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ABSTRACT: The dynamics of O(3P) + CO2 collisions at
hyperthermal energies were investigated experimentally
and theoretically. Crossed-molecular-beams experiments at
ÆEcollæ = 98.8 kcal mol1 were performed with isotopically
labeled 12C18O2 to distinguish products of nonreactive scattering from those of reactive scattering. The following product channels were observed: elastic and inelastic scattering
(16O(3P) + 12C18O2), isotope exchange (18O + 16O12C18O), and oxygen-atom abstraction (18O16O + 12C18O). Stationary
points on the two lowest triplet potential energy surfaces of the O(3P) + CO2 system were characterized at the CCSD(T)/augcc-pVTZ level of theory and by means of W4 theory, which represents an approximation to the relativistic basis set limit, fullconﬁguration-interaction (FCI) energy. The calculations predict a planar CO3(C2v, 3A00 ) intermediate that lies 16.3 kcal mol1
(W4 FCI excluding zero point energy) above reactants and is approached by a C2v transition state with energy 24.08 kcal
mol1. Quasi-classical trajectory (QCT) calculations with collision energies in the range 23150 kcal mol1 were performed
at the B3LYP/6-311G(d) and BMK/6-311G(d) levels. Both reactive channels observed in the experiment were predicted by
these calculations. In the isotope exchange reaction, the experimental center-of-mass (c.m.) angular distribution, T(θc.m.), of
the 16O12C18O products peaked along the initial CO2 direction (backward relative to the direction of the reagent O atoms),
with a smaller isotropic component. The product translational energy distribution, P(ET), had a relatively low average of ÆETæ
= 35 kcal mol1, indicating that the 16O12C18O products were formed with substantial internal energy. The QCT calculations
give c.m. P(ET) and T(θc.m.) distributions and a relative product yield that agree qualitatively with the experimental results,
and the trajectories indicate that exchange occurs through a short-lived CO3* intermediate. A low yield for the abstraction
reaction was seen in both the experiment and the theory. Experimentally, a fast and weak 16O18O product signal from an
abstraction reaction was observed, which could only be detected in the forward direction. A small number of QCT trajectories
leading to abstraction were observed to occur primarily via a transient CO3 intermediate, albeit only at high collision energies
(149 kcal mol1). The oxygen isotope exchange mechanism for CO2 in collisions with ground state O atoms is a newly
discovered pathway through which oxygen isotopes may be cycled in the upper atmosphere, where O(3P) atoms with
hyperthermal translational energies can be generated by photodissociation of O3 and O2.
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I. INTRODUCTION
Atomic-oxygen radicals in the atmosphere play an important
role in regulating the oxidative and radiative balance of Earth.
Photodissociation of molecular oxygen (O2) and ozone (O3) by
solar ultraviolet radiation produces not only electronically excited O(1D) and O(1S), but also ground-state O(3P), with
velocities as high as 6 km s1.1,2 O(3P) has received less attention
than O(1D) and O(1S), however, because it is less reactive at
low collision energies. Yet its important roles in the terrestrial mesosphere and thermosphere are widely recognized. For
instance, its collisions with CO2 signiﬁcantly inﬂuence the population of CO2(010), whose emission at 15 μm cools the atmosphere and regulates the height of the mesopause.3 In addition,
O(3P) might collide with CO2 in space vehicle exhaust streams at
relative velocities near 8 km s1, resulting in O(3P)CO2
collisions with energies near 100 kcal mol1.
These high collision energies exceed barriers to (1) CO3 formation, leading to oxygen-atom exchange and (2) oxygen-atom
abstraction on the triplet potential energy surface (PES).47
The enthalpies associated with these reactions are

∑ þg Þ
f Oð3 PÞ þ CO2 ðX 1∑ þ
g Þ

electronic structure calculations to determine energies of selected stationary points on the lowest two triplet potential energy
surfaces, with eﬀorts primarily focused on the lowest state.
Reactions 1 and 2 were observed both theoretically and experimentally. Center-of-mass (c.m.) angular and translational energy
distributions for the nonreactive scattering and for the oxygen
isotope exchange reaction were obtained. The implications for
atomic oxygen cycling through CO2 in the atmosphere are
discussed.

II. THEORETICAL METHODS
A. Electronic Structure Calculations. Stationary points
on the lowest triplet PES of CO3, which has 3A00 electronic
symmetry, were characterized at the B3LYP/6-311G(d),3234
BMK/6-311G(d),35 and CCSD(T)/aug-cc-pVTZ36,37 levels
of theory using Q-Chem38 and MOLPRO.39 Transition states
were confirmed by inspection of their associated vibrational
frequencies. B3LYP/6-311G(d) calculations indicated that
collision energies in excess of 250 kcal mol1 are required
to open reactive channels other than 1 and 2, so these other
channels were not considered further.
The O(3P) + CO2 surface is triply degenerate at large O(3P)CO2 separations, giving rise to two 3A00 and one 3A0 electronic
states. Properties of the stationary points on the lowest-energy
state, which has 3A00 electronic symmetry, are summarized in
Figures 1 and 2 and Table 1. The 3A0 electronic state is very close
in energy to the lowest 3A00 electronic state in the regions of
the PES surrounding CO3 and its associated transition state, so
the characteristics of these structures on the 3A0 electronic state
are also presented. All structures are planar and all have Cs
symmetry, except for both CO3 structures and TS1(3A0 ), which
have a C2v symmetry. The TS1 transition states and CO3 bound
states are associated with the O(3P) + CO2 isotope exchange
reaction. For the oxygen-atom abstraction reaction, the most
important transition states are TS2 and TS3, although we found
and characterized two additional bound states (BS1 and BS2)
and two associated transition states (TS4 and TS5), shown in
Figure 2b.
W4 calculations were also performed for the stationary points
in Figure 1. W4 theory40 represents a layered extrapolation to the
relativistic FCI basis set limit. In particular, it has been shown that
the inclusion of successively higher cluster expansion terms
results in increasingly fast convergence with increases in basis
set size, as these terms increasingly reﬂect nondynamical rather
than dynamical correlation.4042 Indeed, the fact that W4 and
related methods can be carried out at a realistic computational cost hinges on this behavior. For a set of highly accurate
experimental atomization energies (from the Active Thermochemical Tables [ATcT] paradigm of Ruscic et al.),41 W4 theory
obtains a root-mean-square deviation of 0.08 kcal mol1, implying a 95% conﬁdence interval of 0.16 kcal mol1. Of particular
relevance to the present study, it should be noted that W4 theory
has been found to be remarkably resilient toward multireference
character, for example, for strongly multireference systems such
as O3, F2O2, F2O, C2, and FO, W4 predicts atomization energies
within 0.28 kcal mol1 of the ATcT values (for a more detailed
recent assessment of the performance of W4 theory, see ref 43).
Table S1 of the Supporting Information (SI) provides the percentage of the nonrelativistic, clamped-nuclei total atomization
energy at the bottom of the well (%TAEe) accounted for by the
SCF, (T) triples, post-CCSD(T), and T4 + T5 contributions.

Oð3 PÞ þ CO2 ðX 1

∑ g Þ þ COðX 1∑ þg Þ

f O2 ðX 3

ΔH0o ¼ 0:0 kcal mol1

ð1Þ

ΔH0o ¼ 7:8 kcal mol1

ð2Þ

An isotope exchange reaction analogous to reaction 1, between
metastable excited O(1D) and ground state CO2 in the stratosphere,6,816 alters the stable isotope composition of CO2,
allowing this composition to be used as a tracer of O(1D)
atoms17 and atmospheric transport.18 The stable isotope composition of CO2 has also been proposed as a tracer of biogeochemical cycles on annual and decadal time scales.16,19 Reactions
1 and 2 may further alter the isotopic composition of upper
atmospheric CO2.
Early studies of the O(3P) + CO2 system were primarily theoretical and focused on vibrational-state-speciﬁc energy transfer.2023
The energy-transfer mechanism was found to be primarily
impulsive at high collision energies, like that of collisions between
CO2 and noble gases.2224 More recent quantum-chemistry
calculations on the O(3PJ) + CO2(010) system indicate that
vibrational-to-translational energy transfer is sensitive to the total
angular momentum J at thermal collision energies and that the
importance of spinorbit coupling decreases with increasing
collision energy.25,26 State-speciﬁc excitation and relaxation in
O(3P) + CO2 collisions have since been studied experimentally.
Studies of CO2(001) excitation by hyperthermal O(3P) provided
evidence that reaction (2), which is important in combustion
chemistry,27 yields vibrationally excited CO products.28,29
State-speciﬁc relaxation of CO2(010) by way of collision
with O(3P) has also been examined.30,31 However, no mechanisms were proposed, and the eﬀects of an isotope exchange
pathway on the inelastic scattering dynamics have not been
investigated.
Here, we present the results of theoretical and crossed-molecularbeams studies of 16O(3P) + C18O2 collisions at hyperthermal
collision energies. Direct dynamics calculations using the quasiclassical trajectory (QCT) method on the lowest-energy triplet PES are compared with the results from the experiment
with an average collision energy of ÆEcollæ = 98.8 kcal mol1.
This experimenttheory comparison was augmented by high-level
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Figure 1. Stationary-point structures most relevant to O(3P) + CO2
reactions below 100 kcal mol1. Geometries are optimized at the
CCSD(T)/aug-cc-pVTZ level of theory. All structures are planar, with
Cs symmetry, except for both CO3 structures and TS1(3A0 ), which have
C2v symmetry. Bond angles are rounded to the nearest degree.

