters.

3.2 INTRODUCTION

Transition metal oxides have been studied for over 50 years in the condensed and gas phases

1- 7 1-3

and have an array of applications in electronics,'® catalysis,® " ceramics,'® magnetic mate-

™ and pharmaceutical agents.®? Despite the numerous uses, the chemical and phys-

rials,
ical properties of the condensed phase species have puzzled scientists for decades. Recently,

oxide nanoparticles have been studied revealing their use as possible building blocks for
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magnetic materials as well as solid-state nanoscale structures.®® !4 Although nanoparticles
and clusters differ in size they may have analogous properties, which differ from those of
the bulk materials. This correlation might possibly allow the investigation of clusters to con-
tribute fundamental information for nanoparticle fabrication. Studying gas-phase clusters
has allowed the structure, bonding, and reactivity to be probed at the molecular level.'? 37
Theory has also been used to explore structures of these clusters.®®* % While many experi-
ments have focused on transitional metal oxides, a thorough investigation of cluster stability
has not been performed. We address this issue of stability using laser photodissociation of
mass-selcted vanadium, niobium, and tantalum oxide cluster cations.

Mass spectrometry is by far the most commonly used technique in studying metal oxide
clusters. Perhaps the first experiment to observe the presence of gaseous transition metal
oxide molecules was in 1957 by Berkowitz, Chupka and Inghram where they observed V,Of
V30¢, and V,0; .15 Additional mass spectrometry experiments have provided evidence for
non-statistical ratios, rather than single magic numbers like those seen for metal carbide

clusters,4®

while also revealing several specific oxide stiochiometries, regardless of condi-
tions.!528 Castleman and co-workers have reported extensive studies for vanadium, niobium
and tantalum oxides clusters showing that at each metal increment specific oxide stoichiome-
tries are formed.'” 7 In addition, they have investigated the reactivity of these metals with
small hydrocarbons.'®1? Bernstein and co-workers have investigated neutral cluster mass dis-
tributions using various wavelengths of ultraviolet laser photoionization.?? Both Castleman
and Bernstein have used the intensity patterns of clusters to infer cluster stability informa-
tion. These clusters have also been studied with rare gas matrix isolation?® and photoelectron
spectroscopy of mass-selected anions.>*3* Most recently IR spectroscopy has been used to
probe the geometric structures of these systems.?* 374 Our group, in collaboration with
Meijer and coworkers, used IR-resonance enhanced multiphoton ionization (IR-REMPI) to

obtain the IR spectra for several metal carbide®® and oxide®® cluster systems. Further IR

studies have been performed by Fielicke, Meijer, and Asmis using IR-resonance enhanced
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multiphoton photodissociation (IR-REPD).36:37 While still limited in its capability, theory
of transition metal oxide clusters has investigated their structures.?® 44

A variety of experiments have been performed over the years attempting to determine the
stability of gas phase clusters such as these metal oxides. However, as shown by numerous
investigators many of these previous measurements are problematic.’®®! The earliest mass
spectrometers probed the vapor concentrations of species in equilibrium in metal ovens, which
should allow stability to be determined. However, electron impact ionization was used pos-
sibly causing fragmentation during ionization. Additionally, size-dependent ionization cross
sections may create a bias in the observed concentrations, causing concern over the accuracy
of these measurements. Similar issues are also present in more recent mass spectrometry
measurements. Photoionization, like electron impact, may suffer from fragmentation and
size-dependent cross sections, making it virtually impossible to measure the concentrations
of neutral clusters. Energy-variable collision induced dissociation and photodissociation have
been used to determine thresholds for bond breaking for the cations of these oxides, however,
these methods also have limitations. Photodissociation relies on the absorption of light, which
may not be efficient in the threshold region. Collisional measurements may suffer from signif-
icant kinetic shift effects, especially for strongly bound clusters. Equilibrium measurements
have been performed on the small clusters of the vanadium-group oxides.!'® Additionally,
photoionization has probed the neutral clusters? while collision induced dissociation has
probed vanadium and niobium oxides.'® ' Despite the plethora of data available, the most
stable clusters remain unidentified.

Photodissociation has the capability to determine the relative stability of such clusters
and to date very few studies have utilized this method. We have shown in previous work how
photodissociation patterns can be used to determine relative cluster stabilites.?46 Stable
clusters are difficult to dissociate. However, when larger cluster dissociate these species are
produced more often as product fragments. While any single fragmentation spectrum can

not reveal the stability of cluster fragments due to absorption efficiencies, cross sections and
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dynamics, the fragmentation spectra of many clusters will eventually reveal the stable clus-
ters. These stable cations are produced as charged products when larger clusters dissociate
while the stable neutrals can be inferred by mass conservation. Our group has used these
methods to study metal and silicon carbide clusters,* metal silicon clusters,* and main
group metal oxide clusters.?? In this study we apply this photodissociation methodology
to transition metal oxides of the vanadium group. Castleman and coworkers have reported
some photodissociation measurements on vanadium oxide cations,'®® however, those mea-
surements were not for large clusters with more than six metal atoms. We have investigated

the stability patterns for vanadium, niobium, and tantalum oxide clusters.

3.3 EXPERIMENTAL

Clusters were produced via laser vaporization in a pulsed nozzle cluster source and mass ana-
lyzed in a reflectron time-of-flight mass-spectrometer (TOF-MS) as described previously.?? 46
The second (532 nm) or third (355 nm) harmonic of a Nd: YAG laser (Spectra Physics DCR-
11) is used to vaporize a rotating and translating metal rod held in a standard rod holder,
thereby producing metal atoms. A He mixture seeded with 1-5% oxygen is pulsed through
a General Valve (1 mm orifice) nozzle with a 270 usec pulse duration and 60 psi backing
pressure. The gas is pulsed through the rod holder producing a molecular beam of clus-
ters, which is expanded into a differentially pumped chamber then skimmed into the mass
spectrometer chamber. Cluster cations grown directly from the laser plasma are sampled
into the reflectron time-of-flight mass spectrometer with pulsed acceleration plates. Pulsed
deflection plates in the first flight tube are used to select the clusters of interest before they
enter the reflectron region. Photoexcitation occurs using 532 nm or 355 nm from a Nd: YAG
(Continuum Surelite I), timed to intersect the clusters at the turning point in the reflectron

field. Subsequently the parent and fragment ions are mass analyzed in the second drift tube

and detected using an electron multiplier tube and a digital oscilloscope (LeCroy 9310A).
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Photodissociation spectra are collected with a computer difference technique which simul-
taneously monitors the depletion of the parent ion and the appearance of the fragment ion.
Different studies were performed as a function of laser wavelength and pulse energy for each
cluster size. Photodissociation used 20-50 mL/pulse of unfocused laser beam in a spot size of

roughly 1 cm?. Data are transferred from a digital scope to a PC via an IEEE-488 interface.

3.4 RESULTS AND DISCUSSION

The mass spectrum of Ta,O; cation clusters produced in our experiment is shown in
Figure 3.1. Clusters are produced containing up to about 10 metal atoms. There are several
oxide stoichiometries, m, for each metal increment, n. For example, the mass multiplet at
n=3 contains peaks corresponding to TagO;L, TagOg, TagO:{ , TagOTO, and TazOf,. There
is a similar multiplet of oxide stoichiometries for each metal increment, n. Other than the
number of oxygen atoms always being greater than the number of metal atoms, there are no
clear patterns in the stoichiometries apparent. The most intense peak within the multiplets
corresponds approximately to m=2n+x, where x=2-4. The value of m can be shifted slightly
as the oxygen concentration is increased or decreased in the gas mixture. The cluster dis-
tributions are measure for vanadium and niobium oxides are similar to those measured for
niobium and tantalum oxides, however, the most abundant peaks within each multiplet are
not exactly the same for all three metals. These distributions are very similar to the cation
mass spectra measured previously for these metal oxide systems.!819:21,22,36,37

We have attempted to mass select each cluster size individually and dissociate it with
laser excitation at 532 nm and 355 nm in order to determine relative stabilities of these
oxides. In general, the efficiency of dissociation is not high under any conditions. Both 532
nm and 355 nm require high laser fluences in order to attain measurable dissociation signals.
These high pulse energies of 20-50 mJ/cm? pulse indicate that multiphoton processes are
required. This is understandable since bond energies for these systems have been calculated

to be 3-6 eV/bond.'®?* In addition, the absorption spectra of these clusters are unknown
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Figure 3.1: Time-of-flight mass spectrum for Ta,, O} clusters formed in a helium expansion. This mass spectrum is representative
of similar ones obtained for V and Nb.
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making it possible that high fluences are required in order to overcome weak absorption at the
wavelengths employed for dissociation. While the efficiency of dissociation is dependent on
wavelength for some clusters, the prominent fragments remain the same at both wavelengths.
Selected examples of the photofragmentation mass spectra measured for these clusters are
shown throughout this chapter. All of these spectra are collected in the difference mode
of operation as described earlier. Table 3.1 lists all the cluster ions that we were able to
photodissociate and the detected photofragments. For some clusters there were fragments
which were noticeably more intense. These are listed in bold in the table.

The photodissociation mass spectrum for the complexes TayOF , TayOf, and Tay,OF is
shown in Figure 3.2. These clusters eliminated one or more oxygen atoms. The Ta,O7 parent
ion produces the TayOF and TayOf fragment ions (indicated by the 2,5 and 2,4 stoichiome-
tries). This cluster dissociates primarily by losing either two oxygen atoms or molecular
oxygen to form the Tay,OF. Because neutral fragments are not detected, we can only be
sure of the mass conservation and not whether the fragments are atomic or molecular. How-
ever, since the elimination of molecular fragments represents the lower energy process, it is
assumed that when possible this is the method of elimination, as opposed to atomic elimina-
tion. The TayOf fragment ion could occur via elimination of an additional O atom (together
with or after the loss of molecular oxygen). However, as noted previously, we cannot dis-
tinguish between sequential and concerted dissociation processes and laser power studies
are inconclusive as all fragments appear and disappear together as we vary the pulse energy.
Because of this we indicate the inferred neutral mass loss in brackets from now on to indicate
our uncertainty about the exact fragment.

The middle frame of Figure 3.2 shows that Ta,Of dissociates by the loss of one or two
atoms or molecular oxygen, producing mostly the 2,4 fragment ion. As seen for Ta;OZ, no
fragments smaller than 2,4 are detected. This same behavior is seen for TayOF and while the
extent of fragmentation is less, no fragments smaller than the 2.4 are detected. A broadening

of the TayOf mass peak is shown in this spectrum which is greater than our instrument
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Table 3.1: The metal oxide photofragments (M, O = n,m) detected using 355 nm and 532
nm. The stoichiometries indicated in bold were most prominent fragment ions detected.

Parent

Cation V Nb Ta
Cluster

2,4 2,3;1,2; 1,1 1,2

2,5 2,4: 2,3; 1,2;1,1 2,4;1,2 2.4

2,6 2,4; 1,2 2,5 2,5; 2,4
2,7 2,5;24;23;1,2; 1,1 2,5;24; 1,2 2,5; 24
2,8 2,4; 2.3 2,6;25; 1,3 2,6; 24
2,9 2,5;24; 23 2,7: 2,6

3,6 2,4; 2.3

3,7 3,6; 3,5; 2,4; 1,2

3,8 3,7; 3,6; 2.4 3,7 3,7; 3,6
3,9 3,7, 2,5 3,7

3,10 3,8, 3,7; 2,4 3,8; 3,7

4.9 2,4; 1,2 3,7 3,7, 3,6; 24
4,10 4,9; 4,8; 3,7, 3,6; 2,4 4,9

4,11 4,9;2.4; 1,2 4,10; 4,9 4,10; 4,9
4,12 4,10; 4,8 4,11; 4,10; 4,9 4,11; 4,10; 4,9
5,12 4,9

5,13 5,11; 3,7, 2.4 5,12 5,12

5,14 5,13; 5,12 5,13; 5,12
6,15 6,13

6,16 6,14; 2.4 6,15; 6,14 6,15

6,17 6,15; 6,13 6,15 6,15

7,17 5,12; 3,7; 2,4

7,18 7,16 7,17 7,17

7,19 7,18; 7,17
8,19 5,12; 4,9; 3,7; 2,4

8,20 8,18 8,19; 7,17

9,22 5,12; 4,9; 4,8; 3,7; 3,6;

2,4:1,2: 1,1
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Figure 3.2: Photodissociation mass spectra of TayO;f clusters at 355 nm.
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resolution. This points to a slow fragmentation process in comparison to our instrument
timescale, indicating a metastable behavior for this ion. The 2,4 ion is the smallest fragment
produced with high intensity for the MO complexes of all three metals, as shown in
Table 3.1. While some MO ions fragment beyond the MO} and not all fragment down to
this, the MO} is prominent for all MO} ions fragments and it is the so-called “terminal”
ion. The repeated appearance of the MyOJ ions as a fragment from M,O; where m >4
indicates that it is relatively more stable that other clusters within the MyO;b family of
clusters. We therefore designate the 2,4 species as the “core” cluster of the n=2 group.

The same kind of fragmentation behavior can be seen in Figure 3.3 for the n=3 group
of vanadium oxide clusters. V3Of fragments by the loss of [Os] to produce V30¢. V305
produces V30¢ by the loss of two oxygen atoms and V3OZF by the loss of [Oy]. Again
V5,07 is detected as a fragment as is the VOJ ion. In data not shown, VO3 is the main
fragment produced when V,0j is dissociated, which suggests that it is a sequential product.
V30¢ and V50 are both prominent fragment ions in the dissociation of V307 and V3;0¢.
However, when V30 is dissociated the one main fragment is Vo0, which occurs by the
loss of [VOy|. This direct channel agrees with the sequential path suggest above for the
fragmentation of V304 derived from V304 . From the V30, family we see that V3OF and
V,0; are produced as fragments from several different parents. In addition species where
m>6 tend to lose oxygen. This behavior indicates that the 3,6 cluster is the terminal ion for
this family. Interestingly, a slightly different patterns if found for the n=3 group of niobium
and tantalum clusters. In those experiments, the 3,7 is clearly the terminal ion.

