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a  b  s  t  r  a  c  t

The  collision-induced  dissociation  (CID)  of TaO+, WO+, TaO2
+, and  WO2

+ with  Xe  along  with  reactions  of
TaO+ and  WO+ with  O2 are  studied  as  a  function  of kinetic  energy  using  guided  ion  beam  tandem  mass
spectrometry  in  order  to  elucidate  the  thermochemistry  of  the  MO2

+ species.  The  kinetic  energy  depen-
dences  for  the  CID  reactions  show  endothermic  behavior,  whereas  the  MO++O2 →  MO2

+ +  O  reactions
proceed  near  the  collision  limit  indicating  exothermic  processes.  Analyses  of  the  endothermic  CID  reac-
tion cross  sections  yield  0 K threshold  energies  in  eV of  E0(Ta+–O)  =  7.01  ±  0.12,  E0(W+–O)  = 6.72  ±  0.10,
E0(OTa+–O)  =  6.08  ±  0.12,  and  E0(OW+–O)  =  5.49 ± 0.09.  The  nature  of  the  bonding  in MO+ and  MO2

+ is
discussed  and compared  for Ta and  W  and  analyzed  using  theoretical  calculations  at  the B3LYP/HW+/6-

+ +

etal dioxides
etal oxides

antalum
ungsten

311  +  G(3df)  level  of  theory.  Bond  energies  for  all MO and  MO2 species  are  calculated  using geometries
calculated  at this  level  as  well  as  BHLYP  and  CCSD(T)  levels  and  the  Stuttgart–Dresden  (SDD)  and  the
Def2TZVPP  basis  sets.  Reasonable  agreement  between  the  theoretical  bond  energies  and  experimental
CID  threshold  energies  for TaO+, WO+, TaO2

+, and  WO2
+ is  found.  Potential  energy  surfaces  for  the  reac-

tion  of  the  metal  cations  with  O2 are  also  calculated  at the  B3LYP  level  of  theory  and  reveal  additional
information  about  the  reaction  mechanisms.
. Introduction

The oxides of transition metals have properties that enable them
o play vital roles in industrial, organometallic, and atmospheric
hemistry [1–3]. In understanding the origins of these important
roperties, it can be useful to study the binding of the simplest
xamples of each species. Insight into the interaction of the metals
nd their oxides with O2 can be obtained by examining reactions in
he gas phase using a guided ion beam tandem mass spectrometer.
he gas phase is an ideal arena for detailed study of the energetics
f bond-making and bond-breaking processes at a molecular level.
ecause metal supports and interactions are absent, quantitative
hermodynamic and intrinsic mechanistic information for various
ond activation processes can be obtained.

Our group has previously used guided ion beam tandem mass
pectrometry to study diatomic metal monoxide cations, MO+, of
he first-row [4–12], second-row [6,10,13–18], transition metals

nd other metals [10,19–21],  but as yet have examined only a
ew third-row transition metals [22–24]. Likewise, our work has
ncompassed fewer studies of metal dioxide cations, MO2

+, which
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include first-row [10,11], second-row [10,15–18],  third-row [25]
transition metals, and other metal cations [10]. In the present
study, we  extend these studies to the third-row transition metal
ions, tantalum and tungsten. Using guided ion beam tandem mass
spectrometry, we obtain the kinetic energy dependences of both
exothermic and endothermic processes involving these species.
Analyses of such data provide experimental thermochemistry that
can be used as benchmarks for comparison with theoretical models
of the structure of the metal oxides and dioxides.

Previous thermodynamic information on the monoxide and
dioxide cations of tantalum and tungsten originates from several
sources and is summarized in Table 1. In our laboratory, we  have
examined the endothermic reaction of Ta+ with CO, yielding the
bond dissociation energy (BDE) of Ta+–O as 7.10 ± 0.12 eV [23]. This
value agrees nicely with 7.18 ± 0.14 as derived using Eq. (1)

D(M–O) + IE(M) = D(M+–O) + IE(MO) (1)

and the values IE(Ta) = 7.5495 eV [26], D0(TaO) = 8.24 ± 0.13 eV
from Pedley and Marshall [27], and IE(TaO) = 8.61 ± 0.02 eV
from a photoelectron experiment of Dyke et al. [28] (see [23]
for further details). These values contrast with that listed in a

review by Schröder et al. [29], D(Ta+–O) = 8.15 ± 0.65 eV, taken
from information in the GIANT compilation [30], which uses
older values for IE(Ta) = 7.40 eV [31] and IE(TaO) = 7.92 ± 0.1 eV
[32], along with �fH0(TaO) = 2.08 ± 0.65 eV [33], and also

dx.doi.org/10.1016/j.ijms.2011.06.011
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:armentrout@chem.utah.edu
dx.doi.org/10.1016/j.ijms.2011.06.011
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Table 1
Experimental thermochemical data for tantalum and tungsten oxides and dioxides.

M+–O IE(M) D0(M–O) IE(MO) D0(M+–O)

Literature This work

Ta+–O 7.5495a 8.16 ± 0.12b 8.69 ± 0.18,b 8.61 ± 0.02f 7.92 ± 0.1,g 7.5 ± 0.5h 7.10 ± 0.12b 7.01 ± 0.12
8.24  ± 0.13c 6 ± 0.5,d 8.70 ± 0.17i 7.18 ± 0.14a,c,f

8.4 ± 0.5d 8.15 ± 0.65j

8.65 ± 0.65e

W+–O 7.864k 7.01 ± 0.31b 8.04 ± 0.45,b 8.1 ± 0.3,m 6.77 ± 0.07b 6.72 ± 0.10
6.92  ± 0.44c 9.1 ± 1,n 7.19 ± 0.32i 6.68 ± 0.53c,k,m

6.95 ± 0.44l 7.16 ± 0.43m 5.46 ± 0.43j

OTa+–O 6.87 ± 0.23h 8.5 ± 0.5,h 9 ± 0.5d 6.07 ± 1.05j 6.08 ± 0.12
6.61  ± 0.92d,l 9.54 ± 0.32i 6.73 ± 0.80d,f,h

OW+–O 6.15 ± 0.53l 9.6 ± 0.3,o 9.5 ± 0.5,p 5.72 ± 1.17j 5.49 ± 0.09
9.9  ± 1.0,q 9.8,r 9.9 ± 0.6n 4.65 ± 0.7l,m,o

