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1. INTRODUCTION

The stabilized carbonyl oxides are primarily released into the
atmosphere from the ozonolysis of unsaturated volatile organic
compounds1�4 via the Criegee mechanism5 (Scheme 1). The
stabilized carbonyl oxides are crucial in the troposphere because
the amount of the unsaturated hydrocarbons emitted into the at-
mosphere is larger than 630 Tg C/year.6 Furthermore, ozono-
lysis is a major sink for unsaturated volatile organic
compounds.7�9 In addition, carboxyl oxides are the key inter-
mediates that contribute to a nonphotochemical source10�20 of
the OH radical and HO2 radical.17 Therefore, an accurate
knowledge of the loss process of the stabilized carbonyl oxides
is of critical importance to fully estimate the environmental
impacts of unsaturated volatile organic compounds and carbonyl
oxides in the atmosphere.

In the atmosphere, the stabilized carbonyl oxides undergo
the bimolecular reactions with other surrounding compounds
such as water,20�26 water dimer,25 hydroxyl radical,27 sulfur
dioxide,20,28,29 carbon dioxide,20 sulfuric acid,30 aldehydes,20,31,32

formic acid,21,33 and ammonia.34 It is noted that these investiga-
tions are mainly based on the quantum chemical calculations
because stabilized carbonyl oxides have not been directly de-
tected in the ozonlysis. Very recently, methyl carbonyl oxide has
been detected in the reaction of O2 with dimethyl sulfoxide by
Taatjes et al.35 The bimolecular reactions are of key significance

in the atmosphere because the main loss of the stabilized
carbonyl oxides affects the level of HOx in the troposphere and
aerosol formation.36,37 As for the sink of the stabilized carbonyl
oxides, the previous theoretical studies25 have shown that the
reaction of carbonyl oxides with water is the primary sink for the
H2COO radical. However, very recently, the theoretical
investigation34 has also indicated that the ammonia with carbonyl
oxides reactionmay be a sink process in certain regions where the
ammonia is in high concentration. On the other hand, the HO2

radical is one of the biggest oxidants in the atmosphere. More-
over, some reports38,39 in the literature have proven that the HO2

radical plays an important role in the radical�radical reaction
relative to the atmospheric chemistry. Therefore, exploring the
HO2 radical with the carbonyl oxides is of great interest and
necessity.

In this study, we apply ab initio methods, conventional
transition-state theory (CTST), and Rice�Ramsperger�Kassel�
Marcus (RRKM) to investigate the reaction mechanisms and
kinetics of methyl carbonyl oxide with the hydroperoxyl radical
and the formed HO2 3 3 3H2O complex. The study is very
necessary because HO2 is an important radical in the atmosphere
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ABSTRACT: The reactions of H2COO with HO2 and the HO2 3 3 3H2O complex are studied by
employing the high-level quantum chemical calculations with B3LYP and CCSD(T) theoretical
methods, the conventional transition-state theory (CTST), and the Rice�Ramsperger�
Kassel�Marcus (RRKM) with Eckart tunneling correction. The calculated results show that
the proton transfer plus the addition reaction channel (TS1A) is preferable for the reaction of
H2COO with HO2 because the barriers are �10.8 and 1.6 kcal/mol relative to the free reactants
and the prereactive complex, respectively, at the CCSD(T)/6-311þþG(3df,2p)//B3LYP/6-
311þþG(d,p) level of theory. Furthermore, the rate constant via TS1A (2.23 � 10�10 cm3

molecule�1 s�1) combined with the concentrations of the species in the atmosphere demon-
strates that the HO2 radical would be the dominant sink of H2COO in some areas, where the
concentration of water is less than 1017 molecules cm�3. In addition, although the single water
molecule would lower the activated barrier of TS1A from 1.0 to 0.1 kcal/mol with respect to the respective complexes, the rate
constant is lower than that of the reaction of HO2 with H2COO.
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and there are no experimental or theoretical results reported for
the reaction of HO2 with H2COO. In particular, the reactivity of
the formed HO2 3 3 3H2O complex should be taken into account
in the atmosphere because 30% of all HO2

40,41 is in the complex
form at 298 K and the HO2 3 3 3H2O complex can accelerate rate
constants in the reactions of the HO2 self-reaction,

42 SO3,
43 and

CF3OH
44 with the HO2 3 3 3H2O complex.

