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The reaction between OH and HOCO has been examined using the coupled-cluster method to locate and
optimize the critical points on the ground-state potential energy surface. The energetics are refined using the
coupled-cluster method with basis set extrapolation to the complete basis set (CBS) limit. Results show that
the OH + HOCO reaction produces,B + CO, as final products and the reaction passes through an
HOC(O)OH intermediate. In addition, the OH HOCO reaction has been studied using a direct dynamics
method with a dual-level ab initio theory. Dynamics calculations show that hydrogen bonding plays an important
role during the initial stages of the reaction. The thermal rate constant is estimated over the temperature
range 256-800 K. The OH+ HOCO reaction is found to be nearly temperature-independent at lower
temperatures, and at 300 K, the thermal rate constant is predicted to be 1®3* cm?® molecule® s In

addition, there may be an indication of a small peak in the rate constant at a temperature between 300 and
400 K.

I. Introduction resulting abundance of GOwhich is a product of the OH-

The HOCO radical is a key intermediate produced in co rfaactlon and the OH HO_CO reaction.
atmospheric and combustion processes. It plays an important 1NiS paper presents the first study of the GHHOCO

role in the oxidation of CO to C@involving OH radicalé 6 reaction. The essential critical points on the potential energy
via surface are examined, and a direct ab initio dynamics study is
also carried out to understand the detailed ©HOCO reaction
OH + CO— HOCO*— H + CO, mechanism. Rate constants are determined for thecFGHDCO
M reaction that can be used to assess the reaction’s significance
HOCO in atmospheric and combustion processes.
The spectroscopic characterization of HOCO has providéd II. Computational Method

experimental probes of the radical. Moreover, pressure-depend-
ent studies by DeMo?é and othersh15-17 suggest that there is
an appreciable abundance of stabilized HOCO in atmospheric

and combustion environments. An examination of the elemen- used in preliminary sea_rches _Of glo_bal _minima_and Frans_ition
tary chemical reactions involved in removal mechanisms for states was the quadratic configuration interaction with single

the HOCO radical is important. The reaction of HOCO with &nd double excitations method (QCISBysing the Dunning

: X i . 4
0, has attracted considerable attention, as well as its reactionCO'Telation consistent cc-pVDZ basis $&* Full geometry
with NO. Experimentdf-1°and theoretical studiésshow that optimizations were performed for all the structures using
both these reactions proceed through the formation of an adduct.SChlelgel S rr]netho?é W't; toleralnces t_ohbetterlfthan 0'001 '? flo r
Recent experimental studfésave isolated the adduct produced bond lengths and 0.0%or angles, wit aself-consistent fie d
from the HOCO+ NO reaction. The HOCG NO reaction is convergence of at least 19on the density matrix. The residual

: 4
considered a classic radieaadical reaction. The reaction of rms_(root-me_an-square) force was less tham=1&u. The
OH + HOCO is also a radicalradical reaction and could be Maximum residual force wa§_0.00016 au fo_r open-shell reactants
equally important in removing HOCO radicals from atmospheric 2nd 0-00018 au for transition states. Vibrational frequency
and combustion environments. Our survey of atmospheric and calculations were performed to determine whether the critical
combustion models shows that this reaction has not beenP0ints that were located were either minima or transition states
included. Our survey of the literature showed that the reaction on.the potential energy surface, that IS, all positive frequgnues
has not been studied either experimentally or theoretically, which (Tinima) or one imaginary frequency (first-order saddle points).
is surprising, since in the OH CO reaction that produces the The Hessians from these optimizations were then used to search

HOCO radical, one has to consider the roles that the secondary}l‘or tlhef gr:obal rr;inima al‘ng t:ansition sgaée; l:sg!g the sleconézl
reaction of the radical with OH might play in influencing the evel of theory, the coupled-cluster method including single an
double excitations along with a perturbation correction for the

* E-mail: hgy@bnl.gov. triple excitations (CCSD(T)}**” The eigenvalue following
T E-mail: francisc@purdue.edu. method was used with this method along with the Hessian from
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The potential energy surface for the GHHOCO reaction
was explored with two levels of theory. The first level of theory
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the QCISD optimization. Vibrational frequency calculations Eump2 — Eunre
were repeated to confirm that the critical points located were Esac = Eunr T - F
either minima or transition states on the potential energy surface.

