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Mechanisms and kinetics of the reaction of atomic oxygen with acetone have been investigated using ab
initio quantum chemistry methods and transition state theory. The structures of the stationary points along
the possible reaction pathways were obtained using the second-order Møller-Plesset theory and the coupled-
cluster theory with single and double excitations with the triple-ú quality basis sets. The energetics of the
reaction pathways were calculated at the reduced second-order Gaussian-3 level and the extrapolated full
coupled-cluster/complete basis set limit. The rate coefficients were calculated in the temperature range 200-
3000 K, with the detailed consideration of the hindered internal rotation and the tunneling effect using Eckart
and the semiclassical WKB approximations. It is shown that the predominant mechanism is the direct hydrogen
abstraction producing hydroxyl and acetonyl radicals. Although the nucleophilic OC addition/elimination
channel leading to CH3 and CO2 involves comparable barrier with the direct hydrogen abstraction channel,
kinetically it cannot play any role in the overall reaction. It is predicted that the rate coefficients show positive
temperature dependence in the range 200-3000 K and strong non-Arrhenius behavior. The tunneling effect
plays a significant role. Moreover, the reaction has strong kinetic isotope effect. The calculated results are in
good agreement with the available experimental data. The present rigorous theoretical work is helpful for the
understanding of the characteristics of the reaction of atomic oxygen with acetone.

I. Introduction

Acetone (CH3COCH3) is the simplest ketone. It is one of the
volatile organic compounds (VOCs) emitted into the atmosphere
from a variety of anthropogenic and natural sources. Moreover,
it is a potential fuel additive. The reactions between acetone
and various free radicals (e.g., OH, H, O, F, Cl, etc.) play
important roles in both atmospheric chemistry and combustion.
While the reaction of acetone with OH radical has been well-
established experimentally and theoretically,1 the reaction
between atomic oxygen, O(3P), and acetone is still not well
characterized. Herein the mechanism and kinetics of the title
reaction are investigated computationally using high-level ab
initio quantum chemistry methods.

Acetone chemistry is also important in the surface chemical
activation. Acetone possesses two chemically different sites for
potential activation by atomic oxygen: an electron-deficient
carbonyl carbon and six equivalent acidic methyl C-H bonds.
Therefore, competitive nucleophilicity and basicity reactivity
of acetone with oxygen atom can take place. For example, the
reactivity of acetone on the oxygen-activated metal (e.g., silver)
and metal oxide (e.g., TiO2) surfaces has been studied consider-
ably.2,3 The understanding of the gaseous reactivity of acetone
with O(3P) may gain new insight into such interesting phenom-
ena for the purpose of comparison.

As summarized in Table 1, all the experimental measurements
of the rate coefficient were performed three decades ago,4-11

and the rate coefficient data are scattered below 1000 K. It
appears that the reaction of O(3P) with acetone is fairly slow.
The room-temperature rate coefficient is about 10-15 cm3

molecule-1 s-1, which is almost 2 orders of magnitude slower
than that for the OH+ CH3COCH3 reaction. Moreover, the

rate coefficients are strongly temperature-dependent. No pressure
dependence has ever been observed experimentally.

The mechanism of the O(3P) + CH3COCH3 reaction was
studied by Lee and Timmons in 1977 through measuring the
primary H/D kinetic isotope effect.6 It was concluded that the
major reaction channel involves H atom abstraction, namely

Unfortunately, neither OH radical nor CH3COCH2 radical has
been observed directly because of the interference of the
unavoidable secondary reactions, for example

In this work, the structures of the stationary points on the
potential energy surface for the O(3P) + CH3COCH3 reaction
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TABLE 1: Rate Coefficients for the O(3P) + CH3COCH3
Reaction

temp (K) k (cm3 molecule-1 s-1) methods ref

873 1.44× 10-13 thermal 4
298-621 7.08× 10-13e-2863/T flow-tube/

mass spectroscopy
5

298-478 3.16× 10-12e-2536/T fast-flow/
mass spectroscopy

6

298 1.13× 10-15 mass spectroscopy 7
300-400 5.81× 10-12e-3310/T flow-tube/

mass spectroscopy
8

301-565 1.06× 10-12e-2100/T discharge-flow/
chemiluminescence

9

298 1.35× 10-15 "homogeneous" reactor/
chemiluminescence

10

300-700 1.66× 10-11e-3000/T extensive literature
review

11

200-3000 4.66× 10-23T3.71e-1289/T best fit to the calculated
rate coefficients

this
work

O(3P) + CH3COCH3 f OH + CH3COCH2 (A)

OH + CH3COCH3 f H2O + CH3COCH2 (B)
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are located, and the energetics of the reaction pathway are
calculated using the high-level ab initio methods. The detailed
reaction mechanism is revealed, namely

Note that the triplet-singlet intersystem crossing is not con-
sidered in this work. The rate coefficients and the kinetic isotope
effect for the abstraction and the addition/elimination channels
are calculated using transition state theory. The contributions
from the tunneling effect and the hindered internal rotations
are considered elaborately. Excellent agreement between experi-
ment and theory is obtained. It is noted that the kinetic isotope
effect in the rangeT ) 298-614 K for the hydrogen abstraction
reaction has been studied theoretically by Pudzianowski and
Loew in 1983.12 The semiempirical UHF-MNDO method13 was
used to optimize the geometry of the transition state. No
energetic data were reported. The tunneling effect was calculated
using the Wigner method.14

