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A systematic theoretical study of the reactions of HO2 with RO2 has been carried out. The major concern of
the present work is to gain insight into the reaction mechanism and then to explain experimental observations
and to predict new product channels for this class of reactions of importance in the atmosphere. In this paper,
the reaction mechanisms for two reactions, namely, HO2 + CH3O2 and HO2 + CH2FO2, are reported. Both
singlet and triplet potential energy surfaces are investigated. The complexity of the present system makes it
impossible to use a single ab initio method to map out all the reaction paths. Various ab initio methods
including MP2, CISD, QCISD(T), CCSD(T), CASSCF, and density function theory (B3LYP) have been
employed with the basis sets ranging from 6-31G(d) to an extrapolated complete basis set (CBS) limit. It has
been established that the CCSD(T)/cc-pVDZ//B3LYP/6-311G(d,p) scheme represents the most feasible method
for our systematic study. For the HO2 + CH3O2 reaction, the production of CH3OOH is determined to be the
dominant channel. For the HO2 + CH2FO2 reaction, both CH2FOOH and CHFO are major products, whereas
the formation of CHFO is dominant in the overall reaction. The computational findings give a fair explanation
for the experimental observation of the products.

I. Introduction

The reactions of HO2 with the organic peroxy radicals (RO2)
are important atmospheric degradation pathways for organic
compounds under low NOx conditions in the global or regional
environment. Moreover, these reactions represent an important
chemical sink for the HOx radicals in the troposphere.1,2

Experimentally, the stable products formed in the HO2 + RO2

reactions have been studied extensively by Wallington, Orlando,
Tyndall, and Hasson et al.3-22 The available product information
is summarized in Table 1. It has been found that the reaction
between HO2 and RO2 proceeds via two distinct channels, giving
either hydroperoxide (ROOH) or carbonyl products. More
interestingly, the reactions of HO2 with the unsubstituted RO2
radicals (e.g., CH3O2, C2H5O2, etc.) produce only ROOH. In
contrast, the reactions between HO2 and the substituted RO2
(e.g., CH2FO2, CH2ClO2, CHCl2O2, and CH3OCH2O2) produce
both ROOH and carbonyl. The relative yields of the two
products depend on the chemical identity of the R-group. There
is no explanation for this substitution effect because the reaction
mechanisms are unknown.

An ab initio computation is invaluable for gaining some
insight into the reaction mechanism. To assess the likelihood
of the occurrence of these processes, a systematic calculation
that provides data on a whole suite of related radical reactions
via the same method is extremely useful. Such self-consistent
data sets have proven useful in the development of structure-
reactivity relationships.2 Therefore, we have calculated a total
of 11 reactions [e.g., HO2 + CH3O2, C2H5O2, CH2FO2, CH2-
ClO2, CHCl2O2, CCl3O2, HOCH2O2, CH3OCH2O2, CH3C(O)-
CH2O2, CH3C(O)O2, and C2F5C(O)O2] as listed in Table 1
systematically. To explain the experimentally observed ROOH
and carbonyl products, Wallington et al.3,11-22 proposed a few

reaction mechanisms which include direct abstraction and
concerted reactions with four- and six-membered transition
states. However, no rigorous ab initio calculation has ever been
done except that the MP2/6-31G(d,p) method was used to
calculate the equilibrium geometries of CH3O2H and CH2-
FO2H.11 In this paper, the reaction mechanisms for two reactions,
HO2 + CH3O2 and HO2 + CH2FO2, are reported.

After a brief description of the computational methods in
section II, the reaction mechanisms for the HO2 + CH3O2 and
HO2 + CH2FO2 reactions are discussed in sections III.1 and
III.2, respectively. The unimolecular decomposition of the
ROOH (e.g., CH3OOH and CH2FOOH) products is investigated
in section III.3. Section III.4 summarizes the characteristics of
the tetroxide intermediates (RO4H). The computational methods
are validated in section III.5, and some conclusions are drawn
in section VI.