The investigation involves the hydrogen-bonded complexes
formed between HO2 3 3 3H2O, HO2 and H2COO, the teminal
oxygen atom of HO2 addition to the carbon atom and the
hydrogen atom in the HO2 migration to the terminal oxygen
atom of the carbonyl oxide to formH2C(OO)OOHwithout and
with a water molecule added, and the interconversion between
H2C(OO)OOH conformers, the double proton transfer be-
tween H2COO and HO2, and the hydrogen abstractions of
carbonyl oxides by HO2 and the hydroperoxyl radical by
H2COO, as schematized in eqs 1�5.

H2COOþHO2 f H2CðOOÞOOH ð1Þ

H2COOþHO2 3 3 3H2O f H2CðOOÞOOHþH2O ð2Þ

H2COOþHO2 f HCOþOHþHO2 ð3Þ

H2COOþHO2 f HCOOþH2O2 ð4Þ

H2COOþHO2 f H2COþOHþO2 ð5Þ
The goal of this study is to clarify reactionmechanisms to identify
the resulting species from the atmospheric oxidation and to
evaluate whether the reactions mentioned above are of great
importance in the atmospheric chemistry. In addition, the
present investigation also provides new insight into the new sink
of the stabilized carbonyl oxide in the atmosphere.

2. THEORETICAL METHODS

All electronic structure calculations herein were carried out
using the Gaussian0345 program package. In the first step, the
geometries of reactants and complexes formed betweenHO2 and
H2COO were optimized by employing the B3LYP hybrid
functional method46 with 6-311G(d, p), 6-311þþG(d, p),
6-311þþG(3d, 3p), 6-311þþG(2df, 2p), 6-311þþG(3df,
3pd), aug-cc-pvDz, aug-cc-pvTz, and aug-cc-pvQz basis sets
because Cremer et al.47 have proven that the B3LYP functional
with the modest 6-31G(d,p) and 6-311þG(3df,3pd) can repro-
duce the multireference MR-AQCC/6-311þG(3df,3pd) theo-
retical results reasonably in the investigation of formation and
decomposition of the H2COO. Test calculation was also per-
formed to check the spin-restricted form (B3LYP) and spin-
unrestricted method (uB3LYP) for the reactants and complexes
mentioned above. The test results indicate that the energies and
vibrational wavenumbers are identical. Therefore, the following
computations were finished using the B3LYP functional. The

vibrational frequencies were calculated at the corresponding
basis sets to confirm the nature of the stationary points and
estimate whether the zero-point correction calculations at the
different basis sets lead to the different binding energies of the
complexes because the tendency is reported on the complex25

between H2COO and H2O. In addition, the basis set super-
position error (BSSE) was calculated by employing the counter-
poise method by Boys and Bernardi48 using the B3LYP method
at the different basis sets to assess the energetic stability of the
complexes better.

In the second step, the geometries and frequencies of
the transition states, intermediates, and products were computed
by applying the B3LYP method in conjunction with the
6-311þþG(d,p) basis set If necessary, the intrinsic reaction
coordinate (IRC)49,50 was employed at the B3LYP/6-311þþG-
(d, p) level of theory to verify the connectivity between a given
transition state with the desired reactants and products. More-
over, to obtain the relative energies reliably and accurately, the
single-point calculations were performed using the CCSD(T)51

methods with respect to the, 6-311þþG(3df,2p) basis set at the
B3LYP/6-311þþG(d,p)-optimized geometries because Nguy-
gen et al.52 have verified that the single-reference CCSD(T)
calculation can appropriately describe the electronic state of the
carbonyl oxide via comparison of the CASSCF(12,11) computa-
tion at the aug-cc-pvTz basis set. In these computations, the value
of theT1 diagnostic

53 in the CCSDwave function was considered
to evaluate the reliability of these computations with respect to a
possible multireference feature of the wave function at the
stationary points. If the value of the T1 diagnostic in the CCSD
wave functions is larger than 0.044, the CCSDwave functions are
thought not to be reliable according to Rienstra-Kiracofe.54 T1

diagnostic values of the stationary points except for the TS5, TS6,
and TS7 do not exceed the upper limit of 0.044 from Table S1
(Supporting Information), revealing that the CCSD wave func-
tion could be reliable.

