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The reaction of O2 with HOCO has been studied by using an ab initio direct dynamics method based on the
UB3PW91 density functional theory. Results show that the reaction can occur via two mechanisms: direct
hydrogen abstraction and an addition reaction through a short-lived HOC(O)O2 intermediate. The lifetime of
the intermediate is predicted to be 660( 30 fs. Although it is an activated reaction, the activation energy is
only 0.71 kcal/mol. At room temperature, the obtained thermal rate coefficient is 2.1× 10-12 cm3 molecule-1

s-1, which is in good agreement with the experimental results.

1. Introduction

The reaction of the hydroxyl radical with carbon monoxide,
OH + CO f H + CO2, is the major process by which CO is
removed by oxidation in combustion and atmospheric environ-
ments.1,2 There are many experimental3-15 and theoretical16-36

studies on its kinetics and dynamics. The reaction occurs via a
long-lived HOCO complex due to the existence of a deep well
along the reaction pathway. Accurate ab initio calculations26,28

show that the potential well for HOCO is as deep as 30.10 kcal/
mol with respect to the OH+ CO reactants. Since the
dissociation barrier of HOCO to the H+ CO2 products is also
very high, the HOCO intermediate can be significantly stabilized
by a third collision partner in a realistic reaction system. The
HOCO radical was first comfirmed by Milligan and Jacox37 in
a matrix spectroscopy study. Now, the structures26,28,38,39and
energetics of bothcis- andtrans-HOCO comformers are well-
established.

Pressure-dependent experimental studies40-44 have indicated
that there is an appreciable abundance of stabilized HOCO in
combustion and atmospheric environments, and it becomes
important to study the reactivity of the HOCO radical with other
radicals or molecules. Recently, a few reactions, including the
reactions of HOCO with NO, O2, and OH, have been
reported.41,45-49 In particular, the O2 + HOCOf HO2 + CO2

reaction is of the most importance in atmospheric and combus-
tion processes, since the O2 reactant has a large abundance. The
HO2 product is also a crucial species in chain reactions. Most
recently, the reaction pathways were investigated by Poggi and
Francisco48 using a high-level ab initio method. Their calcula-
tions suggested that both direct abstraction and addition mech-
anisms could coexist for this reaction. It is an activated reaction
with small transition-state barriers in the entrance channels.

However, kinetics and dynamics studies of the O2 + HOCO
reaction are scarce. To our best knowledge, only the thermal
rate coefficient at room temperature has been measured.41,46,47

The rate coefficient has been determined to be 1.44-1.9× 10-12

cm3 molecule-1 s-1, which is smaller by a factor of 5.5 than
that calculated for the OH+ HOCO reaction.49 The temperature
dependence of the thermal rate coefficient is unknown.

In this work, we have carried out an ab initio direct dynamics
study for this reaction. Here, the reaction mechanism and the
lifetime of the HOC(O)O2 intermediate complex are addressed.
Besides the detailed dynamics studies, the thermal rate coef-
ficients of the O2 + HOCO f HO2 + CO2 reaction are
calculated in the temperature range from 200 K to 1000 K.

2. Dynamics Method

The DualOrthGT program50 was used in the dynamics
calculations. Trajectories were propagated with a time step of
0.48 fs for a set of randomly sampled initial conditions, where
only the collision energy was held at a fixed value. The
orientation, rotational energy, and vibrational phases of reactants
were selected according to the canonical ensemble atT ) 300
K. The initial center-of-mass distance between the O2 and

HOCO reactants was set asF0 ) xR0
2+b2 with R0 ) 12.5 a0,

where b ) ú1/2bmax is the impact parameter. Here,ú is a
uniformly distributed random number in (0, 1), andbmax is the
maximum impact parameter. All trajectories were terminated
when the separation distance between any two fragments of the
system is larger than 9.0a0 once the reactants had collided.