II. Computational Methods

Geometrical parameters of the reactants, products, intermedi-
ates, and transition states were optimized using the density
functional B3LYP23 with the 6-311G(d,p) basis set unless
otherwise stated. Harmonic vibrational frequencies calculated
at the same level were used for the characterization of stationary
points and zero-point energy (ZPE) corrections. A minimum
has no imaginary frequency, and a transition state has only one
imaginary frequency. Moreover, transition states were subjected
to intrinsic reaction coordinate (IRC)24 calculations to confirm
the connection between reactants and products. It should be
noted that a few IRC calculations failed due to a convergence
problem. Alternatively, the displacement vector of the imaginary
normal vibrational mode is used to identify the connection.25,26

To improve the accuracy of the calculated barrier heights and
heats of reaction, the CCSD(T)/cc-pVDZ method27-31 was used
to calculate the final energies at the B3LYP/6-311G(d,p)
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optimized geometries. All ab initio calculations were carried
out using the Gaussian 03 program.32

III. Results and Discussion

III.1. The HO 2 + CH3O2 Reaction. The structures of the
intermediates and transition states involved in the HO2 + CH3O2

reaction are shown in Figure 1. The schematic potential energy
surface is shown in Figure 2. The energetic data are summarized
in Table 2. As shown in Figure 2, the reaction occurs on both
triplet and singlet surfaces. However, the transition states TS2,
TS4, and TS7, leading to the products CH3OOH + 3O2, CH3-
OOH+ 1O2, and CH2O + H2 + O3, respectively, are well above
the energy available in the reaction at normal temperatures and
are thus not discussed further.

III.1.1. The Triplet Surface. As can be seen from Figure 2,
direct hydrogen abstraction on the triplet surface possesses the

lowest barrier. The energy of TS1 is even 3.8 kcal/mol lower
than the total energy of the reactants. The forming OH bond
is 1.509 Å, which is 0.54 Å longer than that in the product
CH3OOH. The breaking HO bond is 1.03 Å, which is only
slightly longer by 0.06 Å than that of the HO2 mole-
cule. Evidently, TS1 is an early barrier, consistent with the
reaction exothermicity of 37.82 kcal/mol. The seven-membered-
ring hydrogen-bonding complex IM1 exits in the entrance
channel along the reaction path. The binding energy is 7.65 kcal/
mol.

III.1.2. The Singlet Surface.Both direct hydrogen abstrac-
tion and addition/elimination mechanisms are found on the
singlet surface. The hydrogen abstraction proceeds via transition
state TS3. The forming OH bond is 1.63 Å. The breaking HO
bond is only slightly stretched to 1.00 Å, which is evidently a
feature of the early barrier. Unlike TS1 for the triplet abstraction,

Figure 1. Optimized geometries of the transition states and intermediates involved in the HO2 + CH3OO reaction at the B3LYP/6-311G(d,p) level
of theory. The geometrical parameters for TS4 are obtained at the CISD/cc-pVDZ level.

TABLE 1: Summary of the Products Observed Experimentally for the HO2 + RO2 Reaction

type RO2 product (yield) refs

unsubstituted CH3O2, CD3O2 3-5
C2H5O2 only ROOH 6-8
C5H9O2, C6H11O2 (g0.9( 0.1) 9
(CH3)3CO2 10

substituted CH2FO2 CH2FOOH CHFO 11
(0.29( 0.08) (0.71( 0.11)

CH2ClO2 CH2ClOOH CHClO 12
(0.27( 0.05) (0.73( 0.12)

CHCl2O2 CCl2O CHClO 13
(0.24) (0.71)

CCl3O2 CCl2O (1.0) 13
HOCH2O2 HOCH2OOH HCOOH 14

(0.60) (0.40)
CH3OCH2O2 CH3OCH2OOH CH3CHO 15

(0.53( 0.08) (0.40( 0.04)
CH3C(O)O2 CH3C(O)OOH CH3COOH 8, 16-20

(0.80) (0.20)
CH3C(O)CH2O2 CH3C(O)CH2OOH CH3C(O)CH2O 8, 21

(0.33( 0.10) (0.67( 0.20)
C2F5C(O)O2 C2F5C(O)OOH C2F5COOH 22

(0.76( 0.04) (0.24( 0.04)
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the OHO angle in TS3 is far from linearity with a value of
106.8°. The corresponding barrier height is 8.24 kcal/mol.

The addition (recombination) between the terminal oxygen
atoms of the HO2 and CH3O2 radicals leads to the intermediate
IM2. As shown in Figure 2, the potential well of 9.2 kcal/mol
is fairly shallow, being only slightly deeper than the hydrogen-
bonding complex IM1.

IM2 decomposes into CH2O + HO2 + OH via the five-
membered-ring transition state TS5. Interestingly, this channel
could be considered as a HO2-mediated dissociation process of
CH3O2, since HO2 acts as a catalyst. As shown in Figure 1, the
hydrogen is migrating from C to O to reproduce HO2 while the
remaining two OO bonds are breaking. The barrier for TS5 is
11.79 kcal/mol. The other path leading to formaldehyde involves
the four-center transition state TS6. Although the formation of
CH2O + HOOOH is more exothermic than CH2O + HO2 +
OH, the energy of TS6 is 6.7 kcal/mol higher than that of TS5.