II. Computational Methods

1. Ab Initio Calculations. According to the spin conserva-
tion, the O(3P) + CH3COCH3 reaction occurs on the triplet
potential energy surface. Therefore, only the triplet stationary
points were explored in this work. Theab initio calculations
were carried out using the Gaussian03 suite of programs.15

Initially, the geometries were optimized at the second-order
Møller-Plesset (MP2) level16 using analytic gradients with only
valence orbitals active. The basis set used in the MP2 calcula-
tions was the standard triple-ú 6-311G(d,p). The stationary point
was characterized as a minimum (all real frequencies) or a
transition state (one imaginary frequency) by determination of
harmonic vibrational frequencies using analytic second deriva-
tives at the MP2/6-311G(d,p) level of theory. The zero-point
energy (ZPE) was calculated using the harmonic frequencies
and scaled by a factor of 0.95.17 Moreover, to confirm the
transition states connecting the desired reactants and products,
minimum energy paths (MEPs) were calculated by performing
intrinsic reaction coordinates (IRC)18 analysis at the MP2/6-
311G(d,p) level of theory in both the forward and backward
directions.

To check the influence of basis set and higher-level electron
correlation on the MP2/6-311G(d,p) optimized geometrical
parameters, further optimizations were performed using two
alternative methods. One is MP2 theory but with a more flexible
basis set, namely, g3mp2large,19 which corresponds to
6-311++G(2df,2p) for the [H,C,O]-containing system of our
interest. The other is coupled cluster theory with single and
double excitations (CCSD)20 using the 6-311G(d,p) basis set.
The CCSD/6-311G(d,p) optimizations are very time-consuming
so that only the species involved in the most important pathways
were considered.

The reduced second-order Gaussian-3 theory (G3MP2)19 was
employed to obtain more reliable relative energies. The G3MP2

scheme was detailed elsewhere19 and only a brief description
is given here. Single-point energy calculations were performed
at the QCISD(T)/6-31G(d) (E1), MP2/6-31G(d) (E2), and MP2/
g3mp2large (E3) levels of theory, respectively. The combination
of these three energies gives an approximation to the total energy
at the QCISD(T)/g3mp2large level. The high-level correction
(HLC) takes into account the remaining deficiencies in the above
energy calculations. The∆EHLC (in mhartrees) is-4.471nR -
4.808nâ for molecules and-2.021nR - 7.324nâ for atoms.
The nR and nâ are the number ofR and â valence electrons,
respectively, withnR g nâ. The spin-orbital correction (∆ESO)
was made for atomic species. Finally the G3MP2 total energy
was calculated as follows

All HF and post-HF calculations were performed using the
unrestricted methodology for both open-shell and closed-shell
species. In addition, rather than the regular MP2, the spin-
projected Møller-Plesset theory through the second order
(PMP2)21 was used in the calculations ofE2 andE3 to annihilate
spin contamination. However, this alternation does not have
significant impact on the calculated relative energies.

The G3MP2 theory has been widely used in the calculation
of both barrier height and heat of reaction for many chemical
reactions because of its efficiency. However, it is an empirical
composite method and has not been designated for the charac-
terization of the saddle point. Therefore, for the most important
reaction pathways the energies at the CCSD/6-311G(d,p)
optimized geometries were corrected for basis set and CI
truncated errors using the extrapolated full coupled cluster/
complete basis set method (FCC/CBS). The basis set error was
corrected using the following formula22,23

whereEHF(X) andEHF(∞) are the HF energies calculated with
the basis set cc-pVXZ (X represents the cardinal number 2, 3,
4 for VDZ, VTZ, VQZ) and at the complete basis set (CBS)
limit, respectively. ∆ECCSD(T)

corr (X) and ∆ECCSD(T)
corr (∞) are the

correlation energies calculated at the CCSD(T) level with the
basis set cc-pVXZ (X ) 2 and 3) and at the CBS limit,
respectively, anda, b, andc are the parameters to be determined.
The CI truncated error was estimated using the perturbational
energy of the connected triple excitations calculated at the
CCSD(T)/cc-pVTZ level (ECCSD(T)/cc-pVTZ

T ). Because the per-
turbational energy of the connected triple excitation accounts
for only about 80% of the full triple- and higher-order
contributions,24 the CI truncated error was approximated to be
1/5ECCSD(T)/cc-pVTZ

T . The FCC/CBS energy can be then written
as follows

It is noted that the unrestricted HF reference wave function was
used in all the coupled cluster energy calculations.

2. Kinetic Calculations. The temperature-dependent rate
coefficients were calculated using the conventional transition
state theory, namely

O(3P) + CH3COCH3 (X1A)

f OH(X2Π) + CH3COCH2(X
2A′′)

f CH3(X
2A2′′) + CH3CO2(X

2A) f

2CH3(X
2A2′′) + CO2(X

1Σg
+)

f CH3O(X2A′) + CH3CO(X2A′)

f CH3(X
2A2′′) + CH2COOH(X2A′′)

f CH2(X
3B1) + CH3COOH(X1A′)

E0 (G3MP2)) E1 + (E3 - E2) + ∆EHLC + ∆ESO + ZPE
(1)

EHF(X) ≈ EHF(∞) + ae-bX

∆ECCSD(T)
corr (X) ≈ ∆ECCSD(T)

corr (∞) + c(X + 0.5)-3
(2)

EFCC/CBS) EHF(∞) + ∆ECCSD(T)/cc-pVTZ
corr + (125/218)×

[∆ECCSD(T)/cc-pVTZ
corr - ∆ECCSD(T)/cc-pVDZ

corr ] +
1/5ECCSD(T)/cc-pVTZ

T (3)
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wherel is the statistical factor (or the reaction path degeneracy);
κ is the tunneling transmission coefficient;kB is the Boltzmann
constant;h is the Planck constant;Q*, QO, andQacetoneare the
partition functions of the transition state, the reactants O(3P),
and acetone, respectively;E0

* is the barrier height at 0 K
obtained directly from the ab initio calculations;R is the ideal
gas constant; andT is the temperature.