The forces used in trajectory propagations are determined “on
the fly” by a hybrid DFT method,51 UB3PW91/6-31G(d). This
ab initio method was selected by minimizing the errors of the
relative energies of the stationary points on the ground-state
electronic surface of HOC(O)O2 with respect to the best ab initio
values of Poggi and Francisco.48 A comparison of the calculated
energies for the O2 + HOCOf HO2 + CO2 reaction is given
in Table 1. As labeled in ref 48, TSa refers to the transition
state for the O2 addition to HOCO to form a HOC(O)O2
intermediate, whereas TSb stands for its dissociation barrier to
the HO2 + CO2 products. TSc is the transition state for the
direct H-abstraction reaction from the reactants to the products.
Table 1 shows that the overall agreement is good. The mean
average errors are 1.9 kcal/mol. In particular, the barrier height
for the key transition state TSa is obtained as 1.15 kcal/mol,
which is comparable to the best value of 1.6 kcal/mol. In general,
the DFT method has slightly underestimated the barrier height,
but the major profile of the potential energy surface should be
acceptable in the dynamics studies for this reaction. In this work,
all electronic structure calculations were carried out using the
Gaussian 03program.51
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Reaction cross-sections at a collision energy ofET are
calculated as52,53

with the reaction probability

whereNr is the number of reactive trajectories of a total ofN
trajectories. The cross-section error is given by

From the total reactive cross-sections, and assuming a Maxwell-
Boltzman distribution over the translational energy, the thermal
rate coefficients are determined by

wherege ) 1/3 is the electronic statistical factor for the reaction
occurring on the ground electronic state, andµ is the reduced
mass of the reactants. Other symbols have their usual meanings.

During the simulated collisions, the molecular fragments and
shape of the collision system are identified using graph theory
as in our previous work.54 Similarly, we used a numerical tag
to trace the HOC(O)O2 complex so that its lifetime (τ) can be
extracted for each trajectory. Here, the chemical bond criteria
(see eq 9 in ref 54) for the formation of the complex areROO

) 3.6a0, RCO ) 3.9a0, ROH ) 2.8a0, andRCH ) 3.0a0. Finally,
the lifetime of the complex is calculated according to its survival
probability,PS(t), where the time zero (t ) 0) is defined by the
first formation of the HOC(O)O2 molecule in each trajectory,
as

3. Results and Discussion

We have carried out a total of 2228 trajectories at 5 given
collision energies. In the calculations, the maximum impact
parameter is set to bebmax ) 5.5 a0. This is a somewhat small
value for a radical-radical reaction, but consistent with the
character of the potential energy surface with a low barrier along
the reaction pathway. The dynamics results are summaried in
Table 2. Actually, 500 trajectories were run for each given
energy, but we discarded some trajectories that started in an
electronically excited state of the HOCO radical. For the

collision energies of interest, only the HO2 + CO2 product
channel is open.

Figure 1 shows the opacity function for the O2 + HOCO
reaction. Since the maximum impact parameters are not very
sensitive to the small range of collision energies, we have
combined data from all the collision energies in plotting this
figure in order to get a better statistical profile. The figure clearly
shows that the reaction probability is small, which implies that
it is a slow reaction.

Reactive cross-sections for the O2 + HOCOf HO2 + CO2

are displayed in Figure 2; also indicated are the calculated 68%
error bars. The results show that there is no significant threshold
energy for reaction, although it is an activated reaction. This is

TABLE 1: Relative Energies and Zero-Point Energies
(ZPE)a

species ∆E ZPE ∆H(0 K) ∆H(0 K)b

O2 + HOCO 0.0 15.33 0.0 0.0
HO2 + CO2 -43.78 15.90 -43.21 -46.8
(trans,trans)-HOC(O)O2 -38.94 18.57 -35.70 -38.2
TSa +0.72 15.76 +1.15 +1.6
TSb -32.16 16.01 -31.48 -33.4
TSc +1.08 14.83 +0.58 +3.5

a Values in kcal/mol and calculated with the UB3PW91/6-31G(d)
method, where the ZPEs are scaled by a factor57 of 0.9772, and the
energy zero is set at the reactant asymptote. The UB3PW91 energy is
-339.27869 au at the O2 + HOCO limit. b The QCISD(T)/6-
311++G(3df,3pd) energies taken from ref 48.