The bond nature of the complexes in this study was char-
acterized and analyzed in terms of the theory of atoms in
molecules (AIM) by Bader55 executed in AIM2000.56�58 The
analysis was performed over the first-order density matrix,
derived from the B3LYP/6-311þþG(d, p) level of theory.
Finally, the rate constant was evaluated using CTST and RRKM
with the Eckart59 tunneling correction, which was carried out in
the TheRate program.60,61

3. RESULTS AND DISCUSSION

The optimized geometries of the reactants are provided in
Figure 1, and the selected parameters relative to the different
basis sets are listed in Table S2 (Supporting Information), which
is insensitive to basis sets and is reasonably consistent with the
previous results18�21,27,62�67 published in the literature. The
structures of the complexes located in this study are depicted in
Figure 1, and the geometrical parameters at the different basis
sets are given in Table S3 (Supporting Information), which
indicates that the effects of the basis set are also of minor
importance. Table S4 (Supporting Information) tells us that
the binding energies of C1 with BSSE correction at the different
basis sets are in reasonable agreement with one another, revealing
again that the basis set effects are not significant. However, it is
worth noting that the binding energies of C2 are slightly different
from the those of the different basis set in part because the CP
correction is not adequate. Test calculations clearly show that the

Scheme 1. Formation of the Carbonyl Oxide via the Criegee
Mechanism
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effects of basis sets are not an issue. Therefore, the other
stationary points reported herein are computed at the B3LYP/
6-311þþG(d,p) level of theory.
3.1. Hydrogen Transfer Plus Oxygen Addition Reaction

between H2COO and HO2. The previous investigation has
shown that the dominant sink of the stabilized methyl carbonyl
oxide is reaction with water and the water dimer in the atmo-
sphere. The reactions of H2COO with water and the water
dimer are reproduced in order to estimate whether the reactions
investigated herein are more efficient for the sink of the H2COO
radical than the corresponding reactions with water and the water
dimer. As the reactions of H2COO with water20�22,25 and the
water dimer25 have been extensively investigated in the literature,
we only take into account the reactions from the energetic
point of view. The geometrical structures are provided in

Figure S1 (Supporting Information). The binding energy of
the H2COO 3 3 3H2O is found to be �6.2 kcal/mol from
Table 1, which is slightly different from the corresponding
values reported by Anglada21 (�7.8 kcal/mol) and by Ariya25

(�5.8 kcal/mol) due to the BSSE correction and zero-point
energy correction at the different levels of theory. However, the
activated barrier via the TS01 is calculated to be 9.4 kcal/mol
relative to the prereactive complex, agreeing well with the
reported values of 9.8 kcal/mol by Anglada21 and 9.5 kcal/mol
by Aplincourt.20 The stabilized energy (�13.3 kcal/mol) of the
complex C02 formed between the carbonyl oxide and the water
dimer is perfectly consistent with the corresponding energy of
�13.3 kcal/mol with BSSE correction by Ariya.25 It is noted that
the energy barrier of the corresponding transition state TS02 is

Figure 1. The selected geometrical parameters of the optimized reactants, products, and complexes at the B3LYP/6-311þþG(d,p) level of theory
(bond distances in angstroms and angles in degrees).
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computed to be 3.6 kcal/mol, which is lower than the reported
value of 6.6 kcal/mol by Ariya.25

The reaction begins with the formation of the precomplex C1
and proceeds through the transition state TS1A to lead to form
the intermediate P1A in Figure 1. The calculated potential profile
is given in Figure 2, which depicts the reaction process. Due to
the HO2 radical with the open-shell structure, we take into
account the spin doublet state and quartet state for the complex
located herein. However, the complex at the spin doublet state
can be stabilized. The complex C1 is a planar seven-member ring
structure with double hydrogen bonds similar to the complexes
formed between formic acid,68,69 nitric acid,70 and HO2. From
Table 1, the calculated binding energy of the complex C1 is
�11.8 kcal/mol at the CCSD(t)/6-311þþG(3df,2p)//B3LYP/
6-311þþG(d,p) level of theory, which is about 4.0 kcal/mol
lower than that of the complex between the carbonyl oxide and
water.21,25 In addition, from Table 1, a negative free energy of
ΔG =�2.8 kcal/mol at 298 K indicates that the formation of the
complex C1 is thermodynamically driven. From a geometrical
point of view, the H1O2 and C6H7 bonds in the complex C1 are
stretched by 3.6 and 0.8% with respect to the free reactants,
respectively, while the H1O4 bond distance of 1.621 Å is 0.432 Å
shorter than that of the O3C7 bond with the distance of 2.080 Å,
which indicates that the O4 3 3 3H1O2 bond strength is stronger
than that of the corresponding C6H7 3 3 3O3. Additionally, the
quantum theory of atoms-in-molecules is a useful tool to analyze
the bonding natures as reported by Bader.55Moreover, according
to the AIM theory, Koch and Propelier71 gives two quantitative
criteria to characterize the hydrogen bond interactions: the
electron density (Fbcp) and the Laplacian of the electron density
(Δ2Fbcp) at the bond critical points in the ranges of 0.02�0.04
and 0.024�0.139 au, respectively. It has also pointed out55 that
the Laplacian of the electron density (Δ2Fbcp) is positive and the
total electron energy density (Hbcp) is negative, unraveling that
the hydrogen-bonded interactions are partially covalent and
partially electrostatic in nature, whereas the total electron energy
density is positive, unveiling that the hydrogen bond has only
electrostatic interactions. FromTable 2, it is noted that the FH1O4 =
0.0539 au extends the upper limit of the criteria71 and the HH1O4

