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Abstract

Guided ion beam mass spectrometry is used to investigate the kinetic energy dependence of the reactions of Nb1 (5D) and
NbO1 (3S2) with CO2, and the reverse pathways, NbO1 (3S2) and NbO2

1 with CO. These systems exhibit complicated
behavior because the ground states of the reactants and products have different spins. To further probe the potential energy
surfaces for these reaction systems, NbO2

1 and the intermediates, ONb(CO)1, ONb(CO2)
1, and O2Nb(CO)1, are studied by

collisional activation experiments with Xe. Analysis of the reaction cross sections obtained in this study yield (in eV)
D0(Nb1–CO) 5 0.996 0.05, D0(ONb1–CO) 5 1.106 0.05, D0 (ONb1–CO2) 5 0.886 0.03, D0(O2Nb1–CO) 5 1.116
0.05, and D0(ONb1–O) 5 5.71 6 0.17. Speculative determinations of electronic excitation energies for two states each of
NbO1 and of NbO2

1 are also made. Combining the results obtained from this study and those obtained from the literature, we
are able to generate a fairly complete potential energy surface for the Nb1 reaction system. We also compare the reactivities
of Nb1, NbO1, and NbO2

1 with respect to the interconversion of CO and CO2. (Int J Mass Spectrom 179/180 (1998) 103–115)
© 1998 Elsevier Science B.V.
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1. Introduction

The use of metal and metal oxide catalysts to
convert carbon dioxide and carbon monoxide to more
useful chemical materials is an active field of study
[1–12]. One benefit of such chemistry is the removal
of one abundant constituent of greenhouse gases,
carbon dioxide. Some fundamental insight into such
processes can be achieved by studying the reactions of
metal and metal oxide cations with CO or CO2 in the

gas phase using a guided ion beam mass spectrometer.
Such work can elucidate the energetics of the reac-
tions, their mechanisms, and details of the potential
energy surfaces.

Previous gas phase studies of the interaction of
metal cations with CO2 and of metal oxide cations
with CO were performed using ion cyclotron reso-
nance (ICR) mass spectrometry. Kappes and Staley
used ICR to study the oxidation reactions of bare
metal cations with carbon dioxide [13,14]. In the case
of Fe, they observed that FeO1 (formed by the
reaction of Fe1 1 N2O) oxidizes CO to CO2 at
thermal energies. Kikthenko et al. used ICR to study
the reactions of Mo1 and W1 in mixtures of CO and
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N2O [15]. They observed indirect evidence for the
oxidation of CO to CO2 by MoO3

1 and WO3
1. Mat-

suda and co-workers have studied reactions of mix-
tures of metal carbonyls, Cr(CO)6 [16], Fe(CO)5 [17],
and Ni(CO)4 [18] with CO and O2 initiated by shock
waves. Kinetic analysis of their data is used to infer
oxidation of CO by CrOm (m 5 1, 2, 3), FenOm, and
NiO. Wesendrup and Schwarz used ICR to study the
reactions of Ta(O)CH2

1 with CO2 and found that
ketene could be formed [19]. Previously, we used
guided ion beam mass spectrometry to examine the
V1 1 CO23 VO1 1 CO reaction system in detail
[20]. This reaction exhibited a cross section with a
very complicated energy dependence. Analysis of this
cross section resulted in the accurate determination of
excitation energies for VO1 as confirmed by a pho-
toelectron study of VO by Dyke et al. [21]. The
present work extends these studies to niobium, the
second row congener of vanadium.

A very important consideration in the systems
studied here is the electronic state of the metal, metal
monoxide, and metal dioxide cations. The ground
state of Nb1 is 5D(4d4) with low lying excited states
(in eV) at 0.29 (5F, 5s14d3), 0.69 (3P, 4d4), 0.93 (3F,
5s14d3), 1.18 (3H, 4d4), and 1.27 (3G, 4d5) above the
ground state [22]. The electronic states of NbO1

come from a photoelectron study by Dyke et al. [23].
They measured the vertical ionization energies (IEs)
of the ground state and low lying excited states of
NbO1 from ground state NbO (4S2). The ground
state of NbO1 is 3S2(2s21p41d2) with a vertical IE
of 7.916 0.02 eV. They determined the first excited
state (3D, 2s23p41d13s1) to have a vertical IE of
10.346 0.02 eV, an excitation energy of 2.436 0.03
eV above the ground state. They were also able to
measure vertical IEs for two higher excited states that
correspond to removal of a bondingp electron,
11.436 0.04 eV, or bondings electron, 12.646 0.04
eV. The vertical IEs correspond to5P and5S2 states
lying 3.52 6 0.04 and 4.736 0.04 eV above the
ground state, respectively. The ground state for the
metal dioxide is unknown theoretically or experimen-
tally, but theoretical calculations [24] on the isovalent
ZrO2 neutral molecule find it to have a1A1 ground

state. Therefore it seems reasonable to believe that
NbO2

1 also has a singlet ground state. We also
presume that the geometry of NbO2

1 is bent, as found
for ZrO2 in the theoretical study. A bent geometry
allows all of the Nb1 and Zr orbitals to contribute to
bonding the O atoms. Overall, these considerations
show that the reactions of ground state Nb1(5D) and
NbO1(3S2) 1 CO2(

1Sg
1) cannot form ground state

NbO1(3S2) and NbO2
1(1A1) 1 CO(1S1) products,

respectively, in spin-allowed processes.