The partition function was calculated using the standard
statistical mechanics, namely

While the electronic (Qe), translational (Qt), rotational (Qr), and
vibrational (Qv) partition functions have the respective standard
formula, the treatment of the internal rotational degrees of
freedom (Qint) is much more complicated. In this work, the
possible internal rotations in the reactant (acetone) and the
transition states have been identified using the methods of Ayala
and Schlegel.25 All internal rotors were treated using the
multidimensional hindered rotation model, and the partition
function Qint was calculated using the best-fit expressions in
ref 25.

Two methods were employed to estimate the tunneling factor
κ. One is the Eckart formula, which is determined only by the
imaginary frequency of the transition state (ν*), the barrier
height (E0

*), and the heat of reaction at 0 K (∆rH0).26 The other
is the semiclassical WKB approximation with the dual-level
interpolations MEP potential, namely27,28

whereE0 ) [max(0, ∆rH0)] and E0
* are the threshold energy

and the barrier height, respectively.P(E) is the transmission
probability through a one-dimension barrier at energyE, E0 e

E e E0
*, namely27

wheres is the reaction coordinate originated at the saddle point;
s1 and s2 are the classical turning points, that is, the location
where Va

G(s) ) E; Va
G(s) is the vibrational adiabatic ground

state potential, which is approximated to beVa
G(s) ) VMEP(s) +

VZPE(s). VMEP(s) and VZPE(s) are the potential along the MEP
obtained from the IRC calculation and the vibrational zero-point
energy along the MEP, respectively. In the mass-weighted
Cartesian coordinate system and with the assumption of the zero-
curvature tunneling, the effective reduced mass of the system
µeff(s) is equal to 1. It is noted that the nonclassical reflection
above threshold has been included in the eq 6 implicitly by the
definition of P(E) as follows27

The key point to calculateκ is to use a realisticVa
G(s).

However, because of the technical difficulties,VMEP(s) andVZPE-
(s) can be calculated only at some low levels of theory such as
MP2/6-311G(d,p) in this work. To obtain a betterVa

G(s), a

dual-level method28 was used in which the low levelVMEP(s)
was corrected by interpolating the energy difference at the saddle
points between low-level calculations [e.g., MP2/6-311G(d,p)]
and high-level single-point energy calculation (e.g., FCC/CBS).
The MEPs for H-abstraction and addition/elimination pathways
were calculated in the mass-weighted Cartesian coordinate
system with the stepsize of 0.01 amu1/2 bohr from the saddle
points to both reactant and product sides (ca. 500-600 points
for each pathway).VZPE(s) was not calculated using ab initio
methods because it is too time-consuming. Alternatively, the
value ofVZPE(s) at the specificswas obtained through the spline
interpolation of the zero-point energies of the reactant, the saddle
point, and the products along the MEPs.

All the input data for the kinetic calculations can be obtained
from the ab initio calculations using the Gaussian03 program.
It is noted that the symmetry numbers are excluded in the
calculations of the rotational partition functionsQr since the
explicit statistical factors (e.g.,l ) 6 for H-abstraction andl )
2 for addition/elimination pathways) were used.

III. Results and Discussion

The calculated energetic reaction pathways are shown in
Figure 1. The structures of the stationary points (intermediates
and transition states) are shown in Figures 2 and 3. The
corresponding energies of all the reaction pathways calculated
at various levels of theory are summarized in Table 2. It is noted
that the theoretical heats of reaction at 298.15 K (∆rH298) for
the five product channels are in reasonable agreement with the
experimental data.29 The rate coefficients in the temperature
range of 200-3000 K are shown in Figure 4. The calculated
kinetic isotope effect [e.g., the O(3P) + CH3COCH3 reaction
versus the O(3P) + CD3COCD3 reaction] is shown in Figure 5.

1. Reaction Mechanisms.Four types of possible reaction
pathways between O(3P) and acetone have been explored,
including the direct hydrogen abstraction from one of the methyl
groups of acetone, the nucleophilic addition toward the electron-
deficient carbonyl carbon of acetone and the subsequent
decomposition and isomerization of the adduct, the addition
toward the carbonyl oxygen of acetone, and the SN2-type
displacement reaction. These reaction mechanisms will be
discussed separately as follows in terms of their structural and
energetic characteristics.

A. Direct H-Abstraction Reaction.The reaction of O(3P) with
acetone takes place through the long-range interaction between
O(3P) and the two relatively large methyl groups of acetone. A
weakly bonded complex, HBC1, exists between O(3P) atom and
the two equivalent acidic methyl CH bonds. The two O‚‚‚H
distances are longer than 3 Å. As shown in Table 1, the
interaction energy is only 0.4 kcal/mol at the FCC/CBS level
and, apparently, it is overestimated by the empirical G3MP2
theory.