is �0.0086 au, reflecting the strong hydrogen bond interaction.
The transition state (TS1A) involves the transfer of the

hydrogen in the HO2 radical to the terminal oxygen of the
carbonyl oxide, with the simultaneous terminal oxygen addition

Table 1. Binding, Activated, and Reaction Energies, Enthal-
pies, and Free Energies for the Reactions of H2COO with
H2O, the Water Dimer, HO2, and HO2 3 3 3H2O with Zero-
Point Correction Included at 298 K (kcal/mol)

compound ΔHa ΔGa ZPEa ΔEa ΔEb

H2COO þ H2O 0.0 0.0 32.8 0.0 0.0

C01 �7.2 0.8 34.9 �6.7 �6.2

TS01 0.5 11.8 35.3 2.3 3.2

H2C(OH)COOH �40.5 �30.0 37.8 �39.1 �42.4

H2COO þ H2O þ H2O 0.0 0.0 46.2 0.0 0.0

C02 �16.5 1.7 51.2 �15.1 �13.3

TS02 �15.1 6.5 51.0 �12.2 �9.7

H2C(OH)COOH þ H2O �40.5 �30.0 51.2 �39.1 �42.4

H2COO þ HO2 0.0 0.0 28.3 0.0 0.0

C1 �12.6 �2.8 30.1 �12.2 �11.8

TS1A �11.4 0.22 29.8 �10.4 �10.8

P1A �44.3 �32.7 32.4 �43.3 �47.6

TS1B �43.6 �31.1 32.1 �42.2 �46.2

P1B �44.5 �33.3 32.2 �43.6 �47.8

TS2 �4.7 6.0 26.6 �3.8 �2.3

C20 �3.9 6.4 29.4 �3.3 �3.7

HCO þ OH þ HO2 �11.3 �22.2 26.8 �13.1 �10.9

C2 �10.5 �2.0 29.9 �10.3 �9.7

TS3 �8.7 1.6 26.7 �8.1 �0.4

HCHO þ OH þ O2 �49.0 �52.3 24.3 �50.5 �50.4

H2COO þ H2O þ HO2 0.0 0.0 41.6 0.0 0.0

C3 �22.4 �2.7 45.4 �21.1 �18.4

TS4 �24.1 �2.2 44.6 �21.9 �18.3

P1A þ H2O �44.3 �32.7 45.8 �43.3 �47.6

H2COO þ HO2 0.0 0.0 28.3 0.0 0.0

TS5 21.1 29.9 25.3 21.3 30.7

TS6 21.3 29.8 25.3 21.4 30.8

TS7 21.8 31.0 26.0 22.1 38.3
aThe values are computed at the B3LYP/6-311þþG(d,p) level of
theory. bThe values are obtained at the CCSD(T)/6-311þþG-
(3df,2p)//B3LYP/6-311þþG(d,p) level of theory plus BSSE at the
B3LYP/6-311þþG(3df,2p) level of theory.

Figure 2. The calculated potential energy profile for the reaction
H2COO þ HO2 at the CCSD(T)/6-311þþG(3df,2p)//B3LYP/6-
311þþG(d,p) level of theory (in kcal/mol).

Table 2. Topological Properties of the Bond Critical Points
of the H2COO4 3 3 3HO2 and H2COO4 3 3 3HO2 3 3 3H2O
Complexes at the B3LYP/6-311þþG(d,p) Level of Theory

compound bond/ring ra
F

(au)b
Δ2F
(au)c

G

(au)d
V

(au)e
H

(au)f

C1 H1O4 1.621 0.0539 0.1352 0.0424 �0.0510 �0.0086

O3H7 2.080 0.0217 0.0684 0.0153 �0.0135 0.0018

(3,1) � 0.0078 0.0344 0.0074 �0.0062 0.0012

C2 H1O4 1.680 0.0488 0.1364 0.0397 �0.0453 �0.0056

C3 O4H9 1.611 0.0577 0.1444 0.0468 �0.0575 �0.0107

H1O10 1.527 0.0705 0.1556 0.0570 �0.0751 �0.0181

O3C6 2.241 0.0270 0.0816 0.0193 �0.0182 0.0011

(3,1) 0.0034 0.0172 0.0034 �0.0025 0.0009
aThe distance of hydrogen bonding. b Electronic charge density at the
critical point. c Laplacian of the electron density at the bond
critical point. dKinetic electron density at the bond critical point.
e Potential electron energy density at the bond critical point. fTotal
electron energy density at the bond critical point.
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to the central carbon atom in the carbonyl oxide and an electron
transfer between the two oxygen atoms of the HO2 radical, which
is similar to the reactions of SO3