2. Experimental

2.1. General

These studies are performed by using a guided ion
beam tandem mass spectrometer. The instrument and
experimental methods have been described previously
[25,26]. Ions, formed as described below, are ex-
tracted from the source, accelerated, and focused into
a magnetic sector momentum analyzer for mass anal-
ysis. The ions are decelerated to a desired kinetic
energy and focused into an octopole ion guide that
radially traps the ions. While in the octopole, the ions
pass through a gas cell that contains the neutral
reactant at pressures where multiple collisions are
improbable (,0.30 mTorr). Single collision condi-
tions were verified by examining the pressure depen-
dence of the cross sections measured here. The
product ions and the reactant ion beam drift out of the
gas cell, are focused into a quadrupole mass filter and
then detected by a secondary electron scintillation
detector. Ion intensities are converted to absolute
cross sections as described previously [25]. Uncer-
tainties in the absolute cross sections are estimated at
620%.

To determine the absolute zero and distribution of
the ion kinetic energy, the octopole is used as a
retarding energy analyzer [25]. The uncertainty in the
absolute energy scale is60.05 eV (lab). The full
width at half maximum (fwhm) of the ion energy
distribution is 0.2–0.4 eV (lab). Lab energies are
converted into center-of-mass energies by using
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E(CM) 5 E(lab)m/(m 1 M) whereM andm are the
masses of the ion and neutral reactant, respectively.
All energies stated in this article are in the center-of-
mass frame, unless noted otherwise.

2.2. Ion source

The ion source used here is a dc discharge/flow
tube (DC/FT) source described in previous work [26].
The DC/FT source utilizes a niobium cathode held at
1.5–3 kV over which a flow of approximately 90% He
and 10% Ar passes at a typical pressure of;0.5 Torr.
Ar1 ions created in a direct current discharge are
accelerated toward the niobium cathode, sputtering
off atomic metal ions. The ions then undergo;105

collisions with He and;104 collisions with Ar in the
meter long flow tube before entering the guided ion
beam apparatus. From results obtained previously
[27], we believe that the ions produced in the DC/FT
source are exclusively in their a5D ground state, and
we assume the populations of the spin-orbit levels
have a Maxwell-Boltzmann distribution at 3006 100
K.

Ground state NbO1 and NbO2
1 were made by

allowing Nb1 (created in the dc discharge) to react
with O2 introduced;25 cm downstream into the flow
tube at;2 m Torr. ONb1(CO) and O2Nb(CO)1 were
produced by allowing the Nb1 to react with O2

upstream in the flow tube and CO downstream.
ONb1(CO2) was produced by allowing the NbO1 to
interact with CO2 downstream in the flow tube.
Three-body collisions with the He/Ar flow gas stabi-
lize these species and the large number of collisions
between the ions and the bath gases should thermalize
the ions both rotationally and vibrationally. We as-
sume that these ions are in their ground electronic
states and that the internal energy of these clusters is
well described by a Maxwell-Boltzmann distribution
of rotational and vibrational states corresponding to
300 6 100 K. Previous work from this laboratory,
including studies of N4

1 [28], Fe(CO)x
1 ( x 5 1–5)

[29], Cr(CO)x
1 ( x 5 1–6) [30], and H3O

1(H2O)x
( x 5 1–5) [31] have shown that these assumptions
are usually valid.

Attempts were also made to produce Nb1(CO2).
Addition of CO2 downstream in the flow tube did
produce a cation that had a mass of Nb1(CO2), but
collision-induced dissociation (CID) experiments per-
formed on this cation yielded results consistent with a
ONb1(CO) structure rather than the CO2 ligated
niobium cation. In addition, ligand exchange reactions
between Nb1(N2) and CO2 in the flow tube did not
form any ions that could be identified as having the
Nb1(CO2) structure.

2.3. Data analysis

Previous theoretical [32,33] and experimental
work [34] has shown that endothermic cross sections
can be modeled by using Eq. (1),

s~E! 5 s0 S gi~E 1 Erot 1 Ei 2 E0!
n/E (1)

wheres0 is an energy independent scaling parameter,
E is the relative translational energy of the reactants,
Erot is the average rotational energy of the reactants,
E0 is the reaction threshold at 0 K, andn is an energy
independent scaling parameter. The summation is
over each vibrational state of the reactants having
relative populationsgi and energiesEi. The various
sets of vibrational frequencies used in this work are
listed in Table 1. The vibrational frequency for NbO1

was taken from the study of Dyke et al. [23]. Fre-
quencies for NbO2

1 were taken from electron diffrac-
tion work on NbO2 [35]. The frequencies for CO and
CO2 were taken from the literature [36,37]. The
vibrational frequencies for ONb1(CO), O2Nb1(CO),
and ONb1(CO2) were taken to equal the vibrational
frequencies of NbO1 or NbO2

1, and CO or CO2 plus
sets of frequencies for the metal oxide-ligand modes
that are similar to those we have used previously for
CrCO1, for the carbonyl systems, and V1(CO2), for
the CO2 system [20,30]. The frequencies used in this
study are estimates and therefore were varied by
620% in the data analysis.

