
R
c

C
C

a

A
R
R
A
A

T
o
r
c
s

K
B
I
T
T
T

1

m
i
i
m
s
i
o
o
t
o
m
i
T
i
t

1
d

International Journal of Mass Spectrometry 280 (2009) 226–234

Contents lists available at ScienceDirect

International Journal of Mass Spectrometry

journa l homepage: www.e lsev ier .com/ locate / i jms

eactions of Hf+, Ta+, and W+ with O2 and CO: Metal carbide and metal oxide
ation bond energies

hristopher S. Hinton, Fengxia Li, P.B. Armentrout ∗

hemistry Department, University of Utah, 315 South, 1400 East, Room 2020, Salt Lake City, UT 84112, United States

r t i c l e i n f o

rticle history:
eceived 5 August 2008
eceived in revised form 27 August 2008
ccepted 27 August 2008
vailable online 7 September 2008

his article is dedicated to Zdenek Herman
n the occasion of his 75th birthday and in
ecognition of his outstanding
ontributions to ion chemistry and the mass
pectrometry community over many years.

a b s t r a c t

The reactions of Hf+, Ta+, and W+ with O2 and CO are studied as a function of translational energy
in a guided ion beam tandem mass spectrometer. All three reactions with O2 form diatomic metal
oxide cations in exothermic reactions that occur at the collision rate. In the CO systems, for-
mation of both diatomic metal oxide and metal carbide cations is observed to be endothermic.
The energy-dependent cross sections in the latter systems are interpreted to give 0 K bond ener-
gies (in eV) of D0(HfC+) = 3.19 ± 0.03, D0(TaC+) = 3.79 ± 0.04, D0(WC+) = 4.76 ± 0.09, D0(HfO+) = 6.91 ± 0.11,
D0(TaO+) = 7.10 ± 0.12, and D0(WO+) = 6.77 ± 0.07. The present experimental values for TaO+ and WC+ agree
well with literature thermochemistry, those for HfO+ and WO+ refine the available literature bond ener-
gies, and those for HfC+ and TaC+ are the first measurements available. The nature of the bonding in MO+

+

eywords:
ond energy

onization energy
ransition metal carbide

and MC is discussed and compared for these three metal ions and analyzed using theoretical calculations
at a B3LYP/HW+/6-311+G(3df) level of theory. Bond energies for all MO+ and MC+ species are calculated
using geometries calculated at this level and single point energies determined at B3LYP, CCSD, CCSD(T),
QCISD, and QCISD(T) levels of theory with the same basis set. Reasonable agreement between the theo-
retical and experimental bond energies for the three metal oxide and three metal carbide cations is found.
Potential energy surfaces for reaction of the metal cations with CO are also calculated at the B3LYP level
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. Introduction

Transition metal carbides and oxides play an important role in
any processes. Because of their high melting point, conductiv-

ty, and hardness, transition metal carbides play important roles
n material science and electronics [1–3]. The oxides of transition

etals play vital roles in industrial, organometallic, and atmo-
pheric chemistry [4–6]. In understanding the origins of these
mportant properties, it can be useful to understand the binding
f the simplest examples of such species. In previous studies in
ur laboratory, guided ion beam mass spectrometry has been used
o systematically study diatomic oxides, MO+, and carbides, MC+,
f first-row [7,8], second-row [9–11], and third-row [12] transition
etal cations. In the present work, these studies are extended to
nclude the group 4–6 third-row transition metal cations, M = Hf,
a, and W. The comparison of the metal carbides and oxides is
nteresting because both C and O have two unpaired valence elec-
rons in their 3P ground states, easily making two covalent bonds to

∗ Corresponding author. Tel.: +1 801 581 7885; fax: +1 801 581 8433.
E-mail address: armentrout@chem.utah.edu (P.B. Armentrout).
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information about the reaction mechanisms.
© 2008 Elsevier B.V. All rights reserved.

etals. However, the empty p orbital on C versus the doubly occu-
ied p orbital on oxygen can make an appreciable difference in the
onding of these species with metals.

The guided ion beam methods used in our laboratory can be
sed to investigate the bond dissociation energies (BDEs) for M+–O
nd M+–C species by analyses of the kinetic energy dependence of
eactions (1)–(3).

+ + O2 → MO+ + O (1)

+ + CO → MO+ + C (2)

+ + CO → MC+ + O (3)

In previous work [7–11], it has been shown that the early
ransition metal cations (groups 3–5) react exothermically with
2, whereas later transition metal cations (groups 6–11) react
ndothermically. To obtain metal oxide bond energies for these
arly metal cations, reactions with CO, which has a much stronger
ond, D0(CO) = 11.108 eV versus D0(O2) = 5.115 eV [13], can be used

s now the processes are endothermic. Furthermore, the competing
ormation of MC+ in reaction (3) is also observed, such that analy-
es of the energy-dependent cross section data for reactions (2) and
3) allow 0 K metal oxide and metal carbide BDEs to be obtained.
etailed theoretical calculations are also performed here in order

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.2008.08.025
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o provide information regarding the electronic states of the MC+

nd MO+ species and to examine the potential energy surfaces for
ormation of the products in reactions (2) and (3).

. Literature data

Literature information on thermodynamics of these transition
etal oxide and carbide species is generally sparse, although

ll three metal oxides have been studied by Knudsen effusion
echniques. Panish and Reif used Langmuir vaporization and Knud-
en effusion to measure the 0 K dissociation energy of HfO as
.92 ± 0.26 eV [14], and later Ackermann and Rauh measured a
alue of 8.19 ± 0.09 eV [15]. Pedley and Marshall critically evaluate
hese values and select D0(HfO) = 8.26 ± 0.13 eV [16]. In con-
rast, an RKR analysis of spectroscopic information suggests that
0(HfO) = 9.04 ± 0.02 eV [17], but this value is less reliable because
f the long range extrapolation involved. Using Eq. (4),

0(M − X) + IE(M) = D0(M+ − X) + IE(MX) (4)

he ionization energy of this species, IE(HfO) = 7.55 ± 0.1 eV,
easured by Rauh and Ackermann [18], and IE(Hf) = 6.825 eV

19] can be combined with the best neutral BDE to yield
0(Hf+–O) = 7.54 ± 0.16 eV. The review of transition metal oxide
ations by Schroder et al. [20] lists D(Hf+–O) = 7.50 ± 0.22 eV and
ites the GIANT (Gas-phase Ion And Neutral Thermochemistry)
ompilation [21], which used the same reference data for HfO but
n older value for IE(Hf) = 6.78 eV. ESR studies [22] identify HfO+ as
aving a 2� ground state and a variety of spectroscopic studies of
fO [23–25] have also been performed.

