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Neutral vanadium oxide clusters are studied by photoionization time-of-flight (TOF) mass spectroscopy,
electronic spectroscopy, and density functional theory (DFT) calculations. Mass spectra of vanadium oxide
clusters are observed by photoionization with lasers of three different wavelengths: 118, 193, and 355 nm.
Mechanisms of 118 nm single photon ionization and 193 and 355 nm multiphoton ionization/fragmentation
of vanadium oxide clusters are discussed on the basis of observed mass spectral patterns and line widths of
the mass spectral features. Only the 118 nm laser light can ionize vanadium oxide neutral species by single
photon ionization without fragmentation. The stable vanadium oxide neutral clusters under saturated oxygen
growth conditions are found to be of the form (M@V20s),. Structures of the first few members of this
series of clusters are determined through high level DFT calculations. Fragmentation of this series of clusters
through 355 and 193 nm multiphoton ionization processes is discussed in light of these calculated structures.
The B?B, — X2A; transition is observed for the \Aneutral species, ane, andv, vibrations are assigned

for both electronic states. From this spectrum, the, V@ational and vibrational temperatures are found to

be ~50 and~700 K, respectively.

I. Introduction of mass selectivity) is always a question. Nonetheless, electronic

Vanadium oxide catalysts are found throughout the chemical spectra for VO and _yhavg been reported. . .
industry and synthesis laboratories. Nonetheless, the microscopic Mass spectrometric st.udu_as of neutral vanadium QX'de clusters
properties of specific local catalytic sites and the mechanism detected5 with photoionization are reported by Riley and co-
for catalytic activity of vanadium oxide catalysts remain workers®and Bernstein and co-worket$in the former sFudy,
unknown. The electronic and geometric structures of vanadium PYr€ ngutral ¥ c_Iusters are produced by laser ablation a_nd
oxide gas phase clusters can correspond to condensed phasgPansion as a flrst_ step. These clusters are then passed into a
surface and/or defect structures, and thus, such clusters can havE°W tube reactor with @gas, and neutral yO, clusters are
properties and behavior that relate or correspond to condensed/€nerated. The 3O clusters are ionized by either a 193 (ArF),
phase chemical and physical phenomena. This local approachz48_ (KrF), or 308 (XeCl) nm laser and detected and identified
to condensed phase modeling was first articulated by Mutterties PY time-of-flight (TOF) mass spectroscopy. In the latter study,
and has since been explored by a number of other researcH€utral vanadium oxide clusters are produced by mixing the

groups? ablated metal plasma with an,@0.1-6%)/He (99.9-94%)
Numerous studies of ionic vanadium oxide clusters@yt) mixture directly and expanding the sgbseque'nt m|xture. |nt.o a

have been reportetil® Theoretical studies of the structures for vacuum system. Neutral clusters in this experiment are ionized

ionic vanadium oxide clusters have been accompligheua] by low intensity 193 nm radiation; the observed mass spectra

NP . b
these structures have been employed to explore cluster ion!°°k quite &_rmlar to those.of. ref 15. Fielicke et é[report_
reactivity3® Experimentally, extensive mass spectroscopic and infrared mul'glphoton dissociation spectra for vanaphum oxide/
reaction studies have been reported for vanadium and vanadiurnethylene cation clusters. They analyze fragmentation pathways
oxide cations by the groups of Armentrdu€astlemars,and through the wavelength dependence of the IR spectrum of
SchwarZ Photoelectron, zero electron kinetic energy (ZEKE), ethylene for the obsgrved fragment mass peaks_. _
electronic, and infrared spectroscopic studies have been per- Cluster fragmentation or loss of mass information during the
formed for ionic clusters by the groups of Hacketaya? ionization process required for detection is the motivating factor
Leopold? Linebergert? Wang!! Kondow?? and Meijer!3 for the use of covariance mappit¥g®analysis of mass spectra.

Electronic spectroscopy of neutral metal oxide clusters is A covariance mapping analysis of vanadium oxide mass spectra
performed mainly by photoelectron spectroscopy for cluster (193 nm |on|zat|on) shc_)ws a positive correlation between mass
anions in order to associate a spectrum with a given size cluster.sloemi‘?lI features, implying, according to ref 16, that the observed
A major difficulty for electronic spectroscopy of neutral clusters VmOn' clusters are related through a growth mechanism. In
relates to the coexistence of many clusters in the gas phasé’rder not to lose information on the neutral cluster distribution,
simultaneously; a mass selective spectroscopic technique isWe have recently applied low energy/pulsel(uJ), high energy/
required for a positive identification of the species carrying the Photon (10.5 eV, 118 nm) ionization for determination of the
observed spectrum. Cluster ionization is thereby required for Neutral cluster distribution of metal oxidés.The 10.5 eV
the spectroscopic observation, but cluster fragmentation (|Ossphotons have sufficient energy to ionize almost all neutral metal
oxide clusterd?2® (Note, however, that according to our
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Calculations have also been pursued for neutral vanadium an 25) VinOn = (M,n)
oxide clusters at various levels of density functiat?aand 118 nm
(1.2 4% 0,/ He