Figure 3.4 shows the dissociation for the V4O group, where m=9-12. Where m=10,
11, 12 the prominent fragment ions formed correspond to the loss of [Os]. However, the
V404 species does not lose oxygen, but rather it eliminates [VoOs] to form the V,0} species
or [V307] to form VO3 . The VOF could also come as a sequential produt from further
fragmentation of VoOF. The elimination of [V,05] as an inferred neutral is important since

this is the stoichiometry of the most common bulk vanadium oxide phase.’® All of these
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Figure 3.3: Photodissociation mass spectra of V30, clusters at 532 nm.
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Figure 3.4: Photodissociation mass spectra of V,O; clusters at 355 nm.
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species produce a small amount of V,0; and VO3, presumably as sequential fragments. In
addition, small amounts of V304 and V307 are detected from the V,Of, parent ion. The 4,9
is apparently the terminal ion for this family, although this conclusion is somewhat skewed
by the tendency of vanadium oxide clusters to lose [Oy]. However, the only time any V,O;"
ion is produced for m<9 is by the loss of [O,], as in V4O

The dissociation behavior of Ta,O; is somewhat similar to that of the V,O; family, as
shown in Figure 3.5. There are several noteworthy differences between tantalum and vana-
dium. First, the dissociation efficiency of the Ta oxide clusters is much less than it is for the
corresponding V clusters. This is verified by the smaller signal levels for the tantalum oxides.
An additional difference between Ta and V is the tendency for both TasOf, and Ta,Of; to
lose a series of O atoms as opposed to [Oy]. However, the loss of O atoms ceases with the
formation of the Ta,Of fragment ion. No n=4 fragment ions with less than nine oxygens are
detected under any conditions from these parents. There are also some similarities between
Ta and V. TayOf behaves somewhat like V,O4 in that it fragments by losing metal oxides,
as opposed to O or Oy increments. Ta,Of loses [TaO,] and [TayOs] to produce TagOF and
Tay O} respectively. The M3O: fragment was not detected from V,Og , but the MO} frag-
ments was seen for both. Formation of the intermediate fragment for tantalum suggests that
the extent of fragmentation in this system is less than it was for the corresponding vanadium
cluster. Again, as noted above for the vanadium family, the MO, and My0Oj5 stoichiometries
of the bulk are evident in the neutral mass losses.

We have obtained data like that shown in Figures 3.2-3.5 for many of these clusters, as
indicated in Table 3.1. From this data we can start to recognize patterns in the dissociation
behavior of these various M,,O;f clusters. The clusters having more oxygens, m, than metals,
n, tend to lose oxygen as the primary photofragment. Oxygen is most often eliminated in
units of two for vanadium, implying the loss of molecular O,. However, niobium and tantalum
usually lose units of atomic oxygen. The loss of oxygen, in either atomic or molecular form,

ceases at a so-called terminal stoichiometry, after which the loss of both metal and oxygen
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Figure 3.5: Photodissociation mass spectra of Ta O clusters at 355 nm.
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proceeds together in units of [MsOs] and [MO,]. The terminal stoichiometry for the n=2
families is MpOF for V, Nb, and Ta. For the n=3 families, this stoichiometry is clearly
M;3O07 for Nb and Ta, though both V304 and V307 are formed as a terminal ion in different
experiments. For the n=4 families, M4Og is the terminal ion for all three metals.

Selected examples of the dissociation of n=>5 clusters are shown in Figure 3.6. Again,
the behavior of vanadium is slightly different than that of niobium and tantalum. V5O,
dissociates by losing [O,], yielding primarily V5O, whereas the terminal stoichiometry for
various Nb;O;f and Ta;O;! parent ions is 5,12. As shown in Table 3.1 or Figure 3.6, one of
more O atoms are eliminated terminating at the 5,12. The only vanadium cluster we were
able to dissociate from this group was the V5O, which produces the 5,11 fragment and
not 5,12. However as noted above vanadium prefers the lose [Os] which may explain the
difference in the terminal ion.

Figure 3.7 shows two examples of clusters from the n=6 group, VO{s and NbgOy. Both of
these clusters lose what appears to be [Os] or two O atoms, respectively and both produced
the terminal ion 6,14. This ion is also seen from several other parents in the n=6 group.
Similar selected examples are shown for the n=7 group in Figure 3.8. Both Nb;Oj; and
TagO7g produce the 7,17 ions without further fragmentation. This ions is also a prominent
fragment from other clusters in the n=7 group. We therefore, conclude that 6,14 and 7,17
are the respective terminal ions for their families of clusters.

When a terminal ion is selected and photodissociated metal oxide fragments are elimi-
nated rather than just oxygen. Figure 3.9 shows an example of this behavior for the three
M,Oy ions. All three produce the M3O ion via the loss of [MO,]. Vanadium and tantalum
also produce small amounts o f the MyOj by loss of [MyOs]. These fission fragments cor-
respond primarily to the terminal ions found above for the cluster families with smaller n
values. The exception to this is the V3071 where V304 was the most prominent ion in the
elimination of excess oxygen from larger members of the n=3 family. However both of these

ions seem to have comparable stability as a small amount of both are produced in the sequen-
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Figure 3.6: Photodissociation mass spectra of M;Oj; (M=V) and M;0{, (M=Nb and Ta)
at 532 nm (V) and 355 nm (Nb, Ta).
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tial fragmentation of V,Of;, as shown in Figure 3.4. The fission products resulting from the
fragmentation of terminal ions are also evident as minor fragment ions in other clusters
shown in previous figures. Apparently when there is excess energy present, oxygen elimina-
tions occurs first and subsequently fission. The same stable core ions can be produced either
directly from the fission of larger terminal ions, or by sequential “oxygen loss-then-fission”
of non-terminal ions.

We have rather complete sets of data for the fragmentation of parent ions up through
n=4. This data makes it very clear that the most stable ions are the MOJ, MyO} and M307
species for all three metals (and V3OF). Our data is less complete for the larger clusters.
These clusters are produced with lower densities from the source and their photodissociation
is less efficient. The lower fragmentation efficiency could result from stronger oxide bonding,
lower absorption at the available wavelengths or from longer unimolecular lifetimes in the
energized ions. None the less, the result was small signals for the larger clusters, and in
some cases fragmentation could not be detected even with significant signal averaging. We
therefore show only a few selected fragmentation spectra for the larger clusters.

Figure 3.10 shows the photodissociation of TazOf, and V;O{,. Both of these were found
to be terminal ions from oxygen elimination patterns presented earlier. Figure 3.10 provides
additional proof for this as there is no oxygen fragmentation for either ion, but rather prod-
ucts of fission. Taz O, dissociates to a small amount of the 4,9 with the inferred neutral loss
being [VO3]. V70 yields mostly the 3,7 ion (no 3,6) and minor amounts of 5,12 and 2,4.
In this case, the 3,7 fragment corresponds to the neutral loss of [V,O10], which is twice the
[V505] bulk stoichiometry. Although we could produce about the same amount of parent
clusters where n>7, we mainly have data for the vanadium species, as it was easier to dis-
sociate. Figure 3.11 shows the dissociation measured for VgOjy and VoO3,. In both cases
fission products are observed, producing prominent terminal ions identified earlier (5,12; 4,9;
3,7; 2,4, etc.). The 9,22 produces about equal amounts of the 3,6 and 3,7 fragments, thus

providing further evidence of their comparable stability. Both of these parent clusters provide
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additional evidence for loss of multiples of the neutral V,05 species. VoO3, fragments to 5,12
whereas VgOjy fragments to 4,9. An additional loss of V505 accounts for the prominent 2,4
fragment from VoO5,. While the data is less complete for the larger clusters, the same stable
cations and neutral mass differences are produced repeatedly from these cluster parents as
seen for the small ones.

Many of the larger clusters produce M,Of , M5O, and M;O7, as fragment ions. This is
shown in the aforementioned figures as well as the Table 3.1. These species can be identified as
stable clusters from both oxygen elimination and fission products of larger species. However,
the MgO7; is only produced from oxygen elimination rather than fission. While this cluster is
the most stable within the n=6 family, it cannot be considered as stable as the other cations
identified through both oxygen elimination and fission products.

The most stable cations seen throughout these experiments are therefore MOZ, M,OJ
M30F, MOy, M50, MgO7, and M;O7. These cluster stability patterns can be compared
to previous work. Castleman and coworkers have reported the photodissociation of V,,O;"
clusters where n<6, though only a few selected oxides were studied for each metal increment,
n.'%2 Our data on these same clusters is very similar to what Castleman reported, although
our data on these smaller clusters is more complete and we are able to extend the work
to larger clusters which allows patterns not seen previously to emerge. However, there are
differences in the exact branching ratios between our experiments and those performed by
Castleman and coworkers. These are dependent on cluster temperature and the amount of
excitation energy used, both of which are understandably different in different labs. However,
nothing reported by Castleman disagrees with our main conclusions. In addition, Castleman

and coworkers have investigated collision induced dissociation of both vanadium oxide cluster

18 19b 19a

cations'®® and anions,'”® as well as niobium oxide cations.'”® The fragments reported for
the cations are for the most part the same as those we have reported. In addition, the
same neutral leaving groups were reported for both cation and anion systems as we have

reported here (MOg, MOj3, M5O5). There is no previous photodissociation or collision induced
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dissociation of tantalum oxide clusters. However, as shown here, these systems are very
similar to vanadium and niobium oxides. Castleman and coworkers concluded that the overall
oxide cluster stabilities are as follows, V<Nb<Ta. Our work is qualitatively consistent with
this as all of our clusters require multiphoton conditions for dissociation, but the vanadium
system is certainly easier to dissociate than the niobium and tantalum systems.

Castleman has also investigated the reactivity of all three metal oxide clusters with many
small hydrocarbon molecules.'® The stable cations that we have suggested are for the most
part less reactive than their more oxygen-rich counterparts. The reaction products docu-
mented for these species correspond to association products, where an adsorbate adds to the
intact cation. In the oxygen-rich clusters, reactions often lead to the loss of oxygen and the
formation of a small oxide cluster, which typically corresponds to those we have reported
as having the largest relative stability. Thus, the previous work agrees with our conclusions
that the stable cations here are produced often as dissociation products and that the same
clusters are relatively less reactive.

While there is less previous work on the neutral clusters, we can compare our results
with those clusters detected using vacuum ultraviolet photoionization by Bernstein and
coworkers.??6 Although ionization potentials and cross sections are not known for any of
these species, VUV photoionization is the best way to ionize clusters without fragmenta-
tion, allowing the detection of the most abundant neutral clusters formed. The most abun-
dant clusters detected with 118 nm photoionization studies were VoO5, V307, V4Og, V5019,
V014, and V7017 with small amounts of VgO9. Again the V5,05 cluster corresponds to
the bulk stoichiometry and this is the species inferred as a stable neutral leaving group in
many of our fragmentation spectra. While the V,0; was not detected as a neutral in the
photoionization studies, essentially all the other clusters which we have identified as stable
cations were detected. There are two possible explanations for the consistency between the
neutral and cation clusters detected. One explanation is in the larger clusters, n>2, the dif-

ference in charge does not affect the stability of the cluster. For example in the metal-carbide
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45748 stability is fairly independent of the charge. This can be explained because the

systems,
bonds in these clusters are strong and favorable bonding might outweigh stability differences
created by the last electron, thus the charge does not matter as much as the stable bonding
network. The bond energies in these oxide clusters are even stronger than those suggested
for the carbide clusters, therefore, this might be a plausible explanation. This idea would
also explain why the difference in cations and neutrals would be most apparent in the small
clusters with fewer bonds, for example V5,05 versus Vo0 . Conversely, another explanation
for the lack of difference between cations and neutrals is that the VUV ionization detects
clusters which are easier to ionize as opposed to those that are the most stable. Clusters that
are the most stable as cations often have low ionization potentials, making it conceivable that
the VUV ionization detects low IP clusters more easily than stable neutral clusters. In both
our work and previous work by Castleman, the dissociation measurements directly establish
the stability of the cluster cations. Certain small neutrals are identified as stable (VO5 and
V205) because they are leaving groups from many cluster fragmentation events. However,
the photoionization results are not as definitive because ionization potentials cannot be mea-
sured for all clusters in question. Calculated ionization potentials are close to the photon
energy (10.5 eV) employed at 118 nm,?*?® however, there is considerable uncertainty in those
calculations. This possible bias in the photoionization measurements makes it impossible at
present to resolve the issue of cation versus neutral stabilities.