The transition state for the H-abstraction is labeled as TS1,
as shown in Figure 2. TS1 has no symmetry, even though the
reactant acetone is symmetric and the six C-H bonds are nearly
equivalent. When the structural parameters obtained at three
levels of theory, namely, MP2/6-311G(d,p), MP2/g3mp2large,
and CCSD/6-311G(d,p), are compared one to another, it is found
that they are consistent with each other. The breaking CH bond
and the forming HO bond are 1.3 and 1.2 Å, respectively. The
reacting O-H-C geometry deviates from linearity slightly by
about 3-7 degrees. The remaining geometrical parameters are
very similar to those of acetone. In the previous UHF-MNDO
study,12 the CH and OH distances were reported to be 1.237
and 1.308 Å, respectively, with a linear O-H-C geometry.

k(T) ) l ‚ κ ‚
kBT

h
‚ Q*

QOQacetone
e-E*

0/RT (4)

Q ) Qe Qt Qr Qv Qint (5)

κ ) 1 + 2
kBT∫E0

E0
*

P(E) sin h [(E0
* - E)/kBT] dE (6)

P(E) ) 1

1 + e2θ(E)
, θ(E) ) 2π

h ∫s1

s2 x2µeff(s)|E - Va
G(s)| ds

(7)

P(E) ) 1 - P(2E0
* - E), E0

* e E e 2E0
* - E0

P(E) ) 1, 2E0
* - E0 < E

(8)
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Evidently, the semiempirical MNDO method gives a more
reactant-like transition state for the abstraction contrary to the
present higher-level ab initio results. The ZPE-corrected barrier
height was calculated to be 8.77 kcal/mol at the FCC/CBS level.
As shown in Table 1, the G3MP2 calculated barrier heights at
three optimized geometries are in good agreement with the FCC/
CBS value especially the G3MP2//MP2/6-311G(d,p) level of
theory. This implies that the computationally most efficient
G3MP2//MP2/6-311G(d,p) method might be good enough at
least qualitatively to characterize the potential energy surface.

The hydrogen abstraction produces hydroxyl and acetonyl
radicals with an exothermicity of about 5 kcal/mol. Theoreti-
cally, a hydrogen-bonding complex (HBC2) can be formed
between the two product molecules, as shown in Figure 2. The
hydrogen bonding occurs between the H atom of OH and the
O atom of CH3COCH2, and the hydrogen-bond distance is
nearly 2 Å. The binding energy of HBC2 is about 5 kcal/mol
at 0 K.

B. OC Addition/Elimination Mechanism.The OC addition
between O(3P) and acetone takes place via transition state TS2.
As shown in Figure 3, TS2 hasCs symmetry and3A′′ electronic
state. The optimizations at the MP2 level with either 6-311G-

(d,p) or g3mp2large basis set gave similar geometrical param-
eters, whereas the CCSD/6-311G(d,p) level predicts slightly
longer CO bonds and a larger OCO bond angle. The forming
CO bond is nearly 1.8 Å. The original CdO double bond in
acetone changes to single bond by elongating the distance from
1.21 Å to 1.26 Å. The ZPE-corrected barrier height for TS2 is
10.34 kcal/mol at the FCC/CBS level. The G3MP2 calculated
barrier heights at the three optimized geometries are about 1.5
kcal/mol lower, but they are still in the range of the uncertainty
of the G3MP2 calculated energies.19

It is worthy of comparing the barrier heights for TS1 and
TS2 because they are the most important stationary points along
the reaction pathways. Apparently TS1 is lower than TS2.
However, interestingly, without ZPE corrections, the energy of
TS1 is even higher than that of TS2. At the FCC/CBS level of
theory, the classical barrier heights (e.g., excluding ZPE) for
TS1 and TS2 are 11.41 and 9.59 kcal/mol, respectively.
Evidently, TS1 is almost 2 kcal/mol higher than TS2. Therefore,
the ZPE has a significant effect on the barrier heights. As can
be drawn from Table 2, with respect to the O(3P)+ CH3COCH3

reactants, the ZPE contribution to the barrier height for TS1 is
-2.64 kcal/mol, while that for TS2 is+0.75 kcal/mol at the
MP2/6-311G(d,p) level. Moreover, ZPEs were calculated at the
CCSD/6-311G(d,p) level. The ZPE contribution to the barrier
height for TS1 is-3.46 kcal/mol, while that for TS2 is+0.45
kcal/mol, corresponding to the ZPE-corrected barrier heights
for TS1 and TS2 to be 7.95 and 10.04 kcal/mol, respectively.
The results are in agreement with those obtained at the MP2/
6-311G(d,p) level.

The OC addition leads to the adduct (CH3)2CO2 (denoted as
IM1), which is a biradical species. Interestingly, there are two
conformers of IM1 with different symmetries. One hasCs

symmetry with the OCO symmetrical plane and3A′′ electronic
state. The two CO bond distances are slightly different. The
other conformer hasC2V symmetry with the OCO and CCC
symmetrical planes and aC2 axis and3A2 electronic state. The
two equivalent CO bond distances are shorter than either of
the CO bonds of theCs structure. In terms of energy, theCs

Figure 1. Energetics of the reaction pathways for the reaction of O(3P) with acetone. The energies calculated at the FCC/CBS//CCSD/6-311G(d,p)
level are shown in kcal/mol. The energies in parenthesis correspond to the G3MP2//MP2/6-311G(d,p) level.