43 and HCHO72,73 with the HO2

radical, called the proton-transfer coupled electron transfer. The
activated energy is calculated to be 1.0 kcal/mol relative to the
corresponding precomplex C1, which is about 8.0 and 5.0 kcal/mol
lower than those of the reactions of the carbonyl oxide with
water20�22,25 and the water dimer,25 indicating that the reaction
via TS1A is energetically favored. Additionally, the atom spin
population in TS1A was calculated using the AIM theory as
presented in Figure S1 (Supporting Information). As a result, the
spin population in TS1A is focused on the O2 and O3, and the
spin populations of O4 and the transferred H1 are negative and
partly responsible for the lower energy barrier because the triplet
repulsion is negligible, as reported in the literature.73 From the
geometrical point of view, in TS1A, the dihedral angles
—H1O2O3C6 and —H1O2O3O4 are�2.9 and�1.4�, respec-
tively, reflecting that the five atoms (H1O2O3O4C6) approxi-
mately lay in the same plane. The O4O5 bond is stretched to
1.438 Å in TS1A from 1.353 Å in the H2COO radical, and it is
further lengthened to 1.452 Å as the O4H1 atoms approach the
formation of the H1O4 single bond in the product (P1A), which
is similar to the reaction of H2Oþ H2COO radical.20�22,25 The
intermediate H2C(OO)OOH corresponding to two conformers

(P1A and P1B) is connected by the transition state TS1B with a
computed barrier of about 1.4 kcal/mol. The calculated results
show that the conformer P1B is more stable than the P1A by 0.2
kcal/mol.
Regarding the fate of the intermediate H2C(OO)OOH in the

atmosphere, it is reacted with NO to produce NO2 and the
H2C(O)OOH alkoxy radical. Furthermore, the H2C(O)OOH
radical undergoes hydrogen transfer from O4 to O3, yielding the
peroxy radical H2C(OO)OH, as proposed by Su

74 and reported
in the literature.72,73,75 The peroxy radical H2C(OO)OH goes
through unimolecular decomposition to produce HCHO þ
HO2, which has been reported in the literature.

72,75 The conclu-
sion is that the reaction of carbonyl oxide with HO2 yields the
HCHO and the HO2 radical, and thus, the HO2 radical is
regarded as a catalyst in the reaction of carbonyl oxide with HO2.
3.2. Double Proton Transfer. The reaction is a very complex

mechanism because of the formation of the prereactive complex
C1 prior to the transition state TS2 (in Figure 3) and the
postcomplex C20 similar to the reactions of carbonyl oxide with
OH72 and H2O

21,22 as catalysts. From Table 1, the barrier is
computed to be about 9.5 and�2.3 kcal/mol with respect to the
precomplex C1 and the reactants, respectively, indicating that the
HO2 exerts the strongest catalytic effect because the barrier is 34.9,
8.5, and 13.0 kcal/mol lower than those of the corresponding

Figure 3. The geometrical structures of the optimized transition state, intermediates, and complexes at the B3LYP/6-311þþG(d,p) level of theory
(bond distances in angstroms and angles in degrees).
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reaction (H2COO f HCO þ OH) with respect to the
reactant,76 the reaction (H2COO þ H2O f HCO þ OH
þH2O) relative to the prereactive complex,22 and the reaction
(H2COO þ OH f HCO þ 2OH) relative to the prereactive
complex,27 respectively. However, the energy barrier is 8.5 kcal/
mol higher than that of TS1A, showing that the reaction pathway
is minor for the loss of the stabilized methyl carbonyl oxide. The
intermediate complex C20 is a planar seven-ring member
structure involving double hydrogen bonds with a binding energy
of �3.7 kcal/mol.
3.3. Hydrogen Abstraction. The hydrogen atom of HO2

abstracted byH2COOoccurs via the prereactive complex C2 and
the corresponding transition state TS3 similar to the process of
the hydrogen atom of HO2 abstracted by ozone.