These calculations were carried out at the CCSD(T)/cc-pVDZ whereEyyr and Eyvez are the unrestricted Hartre&ock and

level of theory. To improve the energetics, optimizations were second-order UMP2 energies with the 6-31G(d) basis set. The
carried out with the CCSD(T) method using the larger cc-pVTZ  global scaling factoF was determined to be 1.08 by minimizing
basis set. In addition, a single-point energy calculation was the rms errors of the relative SAC energies of the stationary
performed at the CCSD(T)/cc-pVTZ geometries using the points relative to the CBSw results. Here, the well depth of
CCSD(T) method with the cc-pVQZ basis set. Because spin the HOC(O)OH minimum and its dissociation barrier height
contamination may produce inaccurate total energies whenwere used, because these two points are most important in the
performing these calculations, the total spin expectation value gynamical studies of the reaction. In addition, to get a correct
[F0was closely monitored. The largest preannihilation deviation jnjtial guess of the electronic state of the reactants for each
from the expected®value of 0.75 for open-shell species was trajectory, we have used the CAS(4,4)/6-31G(d) method to
less than 3%, and therefore, spin contamination was considerechroduce the initial electronic wave function at the beginning of
negligible for the OH+ HOCO reaction system. The three- every trajectory propagation. Otherwise, the initial electronic
parameter complete-basis-set extrapolation procedure of Peteryaye function may correspond to an excited state because of a

son et af® was used to refine the energetics large separation of two open-shell radicals. We note that the
) scaling factor,F, is larger than unity, indicating that the
E(n) = E() + Aexp[~(n — 1)] + Bexp[-(n— 1)7] computed UMP2 correlation energy is being decreased, but we

have found that often the MP2 level of theory overestimates
the variation of the correlation energy over a potential energy
surface. All electronic structure calculations were performed
using theGaussian 03rograms®

Thermal rate constar#s33 are calculated as

The dynamics calculations were carried out using the
DualOrthGT program?® Because the procedure has been well-
described elsewhef&3°we will not provide many details here.
Briefly, trajectories were propagated with a time step of 6.32
0.43 fs for a set of randomly sampled initial conditiéh¥ for

a given temperatureT]. The orientation, rotational energy, Bk T\12
LI . 2 _ 2

vibrational quantum numbers and phases, and relative collision k(T) = gy, —) :

velocity of reactants were selected according to the canonical o

- e e 33
ensemble af. The initial velocity is given b$? with the reaction probability

_ [ P, =N/N
v, =
u

. . and wherege = /4 is the electronic statistical factor for the
wher_ey IS th? reduced mass of OH_and _HOCO EE_‘Q is the reaction. Here)N, andN are the number of reactive trajectories
relative kinetic energy obtained by iteratively solving

and the total number of trajectories, respectively, at the
_ temperatureT. The statistical errors of the calculated rate
1-(1+E exp( E —-&£=0 .
( /e T) EXPC ErefkgT) = & constants are given by

Here, & is a random number uniformly distributed in (0, 1),
andkg is the Boltzmann constant. The initial center-of-mass AK(T) = k(T)(
distance between the OH and HOCO reactants was ggt=to

Ry>+b? with Ry = 12.5a, Whereb = &Y%y, is the impact
parameter and is another random number uniformly distributed
in (0, 1), andbmax = 9.58¢ is the maximum impact parameter. A. Potential Energy Surface for the OH + HOCO
All trajectories were terminated either when the reactants had Reaction. The products of the OH HOCO reaction are D
formed an HOC(O)OH intermediate complex or when the and CQ. There are two routes to the formation of these
center-of-mass distance between the collision partners becameroducts. One route is by direct abstraction of the hydrogen
larger than 7.8y in nonreactive trajectories. In this work, we from the HOCO radical by OH. The second route is by the
have assumed that all trajectories forming intermediate com- addition of the OH radical to HOCO to form the HOC(O)OH
plexes would eventually dissociate into the products. This intermediate that can be stabilized or undergo elimination to
assumption is based on the fact that the transition barrier for generate the products,8 and CQ. The direct abstraction and
dissociation lies well below the reactants. Therefore, the addition—elimination pathways are illustrated in Figure 1.
probability for the reverse reaction of HOC(O)OH is negligible. The direct abstraction of hydrogen from HOCO by OH
This assumption results in a substantial savings in the compu-involves the approach of the incoming oxygen atom in OH along
tational cost but makes it impossible to analyze the product the HO axis of HOCO. Three atoms are involved in the bond-
distributions. In addition, during the trajectory propagation, the breaking and bond-forming processes. Preliminary searches at
fragments of the collision system were monitored using graph low levels of theory (HF/6-31G*) for the transition state for
theory?*3%as described in our previous wotk. this process resulted in the location of a saddle point. Higher

