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on the determination of IP(SFs) < IP(NH;) = 10.14 eV!43 but
which has been shown subsequently to be too large. The corrected
value IP(SFs) = 9.65 £ 0.05 eV3! leads to AP(SFs*/SFg) = 13.60
eV and AH{SFs*) = 12 kI mol™!. This reduced value of AH-
(SFs*) was anticipated recently by the observation of the reaction

HBr* + SF; — SF* + HF + Br
which has been reported by Tichy et al.3* to proceed at the collision

rate requiring AP(SF*/SF,) < 13.87 £ 0.04 ¢V. In consequence.
reaction | reported here is more exothermic than indicated by the

AH values detailed in Table I and within the text: i.e.. AH, =
-49 kJ mol™.
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Abstract: Positive ions of titanium/oxygen clusters have been investigated with mass spectrometry and collision-induced dissociation.
The cluster ions were produced by sputtering titanium dioxide powder and titanium foil (exposed to oxygen) with an energetic
{8 keV) xenon atom beam. Titanium/oxygen cluster ions sputtered from the foil were seen to have the form [Ti,0,,;]*. where
n equals 1 to 8 and § ranges from 0 to 4. Sputtering titanium dioxide powder yields abundant [Ti,0,,;]* clusters. where
nequals 1 to7and é = 1,2, and 3. Titanium foil sputtered in a high-pressure (0.1-0.2 Torr) fast-atom bombardment (HPFAB)
ion source with O, produces [Ti,0,,,]" cluster ions as the only abundant cluster species. The collision-induced dissociation
spectra of [Ti,0,,4] clusters show mainly losses of Ti. TiO, and TiO, moieties. Mass-selected [Ti,0,,;]* cluster ions also
react hyperthermically with O, in the collision quadrupole of a tandem mass spectrometer to form [T1,0,,]* clusters. A
simple pair-potential ionic model was used to calculate energy-optimized geometric structures of the clusters. Distinct structural
differences between the Ti,0,, , and Ti,0,,, clusters were not found, whereas the lowest energy Ti,0,, isomers were found
to have pendant and terminal oxygen atoms. For both titanium/oxygen and cobalt/oxygen clusters, the pair-potential model
identifies the most abundant clusters as those having the lowest calculated energy per atom.

Introduction

There is tremendous interest in characterizing the chemistry
of gas-phase metal/oxygen ions!™S and clusters.5® An early study
of gas-phase metal cluster reactions reported the reactivity of Mn,*
with O, to form Mn*, MnO*, and Mn,0*.> Anderson and
co-workers'®12 as well as Jarrold and Bower!3"!5 have studied the
reactions of Al,* clusters with O,. The reactions of Cu,* clusters
with O, have been studied with FTMS.!¢ The reactions of homo-
and heterogeneous di- and trimethyl cobalt and iron ions with O,
have been studied with FTMS.!” In this latter study. the cluster
ions were formed by electron ionization of the corresponding
volatile metal carbonyl followed by multistep reaction sequences
to form the desired precursor(s). Thermochemical data from these
studies suggest the formation of bridged oxide species for
[M’'MO]}*. [M’'MO,]*. and [M’M,0;]* (M. M’ = Fe. Co). Thus.
the role of structure in determining the reactivity of metal /oxygen
cluster ions needs to be addressed. To answer that question, the
types and structures of metal/oxygen cluster ions that can be
produced must be determined.

We have previously reported studies of the formation, frag-
mentation, and reactions of cobalt/oxygen cluster ions.'®!® The
cluster ions were formed by sputtering Co in the presence of O,
(0.1 Torr). Two major classes of cluster ions were observed:
[C0,0,1]1* and [Co0,0,]*. Collision-induced dissociation (CID)
was used to obtain structural information for the cobalt /oxygen
cluster ions.”® In general. the fragment ions produced had the
stoichiometry [Co,O,]*. This corresponds to losses of Co,0, (y

1-3) from the [Co,0,]* clusters and to losses of Co,,d},_1 (6%
1-3) from the [Co,0,.,]* clusters. Geometric structures of

* Author to whom correspondence should be addressed.
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the cobalt/oxygen cluster ions were calculated with use of a simple
Coulomb plus Born-Mayer pair-potential model. The Co,0O,,

(1) Hanley. L.; Anderson, S. L. Chemistry and Cooling of Transition
Metal Cluster lons. Chem. Phys. Lett. 1985, 122, 410-414.

(2) Jackson, T. C.; Jacobson, D. B.: Freiser. B. S. Gas-Phase Reactions
of FeO* with Hydrocarbons. J. Am. Chem. Soc. 1984, 106, 1252-1257.

(3) Jackson, T. C.; Carlin. T. J.: Freiser, B. S. Gas-Phase Reactions of V*
and VO* with Hydrocarbons Using Fourier Transform Mass Spectrometry.
J. Am. Chem. Soc. 1986, 108, 1120-1126.

(4) Kang, H.: Beauchamp. J. L. Gas-Phase Studies of Alkane Oxidation
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Soc. 1986, 108, 7502-7509.
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1986. 108. 5663-5668.
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1984, 80. 1360-1362.
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Table I. Collision-Induced Dissociations of [Ti,Oz,4]* Cluster Ions

precursor fragment ion neutral fragment relative abundance?