The reaction leading to methanol (CH3OH) occurs via the
five-membered-ring transition state TS8. As shown in Figure
1, the terminal hydrogen atom shifts to the last oxygen atom
and the OO bond is broken simultaneously. The CH3 group is
just a speculator in the reaction. The energy of TS8 is very close
to that of TS5. Thus, the formation of CH3OH and CH2O could
be competitive.

In summary, the dominant product channel in the CH3O2 +
HO2 reaction may be determined straightforwardly according
to the potential surface in Figure 2. On the singlet surface, all
reaction channels involve significant barriers, ranging from 11.8
to 48.6 kcal/mol. The reaction prefers to occur on the triplet
surface because the hydrogen abstraction pathway is effectively
barrierless and highly exothermic. Moreover, because the
intermediate wells IM1 and IM2 are similar in depth, the nascent
collision complex can sample the two wells and will prefer to
exit from IM1 via a lower barrier. Therefore, it should be

Figure 2. Schematic profile for the potential energy surface of the HO2 + CH3OO reaction. The indicated energies (in kilocalories per mole) are
calculated with the CCSD(T)/cc-pVDZ//B3LYP/6-311G(d,p) scheme. The value in parentheses for TS3 is calculated at the CCSD(T)/cc-pVDZ
level but with the CISD/cc-pVDZ optimized geometry.

TABLE 2: Relative Energies Calculated at the CCSD(T)/cc-pVDZ Level with the B3LYP/6-311G(d,p) Optimized Geometries
for the HO2 + CH3OO (CD3OO) Reactiona

species ZPE ZPE (D-substituted) B3LYP/6-311G** CCSD(T)/cc-pVDZ exptlb

HO2 + CH3OO 35.72 29.51 0.0 0.0 0.0
IM1 37.56 31.13 -7.67 -7.65
IM2 38.46 32.01 -6.45 -9.22
TS1 36.05 29.66 -7.40 -3.76
TS2 35.57 29.25 20.83 30.06
TS3 36.79 30.68 24.37 8.24 (18.73)c

TS4 37.22c 30.87c 40.32c

TS5 34.26 28.79 14.68 11.79
TS6 34.53 28.95 23.61 18.49
TS7 31.76 26.19 50.0 48.57
TS8 35.47 29.11 17.48 11.89
CH3OOH + 3O2 36.49 30.30 -32.63 -37.82 -38. 4( 3.9
CH3OOH + 1O2 36.47 30.27 6.37 -6.93
CH2O + HO2+OH 30.78 25.13 -16.88 -23.40 -19.8( 2.9
CH2O + HOOOH 35.65 29.72 -44.64 -49.31 -46.6( 4.0d

CH2O + H2+O3 27.50 23.07 14.07 2.18 2.0( 2.5
CH3OH + O3 36.64 30.62 -2.82 -12.79 -15.2( 2.6

a In kilocalories per mole. The total energy of HO2 + CH3O2 is -341.222 25 and-340.306 92 (in hartrees) at the B3LYP/6-311G** and CCSD(T)/
cc-pVDZ levels, respectively.b Using the enthalpies of formation from ref 33 and the references therein with the thermal correction at 298.15 K.
c Calculated with the CISD/cc-pVDZ optimized geometry.d Using an upper-limit value of-26.0 kcal/mol for HOOOH in ref 34.
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unambiguous to deduce that the formation of CH3OOH + O2

is the dominant product channel in the HO2 + CH3O2 reaction,
in agreement with the experimental result in which CH3OOH
is the only product that could be detected.3,4

The isotope effect has been studied as well for the HO2 +
CD3OO reaction. As shown in Table 2, although the zero-point
energy for each structure decreases because of D-substitution,
the relative order of the barriers does not change; that is, the
D-substitution does not affect the relative yields of the products.
The hydrogen abstraction path on the triplet surface still exhibits
the lowest barrier and remains the dominant reaction channel.
In fact, it has been shown that CD3OOH is the only product
observed experimentally for the HO2 + CD3OO reaction.5

III.2. The HO 2 + CH2FO2 Reaction.The structures of the
intermediates and transition states of the HO2 + CH2FO2

reaction are shown in Figure 3. The schematic potential energy
surface is shown in Figure 4. The energetic data are summarized
in Table 3. Similar to the CH3O2 + HO2 reaction, the CH2FO2

+ HO2 reaction occurs on both singlet and triplet surfaces. The
product channels involving transition states FTS2, FTS7, and
FTS8 are ruled out in view of their significant barriers.