Structures of the most stable cation clusters we have identified should certainly be consid-
ered. Several groups have performed theoretical calculations on these species.!® 19,22,24,36-44
The most stable geometric configurations determined for the n=1-4 clusters are shown in
Figure 3.12. Theory has not been used to determine structures for the n=>5 group, however,
we have proposed a structure for the M507,, in Figure 3.12, based on structural patterns in
small clusters as well as model building. Unfortunately, experiments have not yet been able

to test all the proposed structures. The most applicable work in this area are the new infrared

photodissociation experiments using the FELIX free electron laser.?%3” FELIX has been used
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M504, M30; and M4Og clusters have been calculated with density functional
theory by previous workers. The structures for the M5O5 clusters are proposed
here just on the basis of model building.
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to measure vibrational patterns which are compared to the patterns predicted for different
cluster geometries. Since these clusters require multiphoton conditions to dissociate, these
experiments work the best, yet they have not been able to obtain spectra for the most stable
cations identified here. However, the small clusters have been probed using rare gas tagging
experiments which rely on the elimination of the tag atoms rather than fragmentation of the
oxide cluster itself. Asmis and coworkers have used this method to study the VO3 and V,Of
cations identified here.?”® There is excellent agreement between the calculated structures in
Figure 3.12 and those measured via tagging. However, the experiments have not been able to
identify which of the isomers, cis or trans, is present in their spectra and both are predicted
by theory to be very close in stability.

These stable cation stoichiometries and structures can also be compared to the known
inorganic chemistry of these metals where oxidations states are typically +5 and/or +4.
The bulk oxide stoichiometry for these three metals is MyOj5, where the metal has an effec-
tive oxidation state of +5, whereas +4 oxidation state is found in the VO, bulk oxide or
polyoxoxmetallate anions such as Vi3O}3 .52 If we then look at the stable cation clusters,
we see that My;Og4 and MgOj, require one metal with a +5 oxidation and one with a +4
oxidation state, whereas the metal in the M3O3F, M507,, and M;O}, clusters all have a +5
oxidation state. The metal in the MyOJ cluster must have a +4.5 oxidation state since the
structure is symmetrical indicating that the two metal atoms are equal. The M3O{ seen only
for vanadium corresponds to an oxidation state of +4 for all the metal. Thus, the oxides seen
conform for the most part to the species having +4 and +5 oxidation states for these metals,
although, slight deviations from all metals having the +5 state are necessary because of the
numerology of singly charged cations at different cluster sizes.

The consistency between those clusters which we have identified as being the most stable
and the known inorganic chemistry is interesting. In addition our results are qualitatively
consistent the results from previous measurements. These measurements have been compared

to the structures predicted by density functional theory. However, additional experiments are
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needed to determine structures for the larger cluster cations proposed here just as additional

theoretical work is required to explain the enhanced stabilities of the clusters identified here.

3.5 CONCLUSIONS

We have produced vanadium, niobium, and tantalum oxide cation clusters and studied these
species with mass-selected photodissociation. All of these clusters are difficult to dissociate
which is consistent with their expected strong bonding. The cluster cation distributions are
similar, as has also been noted by previous workers. We have determined two general types of
dissociation. Some clusters eliminate excess oxygen in unit of O, such as vanadium, whereas
niobium and tantalum lose atomic oxygen. Clusters with excess oxygen eliminate oxygen
until a terminal oxide stoichiometry is reached at which point further fragmentation occurs
via fission. Fission occurs by loss of stable metal oxide fragments. All three metals eliminate
MOy, MO3 and M,Oj5 as stable neutrals. The terminal cations identified at each metal
size increment, n, also repeatedly appear as abundant photofragments from larger clusters
for different metals. The most stable cation stoichoimetries established are MOZ, M,OJ,
M30F, M,Of , M507,, MgO{, and M;07,. However, vanadium is an anomaly as V3O has a
comparable stability to V301. Where applicable, these conclusions agree with other data on
the same oxide cluster cations. There is evidence that neutral clusters of these same metals
follow the same stability, further work is needed to confirm this. Despite the new data on
structures of the small clusters, additional work from both theory and experiment is needed
to establish the structures that correspond to these stable clusters and to explain the source

of their stability.
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4.1 ABSTRACT

Chromium oxide cluster cations, Cr,O;  are produced by laser vaporization in a pulsed
nozzle cluster source and detected with time-of-flight mass spectrometry. Cluster distribu-
tions are consistent with earlier work, with only a limited number of stoichiometries produced
for each value of n, where m > n. The cluster cations are mass selected and photodissociated
using the second (532 nm) or third (355 nm) harmonic of a Nd:YAG (yttrium aluminum
garnet) laser. At either wavelength, multiple photon absorption is required to dissociate these
clusters, which is consistent with their expected strong bonding. Cluster dissociation occurs
via elimination of molecular oxygen, or by fission processes producing stable cation species
and/or eliminating stable neutrals such as CrOz, CryOj, or CryOqg. Specific cation clusters

are identified to be stable because they are produced repeatedly in the decomposition of

larger clusters include CryO5, Cr30¢, Crs07, Cr Oy, and Cr,Of,.

4.2 INTRODUCTION

Transition metal oxides are used extensively for applications in electronics, catalysis, and
magnetic materials.'™® The properties of the bulk materials as well as the corresponding
nanoparticle and gas phase cluster oxides have been the subjects of many recent studies.
Oxide nanoparticles synthesized by a variety of methods are found in applications such as
solar energy, magnetism, and medicine.* %7 Gas phase metal oxide experiments have con-
tributed fundamental information needed to understand properties such as bonding, reac-
tivity, and structure.’®3 Theory has been combined with such experiments to provide the
structures and stabilities of the small clusters.**4” While, there are many studies of the mass

18729 and some investigations of their spectroscopy,®*>? deter-

spectrometry of cluster oxides,
mining the relative stability of these systems remains problematic. In this study of chromium
oxide clusters, we address this issue of cluster stability using laser photodissociation of mass-

selected chromium oxide cluster cations.
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Mass spectrometry has been used extensively to study metal oxide clusters, documenting
the stoichiometries formed and relative abundances.'® 2’ Unlike the singular “magic num-

48-54 metal oxides exhibit several stoichiometries for each

bers” seen for metal carbides,
metal increment. Extensive studies of the reactivities of transition metal oxides with small
hydrocarbons have been reported by Castleman and coworkers.?? Additional experiments
by Bernstein and coworkers have investigated mass distributions using laser photoionization
at vacuum ultraviolet wavelengths.?* In these previous experiments, the patterns of unre-
active clusters or those with high abundance were used to infer relative stability. Rare gas
matrix isolation®’ and photoelectron spectroscopy of mass selected-anions® 3% have been
used to study the spectroscopy of small oxide species. Additional experiments have probed
the vibrational spectroscopy of these systems in the far-infrared region using a free electron

3739 TR-resonance enhanced multiphoton ionization (IR-REMPI) was demonstrated by

laser.
our group in collaboration with Meijer and coworkers to obtain spectra for several metal car-
bide® and oxide3” cluster systems. Other work by Fielicke, von Helden, Meijer, and Asmis
employed infrared resonance enhanced multiphoton photodissociation (IR-REPD) of mass-
selected oxide cation and anion species.?®3 Theory has also been used to determine struc-
tures and spectra of various transition metal oxide clusters.0 47

Numerous attempts have been made to experimentally determine the relative stabilities of
gas phase cluster such as metal oxides.?®*¢® However, most of these experiments involve some
form of mass spectrometry, and problems arise from unknown ionization potentials, fragmen-
tation processes and size-dependent cross sections. These same issues always make it difficult
to measure the relative concentrations of neutral clusters detected by mass spectrometry,
regardless of the ionization method employed. Additional problems arise in cation experi-
ments using energy-variable collision induced dissociation or photodissociation to determine
the thresholds for bond breaking. Photoabsorption may not be efficient in the threshold

region, and collisional measurements may suffer from significant kinetic shifts, especially for

strongly bound clusters. Equilibrium measurements have been performed on the small vana-
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dium oxide clusters,!” photoionization has been employed on the neutral clusters,?* collision
induced dissociation has investigated various transition metal oxides,?? and photodissocia-
tion has been applied to vanadium, niobium and tantalum oxides.?!:23 The combined results
from these experiments provide evidence for the relative stabilities of some oxide species.
Although numerous experiments have studied the vanadium-group oxides, only a few such
experiments have considered other transition metal oxide systems.??

We have shown repeatedly that mass-selected photofragmentation studies of cluster
cations is an effective method in determining relative cluster stabilities.?*4%57 Stable clus-
ters cations are difficult to dissociate and they are produced often as product ions upon
the dissociation of larger clusters. Although stable neutral leaving groups are not detected
in photodissociation experiments, they can be deduced from the ions which are detected
via mass conservation. These methods have been used previously in our lab to study metal
carbide clusters* and metal-silicon clusters.’” Recently we have studied the vanadium group
oxide cluster cations,?® where we demonstrated that certain cluster stoichiometries are indeed
much more stable than others and that other forms of mass spectrometry measurements did
not provide a clear picture of these stability patterns. In the present work, we apply this

same photodissociation technique to investigate chromium oxide clusters.

4.3 EXPERIMENTAL

Clusters are produced by laser vaporization in a pulsed nozzle source and mass analyzed in
a reflectron time-of-flight spectrometer, as described previously.?*4%°7 The second harmonic
(532 nm) of a Nd:YAG laser (Spectra Physics GCR-11) is employed to vaporize material
from the surface of a rotating and translating chromium rod. A helium mixture seeded with
1-3% oxygen is pulsed with a General Valve (60 psi backing pressure; 1 mm orifice) through
the sample rod holder, and oxide cluster cations grow directly from the laser-generated
plasma. This molecular beam mixture is expanded in a differentially pumped source chamber

and skimmed from there into the detection chamber, where cluster cations are sampled
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with a reflectron time-of-flight mass spectrometer using pulsed acceleration fields. Pulsed
deflection plates in the first flight tube section are used to size-select the clusters of interest
before they enter the reflectron. Photoexcitation employs a Nd:YAG laser (DCR-3) at 355
nm, which is timed to intersect the clusters at their turning point in the reflectron field.
Subsequently, the parent and fragment ions are mass analyzed in the second drift tube
section and detected using an electron multiplier tube and a digital oscilloscope (LeCroy
9310A). Data are transferred from the digital scope to a computer via an IEEE-488 interface.
Different studies were performed as a function of laser wavelength and pulse energy for each
cluster size. Photodissociation used 20-45 mJ/pulse of unfocused laser beam in a spot size
of roughly 1 cm?.

To investigate the structures and energetics of these metal oxide clusters, geometry opti-
mizations were performed, by Zach Reed in our group, using density functional theory (DFT)
computations with the Gaussian 03W program.®® The Becke-3 Lee-Yang-Parr (B3LYP)5%6°
and Becke-3-Perdew-Wang '91 (B3PW91)%! functionals were used with the LANL2DZ effec-
tive core potential basis set.%25% Atomization energies and energies per atom are reported
for the minimum energy structures. No symmetry restrictions were placed on the clusters.
Minimum energy structures, energies, and vibrations were computed for CrO3z, CrO37, CryOy,
Cry0F, Cry0s5, Cry0F, Crz0g, CrsOf, Crz0y, Crs0F, CryOqg, and CryOf, and these data

are reported in the Supporting Information of the paper.®”

4.4 RESULTS AND DISCUSSION

The mass spectrum of Cr,,O;" cation clusters produced is shown in Figure 4.1. Clusters con-
taining up to about 14 metal atoms and varying numbers of oxygen atoms are produced with
measurable intensity. Each metal size, n, corresponds to a limited number of stoichiometries,
where the number of oxygens, m, are always greater than n. For example for n = 4 the only
masses seen are those corresponding to CryOf , CryO7,, CrsOf;, CrsOf,. A similar trend is

seen for all the metal cluster sizes here, giving rise to groups of peaks in the mass spectrum
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corresponding to the oxides for each metal increment. CrsOf, appears to be anomalous in
this spectrum, and indeed this species is found under all conditions to have roughly twice
the intensity of any other peak. The cluster mass distribution shown here agrees for the most
part with the previous one reported by Castleman and coworkers,??" although in their data
Cr,07, does not have such an enhanced intensity. Mass spectra of partially oxidized Cr,O; »
clusters were reported by Lievens and coworkers,?® but these cannot be compared to our
data on fully oxidized species.

To investigate the relative stabilities of these various chromium oxide species, we employ
mass-selected photodissociation experiments. We select each cluster mass having enough
intensity and excite it at 532 and 355 nm to initiate photodecomposition. We find that
both wavelengths can induce fragmentation, but that each requires high laser fluences of
35-80 mJ/cm? pulse to obtain significant amounts of dissociation. This is consistent with
the conditions that we have applied previously to study oxide clusters of the vanadium

3 and it indicates that multiphoton excitation is required to break the bonds. The

group,?
chromium oxide cluster bond energies have been measured with thresholds for energetic
oxidation reactions® and they have been calculated with density functional theory.*?
These methods suggest that these bond energies are in the range of 5-7 eV, which validates
the requirement of multiphoton excitation. While dissociation is not efficient under any
conditions, 355 nm gives the best signals, perhaps because of the greater photon energy or
better absorption efficiency at this wavelength. Therefore the data shown throughout this
paper are those obtained at 355 nm. Selected examples of the photofragmentation mass
spectra measured for these clusters are shown throughout this chapter. All of these spectra
are collected in the difference mode of operation as described earlier. Table 4.1 lists all the
cluster ions that we were able to photodissociate and the detected photofragments. For some

clusters there were fragments which were noticeably more intense. These are listed in bold

in the table.
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Figure 4.1: Time of flight mass spectrum for Cr, O/ clusters formed in a He expansion.
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Table 4.1: The chromium oxide photofragments (M,,0; = n,m) detected using 355 nm. The
stoichiometries indicated in bold were most prominent fragment ions detected.