6 stoichiometry 6 stoichiometry 6 stoichiometry? Tic TiO,? Ti + O

1 [Ti,Oq1* 1 [Ti,Os1* 0 TiO, 100 100 100
1 (TiO}* 0 Ti; 04 50 25 50

2 [TiO¢l* 1 (Ti;04]* 1 TiO 40 55
2 [Ti,0,0* 0 TiO, 100 100
1 (TiO}* 1 Ti; 05 33

3 [TiOs]* 2 [Ti;O4)* ] TiO 100

4 [Ti404)* 2 [Ti;O4* 2 Ti 100

3 1 [Ti;04]* 1 [Ti,05]* 0 TiO, 40 25 40

1 (TiO}* 0 Ti, 0,4 100 100 100

2 [Ti;O4)"* 4 (Ti,0,]* 20 90
1 [Ti,0,]* 1 TiO 100 100 100
2 [Ti,0,]* 0 TiO, 12 5
1 (TiO)* 1 Ti,0, 7

3 [Ti,0,]* 2 [Ti,0,]* 1 TiO 100

4 [Ti;0,)* 2 (Ti,0,]* 2 Ti 100
3 (Ti,O)* 1 TiO 12

2 0 [Ti,O4)* 1 (Ti,0,]* O 30 10 100

3 (Ti,O)* 30 100
0 [TiO,]* 0 TiO, 10 100 40
1 (TiO}* 0 TiO,. O 20

1 [Ti,04)* 1 (TiO}* 0 TiO, 100 100 100

2 [Ti,0,]* 4 (Ti,}* 20 20
0 [TiO,]* 2 Ti 36
1 (TiO}* 1 TiO 100 100 100

3 (Ti,O0l* 1 [TiO}* 2 Ti 15
2 Ti* 1 TiO 100

9Relative to 100 for the most abundant fragment ion. No correlation has been made for any possible metastable dissociations. No entry indicates
that the channel was not observed and must be less than 0.1% of the base peak. ®Neutral identities are inferred and may not correspond to intact
fragments. Results for cluster ions formed by sputtering Ti foil in a conventional FAB ion source and using Ar as a collision gas. Results for
cluster ions formed by sputtering TiO, in a conventional FAB ion source and using Ar as a collision gas. Under these conditions. the [Ti,O}*.
[Ti;O,4]*. [Ti;0;]*. [Ti,04)*. and [Ti,Os]* cluster ions were not abundant enough to obtain their collision spectra. ¢Results for cluster ions formed
in the HPFAB ion source and using Ar as a collision gas. Under these conditions, the [Ti,O]*. [Ti;0,]*. [Ti;0;]*. [Ti,0,]*. [Ti,Os]*. and [Ti,O¢)*
cluster ions were not abundant enough to obtain their collision spectra.

Table II. Some Neutral Fragment Losses from Collision-Induced Dissociation of [Ti,0;,4]* (8 = 0-4) Clusters?
relative abundance®

neutral n=2 n=3 n=4

fragment 6=0 6=1 6 =2 6=3 6=4 s=14 6=2 d=3 6=4 6=1¢ 6=2 =13 6=4
Ti 15 100 100 100
TiO 100 100 100 100 12 40 100

TiO, 10 100 40 12 50 100

Results for cluster ions formed by sputtering Ti foil in a conventional FAB ion source. ®Abundances are given relative to 100 for the most
abundant product: that is, the neutral fragment loss that corresponds to the most abundant dissociation fragment ion. No correction has been made
for any metastable dissociations. ¢Neutral fragment stoichiometries are inferred from fragment ion stoichiometries and may not correspond to intact
fragments, ¢The loss of Ti,O, was the most abundant process observed. ¢ The fragment ion corresponding to the loss of Ti;Og was observed to have
a relative abundance of 50.

clusters were calculated to be strained and angular with protruding different. and the differences were postulated to be due to

cobalt atoms. The Co,0O, clusters were found to be symmetrical structural differences in the compounds.'®

cubes, cages, rings, or ladders. In addition, classical dynamic We have undertaken further experiments to determine the

trajectory calculations using the geometric structures yielded the chemistry of other first-row transition-metal oxygen cluster ions.?

same fragmentations that were observed in experiments. Reactions We present here our results on the formation and fragmentation

of the two classes of cluster ions were found to be dramatically of titanium/oxygen cluster positive ions using high-pressure

fast-atom bombardment ionization?!'?2 combined with tandem
2324 : ; : : ;

(13) Jarrold. M. F.: Bower. J. E. The Reactions of Mass Selected Alu- mass spectrometry. We include in ou'r dl§CUSS|0n a comparison

minum Cluster lons. Al,* (n = 4-25). with Oxygen. J. Chem. Phys. 1986. of calculated structures found for the titanium/oxygen clusters

85. 5373-5375. using a simple pair-potential model. In particular, the pair-po-
(14) Jarrold. M. F.: Bower, J. E. Collision-Induced Dissociation of Alu-

minum Cluster Ions with Chemisorbed Oxygen. Al,0,,* (1= 3-26. m = |,

2): Influence of Electronic Structure on Stability. J. Chem. Phys. 1987, 87, (19) Freas, R. B.: Campana. J. E. The Dehydrogenation of Isobutane by

1610-1619. Oxygen-Deficient Cobalt/Oxygen Cluster Ions. J. Am. Chem. Soc. 1986. 108,
(15) Jarrold. M. F.; Bower, J. E. Activation Barriers for Chemisorption 4659-4661.

of Deuterium on Aluminum Cluster Ions: Influence of Oxygen Preadsorption. (20) Yu. W.; Freas, R. B. Formation and Fragmentation of Gas-Phase

Chem. Phys. Lett. 1988, 144, 311-316. Vanadium/Oxygen Cluster Positive Ions. J. Phys. Chem. Submitted for
(16) Irion, M. P.: Selinger. A. Fourier Transform Ion Cyclotron Resonance publication.

Studies of Sputtered Metal Cluster Ions: The Chemistry of (Cu),* with O,. (21) Campana, J. E.; Freas, R. B. Chemical lonization/Fast-Atom Bom-

Chem. Phys. Letr. 1989, 158, 145-151. bardment Mass Spectrometry: A Novel Ionization Method. J. Chem. Soc..
(17) Jacobson, D. B.: Freiser. B. S. Transition-Metal Cluster Ions in the Commun. 1984, 1415-1415.

