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Photofragmentation of Vanadium Oxide Cations
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Laser-induced fragmentation of mass-selected vanadium oxide cluster cations at 532 nm is investigated in a
time-of-flight mass spectrometer. The major species observed in the initial mass distribution can be described
as having a stoichiometry similar to bulk vanadium oxides, with some species possessing additioritd O
bonded to the cluster. At low laser fluence, the major photofragmentation channel observed is the loss of O
or consecutive @units from clusters that are oxygen rich. When the laser fluence is increased, additional
fragmentation channels are observed. The majority of the clusters investigated f0ght&/VeOy6", ultimately

lose the necessary neutral fragments to form the product iong W@l VO™. The results suggest that YO

and VO have lower ionization potentials than larger vanadium oxide clusters.

Introduction vanadium oxide clusters are produced in a laser vaporization
source. The surface of a rotating and translating vanadium rod
8s vaporized with the second harmonic of a Nd:YAG laser at
532 nm at an adjustable time delay after a pulsed valve is
actuated. Typically, pure oxygen is used as both the reactant
and backing gas at a backing pressure~df8 atm. Different
dilutions of oxygen in helium were investigated; however, no
significant variation in the initial cation distribution was
observed. The initially hot clusters are cooled as they expand
through a nozzle, from the high-pressure region of the source
Ointo the low-pressure region of a vacuum chamber.

Vanadium oxide cations, anions, and neutrals are produced
in the laser vaporization source. In the present experiment, only
the cations are investigated. The cations are extracted into the
TOF mass spectrometer using two fast high-voltage transistor
switcheg? to pulse the repeller and extractor grids simulta-

. . ) . . neously to predetermined voltages. The voltages are chosen to
oxide gluster catlorﬁ hgvg begn investigated in our researgh set the first-order space foédsit the position where the cluster
group in order to gain insight into the structure and properties ion packet is overlapped with the photofragmentation laser. One

gf thesr(;: sz/ei:eziwmhlczi:re r[])o\tenglallry]/ ilrr:/potritantt :jnfc;ataly&sh cgifficulty encountered when extracting cations directly from the
upported vanadium oxides have bee estigated for use, a ource, rather than using photoionization to form cations from

. 20 1 . .
gmg;%endrgggngﬁégﬁg'r:j g?ga%l@if”;\lgemﬁ'vﬁ Horg;nnc;c neutral clusters, is the initial energy distribution of the clusters.
xidatl 1ons; ucti Wi s The cations fill a larger volume in the extraction region and

to cor:;[rc()jl ”::Z ?]mrllssmnsrtofd eJe(r:]tr:;:i Enowi?d plantts.l Ttheser therefore have a larger initial energy distribution, which leads
ts;pﬁgzgllyeine?(pensici/esgﬁ?jore?ativeallyaen\ljironc:ner?taﬁi gi)e/ijlya €0 a decrease in mass resolution. This increase in the initial

. ) ' _energy distribution is partially compensated by the use of a
Even though these catalysts find widespread use, the reason 9y b y b y

Teflectron?s which helps to limit peak broadening.
behind their unique properties remain a topic of debate. It is T P P 9 .
- - . After the ions are accelerated, they pass through a set of ion-
widely accepted now that the substrate plays a critical role in

the catalyst's activity. Gas-phase studies of vanadium oxide focusing optics, then travet80 cm in a field-free region before

clusters are limited, but can be employed to learn more about reaching a pulsed mass gate. The mass gate consists of two
the structure and reactivity of these species and hence theirparallel plates’ (_)ne_that is kept near ground potential and _the