For tantalum oxide, the JANAF tables [26] discuss the large
isparities obtained by several Knudsen cell mass spectrome-
ry studies [27–29]: 2nd and 3rd law values for �fH298(TaO)
alues ranging from 2.14 to 4.35 eV. After correlating values
ith those for the 1st and 2nd row congeners, VO and NbO,
hase chooses a rounded value from a Birge–Sponer extrapo-

ation corrected for iconicity, �fH298(TaO) = 1.995 ± 0.65 eV and
0(TaO) = 8.65 ± 0.65 eV. Pedley and Marshall [16] primarily utilize

esults from Smoes et al. [30] and select D0(TaO) = 8.24 ± 0.13 eV.
he situation for the ionization energy of TaO is equally unclear.
he most precise and most recent value comes from a photoelectron
easurement of Dyke et al., 8.61 ± 0.02 eV [31], which is well above

revious electron impact measurements of 7.92 ± 0.1 eV from Ack-
rmann et al. [32] and 7.5 ± 0.5 eV from Smoes et al. [30]. Combining
he best values presently available with IE(Ta) = 7.5495 eV [33]
ields D0(Ta+–O) = 7.18 ± 0.14 eV. The review by Schroder et al. [20]
ists D(Ta+–O) = 8.15 ± 0.65 eV, again citing the GIANT compilation
21], which uses older values for IE(Ta) = 7.4 eV and IE(TaO) = 7.92 eV,
long with D0(TaO) = 8.65 eV. Additional work has examined the
pectroscopy of TaO, identifying its ground state as 2� [34–38],
nd has characterized the photoelectron spectrum of TaO− [39].

Finally, the JANAF tables [26] reanalyzed the Knudsen cell
ass spectrometry data of DeMaria et al. [40] to determine
fH0(WO) = 4.41 ± 0.43 eV, which can be combined with the

eats of formation of W and O (also taken from JANAF)
o give D0(WO) = 6.95 ± 0.44 eV, somewhat higher than the
alue quoted directly by DeMaria et al. of 6.68 ± 0.44 eV.
Also, using H298 − H0 data taken from the JANAF tables,
ne finds that D298(W–O) − D0(W–O) = 0.043 eV, yielding
298(WO) = 7.00 ± 0.44 eV.) Pedley and Marshall use the same

ata to select D0(WO) = 6.92 ± 0.44 eV. DeMaria et al. also
uote a rough ionization energy for WO of 9.1 ± 1 eV, but
ecent gas-phase bracketing studies by Bohme and co-workers
ave refined this greatly to 8.1 ± 0.3 eV [41]. When combined
ith IE(W) = 7.864 eV [42] and D0(WO) = 6.92 ± 0.44 eV, this
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E value yields D0(W+–O) = 6.68 ± 0.53 eV. This value is well
bove that quoted in the review by Schroder et al. [20] who list
(W+–O) = 5.46 ± 0.43 eV as taken from the GIANT compilation

21]. Bohme and co-workers verified the accuracy of their cation
ond energy by determining that W+ reacts at room temperature
ith COS to form WO+, albeit with an efficiency of only 0.38. They

ook this to indicate that D298(W+–O) > D298(O–CS) = 6.85 ± 0.04 eV
although the inefficiency of this reaction could mean that these
ond energies are nearly isoenergetic). They then combined this

imit with D298(W+–O) = 6.81 ± 0.82 eV (which is slightly higher
han the value derived above for reasons that are unknown and
ith an uncertainty determined by addition of the literature
ncertainties rather than combining them in quadrature) to yield a
efined range of values that is cited as D298(W+–O) = 7.20 ± 0.43 eV.
his value is then combined with the ionization energies of W
nd WO to determine a value for D298(W–O) as 7.46 ± 0.74 eV, or
quivalently D0(W–O) = 7.42 ± 0.74 eV, consistent with the JANAF
nd Pedley and Marshall values within the broad uncertainties.
pectroscopic work [43,44] has identified the ground state of WO
s X3�−.

For the carbide of Hf, we could find no literature reports of
as-phase studies. A number of neutral [45] and cationic [46,47]
antalum carbide clusters formed by laser vaporization have been
tudied. On the basis of the observation of several reactions
nvolving TaC+, McElvany and Cassady were able to bracket its
ond energy as 3.38 eV < D(TaC+) < 6.11 eV. Furthermore, Majumdar
nd Balasubramanian have studied this molecule and its neu-
ral analogue theoretically [48,49]. For tungsten, spectroscopy has
dentified the ground state of WC as 3� [50]. The photoelectron
pectrum of WC− has been measured [51], and establishes the elec-
ron affinity of WC as well as the excitation energies for several
xcited states of this molecule. In addition, WC+ has been observed
s a product in the reaction of W+ with CH4 [52]. Measurement of
he endothermic threshold for this double dehydrogenation reac-
ion determined the 0 K bond energy of WC+ as 4.96 ± 0.22 eV. WC+

as also been observed in the fragmentation of W(CO)6 ionized by
lectron impact [53] and by photoionization [54], and in the pho-
oionization of W(CO) [55]. The appearance energies obtained in
hese studies suggest that D0(W+–C) = 5.26 ± 0.78, 3.93 ± 0.36, and
.86 ± 0.35 eV, respectively. Finally, we note that Musaev et al. have
xamined the WCO+ system theoretically, exploring the potential
nergy surface for activation of the CO molecule by W+ [56].

. Experimental

.1. General procedures

The guided ion beam tandem mass spectrometer on which these
xperiments were performed has been described in detail previ-
usly [57]. Ions are generated in a direct current discharge flow tube
DC/FT) source described below [58]. The ions are extracted from
he source, accelerated, and focused into a magnetic sector momen-
um analyzer for mass selection of primary ions, where either the
80Hf isotope (35.2% natural abundance), the 181Ta isotope (99.99%
atural abundance), or 186W isotope (30.67% natural abundance)
re selected. The mass selected ions are then slowed to a desired
inetic energy and focused into an octopole ion guide that radi-
lly traps the ions [59]. The octopole passes through a static gas
ell that contains the neutral reaction partner at a low pressure

ranging from 0.05 to 0.2 mTorr) so that multiple ion–molecule
ollisions are improbable. All results reported here result from sin-
le bimolecular encounters, as verified by the independence of the
easured cross sections on the neutral reactant pressure. Prod-

ct and remaining reactant ions are contained in the guide until
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hey drift to the end of the octopole, where they are focused and
xtracted into a quadrupole mass filter for mass analysis and then
etected. Reaction cross sections are calculated from product ion

ntensities relative to reactant ion intensities after correcting for
ackground signals [60]. Uncertainties in the absolute cross sec-
ions are estimated to be ±20%.