Gas Phase. Oxide Chemistry of Dimeric and Trimeric Clusters Containing (22) Freas. R. B.: Ross, M. M.; Campana, J. E. Chemical Ionization/

Iron and Cobalt. J. Am. Chem. Soc. 1986, 108. 27-30. Fast-Atom Bombardment Mass Spectrometry: Ion/Molecule Reactions. J.
(18) Freas. R. B.: Dunlap, B. I.; Waite, B. A.;: Campana. J. E. The Role Am. Chem. Soc. 1988, 107, 6195-6201.

of Cluster Ion Structure in Reactivity and Collision-Induced Dissociation: (23) Collision Spectroscopy: Cooks. R. G., Ed.; Plenum: New York. 1978.

Application to Cobalt/Oxygen Cluster lons in the Gas Phase. J. Chem. Phys. (24) Tandem Mass Spectrometry. McLafferty. F. A.. Ed.; John Wiley &
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tential model identifies for both titanium/oxygen and cobalt/
oxygen clusters the most abundant clusters as those having the
lowest calculated energy per atom.

Experimental Section

Titanium/oxygen cluster ions were produced by bombarding titanium
foil or titanium dioxide powder with an energetic (8 keV) beam of xenon
atoms. The sputtering occurred within a conventional fast-atom bom-
bardment (FAB) ion source. After formation, the metal/oxygen cluster
ions were accelerated to 8 keV and mass analyzed in a conventional
manner with use of a hybrid, tandem mass spectrometer (EBQQ geom-
etry).2s which was also used to obtain low-energy collision spectra (dis-
cussed below). The identities of the clusters in the mass spectra were
made by using a comparison of the expected isotopic abundances of Ti
and by corroboration with the (relatively simple) fragmentations (Tables
I and II, discussed below).

Titanium/oxygen cluster ions were also formed by sputtering metal
foils in a high-pressure (0.1-1.0 mBar) fast-atom bombardment
(HPFAB) ion source. The technique has proven useful in the study of
metal cluster ion-molecule reactions.!®1%26  Sputtered metal and met-
al/oxygen cluster ions and neutrals react with O, serving as a buffer/
reactant gas to produce the observed metal/oxygen cluster ions. The
reactant gas was admitted to the ion source at a pressure of 0.1-0.2
mBar. The pressure was measured by using a thermal conductivity gauge
inserted into the ion source before and after performing the experiments.
It was not possible to monitor the pressure during the experiments be-
cause of the high voltage present on the ion source (8 kV). An ionizing
filament was not used in these experiments: the only mode of ionization
was from interaction of the fast-atom beam, either by surface sputtering
or by collisional ionization of neutral species.

The HPFAB source provides a unique ability to study cluster ion-
molecule reactions at relatively high pressures (>0.1 mBar). At these
pressures, the cluster ions can undergo tens to hundreds of collisions
before exiting the ion source. This permits processes such as collisional
stabilization of internally excited species.?> The oxidation of a metal
surface (or cluster) is exothermic?” and thermalization or partial ther-
malization of translationally and internally hot ions can be accomplished
via collisions with a buffer gas.!:2228

Collision-induced dissociation (CID) experiments were performed with
use of a hybrid (EBQQ configuration) tandem mass spectrometer. The
collision-induced dissociation spectra were acquired by (i) mass selecting
the precursor ions with use of the first mass spectrometer (EB). (ii)
injecting the ions with 30—40 eV kinetic energy (lab coordinates) into the
first quadrupole (collision cell Q) where they undergo collision-induced
dissociation, and (iii) mass analyzing the fragment ions produced by using
the second quadrupole (Q,). Argon was used as the collision gas. The
pressure in the collision cell was adjusted to reduce the precursor cluster
ion intensity to about 50% of the original intensity. The collision energy
of the ions was adjusted to optimize the fragmentation. That is, a col-
lision energy was chosen above the threshold energy for all fragmenta-
tions to permit observation of all fragmentation channels. The abun-
dances of fragmentations from measurements of CID spectra acquired
at various times retained qualitative agreement. Relative and absolute
abundances varied (£20%) because of the difficulty in exactly duplicating
experimental conditions, including pressures of the reactant and collision
gases and primary ion abundances. The stoichiometric identification of
the CID fragments (*Ti versus 3-'0) may be ambiguous due to ac-
quisition at unit mass resolution. However, the similarity of the frag-
mentation patterns between different cluster ion homologues suggests that
our stoichiometric assignments are correct.

Hyperthermic reactions of the metal cluster ions were also studied in
the first quadrupole collision cell. The experiment was performed as
described above, with the exception of using O, as the collision/reactant
gas in Q;. The pressure of O, was approximately 2-5 X 107 mBar in
the collision quadrupole housing, as measured with an ionization gauge.
This value of the pressure in the housing allowed us to estimate the O,
pressure in the collision cell (RF-only quadrupole ion guide) to be greater

(25) The mass spectrometer was a VG 70-SEQ (VG Analytical Ltd..
Wythenshawe, Manchester, UK) with EBQQ geometry (E = electrostatic
sector (energy analyzer):; B = magnetic sector (momentum analyzer): Q =
quadrupole).

(26) Freas, R. B.: Campana, J. E. Reactions of Sputtered Copper Cluster
Ions, J. Am. Chem. Soc. 1985, 107, 6202-6204.

(27) Kloppel, K. D.: Jegers. E.; von Binau, G. Secondary-lon Mass
Spectrometry (SIMS) of Metal Surfaces under Oxygen. I. Group VIII
Elements. Int. J. Mass Spectirom. Ion Phys. 1983, 49, 11-24.