Parent

Cation Fragment Clusters

Cluster

2,4 2,3;2,2;1,2; 1,1, Crt

2,5 2.4;2,3;1,2; 1,1, Crt

2,6 2,5;:2,4;2,.3;2,2;1,2; 1,1, Cr*

2,7 2,5;2.4;23;12; 1,1, Cr*

3,5 3,3; 2,6; 2,4; 2,3; 2,2; 1,2; 1,1; Cr*t

3,6 3,4; 2,4; 2,3;2,2; 1,2; 1,1, Crt

3,7 3,5;2,4:2.3;22;1,2; 1,1, Crt

3,8 3,6;2,5; 2,4; 2,3; 2,2; 1,2; 1,1, Crt

3,9 3,8; 3,7; 3,6; 2,5; 2,4; 2,3; 2,2; 1,3; 1,2; 1,1, Cr™

4,8 24;2,3;22;1,2; 1,1, Cr*

4.9 3,6; 2,4;2.3;22;1,2; 1,1, Crt

4,10 4.8; 3,7; 3,6; 3,5; 2,5; 2,4; 2,3; 2,2, 1,2; 1,1, Cr*

4,11 4,10; 4,9; 3,6; 2,5; 2.4; 2.3; 1,1

5,12 4,9; 3,7; 3,6; 3,5; 2,4; 2,3; 2,2; 1,2; 1,1; Cr*

5,13 4,10; 3,7; 3,6; 3,5; 2,5; 2,4; 2.3; 2,2; 1,1

6,14 49; 4,8; 3,7; 3,65 3,5; 2,4; 2,3; 2,2; 1,1

6,15 4,10; 4,9; 3,7; 3,6; 3,5; 2,5; 2,4; 2,3; 2,2; 1,2; 1,1; Cr™

6,16 4,10; 3,7; 3,6; 3,5; 2,5; 2,4; 2,3; 1,1; Cr*

7,16 4.8: 3,6; 3,5; 2,4; 2,3; 2,2; 1,2; 1,1; Crt; OF

8,20 4,10; 4,9; 4,8; 3,7; 3,6; 3,5; 2,4; 2,3; 2,2; 1,1; Cr™; O

8,21 5,12; 4,11; 4,10; 4,9; 4,8; 3,7; 3,6; 2,4; 2,3

9,21 6,13; 5,11; 4,9; 4,8; 4,7; 3,6; 3,5; 2,4; 2,3

9,22 5,12; 4,10; 4,9; 4,8; 3,7; 3,6; 3.,5; 2,4; 2,3; 2,2

9,23 5,12; 4,9; 4,8; 3,7; 3,6; 3,5; 2,4; 2,3

9,24 5,13; 5,12; 5,11; 4,10; 4,9; 4.8; 3.8; 3,7, 3.6; 3.,5; 2,5; 2,4; 2.3; 2,2
10,25 6,15; 6,14; 6,13; 5,12; 5,11; 4,10; 4,9; 4.8; 3,7; 3,6; 3.,5; 2,4; 2,3
10,26 7,17; 6,15; 6,14; 4,10; 4,9; 4,8; 3,7; 3,6; 2,4; 2.3

11,27 7,17; 6,14; 6,13; 5,12; 5,11; 4,10; 4,9; 4,8; 3,7; 3,6; 3,5; 2,4; 2.3
12,29 8,18; 7,16; 6,13; 5,12; 5,11; 4,10; 4,9; 4,8; 3,7; 3,6; 3,5; 2,4; 2,3
13,32 9,22; 7,16; 6,14; 6,13; 5,12; 5,11; 4,10; 4,9; 4,8; 3,7; 3,6
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Figure 4.2 shows the photodissociation mass spectra for the clusters CrzO7, CrsO7F,
and CrzOf, hereafter designated as the 3,5; 3,7; and 3,8 species, respectively. Extensive
fragmentation occurs with formation of product ions containing one, two, or three metal
atoms. The 2,4 fragment ion is prominent in all three spectra. The 1,1 is also seen in all
three, but with a lower intensity. There are several other mass peaks seen which are not
repeated in different spectra. For example the 3,8 spectrum contains fragment mass peaks
corresponding to the 3,6 and 2,3. An additional trend is observed in these spectra. The
3,5 parent produces the 3,3 fragment, the 3,7 parent produces the 3,5 fragment, and the
3,8 parent produces the 3,6 fragment. All of these fragment ions are produced from the
elimination of two oxygen atoms or molecular oxygen. The loss of Oy is the lower energy
channel, and since there is little or no signal corresponding to the loss of one oxygen atom, it
is perhaps safe to assume that the fragment ions indicated were produced by the elimination
of molecular oxygen. This same trend occurs for additional CrzO;" clusters not shown in
this figure. Hereafter, we indicate neutral leaving groups inferred by mass conservation in
brackets, e.g. [Oy], to indicate our uncertainty about atomic versus molecular elimination
processes.

All of the lower mass fragments shown in Figure 4.2 from all three Cr3O; clusters could
occur through either direct or sequential dissociation processes. In a direct process, the parent
ion eliminates the neutral atoms or molecules necessary to conserve mass in one concerted
event, whereas in a sequential process the stepwise elimination passes through intermediate
fragment ions. For example, the 2,4 fragment from 3,7 could occur directly by the elimination
of [1,3] or through the sequence 3,7 — 3,5 — 2,4. On the other hand, the 2,4 ion produced by
the fragmentation of 3,5 likely represents a direct process because no intermediate ions are
seen that have four oxygens. Sequential processes most likely would go through intermediate
ions that 2,4. On the other hand, the 2,4 ion produced by the fragmentation of 3,5 likely
represents a direct process because no intermediate ions are seen that have four oxygens.

Sequential processes most likely would go through intermediate ions that Figure 4.2 Pho-
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Figure 4.2: Photodissociation mass spectra of CrzO;f clusters at 355 nm.
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todissociation mass spectra of CrsO;f clusters at 355 nm. also appear in the fragmentation
spectrum. However, it is not possible to exclude intermediates that are not detected. These
might not appear in the mass spectrum if they have rapid decomposition rates compared
to the instrument acceleration timescale (1-2 usec). Laser power or wavelength studies can
sometime reveal the nature of these dissociation mechanisms. However, we find that the dis-
sociation channels seen here are independent of the dissociation laser wavelength (532 vs. 355
nm) or laser power (over the range of 1-10 mJ/cm? pulse). It therefore remains impossible to
distinguish between the possible concerted and sequential processes that might occur here,
and this same problem is found throughout this study for all the different cluster sizes. This
uncertainty makes it difficult to draw detailed conclusions from the fragmentation spectrum
for any one individual cluster. However, as shown in our previous work,?*%57 comparing
the dissociation spectra for many different cluster sizes makes it possible to detect patterns
of behavior that do provide new insights. From this point onward, we discuss each cluster
size and mention only those dissociation routes that appear to be common to more than one
cluster system.

With these considerations in mind, we can identify three patterns in the CrzO; data.
The ions 1,1 and 2,4 appear in essentially all of these spectra, and are therefore suggested to
be relatively stable cation clusters. The elimination of [Oy] is determined to occur for the n
= 3 group, via neutral mass differences. Finally, the elimination of the neutral [1,3] unit also
seems to be important. This is the neutral difference between the strong 2,4 peak and the
3,7 parent. Likewise, if [1,3] is lost from the 3,6 intermediate in the 3,8 spectrum this would
explain the appearance of the 2,3 fragment. The only other time the 2,3 fragment appears in
the Cr30;! data is also by elimination of [1,3] from 3,6 when this species is selected directly
as a parent ion (data not shown).

The Cr O clusters exhibit similar behavior, as shown in Figure 4.3 and Table 4.1. The
fragmentation of Cr O, in this figure has a much better signal to noise level than other

clusters which is attributed to considerably larger signals in the mass spectrum compared
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to the other clusters. As shown in the figure, the 2,4 fragment ion is the most intense one in
the 4,9 and 4,10 fragmentation spectra. This fragment ion also appears prominently in all
the n = 4 spectra, as does the small ion 1,1. We also see the neutral loss of [Os] for some
of these clusters. Likewise, the neutral loss of [CrO3] is also common throughout these data.
This could explains the sequence of 4,9 — 3,6 — 2,3 as well as the sequence of 4,10 — 3,7 —
2,4. Tt is interesting to note that each parent ion produces a different Cr3O; fragment. Both
parents prefer the elimination of [1,3] which produces the corresponding Cr3O; fragments.
Apparently, the [1,3] loss is more important that the cation stability. However the Cr Of
parent (data not shown) does not produce a Cr3O;, fragment at all, demonstrating that this
argument only applies for Cr3O; fragments above a certain size.

The Cr;0; clusters (m=12,13), shown in Figure 4.4, exhibit some of the same patterns
seen in the small cluster, except there is no evidence for [Os] loss. The 2,4 species is again
by far the most intense fragment ion observed. The smaller 1,1 species is also seen. The loss
of neutral [1,3] is also apparent through this data. As shown in the figure, this could explain
the sequence of 5,12 — 4,9 — 3,6 — 2,3 as well as the sequence of 5,13 — 4,10 — 3,7 — 2.4.
Again we see that the prominent 3,m and 4,m fragment ions vary according to the parent
ion. As shown in the figure, we only see the fragments 3,6 and 4,9 versus 3,7 and 4,10 when
they fall in a sequence of [1,3] losses from the parent. The [1,3] leaving group appears to take
precedence over the formation of preferred cation fragments in this size range. While the 2.4
ion is seen where if could be formed via a loss of [1,3], it is also seen when the elimination
of [1,3] is not possible, indicating its intrinsic stability as a cation.

The fragmentation of the CrgO;! clusters (m=14,16) is shown in Figure 4.5. As in all the
data seen before, the 2,4 fragment ion is among the most prominent. As in the Cr5O; data,
there are 3,7 and 4,10 as well as 3,6 and 4,9 fragments found together from different parents;
in both cases the [1,3] difference is apparent. Surprisingly, there are no Cr50; fragments
detected at all; the fragments closest to the parent ion in mass are the n=4 species. This

is interesting because the closest fragment ion, Cr,;Oy, to the parent ion, CrgO; occurs by
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Figure 4.3: Photodissociation mass spectra of CryO; clusters at 355 nm.



110

2,4

CrO
> 13 3,7 4,10

Al

N

2,4

_|_

CrO

5 12

0 100 200 300 400 500
mass (amu)

Figure 4.4: Photodissociation mass spectra of Cr5O; clusters at 355 nm.
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neutral loss of [2,5]. This is the first evidence for the [2,5] as a possible neutral leaving group,
but, as shown later, it also occurs in some of the larger cluster fragmentation channels. The
interval between the CrgOjy parent and its highest mass fragment ion, CryO7, is [2,6], which
could of course represent two units of [1,3]. Again, the 4,10 species, which was so prominent
in the original cluster distribution grown from the source, is particularly abundant here as a
fragment.

Figure 4.6 shows the fragmentation of the Cr;Oy, Cr;Of; and Cr;O; clusters. As in the
data before, the 2,4 cluster is prominent among the low-mass fragments, as are 3,6 and 3,7.
Like the n=6 family of clusters, neither the 7,17 or 7,18 parents produce fragments in the
n=>5 or 6 range. The 7,16 parent has several fragments in this range, including 6,13 and 5,11.
These fragments represent the familiar neutral leaving groups [1,3] and [2,5], respectively,
from the 7,16 parent ion. In contrast to previously mentioned groups where the 4,10 was a
prominent fragment ion, the only n=7 species where the 4,10 is observed as a fragment ion
is in the decomposition of the 7,18 species. Rather, we find the first evidence for the neutral
loss of [4,10] species. The dissociation of 7,16 directly to the 3,6 fragment could occur via
the direct elimination of [4,10]. However, it could also involve the elimination of two units
of [2,5] via the sequence 7,16 — 5,11 — 3,6. Additionally, the 3,7 fragment ion could also be
produced via the loss of [4,10] from the 7,17 parent ion. In the 7,18 fragmentation, the 4,10
cation could come from the elimination of a [3,8] unit, or more likely from the sequential loss
of [1,3] and [2,5].

The fragmentation patterns of the n=8 group of clusters, shown in Figure 4.7, are all
similar, with no formation of any n=>5,6,7 fragment ions. The highest mass fragments detected
are the CryOf, and CryOf species, which represent about half the mass of each of these
parents. It is plausible to imagine a fission process occurring where these clusters are split
into two roughly equal pieces. The highest mass fragmentation from the CrgO7, is the Cr Of
fragment, which is consistent with this idea of fission. The 4,9 fragment, from the 8,19,

could also be formed by the elimination of a single [Cry;O1q] or by sequential elimination of
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Figure 4.5: Photodissociation mass spectra of CrgO; clusters at 355 nm.
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Figure 4.6: Photodissociation mass spectra of Cr;O; clusters at 355 nm.
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two units of [2,5]. However, the lack of intermediate fragment masses indicates that direct
elimination of neutral [4,10] does occur. We see this same process occur where the 8,20
parent fragments to 4,10, although the 4,9 fragment is also a prominent fragment ion in
this case. The fragmentation of the 8,21 parent does not exhibit the loss of [4,10] rather
the 4,10 is the most prominent fragment ion seen. There is no simple loss of neutrals seen
previously that can explain the formation of the 4,10 fragment ion. This data, and those
discussed previously, indicates that both the 4,9 and 4,10 species are relatively stable as
cation. Like the n = 7 data, there also suggest that the 4,10 species is a stable neutral
leaving group. Selected examples of data for the Cr, O, (n=9-12) cluster species are shown
in Figures 4.8-4.10. These data continue to show many of the same patterns seen already,
and can be summarized together. The fragment ions in the small mass range for all of these
continue to be the same species seen already (2,4; 3,6 and 3,7; 4,9 and 4,10). In some cases,
such as the fragmentation of the 9,24; 10,26 and 12,29 parents, the 4,9 and 4,10 fragment
ions are particularly abundant. However, as the size of the parent ion increases, new cation
fragments begin to be observed in the higher mass range.