77 The complex
C2 is stabilized by the interaction between the terminal oxygen
atom of carbonyl oxide and the hydrogen atom of HO2, resulting
in the formation of the single hydrogen bond complex. Com-
pared with the complex C1, the angle —O4H1O2 in C2 is 5.9�
smaller than the counterpart in the complex C1. Additionally, the
O4 3 3 3H1 in complex C1 is 0.059 Å shorter than that of the
complex C2. Therefore, the geometrical parameters show that
the interaction of O4 3 3 3H1O2 in C1 is stronger than that of C2.
It is worth noting that although the binding energy of C2 is found
to be �9.7 kcal/mol and the topological analysis also demon-
strates that the interaction between H1 and O4 in C2 is partially
covalent in nature, the topological properties also show that the
strength between H1 and O4 in C1 is stronger than the
corresponding interaction in C2. This may lead to the activated
barrier via TS3 being higher than the TS1A. The energy barrier is
calculated to be �0.4 and 9.3 kcal/mol with respect to the
separate reactants and the prereactant, respectively, which is
higher than the value of TS1A by 10.4 kcal/mol relative to the
reactants. Therefore, the elementary process via TS3 is of no
importance for the sink of methyl carbonyl oxide. In addition, the
HO2 radical extracts the hydrogen of the carbonyl oxide via the
transition states TS5, TS6, and TS7 in Figure S1 (Supporting
Information). Table 1 tells us that the barriers are in the range of
30.7�38.0 kcal/mol, showing that these processes unlikely take

place in the atmosphere. Thus, the reaction channels are not
contributed to the loss of the stabilized methyl carbonyl oxide.
3.4. Proton Transfer Plus Oxygen Addition Reaction be-

tween H2COO and the HO2 3 3 3H2O Complex. Herein, the
reaction taking place between the carbonyl oxide and the formed
HO2 3 3 3H2O complex is considered to judge whether the
reaction is more feasible than the naked reaction H2COO þ
HO2. Furthermore, the proton transfer plus oxygen addition
reaction between H2COO and the formed HO2 3 3 3H2O com-
plex is taken into account because the calculated results have
proven that the hydrogen transfer plus the oxygen addition
reaction between H2COO and HO2 is more preferable than
other reaction channels between H2COO and HO2. In addition,
the reaction of H2COO 3 3 3H2O with HO2 is also considered to
examine whether this could be one of the exit channels of the
reaction. However, the corresponding stationary points are not
located. Therefore, the results reflect that this is not the exit
channel for the reaction of H2COOþHO2 with the single water
molecule.
The reaction starts with the precomplex C3 before the

transition state TS4 and the products H2C(OO)OOH and
H2O, which is clearly depicted in the calculated potential profile
in Figure 4. In the elementary process, the water molecule is
released and thus acts as a catalyst. The C3 is an eight-member
ring structure including two hydrogen bonds between O4 and
H9 and H1 and O10 and a weak bond interaction between the
terminal oxygen in the HO2 and the center carbon in the
H2COO. The O4 3 3 3H9, O10 3 3 3H1, and O3 3 3 3C6 bond
distances are 1.611, 1.527, and 2.241 Å, respectively, reflecting
that the bond strength between O10 and H1 is stronger than
those of the other two bonds, whereas the O3 3 3 3C6 interaction
is weakest in the three bonds. The topological analysis of the
wave function (FO4H9 = 0.0577 au,Δ

2FO4H9 = 0.1444 au, FO10H1 =
0.0705 au, Δ2FO10H1 = 0.1556 au, FC6O3 = 0.0270 au, and
Δ2FC6O3 = 0.0816 au) at the bond critical points also indicates
that the O10H1 interaction is strongest in the three bonds. It is
pointed out the strong interaction between H1 and O10 leads to
the hydrogen transfer between O2 and O4 with the low-energy
barrier. The binding energy is found to be about�18.4 kcal/mol,
which is 6.6 and 4.0 kcal/mol lower than the counterparts
H2COO 3 3 3HO2 and H2COO 3 3 3 2H2O,

25 respectively.
The transition state TS4 is an eight-member ring structure

involving the double proton transfers of H1 of the HO2 to the
O10 in the water and of H9 in the H2O to the terminal oxygen in
the H2COO and the O3 atom addition to the C6 atom of the
H2COO. From an electronic point of view, from Figure S1
(Supporting Information), the atom spin population is centered
on the O2 and O3 atoms with positive value, whereas the spin
populations of H1 and O10 are negative, leading to being free of
the triplet repulsion similar to the transition state TS1A. The
activated energy is lower than the TS1A by 0.1 kcal/mol relative
to the respective precomplex. The low-energy barrier shows that
the water molecule plays a strong catalytic role in the reaction of
H2COO and HO2.
3.5. Kinetics and the Potential Application Relevant to