ab initio theory3cd21b Additionally, simulations of cluster
reactivity and surface reactions have also been reported for this @7) (49
systen?2V,0, structures are reported by Pykavy ef&at the SRS S .
MR-ACPF/cc-pVQZ and B3LYP/cc-pVQZ levels. Calatayud
et al®2also present data for this cluster at the UHF/6-31G* and 3%
B3LYP/6-31G* levels. References 3a and d get different lowest |
energy structures at these theory levels. Pykavy ¥taallculate
the structure of the lowest triplet state 0 at the B3LYP
and PB86/TZVP levels and find a stable cis-ring structure only.
The energy difference between the cis-ring and trans-ring
structures is small and calculational level dependent. Calatayud I .
et al®@ and Vyboishchikov et &' find both ring and linear 2.4)
structures for YOs, with the ring structures being more stable
(20 kcal/mol) at the B3LYP/6-31G*, B3LYP, PB86/TZVP, |
DZP, and D(T)ZVP levels. Justes et3&lhave calculated one
of the structures for YOg.

In the present study, we apply 118, 355, and 193 nm laser AL L
light to ionize neutral vqnadlum oxide cluste.rs in the gas phase. 15 20 25 30 35 40 45 50
The goal is to determine the neutral particle or “molecule” TOF (us)
d'smbuno_n present In the Supersonic _C|USte_r beam: This Figure 1. TOF mass spectra of vanadium oxide clusters ionized by
characterized neutral distribution of vanadium oxide species can118 nm light as a function of different compositions of the/Hg
then be employed to study the reactions and properties of theexpansion gas mixture as indicated on each spectrum as a percentage
generated species. Of the three ionization wavelengths choserof O, content in the He/@mixture at 100 psig. The 118 nm light is
for this study, only 118 nm single photon ionization can ionize 9generated by 25 mJ/pulse of 355 nm light focused in a 1:10 Xe/Ar
the vanadium oxide clusters without fragmentation. The aver- Mixture at 200 Torr of total pressure. The features at 19.1 andi20.5
aged TOF mass peak widths observed with 118 nm ionization are possibly due to VEtz" and VQH", respectively.
are the same as the seeded Nd:YAG pulse time widthr(s),
and the individual ion peak widths are the same as the mass

detector electron transit tlmeva.j. ns). The.observed ”p” troscopy signals are monitored by a Galileo microchannel plate
mass spectra under these conditions are different for dlfferent(MCP) detector and acquired with a 500 MHz G sample/s

O, cantents (0.&6 %) in the expansion gas. Density functlonal_ Tektronix RTD 720 A transient digitizer connected to a personal
theory calculations are employed {0 generate structures, energlescomputer. Each laser ionization pulse generates a full mass
vibrations, and excited electronic states for a number of the

b d clust spectrum, which is individually stored and saved in the computer
Observed clusters. ~ - . before the next pulse arrives. Averaged spectra are obtained at
We also obtain spectra for the?®, < X2A; transition of

. e . e the end of each~2000 pulse experimental run.
vanadium dioxide (VQ). The electronic transition can be For electronic spectroscopy of neutral vanadium dioxide, a
detected at both the VOand VOt mass channels. Rotational

. . . Nd:YAG pumped dye laser system is used for ionizing and
and vibrational temperatures can be determined fog ¥ong fragmenting clusters. Details of the excitation/ionization schemes
with values ofv; and v, for both electronic states.

are presented in next section. The signal from the MCP detector

) is collected by a boxcar integrator and stored in a computer.

Il. Experimental Procedures Optimized structures, isomers, ionization energies, relative
The detailed experimental setup is given in earlier publications conformation energies, and vibrational energies for th©y

from this laboratory5:1° Briefly, vanadium oxide clusters are ~clusters are calculated at the BPW91/TZ¥# and BPW91/

generated in a supersonic expansion into a vacuum system by-ANL2DZ-D95%32% levels employing the Gaussian 98 pro-

laser ablation of a metal foil into a flow of 0-36% O, in He gram?26 Structures are visualized with the MOLKEL progrdm.

at 100 psig. The 0.25 mm vanadium metal foil (99.7%) is

purchased from Aldrich. Clusters grow under high pressure

(probably~10 psi) as the ablated metal plasma expands into 1. Mass Spectra of Neutral Vanadium Oxide Clusters.