It is understandable that larger pieces would remain when the fragmentation begins
at larger clusters, but the specific sizes of these fragments continue to be interesting. In
essentially every system, there is a large gap between the parent ion and the nearest high
mass fragment ion seen. Moreover, the gap often corresponds to the loss of the [4,10] species.
This occurs in the formation of 5,11 from 9,21; 5,12 from 9,22; 6,15 from 10,25; 7,17 from
11,27; and 8,19 from 12,29. In each of these systems, the lower masses that are also seen
in these fragmentation patterns more often than not differ from the highest mass fragment
by the intervals of [1,3] or [2,5] seen before. In the fragmentation of the 9,21 parent, the
highest mass fragment is 5,11, and the next in decreasing mass is 4,8. This 4,8 species is
not prominent in other fragmentation patterns, but it differs from 5,11 by the [1,3] interval.
Another interesting case is the strong production of 4,9 from the 12,29 parent. This difference

corresponds to two units of [4,10] neutral loss. It is clear that these common trends of the
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Figure 4.7: Photodissociation mass spectra of CrgO; clusters at 355 nm.
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Figure 4.8: Photodissociation mass spectra of CrgO; clusters at 355 nm.
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Figure 4.9: Photodissociation mass spectra of CrioO;" clusters at 355 nm.
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loss of particular neutral intervals pervade this data. There are no large cation species in
the size range above n=4 that are produced repeatedly enough to firmly identify them as
especially stable.

It is evident from the data presented here that the cation stoichiometries 1,1; 2,4; 3,6;
3,7, 4,9 and 4,10, as well as the neutral stoichiometries 1,3; 2,5 and 4,10 occur repeatedly
throughout these fragmentation processes. As in our previous work, we interpret the pro-
duction of such species from a variety of parent ions and from different dissociation laser
conditions (wavelength, power) to indicate the intrinsic relative stability of these clusters.
Also consistent with this, some of these same stoichiometries are apparent as abundant
species in the distribution of clusters which grew initially from the cluster source (e.g., 4,10).
The special cluster neutrals and ions here can be compared to those found earlier for the
vanadium group of oxide clusters produced and studied in this same way.?® For the vana-
dium, niobium, and tantalum oxides, we found the stable cation stoichiometries to be 1,2;
2,4; 3,7, 4,9; 5,12; 6,14; and 7,17. The neutral species suggested by mass conservation were
1,2 and 2,5. As indicated, many of the stoichiometries seen for the vanadium group of cluster
oxides are seen again here. The stable cations and neutral seen here can be contrasted with
our recent results for iron oxide clusters, where 1:1 stoichiometries were seen throughout the
data, i.e., species such as 3,3; 4,4; 5,5.9° Thus, the oxide clusters of chromium resemble those
of the vanadium group more than they do the oxides of iron.

To investigate the reasons for the stability of the specific ions and neutrals identified
here, Zach Reed, in our group, has performed DFT calculations to explore the structures
and binding energies for these clusters. The most commonly used functional, B3LYP was
employed for these calculations. The B3PW91 functional was also explored. A recent study
by Dixon and coworkers showed that the former functional has problems for small chromium
oxide clusters, while the latter provide energetic data judged to be more reliable.% The stable
ions Cr,Of, Cr307, Cr3O1, and Cr,Of; and the stable neutrals CrO3, CryO5 and Cr,Oq

were investigated. Figure 4.11 shows the schematic structures determined for these species,
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while the specific details of these structures are presented in the Supporting Information for
the published paper.5” For each of these stable ions and neutrals, the corresponding neutrals
and ions, respectively, have been investigated the to explore the role of charge in the relative
stability. The energetics for these species are summarized in Table 4.2.

As shown in Figure 4.11, the structures for all of these oxides involve alternating metal-
oxygen-metal networks. This is expected because the structures of the corresponding bulk
oxide solids have similar connectivity. Additionally, to balance the greater effective positive
charge on the metal, there are so-called terminal oxygen atoms on most of the chromium
atoms. Only in the case of the Cr,Of species is there evidence of metal-metal bonding. As
expected, the bond energies for these species are substantial. Table 4.2 shows that each of
these clusters has average per-bond energies in the range of 80-150 kcal/mol (3.5-6.5 eV).
DFT is perhaps not the best method with which to calculate exact bond energies and the
numbers obtained for each cluster vary noticeably with the functional employed. Likewise,
the spin of the ground state is different for several of these clusters with the two functionals.
Therefore, these bond energetics must be viewed as rough estimates, but it is clear that
these systems have strong bonding stability. The relative numbers for these bond energies
are also informative when charged versus neutral species are considered. In the case of CrOg,
the neutral which is seen as a leaving group does indeed have a much greater binding energy
than its corresponding ion. The neutral has a closed shell singlet ground state with one of
the common bulk stoichiometries and the 46 oxidation state for the metal atom. Because
it is closed shell, it is not surprising that this neutral is more stable than its corresponding
cation. Most of the larger clusters are also somewhat more stable as neutrals than they
are as ions. The only possible exception to this is the Cro,O}, which has a slightly greater
bonding energy as a cation when the BSPWO1 functional is employed. As noted above, the
2,4 cation could conceivably take on a structure with the metals in two different oxidation
states, having two terminal oxygen atoms connected to one chromium atom, one bridging,

and one terminal oxygen on the other chromium atom. However, although we investigated
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Figure 4.11: Proposed structures of the neutral leaving groups of Cr,0,, and a few cation
clusters, Cr,O;. All of these have been calculated with density-functional
theory.
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Table 4.2: The energetics for the Cr,On/° clusters studied here. All units are keal /mol.

Atomization energy Atomization energy

Energy per bond Energy per bond Spin Multiplicity

B3LYP B3PW91 B3LYP B3PW91

CrOz  455.2 453.1 75.9 75.5 1
CrOj  404.8 314.4 67.5 55.7 2
Cry04  663.2 652.6 82.9 81.6 1
Cr,Of  613.9 658.9 68.2 73.2 2
Cr,O5  813.9 807.6 81.4 80.8 1
Cr,0F  747.2 724.8 74.7 72.5 2
CrzO¢  1114.1 1098.8 92.8 91.6 5
CrsOf  1064.4 1047.9 88.8 87.3 6
CrzO0; 1266 1255 90.4 89.6 5
CrsOF 11741 1163.4 83.9 83.1 6
CryOpp  1805.3 1805.3 90.3 90.3 1®
Cr,Of, 1591.1 1738.2 79.6 86.9 4
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structures such as these, they were not found to be stable minima. Extensive searching and
investigation of many other structures led to the species shown here. These are all relatively
symmetric structures, in which the metal atoms almost always occupy equivalent sites and
thus have the same oxidation states. These effective oxidation state are either 44 or +5 in all
the larger clusters. In the case of the 4,10 neutral, which was studied previously with theory,
the structure found here is quite close to that reported previously by Castleman, Jena and

22k Tn all of these systems, the neutral and ion with the same stoichiometry have

coworkers.
essentially the same structures, differing only because of slight changes in bond distances
and angles. This is presumably because these structures already maximize the number of
strong metal-oxygen bonds.

The structures shown here demonstrate that the stable clusters grown for chromium
oxides and eliminated by fragmentation represent compact symmetric structures. However,
based on our calculated bonding energetics, it is difficult to understand why the experimental
data suggests that these species are more stable than other clusters in the same size range.
As noted above, essentially all the neutral species are more stable than their corresponding
cations, even though only a few of these neutrals are found to be common leaving groups.
The 1,3 cluster is understandable, because there is such a larger binding preference for
this neutral. However, the larger clusters have somewhat similar energetics for ions versus
neutrals and for clusters with similar sizes. For example, we can compare the per-bond energy
of Cry0F, which is prominent throughout these systems with the CroOZ ion, which is never
detected as a major photofragment from any larger clusters. Surprisingly, the 2,5 ion has
a greater per-bond binding energy than the 2,4 species. The 2,4 species has a symmetric
compact structure, but the 2,5 cluster, which is more like an open chain, apparently has
greater bonding stability. The 3,6 and 3,7 species are both found in the experiment, but
the calculations indicate that the 3,6 species should be a good deal more stable per-bond.
Therefore, although the experimental trends for cluster stability are quite clear from our

dissociation patterns, the computed energetics for these clusters do not provide much insight
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to support these trends. This puzzling situation may simply result from the poor energetics
provided by DFT treatments. Unfortunately, while higher level treatments could in principle
provide better energetics, such computations on the larger clusters here present significant
theoretical challenges.

The oxide stoichiometries presented here can be compared to the known bulk-phase
chromium oxides. In addition, the oxidation states implied here can be compared to those
known for chromium in its various compounds. In the case of the vanadium group oxide
clusters, all the prominent stoichiometries could be rationalized in terms of the well-known
+4 and +5 oxidation states of those metals. The most common oxidation states of chromium?
are respectively +3, 46 and +2. Illustrating this, the most common oxide of chromium in
the bulk is Cr(III) oxide, CryO3, which has the corundum structure.! Cr(IV) oxide (CrOy)
has a rutile structure and is ferromagnetic, whereas Cr(VI) oxide (CrOj;), commonly known
as chromic anhydride, is one of the most powerful oxidizers used in organic chemistry.!™
The +6 oxidation state for chromium is also found in its well-known chromate (CrO3~) and
dichromate (Cr,OZ%") ions.? Castleman and co-workers also noted that the 46 oxidation state
was favored in the formation of anion clusters, where the stoichiometry pattern Cr,0Os3, was
observed.?! In the clusters seen here, there is strong evidence again for the importance of the
+6 oxidation state, as seen in the CrOs neutral leaving group eliminated from many of the
clusters here. However, there is no obvious tendency for chromium to take on the +3 or +2
oxidation states. We see no evidence for neutral CryO3 or CrO elimination in our data. The
most prominent larger clusters here are those with stoichiometries like CroOf, CrsOF and
Cr401+0/ O These clusters appear to have an intermediate oxidation state in the +4/45 range.
Oxidation states of +4 or +5 are possible for chromium, but much less common. Another
possibility for these systems is that they have mixed valence character. For example, the
CryOf ion could be rationalized to have one Cr in the +3 state and the other in the +6
state, however the theory does not support this idea. Likewise, the CrsOF species could

conceivably have two +6 metal atoms and one in the +3 state. In pure metal clusters,
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oxidation states are not usually discussed because charge can be highly delocalized. However,
in these metal oxide clusters, localized bonding and charges are possible and have been
investigated in the previous mentioned calculations. Overall, it is apparent that the most
abundant stoichiometries seen here for chromium are more like those of vanadium oxides
than they are like those of iron oxides, in direct contradiction to the trends known for

oxidation states in the usual compounds of these elements.

4.5 (CONCLUSIONS

Chromium oxide cluster cations produced by laser vaporization have been investigated with
time-of-flight mass spectrometry and mass-selected photodissociation. A limited number
of oxide stoichiometries are observed at each cluster size with a specific number of metal
atoms. The Cr O, has especially large abundance in the cluster distribution produced by
the source. Photodissociation of these clusters is only possible via multiphoton excitation,
consistent with strong metal oxide bonding. Dissociation produces a number of cation clusters
repeatedly from many different parent ions, including CrO*, Cr,O;, Cr30F, Cr3Of and
CrsO7y, and these clusters are concluded to be significantly more stable than others in
the same size region. Likewise, the neutral clusters CrOgz, CryO5 and CrsO;9 are observed
repeatedly as leaving groups from a variety of parent cluster ions, and these are concluded
to be stable neutrals. The strong stability of the 4,10 cluster as both a neutral and an ion
may be in part attributed to the high symmetry of its structure. The cluster stoichiometries
seen here resemble those seen previously for the vanadium group oxide clusters and are quite
different from those seen for iron oxides. The oxidation states implied by these data are most
often +4 and +5 for the chromium, which are not common in its solid oxide materials.
Density functional theory computations on these clusters derive structures that are
appealing with alternating metal-oxygen-metal networks that lead to strong bonding sta-

bility. However, the detailed comparison of the per-bond energetics for different cluster sizes



126

does not provide as clear and compelling a picture of the most stable clusters as the exper-
iment does. Future theoretical investigations of these systems would be useful. Because of
their high intrinsic stability, these systems might be candidates for isolation as nanocluster
materials.

Supporting Information

The Supporting Information for this chapter with the full details for the density functional

calculations on the clusters studied here can be found in the paper.5”
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5.1 ABSTRACT

Iron oxide cluster cations, Fe, O are produced by laser vaporization in a pulsed nozzle

ms
cluster source and detected with time-of-flight mass spectrometry. The mass spectrum
exhibits a limited number of stoichiometries for each value of n, where m > n. The cluster
cations are mass selected and photodissociated using the second (532 nm) or third (355
nm) harmonic output of a Nd:YAG laser. At either wavelength, multiphoton absorption is
required to dissociate these clusters, which is consistent with their expected strong bonding.
Cluster dissociation occurs via elimination of molecular oxygen, or by fission processes pro-
ducing stable cation species. For each metal increment, n where n < 6, oxygen elimination
proceeds until a terminal stoichiometry is reached. Clusters with the terminal stoichiometry
do not eliminate oxygen, but rather undergo fission, producing smaller Fe,, O; species. Spe-
cific cation clusters are identified to be stable because they are produced repeatedly in the
decomposition of larger clusters. In general, stable larger clusters, n >6, are not identified
by a terminal stoichiometry, but rather by their repeated production in the dissociation of

larger clusters. These combined results determine that that the n=m species of the form

Fe, O, where n = 2-13, have the greatest stability.