III.2.1. The Triplet Surface. A direct hydrogen abstraction
path leads to CH2FOOH and the triplet O2 molecule. As shown
in Figure 3, the intermediate well FIM1 exists in the entrance
channel. FIM1 is a seven-membered-ring complex with two
hydrogen bonds of 1.882 and 2.289 Å, respectively. The well
depth is 8.89 kcal/mol. The formation of CH2FOOH + 3O2

proceeds via transition state FTS1. The forming O‚ ‚ ‚H bond
is 1.477 Å, while the breaking O‚ ‚ ‚H bond is stretched to 1.037
Å, which is only∼0.07 Å longer than that of HO2. The energy
of FTS1 is slightly lower than that of the reactants by∼2.0
kcal/mol. As a result, the overall abstraction becomes essentially
barrierless. In addition, the abstraction is exothermic by 43.24
kcal/mol. Therefore, it is conceivable that the abstraction should
be facile both kinetically and thermodynamically.

No other reaction path could be found on the triplet surface.
The optimization of the triplet CH2FO4H leads to the separation
of CH2FO2 and HO2, as shown in Figure 5 (upper panel). Note
that at the B3LYP/6-311G(d,p) level the optimization finally
leads to the hydrogen-bonded complex FIM1. Furthermore, the
OO addition entrance channel complex was checked through a
potential surface scan. Because of the multireference character
of the reaction path, the complete active space (CAS) self-
consistent field (SCF) calculation37-41 was performed with the
qualitatively accurate basis set 6-31G(d). The active space
included six electrons and six orbitals. The result is shown in
Figure 5 (lower panel). It is obvious that the terminal oxygen
atom approach is repulsive on the triplet surface, whereas it is
attractive on the singlet surface, as will be detailed below.

III.2.2. The Singlet Surface. As shown in Figure 4, the
singlet surface is more complicated than the triplet one. The
first reaction path is the hydrogen abstraction via transition state
FTS3 with the formation of CH2FOOH and the singlet O2
molecule. The singlet abstraction is different from the triplet
one in two repects. First, there is no weakly bound complex.
Second, the O‚ ‚ ‚H‚ ‚ ‚O bond angle is much more bent (e.g.,
109.6° in FTS3 vs 172.0° in FTS1). The barrier for abstraction
is 7.31 kcal/mol.

All the remaining reactions precede via an addition/elimina-
tion mechanism. The initial adduct is the tetroxide intermediate,
denoted as FIM2 in Figure 3. FIM2 is a nonplanar structure.
The four oxygen atoms are twisted by 92.2°. The intermediate
well depth is 14.13 kcal/mol, which is∼5 kcal/mol lower than
that of the FIM1 complex.

Starting from FIM2, transition states FTS4, FTS6, FTS9, and
FTS10, leading to CH2FOOH+ 1O2, CHFO+ HOOOH, CH2O
+ HF+O3, and CH2FOH + O3, respectively, exhibit similar
barrier heights, namely, 7-9 kcal/mol. As shown in Figure 3,
the four transition states have ring structures. For example, both
FTS4 and FTS6 have four-membered rings and FTS9 and

Figure 3. Optimized geometries of the transition states and intermediates involved in the HO2 + CH2FOO reaction at various levels of theory. For
the structures with three entries, from top to bottom, the data are obtained at the B3LYP/6-31G(d), B3LYP/6-311G(d,p), and CISD/cc-pVDZ
levels, respectively. For the structures with two entries, the data are obtained at the B3LYP/6-31G(d) and B3LYP/6-311G(d,p) levels, respectively.
The parameters for FTS8 are obtained at the MP2/6-31G(d) level. The bond distances are in angstroms, and the angles are in degrees.
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FTS10 have seven- and five-membered rings, respectively. The
formation of the ringlike structures is helpful to disperse
electrons and then weaken the bonding. As a result, such a struc-
ture has lower energy. However, these barriers are still well above
the available energy at normal temperatures. Only at higher
temperatures could these four channels play an observable role
in the overall reaction, and they are thus not discussed further.