Table S1 also lists the coupled cluster T144 and D1 diagnostics.45
However, the energy-based %TAEe[(T)] diagnostic has been
found to provide a better correlation with the magnitude of postCCSD(T) contributions than the T1 and D1 diagnostics (see refs
40 and 43 for further details). The trioxygen species considered
in the present study exhibit moderate nondynamical correlation
eﬀects; 4454% of the atomization energy is accounted for at the
SCF level, and 57% by the (T) contribution.
The computational protocol of W4 theory has been speciﬁed
and rationalized in ref 40. There are two minor diﬀerences in the
present work: (1) the reference geometries were optimized at the
CCSD(T)/aug-cc-pVTZ level of theory rather than at the CCSD(T)/cc-pVQZ level of theory, and (2) for the tetratomic systems
with Cs symmetry, the CCSDTQ5 calculations are approximated
as CCSDTQ(5)Λ; this approximation has been justiﬁed in ref 42.
Benchmark calculations of the W4 theory have been tested on the
O(3P) + HCl system, and the results can be found in SI.
Table 1 gives the ﬁnal zero-point exclusive, nonrelativistic,
clamped-nuclei W4 CCSD(T) and FCI basis set limits for the
species in Figure 1. For all the systems, the CCSD(T)/aug-ccpVTZ energies are within 0.7 kcal mol1 of the W4 CCSD(T)
basis set limits, where the largest deviation is found for the TS3
system. Table 2 presents the component breakdown for the W4
atomization energies as well as for the relevant reaction energies
and barrier heights. Post-CCSD(T) contributions are found to
be quite signiﬁcant for the tetratomic systems TS1TS3 and for
CO3. The contributions from the connected quadruple excitations increase the atomization energies by amounts ranging from
1.8 kcal mol1 in TS1 to 3.4 kcal mol1 in CO3. The noniterative
quintuple contributions further increase the atomization energies
by 0.10.3 kcal mol1, where again the highest contribution is
seen for CO3. The higher-order triples, T3(T), have contributions that reduce the atomization energies by 0.3
0.7 kcal mol1 for TS1TS3 and increase the atomization
energies by 0.2 kcal mol1 for CO3. Overall, post-CCSD(T)

Figure 2. (a) Comparison of the lowest-energy stationary point geometries relevant to the QCT calculations. Geometries optimized at the
CCSD(T)/aug-cc-pVTZ, B3LYP/6-311G(d), and BMK/6-311G(d)
levels of theory are shown. (b) The remaining stationary points
associated with the oxygen-atom abstraction reaction at the CCSD(T)/aug-cc-pVTZ level of theory. The calculated energies are shown
below each structure in kcal mol1, with the ZPE-corrected values in
parentheses.

contributions are found to be chemically signiﬁcant for all of
the tetratomic species; speciﬁcally, they increase the atomization
energies of TS1, TS2, TS3, and CO 3 by 1.5, 1.4, 2.2, and
3.9 kcal mol 1 , respectively.
Considering the reaction energies and barrier heights in the
lower portion of Table 2, we note that both the T3(T) and
T4 contributions are chemically signiﬁcant, reaching up to
2.3 kcal mol1 for CO3. Furthermore, they both reduce the
relative energies in nearly all of the cases, that is, there is mutual
66

dx.doi.org/10.1021/jp2080379 |J. Phys. Chem. A 2012, 116, 64–84

The Journal of Physical Chemistry A

ARTICLE

Table 1. Energies (kcal mol1, Relative to the Free Reactants) for the Stationary Points on the Lowest Triplet CO3 Potential
Energy Surfaces for 16O(3P) + 12C16O2 Collisionse
B3LYP/6-311G(d)

BMK/6-311G(d)

a

w/ZPEC
TS1 (3A00 )

18.0

17.7

CCSD(T)/aug-cc-pVTZ

a

w/ZPECa

W4 CCSD(T) limitb

W4 FCI limitc

W4 FCI limitd

25.3

25.0

25.16

23.74

24.08

28.0

27.0

w/ZPEC
25.2

25.0

TS1 (3A0 )

26.77

CO3(3A00 )
CO3(3A0 )

11.8

11.3

20.2

19.0

20.5
18.2

20.3
18.0

19.86

16.05

16.32
16.39

TS2

56.2

55.2

65.3

64.5

63.0

62.1

63.05

61.75

62.27

TS3

70.3

69.2

80.0

78.9

76.5

75.3

77.12

75.01

75.44

O2 + CO

9.7

7.9

14.3

12.6

10.3

8.3

9.89

9.25

9.87

a

Zero-point-energy correction (ZPEC). b W4 zero-point exclusive, nonrelativistic, clamped-nuclei, valence CCSD(T) basis set limit. c W4 zero-point
exclusive, nonrelativistic, clamped-nuclei, valence FCI basis set limit. d W4 zero-point exclusive, nonrelativistic, clamped-nuclei, all-electron FCI basis set
limit for comparison with the DFT results. e The 3A00 surface is lowest in all regions of the O(3P) + CO2 PES that we examined, according to the W4 FCIlimitd level of theory.

Table 2. Component Breakdown of the Final W4 Energies (kcal mol1) at the Bottom of the Well
SCF

valence CCSD

valence (T)

T3(T)

T5a

T4

inner- shell

relativistic

spin-orbit

DBOC

M-Ab

TAEe

Total Atomization Energies
O2

24.21

85.77

9.71

0.77

1.26

0.12

0.17

0.17

0.45

0.01

0.03

119.88

CO

181.13

69.39

8.11

0.56

0.62

0.03

0.93

0.16

0.31

0.02

0.04

259.21

CO2

257.34

116.85

14.02

1.04

1.06

0.03

1.72

0.48

0.53

0.05

0.07

389.05

CO3(3A0 )
CO3(3A00 )

201.69
189.59

150.50
157.59

18.63
21.17

0.72
0.22

1.91
3.38

0.13
0.28

1.47
1.45

0.54
0.54

0.75
0.75

0.11
0.01

0.08
0.08

372.25
372.44

TS1(3A0 )

188.82

151.21

20.68

0.72

1.71

0.13

1.37

0.48

0.75

0.06

0.07

361.98

TS1(3A00 )

199.89

143.29

19.88

0.43

1.82

0.11

1.40

0.48

0.75

0.01

0.07

364.75

TS2(3A00 )

152.17

153.16

19.83

0.67

1.94

0.12

1.20

0.41

0.75

0.00

0.08

326.62

TS3(3A00 )

136.19

154.20

20.70

0.25

2.31

0.12

1.29

0.44

0.75

0.01

0.08

313.43

Reaction Energies
3 00

CO2 + O f CO3( A )

67.75

40.74

7.15

1.26

2.32

0.25

0.26

0.06

0.22

0.03

0.01

16.61

CO2 + O f O2 + CO

52.00

38.31

3.80

0.29

0.81

0.12

0.62

0.15

0.22

0.02

0.01

9.96

CO2 + O f TS1(3A00 )
CO2 + O f TS2(3A00 )

57.45
105.17

26.44
36.30

5.85
5.81

0.61
0.37

0.76
0.87

0.05
0.08

0.34
0.52

0.01
0.08

0.22
0.22

0.03
0.04

0.00
0.02

24.30
62.43

CO2 + O f TS3(3A00 )

121.14

37.34

6.68

0.79

1.25

0.09

0.42

0.04

0.22

0.04

0.02

75.62

CO3(3A00 ) f TS1(3A00 )

10.30

14.30

1.29

0.65

1.56

0.17

0.1

0.1

0.00

0.0

0.01

7.69

O2 + CO f TS2(3A00 )

53.17

2.00

2.01

0.65

0.06

0.04

0.11

0.07

0.00

0.03

0.01

52.47

O2 + CO f TS3(3A00 )

69.15

0.96

2.88

1.08

0.44

0.03

0.20

0.10

0.00

0.02

0.01

65.66

Forward Barriers

Reverse Barriers

For TS1, TS2, TS3, and CO3(3A0 ), T5 = CCSDTQ(5)Λ/cc-pVDZ(no d)  CCSDTQ/cc-pVDZ(no d). b Diﬀerence between the MOLPRO and
ACES II deﬁnitions of the valence ROCCSD(T); one-half of this contribution is added to the ﬁnal TAE as discussed in the appendix of reference 40.
a

ampliﬁcation, rather than the typical cancellation, between the
connected quadruples and the higher order triples contributions.
Generally, the quintuple T5 excitations reduce the relative
energies by 0.10.2 kcal mol1 (one exception being the reverse
barrier for the CO2 + O f CO3 reaction, for which T5 excitations
increase the barrier by 0.2 kcal mol1). Overall, the post-CCSD(T) contributions reduce the reaction energies and barrier
heights by 0.63.8 kcal mol1, where the largest contribution
is found for the reaction energy of the CO2 + O f CO3 reaction.
The inner-shell correlation contributions vary in absolute value
between 0.00.6 kcal mol1, and the Darwin and mass-velocity
scalar relativistic eﬀects are on the order of 0.1 kcal mol1 in

absolute value. The diagonal BornOppenheimer corrections
(DBOC) are found to be negligible for these reaction energies
and barrier heights.
All but two of the structures [TS1(3A00 ) and CO3(3A00 )]
described in Figures 1 and 2 and Table 1 were previously
characterized up to the MP2/6-31G* level by Froese and
Goddard.5 Our coupled-cluster calculations show key diﬀerences. First, we found the 3A00 surface to be lowest at the best
W4 level of theory in all regions of the PES where we report
stationary points. In contrast, at the MP2/6-31G* level, the 3A0
surface was found to be the lowest near TS1 and CO3. However,
at the W4 FCI-limit theory level, the lowest energy 3A0 surface is
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very close in energy, in the vicinity of TS1 and CO3. The analogous structures have energies that are 2.69 and 0.07 kcal mol1
higher, respectively, on the 3A0 surface. Second, we found that
neither BS1 nor BS2 is bound when zero-point energy (ZPE) is
included, according to CCSD(T)/aug-cc-pVTZ. Thus, BS1,
BS2, TS4, and TS5 are not as important as the other stationary
points presented in this paper.
Several methods for direct dynamics were examined. The
density-functional theory (DFT) methods, B3LYP/6-311G(d)
and BMK/6-311G(d), were found to oﬀer a good balance
between computational cost and accuracy. They will not provide
an accurate representation of nonadiabatic dynamics, however,
because they are expected to converge to the lowest surface
regardless of the associated wave function symmetry of that
surface. Nonadiabatic dynamics might be important for this system,
in the region of the PES near CO3 and TS1, according to the
CCSD(T)/aug-cc-pVTZ calculations, but the lowest 3A00 and 3A0
surfaces appear suﬃciently similar in the region where they are
close in energy, such that DFT direct-dynamics calculations should
still provide some insight into the reaction mechanisms.
The DFT methods predict stationary-point geometries that
are close to those predicted by CCSD(T)/aug-cc-pVTZ (see
Figure 2a). The BMK/6-311G(d) geometry, however, breaks the
C2v symmetry of CO3. Both methods predict the stationary-point
energies reasonably well, with BMK/6-311G(d) performing
better on average (see Table 1). In particular, the B3LYP functional underestimates the W4 FCI basis set limit values, while the
BMK functional overestimates them, albeit to a lesser extent. For
CO3, TS1, TS2, and TS3, B3LYP underestimates the FCI limits
by 4.56.1 kcal mol1 and BMK overestimates them by 1.1
4.6 kcal mol1.
B. Reaction Dynamics Calculations. Direct dynamics calculations were run on the lowest triplet PES. They are based on
forces and energies derived from B3LYP/6-311G(d) and BMK/
6-311G(d) calculations performed using Q-Chem.38 The initial
orientation and impact parameter were sampled randomly.
A CO2 intramolecular trajectory was run with ZPE in each
normal mode, facilitating the random sampling of the initial
CO2 vibrational phase. Trajectories were run at seven collision
energies, shown in Table 3, between 23.1 and 149.9 kcal mol1.
A total of 400 trajectories were propagated for each collision energy
and level of theory. No BMK-based trajectories were run with a
collision energy of 23.1 kcal mol1 because this energy is
insufficient for reaction at this theory level. Trajectories were
integrated using a standard fifth-order predictor, sixth-order
corrector integration algorithm46,47 with an integration timestep of 10.0 au (0.24 fs), and they were stopped when the
distance between any two atoms exceeded 12 a0 (6.4 Å).
A maximum impact parameter for reactive scattering, bmax, was
estimated using48
bmax ¼ dð1  E0 =Ecoll Þ1=2