5.2 INTRODUCTION

1- 7

Transition metal oxides are important in applications such as electronics,!™ catalysis,®
and magnetic materials.' 4 Numerous studies have focused on the properties of the bulk
materials as well as the nanoparticle and gas phase cluster oxides. Nanoparticle oxides have
applications in areas such as magnetism, catalysis, and medicine.*?2! Iron oxide is partic-
ularly interesting because it consists of four major bulk phases, all of which exhibit unique
properties. These properties allow it to be used in a variety of applications.' FeO, wiistite,

has a rock salt-type structure with defects, generally referred to as Fe;_,0.!3¢ This phase is

paramagnetic at room temperature and antiferromagnetic below 183 K.17 It is used in semi-
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conductors!™ and as a nonmagnetic precursor which is easily transferred into magnetite,
Fe30y4, or maghemite, v-Fe;O3.'7 Both magnetite and maghemite have a spinel structure
and are ferromagnetic allowing them to be used for magnetic recording materials.!® Inter-
estingly, magnetite is the most magnetic of all the naturally occurring minerals on earth.
Hematite, a-Fe;O3, has a corundum structure with weak ferromagnetism and is used as an

12,13,16

antiferromagnetic insulator.! The films!' and nanoparticles of these various phases

have been studied. Gas phase experiments have also been performed.?® 32 33,38,40-42,44,46 A
variety of gas phase metal oxide experiments have probed properties of these systems such
as bonding, reactivity, and structure.??>* Theory has provided a further understanding of

the structures and stabilities of these clusters.?>64

Mass spectrometry has been used to
study these systems,?? 4! however, determining the relative stabilities remains problematic.
In this study of iron oxide, we address this issue of stability using laser photodissociation of
mass-selected cations.

Clusters stoichiometries and relative abundances of various transition metal oxide clus-
ters have been determined using mass spectrometry.?2#! Oxide clusters exhibit several stoi-
chiometries for each metal increment, as opposed to “magic numbers” like metal carbides.®5 ™!
Castleman and coworkers have reported extensive studies of transition metal oxides and their
reactivities with small hydrocarbons as well as carbon monoxide.?®?® Additional experiments
by Bernstein and coworkers investigated mass distributions using laser photoionization at
vacuum ultraviolet wavelengths.3!:32 In both experiments the intensity patterns were used to
infer relative cluster stability. The spectroscopy of small oxides has been studied with rare gas

42,43 and photoelectron spectroscopy of mass selected-ions.**®! Additional

matrix isolation
spectroscopy experiments have probed these systems using infrared techniques.®>* Our
group in collaboration with Meijer and coworkers, used IR-resonance enhanced multiphoton

ionization (IR-REMPI) to obtain the IR spectra for several metal carbide® and oxide®

cluster systems. Additional infrared resonance enhanced multiphoton photodissociation (IR~
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REPD) of mass-selected ions have been performed by Felicke, Meijer, and Asmis.?*5* Theory
has also been used to determine the structures of these transition metal oxide clusters.?® 64

A variety of experiments have attempted to determine the stability of gas phase clusters
such as metal oxides.”™ ™ However many of these measurements use mass spectrometry, where
problems due to unknown ionization potentials, fragmentation processes, and size-dependent
cross sections are of concern. These same issues make it difficult to measure concentrations
of neutral clusters in more recent photoionization experiments. Additional problems arise in
cation experiments using energy-variable collision induced dissociation or photodissociation
to determine the thresholds for bond breaking. Photodissociation relies on the absorption of
light, which may not be efficient in the threshold region, and collisional measurements may
suffer from significant kinetic shift effects at the threshold, especially for strongly bound clus-
ters. Equilibrium measurements have been performed on the small vanadium oxide clusters,??

31,32

photoionization has been employed on the neutral clusters, collision induced dissocia-

27,28 and photodissociation studies have

tion has investigated various transition metal oxides
been applied to vanadium, niobium, tantalum, and chromium.?>?* The combined results
from these experiments provide evidence for the relative cluster stabilities. Numerous exper-
iments have studied the stability of vanadium-group and chromium oxides, but not iron oxide
clusters.

We have shown repeatedly that photofragmentation studies of cluster cations can be used
to determine relative stabilities.?®5%™ Stable clusters are difficult to dissociate, however,
they are often produced as fragment ions upon the dissociation of larger clusters. Although
stable neutrals are not detected, they can be inferred from the neutral leaving groups via
mass conservation. These methods have been used previously in our lab to study metal car-

bide® and metal oxide clusters.?? The present experiments apply this same photodissociation

methodology to iron oxides.
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5.3 EXPERIMENTAL

Clusters are produced by laser vaporization in a pulsed nozzle cluster source and mass
analyzed in a reflectron time-of-flight mass-spectrometer (TOF-MS) as described previ-
ously.??:66:™ The second (532 nm) or third (355 nm) harmonic of a Nd:YAG laser (Spectra
Physics GCR-11) is employed to vaporize iron from a rotating and translating metal rod. A
helium mixture seeded with 20% oxygen is pulsed with a General Valve (150 psi backing pres-
sure;1 mm orifice) through the sample rod holder. The oxide cluster cations grow from the
laser-generated plasma, producing a molecular beam of clusters. This beam is expanded into
a differentially pumped source chamber and skimmed into the mass spectrometer chamber,
where cluster cations are sampled with a reflectron time-of-flight mass spectrometer using
pulsed acceleration plates. Pulsed deflection plates in the first flight tube section are used to
size-select the clusters of interest before they enter the reflectron. Photoexcitation employs a
Nd:YAG laser (DCR-3) at 532 nm or 355 nm, which is timed to intersect the clusters at the
turning point in the reflectron field. Subsequently, the parent and fragment ions are mass
analyzed in the second drift tube section and detected using an electron multiplier tube and
a digital oscilloscope (LeCroy 9310A). Data are transferred from the digital oscilloscope to a
computer via an IEEE-488 interface. Different studies were performed as a function of laser
wavelength and pulse energy for each cluster size. Photodissociation used 40-50 mJ/pulse of

unfocused laser beam in a spot size of roughly 1 cm?.

5.4 RESULTS AND DISCUSSION

Figures 5.1 and 5.2 show the mass spectrum of Fe,O; cation clusters produced in our
experiment. Clusters containing up to 18 metal atoms and varying numbers of oxygen atoms
are detected. The stoichiometries for each cluster correspond to a specific number of metal
atoms, n, and oxygen atoms, m, where the most prominent mass peak within each group of

clusters corresponds to m > n. For example, for n = 3 the mass peaks correspond to Fe;Oj
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Fe30F, Fe30F , and Fe3Of . For each metal a similar trend is seen producing groups of peaks
for n < 10 and n > 13. These groups correspond to the oxide clusters. A different behavior is
seen in the most prominent peaks for n=10-13. These peaks have stoichiometries where m =
n. The mass distributions that we measure are similar to the previously neutral measured by
VUV photoionization by Bernstein and coworkers.?? This is the best comparison available
since there are no mass spectra measured for cation clusters larger than Fe3O3 . To determine
the relative stabilities of these various iron oxide clusters, we have mass-selected each cluster
size with enough intensity, and photodissociated it with laser excitation at 532 nm and 355
nm. High laser fluences of 40 - 50 mJ /cm? pulse are necessary to achieve significant amounts
of dissociation. These conditions indicate that multiphoton excitation is required to break
the bonds, which is also consistent with our previous vanadium group and chromium oxide
experiments.? Dissociation energies of the small clusters have been measured to be about
3-5 eV / bond?33%4L41 and density functional theory has calculated similar bond energies
for larger clusters.®® Therefore, it is understandable that multiphoton excitation might be
required for dissociation. The absorption spectra of these clusters are also not known. It is
possible that high fluence from the laser is required to overcome weak absorption at one or
both of the wavelengths used. While dissociation is not efficient under any conditions, 355
nm gives the best signals, perhaps because of the greater photon energy or better absorption
efficiency at this wavelength. Therefore the data shown throughout this paper are those
obtained at 355 nm.

Selected examples of the photofragmentation mass spectra acquired from our experiment
are presented throughout this chapter. All of the cluster ions photodissociated are listed in
Table 5.1 along with the corresponding photofragments, where the most intense fragments

are in bold.
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Table 5.1: The iron oxide photofragments (M, O = n,m) detected using 532 nm and 355

nm. The stoichiometries indicated in bold were most prominent fragment ions detected.

Parent

Cation Fragment Clusters
Cluster

1.4 1,2; Fe*

1,6 1,2; Fet

2.2 2.1; Fet

2.3 2.2; 2,1; Fe+

2.4 2,2: Fet

2,5 2,3; 2,2; 2,1; 1,2; Fe™

2,6 2,2; Fe™"

2.8 2,2:2.1; 1,2; Fe*

3,3 2.2; 2,1; Fe™

3,4 3,3; 2,2; 2,1; Fe'

3,5 3,3;2,2;2,1; 1,2; Fe*

3,6 3.4: 3,3; 2,2; 2,1; Fe*

4.4 3,3; 2,2; 2,1; Fe'

4,5 4.4: 3,3; 2,2; 2,1; Fe*

4,6 4,4; 3,3; 2,2; 2,1; Fe™

5,5 4,4: 3,3: 2,2: 2.1; Fet
5,7 5,5; 4.4; 3,3; 2,2; 2,1; Fe™
5,8 5,7, 5,6; 5,5; 4.4; 3,3; 2,2; 2,1; Fe*
6,6 6,5; 5,7; 5,6; 5,5; 4,4; 3,3; 2,2; 2,1; Fe*
6,7 4,6; 4,5; 4,4; 3,3; 2,2; 2,1

Continued on next page. . .
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Parent

Cation Fragment Clusters

Cluster

6,8 4,5;4.4; 3,3; 2,2; 2,1

7,8 6,6; 5,7; 5,6; 5,5; 4,4; 3,3; 2,2; 2.1

7,9 6,5; 5,6; 4,4; 3,3; 2,2; 2,1

7,10 6,5; 5,8; 5,7; 5,6; 5,5; 4,4; 3,3; 2,2; 2.1; Fe*

8,6 6,4; 5,6; 5,5; 4,4; 3,3; 2,2; 2,1

8,7 7,7, 7,5; 6,7; 6,6; 5,5; 4,4; 3,3; 2,2; 2,1

8,8 7.8, 7,7, 7,6;7,5; 6,7; 6,6; 5,5; 4,4; 3,3; 2,2; 2,1

8,9 7,7, 7,6; 6,8; 6,7, 6,6; 5,5; 4,4; 3,3; 2,2; 2,1

9,8 9,7, 9,6; 8,8; 8,7; 8,6; 7,6; 6,6; 5,5; 4,4; 3,3; 2,2; 2,1

9,9 8,9; 7,9; 6,6; 5,5; 4,4; 3,3; 2,2; 2,1

9,10 8,8; 6,6; 5,5; 4,4; 3,3; 2,2; 21

10,10 6,6; 5,5; 4,4; 3,3; 2,2; 2,1

10,11 10,10; 10,9; 10,8; 10,7; 9,9; 9,8; 9,7; 8,9; 8,8; 7,8; 7,7; 6,6; 5,5; 4,4; 3,3

10,12 10,11; 10,105 10,9; 10,8; 9,10; 9,9; 9,8; 9,7; 8,9; 7,7; 6,6; 5,5; 4,4; 3,3

10,13 10,9; 9,9; 9,7; 8,8; 7,7; 6,6; 5,5; 4,4; 3,3; 2,2

11,11 11,9; 11,7; 10,10; 9,11, 9,8; 9,6; 8,9; 8,8; 7,10; 7,8; 7,7; 6,6; 5,5; 4,4; 3,3;
2,2: 2.1; Fe™

11,13 11,11; 11,9; 10,10; 9,11; 9,10; 9,9; 9,8; 9.6; 8,8; 7,7; 6,6; 5,5; 4,4; 3,3; 2.2;
2.1; Fe™

12,12 12,10; 11,11; 10,11; 10,9; 9,11; 9,10; 9.9; 9,8; 8,9; 8,8; 7,7; 6,6; 5.,5; 4.4;

3,3; 2,2; 2,1; Fe™

Continued on next page. . .
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Continued from previous page

Parent

Cation Fragment Clusters

Cluster

13,14 13,12; 11,11; 11,9; 10,11; 10,10; 9,10; 9.,9; 8,8; 7,7; 6,6; 5,5; 4,4; 3,3; 2,2; 2,1; Fe™

14,15 13,13; 12,12; 12,10; 11,11; 10,11; 10,9; 9,11; 9,10; 9,9; 9,8; 8,9; 8,8; 7,7;
6,6; 5,5; 4,4; 3,3; 2,2;: 2,1; Fe™

15,17 13,13; 13,11; 12,13; 11,11; 10,105 9,9; 8,8; 7,7; 6,6; 5,5; 4,4; 3,3; 2,2; 2.1;
Fe™

16,19 15,13; 14,15; 13,13; 12,13; 11,11; 10,10; 9,9; 8,8; 7,7; 6,6; 5,5; 4,4; 3,3;
2.2;: 2.1; Fe™

17,19 16,16; 15,15; 14,14; 13,13; 12,12; 11,11; 10,10; 9,9; 8,8; 7,7; 6,6; 5,5; 4,4;

3,3;2,2; 2,1; Fet
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The photodissociation mass spectra are collected in a difference mode of operation, where
spectra collected with the photodissociation laser off (only the selected parent ion present)
are subtracted from the spectra collected with the photodissociation laser on (which contains
fragment peaks and residual parent ion). This method produces a negative parent ion peak,
showing depletion, and positive fragment ion peaks. Ideally the integrated intensities of the
fragment ion peaks would equal the integrated intensity of the parent ion, displaying charge
conservation. However, mass-discrimination effects within our instrument make it impossible
to focus on both the parent and fragment ions with equal sensitivity and resolution.” There-
fore, fragment ion peaks are amplified on the spectra which results in an off scale parent ion
peak in the negative direction, so that we can show the more interesting fragment ions. We
also use several focusing conditions to ensure that no fragment ions are missed. However, for
these reasons, we do not report branching ratios for the various fragment ions. Instead, we
only distinguish between strong and weak fragments.