σr(ET) ) πbmax
2 Pr (1)

Pr ) Nr/N (2)

∆σr ) [N - Nr

NNr
]1/2

σr (3)

k(T) ) ge( 8

πµ(kBT)3)1/2∫0

∞
ETσr(ET) e-ET/kBT dET (4)

PS(t) ) e-t/τ (5)

TABLE 2: Dynamics Results for the O2 + HOCO Reactiona

ET/kcal‚mol-1 N Nr(Nd/NC) Pr σr/a0
2 ∆σr/a0

2

0.5 448 12(6/6) 0.02678 2.545 0.720
1.0 463 17(7/10) 0.03672 3.489 0.830
2.5 448 32(2/30) 0.07143 6.788 1.156
5.0 442 40(2/38) 0.09050 8.600 1.297
8.0 427 45(2/43) 0.10539 10.015 1.412

a Nd and NC are the number of direct abstraction and short-lived
complex reactive trajectories, respectively.

Figure 1. Opacity function for the total reaction probability of the O2

+ HOCO reaction calculated with all 2228 trajectories.

Figure 2. Reactive cross-sections for the O2 + HOCO reaction, where
the points with error bars are the calculated results together with the
fitting curve as a solid line.
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because the quasi-classical trajectories (QCT) can leak some
vibrational energy of the reactants into the relative translational
energy, which can lead trajectories to overcome the small
transition barriers in the entrance channel. As a result, the QCT
method will overestimate the reaction probability. On the other
hand, however, the missing treatment of quantum tunneling
effects for this hydrogen transfer reaction will underestimate
the reaction probability. In practice, these factors tend to
compensate each other well. As discussed by Guo et al.,55 the
final QCT results are usually accurate, especially for statistically
averaged quantities. Moreover, the reaction cross-sections can
be fitted well using form

whereC, n, andm are least-squares fitting parameters. Their
optimal values areC ) 36.114 ( 11.38, n ) 0.696 612(
0.1029, andm ) 1.591 18( 0.6485 in units of eV anda0. The
fitted curve is also shown in Figure 2.

By placing eq 6 in eq 4, one can obtain the following
analytical expression for the rate coefficients:56

For the temperature range 200-1000 K, the calculated
thermal rate coefficients for the O2 + HOCO reaction are given
in Table 3 together with the experimental results for compar-
ison. The rate coefficient at room temperature is obtained as
2.1 × 10-1 cm3 molecule-1 s-1. It is in good agreement with
the observed values41,46,47of 1.44-1.9× 10-12 cm3 molecule-1

s-1. Obviously, the reaction is slow for a radical-radical
reaction.

Furthermore, the temperature dependence of the rate coef-
ficient is weak. At low and medium temperatures, the denomi-
nator (1+ mkBT)n+2 in eq 7 is not strongly dependent onT. As
a result, the temperature dependence of the thermal rate
coefficient is approximatelyTn+0.5, which is close to a linear
dependence withn ) 0.697. According to such a dependence,
the activation energy can be estimated asEa ≈ (n + 0.5)kBT.
At room temperature, the activation energy is about 0.71 kcal/
mol.

By taking advantage of the molecular dynamics method, one
can study reaction mechanisms in detail. It was found that there
exist two mechanisms: direct abstraction and an addition
reaction via a short-lived complex. The addition mechanism41

has been well-established experimentally. Most recently, the ab
initio calculations of Poggi and Francisco48 also suggested that
the reaction could occur via a direct H-abstraction mechanism.
Their prediction is substantiated by the present dynamics study.
Two typical direct abstraction trajectories are illustrated in Figure
3. Both trajectories have the same collision energy of 0.5 kcal/
mol and intial rotational and vibrational energy, but the impact

TABLE 3: Calculated Thermal Rate Coefficients k(T) (cm3

molecule-1 s-1) for the O2 + HOCO Reaction Together with
the Experimental Results

T/K 1012 × k(T) expt41,46,47

200 1.36
250 1.74
298 2.11 1.9( 0.246

1.64( 0.2547

1.44( 0.341

350 2.51
400 2.90
500 3.65
600 4.39
800 5.79

1000 7.08

Figure 3. Two typical reactive trajectories via a direct abstraction mechanism: (a) products are vibrationally hot; (b) products are vibrationally
cold. The time is indicated in each frame.