Table 3. Number of Reactive QCTs Observed and Reactive
Cross Sections Calculated at Diﬀerent Collision Energiesa
oxygen isotope exchange

O-atom abstraction

B3LYPb

B3LYPb

#

σ (a02)c

23.1

1

0.00143

34.6
57.7

16
54

80.7
103.8

BMKb

BMKb

#

σ (a02)c

0.650
4.57

2
37

0.0552
2.51

0
0

0
0

66

6.45

66

5.52

0

0

68

6.87

80

7.12

1

0

126.8

80

8.52

76

7.72

4

5

149.9

78

8.33

80

8.01

11

8

collision energy

#

#

1

(kcal mol )
0

a

A total of 400 trajectories were propagated for each collision energy
and level of theory. b Calculated with a 6-311G(d) basis set. c 1 a02 =
2.80  1017 cm2.

∼15% safety margin, suggested bmax = 5.0 a0 (2.6 Å); thus, the
trajectories were sampled with impact parameters 0 < b < 5.0 a0.
Energy conservation and spin contamination were checked at
each time-step. Trajectories in which energy was not conserved
to within 3 kcal mol1 or spin contamination rose above
ÆS2æ = 2.5 were ﬂagged. Less than 1.3 and 10% of the B3LYP
and BMK trajectories, respectively, failed to meet these criteria.
Most problems were related to energy conservation, namely, selfconsistent ﬁeld (SCF) convergence to an excited electronic state.
Trajectories that initially did not meet the criteria were run again
using a diﬀerent set of SCF convergence tools, which improved
the energy-conservation or spin-contamination problem in many
cases. Results of the rerun trajectories were compared to their
initial-run analogues, and the one that met or came closest to
meeting the acceptance criteria was included in the analysis. To
do otherwise would have resulted in an underestimation of
the reaction cross sections, as most of the problematic trajectories were reactive ones. These convergence and contamination
problems may have had some impact on the statistics.
The total collision cross-section, σtotal, was estimated using the
Lennard-Jones parameters for O and CO2 according to the expression
σ total ¼ πb2total

ð4Þ

where btotal is the radius beyond which no elastic, inelastic, or
reactive scattering occurs. This radius can be estimated using the
Lennard-Jones potential:49
"


 #
σðAÞ 12
σðAÞ 6
V ðrÞ ¼ 4ε

ð5Þ
r
r
where ε and σ(A) correspond to the well depth and the collision
diameter, respectively, for an interaction between a pair of like
atoms or molecules A. The collision diameter, σ(A), is the
distance where the potential crosses zero and is a measure of
the atomic or molecular size. The values for the O atom and for
CO2 have been estimated to be σ(O) = 2.78 Å and σ(CO2) =
3.897 Å, respectively.49,50 These parameters can be combined
using the rule51

ð3Þ

where d is the distance in the transition-state structure between
the center of mass of the reactant CO2 and the colliding oxygen
atom, E0 is the transition-state energy, and Ecoll is the collision
energy. Because large collision energies were of principal interest,
we chose to consider the largest value for bmax suitable for
trajectories with unlimited collision energy by setting Ecoll = ∞
in eq 3. Reaction 2 had the largest d values, with d ∼ 4.3 a0
(2.3 Å) for both TS2 and TS3. This d value, combined with a

1
σðO þ CO2 Þ ¼ ½σðOÞ þ σðCO2 Þ
2
68

ð6Þ
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of scattered products, individual TOF distributions were ﬁrst
collected for many relevant mass-to-charge ratios at a given
laboratory (detector) angle. Then, the angle was incremented 2
and another set of TOF distributions was collected for these
mass-to-charge ratios, and so forth, until the entire angular range
was covered. Finally, the increment direction was reversed, and
the cycle was repeated until a total of six TOF distributions had
been recorded for each mass-to-charge ratio corresponding to
each laboratory angle. The six distributions for each mass-tocharge ratio at a given laboratory angle were summed to yield a
TOF distribution whose relative magnitude and shape were
minimally aﬀected by long-term drifts in experimental parameters. Individual product TOF distributions were collected
for 200 beam pulses for m/z = 16 (16O+) and 32 (16O2+), for
1000 beam pulses for m/z = 46 (16O12C18O+), and for 500 beam
pulses for m/z = 48 (12C18O2+). In contrast to the way in which
the TOF distributions were collected for m/z = 16, 32, 46, and
48, scattered products at m/z = 34 (18O16O+) were collected to
produce two TOF distributions corresponding to Θ = 6 and 10,
each of which was accumulated for 6000 beam pulses. An
additional TOF distribution was collected for m/z = 34 at
Θ = 14; this TOF distribution was collected for 12000 beam
pulses. For all TOF distributions, the dwell time for each channel
of the MCS was 1 μs. With a representative laboratory angle of
10, integrated count rates were 1.1  107 s1 for m/z = 16
(16O+), 1.3  107 s1 for m/z = 32 (16O2+), 1.4  104 s1 for
m/z = 34 (18O16O+), 1.8  105 s1 for m/z = 46 (16O12C18O+),
and 4.2  106 s1 for m/z = 48 (12C18O2+). Raw ﬂight times
were converted to ﬂight times over the 33.7 cm distance between
the interaction region and the electron-bombardment ionizer by
subtracting the time between the pulsed valve trigger pulse and
the CO2 laser pulse (174 μs), an electronic latency time (3 μs),
the oxygen ﬂight time from the nozzle to the interaction region
(120 μs, corresponding to the average velocity of the hyperthermal oxygen beam), and ﬁnally, the ion ﬂight time between the
ionizer and the Daly ion counter. The ion ﬂight time is given by
α(m/z)1/2, where α = 2.44 in these experiments, determined by
comparing the relative arrival times of hyperthermal O and O2 at
the detector.54 Some uncertainty arises in the product times-ofﬂight because the exact time and point-of-origin of the oxygen
beam are not well-determined; we estimate this uncertainty to be
∼2 μs because the laser pulse width in the hyperthermal
oxygen source could be as long as 1 μs (a 100 ns wide peak
with a long tail).
Three signal corrections were made before data analysis. First,
we corrected for divergence of the hyperthemal O-atom beam at
Θ = 616. The divergent intensity was measured by obtaining
TOF distributions at m/z = 16 and 32 from Θ = 616 with the
12 18
C O2 beam turned oﬀ. These TOF distributions were then
scaled and subtracted from the corresponding experimental TOF
distributions at m/z = 16 and 32, collected when the 12C18O2
beam was on. Uncertainties in the nonreactive and reactive
scattering signals resulting from collisions of the divergent oxygen
could not be quantiﬁed. Instead, they were considered during the
analysis of the laboratory data, where collisions at crossing angles
of 88, 89, 90, 91, and 92 were included during forward-convolution ﬁtting. Including more crossing angles did not aﬀect the
forward-convolution ﬁts signiﬁcantly. Second, we corrected for
the 2% 16O12C18O in the 12C18O2 beam, a value we measured
using the molecular-beam instrument’s mass spectrometer. Thus,
2% of the inelastic scattering signal (m/z = 48) at each laboratory angle (Θ = 654) was subtracted from raw m/z = 46

Figure 3. Crossed-molecular-beams apparatus with hyperthermal
oxygen source.

which gives σ(O + CO2) = 3.34 Å. Setting btotal = σ(O + CO2)
yields a cross section σtotal = 125.2 a02 (6.625  1015 cm2).