(28) Armentrout. P. B. Kinetic Energy Dependence of Ion-Molecule Re-
actions: From Triatomics to Transition Metals. In Structure/Reactivity and
Thermachemistry of lons: Ausloos, P., Lias, S.. Eds.. NATO ASI Series C:
Reidel: Dordrecht, 1987: Vol. 193, pp 97-164.
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Figure 1. The FAB mass spectrum obtained from “pure” titanium foil.
The predominant cluster ions have the stoichiometry [Ti,0,,]* where
n =1 to 8 and é ranges from 1 to 4.

than 1 X 10~ mBar using gas conductance calculations. The interaction
region (collision quadrupole) has a length of 12.5 cm and 2 mm diameter
entrance and exit apertures. Reactions corresponding to multiple colli-
sions were observed. The kinetic energy of the precursor cluster ions
ranged from 1 to 5 eV (lab coordinates). The precursor ion kinetic
energy was optimized within this range to provide a maximum extent of
reaction in terms of intensities of products. An energy analysis of the
reactions is not strictly useful because multiple collision conditions were
employed. The kinetic energy was measured by taking the differences
between the DC potentials of the source and Q,. The zero kinetic energy
reference point was taken to be 99% attenuation of the ion beam. Other
work has utilized 50%, 90%, and 99% attenuation of the main ion beam
as a reference point.” Subsequent energy-resolved collision experiments
on other metal cluster systems have utilized a retarding field analysis to
determine the zero kinetic energy reference point and translational energy
distribution of the ion beam.3® These studies have shown that values
obtained on our instrument using the different zero kinetic energy point
criteria vary by up to 20%.

The titanjum foil, titanium dioxide. and gases were obtained from
commercial sources and used without further purification. The manu-
facturer's stated purity of the titanium foil was 99.98% (Alfa Products).

Results

Production of Titanium/Oxygen Cluster Ions. Oxygen-con-
taining cluster ions were observed from both titanium dioxide and
“pure” metal foil. when they were sputtered in a conventional FAB
ion source. The titanium/oxygen cluster ions produced from
sputtering the pure metal foil presumably arise from particle-
induced desorption of chemisorbed oxygen on or in the metal foil.
The foil was exposed to atmospheric oxygen and the background
pressure in the ion source was about 1 X 107 mBar, corresponding
to monolayer coverage by O, on the order of minutes. The for-
mation of an oxide surface by dissociative chemisorption of oxygen
on titanium is well-known and has been studied with use of sec-
ondary ion mass spectrometry (SIMS).3!

Figure 1 displays the FAB mass spectrum obtained by sput-
tering titanium foil. The titanium/oxygen cluster ions are
characterized by clusters of the form [Ti,0,,;]*. where n equals
1to 8 and 6 = 0 to 4. Generally, oxygen-deficient (6 > 1) cluster
ions were more abundant than 6 = 0 or 1 clusters when sputtering
the metal foil. This is due to a low concentration of oxygen in

(29) Martinez. R. I.; Dheandhanoo. S. Absolute Cross-Section Measure-
ments in XQ Instruments: Ar* + N, — Ar + Ny*. Int. J. Mass Spectrom.
Ion Proc. 1988, 84. 1-16.

(30) Yu, Wen: Liang. X.. Freas, R. B. Unimolecular Dissociation Kinetics
and Collision-Induced Dissociation of [Mn,(CO),o]*: Determination of In-
dividual Bond Dissociation Energies. J. Phys. Chem. Submitted for publi-
cation.

(31) Muller. A.: Benninghoven, A. Investigation of Surface Reactions by
the Static Method of Secondary Ion Mass Spectrometry. V. The Oxidation
3f1 T‘i‘tga;ium. Nickel, and Copper. in the Monolayer Range. Surf. Sci. 1974,

. 493-503.
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Figure 2. The FAB mass spectrum obtained from TiO, powder. The
predominant cluster ions have the stoichiometry [Ti,0,,;]* where & is
1. 2, 0r 3.

or on the pure metal foil resulting in emission of primitive (less
than stoichiometric) cluster oxides.

Figure 2 shows the FAB mass spectrum acquired by sputtering
titanium dioxide powder. Three classes of cluster ions are
abundantly produced. These classes have the empirical formulas
[Ti, 0,3, [Ti,0,,2)". and [Ti,0,,,]*. For n greater than 4.
the [Ti,0,,;]* and [Ti,0,,,]* clusters predominate. The stoi-
chiometries of the clusters correspond to nearly stoichiometric
titanium(II) oxides. The tendency to observe more stoichio-
metrically deficient cluster ions as n increases may reflect the
mechanism of the sputtering process. That is, larger cluster ions
may be ejected intact by direct emission? from the metal oxide
surface. If the assumption is made that statistically random bond
cleavage occurs, a distribution of nearly stoichiometric products
will be formed. However, energy deposited into the cluster ions
during secondary ion formation can lead to unimolecular disso-
ciation and hence formation of stoichiometrically deficient clusters.
On the other hand. it is possible that the cluster ions are being
formed by recombination within the selvedge region.?* In this
case. cluster ions may be produced that are stoichiometrically
equivalent. To examine the mechanism for formation of the cluster
ions, the oxidation and fragmentation of the cluster ions can be
studied in the gas phase.

Titanium/oxygen cluster ions were formed by sputtering tita-
nium foil in the HPFAB ion source. Sputtered bare metal and
metal/oxygen cluster ions and neutrals react with O,. At lower
ion source pressures (less than 0.15 mBar) of O,. the HPFAB mass
spectrum was similar to the FAB mass spectrum of TiO, (Figure
2). producing abundant [Ti,0,,,]* and [Ti,0,,,]* clusters. As
the pressure of O, was increased in the HPFAB ion source, the
[Ti,0;,,]* clusters became less abundant and the [Ti,0,,,]*
clusters predominated. Figure 3 shows the HPFAB mass spectrum
acquired at an O, pressure of 0.25 mBar. The only cluster ions
observed for n greater than 5 correspond to the series [Ti,04,4]*
In contrast to the cobalt/oxygen cluster ions.!® stoichiometrically
equivalent [(TiO,),]* clusters were not abundant and were not
formed for n > 3. More highly oxygenated cluster ions (i.e.
[Ti,O0m;]T for n> 2) were not observed within the detection limits
of our experiment.