8.76 ± 0.69i

a Simard et al. [26].
b Armentrout et al. [23].
c Pedley and Marshall [27].
d Inghram et al. [37].
e Lias et al. (GIANT Tables) [30].
f Dyke et al. [28].
g Ackermann et al. [32].
h Smoes et al. [38].
i This work.
j Schröder et al. [29].
k Campbell-Miller and Simard [35].
l JANAF tables [33].

m Blagojevic et al. [34], corrected to 0 K.
n DeMaria et al. [36].
o Gusarov et al. [39].
p Balducci et al. [40].
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eads to D0(TaO) = 8.65 ± 0.65 eV. Likewise, we  have previ-
usly measured the W+–O BDE as 6.77 ± 0.07 eV from the
ndothermic reaction of W+ with CO [23]. Again this agrees
ell with D0(W+–O) = 6.68 ± 0.53 eV calculated using Eq. (1)

nd D0(WO) = 6.92 ± 0.44 eV from Pedley and Marshall [27],
E(WO) = 8.1 ± 0.3 eV measured by Bohme and co-workers
34], along with IE(W) = 7.864 eV [35]. As for TaO+, this
alue disagrees with that quoted by Schröder et al. [29] of
(W+–O) = 5.46 ± 0.43 eV derived from information in the
IANT compilation [30], which uses IE(W) = 7.60 eV [31],

E(WO) = 9.1 ± 1 eV [36], and �fH0(WO) = 4.41 ± 0.43 eV [33],
nd also leads to D0(WO) = 6.95 ± 0.44 eV. Bohme and co-workers
34] also determined that W+ reacts with COS to form WO+ at
oom temperature with an efficiency of 0.38. They took this to
ndicate that D298(W+–O) > D298(O–CS) = 6.85 ± 0.04 eV, which
hey combined with D298(W+–O) = 6.81 ± 0.82 eV to yield a refined
ange of values that they cited as D298(W+–O) = 7.20 ± 0.43 eV. This
alue can be adjusted to D0(W+–O) = 7.16 ± 0.43 eV, Table 1.

Literature information on the dioxides of Ta+ and W+ is less plen-
iful. Bond energies and ionization energies of the metal monoxides
nd dioxides can be related according to the thermochemical cycle
f Eq. (2) and can be used to provide some information from the
iterature.

(OM − O) + IE(MO) = D(OM+ − O) + IE(MO2) (2)

he review by Schröder et al. lists D0(OTa+–O) = 6.07 eV and
0(OW+–O) = 5.72 eV and cites the GIANT compilation. (Actually

30] contains no information about TaO2
+, and the informa-

ion in the GIANT compilation used to derive the WO2
+ BDE
ndicates this value has an uncertainty of at least 1.17 eV,
able 1.) Heats of formation taken from the JANAF tables [33],
hich are based on Knudsen cell studies of Inghram et al.

37] provide D0(OTa–O) as 6.61 ± 0.92 eV and this has also been
measured as 6.87 ± 0.23 eV using the mass spectrometric Knud-
sen cell method [38]. The bond energy of 6.07 eV for OTaO+

may  have been obtained by combining the former neutral bond
energy with IE(TaO) = 7.92 ± 0.1 eV [32] and IE(TaO2) = 8.5 ± 0.5
[38], indicating it should have an uncertainty of 1.05 eV, Table 1.
Alternatively, we can combine IE(TaO) = 8.61 ± 0.02 eV [28] and
IE(TaO2) values of 8.5 ± 0.5 [38] and 9 ± 0.5 eV [37] with the
more precise D0(OTa–O) = 6.87 ± 0.23 eV to obtain D(OTa+–O) val-
ues of 6.98 ± 0.55 and 6.48 ± 0.55 eV, which we cite in Table 1 as
6.73 ± 0.80 eV given that neither IE(TaO2) value is precise. (Note
that many of the literature IEs were determined solely to ascertain
whether the species being probed were fragments or molecular
species, hence their accuracy is questionable.) For WO2, heats of
formation given in the JANAF tables indicate the neutral OW–O
bond energy is 6.15 ± 0.53 eV [33]. IE(WO2) has been reported as
9.6 ± 0.3 [39], 9.5 ± 0.5 [40], 9.9 ± 1.0 [41], 9.8 [42], and 9.9 ± 0.6 eV
[36]. Along with IE(WO) = 8.1 ± 0.3 eV [34] and D(OW–O), these IEs
can be combined to indicate that D(OW+–O) is anywhere between
3.4 and 5.4 eV, with the most precise IE(WO2) value suggesting
D(OW+–O) = 4.65 ± 0.7 eV. Finally, there have been a few spec-
troscopic studies in which the ground state of TaO2

+ has been
identified as 1A1 [43–45].

2. Experimental and computational section

2.1. General procedures

The guided ion beam tandem mass spectrometer on which these
experiments were performed has been described in detail previ-

ously [46]. Briefly, MO+ and MO2

+ ions are generated in a direct
current discharge flow tube (DC/FT) source described below [47],
extracted from the source, accelerated, and focused into a mag-
netic sector momentum analyzer for mass selection of primary



l of M

i
e
f
e
T
o
(
l
b
i
i
a
f
a
p
f
c
c

b
p
c
t
a
c
i
b
i
i
p
o
s
U
(

2

s
o
a
t
t
M
N
d
i
l
b
l
g
s
d
v
fl
t
i

2

E

�

C.S. Hinton et al. / International Journa

ons. The mass-selected ions are decelerated to a desired kinetic
nergy and focused into an octopole ion beam guide that uses radio-
requency electric fields to trap the ions in the radial direction and
nsure complete collection of reactant and product ions [48,49].
he octopole passes through a static gas cell with an effective length
f 8.26 cm that contains the reaction partner at a low pressure
usually less than ∼0.3 mTorr) so that multiple ion–molecule col-
isions are improbable. All results reported here result from single
imolecular encounters, as verified by pressure dependence stud-

es. The unreacted parent and product ions are confined radially
n the guide until they drift to the end of the octopole where they
re extracted, focused, and passed through a quadrupole mass filter
or mass analysis of products. Ions are subsequently detected with

 secondary electron scintillation ion detector [50] using standard
ulse counting techniques. Reaction cross sections are calculated
rom product ion intensities relative to reactant ion intensities after
orrecting for background signals [51]. Uncertainties in absolute
ross sections are estimated to be ±20%.

