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The reaction of @with HOCO has been studi

UB3PW91 density functional theory. Results show that the reaction can occur via two mechanisms: direct

hydrogen abstraction and an addition reactio
the intermediate is predicted to be 66030 fs.
only 0.71 kcal/mol. At room temperature, the

ed by using an ab initio direct dynamics method based on the

n through a short-lived HOG (@Edmediate. The lifetime of
Although it is an activated reaction, the activation energy is
obtained thermal rate coefficient is 202 cm® molecule

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

1. Introduction

The reaction of the hydroxyl radical with carbon monoxide,
OH + CO— H + CO,, is the major process by which CO is
removed by oxidation in combustion and atmospheric environ-
mentst? There are many experimental® and theoreticaf—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 calcula@®?fs
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 # CO, 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 Jaééin
a matrix spectroscopy study. Now, the structé&té%383%and
energetics of botleis- andtransHOCO comformers are well-
established.

Pressure-dependent experimental stdéiéshave indicated
that there is an appreciable abundance of stabilized HOCO in

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)Q intermediate complex are addressed.
Besides the detailed dynamics studies, the thermal rate coef-
ficients of the @ + HOCO — HO, + CO, reaction are
calculated in the temperature range from 200 K to 1000 K.

2. Dynamics Method

The DualOrthGT progrant® 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=a300
K. The initial center-of-mass distance between thge and

HOCO reactants was set pg= 4/ Ro+b” with Ry = 12.5 ay,
where b = Y2, is the impact parameter. Heré, is a
uniformly distributed random number in (0, 1), abgaxis the
maximum impact parameter. All trajectories were terminated

combustion and atmospheric environments, and it becomeswhen the separation distance between any two fragments of the

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, @ and OH, have been
reported*45-49 |n particular, the @ + HOCO— HO, + CO,
reaction is of the most importance in atmospheric and combus-
tion processes, since the @actant has a large abundance. The
HO;, product is also a crucial species in chain reactions. Most
recently, the reaction pathways were investigated by Poggi and
Franciscé® using a high-level ab initio method. Their calcula-

system is larger than 9&, once the reactants had collided.
The forces used in trajectory propagations are determined “on

the fly” by a hybrid DFT method! 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)Qvith respect to the best ab initio

values of Poggi and FrancisébA comparison of the calculated

energies for the @+ HOCO— HO, + CO, reaction is given

in Table 1. As labeled in ref 48, TSa refers to the transition

tions suggested that both direct abstraction and addition mech-state for the @ addition to HOCO to form a HOC(O)}O

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 thedlOHOCO

reaction are scarce. To our best knowledge, only the thermal

rate coefficient at room temperature has been meastiféd’

The rate coefficient has been determined to be-1148 x 10712

cm?® molecule s™1, which is smaller by a factor of 5.5 than

that calculated for the OH HOCO reactiort? The temperature

dependence of the thermal rate coefficient is unknown.

T Part of the special issue “John C. Light Festschrift”.
* E-mail: hgy@bnl.gov. Faxt1-631-344 5815.

intermediate, whereas TSb stands for its dissociation barrier to
the HQ, + CO, 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 03rogram??
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TABLE 1: Relative Energies and Zero-Point Energies
(ZPE)

species AE ZPE AH(OK) AH(0K)P
0O, + HOCO 0.0 15.33 0.0 0.0
HO, + CO; —43.78 1590 —-43.21 —46.8
(transtransyHOC(O)Q, —38.94 18.57 —35.70 —38.2
TSa +0.72 1576 +1.15 +1.6
TSb —32.16 16.01 —31.48 —33.4
TSc +1.08 14.83 +0.58 +3.5

aValues in kcal/mol and calculated with the UB3PW91/6-31G(d)
method, where the ZPEs are scaled by a f&ttof 0.9772, and the

energy zero is set at the reactant asymptote. The UB3PW9L1 energy is

—339.27869 au at the O+ HOCO limit.» The QCISD(T)/6-
311++G(3df,3pd) energies taken from ref 48.