In the quasi-classical trajectory (QCT) calculations, a direct levels of theory, however, failed to locate the transition state.
ab initio dynamics approach was used in order to avoid the Instead, as the OH radical approached along the HO axis of
difficulty of constructing an analytic potential energy surface. HOCO, it moved off-axis to add to the carbon. Thus, at high
The forces used in the QCT were evaluated on the fly, basedlevels of theory, the preliminary calculations suggested that
on a dual-level ab initio potential energy surface. The surface addition to form the HOC(O)OH intermediate is the more
is obtained by the “scaling all correlation” (SAC) method of important route compared to the direct hydrogen abstraction
Truhlar et al36-38 that is pathway.

N — N,\2
NN )

Ill. Results and Discussion
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TABLE 1: Geometries? for the HOC(O)OH Comformers

(cis, cis) (cis, trans) (trans, cis) (trans, trans)
coordinate cc-pvDz cc-pvTZ cc-pvDz cc-pvVTZ cc-pvDz cc-pVTZ cc-pvDz cc-pVvVTZ
O'H 0.971 0.965 0.971 0.965 0.970 0.964 0.967 0.961
CO 1.346 1.340 1.363 1.357 1.346 1.339 1.365 1.358
Cco’ 1211 1.205 1.203 1.197 1.203 1.197 1.196 1.190
CO 1.346 1.340 1.346 1.339 1.363 1.357 1.365 1.358
OH 0.971 0.965 0.970 0.964 0.971 0.965 0.967 0.961
o'co 125.9 125.7 125.3 125.2 125.3 124.3 122.2 122.0
COH 104.5 105.3 105.0 105.8 107.0 108.1 111.0 112.1
COH 104.5 105.3 107.0 108.1 105.0 105.8 111.0 112.0
O'COH 0.0 0.0 0.0 0.0 180.0 180.0 180.0 180.0
HOCO' 0.0 0.0 180.0 180.0 0.0 0.0 180.0 180.0

a Calculated at the CCSD(T) level of theory.

TABLE 2: Conformational Analysis Energetics for HOC(O)OH

CCSD(T) total energy relative energetic
structure (HO'CO')  7(HOCQO") cc-pvDZ cc-pVTZ cc-pvVQZz cc-pvVDZ  cc-pVTZ  cc-pvVQZ
(cis, cis) 0.0 0.0 —264.385540 —264.656161 —264.740381 0.0 0.0 0.0
(cis, trans) 0.0 180.0 —264.382057 —264.653304 —264.737611 2.2 1.8 1.7
(trans, cis) 180.0 0.0 —264.382058 —264.653304 —264.737611 2.2 1.8 1.7
(trans, trans) 180.0 180.0 —264.365890 —264.638503 —264.723050 12.3 111 10.9
[(cis, cis)— (cis, trans)} 0.0 91.0(90.” —264.367993 —264.639372 —264.723588 11.0 10.5 10.5

aOptimized dihedral angle; the number in parentheses is the CCTD(T)/cc-pVTZ result.

direct (T)/cc-pVTZ level of theory. The (cis, trans) and (trans, cis)

H;0 + CO, conformations are structurally isomorphic. At all levels of
theory, they are energetically the same. At the CCSD(T)/cc-

addition 4-center pVQZ//CCSD(T)/cc-pVTZ level of theory, these structures are

only 1.7 kcal mott above the (cis, cis) configuration. However,

to move from the (cis, cis) structure to the (cis, trans)

HOC(O)OH conformation requires overcoming a 10.9 kcal mabtational

Figure 1. Reaction scheme for the O#f HOCO reaction. barrier as a result of the strong hydrogen bonding that forms
o o between the acidic hydrogen of the OH group and the carbonyl

“ ” oxygen in the HOC(O)OH intermediate. Vibrational frequency

H C H H C calculations performed on all four conformations show all
o N0 o N positive frequencies, thus indicating that these structures are

| stable minima, but the global minimum structure is the (cis,

(trans, cis) H cis) conformer.