The kinetic energy of the ions is varied in the laboratory frame
y scanning the dc bias on the octopole rods with respect to the
otential of the ion source region. Laboratory (lab) ion energies are
onverted to energies in the center-of-mass frame (CM) by using
he formula ECM = Elab m/(m + M),  where m and M are the neutral
nd ionic reactant masses, respectively. Two effects broaden the
ross section data: the kinetic energy distribution of the reactant
on and the thermal motion of the neutral reactant gas (Doppler
roadening) [52]. The absolute zero and the full width at half max-

mum (FWHM) of the kinetic energy distribution of the reactant
ons are determined using the octopole beam guide as a retarding
otential analyzer, as described previously [51]. The distributions
f ion energies, which are independent of energy, are nearly Gaus-
ian and have a typical FWHM of 0.45–0.64 eV (lab) in these studies.
ncertainties in the absolute zero of the energy scale are ±0.05 eV

lab).

.2. Ion source

M+ (M = Ta and W)  ions are produced in a DC/FT source, con-
isting of a cathode held at a high negative voltage (1.3–2.0 kV)
ver which a flow of approximately 90% He and 10% Ar passes at

 total pressure of 0.3–0.5 Torr. The dc-discharge ionizes Ar and
hen accelerates these ions into the cathode made of either tan-
alum or tungsten metal, thereby sputtering atomic metal cations.

O+ and MO2
+ ions are produced through the reaction of M+ with

2O by introducing the reactant gas 15 cm downstream of the
ischarge zone in the flow tube at a pressure of ∼2 mTorr. These

ons undergo ∼105 thermalizing collisions with He and ∼104 col-
isions with Ar along the flow tube before entering the guided ion
eam apparatus. These collisions with the He/Ar flow gas stabi-

ize and thermalize the ions both rotationally and vibrationally. In
eneral, we assume that these ions are in their ground electronic
tate and that the internal energy of these molecular ions is well
escribed by a Maxwell–Boltzmann distribution of rotational and
ibrational states corresponding to 300 K, the temperature of the
ow tube. Previous studies from this laboratory have shown that
hese assumptions are consistent with the production of thermal-
zed molecular ions under similar conditions [53–57].

.3. Data analysis

The cross sections of endothermic reactions are modeled using

q. (3) [58–63]

(E) = �0˙gi(E + Ei − E0)n

E
(3)
ass Spectrometry 308 (2011) 265– 274 267

where �0 is an energy-independent scaling factor, E is the rela-
tive kinetic energy of the reactants, n is an adjustable parameter
that characterizes the energy dependence of the process [61], and
E0 is the 0 K threshold for reaction of electronic, vibrational, and
rotational state reactants. The model involves an explicit sum of
the contributions of individual rovibrational states of the MO+ and
MO2

+ reactant, denoted by i, having energies Ei and populations
gi. Before comparison with the experimental data, Eq. (3) is con-
voluted with the kinetic energy distributions of the reactant ions
and neutral reactants at 300 K. The �0, n, and E0 parameters are
then optimized using a nonlinear least-squares analysis to give the
best reproduction of the data [51]. Error limits for E0 are calculated
from the range of threshold values for different data sets over a
range of acceptable n values combined with the absolute errors in
the kinetic energy scale and internal energies of reactant ions.

2.4. Theoretical calculations

To establish the character of the molecular orbitals of the metal
oxides and dioxides, quantum chemistry calculations were carried
out with the B3LYP hybrid density functional method [64,65] and
performed with the GAUSSIAN 09 suite of programs [66]. Ta and
W are described using a basis set for Ta and W from Ohanessian
et al. [67], which is based on the relativistic effective core poten-
tials (ECP) of Hay–Wadt (HW) [68], equivalent to the Los Alamos
ECP (LANL2DZ) basis set. Whereas the HW–ECP is optimized for
neutral atoms, the altered basis set of Ohanessian et al. (HW+)
accounts for differential contraction of the s orbitals compared to
d orbitals induced by the positive charge. Calculations of thermo-
chemistry and potential energy surfaces (relaxed potential energy
surface scans) were conducted using a 6-311+G(3df) basis set for
oxygen. We  also examined results calculated using Def2TZVPP, a
balanced basis set of triple zeta quality plus polarization for both
elements [69], as well as the Stuttgart–Dresden (SDD) basis set
[70] on the metal (retaining the 6-311+G(3df) basis on oxygen).
The Def2TZVPP basis set includes f and g type polarization func-
tions on Ta and W,  whereas neither the HW+  nor SDD basis sets
do. Both the Def2TZVPP and SDD basis set use ECPs developed by
Andrae et al. for Ta and W [70]. In all cases, the thermochemistry
calculated here is corrected for zero-point energies after scaling the
vibrational frequencies by 0.9804 [71].

As a point of comparison, the calculated BDEs of O–O are 5.279
and 5.265 eV as calculated using the 6-311+G(3df) and Def2TZVPP
basis sets compared to the experimental value of 5.115 eV [72]. In
addition, the experimental 3F excitation energy of Ta+ (averaged
over all spin–orbit levels) is 0.43 eV higher than the 5F ground state
(where the spin–orbit average is 0.47 eV above the ground level of
J = 1) [73]. This experimental value can be compared to the exci-
tation energies calculated at the B3LYP level using the HW+, SDD,
and Def2TZVPP basis set of 0.40, 0.81, and 0.47 eV, respectively. For
W+, the experimental excitation energies of the 6S and 4F states are
0.41 and 1.07 eV, respectively, relative to the 6D state (where the
spin-orbit average lies 0.51 eV above the ground J = 1/2 level) [74].
The calculated B3LYP excitation energies with the HW+, SDD, and
Def2TZVPP basis sets are 0.54, 0.44, and 0.51 eV for the 6S excitation
and 0.86, 0.88, and 0.82 eV for the 4F excitation.

3. Experimental and theoretical results
3.1. CID of MO+ with Xe

Cross sections for the interaction of TaO+ and WO+ with Xe
were measured and are shown in Fig. 1. The products observed
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eutral reactant and ion.

orrespond to reaction (4),  a simple collision-induced dissociation
rocess.