III. EXPERIMENTAL METHODS
Crossed-molecular-beams experiments were performed using
an apparatus equipped with a hyperthermal atomic-oxygen beam
source at Montana State University, which has been described
previously.5255 A diagram of the experimental setup is shown in
Figure 3. A pulsed, hyperthermal beam of ∼87% 16O(3P) and
∼13% 16O2 (3Σg) was generated by laser-induced detonation of
16
O2 using a high-energy CO2 TEA laser (∼7 J pulse1)
operating at a pulse repetition rate of 2 Hz. Though the velocity
distribution (69 km s1) of the beam was initially broad, a
portion of the overall distribution was velocity-selected using a
synchronized chopper wheel operating at 300 Hz. This beam was
then crossed, at a nominal angle of 90, with a pulsed supersonic
beam of 98% 12C18O2 (Spectra Gases). The molecular beams
and scattered products were detected with a rotatable quadrupole mass spectrometer employing electron-bombardment ionization56 at 160 eV and a Daly-type ion counter.57 Numberdensity distributions for each product as a function of arrival time
at the ionizer, N(t), were obtained with a multichannel scaler
(MCS) over a range of laboratory angles (Θ = 654). Laboratory angles were deﬁned relative to the direction of the incident
hyperthermal oxygen beam (i.e., Θ = 0), with an increasing
value corresponding to the direction toward the CO2 beam
propagation direction. The resulting time-of-ﬂight (TOF) distributions for the 33.7 cm distance between the beam interaction
region and the ionizer were integrated to obtain angular distributions of scattered products in the laboratory frame, N(Θ).
In these experiments, the average velocity of the hyperthermal
oxygen beam was 8262 ( 450 m s1 (i.e., 900 m s1 full width at
half-maximum; fwhm), which corresponds to average laboratoryframe translational energies of 130.5 ( 14 kcal mol1 for 16O(3P).
The relative amounts of atomic (∼87%) and molecular (∼13%)
oxygen were determined by integrating the TOF distributions at
m/z = 16 (16O+) and 32 (16O2+) at Θ = 0 and correcting for O2
fragmentation (11% of the m/z = 32 signal) in the electronbombardment ionization region.
Laboratory TOF product distributions were measured every
2 in the range Θ = 654. When collecting TOF distributions
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c.m. collision energy (158 kcal mol1). The resulting diﬀerences
in kinematics allowed us to analyze the O2 + CO2 scattering
independently and thus resolve the contributions of O2 + CO2
collisions from those of O + CO2 collisions. The results of O2 +
CO2 elastic and inelastic scattering, which were detected as 16O2
and 16OC18O, are given in SI. The results from this data set on
the isotope exchange reaction from collisions of O2 with CO2,
detected as 16O12C18O products, have been reported earlier.59
A. Nonreactive Scattering of 16O and 12C18O2. Elastically
and inelastically scattered products were detected at m/z =
16(16O+) and 48(12C18O2), respectively. As a result of the limits
on the observed laboratory angular distribution, each of the two products sampled largely different ranges of the c.m. scattering angle. The
two resulting sets of c.m. distributions cannot be momentummatched, but they do provide complementary information.
O-atoms were detected in the forward direction, allowing the
detection of most of the incoming oxygen atoms which scattered
with little deﬂection from their initial direction by both elastic
and large-impact-parameter inelastic scattering. These channels
could not be resolved at small scattering angles; thus, elastically
and inelastically scattered O atoms will be referred to collectively
as “scattered 16O.”
The laboratory-frame TOF distributions, N(t), and angular
distribution, N(Θ), of the O-atoms detected at m/z = 16 are
shown in Figure 5. The resulting total c.m. translational energy
distribution, P(ET), and angular distribution, T(θc.m.), derived
from these data are also shown in Figure 5. The forward peak in
the c.m. angular distribution for scattered 16O at θc.m. ∼ 0 is an
extrapolation, because the high background from the hyperthermal oxygen source at small laboratory angles precludes measurements at these angles.60 Scattered 16O had 85.6 kcal mol1
translational energy (87% of the total initial energy), on average,
with a P(ET) distribution peaked at ∼97 kcal mol1. The
T(θc.m.) distribution was highly peaked in the forward direction,
with little scattered intensity for θc.m. > 20. The c.m. angular
range for 16O detection was limited (see Figure 4), however, so
backward-scattered products were not detected. A TOF signal
was observed at long ﬂight times, especially at larger laboratory
and c.m. angles (e.g., Θ = 20, 30, and 40 in Figure 5a), indicating
some dependence of P(ET) on T(θc.m.) with slower products
appearing at larger c.m. angles; this eﬀect was more evident in the
data of the scattered 12C18O2 cofragment.
The TOF distributions of nonreactively scattered 12C18O2
are shown in Figure 6a. Given the range of laboratory angles
(Figure 4), the experiment mainly detected 12C18O2 scattered
opposite to its initial direction in the c.m. frame (see Figures 4, 6,
and 7). The TOF distributions were bimodal. We assigned the
faster (short-ﬂight-time) component in the TOF distributions to
inelastically scattered 12C18O2 products from 16O2 + 12C18O2
collisions and the slower component to products from 16O +
12 18
C O2 collisions. Simultaneous forward convolution of both
scattering processes led to ﬁts of the TOF distributions and
laboratory angular distributions. The resulting P(ET) and T(θc.m.)
distributions for O + CO2 scattering are shown in Figure 6, while
the P(ET) and T(θc.m.) distributions for the O2 + CO2 scattering
are presented in SI.
The P(ET) distribution for 16O + 12C18O2 nonreactive scattering derived from the 12C18O2 product TOF distributions was
both broader and lower in energy, on average, than that obtained
from the 16O TOF distributions. Our analysis of inelastically
scattered 12C18O2 molecules, however, indicated that one pair of
P(ET) and T(θc.m.) distributions was insuﬃcient to simulate the

Figure 4. Newton diagram for 16O(3P) + 12C18O2 collisions at Ecoll =
98.8 kcal mol1, where the 16O-atom beam velocity is 8262 m s1 and
the 12C18O2 beam velocity is 800 m s1. The shaded region indicates the
range of laboratory angles probed. The radii of the circles represent the
maximum recoil velocities of the following products of 16O(3P) +
12 18
C O2 collisions: 12C18O2 (blue solid) + 16O (blue dashed),
16 12 18
O C O (red solid) + 18O (red dashed), and 18O16O (green solid) +
12 18
C O (green dashed).

(16O12C18O+) TOF distributions. Finally, the hyperthermal O2
beam contained 0.4% 18O16O (at natural isotopic abundances),
so 0.4% of the nonreactive scattering signal (m/z = 32) was
subtracted from the raw m/z = 34 (18O16O+) TOF distributions.
A forward-convolution method was used to derive c.m.
translational energy P(ET) and angular T(θc.m.) distributions
from the resulting laboratory N(t) and N(Θ) distributions.54,58
Details of the LAB-to-c.m. transformation and ﬁtting procedure
are given in the SI. The Newton diagram used in this analysis is
shown in Figure 4. The center-of-mass angle θc.m = 0 (forward
scattering) is deﬁned as the initial c.m. direction of the O-atom
velocity and opposite to that of the CO2 c.m. velocity (θc.m =
180, backward scattering).

IV. RESULTS AND ANALYSIS
Products from nonreactive scattering, isotope exchange (7),
and O-atom abstraction (8)
Oð3 PÞ þ CO2 f

16

O þ C18 O 2

f18 O þ
f

16

16

OC18 O

O 18 O þ C18 O

ð7Þ
ð8Þ

were all observed in the crossed-molecular-beams experiment.
Because the hyperthermal oxygen beam contained approximately 13% O2, some of the signal detected at all of the product
m/z ratios arose from elastic, inelastic, or reactive scattering of O2
with CO2. The O2 molecules have the same laboratory velocity as
the O atoms and thus collide with CO2 at a signiﬁcantly higher
70
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Figure 5. (a) Laboratory TOF, (b) c.m. translational energy, and (c) c.m. and (d) laboratory angular distributions for scattered 16O products from
16
O(3P) + 12C18O2 collisions at ÆEcollæ = 98.8 kcal mol1. The translational energy distribution in (b) pertains to the total energy in translation of both
16
O(3P) and 12C18O2. The circles in (a) and (d) are experimental data, while the lines are the best-ﬁt forward-convolution simulations of the
experimental data derived from the c.m. translational energy and angular distributions shown in (b) and (c), respectively. The error bars in (d) represent
2σ uncertainties in the integrated experimental TOF distributions (see Appendix A).

P(ET) and T(θc.m.) distributions was included in the ﬁt of the
12 18
C O2 TOF distributions (see Figure 6). The ﬁrst pair of P(ET)
and T(θc.m.) distributions described the scattering at θc.m. < 120.

laboratory data accurately. This observation corresponds to a breakdown of the assumption that the c.m. angular and translational
energy distributions are separable. Therefore, a second pair of
71
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Figure 6. (a) Laboratory TOF, (b) c.m. translational energy, and (c) c.m. and (d) laboratory angular distributions for inelastically scattered 12C18O2
products from 16O(3P) + 12C18O2 collisions at ÆEcollæ = 98.8 kcal mol1. The circles in (a) and (d) are experimental data, while the lines (dark blue and
cyan) are the best-ﬁt forward-convolution simulations of the experimental data derived from the c.m. translational energy and angular distributions
shown in (b) and (c), respectively; the maximum θc.m. to which the experiment is sensitive is noted in (c). The error bars in (d) represent
2σ uncertainties in the integrated experimental TOF distributions (see Appendix A). In (a), the fast components in the TOF distributions are
inelastically scattered 12C18O2 products from 16O2 + 12C18O2 collisions at ÆEcollæ = 158.1 kcal mol1. The corresponding c.m. angular and translational
energy distributions can be found in the SI (orange and brown lines).

It decayed steadily for θc.m. > 60. The corresponding P(ET) was
peaked at 39 kcal mol1 with an average energy in translation of

In this region, the angular distribution was peaked near θc.m. = 60,
though the probability remained roughly constant for θc.m. < 60.
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The results of QCT trajectories that lead to inelastic scattering
are shown in Figures 8 and 9. The opacity functions for inelastic
trajectories on both the B3LYP and BMK surfaces are similar
(the lowest energy trajectories at 23.1 kcal/mol were not performed on the BMK surface). They are in the range 0.05
0.15, extend to the maximum impact parameter sampled, b = 5
a0, and appear not to decrease over this range. This last result
is expected, as the maximum impact parameter is less than the
collision diameter σ(O + CO2) = 6.3 a0. Thus, our calculations
do not include all inelastic scattering trajectories and likely
do not include a large number of large-impact-parameter
trajectories that lead to small deﬂections, that is, forwardscattered O-atoms and backward-scattered CO2. The opacity
function also appears to have a bimodal distribution, peaking
at 1.7 a0 and 3.3 a0. At the lowest energies, the two distributions are roughly comparable; however, as the collision energy
is increased, the smaller-impact-parameter component decreases, while the larger-impact-parameter opacity increases,
reaching a limit at 103 kcal mol1.
The calculated c.m. angular and translational energy distributions for scattered 16O at 103 kcal mol1 are compared in Figure 9
with the corresponding experimental distributions determined
from the total scattered 16O. The theoretical and experimental
data are in reasonably good agreement. The average translational
energies were similar: ÆETæ = 85 and 86 kcal mol1 for B3LYP
and BMK, respectively, versus 85.6 kcal mol1 in the experiment.
The computed angular distributions decrease rapidly with increasing scattering angle, similar to the experimental distribution.
The calculated angular distributions are less highly peaked at
small θc.m. than the experimental T(θc.m.) distribution, but this
discrepancy may not be signiﬁcant. There are a number of
systematic biases and uncertainties that contribute at small
angles, including (1) the absence of QCT trajectories with
impact parameters larger than 5 a0, (2) the inclusion of both
elastic and inelastic scattering in the total scattered 16O signal,
and (3) uncertainties in extrapolating the forward scattered
experimental 16O P(ET) distribution at 0 from measurements
at larger angles (Θ g 6).
B. Isotope Exchange Reaction: 16O(3P) + 12C18O2 f 18O +
16 12 18
O C O. Isotope exchange reactions were observed by detecting the 16O12C18O product at m/z = 46. As described above, this
product arises from reactions of 12C18O2 with both 16O and 16O2.
We assigned the fastest reactively scattered 16O12C18O products
in these experiments to O-atom exchange reactions between
16
O2 and 12C18O2 occurring at Ecoll ∼ 160 kcal mol1, because
energy conservation would have been violated if these products
had been assigned to isotope exchange collisions of 16O(3P) with
12 18
C O2. The higher collision energy is a consequence of the
larger mass of O2 relative to O. The remaining m/z = 46 product
signal is a result of O(3P) + CO2 isotope exchange reactions. The
analysis of the isotope exchange reaction with O2 was reported
earlier.59
Five representative laboratory-frame TOF distributions for the
16 12 18
O C O product are shown in Figure 10. The ﬁts to the TOF
distributions are decomposed into the contributions from the
two reactions, exchange with O and with O2. The laboratory
angular distributions and the c.m. translational energy and
angular distributions that are derived from the laboratory TOF
and angular distributions are also shown in Figure 10. These
distributions only pertain to the isotope exchange reaction with O.
Figure 11 shows the corresponding experimental velocity-ﬂux
contour diagram for the 16O12C18O product.