. . : ) . other that is maintained at several hundred volts. When an ion
potential role in various catalytic mechanisms. The present

investigation provides additional information on the dissociation encounters the mass gate, its trajectory is altere.d and 'the lon
; . . . no longer reaches the detector. When the species of interest
behavior and properties of vanadium oxide clusters. . . )
arrives at the mass gate, the high-voltage plate is pulsed to near
ground potential and the chosen mass passes through the mass
gate. Thereafter, the high-voltage plate of the mass gate is again
The time-of-flight (TOF) mass spectrometer used in the pulsed to high voltage in order to deflect the higher-mass species
present investigation has been described previdtiatyd only off axis of the spectrometer.
the major features and modifications are discussed herein. The Photofragmentation of the mass-selected cations is induced
with the second harmonic, 532 nm, of a second Nd:YAG laser
* Corresponding author. which intercepts the cluster packet approximately 10 cm after

Photofragmentation studies of gas-phase cluster ions can b
utilized to provide information on stability, possible structures,
and bonding. Photofragmentation techniduieave been used
to study pure meta; ¢ carbon’8fullerene?°and Met-Catl~16
cluster systems, among many others. To simplify identification
of the fragments, typically, a specific cluster is mass selected
from a distribution of cluster sizes, prior to photofragmentation.
After mass selection and photofragmentation, the products are
identified by a variety of energy analysis techniques. Photo-
fragmentation/photodissociation techniques have been employe
to determine photodestruction cross sections, relative stability,
dissociation energies, and product branching ratios. These
techniques have been utilized in the cluster field to investigate
size-dependent properties of many different cluster systems.

The collision-induced dissociation and reactivity of vanadium

Experiment
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‘L Figure 2. Photofragmentation products for®s*. The trace labeled
1 : : : : : : [ “A” shows the mass-selected parent iogO¢*, the less intense peaks
40 60 80 100 120 140 160 to the left of the parent peak are due to metastable dissociation of the
parent ion and a small amount of collision-induced dissociation of the
Time of Flight (usec) parent ion as it is accelerated in the TOF extraction region. Both the

product ion contribution due to metastable dissociation and collision-
Figure 1. Mass spectrum of vanadium oxide cations generated in the induced dissociation are subtracted out when the fragmentation laser-
laser vaporization source. The numbexsy)( above selected peaks  off trace is subtracted from the fragmentation laser-on trace, as shown
represent the number of vanadium and oxygen atoms, respectively, inin “B”. The parent ion depletion is shown by the dip in trace “B”.
each {O," cluster. The spectrum was obtained while operating the Trace “C” is an example of a loss channel that is not observed, while
reflectron in hard reflection mode; therefore the initial energy spread trace “D” confirms the loss of an DOunit from the parent ion.
of the ions in the extraction region is not compensated. Fragmentation products are identified when they align with the vertical
line drawn through the parent peak.
the mass gate. The photofragmentation is carried out in a field- ) L . )
free region of the spectrometer. After fragmentation, the unit under S|ngle-cc_)II|S|on co_nd|t|ons at near thermal_energ|es.
fragment or daughter ions and the remaining intact parent ions!n the study described herein, the photofragmentation of the

travel another 100 cm to a reflectron. The reflectron can be 0Xygen-rich vanadium oxide cations is investigated and further
operated in either hard reflection mode, which effectively only €vidence is provided for the weak association of additional O
increases the flight length of the spectrometer and hides anyunlts on the aforementioned stable cI_usters. Additional frag-
fragmentation because the parent and fragments do not separatd1€ntation channels are observed at higher laser fluences.
(photofragmentation is performed in a field free region). ~ Photofragmentation of Vanadium Oxide Cations. After
Alternatively, the reflectron can be operated in soft reflection Mass selection of each species of interest and photofragmen-
mode, which allows for energy analysis and fragment identifica- t&tion with a collimated second harmonic of a Nd:YAG laser
tion 26 After being turned around in the reflectron, the ions travel (532 nm= 2.33 eV), the fragment ions are identified using an
another 100 cm where they are detected at a dual microchannefnergy analysis technique in a reflectron. The laser has a one-
plate detector (Galileo Corporation). The ion current is recorded Centimeter beam diameter at the point where the laser beam
as a function of time and averaged on a digital oscilloscope intersects the ion packet. The experimental apparatus measures

(LeCroy 9304A). Thereafter, the data is transferred and analyzedth€ parent ions and the daughter or fragment ions; the neutral
on a personal computer. fragments lost during dissociation are not directly observed, but

can be inferred from the parent and daughter compositions.