O+ + Xe → M+ + O + Xe (4)

he cross section data for reaction (4) are analyzed using Eq. (3),
nd the fitting parameters obtained are listed in Table 2. The model
eproduces the experimental data up to ∼20 eV with thresholds of
.01 ± 0.12 and 6.72 ± 0.10 eV for TaO+ and WO+, respectively. The
hreshold for CID can equal the M+–O BDE as long as the inter-
ction of M+ with O is attractive everywhere, i.e., there are no

arriers in excess of the asymptotic dissociation energy, and the
issociation produces ground state products. The former condi-
ion is almost certainly true here because the interaction of M+

ith O should be attractive at both long-range and short-range

able 2
itting parameters of Eq. (3) used to model reactions (4) and (5).

Reactant Product �0 n E0 (eV)

TaO+ Ta+ 0.03 ± 0.01 2.3 ± 0.2 7.01 ± 0.12
WO+ W+ 0.03 ± 0.01 2.4 ± 0.2 6.72 ± 0.10
TaO2

+ TaO+ 0.91 ± 0.05 1.4 ± 0.1 6.08 ± 0.12
WO2

+ WO+ 0.63 ± 0.13 1.5 ± 0.1 5.49 ± 0.09
Eq. (3) with parameters in Table 2 are shown as dashed lines. The solid lines show
these models convoluted over the kinetic and internal energy distributions of the
neutral reactant and ion.

[58,60,75,76].  The latter condition is generally true when the dis-
sociation pathway conserves spin, as it does here for the reactions
TaO+(3�)  → Ta+(5F) + O(3P) and WO+(4�−) → W+(6D) + O(3P). The
CID thresholds of 7.01 ± 0.12 and 6.72 ± 0.10 eV for TaO+ and WO+

are in good agreement with the previously measured thermochem-
istry, Table 1. This may  be somewhat serendipitous because CID
experiments on strongly bound species with few internal degrees
of freedom are sometimes found to measure only an upper limit to
the thermodynamic BDE because of inefficiencies in the transfer of
kinetic to internal energy in the collision process [14,57].

3.2. CID of MO2
+ with Xe

Cross sections for the interaction of Xe with TaO2
+ and WO2

+

are shown in Fig. 2. The products observed correspond to reaction
(5).

MO2
+ + Xe → MO+ + O + Xe (5)
The cross section data for reaction (5) are analyzed using Eq. (3),
and the fitting parameters obtained are listed in Table 2. For both
processes, the model of Eq. (3) reproduces these cross sections
well up to 20 eV. As for the monoxides, the threshold for CID can
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qual the OM+–O BDE as long as there are no barriers in excess
f the asymptotic dissociation energy and the dissociation pro-
uces ground state products, here TaO+(3�),  WO+(4�−), and O(3P),

n spin allowed reactions. In both cases, the CID thresholds of
.08 ± 0.12 and 5.49 ± 0.09 eV are in good agreement with the pre-
ious thermochemistry in Table 1, but are much more precise.

We also looked for but did not observe formation of M+ for either
aO2

+ or WO2
+. This behavior contrasts with previous results for

he CID of PtO2
+ with Xe [25], which produces both PtO+ and the

are Pt+ ion. An explanation for this was offered by Bohme and
o workers [34] and relies on distinguishing between two cases
ccording to whether the MO+ + O dissociation limit lies above or
elow the M+ + O2 dissociation limit. When D0(MO+) > D0(O2), the
O+ + O dissociation limit lies below the M+ + O2 dissociation limit

nd exclusive loss of O is observed. When D0(MO+) < D0(O2), the
O+ + O dissociation limit lies above the M+ + O2 dissociation limit

nd loss of O2 is observed, in competition with the entropically
avored loss of O at higher energies. Ta and W fall into the former
ategory, and Pt falls into the latter.

.3. Reaction of MO+ with O2

Cross sections for the reaction of MO+ with O2 are shown in Fig. 3.
he products observed correspond to the exothermic reaction (6).

O+ + O2 → MO2
+ + O (6)

he TaO2
+ and WO2

+ cross sections decrease with increasing
inetic energy, consistent with the behavior expected for barri-
rless exothermic ion-molecule reactions. This behavior can be
escribed using the Langevin–Gioumousis–Stevenson (LGS) model
77], Eq. (7),

LGS = �e
(

˛

2�ε0E

)1/2
(7)

where e is the charge on the electron,  ̨ is the polarizability vol-
me  of the neutral reactant molecule (1.57 Å3 for O2 [78]), and ε0

s the permittivity of vacuum. As can be seen from Figure 3, the
ross sections for both M = Ta and W have energy dependences of
−0.5±0.1 at the lowest energies, as predicted by �LGS, with magni-
udes approximately equivalent to �LGS in this energy range (within
he 20% absolute uncertainty), indicating that the reactions occur
ith near unit efficiency. The reaction cross sections can also be

onverted into a room temperature rate constant using methods
utlined previously [46,51]. For TaO+ and WO+, this yields rate
onstants of (6.1 ± 1.2) and (5.7 ± 1.1) × 10−10 cm3 molecule−1 s−1,
espectively, compared to kLGS = 5.6 × 10−10 cm3 molecule−1 s−1.
hese values compare favorably with the rate constants measured
y Bohme and co-workers [34] in 0.35 Torr of helium at 295 K,
4.0 ± 1.2) and (4.6 ± 1.4) × 10−10 cm3 molecule−1 s−1, respectively,
orresponding to reaction efficiencies of 71 ± 21 and 82 ± 25%.