Figure 2. Geometries of the stationary points involved in the direct
hydrogen abstraction mechanism for the O(3P) + CH3COCH3 reaction.
Bond distances are in angstroms and bond angles are in degrees. From
top to bottom, the three entries correspond to the geometrical parameters
optimized at the MP2/6-311G(d,p), MP2/g3mp2large, and CCSD/6-
311G(d,p) levels of theory, respectively. For TS1, the fourth entries
represent the optimized parameters at the CAS(10,8)/6-311G(d,p) level.
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structure is more stable than theC2V structure. The reason for
the existence of two such structures can be understood in view
of their electron configurations, as shown in Scheme 1. Clearly,
the relative orientation of the lone-pair electrons in O atoms
determines the symmetry of IM1. For theC2V structure, because

of the stronger repulsion between the two in-plane lone-pair
electrons, its energy is slightly higher than that of theCs

structure.
The IM1 adduct is not an energy-rich intermediate because

its energy is only about 4 kcal/mol lower than that of the O(3P)
+ CH3COCH3 reactants. This energy is even less than the heat
released in the abstraction product channel. However, there is
a product channel with a small amount of barrier, that is, the
transition state TS3 for the elimination of CH3 to form CH3-
CO2 radical. At the FCC/CBS level of theory, the barrier height
is 2.53 kcal/mol with respect to the initial O(3P) + CH3COCH3

reactants. The production of CH3 + CH3CO2 is exothermic by
15.47 kcal/mol. It is noted that the product CH3CO2 is unstable.
The barrier height for the secondary decomposition, CH3CO2

f CH3 + CO2, is only about 4 kcal/mol.30 Therefore, the
reaction energy may drive it to decompose further to form CH3

and CO2. Comparing the geometries of TS3 and IM1, it is shown
that the breaking CC bond is stretched by about 20% and,
simultaneously, one of the CO bonds is shortened by about 10%
while the other CO bond remains unchanged.

The other possible reaction starting from IM1 is the isomer-
ization to form another intermediate (IM2) via a four-center
transition state TS4. One of the hydrogen atoms of the CH3

group is shifted to one of the O atoms. The barrier height for
TS4 is as high as 17.16 kcal/mol at the FCC/CBS level. The
G3MP2 method gives a similar barrier height. Evidently, this
isomerization pathway is unimportant and it should not play
any role in the overall reaction. The formation of IM2 is
exothermic by about 15 kcal/mol. A few product channels for
the subsequent decomposition of IM2 exist. For example, the
C-OH bond cleavage forms OH+ CH3COCH2 via transition
state TS5. The energy of TS5 was calculated to be nearly equal
to that of the O(3P) + CH3COCH3 reactants. In addition, the
C-CH3 bond fission leads to CH3 and CH2COOH via transition
state TS6; the C-CH2 bond fission leads to CH2(X3B2) and
CH3COOH via transition state TS7. Both TS6 and TS7 are
relatively low barriers. It is worth noting that the above reaction
pathways starting from IM2 have the typical anisotropic feature,
that is, there are two different conformations (cis and trans),
depending on the HOCO dihedral angle. Thecis-conformers
have lower energies. Thetrans-conformers lie about 3-5 kcal/
mol above thecis-conformers. Note that TS5 is an exception
and only thecis-conformer exists. The last reaction pathway
for IM2 is the C-O bond fission leading to atomic oxygen and
CH3C(OH)dCH2, which is an isomer of acetone. This channel
is endothermic and, thus, is negligible.

C. OO Addition Reaction.The OO addition reaction takes
place via transition state TS9. As shown in Figure 3, the forming
OO bond is 1.52 Å and the original CdO double bond is
elongated to 1.286 Å. The barrier for TS9 is more than 30 kcal/
mol high, which is about 20 kcal/mol higher than the barrier
for the OC addition reaction. Therefore, the OO addition is
negligible. Moreover, the adduct IM3 is also a biradical and its
energy is well above that of the reactants. No further study on
this channel was performed.

Figure 3. Geometries of the stationary points involved in the addition/
elimination and SN2-type displacement mechanisms for the O(3P) +
CH3COCH3 reaction. Bond distances are in angstroms and bond angles
are in degrees. From top to bottom, the entries correspond to the
geometrical parameters optimized at the MP2/6-311G(d,p), MP2/
g3mp2large, and CCSD/6-311G(d,p) levels of theory, respectively. For
TS2, the fourth entries represent the optimized parameters at the CAS-
(10,8)/6-311G(d,p) level.

SCHEME 1
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D. The SN2-Type Displacement Reaction.The attacking of
O(3P) to one of the methyl groups of acetone occurs via
transition state TS10, forming CH3O and CH3CO radicals.
Although this channel is exothermic by about 5 kcal/mol, the
barrier for TS10 represents the highest barrier among the
stationary points calculated in this work, as shown in Figure 1.
Therefore, this displacement path is negligible.