Before comparison with the data, the model is
convoluted over the neutral and ion kinetic energy
distributions using previously developed methods
[25]. The parametersE0, s0, andn are then optimized
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using a nonlinear least squares analysis in order to
best reproduce the data. Reported values ofE0, s0,
and n are mean values for each parameter from the
best fits to several independent sets of data and
uncertainties are one standard deviation from the
mean. The listed uncertainties in theE0 values also
include the uncertainty in the absolute energy scale
and uncertainties introduced by the estimated vibra-
tional frequencies used for the various complexes
studied.

3. Results

3.1. Nb1 1 CO2

Niobium cations react with carbon dioxide to form
three products in reactions (2)–(4), as shown in Fig. 1:

Nb1 1 CO23 NbO1 1 CO (2)

3 NbCO1 1 O (3)

3 NbO2
1 1 C (4)

Literature thermochemistry shown in Table 2 estab-
lishes that reaction (2) is exothermic by 1.686 0.11
eV. The NbO1 cross section does show exothermic

reaction behavior up to near 0.5 eV. The cross section
then plateaus before rising again near 2.5 eV. Near 6
eV, the NbO1 cross section reaches a maximum and
begins to fall off. This decline is characteristic of the
onset of reaction (5),

Nb1 1 CO23 Nb1 1 O 1 CO (5)

dissociation of NbO1, which can begin at D0(OC–O),
Table 2.

Fig. 2 displays the threshold region for reaction
(2). There are three features evident in the NbO1

cross section. A model with an energy dependence of

Table 1
Molecular vibrational frequencies

Species Frequencies, (cm21)a

NbO1b 1067
NbO2

1c 527, 854, 1009
CO2

d 667(2), 1333, 2349
COe 2214.2
ONb1(CO) (1)f 35(2), 166, 221(2)1 n(NbO1) 1 n(CO)

(2)f 20(2), 100, 150(2)1 n(NbO1) 1 n(CO)
ONb1(CO2) (1)f 150(2), 200(2)1 n(NbO1) 1 n(CO2)

(2)g 25, 105, 196, 200, 600, 935, 1067, 1176, 1745
O2Nb1(CO) (1)f 20(2), 100, 150(2)1 n(NbO2

1) 1 n(CO)
(2)f 35(2), 166, 221(2)1 n(NbO2

1) 1 n(CO)

a Numbers in parentheses denote the degeneracy of the vibration.
b Estimated as equal to those for neutral NbO2 from [23].
c [35].
d [36].
e [37].
f Estimates. See text for details.
g V1(CO2) frequencies from [20] and estimates for two bends

(25 and 200 cm21).

Fig. 1. Product cross sections for Nb1 1 CO2 as a function of
collision energy in the center of mass frame (lowerx axis) and
laboratory frame (upperx axis). The arrow marks the bond
dissociation energy of CO2 at 5.45 eV.

Table 2
Bond dissociation energies at 0 K

Bond Bond energy (eV)

C–O 11.1086 0.005a

OC–O 5.4536 0.002a

Nb1–O 7.136 0.11b

Nb1–CO 0.826 0.13c, 0.996 0.05d

ONb1–O 5.716 0.17d

ONb1–CO 1.106 0.05d

ONb1–CO2 0.886 0.03d

O2Nb1–CO 1.116 0.05d

a Calculated from data in S.G. Lias, J.E. Bartmess, J.F. Liebman,
J.L. Holmes, R.D. Levin, W.G. Mallard, J. Phys. Chem. Ref. Data
17 (1988) Suppl. 1.

b M.R. Sievers, Y.-M. Chen, P.B. Armentrout, J. Chem. Phys.
105 (1996) 6322.

c [38].
d This work.
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E21.060.1 reproduces the data up to a kinetic energy
of about 0.5 eV. Above this energy, the NbO1 cross
section can be reproduced by introducing two more
models. The optimum parameters of Eq. (1) for these
models are given in Table 3. Addition of these three
models reproduces the NbO1 cross section accurately
up to 5 eV as shown in Fig. 2. The interpretation of
this complex behavior is discussed below.

The formation of NbCO1 begins near 4 eV.
Analysis of this cross section (Table 3) yields a
threshold of 4.466 0.05 eV, which can be combined
with D0(OC–O) to yield D0(Nb1–CO)5 0.996 0.05

eV. This is in reasonable agreement with the theoret-
ical value of 0.826 0.13 eV calculated by Barnes et
al. [38]. This cross section also reaches a maximum
near D0(OC–O), indicating that its decline is due to
reaction (5), dissociation of the NbCO1 product.

Formation of NbO2
1 in reaction (4) is not observed

until an apparent threshold near 6 eV. This cross
section reaches a maximum near 10 eV, consistent
with the dissociation of this ion to form NbO1 1 O,
equivalent to reaction (6),

Nb1 1 CO23 NbO1 1 O 1 C (6)

beginning at 9.436 0.11 eV. Dissociation to Nb1 1
O2 1 C, beginning at 11.4 eV is also plausible but
CID studies of NbO2

1 (see below) yield no observable
Nb1 product. The elevated thresholds and competi-
tion with the much more favorable reaction (2)
explain the small size of the cross sections for
reactions (3) and (4). Analysis of this slowly rising
NbO2

1 cross section results in a threshold of 5.16 0.4
eV. This would correspond to D0(ONb1–O) 5 4.36
0.4 eV if the threshold occurred promptly at the
thermodynamic limit. Evidence against this is dis-
cussed below.