Results The fragment ions are ide_ntified by appropriately adjus;ing
the voltage on the reflectron in soft reflection mode, determined

A mass spectrum illustrating a typical vanadium oxide cation by the relationship

distribution is shown in Figure 1. The most intense peak in each

metal grouping is labeled. As noted in an earlier publication by _ E

Bell et all” the major peaks can be described as having My = My x U,

stoichiometries of (V@n(V20s)m(O2)o-2" or equivalently as

(VO2)(VO3)y(O2)o-3". These stoichiometries are consistent with  wheremy and m, are the masses of the fragment and parent

bulk vanadium oxide, which is found to be constructed of,VO ions andUr andU, are the fragment and parent ion energies,

and \,Os building blocks?” except for the possible addition of  respectively. In practice, the fragment ions are identified by first

excess @ units. These earlier collision-induced dissociation recording the time of arrival of the parent ion at a set reflectron

(CID) experiments, performed in a triple quadruple mass potential corresponding to the parent ion enety Then, an

spectrometer, have demonstrated that there are several vergppropriate voltagel;, is calculated for every possible loss

stable species, namely,®,", V30677, V40sg", V501115, channel and the reflectron is sequentially set to each determined
V013,147, and V0Oy6,17", that require approximately-3% eV voltage to search for the possible appearance of the daughter
(center-of-mass reference frame) of energy to induce fragmenta-ions. For every daughter ion present, a peak will appear in the
tion. The major CID product ion observed was V@r the mass spectrum at the same time of arrival as the parent when

parentions WOs*, V4Og', and \601;T; and VG for the parent the voltage is appropriately adjusted. This is due to the fact
ions VL,O4", V3077, V4O9™, and 012" It was suggested that  that at the determined voltage the daughter ion will follow the
the clusters with higher oxygen content were composed of the original trajectory in the reflectron as the parent. See Figure 2
noted exceptionally stable clusters, but with additional@its for an example of this technique. Each fragment identification
attached. The oxygen-rich clusters®4", V3Ogg", V4O10T, spectrum consists of a photofragmentation laser-on spectrum
V50137, VeOist, and \bO15™ all were observed to lose an,O minus a photofragmentation laser-off spectrum. The subtraction
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TABLE 2: Photoinduced Dissociation Channels Observed at
- High Fluence at 532 nm
i2) Mass Selected V,0,* N .
=] A. ) J\ Fragmentation Laser Off photodissociation
= V, Oy parent ion neutral loss product \{O,*
—g B. k Laser on - laser off 2,7 O 2,5
) 03 2,4
Z \ Reflectron set f o 23
o= criectron set ror VO 1 l
L 6 ’
E C.x3) 0, loss 2.8 o 26
g Reflectron set for Oz 24
= | D. x20) 0, loss VOs 1,2
.u‘|||v v VO7 1,1
80 %0 100 110 120 130 VOs 1,0
. . 3,7 V205 1,2
Time of Flight (usec) V.04 1,1
Figure 3. Photofragmentation products for®,,". Both G, and Q, 3.8 \% gi
most likely two Q units, are observed. The magnification factors for v C‘)‘ 1’2
traces “C” and “D” are shown. 2-% '
V.07 1,1
TABLE 1: Summary of the Neutral Loss Channels 410 \%O ‘11'2
Observed under Low Fluence Conditions and the Resulting V308 11
1 39 ’
Photofragmentation Products 411 o 49
V,O,* proposed photodissociation V30q 1,2
parent ion stoichiometry neutral loss  product O, " V3010 11
27 VON05(02) 0, 25 12 \Soll ‘11'20
2,8 (VO2)2(02)2 Oz, O, 2,4 ’ 0.2 48
3,7 (VO,)2VO3 none 3,7 V4O 19
38 (VO)3(O2) o} 3,6 V3010 1,1
210 (VO)(Oy) 0, 4.8 513 o 511
4,11 (VO)3(VO3)(0y) (0} 4,9 ’ V-0 2’ 2
4,12 (V3)4(02):2 0O, O, 4.8 V309 1,2
5,13 (VO)4(VO3)(0,) 0, 511 Vo 11
412 ’
6,16 (VO)6(02)2 0Oz, O, 6,12 6.16 o 614
. . . V3010 3,6
excludes fragmentation channels that might arise due to other V.01, 24
non-photoinduced dissociation processes such as metastable and VsOu4 1,2
collision-induced dissociation. While this process is time- V5015 1,1