Collision-Induced Dissociation of Titanium/Oxygen Cluster Ions.
The products generated by collision-induced dissociation of tita-
nium/oxygen cluster ions are listed in Table I. The titanium/

(32) Campana. J. E.; Dunlap, B. I. Secondary Ion Mass Spectrometry
(SIMS) of Metal Halides. IV. The Envelopes of Secondary Cluster Ion
Distributions. Int. J. Mass Spectrom. Ion Phys. 1984, 57, 103-123.

(33) Murray, P. T.: Rabalais, J. W. Ejection Dynamics and Electronic
Processes Governing Secondary Particle Emission in SIMS. J. Am. Chem.
Soc. 1981, 103, 1007-1013.
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Figure 3. The HPFAB mass spectrum of Ti foil employing O, as a
bath/reagent gas. The cluster ions have the stoichiometry [Ti,Oz]*.

oxygen cluster ions were produced by the three different methods
detailed above: (i) sputtering Ti foil with use of FAB: (ii)
sputtering TiO, with use of FAB: and (iii) sputtering Ti foil in
the presence of O,(g) under HPFAB conditions. The collision
spectra of cluster ions produced with use of FAB and HPFAB
ionization were acquired under the same instrumental conditions
with the exception of oxygen as a reagent/buffer gas in the
HPFAB experiment. Thus, any differences in the CID spectra
are due to differences during ionization, such as isomer formation
or internal energy differences in the cluster ions.

The titanium/oxygen cluster ions formed by the three different
methods exhibit similar relative abundances of fragment ions
especially for 6 = 1 or 2, with few exceptions (listed in Table I).
The [Ti,0;,11% (6 = 1) clusters produced by the different pro-
cesses have similar low-energy CID spectra. The 6 = 1 cluster
ions fragment to form [Ti, O3, 2.]* (6 = I) from the losses of
(TiO,), where x = 1-3; the [TiO]* ion also corresponds to 6 =
1. In comparison with the 6 = 1 cluster ions, the [Ti,0;,2]" (6
= 2) clusters fragment to form abundant [Ti,_,0,,.;]* (6 = 1)
clusters via the loss of TiO. For é = 2 and n = 3, the loss of TiO,
was also observed. In fact for n = 4. it is the most abundant
fragment. Thus, the CID results correlate with the HPFAB results
in that the predominant cluster ions or fragments that are formed
correspond to 6 = 1. This indicates the stability or preferred
formation of this series of cluster positive ions.

Some of the ions produced in the HPFAB source show different
CID fragmentations. In particular, the loss of 20 from [Ti,0,]*
(6 = 2) and [Ti;04]* (6 = 1) was observed. This suggests the
presence of isomers with weakly or electrostatically bound di-
oxygen. The presence of an electrostatically bound cluster in-
dicates that the ions that are formed are not hot. This suggests
that metal/oxygen cluster ions formed in the HPFAB ion source
are being cooled or thermalized by collisions. Previous work has
shown that the internal energy of desorbed ions can be reduced
with use of HPFAB by examining the extent of metastable dis-
sociation.”?. However. for the larger metal/oxygen cluster ions.
no significant metastable dissociation was observed. It is inter-
esting to note that the only other cluster listed in Table I that
fragments to lose oxygen is the [Ti,O,]* (6 = 0) cluster, which
fragments to lose an oxygen atom forming a é = | cluster. The
[Ti,0,)* cluster also shows a difference in the CID spectra de-
pending upon whether the cluster is formed by sputtering from
Ti foil or TiO, powder. Other & = 0 cluster ions were not abundant
enough to obtain their collision spectra.

Table 11 displays a summary of the neutral fragment losses from
the [Ti,0,,,]* clusters by collision-induced dissociation. The losses
all correspond to TiO, (¥ = 0-2) moieties, with few exceptions.
In addition, as é increases, y decreases (Table II). That is, as the
cluster becomes more oxygen deficient. it is reflected in the
fragmentation. The only other abundant losses corresponded to
the loss of (TiO,), where x = 2 or 3. These fragments could
correspond to multiple fragments, such as 2 or 3 TiO, units. The
identities of the neutral fragments can only be inferred, but it is
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reasonable to assume that they correspond to intact moieties. The
formation of several neutral fragments would presumably require
substantially more energy. due to the cleavage of additional
metal/oxygen bonds. We are currently studying energy-resolved
fragmentations to confirm this hypothesis from the observation
of thresholds for the onset of collision-induced dissociation pro-
cesses.’* In summary, the losses during CID of the [Ti,05,-]*
clusters are quite simple and appear to correspond to small. intact
TiO, (y = 0-2) fragments.

Hyperthermic Reactions of Titanium/Oxygen Cluster Ions. The
gas-phase reactions of titanium/oxygen cluster ions with O, in
the RF-only quadrupole were also studied with use of the meth-
odology described above. By studying the reactions of mass-se-
lected ions in the quadrupole collision/reaction cell, the products
of the cluster ion~molecule reactions can be confirmed and del-
ineated with less ambiguity than for ions emitted from the HPFAB
source. The reactions were observed to occur for a limited range
of kinetic (collision) energy and oxygen gas pressure. The
abundance of the products depends greatly upon the collisional
energy: no oxygen adducts were observed when Ey,, was greater
than 5-10 ¢V. For exothermic reactions, the reaction cross section
can decrease quite rapidly.35 Multiple collision conditions were
employed to determine the maximum extent of reaction. Further
work is being continued to determine the energy and pressure
dependence of the reactions.>* However. even at a single collision
energy. useful information about the gas-phase reactivity of the
titanium/oxygen cluster ions can be obtained.

The hyperthermic reaction products of the cluster ions are
tabulated in Table III. Most of the cluster ions react to add one
or two oxygen atoms. For cluster ions with § = 2-4, the pre-
dominant products correspond to [Ti,0;,,]* (6 = 1) cluster ions.
For cluster ions with § < 1, adduct formation is not abundant.
The collision-induced reactions are similar to the results obtained
with Ar as a collision gas.