3.2. NbO1 1 CO

The reaction of NbO1 and CO, shown in Fig. 3,
forms two products in reactions (7)–(9).

NbO1 1 CO3 Nb1 1 O 1 CO (7)

3 Nb1 1 CO2 (8)

Fig. 2. Product cross section for Nb1 1 CO2 to form NbO1 1 CO
in the threshold region as a function of collision energy in the center
of mass frame (lowerx axis) and laboratory frame (upperx axis).
The dashed lines show models for formation of ground state
NbO1(3S2) and the sum of this model and that for formation of
NbO1(3D). The solid line running through the data points shows the
sum of these two models and that for the formation of NbO1(5P)
convoluted with the experimental energy distributions. The opti-
mized parameters used in Eq. (1) for the latter two models are listed
in Table 3.

Table 3
Optimized parameters of Eq. (1) for Nb1 1 CO2 system

Reaction s0 n E0, eV

Nb1 1 CO23 NbO1 1 CO 1.34 (0.03) 0.7 (0.1) 0.58 (0.04)
0.90 (0.34) 2.0 (0.3) 1.89 (0.18)

3 NbCO1 1 O 1.26 (0.11) 1.8 (0.2) 4.46 (0.05)
3 NbO2

1 1 C 0.02 (0.01) 2.5 (0.5) 5.1 (0.4)
NbO1 1 CO3 Nb1 1 CO2 0.0017 (0.0003) 2.5 (0.2) 2.37 (0.11)a

3 Nb1 1 O 1 CO 0.18 (0.08) 2.0 (0.2) 7.7 (0.3)
3 NbO2

1 1 C 0.32 (0.11) 2.0 (0.2) 5.60 (0.20)
ONb1(CO)1 Xe3 NbO1 1 CO1 Xe 15.1 (2.3) 1.4 (0.2) 1.10 (0.05)

a Calculated threshold for the formation of Nb1(3P) 1 CO2. See text for details.
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3 NbO2
1 1 C (9)

The Nb1 cross section slowly rises from an apparent
threshold near 2–3 eV until near 7 eV, at which point
it rises much more rapidly. The latter feature corre-
sponds to reaction (7), simple CID, which can begin at
D0(Nb1–O), Table 2. Thus, the lower energy feature
must be due to reaction (8), the reverse of reaction (2)
and endothermic by 1.686 0.11 eV. Near 5 eV, the
NbO2

1 cross section starts to rise. It continues to
increase until near 11 eV, where it can dissociate to
NbO1 and O, starting at D0(CO). The measured
threshold for reaction (9) of 5.606 0.20 eV (Table 3)
can be combined with D0(CO) to yield D0(ONb1–O)
5 5.516 0.20 eV.

The observation of a higher apparent threshold
than predicted for formation of Nb1 and CO2, reac-
tion (8), is similar to our observations for reactions
involving the first row congener, vanadium [20]. In
that study, the reaction, VO1 1 CO3 V1 1 CO2,
was observed to proceed efficiently through a spin-
conserved pathway to form an excited triplet state of
the vanadium cation. No evidence for formation of the
ground quintet state of V1 was observed. Because
both VO1 and NbO1 have triplet ground states and
both V1 and Nb1 have quintet ground states, we
postulate that the niobium system behaves similarly.
Given the literature thermochemistry in Table 2, the
calculated E0 threshold values for formation of
ground state CO2 and Nb1 in its low-lying electronic
states are 1.68 eV for5D, 1.97 eV for5F, 2.37 eV for
3P, 2.61 eV for3F, and 2.86 eV for3H. The NbO1

cross section can be modeled most easily with thresh-
olds consistent with the formation of the3P or 3F
states of Nb1 combined with a model for simple CID
of NbO1 with CO. This is shown in Fig. 3. Use of the
other Nb1 thresholds led to models that are consid-
erably worse reproductions of the data, however, the
noise level of the Nb1 cross section does not allow a
definitive assessment of which electronic state, triplet
or quintet spin, corresponds to the lower energy rise
of the data. The3P state is a reasonable candidate and
parallels our conclusions for the vanadium system
[20].

3.3. ONb1(CO) 1 Xe

Collisional activation of ONb1(CO) with Xe
yields the formation of only one product, NbO1, in
reaction (10), as shown in Fig. 4.

Fig. 3. Product cross sections for NbO1 1 CO as a function of
collision energy in the center of mass frame (lowerx axis) and
laboratory frame (upperx axis). Arrows mark the bond dissociation
energies of NbO1 at 7.13 eV and CO at 11.11 eV. The dashed lines
are the model of Eq. (1) with the optimized parameters listed in
Table 3 for the formation of Nb1(3P)1 CO2 and for simple CID to
Nb1 1 O 1 CO. The solid line shows the sum of the two models
convoluted over the experimental energy distributions. Vertical
lines indicate the thresholds for the5D, 5F, 3P, 3F, and3H states of
Nb1 at 1.68, 1.97, 2.37, 2.61, and 2.86 eV, respectively.