Laboratory ion energies (lab) are converted to energies in
he center-of-mass frame (CM) by using the formula, ECM = Elab
/(m + M), where M and m are the ion and neutral masses, respec-

ively. Two effects broaden the cross section data: the kinetic energy
istribution of the ion and the thermal motion of the neutral reac-
ant gas (Doppler broadening) [61]. The absolute zero and the full
idth at half-maximum (fwhm) of the kinetic energy distribution

f the reactant ions are determined by using the octopole beam
uide as a retarding potential analyzer. The distributions of ion
nergies are independent of energy, nearly Gaussian, and have typ-
cal fwhm of 0.6–1.4 eV (lab). Uncertainties in the absolute energy
cale are ±0.05 eV (lab).

.2. Ion source

M+ ions are produced in a DC/FT source, consisting of a cath-
de held at a high negative voltage (1.1–1.5 kV) over which a flow
f approximately 90% He and 10% Ar passes at a total pressure of
.3–0.5 Torr. The dc-discharge is used to ionize Ar and then acceler-
te these ions into a cathode either made of tantalum or iron with
cavity containing hafnium or tungsten metal. After the ions are

wept down a meter-long flow tube, they undergo ∼105 thermal-
zing collisions with He and Ar. No evidence for low-lying excited
tates of the three metal ions (such as cross section features having
ower energy thresholds) within about 1% sensitivity is observed
nder these flow conditions. When compared to a surface ioniza-
ion source, the DC/FT source has been found to generate Sc+ [62],
e+ [63], Co+ [64], Ni+ [65], Ru+ [66], Rh+ [66], and Pd+ [66] ions with
n average electronic temperature of 700 ± 400 K, and Y+, Zr+, Nb+,
nd Mo+ ions with an average electronic temperature of 300 ± 100 K
67]. Even at the maximum electronic temperature of 1100 K, the
hree metal ions populate the lowest energy spin–orbit level to a
igh degree as shown in Table S1, which lists the various low-lying
tates of Hf+ [68], Ta+ [69], and W+ [70]. Conservatively, the aver-
ge electronic energy, Eel, at a temperature of 700 ± 400 K for Hf+ is
.006 + 0.010/−0.006 eV, for Ta+ is 0.025 + 0.039/−0.023 eV, and for

+ is 0.018 + 0.040/−0.018 eV.

.3. Data analysis

The cross sections of the endothermic reactions are modeled
sing Eq. (5) [71–74],

(E) = �0
∑

igi(E + Ei + Erot − E0)n

E
(5)

here �0 is an energy-independent scaling factor, E is the rela-
ive kinetic energy of the reactants, n is an adjustable parameter
hat characterizes the energy dependence of the process [71],
rot is the rotational energy of the diatomic reactant (=kBT at
00 K = 0.026 eV), and E0 is the 0 K threshold for reaction of
lectronic, vibrational, and rotational state reactants. The model
nvolves an explicit sum of the contributions of individual electronic
tates of the M+ reactant, denoted by i, having energies Ei and pop-
lations gi. Before comparison with the experimental data, Eq. (5)
s convoluted with the kinetic energy distributions of the reactant
ons and neutral reactants at 300 K. The �0, n, and E0 parameters are
hen optimized using a nonlinear least-squares analysis to give the
est reproduction of the data [71,73]. Error limits for E0 are calcu-

ated from the range of threshold values for different data sets over
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range of acceptable n values (as specified in the table of fitting
arameters given below) combined with the absolute errors in the
inetic energy scale and internal energies of reactant ions.

At higher energies, the cross sections decline because the prod-
ct ions have sufficient energy to dissociate. In this high-energy
egion, the data can be modeled by modifying Eq. (5) to include the
issociation probability according to a statistical model discussed
lsewhere [75]. This probability is controlled by two parameters:
, which is an adjustable parameter similar to n, and Ed, which is
he energy at which product ions start decomposing. In this study,
he values of p and Ed are allowed to vary (although p can only hold
ntegral values) and used to fit cross sections of M+ with CO. Use of
his high-energy model does not alter significantly the analysis of
he threshold regions.

.4. Theoretical calculations

Quantum chemistry calculations reported here were computed
sing the B3LYP hybrid density functional method [76,77] and
erformed with the GAUSSSIAN 03 suite of programs [78]. The
-311+G(3df) basis set, triple zeta with diffuse and polarization
unctions, was used for carbon and oxygen in all calculations. As

point of comparison, the single point bond energies for O–O
nd C–O are calculated as 5.279 and 11.059 eV (uncorrected for
pin–orbit coupling) compared to the experimental values of 5.115
nd 11.108 eV [13], respectively.

The core electrons of hafnium, tantalum, and tungsten are
escribed by the relativistic effective core potentials (ECP) of Hay-
adt (HW) [79], with valence electrons described by the Los

lamos double zeta basis set (LANL2DZ). This basis set is optimized
or neutral atoms, whereas the positive charge of the metal ion
ifferentially contracts the s orbitals compared to the d orbitals.
herefore, calculations were performed with an altered HW-ECP
asis set for the metal ions as described by Ohanessian et al. (des-

gnated as HW+) [80]. The calculated thermochemistry is then
orrected for zero point energy effects, after scaling the frequen-
ies by 0.9804 [81]. Single point energies were also calculated
rom the B3LYP optimized geometries at QCISD, CCSD, QCISD(T),
nd CCSD(T) levels using the same basis sets. No corrections for
pin–orbit coupling are included in the theoretical values, as dis-
ussed further below.

. Results

.1. Hf+, Ta+, and W+ + O2

Fig. 1 shows the cross sections of reaction (1) for M+ = Hf+,
a+, and W+ as a function of kinetic energy. The HfO+,
aO+, and WO+ cross sections decrease with increasing
inetic energy, consistent with the behavior of exothermic
on–molecule reactions. This behavior can be described using the
angevin–Gioumousis–Stevenson (LGS) model [82], Eq. (6),

LGS = �e
(

˛

2�ε0E

)1/2
(6)

here e is the charge on the electron, ˛ is the polarizability volume
f the neutral reactant molecule (1.57 Å3 for O2) [83], and ε0 is the
ermittivity of vacuum. As can be seen from Fig. 1, the cross sec-
ions for all three metal ions have energy dependences of E−0.5 ± 0.1

t energies below about 1 eV, as predicted by �LGS. The magnitudes

f the cross sections obtained for the reactions are approximately
quivalent to that of �LGS in this energy range (within the 20%
bsolute uncertainty), indicating that the reactions occur with
00 ± 20% efficiency. We can also convert this cross section into a
oom temperature rate constant using methods outlined previously
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ig. 1. Cross sections for reactions of Hf+ (solid circles), Ta+ (open triangles), and
+ (solid inverted triangles) with O2 as a function of kinetic energy in the center-of
ass frame (lower x-axis) and laboratory frame (upper x-axis) for M+ = Hf+. The line

hows the calculated collision cross section, �LGS.