Atmospheric Chemistry. The rate constant is reported herein
to estimate whether the reactions of H2COO with HO2 and the
HO2 3 3 3H2O complex can compete well with the reactions of
H2COO þ H2O and H2COO þ H2O 3 3 3H2O because the
major removal of H2COO in the atmosphere was previously
considered to be the reactions of H2COO with water and the
water dimer.25 According to the results discussed above, main

Figure 4. The calculated potential energy profile for the H2COO
reaction with HO2 3 3 3H2O at the CCSD(T)/6-311þþG(3df,2p)//
B3LYP/6-311þþG(d,p) level of theory (in kcal/mol).
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reaction channels of the reactions H2COOþHO2 and H2COO
þHO2 3 3 3H2O are TS1A and TS4, and thus, the corresponding
rate constants are computed. Becuase the reaction begins with
the formation of the prereactive complex before the transition
sate, the reaction process is depicted by the eq 6.

H2COOþHO2

H2COOþHO2 3 3 3H2O
f
k1

k�1

Prereactive complexf
k2
Product

ð6Þ
By assuming that the prereactive complex is in equilibrium with
the reactants and the steady-state conditions, the overall rate
constant is obtained as

k ¼ k1k2
k�1 þ k2

ð7Þ

If k2 , k�1, the rate constant is expressed as

k ¼ k1
k�1 þ k2

k2 ¼ Keqk2 ð8Þ

where the Keq and k2 represent the equilibrium constant of the
first step and the rate constant of the second step in eq 6,
respectively. If the k2 is much bigger than k�1, the overall rate
constant is approximately equal to k1, which is derived from the
hard-sphere collision theory. Finally, the overall rate constant is
estimated according to eq 7. The k�1 is calculated from the
equilibrium constantKeq and k1. The k2 is the rate constant of the
second step calculated in the TheRate with Eckart tunneling
correction. We have utilized the method to study the reaction of
sulfuric acid77 with OH in the presence of water. The detailed
results are shown in Tables S5 and S6 (Supporting Information),
and the computational rate constants indicate that the values that
are obtained using transition-state theory and RRKM are in close
agreement with each other. Thus, the rate constants listed in
Table 3 are estimated employing the transition-state theory. In
addition, the rate constant for the reaction of H2COO with the
water dimer is calculated using the pseudo-second-order approx-
imation as proposed by Alvarez-Idaboy et al.78

As far as we know, the kinetics79�82 of the reaction of carbonyl
oxide with water is inconsistent and differs in the range of 1 �
10�19�1 � 10�15 cm3 molecule�1 s�1. The rate constant of
kTS01 is 8.15 � 10�17 cm3 molecule�1 s�1, which is in the range
of experimental results and is slightly different from the previous
calculation by Ariya25 because the calculated energy barrier here
is about 1.0 kcal/mol lower than the value reported by Ariya.25

However, as for the reaction of H2COOwith the water dimer, the
rate constant is calculated by using two different methods
because Alvarez-Idaboy et al.78 have shown that extrapolating
results obtained in chamber experiments is not always likely for
the bimolecular processes that produce a product at atmospheric
concentrations. The kTS02 and kTS020 are obtained using the

pseudo-first- and -second-order approximations, respectively.
The kTS02 agrees reasonably with the computed value by Ariya.25

It is noted that the kTS020 is in the range of 3.05� 10�14�3.36�
10�16 cm3 molecule�1 s�1 with the temperature range of
240�298 K. The results indicate that the experimental data79�82

of the reaction of H2COO with water are largely changed mainly
because it involves the reaction of H2COO with the water dimer,
which is very similar to the process of the reaction83�87 of SO3

with the water dimer responsible for the formation of the sulfuric
acid. From Table 3, the calculated rate constants show that the
reaction of H2COO with HO2 via TS1A is dominant. The rate
constant of TS1A is computed to be 2.23 � 10�10 cm3

molecule�1 s�1 at 298 K. If the reaction via TS1A could play
an important role in the sink for the stabilized H2COO in the
atmosphere, the concentration of HO2 is 10