Reaction cross-sections at a collision energy Eaf are
calculated &¥-53

or(ET) = JTbﬁqaxpr (1)
with the reaction probability
P, = NJ/N (2)

whereN; is the number of reactive trajectories of a totalNof
trajectories. The cross-section error is given by

N — N]v2
NN

Ao, = o, ©)

From the total reactive cross-sections, and assuming a Maxwell

Boltzman distribution over the translational energy, the thermal

rate coefficients are determined by

K(T) = ge(w(%ms)m [CE0(E) e T TdE,  (4)

wherege = Y3 is the electronic statistical factor for the reaction
occurring on the ground electronic state, ani 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 worR* Similarly, we used a numerical tag
to trace the HOC(O)©complex so that its lifetimer{ can be

extracted for each trajectory. Here, the chemical bond criteria

(see eq 9 in ref 54) for the formation of the complex e

= 3.6ap, aco= 3.9ay, aon = 2.8y, andacy = 3.0a. Finally,

the lifetime of the complex is calculated according to its survival
probability, Ps(t), where the time zera & 0) is defined by the
first formation of the HOC(O)@molecule in each trajectory,
as

Pt)=e" (5)

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 d&n.x = 5.5ap. This is a somewhat small
value for a radicatradical reaction, but consistent with the
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TABLE 2: Dynamics Results for the O, + HOCO Reactior?

Erkcatmol™ N N(Ng/No) P ola:  Aolal
0.5 448  12(6/6)  0.02678 2545 0.720
1.0 463  17(7/10) 0.03672  3.489  0.830
25 448  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) 010539 10.015 1412

2Ny and Nc are the number of direct abstraction and short-lived
complex reactive trajectories, respectively.
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Figure 1. Opacity function for the total reaction probability of the O
+ HOCO reaction calculated with all 2228 trajectories.
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Figure 2. Reactive cross-sections for the & HOCO reaction, where

the points with error bars are the calculated results together with the
fitting curve as a solid line.

collision energies of interest, only the HG&- CO, product
channel is open.

Figure 1 shows the opacity function for thee @ 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

character of the potential energy surface with a low barrier along it is a slow reaction.
the reaction pathway. The dynamics results are summaried in Reactive cross-sections for the ® HOCO— HO, + CO;,

Table 2. Actually, 500 trajectories were run for each given

are displayed in Figure 2; also indicated are the calculated 68%

energy, but we discarded some trajectories that started in anerror bars. The results show that there is no significant threshold

electronically excited state of the HOCO radical. For the

energy for reaction, although it is an activated reaction. This is
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TABLE 3: Calculated Thermal Rate Coefficients k(T) (cm?3 By placing eq 6 in eq 4, one can obtain the following
molecule’* s™) for the O, + HOCO Reaction Together with analytical expression for the rate coefficiebfts:
the Experimental Results
TIK 10%2 x k(T) exptiLae4? 8k T\V2(N + 2)(kgT)"
200 1.36 D=7 1% mi2 (7)
250 1.74 . (1+migT)
298 24t lllé%tiobz_;gv For the temperature range 200000 K, the calculated
1.444 0.31 thermal rate coefficients for the;&+ HOCO reaction are given
350 2.51 in Table 3 together with the experimental results for compar-
400 2.90 ison. The rate coefficient at room temperature is obtained as
288 i'gg 2.1 x 107t cm® molecule® s It is in good agreement with
800 579 the observed valués*®47of 1.44-1.9 x 1012 cm? molecule™?
1000 7.08 s™1. Obviously, the reaction is slow for a radieatdical
reaction.

because the quasi-classical trajectories (QCT) can leak some Furthermore, the temperature dependence of the rate coef-
vibrational energy of the reactants into the relative translational ficient is weak. At low and medium temperatures, the denomi-
energy, which can lead trajectories to overcome the small Nator (1+ mkT)™2in eq 7 is not strongly dependent 3nAs
transition barriers in the entrance channel. As a result, the QCT2 result, the temperature dependence of the thermal rate
method will overestimate the reaction probability. On the other Coefficient is approximately™*®=, which is close to a linear
hand, however, the missing treatment of quantum tunneling dépendence with = 0.697. According to such a dependence,

effects for this hydrogen transfer reaction will underestimate the activation energy can be estimatedgass (n + 0.5ksT.