Preliminary searches for a reaction barrier for the addition
of OH to the HOCO radical to form the HOC(O)OH intermedi-
ate failed to locate one. The well depth for the formation of the

o o (cis,cis)-HOC(O)OH conformation is108.9 kcal mot? at the
” CCSD(T)/cc-pvVQZ/ICCSD(T)/cc-pVTZ level of theory.

o o o/ o C. Formation of H,O + CO, from the HOC(O)OH
| [ Intermediate. The dissociation of the HOC(O)OH intermediate

H H H into H,O + CO, can only occur from the (cis, trans) or (trans,
(cis, trans) (trans, trans) cis) conformation, not from the lowest-energy (cis, cis) con-
) . iy . formation. In the (cis, trans) conformation, th€ @O'H atoms
Figure 2. Conformations of the HOC(O)OH intermediate. are in a position for the HOED)OH intermediate to proceed

B. Formation of the HOC(O)OH Intermediate. The HOC- through the four-center transition state shown in Figure 3 to
(O)OH intermediate formed from the addition of OH to HOCO produce HO and CQ products. The geometric parameters for
appears in four conformations, as shown in Figure 2. There arethe transition state are given in Table 3 and those for the HOC-
two dihedral angles that characterize the conformations: the (O)OH (cis, trans) conformation are also provided for compari-
7(HOCO") and 7(O'COH) dihedral angles. When both  son. The CO bond length in this transition state is 1.658 A, and
7(O"COH) and r(HOCQO') angles are Q it is a (cis, cis) the OH bond is extended to 1.245 A, which is 23.8% longer
conformation. On the other hand, the (trans, trans) conformationthan the CO bond and 29.0% longer than the OH bond,
has a value of 180for the 7(O""COH) andr(HOCQ') angles. respectively, in the (cis, trans)-HOC(O)OH intermediate. The
All four conformations have been optimized at the CCSD(T)/ COH angle is quite small, 79°7while the OCOangle is 93.3
cc-pVDZ and CCSD(T)/cc-pVTZ levels of theory. The complete These structural changes suggest that the HOC(O)OH,O
listing of geometrical parameters for each conformation is given + CO, transition state is a relatively late transition state. A
in Table 1. Of the four conformations, the most stable is the vibrational frequency calculation at the CCSD(T)/cc-pVDZ level
(cis, cis) as shown in Table 2. The least stable structure is theof theory revealed that the transition state is a first-order saddle
(trans, trans). The energy separation between these two conpoint with an imaginary frequency of 1780i. As mentioned
formations is 10.9 kcal mot at the CCSD(T)/cc-pVQZ//CCSD-  above, the (cis, cis)-HOC(O)OH conformation once produced

OH + HOCO

(cis, cis)
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Figure 3. Transition state structure for the dissociation of HOC(O)-

OH into H,O + COQ..

TABLE 3: Geometries for Species Involved in the HOCO+

OH Reaction
CCSD(T)
species coordinate  cc-pVDZ cc-pVTZ
CO, r(CO) 1.174 1.166
OH r(OH) 0.979 0.971
H-0 r(OH) 0.966 0.959
O(HOH) 101.9 103.6
HOCO r(O'H) 0.970 0.964
r(CO) 1.358 1.348
r(CO) 1.191 1.182
6(HO'C) 105.9 107.1
0(0'CO) 126.6 127.0
7(HO'CO) 180.0 180.0
HOC(O)OH (cis, trans) r(O'H) 0.971 0.965
r(CO) 1.363 1.357
r(Co") 1.203 1.197
r(CO) 1.346 1.339
r(OH) 0.970 0.964
6(0"'CO) 125.3 125.2
0(COH) 105.0 105.8
6(COH) 107.0 108.1
7(O"COH) 0.0 0.0
7(HOCO')  180.0 180.0
[HOC(O)OH— H,O + CO;]*  r(C-0) 1.272 1.265
r(O'H) 1.237 1.245
r(CO) 1.679 1.658
r(OH) 0.973 0.966
r(CO") 1.182 1.175
6(0"'CO) 108.9 109.8
O(COH) 80.0 79.7
6(0CO) 92.8 93.3
0(HOC) 145.4 145.2
7(HO'CO) -35 -3.8
7(HOCO) 180.2 180.3

from the addition of OH to HOCO must rotate into the (cis,
trans) conformation in order to access the four-center TS@ H

+ CO,. The heat of reaction for the production ob® and
CO;, from the (cis, trans)-HOC(O)OH intermediate-4.9 kcal

mol~! at the CCSD(T)/cc-pVQZ//CCSD(T)/cc-pVTZ level of
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Figure 4. Opacity function for the total reaction probability of the
OH + HOCO reaction calculated with all 2000 trajectories. The boxes
indicate the statistical error bars.

polation procedure, this result is lowered-+®.3 kcal mot™.
The barrier height is estimated to be 40.2 kcal Thait the
CBS—w limit. However, because the addition reaction exother-
mic by 108.1 kcal mott, there is more than sufficient energy
to overcome the four-center barrier for the HOC(O)OH reaction
to H,O + CO, thus making the OH+ HOCO reaction
effectively barrierless.