the oxygen/helium mixture. The temperature at which they grow Figure 1 shows TOF mass spectra 6f(¥% clusters, observed

is probably near the initial plasma temperature8Q00 K). through 118 nm ionization, for different compositions of the
The resulting clusters pass through an electric field region to O,/He expansion/reaction gas mixture (040% G at 100 psig

remove ions created in the metal ablation/metal oxide growth of total pressure). For these spectra, the mass peaks have an

process. Neutral vanadium oxide clusters pass thr@ug mm average width of~8 ns, which corresponds to the time profile

aperture skimmer into the ionization region of a time-of-flight of the seeded Nd:YAG laser. This line width indicates that the

mass spectrometer (Wiley-McLauren design- R. M. Jordan Co.) neutral clusters are ionized without fragmentafidas will be

and are ionized by one of three pulsed lasers: 193 nm, ArF; discussed in section IV below. Higher concentrations o{t®

355 nm, third harmonic of a seeded Nd:YAG 1.Q6% laser; 6% ) in the expansion/reaction gas do not change the observed

or 118 nm, ninth harmonic of the seeded Nd:YAG laser. The cluster distribution. Forx3% O, in the expansion reaction gas,

118 nm light is generated from the third harmonic of the seeded the cluster distribution and species present change, and oxygen

Nd:YAG laser (~25 mJ/pulse, maximum energy), tripled in a deficient vanadium oxide clusters begin to appear in the neutral

Xe/Ar mixture at 1:10 relative concentration for 20800 Torr cluster distribution. Under saturated @rowth conditions ¥ 3%

of total pressuré? Oo/He), stable clusters of the form (\Y(V2Os)y are found.
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Synchronization of valve opening, laser pulsing, and detection
is accomplished by a time delay generator. TOF mass spec-

Ill. Results
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Figure 2. TOF mass spectra of vanadium oxide clusters in the region TOF (ps)

of VO (m = 0—2) observed by (a) 118 nm plus 355 nm ionization  Figure 3. TOF mass spectra of vanadium oxide clusters with (a) 118
and (b) only 355 nm (25 mJ/pulse) ionization with 4% expansion nm, (b) 355 nm (25 mJ/pulse), and (c) 355 nm (15 mJ/pulse) ionization.
gas. The VQis the most intense, purely single photon ionization feature The 4% Q/He expansion gas is used. Mass spectrum b is measured
in the mass spectra of XD, neutral clusters. by evacuating the XeAr gas cell. Spectrum b is measured under the

same experimental conditions as those for spectrum a for which the
At lower O, concentrations, the observed clusters are kinetically 118 nm ionization signal has been optimized. Spectra c is measured
controlled by the growth process dynamics (e.g., diffusion, by optimizing conditions for the 355 nm ionized cluster signal.
temperature, ...).

The neutral cluster distribution is not constant throughout the Minimizing the 355 nm signal. The spectrum of Figure 3c is
gas pulse, as can be readily observed in the detailed masgbtained by maximizing the timing for the detection of observed
spectra. Larger clusters appear at the ionization region of thefragmented clusters seen in the spectrum. The features of
TOF mass spectrometer at later times in the pulse because (1pPectrum ¢ have line widths 0f90 ns. Note that the stable,
they take longer to grow in the reaction zone (plasma ply)s O Most intense neutral clusters under aturated growth condi-
of the nozzle and (2) they are more difficult to accelerate to the tions as given in the figure are of the form (WK{V20Os),.

He beam velocity[(kT) due to their increased inertia (“velocity The TOF mass spectra of neutral clusters ionized by 193 nm
slip”).1928 These trends appear applicable even for kinetically light are presented in Figure 4. These spectra are obtained under
controlled growth conditions (0.5% APe mixtures); at early exactly the same experimental conditions as those in Figure 1
times in the expansion, 3@, is most intense for the 3D series, except for the ionization laser wavelength. The mass spectra of
and at later times, Y0, becomes more intense. For saturated VmOn clusters reported in ref 16 correspond to spectra c, d, and
0O, growth conditions, these trends give way simply to the e of Figure 4. As the @concentration in the expansion gas
observation of larger clusters, in general, as found for the serieschanges from 0.5 to 3%, the clusters observed are more oxygen
V205, V307, V409, V5012, V6014, and \,O17. Clusters \éO19 rich, as shown for YOn, V30n, V40n, V5Op, and V6On clusters.

and VO, have also been observed. Nonetheless, the species observed with 118 nm ionization