Figure 7. Velocity-ﬂux contour diagram for inelastically scattered
12 18
C O2 from 16O(3P) + 12C18O2 collisions in the c.m. frame. The
white arrows are the initial 16O(3P) and 12C18O2 velocity vectors, and
the dashed white line is the maximum recoil velocity for 12C18O2. Only
the c.m. angles for which the experiment was sensitive are shown.

ÆETæ = 40.1 kcal mol1, or 41% of the available energy. The other
pair of P(ET) and T(θc.m.) distributions described the scattering at
60 < θc.m. < 125. θc.m = 125 is the largest angle that was experimentally observable (see Figure 4). It should be noted, however,
that the true c.m. angular distribution for 12C18O2 undoubtedly
increases sharply for θc.m. > 120. The P(ET) distribution derived
from the 12C18O2 TOF distributions had a maximum near 65 kcal
mol1, with ÆETæ = 63.8 kcal mol1, or 65% the available energy.
The c.m. velocity-ﬂux contour diagram for inelastically scattered 12C18O2 is shown in Figure 7. The stronger and faster
backward-scattering component rises with increasing angle but is
restricted by the detectable angular range to θc.m. < 125. The
slower, forward-scattered component is essentially isotropic for
θc.m. < 60. Our use of two pairs of P(ET) and T(θc.m.)
distributions to ﬁt the laboratory data is similar to previous
studies in which nonreactive scattering of Cl + C3H8 and
hyperthermal O(3P) + C2H6 was investigated.55,61
Similar results were observed for nonreactive scattering of
16
O2 from 12C18O2 with a collision energy of 158 kcal mol1 (see
the related discussion in SI), though the P(ET) is less sharply
peaked. There is a similar broad angular distribution of slow
12 18
C O2 products scattered in the forward direction, though the
translational energy distribution peaks at higher ET.
There were several sources of uncertainty in the experimental
data and in the forward convolution. First, the broad O(3P)
velocity distribution in the experiment, and the resulting broad
collision energy distribution, leads to broadening of the P(ET)
distribution and could mask an underlying structure in this
distribution. Second, the presence of the O2 + CO2 collisions
renders the higher ET portion of the P(ET) less certain.
Constraints from the backward-scattered component of the
laboratory TOF distributions were also limited due to the t3
dependence of the scattered product intensity in the laboratoryto-c.m.-frame Jacobian transformation (see SI), which reduces
the instrument’s sensitivity to backward-scattered products. Consequently, the angular distribution of products near θc.m. = 180 is
less certain.
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Figure 8. Opacity functions for the O(3P) + CO2 isotope exchange reaction and for inelastic scattering obtained from the QCT calculations.

Laboratory data for O(3P) + CO2 isotope exchange reactions
at ÆEcollæ = 98.8 kcal mol1 show a preference for backward
scattering relative to the reagent oxygen atom direction (i.e.,
toward θc.m. = 180), with the isotopically exchanged products
having relatively low translational energies (ÆETæ = 0.35Eavail).
Signiﬁcant forward and sideways scattering of products was also
observed in addition to backward scattering; the T(θc.m.) distribution indicates that products scattered in the range 0 < θc.m.
< 90 do so with nearly equal probability, and that scattered
products become increasingly more probable as θc.m. approaches
180. On average, the two products had 34.8 kcal mol1 of
total translational energy, with the P(ET) distribution peaked at
∼30 kcal mol1 (see Figure 10b).
Experimental uncertainties in the isotopic exchange data
analysis are similar to those in the nonreactive scattering and
include the broad velocity distribution of the hyperthermal
O(3P) beam, the presence of the O2 + CO2 isotope exchange
channel, which was not fully resolved from the forward-scattered
16 12 18
O C O peak in the laboratory TOF and rendered the higher
ET portion of the P(ET) distribution less certain, and uncertainty
in the angular distribution of products near θc.m. = 180 resulting
from reduced sensitivity of the backward-scattered component of
the laboratory TOF distribution due to Jacobian factors.
Trajectories leading to isotope exchange were found in the
QCT calculations above a threshold collision energy. Energydependent reaction cross sections for isotope exchange were
calculated from the QCT data (see Table 3). These calculated
excitation functions had the same shape at the B3LYP/6-311G(d) and BMK/6-311G(d) levels of theory, with the BMK result
being slightly oﬀset to higher energies relative to the B3LYP
result. This oﬀset is consistent with the 7.3 kcal mol1 (0.32 eV)
higher TS1 barrier for isotope exchange predicted by BMK.
Opacity functions for the isotope exchange reaction, P(b), are

shown in the upper panels of Figure 8; these functions computed
on the two surfaces are similar. They appeared to reach a maximum of P(b) ∼ 0.2 at b ∼ 1.5 a0, with the peak becoming
more prominent with increasing collision energy and shifting to
slightly higher impact parameters. The maximum impact parameter is in qualitative agreement with our estimates from the
line-of-centers model.
The theoretical T(θc.m.) and P(ET) distributions derived from
the QCT calculations at Ecoll = 103.7 kcal mol1 are compared
with the experimental data in Figure 12, where ÆEcollæ = 98.8 kcal
mol1. The theoretical trajectories were summed into energy
bins of ∼11.5 kcal mol1. Generally good agreement between
experiment and theory was observed. Calculations at both levels
of theory show a preference for backward-scattered 16O12C18O
products. Both levels of theory predict a translational energy
distribution that is peaked at relatively low energies with a long
tail at higher energies. The experimental peak ET (∼30 kcal
mol1) lies somewhat below the most probable translational
energies predicted by the QCT calculations (∼40 kcal mol1).
The ÆETæ of 34.8 kcal mol1 obtained from the experimental
P(ET) is somewhat less than those obtained from the B3LYP
(ÆETæ = 43 ( 15 kcal mol1) and BMK (ÆETæ = 47 ( 16 kcal
mol1) trajectories. Overall, the experimental and theoretical
results both indicate that a signiﬁcant amount of the collision
energy is transferred to internal degrees of freedom during the
O(3P) + CO2 isotope exchange reaction. Uncertainty in the
product translational energy distribution from the QCT data
arises from the binning process used to obtain better statistics in
the distribution; the width of each ET bin was ∼11.5 kcal mol1,
so disagreements in the P(ET) peak locations between theory and
experiment on the order of 10 kcal mol1 are not unreasonable.
An examination of the trajectories revealed that during O(3P) +
CO2 collisions that resulted in oxygen isotope exchange, the
74

dx.doi.org/10.1021/jp2080379 |J. Phys. Chem. A 2012, 116, 64–84

The Journal of Physical Chemistry A

ARTICLE

(12C18O+) could not be observed because of high background
signal from 12C18O2 fragmentation in the ionizer. From the
laboratory data, we obtained a product P(ET) distribution peaked
at 56 kcal mol1, indicating that 18O16O + 12C18O products had
55.0 kcal mol1 of translational energy, or 61% of the available
energy, on average. No products were detected at m/z = 36 (18O2+).
A very small number of trajectories in the QCT calculations led to O2 + CO products. This channel opens at collision
energies above 100 kcal mol1, signiﬁcantly higher than the
threshold for onset of the exchange channel (see Table 3), which
is consistent with the higher transition-state barriers, TS2 and
TS3, for the abstraction reaction. Because only a small number of
these reactions were observed, the amount of mechanistic insight
provided by the QCTs is somewhat limited. Essentially no
trajectories resulted in oxygen-atom abstraction at the collision
energy of the experiment, but there is no contradiction, as only
400 trajectories were run at any given energy.
In the QCT calculations at the B3LYP/6-311G(d) level of
theory, 11 (out of 400) trajectories yielded O2 + CO products at
Ecoll = 149.9 kcal mol1. The reaction occurred in one of two
ways: through a stripping-type mechanism or by way of a CO3*
complex. In the stripping-type mechanism (see Figure 15a), the
incoming oxygen atom interacts mainly with one of the oxygen
atoms on CO2 to form TS3 directly. The CO bond then breaks,
releasing O2 + CO products. Only two of these stripping-type
trajectories were observed. The remaining nine trajectories,
as well as all of the other trajectories that produced O2 + CO at
other collision energies or when BMK was used, proceeded through
a CO3*-complex mechanism (see Figure 15b and example trajectories in SI). In that mechanism, the incoming oxygen atom
interacted ﬁrst with the carbon atom of CO2 to form a short-lived
CO3* complex, which rarely survived more than one vibrational
period. An oxygen atom was then released, subsequently interacting
with a CO2-bound oxygen atom as the CO2 rotated. The system
then passed through a TS2-like structure as an OO bond formed
and the adjacent CO bond broke to form O2 + CO products.
The stripping-type mechanism would produce 18O16O molecules exclusively, whereas the CO3*-complex mechanism can
produce 18O2 in addition to 18O16O. One of the 27 O-atom
abstraction trajectories led to 18O16O products, by way of a CO3complex mechanism. It is not possible to infer much from a single
trajectory result, but it does indicate that such a process is viable.
In the laboratory experiment, we did not observe any m/z = 36
products, but our signal-to-noise ratio would almost certainly
preclude detection of a channel that represented <5% of the
already weak O-atom abstraction signal at m/z = 34.
D. Relative Product Yields. Experimental relative product
yields were calculated from the integrated cross sections for each
channel, which were obtained from the forward-convolution
simulations of the TOF data. Because the signal at m/z = 46
contained contributions from both 16O(3P) + 12C18O2 and 16O2 +
12 18
C O2 collisions, the forward-convolution fits for 16O2 + 12C18O2
isotope exchange were subtracted from the laboratory TOF data
before the 16O(3P) + 12C18O2 cross section was calculated.
The resulting integrated cross sections were scaled by their
electron-impact ionization cross sections and fragmentation
patterns for the comparison. The transmission through the
quadrupole mass filter was assumed to be the same for all
the small molecules examined here. Using this method, we calculated branching fractions for nonreactive scattering (0.984),
oxygen-atom abstraction (4  106), and oxygen isotope
exchange (0.016) based on the integrated cross sections obtained

Figure 9. Comparison of laboratory and theoretical c.m. (a) angular
and (b) translational energy distributions for nonreactive scattering of
O(3P) and CO2 at ÆEcollæ ≈ 100 kcal mol1. Laboratory distributions are
obtained from the scattered 16O data only (Figure 5). Distributions were
binned using the bin midpoints shown here. The inset in the ﬁrst panel
shows the same data but with an expanded ordinate axis.