Among the possible pathways leading to fluorinated form-
aldehyde (CHFO), the reaction HO2 + CH2FO2 f FIM2 f
FTS5f CHFO+ OH + HO2 involves the lowest barrier. The
energy of FTS5 is only slightly higher than that of the reactants
by 2.3 kcal/mol, which corresponds to∼4 RT at room

temperature. This implies that the barrier becomes essentially
zero after thermal correction. Moreover, the overall reaction is
highly exothermic by 43.34 kcal/mol. As shown in Figure 3,
FTS5 has a five-membered-ring geometry. One of the hydrogen
atoms is shifting from C to O, and simultaneously, the two OO
bonds are breaking. The CO bond is shortened to be double-
bond-like to give the product CHFO. It is interesting to note
that this reaction appears to be a HO2-catalyzed decomposition
of the CH2FOO radical because HO2 is reproduced as one of
the final products.

Experimentally, it was found that at room temperature the
yield of CHFO accounts for almost 70% of products, while the

Figure 4. Schematic profile for the potential energy surface of the HO2 + CH2FOO reaction. The indicated energies (in kilocalories per mole) are
calculated with the CCSD(T)/cc-pVDZ//B3LYP/6-311G(d,p) scheme (upper) and the CCSD(T)/CBS2 scheme (lower), respectively.

TABLE 3: Relative Energies Calculated at Various Levels of Theory for the HO2 + CH2FOO Reactiona

species ZPE
B3LYP/

BS1b
MP2/
BS1

QCISD/
BS1

QCISD(T)/
BS1

CCSD(T)/
BS1

CCSD(T)/
BS2c

CCSD(T)/
BS3d

CCSD(T)/
CBS1e

CCSD(T)/
CBS2f

HO2 + CH2FO2 31.33 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FIM1 33.28 -8.35 -7.43 -6.83 -7.64 -7.61 -8.89 -7.12 -6.38 -6.10
FTS1 31.39 -7.31 -0.53 0.1 -1.26 -1.26 -2.00 -1.15 -0.80 -0.66
FTS2 31.14 20.45 42.76 35.83 31.23 31.80 30.07 31.46 32.04 32.26
FTS3 32.41 22.22 0.1 31.05 11.29 8.25 7.31 8.94 9.62 9.88
FIM2 34.18 -11.59 -23.13 -7.02 -13.50 -13.55 -14.13 -17.50 -18.92 -19.43
FTS4 32.55 15.97 -9.40 27.89 10.67 9.89 8.51 8.83 8.97 9.02
FTS5 30.13 3.81 -17.11 21.68 3.34 4.01 2.31 2.23 2.20 2.19
FTS6 30.59 12.41 -3.81 30.13 10.27 10.55 8.74 8.92 8.99 9.02
FTS7 26.95 36.50 19.73 36.44 34.94 35.73 33.54 34.05 34.26 34.34
FTS8g 31.51 12.56 52.44 27.95 32.39 28.48 31.46 32.71 33.17
FTS9 29.98 4.95 2.86 24.72 11.76 10.29 7.18 7.44 7.54 7.58
FTS10 30.59 10.92 -1.0.39 25.43 8.43 8.86 6.94 6.09 5.73 5.61
CH2FOOH+ 3O2 32.41 -38.69 -57.10 -39.84 -42.67 -43.02 -43.24 -42.00 -41.49 -41.29
CH2FOOH+ 1O2 32.39 0.31 -25.24 -6.53 -11.90 -12.40 -12.36 -11.89 -11.69 -11.61
CHFO+ HO + HO2 27.22 -38.22 -50.86 -44.49 -44.04 -44.10 -43.34 -41.66 -40.96 -40.70
CHFO+ HOOOH 32.09 -65.98 -84.52 -65.56 -70.13 -70.21 -69.25 -71.93 -73.07 -73.47
CHFO+ H2 + O3 23.94 -7.27 -41.14 -4.48 -18.13 -17.55 -17.76 -16.19 -15.53 -15.29
CHFO+ H2O + O2 28.76 -64.99 -98.72 -81.02 -76.21 -80.74 -79.32 -79.57 -79.68 -79.71
CH2O + HF + O3 27.06 -1.16 -38.38 -3.29 -15.76 -15.43 -14.59 -14.69 -14.73 -14.74
CH2FOH + O3 32.80 -11.80 -44.98 -10.02 -22.17 -21.89 -20.88 -23.26 -24.26 -24.62