Since 118 nm light is generated by tripling 355 nm light, [(VO2)x(V20s)y] under Q saturated growth conditions are not
residual 355 nm light (although defocused +@ mm) also observed with 193 nm multiphoton ionization due to fragmenta-
appears at the ionization region of the TOF mass spectrometertion of the neutral clusters in the ionization process while the
and can thereby cause some neutral cluster ionization/15 ns ArF excimer laser pulse is on. In all instances, the 193
fragmentation through multiphoton processes. Figure 2 presents'm detected clusters are more oxygen deficient (due to loss of
this effect. Note that the broad VO feature is due almost entirely 0xygen atoms in the multiphoton ionization process) than those
to 355 nm larger cluster ionization/fragmentation, while the detected with 118 nm single photon ionization. Note, too, that
sharp (8 ns) VQ feature is due solely to 118 nm single photon the mass features in Figure 4 are much broader than those in
ionization. Figure 3 presents mass spectra for larger clustersFigure 1. Moreover, this line width difference increases for
ionized by 118 and 355 nm light. Spectra a and b were obtainedhigher concentrations of On the expansion.
under the same conditions except that the 355 nm tripling cell 2. DFT Calculation for Neutral Vanadium Oxide Clusters.
was evacuated for spectrum b. This shows that spectrum aAs emphasized above, the 118 nm ionization TOF mass spectra
(except for VO) is due solely to 118 nm light ionization and  of VO, clusters reveal the true stable, neutral vanadium oxide
that the line widths (8 ns) for the features with masses greatercluster distributions for the given specific growth conditions
than VO imply that no fragmentation has occurred in the appropriate for the chosen synthesis conditions of oxygen con-
ionization process (for the time rangel ns< t < 10 us)*® centration, timing, backing pressure, and so forth. To obtain
The V,0s feature has been maximized by laser timing and TOF some insight into the structure, energetics, fragmentation, ioniza-
deflection plates. Fragmented species from 355 nm multiphotontion energy, vibrations, and stability of these species, we have
ionization in spectra a and b are discriminated against, exceptemployed density functional theory (DFT) calculations at the
for V* and VO' signals, by maximizing the 118 nm signal and highest levels available to us to address these cluster properties.



3806 J. Phys. Chem. A, Vol. 109, No. 17, 2005 Matsuda and Bernstein

@3 VO, =(mn) 193 nm V505
(a) 4 % O,/He
35) (46) (5, ; !
) L o (5‘8) ©9  v5 Ring | linear
(b)3 %
i Jm ) X5
(34)
~ L\.L | “e ©2% W0 A 174
g L = 3A' 30 3A 645
< @2
>
g Ring Il Ring Il
= (3,3)
(44)
1 @1%
1A' 7886 1A' 1032
Inr
“3) . - A 818 .
L [ \ (5"4) (6i6) 05 % Figure 6. Optimized structures for XDs based on DFT calculations
J | TN (©)05% at the BPW91/TZVP level. The energy difference from the lowest
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) TABLE 1: Calculated Energy Differences (kcal/mol) for

Figure 4. TOF mass spectra of vanadium oxide clusters as a function Structural Isomers of V;Os in the Singlet Electronic Ground
of O, concentration in the expansion gas observed by 193 nm laser State

ionization. I_Each spectrum is labeled to show thecGncentration in ring | linear ring Il ring Il
the expansion gas.

BPW91/TZVP 0 17.43 78.59 103.2
V204 BPW91/LANL2DZ 0 12.25 76.12

kcal/mol higher in energy is probably not present in the beam
Cis-ring Trans-ring linear and will cool to one of the lower energy geometries if generated
in the GJ/metal plasma reaction in the ablation nozzle.
Optimized structures for the XDs neutral clusters are given
in Figure 6. We have, as a test, calculated these structures at
the BPW91/TZVP and BPW91/LANL2DZ/D95 levels, and the
structure relative energies are presented in Table 1 (@sV
Figure 6 shows the relative energies of the structures for the
Ay 0 Ay 85 A" 56.0 1IA" and3A’ energy levels of YOs. Both the ring | and linear
) o ) structures could be coexisting isomers for our experimental
Figure 5. Optimized structures of 30, based on DFT calculations at o itions, but most likely, the ring | structure is dominant for

the BPW91/TZVP level. The energy difference from the lowest energy _, . . .
cis structure is given in kilocalories per mole for the high energy this ~15 kcal/mol e”erQY dlggencglb?tween thg two lsqmers.
isomers. These calculations predict — X1A' electronic transition

for these structures at 10 500 ch(ring 1) and 16 485 cm!

The present DFT calculations are performed at the (linear). We are presently searching for these transitions.
BPW91/TZVE324and PBW91/LANL2DZ/D9%325|evels. The Calculations for the structure and relative energies of neutral
LANL2DZ/D95 basis sef® are respectively an effective core V30, species are presented in Figure 7 at the BPW91/TZVP
potential set for vanadium and a D95 set for oxygen. We are level. Table 2 shows a comparison between the BPW91/TZVP
presently calculating the properties of all species observed forand /LANL2DZ/D95 levels for this cluster isomer set for the
neutral \nOy, clusters withm < 5 and studying their reactions  two lowest energy isomers (I and Il of Figure 7). The agreement
with SO,, but in this report, we will only present data for the between the TZVP and effective core potential basis set
O, saturated growth, stable, neutral clustes©¥ V,0s, V307, structures and energies seems quite reasonable. Note that for
and V,Oe. the V307 neutral cluster the lowest energy isomer has a three-