incoming oxygen atom interacted with the carbon atom on CO2
to form a CO3* complex (see Figure 13 and the sample trajectory
animations in SI). In some cases, the CO3* complex existed for
less than one vibrational period (the reaction is nearly direct),
while in others it existed for several vibrational periods. After
some time (typically e200 fs), one of the oxygen atoms that was
initially part of the CO2 detaches to leave behind a new CO2
molecule. Head-on collisions at higher collision energies tended
to form complexes existing for shorter times than those formed
similarly at lower energies. Higher energies also tended to form
CO3* complexes that tumbled g360 in the plane of the reaction.
In all cases, however, the CO3* complex lasted less than a
picosecond. The preference for backward scattered O atoms
results from direct collisions, in which the departing O atom is
ejected in a displacement mechanism. Dissociation of an O atom
from the complex otherwise has no angular preference.
C. Oxygen-Atom Abstraction Reaction: 16O(3P) + 12C18O2 f
18 16
O O + 12C18O. Reactively scattered 18O16O products detected at m/z = 34 were clearly observable at Θ = 6, barely
detectable at Θ = 10, and undetectable at Θ = 14 (see Figure 14).
Due to the weak signal of 18O16O, the TOF distributions were
only collected at these three angles. While this laboratory-frame
angular dependence may imply that 18O16O products are mainly
forward-scattered, we cannot rule out backward scattering because the experiment was not sensitive to it (see Figure 4).
Therefore, the c.m. angular distribution is not reported here. The
signal corresponding to the counter products at m/z = 30
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Figure 10. (a) Laboratory TOF, (b) c.m. translational energy, and (c) c.m. and (d) laboratory angular distributions for 16O12C18O products of the
16
O(3P) + 12C18O2 f 18O + 16O12C18O reaction at ÆEcollæ = 98.8 kcal mol1. The circles in (a) and (d) are experimental data, while the lines are the bestﬁt forward-convolution simulations of the experimental data derived from the c.m. translational energy and angular distributions shown in (b) and (c),
respectively. In (a), the best-ﬁt forward-convolution simulations of 16O12C18O products from 16O(3P) + 12C18O2 collisions (black dot-dashed lines) are
shown with those from 16O2 + 12C18O2 collisions at ÆEcollæ = 158.1 kcal mol1 (blue dashed lines).60 The error bars in (d) represent 2σ uncertainties in
the integrated experimental TOF distributions (see Appendix A).

at m/z = 16, 34, and 46, respectively. The accuracy of the laboratory-integrated cross sections depends on the accuracy of the
best-fit c.m. angular and translational energy distributions. One

major uncertainty is in the need to extrapolate the magnitude of
the large forward scattered 16O at angles θc.m. < 4; this should
lead to uncertainties in the branching fraction of 2σ = 0.05
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Figure 13. Snapshots of a QCT for O(3P) + CO2 isotope exchange
through a short-lived CO3 complex at 34.6 kcal mol1 collision energy.
The incident oxygen atom is highlighted for clarity.

transmission than higher mass-to-charge ratios. Thus, the relative
yield of reactive products is probably overestimated, although we
are not able to quantify the error.
Theoretical yields were estimated from the fraction of trajectories that led to reaction products. However, the current theoretical product yield for the isotope exchange reaction is an
overestimate, because the range of impact parameters sampled
was cutoﬀ at 5 a0, below the collision diameter. As can be seen in
the lower panel of Figure 8, the inelastic opacity function remained
roughly constant over the entire range of impact parameters studied
with no sign of falling oﬀ at 5 a0, indicating that only a subset of the
nonreactive scattering was captured by the trajections.
Experimental branching fractions for the isotope exchange
reaction at ÆEcollæ = 98.8 kcal mol1 and those calculated from the
QCT calculations at Ecoll = 103.8 kcal mol1 are shown in
Table 4. The apparent agreement is fortuitous, as the range of
impact parameters sampled in the theoretical results is truncated and both the theoretical and laboratory results have
signiﬁcant uncertainties; but the predicted and observed
yields are certainly of the same order of magnitude, and they
are both upper limits.

Figure 11. Velocity-ﬂux contour diagram for 16O12C18O products from
16
O(3P) + 12C18O2 collisions in the c.m. frame. The white arrows are the
initial 16O(3P) and 12C18O2 velocity vectors, and the dashed white line is
the maximum recoil velocity for 16O12C18O.

V. DISCUSSION
A. Dynamics of Nonreactive Scattering. The agreement
between experiment and calculations indicate that together our
results provide a consistent description of the nonreactive (elastic
and inelastic) scattering of O atoms and CO2. The scattering is
dominated by strong forward scattering of the O(3P) atoms
accompanied by minimal energy transfer. Large-impact-parameter collisions result in forward-scattered O atoms with little
energy transferred (<10%) and a rapid decrease in scattered
O-atom flux at larger angles. Scattering at the larger angles, which
we observed experimentally as forward scattered 12C18O2
products, required a second set of P(ET) and T(θc.m.) distributions with significant energy transfer and essentially flat angular
distribution in the sideways and forward directions. Thus, the
product translational energy decreases as 12C18O2 becomes more
forward-scattered with respect to the direction of 16O (small
θc.m., corresponding to low-impact-parameter collisions), that is,
the 12C18O2 are more internally excited in rebound collisions.
Similar results have been observed in our studies of hyperthermal
collisions of O(3P) with D2, CO, and C2H6,5355 of Ar with
C2H6 and, in the current results, O2 + CO2.
Hyperthermal inelastic scattering occurring via repulsive interactions has been studied in detail in a joint theoretical/experimental study on hyperthermal Ar + C2H6.63 With ethane as
the collision partner, there are a large number of internal
degrees of freedom into which translational energy can be
transferred upon collision. Calculated trajectories demonstrated the dependence of energy transfer on the impact parameter;

Figure 12. Comparison of laboratory and theoretical c.m. (a) angular
and (b) translational energy distributions for the O(3P) + CO2 isotope
exchange reaction at ÆEcollæ ≈ 100 kcal mol1. Distributions were binned
using the bin midpoints shown here.

(31%).62 The oxygen-atom abstraction yield is a lower bound
because only a portion of the Newton sphere was observed (see
Figure 4). Another uncertainty is in the assumption of massindependent transmission of the quadrupole mass filter. Experience has shown that the lower mass-to-charge ratios have a lower
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Figure 14. (a) Laboratory TOF, (b) c.m. translational energy, and (c) laboratory angular distributions for 18O16O products of the 16O(3P) + 12C18O2 f
18 16
O O + 12C18O reaction at ÆEcollæ = 98.8 kcal mol1. The circles in (a) and (c) are experimental data, while the lines are the best-ﬁt forwardconvolution simulations of the experimental data derived from the c.m. translational energy distribution shown in (b). The error bars in (c) represent 2σ
uncertainties in the integrated experimental TOF distributions (see Appendix A).

Figure 15. Snapshots of QCTs for the O(3P) + CO2 f O2 + CO reaction. (A) A stripping-type mechanism at 149.8 kcal mol1 collision energy
calculated at the B3LYP/6-311G(d) level of theory. (B) A CO3 reaction-complex mechanism at 126.7 kcal mol1 collision energy calculated at the
BMK/6-311G(d) level of theory. The incident oxygen atom is highlighted for clarity.

P(E T ) distribution) for rebound collisions at energies of
2.65 eV, in good agreement with the experimentally observed
distributions.

collisions at small impact parameters transfer more energy
into vibration, reaching an asymptotic limit of approximately 20% energy transferred (8691% at the peak of the
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We ﬁnd semiquantitative agreement between the experimental isotope-exchange results and the QCT-derived dynamics (see
Figure 12). The angular distributions are in good agreement, but
the calculations signiﬁcantly overestimate the translational energy of
the products. The P(ET) distribution is predicted to peak rather
sharply at ∼40 kcal mol1, whereas the experimentally observed
distribution is slower and much broader (ÆETæ = 35 kcal mol1),
peaking at 30 kcal mol1. There are several possible explanations.
Experimentally, we detect 16OC18O products from collisions of
both O and O2 with C18O2 and have assigned the faster signal to
scattering with O2; it is thus possible that some faster 16OC18O
signal from O + CO2 was attributed to O2 + CO2. The QCT
calculations are performed on B3LYP and BMK surfaces, which
may not correctly describe the exit channel surface (B3LYP
underestimates the barrier height by 6 kcal mol1, though the
BMK barrier agrees well with the W4 FCI limit). Errors in the
surface may lead to errors in the coupling of translation and
internal modes in the exit channel. Finally, both surfaces underestimate the depth of the CO3 well (by 23 kcal mol1 out of
7.8 kcal mol1), which will cause QCT calculations to underestimate the lifetime of the CO3 complex and the energy transfer to
internal degrees of freedom.
The role of multiple potential energy surfaces may also be
important. The QCT dynamics assume that the O(3P) + CO2
isotope exchange reaction occurs entirely on the lowest triplet
surface, of 3A00 symmetry, whereas the reaction can sample three
diﬀerent triplet PESs (one of 3A0 symmetry and two of 3A00
symmetry in planar conﬁgurations). Critically, two surfaces (one
3 0
A and one 3A00 ) are nearly degenerate in the region of CO3, with
the transition state for the 3A0 surface only 2.69 kcal mol1 above
that for the ground state. Collisions on both surfaces are thus
likely to be important. Breaking of the plane of symmetry will
lead to mixing of the states as the reactants approach each other,
which should promote surface hopping.
Vibronic coupling could be especially signiﬁcant in the CO3
intermediate. In EOM-EE(2,3) calculations, Kowalzcyk and
Krylov64 have predicted that there are two low-lying triplet states
of CO3 in D3h symmetry, 3E0 and 3E00 states, with vertical
excitation energies of approximately 1.11.2 eV above a computed singlet D3h state. Both of these states must exhibit the
JahnTeller eﬀect. These predicted states (which are not
geometrically optimized) lie fairly close to the 3A0 and 3A00 states
that we ﬁnd in this work. Those states are nearly degenerate at
the CO3 minimum, split by only 0.07 kcal mol1 at the W4 full
CI/all electron level (see last column, Table 1), presumably the
bound JahnTeller components of the predicted 3E0 and 3E00
states. The likelihood of strong vibronic coupling eﬀects raises
some concerns about the validity of density functional treatment
of the CO3 intermediate. Furthermore, from the existence or
near excistence of two seams of conical intersections in the center
of the CO3 space, we conclude that there is likely to be extensive
vibronic coupling among all of these states in the course of
reactions proceeding through the CO3 intermediate. Even if
these intersections eventually funnel the reactants back onto the
lowest triplet state, they would increase the phase space sampled in
the CO3 region, leading to longer lifetimes and more energy relaxation than predicted by our classical mechanics on a single surface.
Trajectories proceeding through the complex intermediate
can lead to either isotope exchange or inelastic scattering. The
identity of the dissociating oxygen atom determines the reaction’s
classiﬁcation: if the dissociating oxygen atom is one originally on
CO2, then the trajectory is reactive; if it is the incident oxygen

Table 4. Comparison of Experimental and Theoretical
Yields for the Products of O(3P) + CO2 Collisions near
100 kcal mol1 a

a

nonreactive scattering

oxygen isotope exchange

experiment

0.984(10)

0.016(10)

B3LYP/6-311G(d)

>0.982

<0.018

BMK/6-311G(d)

>0.981

<0.019

Uncertainty in experimental yield is 2σ.