Above about 0.3 eV, the cross sections begin to decrease more
apidly, approximately as E−1.0±0.1. This effect can be attributed
o angular momentum conservation constraints, as previously dis-
ussed in detail [56,79].  This argument recognizes that because the
educed mass of the products of reaction (6), �′, is smaller than that
f the reactants, � (�′/� is approximately 0.5 in these systems),
he centrifugal barrier in the product channel can exceed that in
he reactant channel for large angular momenta. This restricts the

robability of reaction at higher kinetic energies, in essence by mak-

ng it more favorable for the MO3
+ intermediate to dissociate back

o reactants compared to going on to products. We  have previously
utlined a simple model to predict where these angular momen-
legend, the reader is referred to the web version of this article.) The cross section
for  the “return to reactants” is also shown for exothermicities of 0.6 and 0.4 in parts
a  and b, respectively.

tum constraints can restrict the product formation in exothermic
reactions [56]. This begins at an energy given by Eq. (8),

Ec = (E − �H)(˛′ �′2)
(˛ �2)

(8)

where  ̨ and ˛′ are the polarizability volumes of the reac-
tant and product neutrals (1.57 and 0.80 Å3, respectively [78,80]),
E is the relative kinetic energy of the reactants, and �H is the
enthalpy of reaction. Using thermochemistry obtained above for
TaO2

+ and WO2
+, this model predicts that the TaO2

+ and WO2
+

cross sections will become constrained beginning at 0.17 ± 0.02 and
0.07 ± 0.02 eV, respectively, in reasonable agreement with the data.

A more precise way  of examining this same phenomenon is to
calculate the expected cross section using phase space theory (PST),
performed using modified versions of programs originally devel-
oped by Chesnavich and Bowers [81]. These calculations assume

that the potential interaction for the bimolecular reactants and
products are ion-induced dipole attractions, i.e., the LGS cross sec-
tion of Eq. (7) for the reactants, and then explicitly conserves both
energy and angular momentum. The results for several assumed
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Table 3
Theoretical results for MO+ calculated at the B3LYP/HW+/6-311+G(3df) level.

Species State s(s + 1)a Configuration Energy (Eh) Zero point energy (Eh) Erel (eV) r(M–O) (Å)

O 3P −75.090915
Ta+ 5F 6.00 6s15d3 −57.362276 0.000

3P 2.83a 6s25d2 −57.347516 0.402
TaO+ 3� 2.01 1�22�21�43�11�1 −132.722996 0.002419 0.000 1.672

1� 1.00a 1�22�21�43�11�1 −132.701893 0.002441 0.575 1.668
1�+ 0.00 1�22�21�43�2 −132.693091 0.002493 0.816 1.665
3�− 2.01 1�22�21�41�2 −132.691392 0.002342 0.858 1.679
1�− 1.00a 1�22�21�41�2 −132.683503 0.002359 1.073 1.677
5	 6.00 1�22�21�33�11�2 −132.595267 0.001723 3.457 1.881
3	 2.78a 1�22�21�33�11�2 −132.583770 0.001748 3.770 1.873
3
 2.01 1�22�21�33�21�1 −132.573944 0.001782 4.039 1.865

W+ 6D 8.75 6s15d4 −67.345887 0.000
6S 8.75 6s05d5 −67.326103 0.538
4F 3.75 6s15d4 −67.314176 0.863

WO+ 4�− 3.78 1�22�21�43�11�2 −142.693739 0.002479 0.000 1.648
2� 1.75a 1�22�21�43�11�2 −142.662911 0.002533 0.840 1.642
2�− 1.75a 1�22�21�43�11�2 −142.651493 0.002537 1.151 1.642
2� 0.76 1�22�21�43�21�1 −142.639796 0.002543 1.470 1.644
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a State suffers from spin contamination.

xothermicities are shown in Fig. 3. In the case of Ta, the PST pre-
icted cross sections capture the general energy behavior of the
xperimental cross section, with �H = −0.6 eV yielding the best
verall reproduction of the data. This is somewhat lower than the
xothermicity of 0.96 ± 0.12 eV obtained from the CID measure-
ents, however, an exothermicity this large does not agree with

hese data as well, as shown by the upper dashed curve in Fig. 3a. In
he case of W,  excellent agreement is observed between the exper-
mental and the PST predicted cross sections, with �H  = −0.4 eV
roviding the best match. This is in agreement with the exothermic-

ty of 0.38 ± 0.09 eV determined from the CID measurements. The
dditional curves shown in each part of the figure provide a rough
stimate of the uncertainty in the �H value that could be obtained
rom the PST model, i.e., about ±0.2 eV for Ta and ±0.1 eV for W.
hese comparisons provide substantial confidence in the accuracy
f the thermochemistry derived here for the MO2

+ species.
At still higher energies, the MO2

+ cross sections decline even
ore rapidly and now deviate strongly from the PST predictions.

his is because dissociation of the MO2
+ products to form MO+ + O

an begin starting at D0(O2) = 5.115 eV. A simple model for such dis-
ociations has previously been developed [82] and depends only
n the energy onset for dissociation (set to 5.115 eV here) and a
arameter p describing the energy dependence analogous to n in
q. (3).  This model for the subsequent dissociation probability (p = 2
or both metals) is multiplied by the best PST cross sections and
hown in Fig. 3. It can be seen that the energy dependence of the
ata at high energy is reproduced nicely in both cases, although dis-
ociation appears to be delayed somewhat. (Indeed, if the onsets are
hifted to ∼6 eV, the data are reproduced very well.) Such delays can
ccur if the initial reaction preferentially places energy in transla-
ion of the products instead of being distributed statistically.

.4. Theoretical results: metal oxide cations

The bonding in diatomic transition metal oxides has been dis-
ussed by Schröder et al. [29]. The valence orbitals are 1� (largely O
s), 2� (metal–oxygen sigma bonding), 1� (metal–oxygen pi bond-

ng), 1� (metal 5d nonbonding), 3� (largely a metal 6s5d hybrid),
� (metal–oxygen pi antibonding), and 4� (metal–oxygen sigma
ntibonding). Configuration interaction between the 1� and 2�

rbitals could drive the 2� above the 1�, and the relative order
f the 1� and 3� nonbonding orbitals is also unclear. For TaO+,
e calculate a 3� (1�22�21�43�11�1) ground state, Table 3, with

he lowest lying excited state being the singlet-coupled version
620987 0.002267 1.974 1.703

of this state, 1� having the same electron configuration and lying
0.58 eV above the ground state. Additional excited states, 1�+, 3�−,
and 1�−, have energies 0.82, 0.86, and 1.07 eV above the ground
state, respectively. All five of these states have TaO triple bonds
(occupied 2� and 1� orbitals) with the remaining two  electrons
occupying the nonbonding 3� and 1� orbitals in different ways.
Higher-lying excited states, Table 3, involve exciting an electron
from the 1� bonding orbital and thus have excitation energies
>3.4 eV above the ground state. All low-lying states have bond
lengths of 1.66–1.68 Å, whereas the higher lying excited states have
longer bonds (1.86–1.88 Å), indicative of a lower bond order. At a
similar level of theory, B3LYP/LANL2DZ, Wu  et al. [83] also found
the TaO+ ground state to be 3� and the 1�+ excited state to be
0.87 eV higher in energy. It can also be noted that previous calcula-
tions have suggested a 3�− ground state at the BP86/LANL2DZ [45]
level and a 1�+ ground state at the B3LYP/LANL2DZ level [43].