Figure 5 presents optimized structures of the neutral cluster dimensional (double ring) structure. Both structures | and Il can
V.0, at the BPW91/TZVP level. The energy difference between be present in the beam. We expect that the higher energy isomers
the cis- and trans-ring structures is small, and these two isomerswill probably relax to one of these two lower energy isomers
can change relative energy positions depending on the appliedin the cooling process.
calculational level (functional, basis set, ef&y.The present Optimized structures and relative energies for thgdy/
calculations show that the nonplanar {(B0is-ring structure is neutral species are given in Figure 8. A number of these
more stable than the nearly planar trans-ring structure by roughly structures are now three-dimensional in nature. Isomer structures

8 kcal/mol. Almost surely, both structures are present under I, I, and Il may well be present in the expansion, while the
our experimental conditions. (MOis determined to have a  others are probably depopulated in the cooling process. DFT
vibrational temperature of 700 K 487 cnt! = 1.4 kcal/mol; results for \bOs and 507 suggest that the BPW91/LANL2DZ

~50% of the \bO, species could have the high energy iso- calculational level gives reliable high level results for structures
mer structure at this temperature.) The linear structure6it and relative isomer energies.
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Figure 7. Optimized structures of 307 based on calculations at the
BPWO91/TZVP level. The energy difference from the lowest energy
structure | is given in kilocalories per mole for the higher energy
isomers.
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Figure 8. Optimized structures of ¥Dg based on calculations at the
BPWO91/LANL2DZ level. The energy difference from the lowest energy
structure | is given in kilocalories per mole for the higher energy
isomers.

TABLE 2: Calculated Energy Differences (kcal/mol) for
Structural Isomers of V307 in the Doublet Electronic
Ground State

| Il 1 v \%

BPW91/TZVP 0 17.81 35.09 48.39 64.79
BPW91/LANL2DZ 0 19.80

TABLE 3: Calculated lonization Energy (eV) of Vanadium
Oxide Clusters at BPW91/LANL2DZ (TZVP)

V204 V205 V205
VO VO, VO3 VO4 V203 ring ring linear V>Os

vertical 7.55 8.97 11.64 10.58 10.25 10.81
(7.33) (8.47) (11.38)
adiabatic 7.52 8.83 11.51 11.24 6.64 8.46 10.26 10.53

(7.29) (8.32) (11.25)

Vertical and adiabatic ionization energies for clusters VO,
VO,, VO3, VOyq, V203, V04, V20s, and \LOg are calculated
and presented in Table 3. These valde®.5 eV serve as a
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Figure 9. Excitation/ionization scheme for MPI spectroscopy (Scheme
1) for the VO" channel and mass selective ion dip spectroscopy
(Scheme 2) of the 118 nm ionization signal for the ¥Y@hannel. In

both schemes, the electronic transition is observed by scanning the dye
laser. In Scheme 2, the scanning dye laser is introduced before the
probe (118 nm) laser.

Scheme |
08 VO fragment monitored
1
21 151
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_.ALL sl b, w

T T T T T 1
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Figure 10. Electronic spectrum observed at the V@ass channel
by scanning the excitation laser. The assignment of observed transitions
is mentioned in text and in Table 4.

possible to ionize with 10.5 eV ionization. Highly oxidized YO
and VQy may not be accessible for ionization under our
experimental conditions by a single photon process. Note that
the TZVP basis set values of ionization energies-a@e3 eV
lower than those for the LANL2DZ basis set.

3. Electronic Spectroscopy for VQ(B2B, — X2Aj). The
two detection techniques for observing the mass resolved
excitation spectrum of a given cluster are presented in Figure
9. One can observe the changes in the mass spectral peak
intensity for a fragment of the cluster created as the parent
cluster absorbs energy from a tunable laser (Scheme 1 of Figure
9), or one can observe a change in the parent mass feature
intensity itself created by fragmentation due to tunable laser
light absorption (Scheme 2 of Figure 9). The spectrum of the
B — X transition of VQ can be detected by both methods.
Figure 10 presents the overall spectrum for the,¥i@nsition
detected at the VOmass channel, as measured by Scheme 1
in Figure 9. VO signal changes are obtained by scanning the
dye laser wavelength. If the dye laser wavelength is resonant
with an electronic transition of a cluster, a V@hotofragmented
ion is generated and is observed as the enhanced signalof VO
One cannot easily assign, however, to which cluster this

rough guide for an estimate of which species should be stableobserved electronic transition belongs due to the coexistence
upon 10.5 eV ionization and also which species should be of various clusters in the cluster beam.
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Figure 11. TOF mass spectra in the \(@nass region obtained by
ionization at (a) 118 and 355 nm, (b) 118, 355, and 609 nm, and (c)
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609 nm ionization. Mass spectra a and b are acquired by detection

timing with the 355 nm laser, and spectrum c is obtained by detection
timing with the 609 nm dye laser. The 609 nm laser is introduced 7
earlier than the 118 and 355 nm lasers for spectrum b.