57]. For Hf+, Ta+, and W+, this yields rate constants of (6.9 ± 1.5),
6.1 ± 1.2), and (6.0 ± 1.2) × 10−10 cm3 molecule−1 s−1, respectively,
ompared to kLGS = 5.6 × 10−10 cm3 molecule−1 s−1. These values
an be compared favorably with the rate constants measured by
ohme and co-workers in 0.35 Torr of helium at 295 K (4.1 ± 1.2),
4.7 ± 1.4), and (4.4 ± 1.3) × 10−10 cm3 molecule−1 s−1 [84], respec-
ively, corresponding to reaction efficiencies of 67 ± 20, 82 ± 25,
nd 79 ± 24%. The present values agree with these within exper-
mental uncertainties although the high-pressure rate constants
re systematically lower than the present single collision values
or reasons that are unclear. However, it is notable that among the
9 transition metal ions examined in this work, the highest reaction
fficiency observed was 82% (for Ta+ and Zr+), although there is no
bvious reason why some of these metal cations could not react on
very collision.

Above about 1 eV, the cross sections begin to decrease more
apidly. This effect can be attributed to angular momentum con-
ervation restraints, as previously discussed in detail [85,86]. This
rgument recognizes that because the reduced mass of the prod-
cts of reaction (1), �′, is smaller than that of the reactants, � (�′/�

s approximately 1/2 in these systems), the centrifugal barrier in
he product channel can exceed that in the reactant channel for
arge angular momenta. This restricts the probability of reaction
t higher kinetic energies. We have previously outlined a simple
odel to predict where these angular momentum constraints can

estrict the product formation in exothermic reactions [86]. This
egins at an energy given by Eq. (7),

C = (E − �H)(˛′�′2)
(˛�2)

(7)

here ˛ and ˛′ are the polarizability volumes of the reactant and
roduct neutrals (1.57 and 0.80 Å3, respectively) [83,87], E is the
elative kinetic energy of the reactants, and �H is the enthalpy of
eaction. Using thermochemistry obtained below for HfO+, TaO+,
nd WO+, this model predicts that the HfO+, TaO+, and WO+ cross
ections will become constrained beginning at 0.32, 0.35, and
.29 eV, respectively, in reasonable agreement with the data.

+ + +
We also observed HfO2 , TaO2 , and WO2 at the lowest kinetic
nergies, products that are formed by secondary reactions of the
rimary MO+ products, as verified by the dependence of the metal
ioxide cation product cross sections on O2 pressure. The kinetic
nergy dependences of the cross sections of these products are also

D

D

T
l

ig. 2. Cross sections for reactions of Hf+ (circles), Ta+ (triangles), and W+ (inverted
riangles) with CO to form metal oxide (solid symbols) and metal carbide (open
ymbols) cation products as a function of kinetic energy in the center-of mass frame
lower x-axis) and laboratory frame (upper x-axis) for M+ = Hf+.

onsistent with the secondary reactions, MO+ + O2 → MO2
+ + O, and

emonstrate that they are exothermic for all three metals.

.2. Hf+, Ta+, and W+ + CO

Cross sections for reactions (2) and (3) are shown in Fig. 2.
he MO+ cross sections rise from apparent thresholds of 3–4 eV,
hereas the MC+ cross sections require more energy, rising from

hresholds of 5–7 eV. It can be seen that the relative ordering of
he thresholds is inverted between the oxide and carbide ion prod-
cts, with Hf+ having the lowest oxide threshold and the highest
arbide threshold, whereas W+ has the highest oxide and lowest
arbide thresholds. This should directly reflect the relative bond
issociation energies of these product ions. Both MC+ and MO+ cross
ections reach maxima near 11 eV because both product ions can
issociate further in reaction (8),

+ + CO → M+ + C + O (8)

hich has a thermodynamic threshold of 11.108 eV = D0(CO) [13].

. Thermochemical and theoretical results

.1. Thermochemistry

The exothermic reactions (1) for M+ = Hf+, Ta+, and W+ pro-
ide only lower limits to the HfO+, TaO+, and WO+ BDEs,
0(M+–O) ≥ D0(O2) = 5.115 eV [13]. Therefore, in order to determine

he M+ O bond strengths, the reactions of Hf+, Ta+, and W+ with
O are used to determine the BDEs more precisely. If there are no
eaction barriers in excess of the reaction endothermicities, as is
ften the case for ion–molecule reactions, then the BDEs of M+–O
nd M+–C can be derived from the E0 thresholds of reactions (2) and
3) by using Eqs. (9) and (10), respectively. If such barriers did exist,
hen the bond energies derived would be lower limits to the true
hermodynamic values, but the quantum chemical calculations on
he potential energy surfaces detailed below verify the veracity of
his assumption in the present cases.
0(M –O) = D0(C–O) − E0(MO ) (9)

0(M+–C) = D0(C–O) − E0(MC+) (10)

he endothermic cross sections for reactions (2) and (3) were ana-
yzed with Eq. (5). The optimized fitting parameters are listed in
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Table 1
Fitting parameters of Eq. (5) used to model reactions (2) and (3)a

Reactant Product �0 n E0 (eV) D0(M+–A)

Hf+ HfO+ 2.39 (0.56) 1.4 (0.1) 4.20 (0.11) 6.91 (0.11)
Ta+ TaO+ 3.14 (0.62) 1.2 (0.2) 4.01 (0.12) 7.10 (0.12)
W+ WO+ 1.87 (0.28) 1.3 (0.1) 4.34 (0.07) 6.77 (0.07)
Hf+ HfC+ 1.70 (0.06) 1.0 (0.1) 7.92 (0.03) 3.19 (0.03)
T + +
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Fig. 3. Cross sections for formation of HfO+ and HfC+ in the reaction of Hf+ with CO
as a function of kinetic energy in the center-of-mass frame (lower x-axis) and labo-
ratory frame (upper x-axis). Symbols indicate the experimental results. Dashed lines
show the low energy model cross sections given by Eq. (5) and the parameters given
i
a
e

6
r
a
c
i
w
f
t

T
B

B

O
C
H
H
T
T
W
W

M

a TaC 1.64 (0.13) 1.0 (0.1) 7.32 (0.04) 3.79 (0.04)
+ WC+ 0.88 (0.18) 1.4 (0.1) 6.35 (0.09) 4.76 (0.09)

a Uncertainties, in parentheses, are one standard deviation.

able 1 and typical reproduction of the data is shown in Fig. 3.
his includes the high-energy analysis that accounts for reaction
8) above 11 eV.