Photodissociation mass spectra for the clusters Fe305, Fe;04 and Fe;O¢, hereafter des-
ignated as the 3,3; 3,5; and 3,6 species, respectively, are shown in Figure 5.3. The 3,5 and
3,6 fragment to 3,3 and 3,4 respectively via a loss of oxygen. Experimentally we do not have
the capability to detect neutral clusters, although using mass conservation we can infer that
the neutral leaving group in Figure 5.3 is oxygen. Throughout this chapter we use brackets
to indicate our uncertainty of the neutral losses. For example, in Figure 5.3, the loss of two
oxygen atoms could occur by losing either molecular or atomic oxygen. Therefore, this loss
is indicated as [O,], although, it is safe to assume the loss of molecular oxygen, O, as this
is the lower energy channel. Castleman and co-workers also observe that the inferred neu-
tral loss of molecular oxygen, as opposed to atomic oxygen, is a preferred mechanism for
collisional dissociation of oxygen rich iron oxide clusters.?® This same behavior is seen for
the n=2 group, in data not shown, where the 2,1; 2,2; and 2,3; fragment ions are produced
from the parent 2,3; 2,4; and 2,5 clusters, respectively. Additionally the 2,6 and 2,8 parent

clusters produce the 2,2 fragment ion via elimination of two and four units of [O,].
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Figure 5.3: Photodissociation mass spectra of Fe3O; clusters at 355 nm.
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The loss of [Oy] ceases in the Fe;O; complexes at the fragment ion 3,3 which is the
smallest ion produced in the n=3 group. For this reason Fe;Oj is determined to be the
terminal ion for this group. The repeated appearance of this ion as a fragment from those
having the same number of metal and more oxygen indicates that this cluster is relatively
more stable than other clusters within the n=3 group. We therefore designate the terminal
ion 3,3 as the most stable cluster for the n=3 group. Upon examining the n=2 group, we can
identify the terminal ion as the 2,2. Although some clusters produce fragment ions beyond
this point with measurable intensity, the Fe,OF cluster is prominent throughout all of the
Fe,O; dissociation, therefore it is defined as the “core” cluster for the n=2 group.

Once the terminal ion is reached within a specific group, dissociation occurs via fission
with units of [FeO] eliminated. Again we indicate the inferred neutral loss in brackets. The
photodissociation for the n=3 clusters show this, as the Fe;05 fragment ion dissociates via
the loss of [FeO] to produce the 2,2 and a small amount of 1,1 fragment ions. The elimination
of [FeO] can occur through direct or sequential dissociation processes to produce the smaller
mass fragment ions. Direct processes occur through the loss of the neutral atoms or molecules
which produce the fragment ions. However, sequential processes occur through the stepwise
elimination of multiple neutrals. For example, the dissociation of the parent cluster 3,3
producing the 2,2 and 1,1 fragment ions could be a sequential process or 2 direct processes
occurring in parallel. Laser power or wavelength studies can be used to distinguish between
sequential and direct processes. In our experiments we found that the prominent fragment
ions are independent of the dissociation wavelength 532 nm or 355 nm. However, the laser
power studies (over the range of 5 - 25 mJ/cm? pulse for 355 nm and 15 - 125 mJ/cm?
pulse for 532 nm) provides compelling evidence for sequential processes. Laser power studies
were performed on numerous parent cluster sizes from those with a single metal atom to
15 metal atoms. All of these studies, with the exception of a few small clusters(n < 3),
show that as the laser power decreased, fragment ions closest to the mass of the parent ion

remained intense while the lower mass fragments disappeared. The production of the 2,1 and
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Fe™ fragment ions in the n=3 spectra are also consistent with sequential processes, as these
fragments were also produced in the n=2 group. These two ions are produced throughout all
the data presented here and will not be discussed further. Evidence for stable cation clusters
are shown via the repeated production of these clusters from several different parent clusters.
From this point on we only discuss those dissociation routes which are common to more than
one cluster system.

These same dissociation patterns are seen in the Fe,Of clusters (m=4,5,6), in data not
shown, and the Fe;O;! clusters (m=>5,7,8), shown in Figure 5.4. Within both of these groups
[Os] is eliminated, producing the 4,4; 5,5 and 5,6 fragment ions from the 4,6; 5,7 and 5,8
parent clusters, respectively. Again the loss of [Os] ceases at the Fe,Of and Fe;OZ clusters.
Based on the power dependence studies, these clusters probably dissociate via the elimination
of [FeO] units to produce the 3,3 and 2,2 fragment ions with the 4,4 also being produced
from the 5,5 parent. For these reasons the 4,4 and 5,5 are determined to be the terminal ions
for the n=4 and n=5 groups.

The fragmentation spectra of the FegO; clusters (m= 6,7,8) and Fe;O; clusters (m=
8,9,10) are shown in Figures 5.5 and 5.6, respectively. One noticeable difference in the
fragmentation patterns of both groups is that the tendency to lose [Os] is not observed.
Instead, for the 6,6 and all three n=7 parents, we see many more fragment ions at masses
closer to that of the parent until a 1:1, or n = m, stoichiometry is reached at the 5,5. From the
5,5 the dissociation proceeds with inferred losses of [FeO] units, as seen earlier, producing the
4.4; 3,3; and 2,2 fragments. The top and middle frames of Figure 5.5, corresponding to the
6,8 and 6,7 parent clusters, do not show such extensive fragmentation. There are also several
deviations in the fragment ions produced from the n=6 and n=7 parent clusters. Rather than
producing the 1:1 stoichiometric clusters, the 6,7 parent cluster dissociates to the 4,4 and
4,6 fragment ions with comparable intensities and the 6,8 dissociates to the 4,5 fragment.
Likewise, the 7,8 and 7,10 both display a prominent peak at the mass corresponding to the

5,7 fragment and the 7,9 displays a prominent peak for the 5,6 fragment. Since there is no
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Figure 5.4: Photodissociation mass spectra of FesO; clusters at 355 nm.
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Figure 5.5: Photodissociation mass spectra of FegO;f clusters at 355 nm.
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Figure 5.6: Photodissociation mass spectra of Fe;O; clusters at 355 nm.
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evidence for these ions in the fragmentation spectra of larger clusters, 6,7 — 4,6 and 7,8 —
5,7 were determined to be anomalies. However, the 4,5; 5,6 and 5,7 fragment ions, from the
6,8; 7,9; and 7,10 parents, all correspond to a loss of neutral [Fe;O3). This is the first evidence
seen for the neutral loss of the stable bulk stoichiometry Fe,O3. While this is interesting,
there is some ambiguity regarding the significance of the [2,3] as a neutral loss channel. If
this loss were significant, we would expect to see a prominent peak where a 1:1 fragment
ion could be formed as a result of this loss from the parent cluster. Instead, comparable
intensities for the 4,4 and 4,6 fragment ions are produced from the dissociation of the 6,7
parent cluster. Consistent with this, the most prominent fragment peak in the fragmentation
spectrum for the 7,8 corresponds to the 5,7, rather than the 5,5. This is puzzling and suggests
that perhaps the 4,6 and 5,7 are stable cations. However the dissociation of larger clusters
as well as the smaller ones only shows the 4,4 and 5,5 fragment ion. Thus the conclusion
remains that the 5,5 and 4,4 are the most stable cations for their groups. These larger clusters,
where n > 5, do not exhibit the same behavior as the small clusters where losses of [O9] cease
with a specific terminal stoichiometry, instead the stable cation cluster for each group can be
identified by its repeated appearance in the decomposition of larger clusters. Thus, the stable
clusters for the n=6 and n=7 groups cannot be identified simply through the inspection of
the corresponding groups dissociation spectra. Instead, reviewing the dissociation of larger
clusters, as seen later, shows the relative stability of the FegOf and Fe;OZ clusters within
their respective groups.

The photodissociation spectra of the FegO;: (m=8,9,10) clusters are shown in Figure 5.7.
For this group as well as the n=8 group (data not shown), the extensive fragmentation
subsides at the 6,6 fragment ion. Both groups also show the production of the common
stable fragment clusters 5,5; 4,4; 3,3; and 2,2 probably via the loss of neutral [FeO] units.
The dissociation of larger clusters show definitively that the FegOd and FeqOg clusters are

the most stable.
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Figure 5.7: Photodissociation mass spectra of FeqO; clusters at 355 nm.
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Losses of oxygen, both molecular and atomic, resume in the dissociation of the n=10 and
n=11 groups of clusters, shown in Figure 5.8 and 5.9, respectively. This behavior is seen
for all of the clusters dissociated in both groups with the exception of the 10,10 which does
not lose oxygen. This might be due to the small parent cluster signal. However we cannot
be certain because, at masses close to that of the parent, low intensity peaks appear to be
visible in the noise region of the spectrum. For this reason, we conclude that the 10,10 parent
probably dissociates by eliminating neutral [FeO] units to form the smaller n = m clusters,
where m < 7. The extensive fragmentation ceases at the 7,7 fragment in the spectra for both
the n=10 and n=11 groups of clusters. Beginning with the 7,7 through the 2,2. the typical
1:1 stoichiometric mass peaks are produced for each group. The appearance of the 7,7 and
6,6 supports previous conclusions made that these are the most stable cations within their
respective groups. It is also interesting to note that in the n=11 spectra the only fragment
ions produced for the n=8 and n=10 groups are the 88 and 10,10, providing additional
evidence for the stability of these clusters. Interestingly, the elimination of [Fe;O3] is again
inferred from 10,11 — 8,8; 10,12 — 8,9 and 11,13 — 9,8 fragment ions. Additionally, the
dissociation patterns of the larger clusters shows repeatedly that the 10,10 and 11,11 are the
most stable cations for their groups.

In the n=11 spectra, we begin to see broadened fragment ion peaks, where n<8, which
are beyond our instrument resolution. Presumably this is because the fragmentation events
producing those fragment ions are slower on our instrument time scale. This makes sense
based on the prior supposition that the fragmentation processes are sequential. According
to RRKM, the weakest bond in the cluster will break first and the rate of dissociation
depends on the amount of excess energy deposited above the dissociation threshold as well
as the density of states near the level where excitation occurs.” Thus, larger clusters having
a higher density of states and more avenues for the energy to redistribute, like those with
more than 10 metals, require a longer time to dissociate and more energy. If the processes are

in fact sequential, this means that the fragment ions closer to the parent mass will dissociate
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Figure 5.8: Photodissociation mass spectra of Fe;oO; clusters at 355 nm.
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Figure 5.9: Photodissociation mass spectra of Fe;; O clusters at 355 nm.
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on a faster timescale relative to the smaller mass fragments. Additionally, if the majority of
the energy is used up for the dissociation of the parent cluster to the larger mass fragment
there will be less energy leftover to produce the smaller mass fragments. This would result
in the larger mass fragments having more narrow widths than the smaller ones.

Figure 5.10 shows the fragmentation spectra of the Fe;205,, Fe;307,, and Fe;,Of; clus-
ters, and Figure 5.11 shows the fragmentation spectra of the Fe;507,, Fe;40/,, and Fe;7;07;.
All of these spectra show the same patterns of extensive fragmentation at the masses closest
to the parent mass with a broadening of subsequent masses. The only peak that is not broad-
ened in the 17,19 spectra corresponds to the 16,16 fragment ion. At first sight, the fragment
mass peaks in the low mass range, where n < 5, do not appear to be broadened in these
spectra. However when compared to those same mass peak widths from the dissociation of
small clusters, it is apparent that these peaks are also broadened, although not as noticeably
as those in the higher mass range. We also see the repeated production of the typical 1:1 sto-
ichiometric clusters which begins at larger fragment sizes as the parent cluster size increases.
For instance, the Fej5Of, parent cluster shows the 1:1 fragment ions beginning with the
8,8, whereas it begins at 13,13 in the dissociation of the Fe;s07, cluster. It is unrealistic to
be confident of the assignments for the mass peaks which are broad enough to encompass
several stoichiometries, e.g. the 10,10 fragment peak from the 16,19 parent could possibly be
the 10,9 - 10,12. Although, 1:1 stoichiometric stable cluster cations for n<13 are repeatedly
detected from dissociation spectra of parent clusters as large at 16,19. Therefore, it is rea-
sonable to assume that, although the peaks in Figure 5.11 are broad enough to encompass
multiple clusters for n=8 through n=12, they are probably due to the fragment ions having
a 1:1 stoichiometry. An additional broadening of the fragment peaks for n<16 is seen from
the 17,19 parent. This may be caused by the very small signal of the parent cluster or the
requirement of more energy to dissociate the 17,19. Evidence for the elimination of neutral
[2,3] is also shown from each parent cluster in Figure 5.11 producing 10,9; 11,11 and 12,12

which are the first intense fragment ion peaks in all three spectra respectively. We also see
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Figure 5.10: Photodissociation mass spectra of Fe;50f, (top), Fe;30], (middle) and Fe;,07;
(bottom) clusters at 355 nm.
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Figure 5.11: Photodissociation mass spectra of Fe;507; (top), Fe;0fy (middle) and Fe;;07,
(bottom) clusters at 355 nm.
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the first evidence for the elimination of [3,4] from the 14,15 — 11,11, the 15,17 — 12,13 and
the 17,19 — 14,15. Again, this is interesting because the bulk stoichiometries of iron oxide
are FeO, FeyOsand FezO4.13

These data show conclusively that the most stable cation clusters all have a 1:1 sto-
ichiometry, where n < 14, for the Fe,O; clusters. We have also shown that the inferred
neutral stoichiometry FeO occurs repeatedly while Fe,O3 and FesO4 are seen occasionally.
As in our previous work, we interpret the production of the stable species from a variety of
parent ions and under different dissociation laser conditions (wavelength, power) to indicate
the intrinsic relative stability of these clusters. Also consistent with this, some of these same
stoichiometries are apparent as abundant species in the distribution of clusters which grew
initially from the cluster source (e.g., 3,3; 11,11; 12,12; 13,13).