In summary, there are two important reaction pathways in
view of the theoretical barriers, namely, the direct abstraction
path

and the nucleophilic OC-addition/elimination path

TABLE 2: Relative Energies (in kcal/mol) of Various Species Involved in the Reaction of O(3P) with CH3COCH3

species 〈S2〉a ZPEb
G3MP2//MP2/
6-311G(d,p)c

G3MP2//MP2/
g3mp2large

G3(MP2)//CCSD/
6-311G(d,p)

FCC/CBS//CCSD/
6-311G(d,p) ∆rH298d

O(3P) + acetone 2.005, 0 50.41
(50.38)

0 0 0 0

HBC1, OC(CH3)2‚‚‚O 2.006 50.53 -3.58 -4.21 -3.57 -0.4
TS1 2.080 47.77

(46.92)
8.74 8.61 7.92 8.77

HBC2, CH3C(CH2)O‚‚‚HO 2.091 49.84 -10.82 -10.93 -11.89 -9.91
OH + CH3COCH2 0.755, 0.848 48.07 -5.77 (-5.16) -5.95 -7.23 -4.87 -7.0∼-4.6
TS2, CS (3A′′) 2.169 51.16

(50.83)
8.77 9.09 8.59 10.34

IM1, (CH3)2CO(O),
CS(3A′′)

2.016 52.70 -6.01 -5.98 -6.08 -4.29

IM1, (CH3)2CO(O),
C2V (3A2)

2.078 55.20 -3.25 -3.15 -3.22 -2.90

TS3 2.099 51.02 1.75 1.79 2.79 2.53
CH3 + CH3CO2 0.762, 0.758 46.92 -15.47 (-14.85) -15.51 -16.11 -13.83 -17.9
TS4 2.053 49.17 17.66 17.63 17.38 17.16
IM2-cis, CH3CO(OH)CH2 2.022 51.31 -15.21 -15.24 -15.26 -14.15
IM2-torsion 2.023 50.84 -12.16 -12.25
IM2-trans, CH3CO(OH)CH2 2.024 51.00 -12.20 -12.55
TS5 (cis) 2.179 49.89 0.00 0.14
TS6 (cis) 2.121 49.69 -9.58 -9.42
CH3 + cis-CH2COOH 0.762, 0.793 47.44 -29.15 (-28.70) -29.26 -31
TS6 (trans) 2.137 49.46 -5.42 -5.26
CH3 + trans-CH2COOH 0.762, 0.805 47.18 -23.75 -23.94
TS7 (cis) 2.107 50.06 -3.64 -3.53
3CH2 + cis-CH3COOH 2.016, 0 47.92 -18.45 (-18.04) -18.48 -17.4
TS7 (trans) 2.121 49.77 1.49 1.62
3CH2 + trans-CH3COOH 2.016, 0 47.67 -13.49 -13.52
TS8 (cis) 2.199 51.54 11.46 11.92
O(3P) + CH3(OH)CdCH2 2.005, 0 50.92 11.26 11.25
TS9 2.234 50.46 30.29 30.70
IM3, (CH3)2COO 2.026 51.96 27.81 27.96
TS10 (SN2) 2.152 49.84 36.68 37.04
CH3O + CH3CO 0.758, 0.763 48.63 -5.32 (-5.18) -5.28 -5.7

a Expectation values of the UHF/6-311G(d,p) reference wave function. The exact values for doublet and triplet are 2 and 0.75, respectively.b At
the MP2/6-311G(d,p) level of theory and scaled by 0.95. The values in parenthesis are obtained at the CCSD/6-311G(d,p) level and scaled by 0.95.
c The values in parenthesis correspond to the relative energies at 298.15 K.d Experimental values taken from ref 29.

Figure 4. Logarithm plot of the rate coefficients for the O(3P) + CH3-
COCH3 reaction in the temperature range 200-3000 K. The calculated
rate coefficients for the hydrogen abstraction channel are shown by
the solid line (with the WKB tunneling), the dashed line (with the Eckart
tunneling), and the short dashed line (without tunneling), respectively.
The rate coefficients for the OC-addition channel are shown by the
dot-dashed line (with the WKB tunneling). The symbols show the
experimental data:X, ref 4;0, ref 5;4, ref 6, the MS-measured data;
O, ref 6, the ESR-measured data;], ref 7;/s/, ref 8;+, ref 9;3, ref
10; ×s ×, ref 11.

Figure 5. Kinetic isotope effect (KIE) for the O(3P) + CH3COCH3

reaction in the temperature range 200-3000 K. The KIEs with the
WKB tunneling and with the Eckart tunneling are shown by the solid
line and the dot-dashed line, respectively.∆, the experimental data in
ref 6; 0, the theoretical data in ref 12.

O(3P) + CH3COCH3 f HBC1 f TS1f HBC2 f OH +
CH3COCH2
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where the rate-determining step is the formation of IM1 via
TS2. The other pathways are negligible because significant
barriers are involved. To determine which pathway is the major
reaction channel, kinetic calculations have been carried out. For
simplicity, the rate coefficients of the overall reaction were
calculated using only the transition states TS1 and TS2.

2. Kinetic Calculations. The essential input data for the
calculations of the rate coefficients are summarized in Table 3.
The MEP was calculated at the MP2/6-311G(d,p) level of theory
using the IRC techniques implemented in Gaussian03 software.
The step size of 0.01 amu1/2bohr was employed for the reaction
coordinate (s). The final MEPs for the abstraction (TS1) and
the addition (TS2) consist of 533 and 600 geometries and
energies, covering the reaction coordinates from-3.13 to 2.19
and from -4.0 to 2.0 amu1/2bohr, respectively (Supporting
Information, Table S1). These MEP energies were interpolated
to the FCC/CBS calculated barrier heights and heats of reaction.