Fig. 4. Product cross sections for ONb1(CO) 1 Xe as a function of
collision energy in the center of mass frame (lowerx axis) and
laboratory frame (upperx axis). The dashed line is the model of Eq.
(1) with the optimized parameters listed in Table 3 for the CID
process. The solid line shows this model convoluted with the
experimental energy distributions.

108 M.R. Sievers, P.B. Armentrout/International Journal of Mass Spectrometry 179/180 (1998) 103–115



ONb1(CO) 1 Xe3 NbO1 1 CO 1 Xe (10)

The cross section rises from an apparent threshold
near 0.5 eV and continues to increase until near 2 eV
where it starts to level off. Analysis of this cross
section with Eq. (1) yields the optimized parameters
in Table 3. The threshold of 1.106 0.05 eV is
assigned to the ONb1–CO bond dissociation energy.

3.4. NbO1 1 CO2

Two products are observed in the reaction of
NbO1 with CO2, as shown in Fig. 5. These can be
formed in reactions (11) and (12).

NbO1 1 CO23 NbO2
1 1 CO (11)

3 NbCO2
1 1 O (12)

The NbO2
1 product cross section shows a feature that

exhibits exothermic reaction behavior, which indi-
cates that D0(ONb1–O) . D0(OC–O) 5 5.45 eV
(Table 2). From 0 to near 1 eV, the reaction cross
section decreases asE21.560.1. Near 1 eV, the NbO2

1

cross section starts to slowly rise and continues rising
until near 6 eV where it levels off. This is attributed to
dissociation of the NbO2

1 product which can begin at
D0(CO2) through reaction (13).

NbO1 1 CO23 NbO1 1 O 1 CO (13)

To reproduce the NbO2
1 cross section up to near 6

eV, the exothermic decline must be combined with
two more models with optimum parameters given in
Table 4. The uncertainties in the thresholds include
consideration of all reasonable models for the exo-
thermic cross section at lower energy. The cross
section could not be accurately reproduced if only one
endothermic model were included. The sum of these
three model cross sections accurately reproduces the
NbO2

1 cross section as shown in Fig. 5. The interpre-
tation of this complex behavior is discussed below.

The NbCO2
1 product cross section rises from an

apparent threshold near 4 eV. The cross section rises
to an energy consistent with the onset of reaction (13)
and then declines slowly. It seems likely that this
product has a ONb1–CO structure as the cross section
behaves similarly to that for reaction (3). Analysis of
this reaction cross section gives a threshold of 4.456

Fig. 5. Product cross sections for NbO1 1 CO2 as a function of
collision energy in the center of mass frame (lowerx axis) and
laboratory frame (upperx axis). The arrow marks the bond
dissociation energy of CO2 at 5.45 eV. The dashed lines show the
three models needed to reproduce the NbO2

1 cross section (see text)
and the solid line is the sum of these models convoluted over the
experimental energy distributions.

Table 4
Optimized parameters of Eq. (1) for NbO1 1 CO2 system

Reaction s0 n E0, eV

NbO1 1 CO23 NbO2
1 1 CO 0.13 (0.01) 1.2 (0.2) 0.79 (0.11)

0.11 (0.10) 2.5 (0.4) 1.70 (0.39)
3 NbCO2

1 1 O 0.06 (0.02) 1.5 (0.4) 4.45 (0.16)
NbO2

1 1 CO3 NbO1 1 CO2 0.012 (0.004) 2.5 (0.2) 1.12 (0.17)
3 NbO1 1 O 1 CO 0.14 (0.05) 2.4 (0.2) 5.29 (0.21)

ONb1(CO2) 1 Xe3 NbO1 1 CO2 1 Xe 19.2 (0.4) 1.1 (0.1) 0.88 (0.03)
3 NbO2

1 1 CO1 Xe 2.37 (0.13) 1.3 (0.3) 0.59 (0.07)
O2Nb1(CO)1 Xe3 NbO2

1 1 CO1 Xe 9.72 (1.0) 1.7 (0.2) 1.11 (0.05)
NbO2

1 1 Xe3 NbO1 1 O 1 Xe 0.35 (0.08) 1.9 (0.1) 5.87 (0.19)
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0.16 eV, corresponding to D0(ONb1–CO) 5 1.006
0.16 eV. This is consistent with the directly measured
bond energy of 1.106 0.05 eV (Tables 2 and 3)
confirming the structural hypothesis.

3.5. NbO2
1 1 CO

The reaction of NbO2
1 with CO results in the

formation of one product, shown in Fig. 6, that can be
formed in reactions (14) and (15).

NbO2
1 1 CO3 NbO1 1 CO2 (14)

3 NbO1 1 O 1 CO (15)

The NbO1 cross section rises slowly from an apparent
threshold of 1–2 eV until past 14 eV. Analysis of the
low energy feature of the NbO1 cross section gives a
threshold of 1.126 0.17 eV, but this model fails to
reproduce the data past about 5 eV, as shown in Fig.
6. At higher energies, a model for CID of the metal
dioxide cation, reaction (15), is needed. The sum of
these two models (with parameters in Table 4) allows
the data to be reproduced well until near 12 eV.