consuming, it is fqund to be a very sensitive technique that aThe observed loss of a mass corresponding 4as@nost likely
allows the unambiguous determination of all possible photo- the loss of two intact oxygen molecules.

fragmentation products.

Photofragmentation at Low Laser Fluence.When the excess @units, two additional major dissociation channels are
photofragmentation laser fluence is kept at a low enough level observed which typically lead to the production of ¥Cand
(10—20 mJ/c), only the oxygen-rich vanadium oxide cluster VOT. A small number of other fragmentation channels are
cations are observed to dissociate. All clusters with the observed for a few of the investigated clusters; all of the results
stoichiometry (VQ)n(V205)m(O2)o-2" or equivalently (VQ)x- are presented in Table 2. For example, at high laser fluence,
(VO3),(O2)o-3+ are observed to lose any attached &pparently V4012" loses two Q units, V5010, and V5043 to yield V4010™,
as intact Q units. For example ¥Og*, which can be thought  V4Og", VO,*, and VO'. Figure 4 illustrates the loss channels
of as having the stoichiometry (V(O,).", is observed to lose  observed, at high fluence, fos®:35". These loss channels match
two intact Q units. No other dissociation channels are observed. the losses observed by Bell et'dlat higher collision energies
The results are summarized in Table 1. These observationsof between 3 and 5 eV. These collision energies correspond to
support the earlier conclusions from the study by Bell é{ &t. the absorption of at least two photons of 532 nm light.
that the oxygen-rich vanadium oxide cations contain weakly  Typically, in non-state selective photofragmentation processes
bound Q units on a stable ion core. The loss of the excess O in cationic clusters, it is expected that during fragmentation the
unit was observed at near thermal energy collisions; this suggestspecies with a higher ionization potential (IP) will be lost as a
that at low laser fluence, on average only one 532 nm photon neutral fragment, while the species with a lower IP will keep
is absorbed by the clusters. The 532 nm photon used to inducethe positive charge. £has an ionization potentf&lof 12.07
the dissociation can be thought of as heating the parent clustergeV, while none of the vanadium oxides are expected to have
causing the weakly bound excess @its to evaporate froma  IP’s of that magnitude, so s expected to leave the clusters
stable, strongly bound species. Figure 3 shows the loss,of O as a neutral molecule. It is at first surprising to observe the
and Q from V4012". The loss of @ is most likely the fragmentation products V£ and VO, resulting from the loss
consecutive loss of two intact ;Ounits, but the current  of alarge Oy neutral fragment from the original parent cluster
experimental technique does not allow for positive identification ion. For pure transition metal clusters, a general trend of a
of the probable nonconcerted nature of the mechanism. reduction in IP as the cluster size increases is typically

Photofragmentation at High Laser Fluence.When the observeé®3%and can be generally described by several models
photofragmentation laser fluence is raised (50 to 75 md/cm including the conducting sphere droplet model (C83and
by loosely focusing the laser beam and raising the energy perthe effective coordination number model (ECR)The IP’s of
pulse, additional fragmentation channels are observed. Althoughpure vanadium clusters decrease continuously from the monomer
the dominant dissociation channel remains as the loss of the(6.74 eV) to larger clusters and the value begins to become
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