Analysis of reactions (2) yields thresholds (Table 1) lead-
ng to metal oxide bond energies of 6.91 ± 0.11, 7.10 ± 0.12, and
.77 ± 0.07 eV for HfO+, TaO+, and WO+, respectively. The former
alue is outside of the combined experimental uncertainties from
he cationic BDE in the literature, 7.54 ± 0.16 or 7.50 ± 0.22 eV [20]
Table 2). We believe this is because the ionization energy of HfO

easured by Ackermann and Rauh, IE(HfO) = 7.55 ± 0.1 eV [15], is
robably too low, as found independently for TaO. Ackermann and
auh determined IE(TaO) = 7.92 ± 0.1 eV, whereas a photoelectron
pectrum by Dyke et al. yields 8.61 ± 0.02 eV [31], a discrepancy
f 0.7 ± 0.1 eV. In the case of HfO, combining our cationic bond
nergy with the neutral bond energy of Pedley and Marshall
16], D0(Hf–O) = 8.26 ± 0.13 eV, we derive IE(HfO) = 8.18 ± 0.17 eV
Table 3), 0.63 ± 0.20 eV higher than the previous value, a compa-
able discrepancy to that found for TaO. Equivalently, the IEs of HfO
nd TaO measured by Ackermann and Rauh differ by 0.4 eV, which
s the same relationship as our revised IE(HfO) compared to IE(TaO)
rom Dyke et al..

In the tantalum oxide system, our cationic BDE of 7.10 ± 0.12 eV
grees very well with the best value presently in the literature,

0(Ta+–O) = 7.18 ± 0.14 eV (Table 2). If we combine our cationic
DE with IE(TaO) = 8.61 ± 0.02 eV from Dyke et al. [31], we obtain
0(Ta–O) = 8.16 ± 0.12 eV (Table 3), very similar to the value selected
y Pedley and Marshall of 8.24 ± 0.13 eV [16].

l
t
B
t

able 2
ond Dissociation Energies at 0 Ka

ond Experiment

This work Literature

O 5.115 ± 0.002b

O 11.108 ± 0.005b

f+ O 6.91 ± 0.11 7.54 ± 0.16c, 7.50 ± 0.22d

f+ C 3.19 ± 0.03
a+ O 7.10 ± 0.12 7.18 ± 0.14e, 8.15 ± 0.65d

a+ C 3.79 ± 0.04 3.38–6.11f

+ O 6.77 ± 0.07 6.68 ± 0.53h, 7.16 ± 0.43i ≥6.81 ± 0.04i, 5.46 ± 0.43d

+ C 4.76 ± 0.09 4.96 ± 0.22j, 3.93 ± 0.36k 3.86 ± 0.35l, 5.26 ± 0.78m

AD

a From this work, except as noted.
b Huber and Herzberg [13].
c Derived from references [16–19] and Eq. (4), see text.
d Schroder et al. [20].
e Derived from references [16,31,33] and Eq. (4), see text.
f Cassady and McElvany [46,47].
g Majumdar and Balasubramanian [48].
h Derived from references [16], [41], and [42] and Eq. (4), see text.
i Blagojevic et al. [41].
j Armentrout et al. [52].
k Qi et al. [54].
l Qi et al. [55].

m Winters and Kiser [53].
n Table 1 along with a model for the dissociation of the product ions in reaction (8)
t higher energies. Solid lines show these models convoluted over the experimental
nergy distributions.

For the tungsten oxide system, our measured BDE of
.77 ± 0.07 eV is in very good agreement with the literature
ange determined using D0(W–O) = 6.92 ± 0.44 eV from Pedley
nd Marshall [16] and IE(WO) = 8.1 ± 0.3 eV from Bohme and
o-workers [41], D0(W+–O) = 6.68 ± 0.53 eV (Table 2). Our value
s also consistent with the observation of Bohme and co-

orkers that W+ reacts at room temperature with COS to
orm WO+. Bohme and co-workers interpreted this to mean
hat D298(W+–O) ≥ D298(O–CS) = 6.85 ± 0.04 eV, which is equiva-

ent to D0(W+–O) ≥ 6.81 ± 0.04 eV, within experimental error of
he present value. In this system, by combining our cation
DE with IE(WO) = 8.1 ± 0.3 eV [41], we refine the neutral BDE
o D0(W–O) = 7.01 ± 0.31 eV, consistent with but more precise

Theory

B3LYP QCISD(T) CCSD(T) QCISD CCSD Literature

5.279 4.929 4.914 4.627 4.954
11.059 10.916 10.897 10.625 10.576
7.21 7.54 7.49 7.13 7.04
3.67 3.51 3.48 3.30 3.25
7.28 7.84 7.76 7.36 7.22
4.48 4.79 4.88 4.72 4.32 4.50g

6.92 7.11 6.96 6.78 6.60
4.88 4.34 4.39 4.81 4.57

0.32 0.58 0.53 0.26 0.20
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Table 3
Experimental thermochemical data for third row transition metal oxides

M+–X IE(M) D0(M+–X) D0(M–X) IE(MX)

This work Literature This work Literature This work

Hf+–O 6.825a 6.91 ± 0.11 8.26 ± 0.13b 7.55 ± 0.1c 8.18 ± 0.17d

Ta+–O 7.5495e 7.10 ± 0.12 8.24 ± 0.13b 8.16 ± 0.12d 8.61 ± 0.02f, 7.92 ± 0.1g, 7.5 ± 0.5h 8.69 ± 0.18d

W+–O 7.864i 6.77 ± 0.07 6.92 ± 0.44b, 6.95 ± 0.44j 7.01 ± 0.31d 8.1 ± 0.3k, 9.1 ± 1l 8.04 ± 0.45d

a Callender et al. [19].
b Pedley and Marshall [16].
c Rauh and Ackermann [18].
d Derived from D0(MX) + IE(M) = D0(MX+) + IE(MX).
e Simard et al. [33].
f Dyke et al. [31].
g Ackermann et al. [32].
h Smoes et al. [30].
i Campbell-Miller and Simard [42].
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j JANAF tables [26].
k Blagojevic et al. [41].
l DeMaria et al. [40].

han the literature values of 6.92 ± 0.44 [16] or 6.95 ± 0.44 eV
26].