This behavior of the cross sections for reactions
(14) and (15) is qualitatively similar to that for

reactions (7) and (8), Fig. 3. As in the NbO1 1 CO
system, it seems likely that process (14) will be most
efficient if it is spin conserving, but this requires
formation of the NbO1 product in a singlet spin state.
Calculated thresholds, in eV, for reformation of CO2

and NbO1 in its ground and known excited states are
0.266 0.24 for3S2, 2.696 0.24 for3D, 3.786 0.24
for 5P and 4.996 0.24 eV for 5S2. Hence, the
threshold measured here is 0.866 0.17 eV above the
formation of ground state NbO1(3S2) and lies well
below the thresholds for the other known states of
NbO1. We anticipate that a singlet excited state of
NbO1 would correspond to singlet coupling two of
the nonbonding electrons of ground state NbO1,
3S2(2s21p41d2), which should form NbO1 in either
a 1G or 1S1 both having (2s21p41d2) configurations.
This state was not considered by Dyke et al. [23]
because it is not accessible in a one-electron ioniza-
tion process from NbO(4S2). We now note that the
0.86 6 0.17 eV excitation energy measured here is
comparable to the excitation energy of Nb1(3P), 0.69
eV. This seems reasonable because this excitation
also corresponds to singlet coupling two of the 4d
electrons in the5D(4d4) ground state.

3.6. ONb1(CO2) 1 Xe

Collision-induced dissociation of the ONb1(CO2)
complex ion with Xe results in two products, shown
in Fig. 7, formed by reactions (16) and (17):

ONb1(CO2) 1 Xe3 NbO1 1 CO2 1 Xe (16)

3 NbO2
1 1 CO 1 Xe (17)

The fact that the loss of CO2 is the most efficient
dissociation pathway for this complex indicates that
the structure for this molecule is NbO1 ligated by
CO2 rather than a different isomer of NbCO3

1, e.g.
O2Nb1(CO). The NbO1 cross section rises from an
apparent threshold near 0.4 eV and then continues
increasing until near 1.5 eV at which point it levels
off. The threshold for the CID pathway of 0.886 0.03
eV (Table 4) is assumed to equal D0(ONb1–CO2).

The NbO2
1 cross section also starts to rise near 0.4

eV and continues until near 1 eV where it plateaus.

Fig. 6. Product cross section for NbO2
1 1 CO to form NbO1 as a

function of collision energy in the center of mass frame (lowerx
axis) and laboratory frame (upperx axis). The arrow marks the
bond dissociation energy of ONb1–O at 5.71 eV. The dashed line
is the model of Eq. (1) with the optimized parameters listed in Table
4 for process (14). The solid line shows the sum of this model with
one for CID, process (15), convoluted over the experimental energy
distributions.
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Analysis of this cross section yields a threshold
0.59 6 0.07 eV (Table 4). This threshold can be
combined with D0(ONb1–CO2) and D0(CO2) to yield
D0(ONb1–O) 5 5.746 0.08 eV.

3.7. O2Nb1(CO) 1 Xe

Collision-induced dissociation of the O2Nb1(CO)
complex yields one product in reaction (18). The
cross section is qualitatively similar to that shown in
Fig. 4:

O2Nb1(CO) 1 Xe3 NbO2
1 1 CO 1 Xe (18)

The observation that this product is the only observed
decomposition pathway verifies the assignment of the
structure of this molecule as NbO2

1 ligated by CO.
Further, if NbO2

1 had a structure of molecular oxygen
bound to Nb1, i.e. Nb1(O2), then we would anticipate
seeing competitive loss of O2. Failure to observe this
process points to a niobium dioxo cation. This cross
section rises rapidly from an apparent threshold near
0.6 eV. Analysis of the cross section for process (18)
gives D0(O2Nb1–CO) 5 1.11 6 0.05 eV (Table 4).
Unlike the dissociation behavior of the ONb1(CO2)
isomer, there is no observed formation of NbO1

which is calculated to have a thermodynamic thresh-
old of 1.356 0.25 eV.

3.8. NbO2
1 1 Xe

Collision-induced dissociation of NbO2
1 with Xe

gives only one product in reaction (19).

NbO2 1 Xe3 NbO1 1 O 1 Xe (19)

The NbO1 cross section rapidly rises from an appar-
ent threshold near 5 eV. Analysis of the energy
dependence of this cross section results in
D0(ONb1–O) 5 5.87 6 0.19 eV (Table 4). It is
possible that this value is an upper limit because
previous work done on the CID of diatomic metal
oxide cations with Xe [39] has shown the thresholds
measured are generally higher than bond energies
measured using results from other reactions (e.g. M1

1 CO or O23 MO1 1 C or O).

4. Discussion

4.1. NbO2
1 thermochemistry

Thermochemical information about D0(ONb1–O)
can be obtained from reactions (4), (9), (11), (17), and
(19). For the latter four reactions, the bond energies
obtained compare reasonably well: 5.516 0.20,
.5.45, 5.746 0.08, and 5.876 0.19 eV, respec-
tively. For reaction (4), the modeling of the true
thermodynamic threshold is complicated because of
competition with the more favorable production of
NbO1. Also, this reaction is spin forbidden which
may grossly affect the threshold obtained (e.g. excited
product states could be formed preferentially). Hence,
the bond energy of 4.36 0.4 eV is too low. We
believe the best value for D0(ONb1–O) obtained in
this study is the average of the bond energies mea-
sured for reactions (9), (17), and (19), 5.716 0.17 eV.