The extent of energy transfer in rebound hyperthermal collisions (seen in forward scattering of the partner) varies considerably with system. The diﬀerences appear to reﬂect in part the
available degrees of freedom. As described above, in Ar + ethane,
the products from rebound collisions retained approximately
80% of the initial energy in translation. In hyperthermal O(3P) +
C2H6 collisions, the forward scattered C2H6 P(ET) peaks at
approximately 60%, in good agreement with theory. In comparison, in hyperthermal collisions of O(3P) with diatomic
CO, 84% of the energy remained in product translation and
was independent of angle; the data could be ﬁt with a single
set of P(ET) and T(θc.m.) distributions. Energy transfer to
a diatomic molecule such as CO has a low probability unless
resonant.
We observed signiﬁcant energy transfer in the O(3P) + CO2
system, with an average of only 41% of the collision energy
remaining in product translation. Such a large extent of energy
transfer is at ﬁrst glance surprising, given that CO2 has only three
vibrational degrees of freedom. In contrast to the other systems,
the O + CO2 system possesses a signiﬁcant bound intermediate
CO3, and collisions at small impact parameters can sample the
CO3 intermediate. Thus, we postulate that a second energy
transfer mechanism, “failed” reactive trajectories, may be important. A 16OC18O2* complex can dissociate to yield products
corresponding to either inelastic scattering or isotope exchange,
depending on the identity of the departing atom. Large energy
transfers would result from such failed reactive trajectories, if
energy is signiﬁcantly randomized during the lifetime of the
complex. There is in fact a weak low energy tail in the P(ET)
distribution in 16O(3P) + C18O collisions (0.5% of the scattered
C18O have only <20% of the collision energy remaining in
translation), which has similarly been attributed to failed reactive
collisions.53 Inelastic scattering via a complex mechanism is discussed in more detail below.
B. Dynamics of Isotope Exchange and the CO3-Complex
Mechanism. The theoretical results on 16O(3P) + 12C18O2 f
18
O + 16O12C18O collisions, though not entirely matching experimental results, provide a framework for interpreting the isotope
exchange reaction as occurring via a relatively shallow CO3
intermediate. The ab initio calculations indicate that O(3P)
atoms colliding with CO2 at translational energies of ET = 100
kcal mol1 have energies significantly above the barrier (24 kcal
mol1) for formation of the triplet CO3 intermediate. The well of
the CO3 intermediate is relatively shallow (ΔEel = 7.76 kcal
mol1 at the W4 FCI limit). At these high energies, while many
QCT trajectories become trapped in the CO3 complex, the well
is sufficiently below the collision energy that some collisions are
direct displacement reactions; these trajectories lead to the
observed preference for backward scattering. In reactive trajectories that form a complex, the intermediate lives for up to several
vibrational periods and is short-lived (τ < 1 ps).
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atom, then the trajectory is inelastic. The possibility of a common
intermediate is most evident in the forward-scattered CO2
products of the two channels. The angular (for angles <90)
and translational energy distributions for forward scattered CO2
products from inelastic scattering (see Figure 6) are very similar
to those from isotope exchange (Figure 12). These results would
suggest that the large energy transfer seen in inelastic O(3P) +
CO2 rebound collisions is in fact due to collisions occurring via
the CO3 intermediate.
There are some diﬀerences in the dynamics of the forwardscattered CO2 products of inelastic versus reactive scattering
collisions. At larger angles (less rebound-like), the inelastic T(θc.m.)
distribution starts to increase rapidly, most likely due to contributions
from higher impact parameter collisions on the repulsive wall. In
addition, the slow inelastic P(ET) distribution (ÆETæ = 41 kcal mol1)
is shifted to higher energies relative to the isotope exchange
P(ET) distribution (ÆETæ = 35 kcal mol1). This diﬀerence may
have several possible sources, including (1) experimental uncertainty, since reactive signals in both channels are blended with
the O2 + CO2 inelastic scattering signal, (2) contributions from
direct rebound inelastic collisions that do not sample the well,
and (3) diﬀerences in dynamics of 16O versus 18O dissociation
from the complex (i.e., the complex retains memory of the initial
collision).
The data are not consistent with a mechanism involving a
long-lived intermediate. In this model, complexes with deep wells
or which are formed at low collision energies can persist for times
longer than a rotational period. In this case, the lifetime of the
complex determines the c.m. angular and translational energy
distributions of product CO2. Longer-lived CO3 complexes
should yield smaller average translational energies, because they
will have more time to redistribute the initial translational energy
to internal degrees of freedom. If the lifetime is longer than a
rotational period, there should be no memory of the initial
impact direction, resulting in a symmetric product angular
distribution.
Our results, however, are more consistent with a single direct
mechanism via a short-lived complex. We observe that one P(ET)
distribution successfully ﬁts the experimentally observed energy
release at all c.m. angles. The QCT calculations indicate that the
complex is formed but lives for at most a few vibrational periods.
If the complex lifetime is short, the broad angular distribution
would be caused by dynamical eﬀects, rather than by rotational
averaging of the dissociation vector over all complex orientations.
Once over the barrier, formation of the CO3 complex suggests
that the identity of the O atoms becomes scrambled and that
memory of which O atom is the incident one is lost (this does not
require, however, that the energy be statistically randomized).
The extent of isotopic scrambling could come from measuring
the ratio of forward scattered CO2 products in the inelastic
channel versus isotope exchange.
Despite the short predicted lifetimes, experiment and theory
indicate substantial energy randomization in the complex. The
P(ET) distribution peaks at 35 kcal mol1, only 9 kcal mol1
above the predicted height of the exit channel barrier. Because
the exit channel potential surface is likely to be steep, we expect
that much of the barrier potential energy will be released into
product translational energy. The experimental results are thus
consistent with substantial if not complete energy randomization
within the CO3 complex.
Intersystem crossing (ISC) to form O(1D) could also account
for some or all of the observed isotope exchange products. O(3P)

+ CO2 collisions on the lowest triplet surface could, in principle,
cross to the 1A0 surface to yield reactively scattered O(1D) + CO2
products (ΔH = 46 kcal mol1). As can be seen in Figures 6b and
12b, most of the products are formed with enough internal
energy to allow for the presence of excited O(1D) atoms. We
evaluated the possibility of ISC in our experiments by performing
forward-convolution ﬁts of the laboratory data that included the
46 kcal mol1 endothermicity of O(1D) versus O(3P). Satisfactory ﬁts of the laboratory TOF and angular distributions were
obtained (see Figure S7); consequently, ISC cannot be ruled out
by the experimental data. No evidence for ISC was observed
during our previous dynamics studies performed at similar
hyperthermal velocities;52,54 however, the possibility of ISC
depends on the location of the seam of surface intersection for
any given system, because the probability decreases exponentially
with increasing relative velocity.65,66 In the case of O + CO2,
Kowalczyk and Krylov64 and Liu et al.67 have found several lowlying singlet CO3 states, in addition to the triplet states of CO3
described above. Mebel et al. have found one intersection near
the O(1D) + CO2 entrance channel to form singlet CO3, and
other singlettriplet crossings in the vicinity of bound CO3 are
possible.6 Favorable FranckCondon factors could lead to
relatively facile singlettriplet conversion, while the system
samples the CO3 subspace.
This mechanism for the O(3P) + CO2 isotope exchange
reaction can be compared with that observed by Perri et al. in
molecular beam experiments on the isotope exchange reaction of
O(1D) + CO2 at low collision energies, ÆEcollæ = 4.2 and 7.7 kcal
mol1.12,13 These authors observed two channels for isotope
exchange: exchange with and without spin-quenching, O(1D) +
CO2 f O(3P) + CO2 and O(1D) + CO2 f O(1D) + CO2. In
those experiments, the reactively scattered CO2 products had an
isotropic (forwardbackward symmetric) angular distribution;
those results were evidence for a CO3 intermediate complex that
lasted for at least several rotational periods (>1 ps). The singlet
CO3 intermediate is predicted to be 48.8 kcal mol1 deep, with
no barrier on the singlet surface.6 Two channels were observed,
with average translational energies of 3.1 and 27 kcal mol1. The
authors attributed the large energy release in the second, major
channel to intersystem crossing to the lower triplet potential
energy surface (the translational energy corresponds to ∼50% of
the available energy including the exothermicity to form O(3P)).
C. Dynamics of Oxygen Abstraction. Our laboratory observation of 16O18O products together with the handful of QCT
trajectories provide evidence for the presence of a weak oxygen
abstraction reaction channel (8). The results thus far, however,
are too preliminary to shed much light on the dynamics. There
are indications that spectator stripping might be important, but
the weak signal limits our ability to detect all but the fastest
products (in the LAB frame) in a very narrow angular range,
biasing the results in favor of detecting backward-scattered
products (which would be a signature of a stripping mechanism).
The QCT calculations find “stripping-type” oxygen abstraction
trajectories only at the highest energy studied, Ecoll = 149 kcal mol1,
7080 kcal mol1 above the barrier. At much lower collision
energies, stripping may not be relevant, as most of the kinetic energy
will be required to overcome the barrier and thus only the lowestimpact-parameter collisions can lead to reaction, that is, little energy
will be available to be tied up as angular momentum.
Oxygen abstraction must proceed through TS2 or TS3.
Hammond’s postulate states that, for endothermic reactions,
the transition state should be late and product-like. The small
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and 34.6 kcal mol1 suggest, however, that isotope exchange is
direct at collision energies just above the reaction barrier (see
Figure 13).
Of course, one must be careful to distinguish between nonstatistical energy randomization and nonstatistical isotope effects; for example, formation of CO3 even within a vibrational
period could lead to all three CO bonds being equally likely to
dissociate, even if the energy is not distributed according to
RRKM theory. Thus, even a “direct” reaction could lead to a
“statistical” distribution of isotopically substituted products.
The overall importance of O(3P) + CO2 isotope exchange
reactions to oxygen cycling in the atmosphere depends on both
the excitation function of the reaction and the proportion of
O(3P) in the atmosphere with suﬃcient translational energy to
surmount the reaction barrier. The best W4 energy for TS1 (3A00 ,
24.08 kcal mol1) implies that relative velocities of g3 km s1
are required to open the isotope exchange channel; ozone
photolysis in the Hartley band (220310 nm) and at shorter
wavelengths yields O(3P) + O2(3Σg) photofragments having a
broad translational energy distribution, with a signiﬁcant population having translational energies of 25100 kcal mol1.2,7882
Furthermore, the quantum yield of fast O(3P) appears to increase
with decreasing wavelength, with a branching fraction of at least
17% at 193 nm.2,82 Our hard-sphere collision modeling (see refs
78 and 79 for method details) using (1) an approximate O(3P)
velocity distribution based on that reported by Stranges et al.2 for
O3 photodissociation at 193 nm, and (2) cross sections for the
electronic and velocity relaxation of oxygen atoms by N2,83,84
suggests that the size of the reactive O(3P) reservoir could be as
high as several percent that of O(1D). Future theoretical and
experimental studies can elucidate the shape of the reaction’s
excitation function near the threshold and the O(3P) photofragment yield and velocity distribution across the actinic spectrum;
these data are needed before an appropriate atmospheric simulation can be constructed. We note that a recent laboratory study of
the O2/O3/CO2 photochemical system showed deviations from
modeled results at long irradiation times (t ∼ days) when a mercury lamp was used as an actinic light source (185 and 254 nm
emission lines);16 a minor O(3P) + CO2 isotope exchange
channel could address part of this discrepancy as well as some
of the disagreements between earlier studies of O2/O3/CO2
photochemistry.10,11,14,15 This hypothesis awaits further testing,
however, perhaps with systematic studies of the O2/O3/CO2
photochemical system as a function of actinic wavelength.