The ground state of WO+ is calculated to be 4�−

(1�22�21�43�11�2), Table 3. Low-lying excited states include the
low-spin coupled 2�, 2�−, and 2� lying 0.84, 1.15, and 1.47 eV
above the ground state, respectively. Both the ground state and
low-lying excited states have bond lengths of 1.64–1.65 Å. We  also
located a 4	 state having an excitation energy of 1.97 eV and a
bond length of 1.70 Å, consistent with occupation of the antibond-
ing 2� orbital. At a lower level of theory, B3LYP/HW/6-31G(d),
Bohme and co-workers [34] found the 4�−, 2�−, and 4	 states
with excitation energies of 0.0, 0.8, and 2.0 eV, respectively, values
that agree nicely with those calculated here.

The theoretical BDEs are compared with various experimental
values, including the present CID thresholds, in Table 4. B3LYP cal-
culations using the HW+  and SDD basis sets with calculated BDEs of
7.28 and 6.99 eV, respectively, give the best agreement compared
to the experimental BDEs of 7.10 ± 0.12 eV [23] and our CID thresh-
old of 7.01 ± 0.12 eV. Values calculated at the CCSD(T) level using
any basis set were all higher, >7.48 eV, and values calculated at the
BHLYP level are much too low, <6.54 eV. For WO+, our previous
WO+ BDE of 6.77 ± 0.07 eV and our CID threshold of 6.72 ± 0.10 eV
again agree well with values calculated at the B3LYP level with the
HW+ and SDD basis sets. The CCSD(T) values using the Def2 and
SDD basis sets also give reasonable agreement, whereas the BHLYP
values are again too low.
In all of these comparisons, it should be realized that spin–orbit
effects are not included in these theoretical values, i.e., the
0 K experimental BDEs correspond to dissociation to the lowest
spin–orbit state of the metal cation, whereas the theoretical num-
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Table 4
Theoretical and experimental bond dissociation energies in eV at 0 K.

Bond Theory Experiment

State Basis set B3LYP BHLYP CCSD(T) CID threshold Literature BDEa

TaO+ 3� HW+  7.28 6.14 7.67 7.01 ± 0.12 7.10 ± 0.12
Def2  7.61 6.54 7.56 7.18 ± 0.14
SDD  6.99 5.84 7.48 8.15 ± 0.65

WO+ 4� HW+ 6.92 5.68 6.07 6.72 ± 0.10 6.77 ± 0.07
Def2 7.11 5.93 6.54 6.68 ± 0.53
SDD  6.80 5.56 6.51 7.16 ± 0.43

5.46 ± 0.43
TaO2

+ 1A1 HW+  5.79 4.77 6.24 6.08 ± 0.12 6.07 ± 1.05
Def2  5.93 4.97 6.09 6.73 ± 0.80
SDD 5.70  4.68 6.05

WO2
+ 2A1 HW+ 5.61 4.39 5.53 5.49 ± 0.09 5.72 ± 1.17

Def2  5.80 4.66 5.35 4.6 ± 0.7
4.34 
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(1a1) (1b2) (1b1) (1a2) (2a1) (2b2) (3a1) configuration and
a bond angle of 103.1◦, Table 5. The bond order of WO2

+ is similar
to that of TaO2

+, with the exception that the unpaired electron
occupies an orbital with antibonding character making the bond
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Fig. 4. Relaxed potential energy surface scans of the bond angle for the TaO2
+ (part

a)  and WO2
+ (part b) systems calculated at the B3LYP/HW+/6-311+G(3df) level. Solid
SDD 5.56  

a Values from Table 1.

ers correlate with the average of all spin–orbit levels of the ground
tate of the metal ion, differences of 0.466 and 0.514 eV for Ta+ and

+, respectively. Corrections of the theoretical BDEs by subtracting
hese excitation energies ignores spin–orbit coupling in the metal
xide cations. For TaO, the spin–orbit splitting in the 2� ground
tate is 0.435 eV [33] and has been calculated to be as much as
.56 eV for the related TaC+ molecule [84]. Because the magnitudes
f the spin–orbit coupling in the atomic ions and the molecular
pecies are nearly the same (and the latter unknown for the spe-
ific product species considered here), no corrections for spin–orbit
ffects have been made.

.5. Theoretical results: metal dioxide cations

A description of the bonding in transition metal dioxides has
een detailed previously by Kretzschmar et al. [85] and can be qual-

tatively thought of in the following way, given that the molecule
as C2v symmetry along the z axis with the molecule lying in the
z plane. The 1a1 orbital is in-plane �-like bonding and is formed
rom the 5dx

2−z
2 orbital of the metal and the 2pz of each oxygen

tom. There are two sets of doubly occupied, �-bonding orbitals
1b2 and 2a1) resulting from interaction of the 5dxz orbital with
wo 2px orbitals and the 5dy

2−z
2 orbital with the 2px orbitals of

ach oxygen atom along with some contributions of the metal 6s
rbital. The 1a2 and 1b1 orbitals form a set of doubly occupied out-
f-plane �-like orbitals, which involve the 2py orbitals on oxygen
nd the 5dxy and 5dyz orbitals on the metal. The 2b2 orbital, which
s mostly nonbonding in character, is formed from the 2pz orbitals
f oxygen. The 3a1 orbital is a �-like antibonding orbital, which
s derived from the 5dy

2 along with 6s character and the two  2px

rbitals on oxygen. Higher-lying orbitals include 3b2, 4a1, 2b1, and
a2, which are the antibonding versions of the 1b2, 1a1, 1b1, and
a2 bonding orbitals, and 5a1, mainly metal 6s.