A. Temperature-Dependent Rate Coefficient.The rate coef-
ficients were calculated in the temperature range of 200-3000
K. The results are shown in Figure 4 to compare with the
previous experimental values. A few conclusions can be drawn
from this figure.

First, the rate coefficients for the addition reaction are
negligible in comparison with those for the hydrogen abstraction.
Even at the highest temperature (3000 K) considered in this
work, the contribution of the addition to the overall reaction is
less than 1%. The higher barrier and the smaller tunneling effect
for the addition reaction account for its slower rate. This result
is in agreement with the experimental observation,6 in which
only the hydrogen abstraction mechanism was observed. In
addition, the lack of pressure dependence of the rate coefficients
implies that the addition/elimination mechanism is negligible.

Second, the calculated rate coefficients with either WKB or
Eckart tunneling correction for the hydrogen abstraction are in
good agreement with the experimental data. It is worth noting
that there are two sets of experimental data reported by Lee
and Richard.6 One was measured using mass spectrometry (MS),
and the other was measured using the electron spin resonance
(ESR) technique. The authors claimed, and also confirmed later
by Roscoe using the discharge-flow/chemiluminescence tech-
nique,9 that the MS measured data are more reliable and the
ESR measured data are overestimated. As can be seen in Figure
4, the present theoretical rate coefficients are in better agreement
with the MS measured data. For practical use, the theoretical
rate coefficients were fitted using the empirical expression as
follows (in the unit of cm3molecule-1s-1)

Evidently, the rate coefficients show strong non-Arrhenius
behavior.

Third, the tunneling effect is significantly below 1000 K for
the abstraction reaction. At the lowest temperature (200 K)
considered in this work, the tunneling correction factor is as
large as 104. At room temperature, the tunneling correction factor
is about 120. On the other hand, it appears that the simple Eckart
formula predicts a similar tunneling effect to the complicated
WKB method, although at lower temperatures the Eckart
tunneling is overestimated. It should be noted that the shape of
the potentialVa

G either calculated at the MP2/6-311(d,p) level

or interpolated at the FCC/CBS level cannot be well ap-
proximated using the Eckart potential.

B. Kinetic Isotope Effect.The kinetic isotope effect (KIE)
was calculated as the ratios of the rate coefficients for the O(3P)
+ CH3COCH3 reaction with those for the O(3P) + CD3COCD3

reaction, namely

Only the abstraction mechanism was considered in the calcula-
tion because the nucleophilic reaction path would not be
expected to show an appreciable kinetic isotope effect. The KIE
data in the temperature range 200-3000 K are shown in Figure
5, together with the experimental data measured by Lee and
Timmons using the MS technique.6 The temperature dependence
of KIE is in excellent agreement with the experimental one.
However, the theoretical KIEs are generally larger than the
experimental data by about 20%. This deviation might indicate
insufficient treatment of the tunneling effect using the one-
dimensional models here because the real tunneling is a
multidimensional problem. On the other hand, there are
unknown uncertainties in the experimental data, which were
claimed to be “meaningful only from the standpoint of order of
magnitude considerations and not in terms of quantitatiVe
data.”6 In addition, the predicted KIEs with Eckart tunneling
are even larger than those with the WKB tunneling, especially
at intermediate temperatures and below (e.g.,<500 K).

It is noted that KIEs were calculated by Pudzianowski and
Loew using the UHF-MNDO theory and the Wigner tunneling
correction.12 Their data are shown in Figure 5 for comparison.
While a similar trend is obtained with the present KIE data,
the previous data are generally larger by about 50%. Coinci-
dently, the MDNO KIEs are in agreement with our data using
the Eckart tunneling at intermediate temperatures (ca. 500 K).
At T ) 500 K, the Wigner tunneling factor is 2.6, which is
only half of the Eckart tunneling factor (5.3) or one-third of
the WKB value (7.2). The lower the temperature, the larger the
difference between the Wigner tunneling factors and the Eckart
or WKB tunneling factors. Therefore, the apparent agreement
between the previous MNDO/Wigner KIEs and the present KIEs
does not mean that the reaction of O(3P) with acetone can be
well described using the MNDO theory.

3. Error Analysis. Because the variational effect is not
considered in the framework of the transition state theory, the
theoretical rate coefficients represent an upper limit. In the
theoretical viewpoint, the variational effect is presumably
insignificant for the current reaction involving the relatively high
barriers. It is conceivable that the neglect of the variational effect
should just cause a minor error in the calculation of the rate
coefficients. The other possible error lies in the treatment of
the semiclassical tunneling effect. It is hard to estimate the
uncertainty of the tunneling factor calculated using the one-
dimensional potential models. However, as indicated by the
reasonable agreement between the theoretical KIEs with the
experimental data, the present tunneling corrections appear to
be quantitatively reliable.