σr(ET) ) CET
n e-mET (6)

k(T) ) C(8kBT

πµ )1/2Γ(n + 2)(kBT)n

(1 + mkBT)n+2
(7)
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parameter, initial orientation, and vibrational phases of the
reactants are different. The impact parameters are 2.7354a0

for trajectory (a) and 2.0683a0 for trajectory (b).
The snapshots in Figure 3 clearly demonstrate that the direct

abstraction reaction occurs when one oxygen atom in O2

approaches the hydrogen atom in HOCO. The hydrogen transfer
is finished within 25 fs. We also noticed that this process is
largely guided by hydrogen bond energy. As the collision energy
increases, the hydrogen bond energy plays a lesser role.
Consequently, the fraction of the direct abstraction reactions
will decrease. This tendency is exactly what is observed, as
shown in Table 2.

In addition, the energy disposal in products is apparently
different for the two selected trajectories. Trajectory (a) has a
highly vibrationally excited HO2 molecule, whereas trajectory
(b) releases most of the energy into translational motion. The

snapshots from the time of 149.5 fs to 178 fs in Figure 3a show
that the newly formed O-H bond vibrates strongly when the
HO2 separates from CO2. In contrast, the separation speed of
the HO2 and CO2 products is faster for trajectory (b) than for
trajectory (a). This finding is clearly shown in Figure 4. The
calculated translational energy of the products is 8.30 kcal/mol
for trajectory (a) and 35.11 kcal/mol for trajectory (b), of the
total energy release of 61.45 kcal/mol. The remaining energy
is partitioned in the rovibrational motion of the products.

Another typical trajectory for the addition mechanism is
shown in Figure 5. A short-lived HOC(O)O2 complex is formed
at the time of 63 fs by the formation of a new C-O bond. The
resulting energized intermediate survives for about 190 fs until
it reaches a TSb-like structure at the time of 255 fs. After a
quick hydrogen transfer, the products are produced. Here, nearly
two-thirds of the total energy disposal is released into the
translational motion of the products. This is because the exit
transition state (TSb) has a compact five-membered-ring
structure with a small barrier height of 4.2 kcal/mol with respect
to the minimum of HOC(O)O2.

In a manner similar to our previous work,54 we can calculate
the lifetime of the intermediate in terms of its survival
probability (PS(t)) as a function of time. Figure 6 is a logarithmic
plot of PS(t) for a collision energy of 2.5 kcal/mol. From the
slope of the histogram, we have extracted the lifetime of the
HOC(O)O2 complex asτ ) 660( 30 fs. This lifetime is shorter
than the rotational period of molecule; therefore, the energy
distribution and the scattering direction of the products should
show a strong non-RRKM behavior. The short lifetime also
implies that the HOC(O)O2 intermediate is less likely to be
stabilized during the O2 + HOCO f HO2 + CO2 reaction at
low pressure. This argument supports the assumption made by
Miyoshi and co-workers41 in their experiments but is inconsistent
with the suggestion of Olkhov et al.45 that there is a stabilized
HOC(O)O2 intermediate.

4. Summary

We have performed an ab initio molecular dynamics study
on the O2 + HOCOf HO2 + CO2 reaction, in which the forces
were evaluated with a density functional theory (UB3PW91/6-
31G(d)) method. The dynamics results reveal two reaction
mechanisms, a direct abstraction and an addition one. The
addition mechanism proceeds via a short-lived HOC(O)O2

intermediate, whose lifetime is predicted to be about 660 fs.
In addition, the reaction is slow at low temperatures. At
room temperature, the calculated thermal rate coefficient is
2.1 × 10-12 cm3 molecule-1 s-1, which is in good agreement
with the experimental results available. Finally, this is an
activated reaction but with a small activation energy of 0.71
kcal/mol.

Figure 4. Energy curves for the two typical reactive trajectories via a
direct abstraction pathway shown in Figure 3. The kinetic and potential
energies and the total energy are indicated by the labels.

Figure 5. Reactive trajectory via a short-lived HOC(O)O2 complex. The time is given in each panel.
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