4.2. NbCO2
1 potential energy surface

To understand these experiments in detail, we take
the point of view that the experiments performed in
this study (Nb1 1 CO2, NbO1 1 CO, and ONb1–CO
CID) probe three separate places on the same set of
potential energy surfaces for the NbCO2

1 system. The

Fig. 7. Product cross sections for ONb1(CO2) 1 Xe as a function
of collision energy in the center of mass frame (lowerx axis) and
laboratory frame (upperx axis). The dashed lines are the models of
Eq. (1) with the optimized parameters listed in Table 4 for
processes (16) and (17). The solid lines show these models
convoluted over the experimental energy distributions.
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electronic states for the Nb1 1 CO2 and NbO1 1 CO
asymptotes, described in the introduction, are shown
in Fig. 8. The measurement of D0(ONb1–CO) deter-
mines the well depth of this intermediate for ground
state species. The well depth for Nb1–CO2 could not
be measured in this study, therefore, we estimate the
well depth as being equivalent to that of V1–CO2,
0.75 6 0.04 eV [20]. We anticipate the bonding of
Nb1 with CO2 and NbO1 with CO is dominated by
donation of ligand electrons into an empty 5s orbital
on the metal and backdonation of electron density
from metal 4dp orbitals into emptyp-symmetry
orbitals of the ligand. Bonding is enhanced when the
5s orbital is empty and the 4dp orbitals are occupied.
Using this argument, we anticipate that Nb1 states
where the 5s orbital is occupied (the5F and3F) and
NbO1 states where the 3s orbital, which has a great
deal of 5s character, is occupied (3D, 5P, and 5S2)
will have smaller bond energies. For Nb1, the 3P
(4d4) state binds more strongly to CO2 than the5D
(4d4) state because two electrons, instead of one, can
be used forp backbonding [40] into a single orbital
on the ligand.

The asymptotes of Nb1 1 CO2 and NbO1 1 CO
must now be connected. We expect that Nb1(3P, 4d4)

will have a stronger interaction with CO2 than
Nb1(3F,5s14d3), as noted above; therefore the lowest
energy triplet state of Nb1(CO2) correlates diabati-
cally with Nb1(3P). The lowest energy triplet state of
Nb1(CO2) is then taken to evolve to ground state
ONb1(CO) and then to ground state NbO1(3S2) 1
CO(1S1). The NbO1(3D) 1 CO(1S1) product as-
ymptote must adiabatically correlate with Nb1(3F) 1
CO2(

1Sg
1) reactants in order to conserve electronic

orbital angular momentum. The quintet surfaces can
be created by connecting the quintet asymptotes of
Nb1 1 CO2 with the quintet states of NbO1 1 CO.
Thea5D state of Nb1 was directly correlated to both
the 5P and5S2 states of NbO1.

With these potential energy surfaces, we can now
understand most of our experimental observations. At
the lowest energies, Nb1(5D) reacts with CO2 to form
NbO1(3S2) 1 CO(1S1) in an exothermic reaction.
The observation that there is no barrier to the reaction
indicates that the transition state between Nb1(CO2)
and ONb1(CO) and the quintet-triplet surface cross-
ing must have energies below the Nb1(5D) 1
CO2(

1Sg
1) asymptote (Fig. 8). As the kinetic energy is

increased, Nb1(5D) reacts to form NbO1 1 CO more
efficiently. Our measured threshold for this increase,
0.58 6 0.04 eV, is lower than that expected for
appearance of NbO1(3D) 1 CO(1S1) at 0.756 0.11
eV, however this value is based on a vertical IE
reported by Dyke et al. [23]. Our 0.58 eV threshold
corresponds to an IE for NbO of 10.176 0.12 eV.
Careful examination of the photoelectron spectrum of
NbO [23] shows that this energy corresponds to the
initial onset of the ionization peak assigned to the3D
state of NbO1. Thus we believe that the value
determined here corresponds to the adiabatic IE for
the 3D state of NbO1.

At still higher kinetic energies, the cross section for
NbO1 1 CO increases again. This part of the cross
section represents about 90% of the total cross section
by about 6 eV (Fig. 2) showing that whatever process
is leading to this feature is much more efficient than
the processes leading to the lower energy features.
This is consistent with formation of the quintet states
of NbO1 in a spin-allowed process. The threshold that
we measure for this feature corresponds to an IE for

Fig. 8. The potential energy surfaces for the interaction of Nb1 with
CO2 deduced in the present study. Solid lines show triplet surfaces
while dashed lines indicate quintet surfaces. Energies of the
asymptotes and the ONb1(CO) ground state are shown quantita-
tively. All other features are estimated (see text).
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NbO of 11.486 0.21 eV. This energy corresponds
very nicely to the IE measured for the lowest energy
quintet state of NbO1 by Dyke et al. [23], IE(5P) 5
11.436 0.04 eV.