Matsuda and Bernstein

Parts a and d of Figure 12 show dip spectra of the;%VO
signal detected by 118 nm ionization, parts b and e show
multiphoton ionization (MPI) spectra detected for ¥Qand
parts ¢ and f show simulated spectra for ¥®igure 12ac
presents spectra of the transition originﬁ)(@md Figure 12¢f
presents spectra of the vibronic transition. Rotational envelope
simulation for these transitions is performed with rotational
constants obtained at the BPW91/TZVP level DFT calculation
for the electronic ground state of neutral Yé&nd VG singlet
cation: for this approximation, we assume that the geometrical
structure of the cation is similar to the excited state structure.
Note that the rotational envelopes for the two detection methods
(Schemes 1 and 2 of Figure 9) are slightly different. We attribute
this difference to the, in principle, separate paths thetVO
fragment generation and the YOparent take to ionization.
The VO,* detected envelope relies mostly on the-BX and
| — X transitions (Scheme 2), while the V@etected envelope
depends, in principle, on the multiple transitions for ¥&
VO™ (Scheme 1). Neither is exactly like the simulation (Figure
12f) because of the simulation assumptions and approximations.

The best fit is for a rotational temperatuig) of ~50 (£5)

K. The dip spectra of V@ are observed by Scheme 2 in Figure
11. The MPI spectra for VOin Figure 12 are expanded spectra
of Figure 10 observed by Scheme 1. The dip spectra of'VO
correspond to MPI spectra for VVOLaser light at the observed
resonant wavelength decreases the population of W@
resonant multiphoton ionization/fragmentation. Therefore, the
observed transitions are assigned to originate with the VO
cluster. Table 4 gives the observed vibronic transitions fop VO
and their assignments. The details of the assignments are
discussed in the next section.

The intensity ratio for the lland % transitions yields a

Scheme 2 in Figure 9 illustrates the excitation scheme for vibrational temperaturél(;,) of ~700 @50) K. This vibrational
mass selective spectroscopy based on 118 nm single photortemperature is similar to that found for V® A vibrational
ionization. As described above, 118 nm single photon ionization temperature could also be extracted for tH§2% intensity
does not cause cluster fragmentation for metal oxide clusters.ratio, but the 2 transition seems to be perturbed and perhaps
If a wavelength resonant with an electronic transition of the jts intensity is shared between the features at 16 710.8 and
probed cluster causes cluster fragmentation more efficiently than16 788.7 cm? (see Table 4).
a nonresonant one, a mass selective electronic spectrum for the
cluster is observed as a decrease of the probed 118 nm singléV. Discussion
photon ionization signal. If clust.ers fragment into the monitored 1 Neutral Cluster Distribution. The width of a mass feature
mass channel, the fragmentation component would appear as

an enhancement of the signal probed. The scanned (spectros'—n a TOF mass spectrum can reveal information on the nature

copy) laser must be introduced at the same time as, or earlierOf the ion (dqughter vs pargnt) detected. If the qluster does not

than, the 118 nm ionization (probe) laser ’ fragment during the ionization process (parent ion generated),
7 ’ the detected species represents a member of the neutral cluster

Figure 11 shows the TOF mass spectra observed by (a) 118qjstribution prior to ionization. The contributions to the ion

and 355 nm, (b) 118, 355, and 608.969 nm (16 421.2%¥M  peak’s width include the following? (1) the laser focus size,
and (c) 608.969 nm ionization in the \(@ass region. Spectra  (2) the laser time width, (3) thevz value of the mass feature,

b and c are observed by Schemes 2 and 1 in Figure 9,(4) the MCP electron transit time~(.7 ns), and (5) the
respectively. In spectrum b, the 608.969 nm wavelength is the fragmentation time. The contribution to the mass spectral peak
observed resonant energy of an electronic transition shown inwidth due to spatial distribution of the ionization process
Figure 9 (0o). As seen in spectrum 11b, the 608.969 nm laser increases with increasing mass. The 118 nm ionization is by a
causes two changes in the mass spectrum: the appearance of gingle photon (10.5 eV4-10 photons/pulses 100xm focus),

new VO' signal, which is generated by the 608.969 nm laser and the spatial distribution of the laser in the TOF ionization
at~0.7 us earlier than the 355 nm VOgenerated signal, and  region does not contribute significantly to the peak line width
a decrease of the signal intensity of the %’@Qignal ionized by for m'z < 500. Thus, the averaged line width-2000 laser

the 118 nm laser. Figure 11c shows the mass spectrum observe@ulses) is found to be the seeded Nd:YAG laser time width,
by 608.969 nm resonant multiphoton ionization alone. The ~8.0 ns.