As noted above, there is no literature thermochemistry
or HfC+ and only very broad limits are available for TaC+,
.38 eV < D(TaC+) < 6.11 eV [46,47]. Our much more precise value of
0(Ta+–C) = 3.79 ± 0.04 eV lies within these limits. For WC+, the 0 K
DE derived from analysis of reaction (3) is 4.76 ± 0.09 eV, within
xperimental uncertainty of the 4.96 ± 0.22 eV value obtained from
he W+ + CH4 reaction system [52]. A weighted average of the
wo values from our laboratory is D0(W+–C) = 4.80 ± 0.08 eV, which
e take as our best determination in this system. This value

ies in between those derived from the appearance energies of
C+ and W+ observed in the photoionization of W(CO)6 and
(CO), 3.93 ± 0.36 and 3.86 ± 0.35 eV, respectively [54,55], and that

erived from electron impact of W(CO)6, 5.26 ± 0.78 eV [53]. The
atter value agrees with the determinations from this laboratory

ithin the large uncertainty. The low values from photoionization
an probably be attributed to the failure to account for kinetic
hifts in the tight (for formation of WC+) versus loose (for for-
ation of W+) transition states associated with these dissociation

rocesses.

.2. Theoretical results: Metal oxide cations

Qualitatively, the bonding in transition metal oxides has been
iscussed at length by Schroder et al. [20]. The valence orbitals
re 1� (largely O 2s), 2� (metal–oxygen sigma bonding), 1�
metal–oxygen pi bonding), 1� (metal 5d nonbonding), 3� (largely

etal 6s5d hybrid), 2� (metal–oxygen pi antibonding), and
� (metal–oxygen sigma antibonding). Configuration interaction
etween the 1� and 2� orbitals could drive the 2� above the 1�,
nd the relative order of the 1� and 3� nonbonding orbitals is
lso unclear. For HfO+, there are nine valence electrons, suggest-
ng an electron configuration of 1�22�21�41�1 with a predicted
� ground state or 1�22�21�43�1 with a 2�+ ground state. The
resent calculations find the latter is the ground state with the 2�
tate lying 0.90 eV higher in energy (Table S2). This is consistent
ith the ground state determined by ESR spectroscopy [22]. These

tates have similar bond lengths of 1.701 and 1.714 Å, respectively.
ther excited states necessarily remove an electron from one of the

onding orbitals (2� or 1�) such that they lie 2.9 eV or more above
he ground state and have appreciably longer bonds (1.84–1.95 Å)
Table S2).

Addition of another electron in TaO+ suggests possible ground
tates of 3� (1�22�21�43�11�1), 3�− (1�22�21�41�2), or pos-

w
s
0
e
e

ibly 1�+ (1�22�21�43�2). Indeed, the present calculations find
3� ground state, with the lowest energy excited state being the

inglet-coupled version of this state, 1� having the same electron
onfiguration (Table S2). The 1�+ state was located 0.82 eV higher
n energy. The 3�− state lies at 0.86 eV, whereas the singlet-coupled
ersion of this state was found 1.07 eV above the ground state. All
ther excited states involve excitations out of the bonding orbitals
nd therefore lie over 3.4 eV higher in energy than the ground state.
ll low-lying states have bond lengths near 1.67 Å, whereas the
igher lying excited states have longer bonds (1.86–1.88 Å), con-
istent with a lower bond order.

For WO+, the obvious ground state is now 4�−

1�22�21�43�11�2) and indeed this is found to be the ground
tate computationally. Low-lying excited states include the low-
pin coupled version of this state, 2�− having the same electronic
onfiguration, and 2� (1�22�21�43�21�1). These states lie 0.84
nd 1.47 eV above the ground state and all three states have bond
engths of 1.64–1.65 Å. Somewhat higher in energy are two 4�
tates having 1�22�21�41�22�1 and 1�22�21�33�21�2 configu-
ations. These have longer bonds (1.70 and 1.84 Å, respectively) and
ie 1.97 and 4.92 eV above the ground state. At a somewhat lower
evel of theory, B3LYP/HW/6-31G(d), Bohme and co-workers [41]
ound the 4�−, 2�−, and 4� states with excitation energies, 0.0,
.8, and 2.0 eV, respectively, that agree nicely with those calculated
ere.

The calculated metal oxide cation bond energies (Table 2) are
n good agreement with the experimental values. For HfO+, these
ange from 7.04 (CCSD) to 7.54 (QCISD(T)) eV versus 6.91 ± 0.11 eV;
or TaO+, 7.22 (CCSD) to 7.84 (QCISD(T)) eV versus 7.10 ± 0.12 eV; and
or WO+, 6.60 (CCSD) to 7.11 (QCISD(T)) eV versus 6.77 ± 0.07 eV.
xcept for the CCSD result for WO+, the computed bond energies
re systematically higher than our experimental values, with mean
bsolute deviations (MADs) of only 0.14, 0.16, and 0.21 eV for CCSD,
CISD, and B3LYP values, respectively, somewhat larger than the
xperimental uncertainties. Addition of perturbative triple exci-
ations, CCSD(T) and QCISD(T), increases the MADs for the three
xides somewhat to 0.48 and 0.57 eV, respectively. It should be real-
zed that spin–orbit effects are not included in these theoretical
alues. Specifically, the 0 K experimental numbers should corre-
pond to dissociation to the lowest spin–orbit state of the metal ion,

hereas the theoretical numbers correlate with the average of all

pin–orbit levels of the ground state of the metal ion (differences of
.227, 0.466, and 0.514 eV for Hf+, Ta+, and W+, respectively). How-
ver, correcting the theoretical BDEs by subtracting these excitation
nergies ignores spin–orbit coupling in the metal oxide ions, which
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as been calculated to be as much as 0.56 eV for the TaC+ molecule
48].

No matter the exact values, the experimental and
heoretical BDEs clearly follow the same trends, i.e.,
(TaO+) > D(HfO+) > D(WO+), with only small variations in the

hree values. This is consistent with the ground state electronic
onfigurations of the three species, 2�+ (1�22�21�43�1), 3�
1�22�21�43�11�1), and 4�− (1�22�21�43�11�2), respectively,
hich all have a bond order of three and differ only in the

ccupation of the nonbonding 3� and 1� orbitals. Furthermore,
oupling atomic O (3P, 2s22p4) with the ground state electronic
onfigurations of the atomic metal ions, Ta+ (5F, 6s15d3) and W+

6D, 6s15d4), leads directly to the ground states of TaO+ and WO+.
owever, Hf+ (2D, 6s25d1) must promote to the 4F (6s15d2) state

ying 0.56 eV (average of all spin–orbit levels) above the 2D state
68], which probably explains why the bond energy for HfO+ is
lightly weaker than that for TaO+.