endothermicity relative to the barrier height for oxygen-atom
abstraction (see Table 1) suggests, however, that TS2 and TS3
should be more reactant-like. Indeed, the bond lengths of CO
and O2 are signiﬁcantly longer in TS2 and TS3 than at equilibrium for the individual molecules, which are 1.14 and 1.21 Å,
respectively, calculated at the CCSD(T)/aug-cc-pVTZ level of
theory.
It seems plausible that reaction (8) may ﬁrst proceed with
O-atom attack on the carbon, which has a signiﬁcantly lower
barrier and allows the O atom to form an activated complex with
the CO2. The preliminary QCT calculations indicate that O2 is
then formed as a departing oxygen atom attaches to another O
atom. The CO3-complex mechanism requires that the initially
dissociating oxygen atom recoils slowly, providing suﬃcient time
for the nascent CO2 to rotate before the receding oxygen atom
moves too far away for any further OO interaction to occur.
This mechanism resembles the “roaming” mechanisms identiﬁed
for formaldehyde68 and acetaldehyde69 photodissociation. In
contrast, if the O-atom recoil is too fast and the atom leaving
the complex is diﬀerent from the one that initially approached the
CO2, an isotope exchange reaction would take place. Finally, if
the recoil is too fast and the oxygen atom that initially approached the CO2 leaves the complex, the result is inelastic
scattering. These intriguing preliminary ﬁndings need to be
corroborated by a more statistically meaningful number of
trajectories at the actual collision energy.
D. Atmospheric Implications. Our laboratory observation of
O(3P) + CO2 isotope exchange may be relevant for models of
oxygen isotope cycling in the middle and upper atmosphere
because the models do not currently include O(3P) + CO2
reactions explicitly. Only the O(1D) + CO2 isotope exchange
reaction (reaction barrier e1 kcal mol1) has been considered in
models of oxygen-isotope cycling through CO2, and the constraints offered by oxygen triple-isotope analysis (i.e., the 18O/16O
and 17O/16O ratios) have not been sufficient to rule out the presence of another important oxygen-cycling channel.17,7073 Recently, a study of stratospheric 16O13C18O revealed that the
isotopic budget of stratospheric CO2 may be more complex than
previously thought: the O(1D) + CO2 reaction, while it could
explain midlatitude variations in 16O13C18O proportions, could
not fully explain the proportions of 16O13C18O observed in the
polar vortex.16 Effects due to subsidence of the mesosphere and
heterogeneous chemistry in the polar vortex may be important.
Here, we suggest that O(3P) + CO2 reactions in the upper
atmosphere could signiﬁcantly aﬀect the oxygen isotope distribution in CO2. The O(3P) + CO2 isotope exchange reaction
could yield isotope eﬀects qualitatively diﬀerent from those in the
O(1D) + CO2 reaction because its mechanism is direct, unlike
the mechanism involving a long-lived CO3* intermediate for
the O(1D) + CO2 reaction.12,13 Instead, like the O3* complex in
the O(3P) + O2 isotope exchange reaction,74 the CO3* reaction
complex formed from O(3P) + CO2 is not suﬃciently long-lived
for its energy to randomize; thus, dynamical isotope eﬀects are
likely to be important to its isotope-speciﬁc branching fractions.
These types of nonstatistical isotope eﬀects are believed to play a
role in determining “anomalous” formation rates of stable O3
from the O3* complex for diﬀerent isotopologues.7577
As a result of limitations in the range of collision energies
available in our experiment, we were unable to investigate the
O(3P) + CO2 isotope exchange dynamics at or near the reaction
threshold, which is the collision-energy regime most relevant to
the atmosphere. Our calculated reactive trajectories at Ecoll = 23.1

VI. CONCLUSIONS
We have investigated the dynamics of O(3P) + CO2 collisions
at hyperthermal energies. Nonreactive scattering was dominated
by high-impact-parameter collisions, which did not perturb the
initial velocity of the reactants signiﬁcantly. Lower impact parameters resulted in increased translational-to-internal energy
transfer. Both oxygen isotope exchange and atom abstraction
reaction channels were observed. The oxygen isotope exchange
reaction displayed an angular distribution that is peaked in
the backward direction with a large amount of translational-tointernal energy transfer, suggesting that the reaction occurs at
low impact parameters through a short-lived intermediate CO3*
complex. This mechanism was supported by QCT calculations;
relative product yields and reaction cross sections that were in
agreement with experiment were obtained. The QCT calculations also suggested that O-atom abstraction reactions occur
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either through a stripping mechanism or by way of a CO3* complex, although the experimental data were insuﬃcient to suggest
either pathway. The isotope exchange reaction may be important for the oxygen isotope budget of the middle and upper
atmosphere because hyperthermal O(3P) is a product of O3
photolysis.
This work has further implications for previous computational
studies of hyperthermal O(3P) + CO2 scattering dynamics, as
previous PESs did not include the isotope exchange channel
when calculating cross sections for vibrational (stretch and/or
bend) excitation. Those studies, consequently, likely underestimated the cross sections for vibrational excitation. Furthermore,
the total vibrationally inelastic cross sections previously calculated are comparable to the reaction cross sections calculated in
this study. Explicit inclusion of this region of the CO3 PES is
necessary, particularly in light of our observations of “failed”
isotope exchange QCTs (inelastic products formed via the CO3
intermediate). These trajectories will impact the calculated statespeciﬁc cross sections of O(3P)CO2 energy transfer.
Lastly, nonadiabaticity during inelastic and reactive trajectories cannot be ruled out and its eﬀects should be investigated.
Both inelastic and reactive trajectories may be sensitive to the
coupling between the lowest triplet (3A00 ) PES and nearby
electronic surfaces. Moreover, the O(3P) atom is equally likely
to approach the CO2 on any of three surfaces (two 3A00 and one
3 0
A ), as these surfaces are degenerate at large OCO2 separations. In particular, there appears to be a second triplet potential
energy surface forming a CO3 complex with barrier and intermediate CO3 energies close to those of the lowest surface. The
existence of or near existence of two seams of conical intersection
at the CO3 intermediate indicates strong coupling during the
course of reaction. With ∼100 kcal mol1 collision energy, the
experiment may probe regions of the PES far from the TS1, TS2,
TS3, and CO3 structures; the presence of several other surfaces
(both triplet and singlet) within this energy range, the possibility
of vibronic eﬀects due to JahnTeller-like distortion, and the
inability of density-functional methods to capture the dynamics
quantitatively all suggest that a higher level treatment of the PES
may be necessary.

total TOF distribution using the following relations:
σ 2NðtÞbin ¼
and
σ 2IðΘÞ ¼

∑ σ2NðtÞ

bins

bin

where i and f represent the ﬁrst and last members of each data bin.
The standard deviation, σI(Θ), was calculated by taking the
square root of the variance. We note some degree of sensitivity
in the calculated σI(Θ) values on tbin because the N(t) distributions show signiﬁcant structure. Consequently, we have reported
conservative estimates of σI(Θ) using the minimum bin size of
tbin = 3 μs, or 3 data points per σN(t)2bin calculation.
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on the O(3P) + HCl system. Details of the experimental
parameters. The laboratory-to-c.m. frame coordinate transformation. Theoretical translational energy and angular distributions for
the isotope exchange reaction. Representative TOF distributions for
nonreactive O2 + CO2 collisions, their best-ﬁt forward-convolution
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Animations of representative O(3P) + CO2 trajectories: (1) oxygen
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free of charge via the Internet at http://pubs.acs.org.
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’ APPENDIX A: ESTIMATING THE UNCERTAINTY IN
THE LABORATORY-FRAME ANGULAR DISTRIBUTIONS
For this analysis, we treat the TOF distribution at a given
laboratory angle, Θ, as a type of Monte Carlo integration of
the “true” TOF distribution, and we estimate the variance in
the integrated area accordingly. Under this approximation, the
integrated area, I(Θ), is equivalent to the area of a rectangle
with a width equal to the total time range, ttotal, and height equal
to the average number density over that time range, ÆN(t)ætotal.
More formally, this relation can be written as a discrete sum over
the channels on the MCS, each of which corresponded to a
1 μs dwell time:
"
#
ttotal
1 ttotal
Nðti Þ ¼ ttotal
Nðti Þ ¼ ttotal ÆNðtÞætotal
IðΘÞ ¼
ttotal i ¼ 1
i¼1

∑

f

½tbin Nðti Þ2  ½tbin ÆNðtÞæbin 2
tbin ∑
i
1
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∑

The variance of I(Θ) must be evaluated as a function of time
because the number density at a given arrival time at the detector,
N(t), varied with ﬂight time in each TOF distribution. Consequently, the TOF distribution was further divided into a set of
bins for which the variance was calculated and summed over the
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