Discussion

The process of cluster ion emission is not well understood. There
are two general mechanisms that have been proposed for the
mechanism of cluster ion formation from a surface during particle
bombardment: direct emission®? and recombination.’> Recent
experiments on the emission/reaction of metal halide cluster ions
in the HPFAB technique have addressed themselves to the
sputtering process.’® In this latter study. the mechanism for the
formation of cluster ions is still not clear, but it is believed to
consist, in part, of fast atom beam assisted reactions between the
buffer gas and sputtered species in the selvedge region. Evidence
was presented that appears to support a mechanism that is in-
termediate between the direct emission model and the recombi-
nation mechanism, Thus. cluster ions can be emitted from the
surface, but they are subject to modification via cluster ion—-
molecule reactions within the nominally-high-pressure region of
the HPFAB ion source. This appears to be the case for the
titanium/oxygen cluster ions that we observe.

The similarity between the FAB spectra of titanium metal foil
and titanium dioxide under the dynamic (more than monolayer
removal) sputtering conditions that we employ implies that the
mass spectra may not reflect the surface structure. On the other
hand. experiments in the HPFAB ion source and hyperthermic
reaction indicate that cluster ion—molecule reactions play an im-
portant role in the formation and stability of the [Ti,04,.s]* cluster
ions that are observed.

A Model of Titanium/Oxygen Cluster Structures. Important
questions to be asked are (1) what are the structures of the cluster
ions, and (2) why is the formation of the § = 1 series predominant?
We have investigated structures of metal/oxygen clusters using

(34) Yu, W.. Freas. R. B. To be published.

(35) Gioumousis, G.: Stevenson. D. P. Reactions of Gaseous Molecule Ions
with Gaseous Molecules. V. Theory. J. Chem. Phys. 1958, 29, 294-299.

(36) Callahan, J. H.: Colton, R. J.; Ross, M. M. High Pressure Fast-Atom
Bombardment Mass Spectrometry: Collisional Stabilization and Reactions
(9)f g\slka]i Halide Cluster lons. Int. J. Mass Spectrom. lon Proc. 1989, 90.
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Figure 4. Structures of Ti,0,,, clusters for n = 2 calculated with use
of a pair-potential ionic model.

-48.70 ¢V
-50.26 ¢V

C—e—(—e——
-47.40 eV

Figure 5. Structures of Ti,O,,, clusters for n = 2 calculated with use
of a pair-potential ionic model.
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Figure 6. Structures of Ti,0,, clusters for n = 2 calculated with use of
a pair-potential ionic model.

a simple. pair-potential model.'® The geometries were obtained
by minimizing the total potential energy of the cluster. The energy
was calculated as a pairwise sum of Coulombic interactions and
Born-Mayer repulsions. The geometries were optimized with use
of the potential function

Ve = Vyolr) + Vum(r) + Voo(r) (n
49; rij

Vi{r) = — + Aexpy — (2)
rij P

where r; is the internuclear distance between each pair of atoms:
gwm and g, are the atomic charges determined by the stoichiometries
of the observed cluster ions: and 4 and p are adjustable parameters
obtained by requiring them to give the nearest-neighbor distance
for the monomer and for the bulk solid. The values used for the
calculations were 4 = 2605 ¢2-A~' and p = 0.1628 A. For the
titanium/oxygen clusters values of gy = +2¢ and g, = —¢, where
€ = 1, were used to describe the clusters. given the observed
stoichiometries from the experiment. A recent SCF-CI compu-
tation found that the bonding in the ground state for the TiO,
molecule is partially ionic with a configuration of Ti?* (3d?) and
O~ (2p%).¥ This corroborates our use of the pair potential model
to determine metal/oxygen cluster structures. The pair-potential
model cannot account for metal-metal bonding. However. there
is no evidence in the CID spectra of any fragments where there
could be extensive M~M bonds.

Several low-energy isomers (local minima) are found by the
model for each of the many homologues of the different classes.
Structures found for the titanium/oxygen clusters are shown in

(37) Ramana, M. V_; Phillips. D. H. A Computational Study of the TiO,
Molecule. J. Chem. Phys. 1988, 89, 2637-2640.
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Figure 7. Structures of Ti,0,, clusters for n = 3 calculated with use
of a pair-potential ionic model.
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Figure 8. Structures of Ti,0,, clusters for n = 3 calculated with use
of a pair-potential jonic model.
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Figure 9. Structures of Ti,O,, clusters for n = 3 calculated with use of
a pair-potential ionic model.

Figures 4-12. Homologues of each class retain some structural
similarities. In particular, the lowest energy isomers of the § =
1. 2 clusters are seen to be cubic or globular with no pendant or
terminal atoms and multiple Ti—-O bonds. The two classes of
compounds with é = 1, 2 were abundantly observed in the HPFAB
spectra at lower O, pressures (less than 0.15 mBar) and in the
FAB spectrum of TiO, (Figure 2). Dramatic structural differences
are not evident between these two classes of compounds. On the
other hand, the stoichiometrically equivalent § = 0 clusters have
pendant and terminal oxygen atoms in their structures. especially
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Figure 10. Structures of Ti,0,,-, clusters for n = 4 calculated with use
of a pair-potential ionic model.
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Figure 11. Structures of Ti,0,, clusters for n = 4 calculated with use
of a pair-potential ionic model.
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Figure 12. Structures of Ti,O,, clusters for n = 4 calculated with use
of a pair-potential ionic model.

for the lowest energy isomers found. This is reflected in the CID
fragmentations of the one § = 0 cluster that was examined. The
most abundant fragmentation of the [Ti,O,4]* cluster formed in
the HPFAB ion source was the loss of O. The loss of an O atom
is also significant in the collision spectra of [Ti,O4]* formed from
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Table III. Hyperthermic Reaction Products of [Ti,04,]* (8 = 0-4) Cluster Ions?