the reaction probability. In practice, these factors tend to At room temperature, the activation energy is about 0.71 kcal/
compensate each other well. As discussed by Guo &t tile mol. ,

final QCT results are usually accurate, especially for statistically ~BY taking advantage of the molecular dynamics method, one

averaged quantities. Moreover, the reaction cross-sections carfan Study reaction mechanisms in detail. It was found that there
be fitted well using form exist two mechanisms: direct abstraction and an addition

reaction via a short-lived complex. The addition mechafism
_ _mEr has been well-established experimentally. Most recently, the ab
o(Ey) = CEre (6) initio calculations of Poggi and Franciséalso suggested that
the reaction could occur via a direct H-abstraction mechanism.
whereC, n, andm are least-squares fitting parameters. Their Their prediction is substantiated by the present dynamics study.
optimal values areC = 36.114+ 11.38,n = 0.696 612+ Two typical direct abstraction trajectories are illustrated in Figure
0.1029, andn = 1.591 18+ 0.6485 in units of eV andy. The 3. Both trajectories have the same collision energy of 0.5 kcal/

fitted curve is also shown in Figure 2. mol and intial rotational and vibrational energy, but the impact
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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.
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25 r T T T T T T T snapshots from the time of 149.5 fs to 178 fs in Figure 3a show
5 (a) | that the newly formed ©H bond vibrates strongly when the
HO, separates from COIn contrast, the separation speed of
1.5 Ekin 1 the HG, and CQ products is faster for trajectory (b) than for
1k I“Hi m“' ”‘ Wm _ trajectory (a). This finding is clearly shown in Figure 4. The
> i EgintV calculated translational energy of the products is 8.30 kcal/mol
5 00 ol T for trajectory (a) and 35.11 kcal/mol for trajectory (b), of the
g of total energy release of 61.45 kcal/mol. The remaining energy
w 05 | | is partitioned in the rovibrational motion of the products.
' v Another typical trajectory for the addition mechanism is
1 ] shown in Figure 5. A short-lived HOC(O}@omplex is formed
15t at the time of 63 fs by the formation of a new-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)@

In a manner similar to our previous workyve 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 Pg(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)G, complex ag = 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

0 200 400 600 800 1000 1200 1400 1600 implies that the HOC(O)®@intermediate is less likely to be

s stabilized during the @+ HOCO — HO, + CO, reaction at
Figure 4. Energy curves for the two typical reactive trajectories via a lOW pressure. This argu.mentlsupporlts the assqmptlon made by
direct abstraction pathway shown in Figure 3. The kinetic and potential Miyoshi and co-worker$ in their experiments but is inconsistent
energies and the total energy are indicated by the labels. with the suggestion of Olkhov et &t.that there is a stabilized
HOC(O)G intermediate.

0 200 400 600 800 1000 1200 1400 1600
tis

Energy/eV

parameter, initial orientation, and vibrational phases of the
reactants are different. The impact parameters are 2.4854 4. Summary
for trajectory (a) and 2.0688&, for trajectory (b).

The snapshots in Figure 3 clearly demonstrate that the direct We have performed an ab initio molecular dynamics study
abstraction reaction occurs when one oxygen atom n O onthe Q +HOCO— HO, + CO; reaction, in which the forces
approaches the hydrogen atom in HOCO. The hydrogen transferwere evaluated with a density functional theory (UB3PW91/6-
is finished within 25 fs. We also noticed that this process is 31G(d)) method. The dynamics results reveal two reaction
largely guided by hydrogen bond energy. As the collision energy mechanisms, a direct abstraction and an addition one. The
increases, the hydrogen bond energy plays a lesser roleaddition mechanism proceeds via a short-lived HOC(O)O
Consequently, the fraction of the direct abstraction reactions intermediate, whose lifetime is predicted to be about 660 fs.
will decrease. This tendency is exactly what is observed, asIn addition, the reaction is slow at low temperatures. At
shown in Table 2. room temperature, the calculated thermal rate coefficient is

In addition, the energy disposal in products is apparently 2.1 x 10712 cm® molecule’? s71, which is in good agreement
different for the two selected trajectories. Trajectory (a) has a with the experimental results available. Finally, this is an
highly vibrationally excited H@ molecule, whereas trajectory  activated reaction but with a small activation energy of 0.71
(b) releases most of the energy into translational motion. The kcal/mol.

11714 45381 6aks 1008fs 150t

$ o &es|ohe

Bhfs 250fs to:. Hdfs

Figure 5. Reactive trajectory via a short-lived HOC(Q)@omplex. The time is given in each panel.

.




5316 J. Phys. Chem. A, Vol. 110, No. 16, 2006

0.0

-0.1
-0.2
-0.3
-04
-0.5

In(P(t))

-0.6
-0.7
-0.8
-0.9

0 100 200 300 400 500 600 700
t/fs

Figure 6. Logorithm of the survival probability of the intermediate
HOC(O)G as a function of time at a collision energy of 2.5 kcal/mol.
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