a In kilocalories per mole. The total energy of the reactants HO2 + CH2FOO is as follows (in hartrees):-440.481 819 (B3LYP/BS1),-439.536 672
(MP2/BS1), -439.475 879 (QCISD/BS1),-439.506 244 [QCISD(T)/BS1],-439.504 092 [CCSD(T)/BS1],-439.338 545 [CCSD(T)/BS2],
-439.787 570 [CCSD(T)/BS3],-439.976 63 [CCSD(T)/CBS1],-440.045 04 [CCSD(T)/CBS2].b BS1) 6-311G(d,p).c BS2) cc-pVDZ. d BS3
) cc-pVTZ. e Using the formula in ref 35.f Using the formula in ref 36.g The MP2/6-31G(d) optimized geometry.
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branching to CH2FOOH is only 30%.11 The formation of CHFO
and CH2FOOH exhibits the lowest barrier on the singlet and
triplet surfaces, respectively. Although FTS5 is somewhat higher
than FTS1 in energy, both channels are effectively barrierless
at room temperature. Moreover, the relative depths of the
intermediate wells FIM1 and FIM2 have an influence on the
reaction. The nascent collision complex can sample the two
wells and will prefer to spend time as FIM2 because it is much
deeper than FIM1. This effect could easily shift the product
distribution in the CHFO direction. In addition, in the sense of
transition state theory, besides the activation barrier, the pre-
exponential factorA also needs to be taken into account. In
this regard, FTS5 leading to CHFO should have a clear
advantage because it is a ring structure. Therefore, our calcula-
tion supports that the yield of CHFO should be higher than that
of CH2FOOH, which is in agreement with the experimental
result. Detailed kinetic modeling is necessary to obtain a more
quantitative conclusion.

III.3. Unimolecular Decomposition of CH3OOH and
CH2FOOH. The motivation to study the unimolecular decom-
position of ROOH (RdCH3, CH2F) originates from Figures 2

and 4. It is noted that the abstraction reaction forming ROOH
on the triplet surface is highly exothermic by around 40 kcal/
mol. It is supposed that most of the available energy goes into
the internal energy of the ROOH molecule, and thus makes
ROOH vibrationally excited and reactive. This postulation
results from the fact that the abstraction transition state is an
early barrier and, empirically, the product might be internally
excited in a reaction involving an early barrier. For example,
in FTS1, the forming OH bond is 1.477 Å, which is∼1.5 times
longer than the equilibrium value in CH2FOOH. Consequently,
ROOH might decompose further and thus affect the product
distribution in the HO2 + RO2 reaction.

The following dissociation channels have been calculated at
the CCSD(T)/cc-pVDZ//B3LYP/6-311G(d,p) level of theory for
CH3OOH* and CH2FOOH*, respectively.

where the∆rH°0 values are obtained using the experimental
enthalpies of formation taken from ref 33 with a thermal
correction.

Figure 5. Potential energy profile for the OO addition entrance channel
in the reaction of HO2 with CH2FOO. (upper panel) Energy and
geometric profiles in the B3LYP (symbols+ lines) and MP2 (lines)
optimization with the 6-311G(d,p) basis set. OO means the distance
between two approaching oxygen atoms, and OH means the distance
between the H atom of HO2 and the terminal O atom of CH2FOO.
(lower panel) The triplet and singlet entrance energy profiles at the
CAS(6,6)/6-31G(d) level of theory. To obtain smooth energy curves,
in the partial optimization, the CH2F group is fixed to avoid rotation
and only the three most important bond distances, C-O, O-O, and
O-O, in the COOO skeleton are optimized. The step sizes are set to
be 0.05 and 0.1 Å forR(O-O) < 1.9 Å and 1.9 Å< R(O-O) <10.0
Å, respectively, whereR(O-O) means the distance between the two
approaching O atoms.

Figure 6. Decomposition pathways for the CH3OOH molecule. The
indicated energies (in kilocalories per mole) are calculated with the
CCSD(T)/cc-pVDZ//B3LYP/6-311G(d,p) scheme.