608.969 nm laser creates only a V€ignal. For this experiment, Fragmentation during the ionization process within the time
the energy/pulse~3 mJ) of the 608.969 nm laser is adjusted range 1 nss At < 10us will affect the observed line width of

so that the VO signal is detected only for the wavelength TOF mass features due to the increased spatial distribution of
resonant with the electronic transition. With high pulse energy the ions created and any additional velocity the species might
(10 mJ) of the dye laser at609 nm, larger clusters with  acquire in the fragmentation process. These observations are
nonresonant multiphoton ionization/fragmentation are observed. not restricted to the vanadium oxide system but are consistent
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Figure 12. 08 transition (a, b, and c) ancﬁ transition (d, e, and f) for the VE£B — X spectrum: parts a and d show ion dip spectra at the'vVO

mass channel detected by Scheme 2 and parts b and e show MPI spectra at'thea¥%channel detected by Scheme 1. Parts ¢ and f show

rotational simulations for theJtand % transitions, respectively. Rotational constant$Af neutral VQ and!A; VO,* obtained at the BPW91/

TZVP level are used as simulation parameters for’theand?B, states, respectively. Simulation of c-type transition3.at~ 50 K reproduces
the observed spectra. See the text for a more detailed discussion of the rotational envelopes for the observed and calculated transitions.

TABLE 4: Observed Peak Positions (cm?, Vacuum) for the
VO™ Channel in the Region of the BB, - X?A; Transition
of VO, and Assignments for the BB, — X2A; Transition of

VO,
observed for VO assignment photoelectrbn

15 257.5
15 428.2 12
15779.9
15823.2
15875.8
15928.0
16 063.3
16 119.0 2
16 125.2 2)
16 270.2 ?
16 339.1
16 421.2 0 16 410+ 800
16 527.6
16710.8 2
16 788.7 x*
16 921.9
17 421.7 13
17 712.6 13 23
17 804.7 1l

@ Peaks are ascertained to belong to M ion dip spectroscopy,
as shown in Figure 10Reference 11k The observed peak belongs
to VO,. It is not assigned, though it might bevavibronic component.

with those made for Zr, Cu, Fe, and Ti oxidé3 hus, the mass
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(RRKM estimates) within the appropriate time range for
observable line width effect in large clustem, (n > 5).
Multiphoton, 355 and 193 nm ionization can of course cause
fragmentation within this time range because many photons can
be absorbed in the ionization procé3% Two photon ionization

by 355 nm (3.5 eV) plus 118 nm photons for clusters with
ionization energies larger than 10.5 eV is possible and should
also not cause fragmentation of clusters.

With 118 nm ionization and for saturated oxygen growth
conditions £3% O in the He expansion gas), the observed
clusters have the form (V(V20s)y: VO, and V,Os are the
most intense features detected. These observations, coupled with
the DFT calculated structures presented in Figure8,Suggest
a growth mechanism for YO, neutral clusters. %0, clusters
(Figure 5) can clearly arise from the bonding of two M@5,)
clusters. Os has two structures, ring | and linear (see Figure
6), that probably coexist in the neutral beam. Both seem to be
accessible through the binding of Y@nd V. The most stable
V307 structures (I and Il of Figure 7) can be formed from the
two low energy MOs structures (Figure 6) by the addition of
VO, clusters without a large displacement of the atoms. In a
like manner, Og (Figure 8) structures |, I, and Ill can be
generated from structure | 0f3®@; plus VO, with only one \-O
bond cleavage. ¥Og structures I, Il, and Il can also be formed
from linear \,Os (Figure 6, 1) and two VQ species without
bond cleavage. These syntheses probably take place in the

spectral peak line width serves as a good indication of the aPlation plasma/egas mixing region of the nozzle at temper-
presence or absence of fragmentation in the neutral clusterdtures possibly as high as 3668000 K.

ionization process.

Using 10.5 eV, single photon ionization for neutrak®,
clusters, all clusters, with the possible exception of;\éDd

VO, (calculated ionization energyl11.5 eV, see Table 3), will

2. Multiphoton Cluster Fragmentation. From a comparison
of Figures 1, 3, and 4, one notes that more oxygen poor cluster
ions are observed by 193 and 355 nm ionization than by 118
nm ionization. The line widths of the observed mass peaks for

be ionized. Most WO, neutral clusters have an ionization energy 193 and 355 nm ionization are broader (up to a factor of 10)
in the range #10.5 eV1920 Thus, the cluster excess energy than those observed for 118 nm ionization especially at higher

following ionization is~0—4 eV. This is not enough energy to
break a V-0 bond in such a clustéP.Even 5-6 eV of excess

oxygen concentrations in the expansion/reaction gas. This means
that fragmentation has occurred within 1 ns touEfollowing