When NbO1(3S2) reacts with CO (1S1), the
dominant reaction is simple collision-induced disso-
ciation, although inefficient production of Nb1 1
CO2 is observed. Because this reverse reaction is
likely to have a similar propensity for conserving spin
as does the Nb1 1 CO2 reaction, excited triplet states
of Nb1 should be the primary products in this
reaction. This helps explain why the apparent thresh-
old for formation of Nb1 1 CO2 is higher than the
thermodynamic threshold for forming Nb1(5D),
1.68 6 0.11 eV, but can be reproduced if the
thresholds for production of the triplet states, Nb1(3F)
or Nb1(3P) 1 CO2(

1Sg
1), are used in Eq. (1). Pre-

sumably, reaction (8) is relatively inefficient because
it is strongly endothermic and involves a complex
rearrangement in order to break the strong Nb–O bond
and form the O–CO bond.

When ONb1(CO) is collisionally activated, simple
CID of the CO ligand dominates the product spectra
(Fig. 4). This is clearly because ligand loss is much
more facile and energetically favorable than the rear-
rangements necessary to form Nb1 1 CO2. In addi-
tion, the potential energy surfaces in Fig. 8 show that
this latter process does not conserve spin if ground
state products are formed. If spin is conserved, for-
mation of Nb1 1 CO2 is even more endothermic,
lowering its probability even further.

4.3. NbCO3
1 system

Qualitatively, the NbCO3
1 reaction system behaves

similarly to the NbCO2
1 system and we anticipate that

the potential energy surfaces are comparable to those
shown in Fig. 8. However, there is far less knowledge
about the asymptotic energies of the NbCO3

1 system
compared to the NbCO2

1 system, in particular with
regard to the excitation energies of NbO2

1. The
thresholds determined here can be used to determine
the energies of these product asymptotes assuming
there are no barriers in excess of the endothermicity of
the reaction process and the metal dioxide cation does

not change its geometry (e.g. transforms from
ONb1–O to Nb1–O2). Such a transformation seems
very unlikely given the very strong Nb1–O and
ONb1–O bond energies (Table 2). Barriers cannot be
discounted given the lack of detailed knowledge
concerning the electronic structures of the ground and
excited states of most species in this system, however,
they seem no more likely than in the NbCO2

1 system.
Nevertheless, we can only speculatively assign our
measured thresholds for reaction (11) to excitation
energies for NbO2

1 states of 1.056 0.20 and 1.966
0.43 eV. Given the parallels with the NbCO2

1 system,
it seems feasible that these correspond to an excited
singlet state and an excited triplet state of NbO2

1,
respectively. We also note that the reverse reaction,
process (14), appears to provide an estimate of the
excitation energy of the lowest singlet state of NbO1,
0.866 0.24 eV for the1G or 1S1 state, as shown in
Fig. 8. This state appears not to be important in the
Nb1 1 CO2 3 NbO1 1 CO system, which is
reasonable because it involves yet another spin state.

4.4. Reactivity comparison

A strong influence on the metal oxide or dioxide
cation’s ability to convert CO2 to CO and vice versa
is the thermodynamics of the process. For CO2 to CO
conversion to be facile at thermal energies, the newly
formed metal oxide bond must be greater than the
5.45 eV needed to break the C–O bond in CO2. Both
Nb1–O and ONb1–O satisfy this criterion (Table 2).
Comparison of the NbO1 and NbO2

1 cross sections
obtained from the reactions of Nb1 and NbO1 with
CO2, respectively (shown in Figs. 1 and 5) shows that
Nb1 is roughly five times more efficient than NbO1

in converting CO2 to CO in the energy range from
0–1 eV.

To convert CO to CO2 at thermal energies, the
oxidizer must have a bond energy lower than 5.45 eV.
Neither NbO1 nor NbO2

1 fulfill this requirement such
that these reactions are endothermic. To determine
relative efficiencies for the NbO1 and NbO2

1 to
convert CO to CO2, we compare the Nb1 and NbO1

cross sections at low energies in Figs. 3 and 6,
respectively. From this it appears that NbO2

1 is nearly

113M.R. Sievers, P.B. Armentrout/International Journal of Mass Spectrometry 179/180 (1998) 103–115



10 times more efficient than NbO1 in converting CO
to CO2, largely because of the much smaller endo-
thermicity for the NbO2

1 reaction.

5. Summary

We use guided ion beam mass spectrometry to
study the kinetic energy dependences of the bimolec-
ular reactions of Nb1 and NbO1 with CO2 and NbO1

and NbO2
1 with CO and also the collisional activation

of NbO2
1, ONb1(CO), ONb1(CO2), and O2Nb1(CO)

by Xe. Both the NbCO2
1 and NbCO3

1 reaction sys-
tems show a propensity for spin-conserving pro-
cesses, although spin-forbidden reactions are ob-
served. Analysis of the kinetic energy dependence of
the cross sections allows thermochemistry of the
collisionally activated species to be obtained. In
addition, we are able to speculatively assign adiabatic
excitation energies for the3D and1G or 1S1 excited
states of NbO1 and two excitation energies for NbO2

1.
Combined with literature information, the thermo-
chemistry and reaction dynamics observed here allow
us to construct a fairly complete potential energy
surface for the interaction of Nb1 with CO2.
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