CH3OOH* f CH2O + H2O
∆rH°0 ) -51.5( 1.9 kcal/mol (R1a)

f CH3O + OH ∆rH°0 ) 45.6( 2.9 kcal/mol
(R2a)

f CH3O2 + H ∆rH°0 ) 87.5( 3.1 kcal/mol
(R3a)

f CH3 + HO2 ∆rH°0 ) 70.7( 2.8 kcal/mol
(R4a)

CH2FOOH* f CHFO+ H2O (R1b)

f CH2O + FOH (R2b)

f CH2FO + OH (R3b)

f CH2FO2 + H (R4b)

f CH2F + HO2 (R5b)

456 J. Phys. Chem. A, Vol. 109, No. 3, 2005 Hou and Wang



The results (e.g., structures and energies) are shown in Figures
6 and 7, respectively. As for the decomposition of CH3OOH,
the R1a channel has the lowest barrier, 46.57 kcal/mol. This
value is higher than the total available energy of∼38 kcal/mol
released in the abstraction process. Even if all the available
energy goes into the internal energy of CH3OOH*, it is still
not enough to break CH3OOH into CH2O. All the other
decomposition channels leading to radical products are highly
endothermic. Therefore, most CH3OOH* should be deactivated
through collision. However, it is worth noting that the product
H2O molecule may initialize an autocatalytic process. The H2O
molecule could serve as a catalyst to lower the barrier for R1a
significantly. As shown in Figure 6, the H2O-mediated dis-
sociation of CH3OOH to CH2O + H2O only needs to overcome
a barrier of 33.1 kcal/mol. This value is already∼5 kcal/mol
less than the available energy of 38 kcal/mol.

For the CH2FOOH molecule, the most favorable reaction is
R3b with a barrier of 34.07 kcal/mol. It has been shown that
the CH2FO radical decomposes further to give predominantly
CHFO and H.42 The other important channel is R1b. The barrier
of 43.99 kcal/mol is very close to the available energy (i.e.,
43.24 kcal/mol). Moreover, R1a is highly exothermic. It is
conceivable that a fraction of CH2FOOH* may decompose into
CHFO once it is formed in the HO2 + CH2FOO reaction.
Analogous to R1a, the H2O molecule could serve as a catalyst
to accelerate the dissociation of CH2FOOH via R1b. As shown
in Figure 7, the barrier is lowered by 12.89 kcal/mol.

III.4. Conformers of the Tetroxides CH3O4H and CH2-
FO4H. The tetroxide RO4H is an important intermediate in the
HO2 + RO2 reaction. All conformers of the O4 backbone of
RO4H have been explored for both CH3O4H and CH2FO4H,
together with the internal rotation transition states. The structures
and relative energies are shown in Figures 8 and 9 for CH3O4H
and CH2FO4H, respectively. The energies of the conformers are
very close to each other. However, there are relatively large
barriers between two conformers. There is no measurement of
the enthalpies of formation for CH3O4H and CH2FO4H reported
in the literature. Using the standard G3MP2//B3LYP/6-31G*
scheme,43 the enthalpies of formation for the most stable
CH3O4H and CH2FO4H conformers have been calculated:
∆fH°0(CH3O4H) ) -4.3 kcal/mol and∆fH°0(CH2FO4H) )
-55.6 kcal/mol. Additionally, the enthalpies of CH2FOOH and
CH3OOH are calculated to be-78.1 and-26.9 kcal/mol,
respectively. The value for CH3OOH is in agreement with the
experimental value of-29.2( 2.4 kcal/mol.33 An error of(2.4
kcal/mol is estimated for the theoretical values.

III.5. Validation of the Computational Methods Employed
in the Study. The CCSD(T)/cc-pVDZ//B3LYP/6-311G** level
of theory is employed in the present systematic study. The
reliability of such computations has been validated and calibrated
through more extensive calculations on the HO2 + CH2FO2

reaction. For comparison, the geometrical parameters optimized
at the B3LYP/6-31G(d), B3LYP/6-311G(d,p), and CISD/cc-
pVDZ levels are shown in Figure 3. It is noted that the

Figure 7. Decomposition pathways for the CH2FOOH molecule. The indicated energies (in kilocalories per mole) are calculated with the CCSD-
(T)/cc-pVDZ//B3LYP/6-311G(d,p) scheme. Note that the channel CH2FOOH f CH2O+FOH is calculated at the CCSD(T)/cc-pVDZ//MP2/
6-311G(d,p) level because the transition state cannot be found with the B3LYP/6-311G(d,p) method.
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geometries do not change dramatically with the different levels
of theory except for one transition state (FTS4). Moreover, with
the B3LYP method, the basis set 6-311G(d,p) appears to be
adequate. In fact, B3LYP/6-311G(d,p) has been widely used to
study reactions involving open-shell radicals because of its good
performance in geometrical optimization and in annihilation of
spin contamination.44 However, higher levels of theory have to
be used to improve the quality of the energies, especially the
relative energies of barrier heights and reaction heats.