These patterns of cluster stability can be compared to previous experiments determining

26,33 reactivity studies?® and neutral cluster distributions.?? Schwarz

dissociation patterns,
and co-workers used collisional activated mass spectrometry to investigate the dissociation
patterns of the small cation clusters where m <4 .33 These results showed preferential inferred
losses of FeO from the 1:1 clusters and losses of O from the more oxygen rich clusters. The
thermochemical data presented by Schwarz and co-workers for the smaller clusters, suggest
the loss of FeO from Fe3O3 is ~ 20 kcal/mole lower energy than the competitive channels
of dissociation Oy and FeO, and ~ 30 kcal/mole lower energy than the loss of atomic 0.3
Castleman and co-workers have studied the reactivity of the small anion clusters (where n=1-
2) with CO,?® where the most reactive clusters were determined to be the oxygen rich species.
The small stable cluster 2,2 (identified here) was found to be less reactive than its oxygen
rich counterparts. Additionally, Castleman reported the inferred loss of molecular oxygen
from Fe,Og producing Fe,O; which subsequently probably loses FeO or FeOy We also see
the loss of [Os], however we do not observe the inferred loss of [FeO] until two units of [O,]

are eliminated, leaving the 2,2 terminal ion. This might be attributed to our multiphoton

conditions, but the power dependence studies of Fe;Og provide compelling evidence that
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FeyOg loses 2 units of [Oq] before [FeO] is eliminated. Lastly, we can compare our results
with those of the photoionized neutral clusters reported by Bernstein and co-workers, where
clusters were studied using three different wavelengths, 355 nm, 193 nm, and 118 nm.?? All
three wavelengths show distributions where 1:1 species are the most intense features within
the mass spectra. Although cross sections are not known for these species, the ionization
potential has been determined using vacuum ultraviolet photoionization studies, by Leone
and co-workers, to be approximately 8.56 eV for FeO.#' Additionally Khanna and co-workers
calculated the ionization potentials to be approximately 7.5 eV for each n=m cluster, where
n = 2-6.58 These potentials show that multiphoton conditions are required in order to detect
the neutral clusters using 193 nm and 355 nm. VUV photoionization, 118 nm, has the best
chance to ionize clusters without fragmentation, and thus may be able to detect the most
abundant neutral clusters formed. The 118 nm studies also showed that the most abundant
clusters detected were those of the 1:1 stoichiometry.?? However photoionization with VUV is
could also be detecting those clusters which are easier to ionize as opposed to those that are
the most stable. This possible bias in the photoionization measurements makes it impossible
at present to resolve the issue of cation versus neutral stabilities.

Several groups have performed theoretical calculations on the anion and neutral species
of the most stable geometric configurations for the clusters where n=1-6.2873342,44,58,64
Castleman and co-workers have also performed DFT calculations on the smallest cation
clusters, FeO; (where m=1-3).2® Khanna and co-workers have predicted structures for the

2.58 Khanna’s results showed that clusters

neutral clusters which are found in Figure 5.1
with the 1:1 stoichiometry were more stable than their more oxygen rich counterparts. Ring
structures were found to be the most stable for clusters having metal atoms of n = 2-5. A
further prediction stated that the n = m species for 6,6 - 12,12 clusters are combinations
of smaller rings in cages and tower structures, with weaker ring-ring bonding, such as those

shown in Figure 5.12. While our data supports the 1:1 stoichiometric clusters being the most

stable, we do not find evidence which supports the larger clusters being formed via rings of
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Figure 5.12: Calculated structures of Fe, O,, by Khanna and co-workers.®
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small clusters. For example, let’s consider the 9,9 cluster. Khanna reported that the binding
energy between the rings (3.45 eV) is less than the bond energy per atom (4.49 eV). If the
9,9 were comprised of three rings of 3,3 we would expect to see the bonds between the rings
break first leaving the 6,6 and 3,3 as fragment ions and perhaps even prominent ones. The
3,3 is the most prominent peak in the dissociation spectrum of 9,9, however, the 6,6 peak is
very small. We also see additional much more intense fragment ions corresponding to the 1:1
stoichiometries for the 5,5; 4,4 and 2,2 clusters, leading to the conclusion that it is unlikely
that the 9,9 is comprised of three 3,3 rings.

It is also instructive to examine the predicted magnetism of those clusters which are found
to be the most stable throughout our data. The theoretical magnetism of neutral Fe, O,, clus-
ters have been investigated using DFT.%* The alignment of the magnetic moments on iron,
for the n = m clusters (where n=2-4), changed from a ferromagnetic to antiferromagnetic
arrangement with an increasing number of oxygen atoms.% This confirms that perhaps these
small 1:1 clusters are antiferromagnetic like the bulk solid.

In light of these structures we can make some final comparisons. The most stable clusters
identified within each group can be rationalized based on the known inorganic chemistry
of iron. Iron prefers the two oxidations states +2 and +43. Taking this into consideration,
we can predict that the 1:1 clusters either have a mixed valence or a non-integer overall
oxidation. For example the Fe;Oj could either have one metal with a +3 and one with a
+2 or an average +2.5 oxidation state. Theoretical structures have only been calculated
for the cations containing a single metal,?® however we can speculate that the structure for
the 2,2 cation is probably a symmetrical ring. This deduction is based on the theoretical
calculations of the anion and neutral clusters and their typical agreement with those same
cation clusters.?”>31:38:39.5L57 The ring structure indicates that the two metal atoms are equal,
thus the overall oxidations state is probably +2.5, rather than the mixed valence oxidation
state. This trend can be carried through all of the 1:1 clusters where the overall oxidation

state becomes closer to +2 as the cluster size increases. For example, the 7,7 cluster would
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have an overall oxidation state of +2.14 and the 12,12 would be +2.08. This trend was
also noted by Schwarz and coworkers in the small cations clusters®® and by Wang and co-
workers for the small neutral clusters.** The structures calculated by Khanna and co-workers
supports this idea as the rings where n=3-6 are symmetrical.® This is interesting because
the bulk stoichiometries have a +2 oxidation state for FeO, 43 for hematite, Fe;O3, and
a mixture of +2 and +3 in magnetite, Fe3O,.1 In addition the inferred neutral cluster
eliminated repeatedly, [FeO], and the occasional loss of [Fe;O3] maintain the stoichiometries

found within two of the bulk iron oxide phases.

5.5 CONCLUSIONS

Iron oxide cluster cations produced by laser vaporization have been investigated with time-
of-flight mass spectrometry and mass-selected photodissociation. A limited number of oxide
stoichiometries are observed at each cluster size with a specific number of metal atoms. Pho-
todissociation of these clusters is only possible via multiphoton excitation, consistent with
strong metal oxide bonding. Dissociation produces a number of cation clusters repeatedly

from many different parent ions, including n = m clusters of the form Fe,O;, where n=2-

13. These clusters are concluded to be significantly more stable than others in the same size
region. Likewise, the neutral clusters FeO is observed repeatedly as a leaving group from a
variety of parent cluster ions, and is concluded to be a stable neutral. The oxidation states
implied by these data are the commonly found +2 and +3 states for iron. However, further
theoretical investigations of the cation clusters structures and magnetic properties would be
useful.

Finally, wiistite, the bulk FeO phase, has applications in the development of semiconduc-
tors. However, the stability of this phase is dependent on temperatures above 560 °C. The

stable 1:1 clusters found in our results could possibly be used to compare the bulk phase and

nanocluster materials. For this reason, further investigations into the possible isolation of
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these nanoclusters at room temperature would be interesting. Perhaps these small nanoclus-
ters exhibit some stability not seen in the bulk phase. If the 1:1 nanoclusters can be isolated

at lower temperatures they would be even more useful for semiconductor applications.
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Vanadium, niobium, tantalum, chromium and iron oxide cluster cations are produced
in laser vaporization pulsed nozzle cluster source and investigated with time-of-flight mass
spectrometry and mass-selected photodissociation. Photodissociation experiments of these
transition metal oxide cluster cations are the first thorough investigations of its kind, pro-
viding insights into the most stable cluster motifs of these oxides. The ability to select each
cluster individually allowed the fragmentation mass spectrum for each cluster to be exam-
ined, providing significant insights into the relative stability of these oxide clusters. The most
stable clusters can be compared to the stable theoretical structures. The stable cluster cations
have also revealed information valuable for experiments used to isolate the corresponding
nanocluster materials.

A limited number of oxide stoichiometries are observed at each cluster size with a specific
number of metal atoms. Chromium also has an especially large abundance of Cr,O7, in the
cluster distribution produced by the source. The cluster cation distributions are similar, as
has also been noted by previous workers. Photodissociation of these clusters is only possible
via multiphoton excitation, consistent with strong metal oxide bonding. We have determined
two general types of dissociation. Some clusters eliminate excess oxygen in units of O such
as vanadium, chromium and iron, whereas niobium and tantalum oxide clusters lose atomic
oxygen. Clusters with excess oxygen eliminate oxygen until a terminal oxide stoichiometry
is reached at which point further fragmentation occurs via fission. Fission occurs by loss of
stable metal oxide fragments. The vanadium group oxides eliminate MOy, MO3 and M5O5
as stable neutrals, chromium oxides eliminate CrOs, CryO5 and Cr,;O;¢ and iron oxides
eliminate FeO, with occasional losses of Fe;O3 observed. These neutral stoichiometries are
noteworthy as they are found in the corresponding bulk materials. The terminal cations
identified at each metal size increment, n, also repeatedly appear as abundant photofragments
from larger clusters for different metals. The most stable cation stoichoimetries established
for the vanadium group oxides are MO3, MO}, M30%, M,Of , M507,, MgO{, and M;0O7..

Vanadium is an anomaly as V307 has a comparable stability to V3OF. The most stable
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cation clusters determined for chromium are very similar to those of the vanadium group,
including CrO*, Cr,0f, Cr30¢, Cr30F and CryOf,. However, the most stable iron cluster
stoichiometries are different than those of the vanadium group or chromium as the n = m
clusters of the form Fe, O where n=2- 13, were found to have exception stability for iron.
It is also worth noting that the CryOq¢ cluster exhibits a strong stability as both a neutral
and an ion. This may be in part attributed to the high symmetry of its structure.

Our data implies that the vanadium group and iron oxide clusters exhibit oxidation
states which are commonly found in the corresponding bulk oxides. The vanadium group
clusters imply oxidation states of +4 and +5 whereas the iron clusters suggest the commonly
found +2 and +3 states. In contrast, the most stable chromium clusters suggest +4 and +5
oxidation states which are not common in its solid oxide materials.

Where applicable, these conclusions agree with other data on the same oxide cluster
cations. There is evidence that neutral clusters of these same metals follow the same sta-
bility. Further work is needed to confirm this. Despite the new data on structures of the small
clusters, additional work from both theory and experiment is needed to establish the struc-
tures that correspond to these stable clusters and to explain the source of their stability. For
example the detailed comparison of the per-bond energetics for chromium oxide clusters of
different sizes does not provide as clear and compelling a picture of the most stable clusters
as the experiment does. In addition, further theoretical investigations of iron cation cluster
structures and magnetic properties would be useful.

The laser vaporization, pulsed nozzle cluster source, coupled with photodissociation
experiments, has proven to be a powerful technique used to study strongly bound clusters.
These experiments would be useful in studying other transition metal oxides such as zinc
and cobalt, both of which are relevant for their electronic and magnetic properties, respec-
tively. Additional experiments studying multi-metal oxide clusters would be useful such as
Au(M,,0;t). These experiments might reveal the bonding nature of the gold onto the metal

oxide which is useful for catalytic applications where metals are supported on metal oxides.
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Other experiments using infrared photodissociation would be useful to determine the
structures of these stable cation clusters. As mentioned previously, such experiments are
limited by the inherent strong binding in these clusters as well as the method used to pro-
duce such clusters. In the near future, our lab will have the capability of producing these
oxide clusters in a cold source which will minimize the production of hot clusters. The cold
source, cooled by liquid helium, will be attached to the rod holder used to generate the
oxide clusters. Buffer gas collisions with the walls of the cooled rod holder will help dissi-
pate the heat generated from the high laser fluences required to produce these clusters. In
so doing the source will cool the oxide clusters enough to possibly rare gas tag. Our group
has demonstrated the practicality and usefulness of employing rare gas tagging for weakly
bound clusters which are still too strongly bound for single photon infrared spectroscopy.
The methods routinely used to produce these weakly bound clusters cannot produce large
strongly bound clusters. However the addition of a cold source to our laser vaporization
pulsed nozzle source will increase the chances of producing these large strongly bound clus-
ters with rare gas tagging. Such clusters can then be probed using infrared photodissociation
experiments. These IR experiments will allow their structures to be determined which can
then be compared to the corresponding theoretical structures. These and other future exper-
iment related to those mentioned here will provide detailed information at the fundamental

level which will hopefully answer questions that remain in these metal oxide systems.