relative abundance?

product n=2 n=3 n=4

stoichiometry 8 K 6=0f 4=1 4= 6=3 =4 4=1 §=20 =3 =4 4$=2 4=3 os=4

Ti* 2 1 10 5 1 10

(TiO}* 13 100 100 95 100 100 50 30 90 100 8 100 86

[TiO,)* 0 5 8 37 6 1

[Ti;O4)* 2 25 15 2 10 15 22

[Ti,04]* 1 35 30 100 8 23 34 100 30 5 78 100

[Ti,04)* 0 45 10 8

[Ti,O4)* -1 55 5 25 70

[Ti;Ol* 23 14 8

[Ti;Os)* 1 3.67 100 14 10 100 37

[Ti;O4)* 1 5 100

[TigO6]* 2 325 5

[Ti 041" 1 375 100 7

[TiyOg)* 0 425 7

[Ti,O6]* 1 475 18

Results for cluster ions formed by sputtering Ti foil in a conventional FAB ion source and using O, as a collision gas. ®A value of 100 is given

for the most abundant product ion. ©The cluster fragment is given by K

metal and oxygen atoms.

= (g + 2m)/n, where q (=1) is the charge and n and m are the number of
4The [Ti;O]* (8 = 3. K = 1.5) product was observed to have an abundance of 8% of the most abundant product. ¢The

[Ti,0,]* (8 = 4. K = 1.67) product was observed to have an abundance of 4% of the most abundant product. /The [Ti,0,}* (6 = 4, K = 2.25)
product was observed to have an abundance of 5% of the most abundant product.

the other substrates (Table I). Higher order stoichiometric cluster
ions were not abundant enough to be observed with CID. Thus,
in comparison with the cobalt/oxygen clusters.!® dramatic
structural differences between the stoichiometric structures and
the stoichiometrically deficient (metal or oxygen) clusters were
found for the lowest energy isomers.

The 6 = 0 cluster ions are significantly less abundant in the
FAB or HPFAB mass spectra. In fact. they are only observed
as products in the hyperthermic reactions of the [Ti,0;]*.
[Ti;0,]*. and [TiOg]* clusters, forming [Ti,0,]* and [Ti,O4]*
(Table III). These products could in fact correspond to ion-
molecule complexes that are condensed adducts of dioxygen.
particularly in the reaction of the [Ti O4]* cluster. In fact, the
most abundant hyperthermic product of the [Ti;Os]* clusters is
the superoxygenated [Ti;O,]* cluster, which would correspond
to a dioxygen adduct. For the [Ti;O,]* cluster, the formation
of the [Ti,0,]* product would correspond to the loss of TiO, from
a dioxygen adduct, an abundantly observed fragmentation in other
cluster ions. For the reaction of [Ti,O;]*. the formation of
[Ti,O,)* would proceed with the loss of O from a cluster adduct.
It is seen in Table I that [Ti,O,]* formed from the different
substrates yields different fragment ions. The 6 = 3 ion is the
most abundant fragment when [Ti,O,]* is formed by sputtering
Ti foil. It was not observed in either of the other two cases. This
suggests the presence of different isomers of [Ti,O,]* clusters in
our experiments. It should be noted that the fragmentation
patterns could vary due to differences in internal energy of the
cluster ions. It would be expected that cluster ions formed under
HPFAB conditions would be cooler due to multiple thermalizing
collisions. On the other hand. if the cluster ions are being formed
by direct emission from surfaces. there is no apparent reason why
[Ti,O4)* clusters emitted from an oxide surface should have a
different internal energy distribution than [Ti,O,]* clusters emitted
from a bulk oxide. Recombination to form the [Ti,O,]* cluster
in the selvedge region might provide an explanation as different
precursors might be expected to give rise to products with different
internal energies. However, there is qualitatively good agreement
between the abundances of the CID fragments of the other cluster
ions where comparison can be made. Thus, the presence of isomers
of [Ti,O4)* seems to be the most rational explanation. There is.
in fact, one particular isomer shown in Figure 6 that is remarkably
different, found at an energy of ~57.71 ¢V, Such a structure would
not be expected to readily lose 3 oxygen atoms. The loss of 3
oxygen atoms (or O and O,) could more easily be accomplished
from any of the other three isomers found. especially the lowest
energy structure,

It might be argued that the low abundance of any [Ti,0,,]*
clusters is due to the loss of pendant oxygen atoms in a rapid. facile
decomposition within the FAB ion source. In fact, the instability
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Figure 13, (a) A plot of the cluster energy per atom versus cluster
number n found for Ti,0,, 5. Ti,0;5,;. and Ti,0,, cluster structures
(Figures 4-12). (b) A plot of the cluster energy per atom versus cluster
number n found for Co,0,; and Co,0, cluster structures in ref 18. The
data points are the average energy of the three lowest energy isomers
found, listed in Table IV. The limits correspond to the range of energies
for the isomers. The clusters with the lowest energy per atom are found
to be the Ti,0,, series and the Co,0, series.