energy in such clusters would not yield fragmentation times the ionization laser pulse. On the basis of the calculations
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TABLE 5: Vibrational Energies (cm 1) for the B2B, and Table 5 summarizes the vibrational energies for,\fiOthe
X?A, States of V&, B2B, and YA, states.vs vibrational energy is not obtained
this matrix ~ BPW91/ BPW91/ experimentally due to low or zero intensity for the finodes
study  photoelectron isolatio? TZVP  LANL2DZ for a C,, molecule in the BB, — X2A; transition.
X2A, The observed transition is assigned to Ma&cause the ion
v 993.0 970+ 40 946.3 1003.1 998.1 dip spectrum (Scheme 2 of Figure 9) is observed on the 118
v2  296.0 338.7 319.6 nm ion signal for VQ. This spectroscopic technique also proves
vs } 935.9 985.0 996.2 that neutral VQ is ionized to V@™ by 118 nm single photon
BB ionization without fragmentation.
v1  1000.5
Vo 289.6

V. Conclusions

aReference 11° Reference 29. ) . o
In this study, single photon, 10.5 eV ionization has been

presented in FiguresB and the energies for single\O bonds employed to determine the distribution of neutral vanadium
in these clusters, one can suggest that cluster multiphotonoxide clusters generated in the gas phase by laser ablation of
fragmentation occurs through the loss of oxygen atoms and notthe metal into mixtures of oxygen and helium. DFT calculations
VmnOn units, for laser intensities 10° W/cn? (1 mJ/10 ns pulse,  of neutral cluster structures and ionization energies suggest that
focused to~0.1 mm diameter spot). the observed cluster ions generated, employing 10.5 eV ioniza-
References 16 and 18 apply a covariance mapping analysistion, are indeed representative of the neutral cluster distribution
to learn about cluster growth and fragmentation pathways for prior to ionization. Of the clusters calculated, only y@nd
different metal oxides, including vanadium oxide, employing VO, have higher ionization energies (11.5 eV); thewluster
193 nm ionization. They correctly concluded that, for the is observed only for conditions such that 355 plus 118 nm two
vanadium oxide system, the cluster ions observed by 193 nmphoton ionization is possible. These conclusions are supported
ionization are related by a growth process. They further by RRKM calculations, line width data, and available ionization
suggested, therefore, that these ions represented the neutranergy data. Neutral clusters for saturated oxygen growth
cluster \:On distribution because no true parent ions remain in conditions are found to be of the form (MAV20s)y. Cluster
the mass spectrum. In the absence of fragmentation, employinggrowth prior to ionization is suggested to be through
118 nm ionization, the neutral cluster distribution can be V:Osaddition to (VQ),and (\V.Os)p, Species, such that the stable
identified. Covariance mapping distinguishes growth and frag- neutrals (saturated oxygen growth) are/@,04, V205, V30;,
mentation relations between cluster species, but if only one or V40g, V5012, VeO14, V7017, ....
the other pathway is represented by the observed mass features, Cluster fragmentation due to multiphoton absorption during

distinction between the two pathways can be difficult. the ionization processes associated with relatively low laser
3. Electronic Transition of VO,. The observed transitions  energy/pulse 193 and 355 nm ionization is suggested to occur

shown in Table 4 and Figure 10 are assigned to,V&s by the loss of oxygen atoms singly bonded to vanadium atoms

mentioned in the previous section. Wu et-®lreport photo- in the cluster, based on DFT structure calculations and energetic

electron spectra of V@consisting of an unresolved broad considerations.

feature at~16 410 cntl. They assign this feature to thesBate Observation of the BB, — X2A; transition for VQ at

of VO,. Our observed transitions correspond to the energy of 16 421.2 cm? (0J) yields rotational and vibrational tempera-
the B state feature of their photoelectron spectrum obVO  tyre information for small clustersT o ~ 50 K andTyi, ~ 700
Knight et al?! report an ab initio calculation of VOin K. This spectrum is uniquely assigned to the Muster through
COﬂjUnCtiOﬂ with an ESR Study. According to their multirefer- ion d|p spectroscopy' emp|oying 118 nm sing|e photon ioniza-
ence singles and doubles configuration interaction (MRSDCI) tion for the clusters. These results further support the contention
calculation with ROHF orbitals, the electronic excited states that 118 nm radiation at1 ﬂJ/pu|Se energy does not fragment
2A, and 2B, have a higher energy by-2.0 and~3.0 eV, the clusters.

respectively, than the electronic ground st&e.

As shown in Figure 12, rotational simulation of a c-type  Acknowledgment. These studies are supported in part by
transition reproduces the observed featurgsadd . Ad- the US DOE, Phillip Morris USA, and the National Science
ditionally, all the intense transitions for \Wisted in Table 4 Foundation.

(marked with “a”) that can be observed to decrease the 118 nm

generated V@' signal within the Scheme 2 detection method References and Notes
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