�7 and 10�2 greater
than the concentrations of the water molecule and the water
dimer, respectively.Moreover, the upper limit concentrations88�90

of H2O and the water dimer are 3.97 � 1017 and 2.69 � 1014

molecules cm�3 at 50% relative humidity and at 298 K, while the
highest concentration of HO2 is 2.00 � 109 molecules cm�3 at
298K. In addition, the lifetime ofH2COO is about 0.03 s with the
water concentration of 3.97� 1017 molecules cm�3, whereas it is
about 2.24 s with the HO2 concentration of 2.00 � 109

molecules cm�3 at 298 K. Therefore, the reaction of H2COO
with HO2 is not dominant in the atmosphere, where the
concentration of water is up to 1017 molecules cm�3. However,
in the upper atmosphere91 of above 35 km, the concentration of
water is very low. The reaction H2COO þ HO2 may play an
important role in the sink of H2COO. In addition, the rate of the
reaction of H2COO with HO2 is 10

4 times faster than that of
NH3þH2COO reaction,34 whereas the concentration of HO2 is
10�3 greater than that of NH3. Therefore, the reaction of
H2COO þ HO2 is more important than the NH3 þ H2COO.
Furthermore, regarding the reaction of H2COO with the HO2

3 3 3H2O complex, the concentration of the HO2 3 3 3H2O com-
plex is determined by the water molecule. The typical value of the
HO2 3 3 3H2O complex is about 108 molecules cm�3, which
would not compete well with the single water molecule and
the water dimer. Additionally, it is pointed out that the investiga-
tion of the reaction of methyl carbonyl oxide with HO2 needs to
be further studied experimentally because the results reported
herein are on the basis of theoretical calculations. Although it is of
great difficulty to detect the carbonyl oxide in the atmosphere
because, until recently, the carbonyl oxide only has been detected
in the reaction of O2 with dimethyl sulfoxide (DMSO),35 the role
of the HO2 radical in the ozonolysis of unsaturated hydrocarbons
is indirectly measured according to the theoretical results.

4. CONCLUSIONS

We have investigated the reactions of H2COO with HO2 and
the HO2 3 3 3H2O complex utilizing B3LYP and CCSD(T)

Table 3. Rate Constant (k, cm3 molecule�1 s�1) for the Individual Reaction Pathway in the Temperature Range of 200�298 K

reaction 200 K 220 K 240 K 260 K 280 K 298 K

kTS01 1.31� 10�17 2.15� 10�17 3.27� 10�17 4.67� 10�17 6.37� 10�17 8.15� 10�17

kTS02 6.82� 10�9 1.12� 10�9 2.47 � 10�10 6.82� 10�11 2.25� 10�11 9.30� 10�12

kTS02 3.21� 10�12 2.53� 10�13 3.05� 10�14 5.11� 10�15 1.11� 10�15 3.36� 10�16

kTS1A 1.83� 10�10 1.92� 10�10 2.00� 10�10 2.08� 10�10 2.16� 10�10 2.23� 10�10

kTS4 1.80� 10�10 1.89� 10�10 1.97� 10�10 2.05� 10�10 2.13� 10�10 2.19� 10�10
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theoretical approaches for the first time. To obtain the calculated
results reliably, test calculations were first executed to check
whether the geometrical structures and binding energies of the
complexes between HO2 and H2COO are affected by the
different levels of theory. The calculated results clearly demon-
strate that the selected methods can describe the reaction system
reliably. The two strong hydrogen-bonded complexes formed
between H2COO and HO2, whose binding energies are com-
puted to be �12.4 and �10.1 kcal/mol at the CCSD(T)/
6-311þþG(3df,2p)//B3LYP/6-311þþG(d,p) level of theory. In
addition, the proton transfer plus oxygen addition in the reaction
of HO2 and H2COO is the predominant reaction pathway,
whereas the double proton transfer and the hydrogen abstraction
of HO2 by H2COO are minor because the barrier via TS1A is a
very small barrier with values of 1.0 and�10.8 kcal/mol relevant
to the prereactive complex and the free reactants, respectively. It
is interesting that the reaction by TS1A is finally responsible for
the formation of HCHO and HO2. The H2COO reaction with
HO2 in the atmosphere is significant in some areas, where the
concentration of water is less than 1017 molecules cm�3. In
addition, the accurate rate constant of H2COO with H2O is
further studied, which is of great necessity because the uncer-
tainty of the rate constant leads to the difficulty in comparing
what is the dominant species responsible for the loss of the
carbonyl oxides. The rate constant of the reaction of H2COO
with the water dimer is re-estimated using the pseudo-second-
order kinetic computation, revealing that the experimental data
of the reaction H2COO þ H2O is not consistent due to the
involvement of the reaction of carbonyl oxide with the water
dimer. Finally, the NO with H2COO reaction is also provided in
Table S7 and Figure S2 (Supporting Information), unraveling
that the reaction is not kinetically favorable.
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