To check the reliability of the calculations for the energetics,
the heat of reaction for the OHt HOCO — H,0 + CO, was
examined. The heats of formation of all these species are well-
known from the literature: OH (9.2 0.3)2° H,O (—57.1+
0.01)# CO, (—93.97+ 0.01)# and HOCO 43.94 0.5)#?

With these experimental heats of formation, the heat of reaction
obtained is—116.0+ 0.6 kcal mof™. From calculations at the
CBS—w limit, we obtained—113.4 kcal mot?, which shows
that the error in the calculated energetics is 2.6 kcalfahd
implies that the uncertainty in the energetics3 kcal mol™.

The calculations indicate that the major reaction pathway for
the OH+ HOCO reaction is the formation of 8@ + CO..
Finally, a systematic comparison of the energetics is presented
in Table 4. The SAC UMP2 method used in the dynamics
calculations is seen to be consistent with the experimental results
as well as the high-level ab initio calculations, thus justifying
its use in this work.

D. Direct ab Initio Dynamics for the OH + HOCO
Reaction. In the dynamics calculations, we have sampled five
temperature points from 250 to 800 K. At each given temper-
ature, 400 trajectories were run, yielding a total of 2000
trajectories. These were calculated several at a time on a cluster
of PC—Linux workstations, one trajectory per CPU. Figure 4
shows the opacity function for the OHHOCO reaction. Since
the collision energies are not largely varying within the
temperatures of simulation, we have combined data from all
temperatures in plotting this figure. The maximum reactive
impact parameter for this barrierless reaction is large. However,
the reaction probability is only moderate, with values below
0.2 at all values of the impact parameter. Consequently, this is

theory. Using the three-parameter complete-basis-set extra-not a fast radicatradical reaction.

TABLE 4: Relative Energetics for the HOCO + OH Reaction

CCSD(T)  OH+ HOCO— HOC(O)OH HOC(O)OH—~H,0+ C0O, OH+HOCO—H,0+ CO, [HOC(O)OH— H,0 + CO,)*
cc-pvDzZ —101.7 -9.0 —110.7 39.2

cc-pvVTZ —105.9 -8.1 —114.0 39.6

cc-pvQZz —107.2 —4.9 —112.1 40.2

CBS-<o —108.1 -5.3 -113.4 40.2

SAC —107.5 -9.3 —116.8 40.3

exptl —116.0+ 0.6
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TABLE 5: Dynamical Results for the OH + HOCO neighboring values, it was assigned a very small weight in the
Reactior? fitting procedure (see below). The final results are shown in
TK N; P 101 x k(T) Figure 5. At room temperaturd (= 300 K), the thermal rate
250 32 0.08 104 018 constant is predicted to be 1.03 101 cm? molecul_erl sL _
300 29 0.0725 1.03 0.18 The rate constant increases slowly then almost linearly with

400 33 0.0825 1.36:0.23 increasing temperature, but it is almost independeiitatflow
500 27 0.0675 124023 temperatures. Actually, this is not surprising for a barrierless
800 32 0.08 1.88:0.32 reaction. The dipoledipole interaction of the reactants may
a(T) (cm® molecule® s is the thermal rate constari, is the play an important role when the collision energy is small. Even
number of reactive trajectories over 400 trajectories for each temper- if there is a negative activation enerds) at low termperature,
ature, ancP is the reaction probability. the temperature dependence of the rate constants should be
9o weak. This prediction needs to be verified experimentally.
Since the error bar of the rate constanfTat 400 K just
jw. 20 ¢ touches with the fitted curve, we have investigated this result
2 48t in more detail. Two approaches were employed. One is the
b extrapolation approach, in which two rate constanfg at400
g 187 K were estimated by reweighing the results sampled at the
”g 14} temperatures of 300 and 500 K. The values obtained are plotted
e in Figure 5 with the triangle symbols. The result extrapolated
= 127 from 500 K falls on the fitted curve. The rate constant computed
2 1of from the 300 K data still has a large deviation from the curve
but within the statistical errors. This evidence suggests that there
08 L . . : . . . :
200 300 400 500 600 700 800 may be structure in the rate constant curve between the
TIK temperatures 300 and 400 K. To investigate such a possible