.3. Theoretical results: Metal carbide cations

Qualitatively, the bonding in transition metal carbides should
arallel that for the oxides fairly closely. The same valence orbitals
re available, with two less valence electrons. For HfC+, there are
even valence electrons, suggesting a ground state electron con-
guration of 1�22�21�3 (2�) or 1�22�11�4 (2�+). The present
alculation finds the latter is the ground state (r = 1.784 Å), indicat-
ng that configuration interaction has moved the 2� orbital above
he 1� orbitals. Indeed, no state corresponding to the predicted
� was ever located theoretically, although there are a multitude
f low-lying excited states (Table S2). In most cases, an electron is
emoved from the 1� bonding orbital of the ground state leading to
longer bond length, r > 1.90 Å. Formation of the 2�+ (1�22�11�4)
round state cannot be achieved by diabatic coupling of atomic C
3P, 2s22p2) with the ground state of Hf+ (2D, 6s25d1), but instead
equires the Hf+ (4F, 6s15d2) state lying 0.56 eV higher in energy
average of all spin–orbit levels) [68].

The TaC+ molecule has been theoretically studied before by
ajumdar and Balasubramanian (MB) [48] using the CASMCSCF

evel of theory followed by spin–orbit configuration interaction cal-
ulations. They find four low-lying states, 1�+ (1�22�21�4), 3�+

1�22�11�43�1), 3� (1�22�11�41�1), and 1� (1�22�11�41�1),
orresponding to adding a 2�, 3�, 1�, and 1� electron, respectively,
o the ground state configuration of HfC+. These states have rela-
ive energies of 0.0, 0.03, 0.43, and 0.51 eV, respectively, and are not
reatly influenced by spin–orbit corrections. Bond lengths are 1.731,
.739, 1.760, and 1.816 Å, respectively. Our B3LYP results are roughly
imilar with excitation energies for these states of 0.0, 0.08, 0.37,
nd 0.41 eV, respectively, and bond lengths of 1.718, 1.751, 1.747,
nd 1.758 Å. The 0 K adiabatic bond energy calculated by MB for
heir 1�+ ground state was 4.50 eV (adjusted for the excited state
symptote used in the diabatic bond energy cited by MB), whereas
ur 0 K BDEs range from 4.32 to 4.88 eV (Table 2). It should be noted
hat there were some difficulties in the present single configuration
alculations of the 1�+ state, which can be attributed to mixing
etween 1�22�21�4 and 1�22�11�43�1 configurations and some
pin contamination as a result of mixing with the low-lying 3�+

tate. At first glance, it seems odd that the 1�+ state, which has
bond order of three, is not much lower in energy than the 3�+,

�, and 1� states, which all have one less sigma bonding electron

bond order of 2.5). This is because the latter three states diabati-
ally correlate with the Ta+ (5F, 6s15d3) + C (3P, 2s22p2) ground state
symptote, whereas the 1�+ state diabatically correlates with the
a+ (3F, 6s25d2) + C (3P, 2s22p2) asymptote, lying 0.43 eV higher in
nergy (average of all spin–orbit levels) [68].
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For WC+, the ground state is 2� (1�22�21�41�1), consistent
ith the qualitative bonding picture developed above. This has a

hort bond length of 1.687 Å, whereas most excited states have
ond lengths in excess of 1.72 Å (Table S2). This can be attributed
o the fact that these states involve moving an electron from the
� bonding orbital into a nonbonding orbital. Nevertheless, the
xcitation energies are modest, ranging from 0.32 to 1.16 eV (Table
2). The ground state configuration cannot be achieved by coupling
tomic C (3P, 2s22p2) with the ground state of W+ (6D, 6s15d4),
combination that leads to the 4� (1�22�11�43�11�1) and 4�−

1�22�11�41�2) excited states, among others. Instead, the 2� state
orrelates diabatically with W+ (4F, 6s15d4), lying 1.074 eV higher
n energy (average of all spin–orbit levels) [68].

For the carbides, the calculated and experimental BDEs do not
gree as well as for the oxides (Table 2). The calculated BDEs for
fC+, TaC+, and WC+ range from 3.25 (CCSD) to 3.67 (B3LYP), 4.32

CCSD) to 4.88 (CCSD(T)), and 4.34 (QCISD(T)) to 4.88 (B3LYP) eV,
espectively, compared to the experimental values of 3.19 ± 0.03,
.79 ± 0.04, and 4.76 ± 0.09 eV, respectively. Again the theoretical
alues tend to lie above the experimental BDEs, with discrepancies
enerally a little larger than the oxides. Nevertheless the trends
n the BDEs are similar in both the experimental and theoreti-
al values. The calculated ground state electronic configurations
f the three species, 2�+ (1�22�11�4), 1�+ (1�22�21�4), and 2�
1�22�21�41�1), respectively, have bond orders of 2.5, 3, and 3,
hich would suggest that the bond energies should be more com-
arable to those of the oxides. Instead, we note that the ratio of
he WC+ and WO+ BDEs is approximately 2/3, suggesting that the
arbide has only a double bond, which in turn indicates that the 2�
rbital is not strongly bonding. The earlier metal carbide cations of
afnium and tantalum have even weaker BDEs, which is at least
artially attributable to the promotion energy arguments noted
bove.

.4. Potential energy surfaces for CO activation

For the activation of CO (1�+) by all three metal cations, the first
tep is to form a MCO+ intermediate having a linear, end-on struc-
ure. The observation of both MC+ and MO+ products suggests that
ctivation of the CO bond has occurred to form a C–M+–O interme-
iate at elevated energies. Calculated potential energy surfaces for
hese systems are shown in Fig. 4. Table S3 lists the geometries and
nergies of various stable states of the MCO+ and CMO+ species for
ll three metals calculated at the B3LYP/HW+/6-311+G(3df) level of
heory.

Interaction of CO (1�+) with Hf+(2D) forms a HfCO+ (4�−) inter-
ediate having a linear, end-on structure at 1.12 eV below the

eactants. Although formation of this complex is spin-forbidden,
everal excited states of this complex (including doublet spin states)
re found to lie from 0.14 (2�−) to 5.21 (4�) eV higher in energy
Table S3). There are also several stable geometries in which the
O ligand is bound side-on, such that the C–Hf–O bond angle is
ear 30◦ (Table S3). The lowest of these is a 4A′′ state lying 0.87 eV
bove HfCO+ (4�−). Calculations indicate that the inserted CHfO+

pecies has a 4A′′ ground state that lies in a shallow well 1.32 eV
bove the ground state reactants (Fig. 4a). Thus, the calculations
ndicate that the HfC+ and HfO+ bonds are much stronger than the
nalogues in CHfO+, a result that is not surprising as electron den-
ity must be shared in the two ligand complex. Excited 2A′′, 2A′, and