For TaO2
+, our B3LYP calculations find a 1A1 ground state, in

greement with previous calculations [43,45,83] with a bond angle
f 103.7◦, Table 5. The 1A1 ground state has an electron configura-
ion of (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2. The bonding in TaO2

+

or each Ta–O bond involves 5 electrons in a bonding orbital and one
lectron in a nonbonding orbital to give a bond order of 2.5, which
s reasonable given the strong BDE in this system. Excited states
f TaO2

+ include a 3B2 state lying 1.49 eV above the ground state
ith additional excited states 2.77–6.91 eV above the ground state,

able 5. These states all involve excitations to antibonding orbitals
uch that their bond lengths are greater than that of the ground

tate. Several low-lying singlet excited states were located com-
utationally but in all cases they were spin contaminated with an
(s + 1) value around 1.00, meaning these states contain extensive
riplet character. In all cases, these singlet states had bond lengths,
5

5.26

angles, and energies comparable to their triplet counterparts, and
their energies varied with bond angle in an identical fashion to the
corresponding triplet states.

For WO2
+, the ground state is 2A1 with a

2 2 2 2 2 2 1
and  dashed lines represent singlet and triplet/quintet surfaces in part a and doublet
and quartet surfaces in part b, respectively. Calculated energies of reactant and prod-
uct asymptotes are indicated by horizontal bars to the left and right, respectively.
Thicker horizontal bars indicate experimental energies of reactants and products.
Large circles indicate avoided crossings.
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Table 5
Bond lengths (Å), bond angles, and relative energies for MO2

+ calculated at the B3LYP/HW+/6-311+G(3df) level.

Species State Configuration s(s + 1) r(M–O) (Å) Angle (◦) Erel (eV)

TaO2
+ 1A1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2 0.00 1.700 103.7 0.00

3B2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)1(3a1)1 2.03 1.753 92.7 1.49
3A2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)1(2b1)1 2.03 1.775 113.5 2.77
3A1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)1(2b2)2(3a1)1 2.02 1.743 109.2 2.91
3A1 (1a1)2(1b2)2(1b1)1(1a2)2(2a1)2(2b2)2(2b1)1 2.05 1.811 124.9 3.55
3B1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)1(2b2)2(2b1)1 2.03 1.790 127.6 3.72
3A1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(3a1)1(4a1)1 2.03 1.866 46.1 4.04
3A2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2a2)1(3a1)1 2.00 1.867 48.1 4.46
3B1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b1)1(3a1)1 2.02 1.877 45.9 4.87
5A′ (1a′)2(1a′ ′)2(2a′)2(3a′)2(4a′)1(2a′ ′)1(5a′)1(3a′ ′)1 6.01 1.715 75.3 5.06

2.157
5A2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)1(2b2)1(2b1)1(3a1)1 6.01 1.894 138.4 5.26
3A2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)1(2b2)2(2a2)1 2.03 1.779 97.5 5.48
3B2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)1(2b2)2(3b2)1 2.01 1.831 119.8 6.91

WO2
+ 2A1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2(3a1)1 0.76 1.676 103.1 0.00

2B1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2(2b1)1 0.75 1.692 112.4 1.27
4A2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)1(3a1)1(2b1)1 3.79 1.745 108.7 2.51
2A2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2(2a2)1 0.77 1.714 96.7 2.77
2B2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)1(3a1)2 0.82 1.723 92.8 2.82
4B1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)1(2a2)1(3a1)1 3.80 1.761 84.2 3.31
4A1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)1(2b1)1(2a2)1 3.80 1.789 91.9 4.32
4A′ ′ (1a′)2(1a′ ′)2(2a′)2(2a′ ′)2(3a′)2(3a′ ′)1(4a′)1(5a′)1 4.03 1.907 42.3 4.62
(4B1) (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(3a1)1(2b1)1(4a1)1

2B2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2(3b2)1 0.76 1.730 104.4 4.97
2B1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b1)1(3a1)2 1.75a 1.876 44.2 5.13
2A1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(3a1)2(4a1)1 0.76 1.834 46.7 5.23
2A2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2a2)1(3a1)2 1.69a 1.859 47.2 5.37
4B2 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b1)1(2a2)1(3a1)1 3.76 1.876 46.7 5.42
2A1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2(3a1)1 1.62a 2.132 38.3 9.66
2B1 (1a1)2(1b2)2(1b1)2(1a2)2(2a1)2(2b2)2(2b1)1 1.59a 2.199 36.1 10.56
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State suffers from spin contamination.

rder between 2 and 2.5. This clearly explains the lower observed
DE of WO2

+ versus TaO2
+, Table 4. A 2B1 state lying 1.27 eV

bove the 2A1 ground state was found with other states lying
.51–11.28 eV higher in energy, Table 5. The lowest excitations

nvolve moving the electron in the 3a1 antibonding orbital into
ther, more antibonding orbitals.

The calculated BDEs of TaO2
+ compare favorably with the CID

hreshold of 6.08 ± 0.12 eV, Table 4. Particularly good agreement
s found for the CCSD(T) values of 6.05–6.24 eV. The B3LYP values
re also in fair agreement although somewhat lower, 5.70–5.93 eV.
he BHLYP values are again much too low (by >1 eV). For WO2

+,
he CID threshold value of 5.49 ± 0.09 eV compares well with the
3LYP values, which range from 5.56–5.80 eV, and the CCSD(T)
alues of 5.26–5.53 eV. At the BHLYP level, the values again are con-
istently lower than the experimental value (by >0.8 eV). Overall,
he agreement between experiment and theory is comparable to
hat observed for the metal monoxides, lending credence to the
ccuracy of the thermochemistry obtained here experimentally.

.6. Potential energy surfaces for MO2
+

Calculated potential energy surfaces for interaction of Ta+ and
+ with O2 (3�−) are shown in Fig. 4. In most cases, species have

2v symmetry throughout. Table 5 lists the geometries and ener-
ies of various stable states of the MO2

+ species calculated at the
3LYP/HW+/6-311+G(3df) level of theory.