Figure 5. Calculated thermal rate constants (the filled circles with Structure, we have run an additional poinTat 350 K in the
error bars) for the OH- HOCO reaction and the fitting curve (solid  normal way with a total of 400 trajectories. The rate constant
line). The triangles are extrapolated from the results of 300 K (upper obtained is obviously larger than the fitted value, as shown in
triangle) and 500 K (down triangle). Figure 5. While it is quite possible that the “abnormal” behavior
of the thermal rate constants near 400 K is correct, perhaps

Calculated thermal rate constants are given in Table 5. They €@used by a resonance state resulting from the long-range

have been fit by the functional form interaction, the deviations of the thermal rate constants are
comparable to the statistical error bars, and it is hard to draw a
K(T) = (a+ sz)e—Ea/ka T e [180, 850] K definite conclusion based on our trajectory calculations.

It is interesting to study the reaction mechanism in detail.
with a = 7.568 05x 10712 cm?® moleculel s™1, b = 1.584 84 Figure 6 displays two typical reactive trajectories. A fast direct
x 10717 cm® molecule’? s71 K=2, andE; = —0.089 43 kcal/ reaction trajectory is shown in Figure 6a. One can see that the
mol. Since the value &t = 400 K seems somewhat larger than hydrogen atom in OH likes to move toward the terminal oxygen

a
[ I ) - €] O &)
% v ® @ ® -
[ : ®
d o e ° e o ¢ 0
128 187 645 178 a07
Q o (@) & cc®
e o o o
{ @ .
814 A 836 ¢.0 830 » 871 ® o5
h.-. 732 9 545 ® 852 9 02 o 1356
e
b & & Co o
1373 1388 1309 1415 1505
. @ c : ® . ® o
q"p . () t() .“CJ 0 .
o ® ® o o
1628 1652 1666 1673 1728
e | Ju| Fu| 2v| 3
p ¢ O o ® ° & & @

Figure 6. Two reactive trajectories for the O#t HOCO — H,0 + CO; reaction: (a) a fast reaction and (b) a somewhat slower reaction. The
collision time in femtoseconds is indicated in each panel. For each trajectory, the orientation of each snapshot is kept the same.
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of HOCO when the incident OH radical approaches the HOCO the thermal rate constant (13 10-13 cm? molecule® s1 at
radical. This is due to an attractive hydrogen-bonding interaction. 298 KY*3 of the OH+ CO reaction, the OH- HOCO reaction
However, such a configuration does not lead to reaction. Instead,is also much faster. Therefore, this reaction may play an
at a time of 807 fs, the OH molecule slightly rotates so that its important role in removing OH radicals.

oxygen atom can directly connect to the carbon atom in HOCO

to form a strong GO chemical bond. Since the intermediate V. Summary

HOC(O)OH is highly energized, the complex can easily
overcome the transition state, as shown in the paneta836

fs. After the HOCO hydrogen makes a 1,3-shift to the oxygen

Ab initio coupled-cluster calculations have been carried out
to investigate the potential energy surface for the ®HOCO
reaction. The reaction is shown to proceed through an addition

atom in the incoming OH molecule, the-© bond quickly —jniermediate, HOC(O)OH, which then passes through a four-
breaks to yield the kO + CO, products. The products are  onereq transition state as it produces the produg® &hd

s.caf[tered in the backward hemispherfe in this trajectory. The CO,. The energetics suggest that the reaction is effectively
lifetime of the HOC(O)OH complex is as short as 30 fs. prierjess. Direct ab initio dynamics calculations have shown
Therefore, itis a typical direct mechanism. Furthermore, becausey o the rate for this reaction is relatively fast, and the rate
the HOC(O)OH complex has a nearly collinear OCO bond just ¢qnsiant may exhibit a near temperature-independence at lower
before its dissociation (see the panei &t836 fs), it is expected  (emperatures, consistent with the formation of an intermediate
that the bending vibrational mode of the €f@roduct will not complex, and a peak between 300 and 400 K. This reaction

be very excited. On the other hand, the products move apartmay be a major removal process for OH and HOCO radicals in
swiftly so that the released energy is largely disposed as relative .o mpustion processes.

translational energy.
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