Table 3 summarizes the energies relative to the reactants (HO2

+ CH2FO2) calculated at various levels of theory including MP2/
6-311G(d,p), QCISD/6-311G(d,p), QCISD(T)/6-311G(d,p), CCS-
D(T)/6-311G(d,p), CCSD(T)/cc-pVDZ, and CCSD(T)/cc-pVTZ.
Moreover, the last two CCSD(T) energies are extrapolated to
the complete basis set (CBS) limit using the two-point (i.e.,
cc-pVDZ and cc-pVTZ) formula.35,36 Obviously, the data
obtained at the lower levels such as B3LYP/6-311G(d,p) and
MP2/6-311G(d,p) are significantly different from the CCSD-
(T)/CBS results. However, the results obtained at the CCSD-
(T)/cc-pVDZ level are very close to the CCSD(T)/CBS data
for most species. Comparing a total of 20 relative energies at
the CCSD(T)/cc-pVDZ level with those at the CCSD(T)/CBS
level in Table 3, we found that the mean absolute deviation is
1.74 kcal/mol with the errors ranging from 0.11 to 4.79 kcal/
mol. The results obtained at the CCSD(T) level with the triple-ú
basis sets 6-311G(d,p) and cc-pVTZ are slightly better; however,
the improvement is not significant in comparison with the
CCSD(T)/cc-pVDZ data but the computational cost increases
dramatically. Therefore, as a balance between accuracy and cost,

the CCSD(T)/cc-pVDZ method should be a reasonable level
for calculating the relative energies. For example, as can be
seen in Table 3, the calculated heats of reaction are in good
agreement with the experimental data,33,34which is an indication
of the good performance of the CCSD(T)/cc-pVDZ//B3LYP/
6-311G(d,p) method.

Table 4 shows the dependence of the relative energies on
the geometries optimized at different levels of theory. It is clear
that the absolute values of energies do change more or less with
the geometries. The most dramatic deviation is seen in the
CCSD(T)/cc-pVDZ energies of FTS4 between the B3LYP/
6-311G(d,p) and CISD/cc-pVDZ geometries. It should be noted
that the CCSD(T)/cc-pVDZ//CISD/cc-pVDZ energy is an
artifact because of an internal failure of the CCSD(T) calcula-
tion. Fortunately, the relative order of most species does not
change and basically remains the same at different levels, which
indicates that the errors in the energies are systematic.

IV. Concluding Remarks

The present paper reports an ab initio study on the reactions
of HO2 with CH3O2 and CH2FO2. The major features of the
reaction mechanisms for both reactions have been clarified at a
relatively reliable level of theory. A few conclusions can be
drawn as follows:

(1) Both the HO2 + CH3OO and the HO2 + CH2FOO
reactions have a simpler triplet potential energy surface on which
the hydrogen abstraction path is effectively barrierless and a
more complicated singlet surface on which the addition/
elimination mechanism dominates.

Figure 8. CH3O4H conformers and the corresponding transition states for their interconversion. The geometries are optimized at the B3LYP/6-
311G(d,p) level, and the indicated energies (in kilocalories per mole) are calculated at the CCSD(T)/cc-pVDZ level. The values in brackets are
three dihedral angles, namely,φ(HOOO),φ(OOOO), andφ(OOOC).
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(2) A simple explanation of the F-substituted effect can be
offered. Without the substitution, the reaction proceeds only on
the triplet surface through hydrogen abstraction. The reaction
paths on the singlet surface cannot be competitive because of
significant barriers. After the F-substitution, some barriers on
the singlet surface are lowered. As a result, more product
channels become open. Moreover, the deeper well in the singlet
entrance channel (compared with that on the triplet surface)
gives an advantage to the production of carbonyl compounds.
Thus, under normal experimental conditions, for the HO2 +
CH3OO reaction, CH3OOH is the dominant product. For the
HO2 + CH2FOO reaction, both CH2FOOH and CHFO are
observable products, while the latter is dominant.

(3) The secondary decomposition of CH3OOH and CH2-

FOOH may generate additional carbonyl products (CH2O or
CHFO). Water could act as a catalyst in the unimolecular
decomposition.

(4) For a systematic computational study on the HO2 + RO2

reaction, the scheme CCSD(T)/cc-pVDZ // B3LYP/6-311G(d,p)
has the desired balance between cost and good performance.

In our further study, the minimum energy reaction paths
(MREPs) obtained in the present study will be employed to carry
out detailed kinetic modeling to predict the temperature and
pressure dependence of the rate constants and the branching
ratios of the products.
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