(lack of abundance) of these cluster ions could be due to two
unrelated reasons. Figure 13 plots the energy of the three lowest
energy isomers found with use of the pair-potential model versus
n for the titanium and cobalt/oxygen cluster structures. In each
case. the clusters with the lowest energy per atom (energetically
most stable) are found to consist of the most abundant clusters
in the HPFAB mass spectra of the corresponding metals. That
is. for the titanium system, = 1 cluster ions are the most
abundant (Figure 3) and for the cobalt/oxygen system the 6 =
O cluster ions are the most abundant. The only exception to this
analysis is the n = 2 clusters for titanium. In this case, the Ti,O,
cluster structures are found to be as stable as the Ti,O; cluster
structures. In fact, the [Ti,O,]* cluster was the only 6 = 0 cluster
that was abundant enough on which to perform CID. In contrast.
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Table IV. Energy (eV) per Atom for the Three Lowest Energy Cluster
Structures Found

[Tinob-2]+ [Tinoln-l]+ [Tinoln]+ [Conon-1]+ e [Conon]+ i

n=2 -8.80 -10.05 -9.96 -3.52 -4.39
-8.05 -9.74 -9.93 -4.16

-9.48 -9.62
n=3 -9.96 -10.55 -10.22 -4.09 -4.62
-9.91 -10.29 -10.21 -3.95 -4.34

-9.78 -10.27 -10.19
n=4 -10.42 -10.73 -10.53 -4.31 -4.70
-10.39 -10.72 -10.52 -4.29 -4.67
-10.33 -10.65 -10.44 -4.25 -4.45
n=5 -10.59 -10.86 -10.67 -4.51 -4.74
-10.57 -10.83 -10.65 -4.50 -4.70
-10.57 -10.82 -10.64 -4.43 -4.70

9Values taken from ref 18.

the § = 2 titanium cluster structures are found to be less stable
than the 6 = 0. 1 cluster structures. Yet. they are observed in
significant abundance in the FAB mass spectra of titanium foil
and TiO,. Under the oxidizing conditions of the HPFAB ion
source, where cluster ion-molecule reactions can occur, the only
cluster ions observed in significant abundance are the 6 = 1 cluster
ions. This suggests that the cluster ions are formed by direct
emission of cluster fragments from the oxide surfaces.’? via a
statistical distribution of Ti~O bonds being broken in which the
cluster ions are somewhat indicative of the general nature of the
surface. It is possible that the 6 = 2 cluster ions arise from rapid
decompositions of larger cluster ions. This is seen in the frag-
mentations listed in Table I. The [Ti;0,]* and [Ti,O,]* fragments
are observed to be abundant fragments from cluster ions where
6 2 2. In addition, the lowest energy structures in Figures 4 and
7 consist of structures that are the sides of a cube. Multiple bonds
would be required to be broken to fragment into smaller cluster
ions. If larger, primitive (8 2 2) cluster ions are formed by direct
emission and do fragment, they would be expected to produce the
& = 2 cluster ions, as is observed during CID.,

The ¢ = 0 cluster ions may be less abundant for another simple
reason. The § = 0 and (6 = ~1) cluster ions are observed in the
hyperthermic reactions in Q,. Yet they are not abundant from
reactions in the HPFAB ion source. In the latter, a significant
number of collisions (with oxygen and other species) occur. As
the structures in Figures 6. 9. and 12 indicate, the clusters may
have pendant oxygen atoms that can be removed by collisional
activation within the ion source. These dissociations may be
assisted by electronic effects, In fact. if one considers the cluster
fragment valence K (listed in Table 111)3%3 for the cluster ions,
the value of X for é < 0 is greater than 4. The calculation of
cluster fragment valence assumes totally ionic bonding. Titanium
has only four valence electrons ([Ar]3d?4s?). Thus. to form a é
= 0 cluster positive ion with Ti(IV), a valence electron needs to
be removed from an oxygen. This suggests that if the bonding
in the clusters is purely ionic, the ionization potential of these

(38) Plog. G.: Wiedmann, L.; Benninghoven. A. Empirical Formula for the
Calculation of Secondary Ion Yields from Oxidized Surface and Metal Oxides.
Surf. Sci. 1977, 67, 565-580.

(39) Kloppel, K. D.: Jegers, E.; Binau, G. V. Secondary-Ion Mass Spec-
trometry (SIMS) of Metal Surfaces under Oxygen. 1. Group VIII Elements.
Int. J. Mass Spectrom. Ion Phys. 1983, 49, 11-24,
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clusters would be large. Thus. the ionization potential of the §
= 0 clusters may be determining the lack of abundance of any
positive ions. Charge exchange reactions in the HPFAB jon source
have been observed.?? Abundant neutral species are formed during
the sputtering process. Thus, cluster ions with a higher ionization
potential could undergo charge exchange with neutral clusters
having a lower ionization potential, such as might be expected
for 6 = 1 clusters where the cluster fragment valence of the ion
is less than 4. If ionization potential is the prime reason for lack
of abundance, neutral clusters (K = 4) or negative ion clusters
(K < 4) corresponding to § = 0 would be expected to be abundant.
Our instrument is not sensitive to the detection of negative ions
and we have no method for detecting neutral clusters other than
by post-ionization, forming positive ions.

Conclusions

It might be expected that differences in reactivity between the
6 = 0 and the 6 = 1, 2 cluster ions will be found. as has been
observed for the cobalt oxides.'® These differences will not be
based upon the reactivity of the metal atom but instead may reflect
the ability of the § = O cluster ions to donate an oxygen atom or
oxidize simple organic substrates. However, such further studies
are beyond the scope of this work and require an abundance of
the & = O cluster ions. The ionization potential of the § = 0 clusters
or their geometric structures may account for their lack of
abundance. In fact. the most abundant cluster produced with use
of HPFAB corresponded to é = 1. It is interesting to note that
this stoichiometry corresponds to a stable phase for bulk titanium
oxide, 442

An elementary pair-potential ionic model was used to calculate
geometric structures for titanium/oxygen clusters. The observed
stoichiometries of the clusters provided the basis for calculating
the geometric structures. Several low-energy isomer structures
were found for each cluster. Remarkably, the calculated structures
exhibit edges and faces having the same stoichiometries as observed
CID fragments. Calculated structures correlate with observed
fragmentations of the metal/oxygen cluster ions. Titanium/
oxygen cluster ions were observed to lose TiO or TiO, units. This
contrasts with cobalt/oxygen cluster ions, which lose Co or CoO
units.'® Similar analyses and conclusions were made for [M-
(MO),]* and [(MO),]* (M = Fe, Co) cluster ions.'®4* Future
experiments will study the energy dependence of the oxygenation
reactions of metal cluster ions with use of energy-resolved collision
spectrometry.
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