In the interaction of O2 (3�g
−) with Ta+(5F), Fig. 4a, the first

tep is formation of an association complex intermediate, the low-
st of which is Ta+(O2) (3A1), which has an energy 3.75 eV below the
a+ + O2 asymptote. This intermediate has a bond angle of 46.1◦ and
 configuration of 1a1
21b2

21b1
21a2

22a1
23a1

14a1
1. There are also

A2 and 3B1 states of Ta+(O2) that lie 0.4 and 0.8 eV higher in energy,
espectively, and have similar bond lengths and angles. They differ
n their electron configuration by the occupation of the 4a1, 2a2,
0.78 2.104 39.9 11.28

or 2b1 antibonding orbitals, such that they are nearly degenerate.
As the OTaO bond angle gets larger, the potential energy surfaces
evolve into the more strongly bound tantalum dioxide cationic
species. Here, the ground state of TaO2

+ is 1A1, which cannot be
formed in a spin-allowed process from ground state Ta+(5F) + O2
(3�g

−) and therefore can only be accessed by a curve crossing with
triplet surfaces. The minimum on the 1A1 surface lies 7.83 eV below
the Ta+ + O2 asymptote. Above the 1A1 surface lie the 3B2, 3A2, 3A1,
3A1, and 3B1 surfaces (corresponding to the excited states discussed
above) with minima lying 1.49, 2.77, 2.91, 3.55, and 3.72 eV above
the 1A1 minimum, respectively. There is also a 5A′ state that lies
2.77 eV below the Ta+(5F) + O2 (3�g

−) asymptote (5.06 eV above
the 1A1 GS of TaO2

+). This state has a minimum around 75◦, is rela-
tively flat from 60 to 180◦, and correlates to the TaO+ + O asymptote
at small angles because of the CS symmetry. Importantly, all of the
surfaces have minima that lie below the TaO+(3�)  + O(3P) product
asymptote, 1.96 eV below the Ta+ + O2 asymptote (1.98 ± 0.12 eV
experimentally).

For the activation of O2 (3�g
−) by W+(6D), the first step is the

formation of an association complex intermediate, W+(O2) (4A′′,
nearly 4B1), which lies 2.69 eV below the W+ + O2 asymptote. Seven
other states of W+(O2) were also located and lie 0.51–6.66 eV
higher in energy, Table 5. As the bond angle of the W+(O2) (4A′′)
state increases, it crosses a surface having 4A2 symmetry (which is
avoided in CS symmetry) that leads to a minimum 4.54 eV below
the W+ + O2 asymptote. This species is the lowest quartet state of
the WO2

+ dioxide cation. A 4B1 and 4A1 state lie 0.80 and 1.81 eV
higher in energy, whereas the 2A1 ground state has an energy of
−7.31 eV relative to the W+ + O2 asymptote. The 2B1, 2A2, and 2B2
excited states discussed above lie 1.27, 2.77, and 2.82 eV above the

2A1 state. The doublet states cannot be formed in spin-allowed pro-
cesses from ground state W+(6D) and O2 (3�g

−) and therefore can
only be accessed by a curve crossing with the quartet surfaces. All
of the WO2

+ states lie lower than the WO+(4�−) + O(3P) product
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symptote, 1.61 eV below the W+ + O2 asymptote (1.66 ± 0.07 eV
xperimentally).

In both metal systems, formation of ground state MO+ + O prod-
cts can evolve in spin-allowed pathways from any of the MO2

+

pecies, including the ground state. Clearly, these dissociation path-
ays require breaking C2v symmetry. The observation that the

hresholds for formation of MO+ in the CID of MO2
+ are con-

istent with the thermochemistry determined in the literature
ndicates that there are no barriers in excess of the endothermic-
ty of the reaction, consistent with the qualitative character of the
ESs shown in Fig. 4. These surfaces also are consistent with the
bservation that formation of MO+ in the reaction of M+ with O2
s exothermic and barrierless (as observed experimentally [23])
nd can proceed in a spin-allowed fashion by remaining on one
f the triplet surfaces evolving from Ta+(5F) + O2 (3�g

−) or quartet
urfaces evolving from W+(6D) + O2 (3�g

−).
Explicit calculations of MO3

+ species were not pursued here,
ut one imagines that the reactions of TaO+ and WO+ with O2
an proceed initially by formation of an associative complex
Ta+(O2) and OW+(O2), with peroxide-like structures. Cleavage
f the O2 bond from such intermediates could lead to formation
f TaO2

+(1A1) + O(3P) and WO2
+(2A1) + O(3P) products or cova-

ently bound MO3
+ species could be formed as well. These latter

pecies cannot form double bonds to all oxygens as this for-
ally places the metals in 7+ oxidation states, whereas the
aximum oxidation state is 5+ for Ta and 6+ for W.  Over-

ll, the reactions TaO+(3�)  + O2(3�g
−) → TaO2(1A1) + O(3P) and

O+(4�−) + O2(3�g
−) → WO2(2A1) + O(3P) are spin-allowed, con-

istent with their high efficiency, Fig. 3.

. Summary

In this study, guided ion beam tandem mass spectrometry is
sed to generate TaO+, WO+, TaO2

+, and WO2
+ in a direct current

ischarge/flow tube (DC/FT) ion source. CID experiments of all four
pecies with Xe are obtained with threshold energies reported in
ables 2 and 4. Reasonable agreement between these CID thresh-
lds and literature thermochemistry is obtained for all systems.
he thermochemistry for the metal dioxide cations also agrees that
ith obtained from the observations that reactions of both metal
onoxide cations with O2 are exothermic. Phase space theory cal-

ulations of the energetic behavior for these reactions are also in
easonable agreement with the exothermicities obtained from the
ID reactions. Thus, the present results provide thermochemistry

or TaO2
+ and WO2

+ that is considerably more precise than previous
alues, Table 1

Detailed quantum mechanical calculations are also performed
or the metal monoxide and metal dioxide species. The nature of
he bonding in the MO+ and MO2

+ species is analyzed at the B3LYP,
HLYP, and CCSD(T) levels of theory. Basis sets used for the metals

nclude HW+, SDD, and Def2TZVPP, and for oxygen 6-311G(3df).
easonable agreement between theory and the experimental
esults for the metal oxide and dioxide systems is found for most
evels of theory, with BHLYP performing rather poorly. Potential
nergy surfaces for the interaction of the atomic metal cations
ith O2 are also calculated at the B3LYP/HW+/6-311G(3df) level of

heory. These surfaces demonstrate that dissociation of the MO2
+

pecies can occur from the ground state by loss of an O atom, with
o barriers in excess of endothermicity, consistent with the exper-

mental results.
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