A′ states of the CHfO+ species were also found lying 0.29, 1.08, and
.68 eV higher in energy, respectively. Note that the 4A′ state has
he longest Hf O bond but the shortest Hf C bond, whereas the 2A′

tate has the reverse (Table S3). HfC+ + O and HfO+ + C products can
e formed from the C–Hf+–O intermediates and have experimental
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Fig. 4. Representative relaxed potential energy surface scans of the bond angle in
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he MCO systems calculated at the B3LYP/HW+/6-311+G(3df) level without zero
oint energy corrections. Circles and triangles represent surfaces of A′ and A′′ sym-
etry, respectively. Calculated energies of reactant (M+ + CO) and product (MO+ + C)

symptotes are indicated by horizontal bars to the left and middle, respectively.

ndothermicities of 7.92 ± 0.03 eV and 4.20 ± 0.11 eV, respectively,
elative to the entrance channel of Hf+ + CO. The calculated potential
nergy surfaces (Fig. 4a) indicate that there are no barriers along
he reaction paths in excess of the endothermicities of the reac-
ions, which suggests that the thresholds measured experimentally
hould correspond to the thermodynamics of the product asymp-
otes, yielding accurate HfC+ and HfO+ bond energies.

Interaction of CO (1�+) with Ta+(5F) initially forms a TaCO+(5�)
ntermediate having a linear, end-on structure at 1.74 eV below

he reactants. This species has several excited states ranging from
.50 (1�+) to 2.14 (1�) eV higher in energy (Table S3). The lowest
nergy side-on complex is a 5A′′ that lies 0.24 eV below reactants
Table S3). Calculations indicate that the inserted CTaO+ species has
3A′ ground state that lies in a shallow well 0.49 eV above the reac-
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ants (Fig. 4b). Again because electron density must be shared in
he two ligand complex, the bonds in CTaO+ are weaker than in iso-
ated TaC+ and TaO+ molecules. Excited 1A′, 3A′′, 5A′, and 5A′′ states
f CTaO+ were also found lying 0.19, 0.50, 3.14, and 4.02 eV higher in
nergy, respectively (Table S3). TaC+ + O and TaO+ + C products can
e formed from the C–Ta+–O intermediates and have experimen-
al endothermicities of 7.32 ± 0.04 and 4.01 ± 0.12 eV, respectively,
elative to the ground state entrance channel of Ta+ (5F) + CO. As for
he hafnium system, no barriers along the reaction paths in excess
f the endothermicities of the reactions (Fig. 4b) indicate that accu-
ate thermodynamic information about the TaC+ and TaO+ products
an be obtained from the present threshold measurements.

W+(6D) interacts with CO (1�+) to form a WCO+(6�+) inter-
ediate having a linear, end-on structure at 2.09 eV below the

eactants. Excited states of this species were also found ranging
rom 0.71 (4	) to 3.91 (6�) eV higher in energy (Table S3). Side-on
omplexes were also located and lie 0.49 eV below the reactants
6A′) to 1.00 eV above (2A′′) (Table S3). Calculations indicate that
he inserted CWO+ species has a 2A′ ground state that lies in a shal-
ow well 0.47 eV above the reactants (Fig. 4c). Thus, the calculations
ndicate that the WC+ and WO+ bonds are much stronger than the
nalogues in CWO+, again a result of sharing the bonding electrons
n tungsten with both ligands. Excited 4A′, 4A′′, 2A′′, 6A′, and 6A′′

tates of the CWO+ intermediate were also found lying 0.28, 0.76,
.20, 1.69, and 3.75 eV higher in energy, respectively (Table S3). It
s found that the W O bond length is roughly the same in all four
tates, whereas the W C bond length tracks with increasing energy
bove the reactants (Table S3). WC+ + O and WO+ + C products can
e formed from the C–W+–O intermediates and have endothermic-

ties of 6.35 ± 0.09 and 4.34 ± 0.07 eV, respectively, relative to the
round state entrance channel of W+ + CO. No barriers along the
eaction paths in excess of the endothermicities of the reactions are
ound (Fig. 4c), which means that the thresholds should correspond
o the asymptotic energies of the products for both reactions.

The results for the potential energy surface in the tungsten sys-
em are in qualitatively good agreement with previous theoretical
esults on WCO+ obtained by Musaev et al. [56], who calculated
he lowest energy linear, side-on, and inserted species of sextet,
uartet, and doublet spin. We find that the CWO+ (2A′) inser-
ion species lies 2.57 eV above the linear WCO+(6�+) ground state
pecies compared to 3.00 calculated by Musaev et al. These authors
lso calculated that the lowest lying quartet and doublet states
symmetries unspecified) lie above the sextet state of WCO+ by
.32 and 2.65 eV, respectively, compared to 0.71 and 1.30 eV, respec-
ively, found here.

We did not explore the potential energy surface corresponding
o approach of the metal cations with the oxygen end of the carbon

onoxide molecule. The MOC+ intermediates are anticipated to be
uch less stable than the corresponding MCO+ species and could

asily collapse to the side-on species identified above.

. Summary

In this study, we are able to generate Hf+, Ta+, and W+ ions in
heir ground states by using a direct current discharge/flow tube
DC/FT) ion source. Corresponding state-specific cross sections for
hese ions with O2 and CO are obtained. The former reactions are
ll exothermic, whereas analyses of the endothermic reaction cross
ections for the latter systems yield BDEs for the metal oxide and
arbide cations listed in Table 2. These values include the first

hermodynamic values for HfC and TaC and improved thermo-
hemistry for WC+ and the three metal oxide cations. In Table 3, the
ationic BDEs for the oxides are combined with heats of formation
f the neutral species taken from the literature to derive improved
onization energies of the neutral metal oxides, or in the case of TaO
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nd WO where the IE values are well determined, alternate values
or the neutral heats of formation.

Detailed quantum calculations were also performed for the
etal carbide and oxide diatoms examined experimentally. The

ature of the bonding in MO+ and MC+ is analyzed using theoreti-
al calculations at a B3LYP/HW+/6-311+G(3df) level of theory. Bond
nergies for all MO+ and MC+ species are calculated using geome-
ries calculated at this level and single point energies determined
t B3LYP, CCSD, CCSD(T), QCISD, and QCISD(T) levels of theory with
he same basis set. Reasonable agreement between the theoreti-
al and experimental bond energies for the three metal oxide and
hree metal carbide cations is found. Potential energy surfaces for
eaction of the metal cations with CO are also calculated at the
3LYP/HW+/6-311+G(3df) level of theory and demonstrate that the
eactions occur by insertion of the metal cation into the CO bond
ollowed by loss of either the C or O neutral atom product, with no
arriers in excess of the endothermicity.
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