The most significant error might result from the uncertainties
of the calculated barrier heights, especially for the transition
states TS1 and TS2. As shown in Table 2, the expectation values
of 〈S2〉 of the HF reference wavefunctions for TS1 and TS2 are
2.080 and 2.169, respectively, while the exact value is 2 for
triplet. It has been shown that the barrier height can be
overestimated or underestimated significantly due to spin
contamination.31,32 To investigate the potential multireference
feature of the stationary points along the reaction path, the

O(3P) + CH3COCH3 f HBC1 f TS2f

(CH3)2CO2 (IM1) f TS3f CH3 + CH3CO2

k(T) ) 4.66× 10-23T3.71e-1289/T, 200e T e 3000K

KIE ) kO+CH3COCH3
/kO+CD3COCD3
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multiconfigurational self-consistent-field (MCSCF) calculations
were carried out for the supermolecule O+CH3COCH3 (e.g.,
O and CH3COCH3 are separated by 100 Å), TS1, and TS2. The
active space includes ten electrons distributed in eight orbitals
in the scheme of the complete active space [e.g., CAS(10,8)]
procedure33 implemented in Gaussian03. The geometries of
O+CH3COCH3, TS1, and TS2 were optimized at the CAS-
(10,8)/6-311G(d,p) level of theory, and the results are shown
in Figures 1 and 2. The energies are listed in Table 4.

Evidently, the CAS(10,8)/6-311G(d,p) optimized geometries
of TS1 and TS2 are in reasonable agreement with those obtained
using either MP2 or CCSD methods except that the OCO angle
of TS2 is too large. The CAS(10,8)/6-311G(d,p) calculated zero-
point energies for O+CH3COCH3, TS1, and TS2 are in good
agreement with the ZPEs obtained at the MP2/6-311G(d,p) or
CCSD/6-311G(d,p) level.

Because the MCSCF method does not include the important
dynamical electron correlations, the barrier heights for TS1 and
TS2 were estimated by the multireference configuration interac-
tion with single and double excitations (MRCISD)34 at the CAS-
(10,8)/6-311G(d,p) optimized geometries. Davidson correction,
denoted as MRCISD+Q (abbreviated as MR+Q),35 was em-
ployed to estimate the contribution from the higher excitations
with the 6-311G(d,p) basis set and the more flexible 6-311++G-
(3df,3pd) basis set. The Molpro program36 was used for the
MR+Q calculations.

The energies are listed in Table 4. The coefficients for the
HF reference determinants are 0.906 and 0.895 for TS1 and
TS2, respectively. Apparently, both involve severe spin con-
tamination. However, the calculated barrier heights for TS1 and
TS2 at the MR+Q/6-311++G(3df,3pd) level are in excellent
agreement with the values obtained using the coupled-cluster
method (e.g., 8.62 vs 8.77 for TS1 and 11.07 vs 10.34 for TS2).
Moreover, the barrier TS1 is lower than TS2, which confirms

that the direct hydrogen abstraction is the dominant mechanism
for the O(3P) + CH3COCH3 reaction.

IV. Concluding Remarks

The reaction of O(3P) with acetone has been investigated
theoretically in this work. The structures and energetics of the
possible reaction pathways were obtained using high-level ab
initio methods. It is revealed that the reaction is dominated by
the direct hydrogen-abstraction pathway, forming hydroxyl and
acetonyl radicals. The nucleophilic OC addition/elimination
mechanism leading to CH3 and CO2 has a comparable barrier
to the abstraction path. However, it plays a negligible role in
the overall reaction because of kinetic factors. Neither the OO
addition/elimination nor the SN2-displacement mechanism is
significant in view of their huge barriers along the reaction paths.

The kinetic study confirms that the H-abstraction is the major
mechanism for the reaction between O(3P) and acetone. The
rate coefficients show strong non-Arrhenius behavior. It is
revealed that the tunneling effect plays a significant role,
especially at lower temperatures. Moreover, the reaction has a
strong kinetic isotope effect. The present theoretical analysis
for the rate coefficients and KIE is in good agreement with the
experimental results.

It is worth noting that the agreement between experiment and
theory is obtained without any fitting to the experimental values
and without any adjustment of parameters. All values used in
the kinetic calculations were taken directly from the ab initio
quantum chemistry calculations.
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TABLE 3: Input Parameters for the Transition State Theory Calculations of the Rate Coefficients for the O(3P) + CH3COCH3
Reactiona

species
electronic
parameters

moment of
inertia (IA, IB, IC)

internal rotation
parameters (harmonic freq., internal

rotator freq., reduced moment of inertia,
symmetry number, and multiplicity)

vibrational
frequenciesb

O(3P) 5+ 3e-228/T + e-326/T

CH3COCH3 1 179.5, 211.3, 368, 479, 101, 1.2316, 1.0, 1.0, 139, 165, 1.1491,
1.0, 1.0

377, 481, 534, 804, 889, 906, 1091, 1121,
1254, 1395, 1406, 1482, 1486, 1492, 1507,
1788, 3075, 3080, 3158, 3163, 3204, 3205

CD3COCD3 1 215.1, 280.7, 451.1 56, 72, 2.4250, 1.0, 1.0, 103, 121, 2.1390,
1.0, 1.0

316, 401, 481, 672, 711, 726, 902, 982,
1026, 1068, 1070, 1076, 1085, 1116, 1280,
1779, 2210, 2213, 2336, 2341, 2376, 2378

TS1 3 265.0, 608.8, 726.5 31, 55, 7.3107, 1.0, 2.0, 129, 155, 1.2828,
1.0, 1.0

2136i, 129, 358, 421, 507, 530, 634, 802, 844,
887, 1071, 1116, 1197, 1214, 1265, 1399,
1453, 1486, 1496, 2357, 3085, 3140, 3173,
3218, 3250

TS1-d6 3 330.7, 649.6, 795.6 28, 49, 8.6740, 1.0, 2.0, 88, 116, 2.5473,
1.0, 1.0

1559i, 116, 279, 335, 435, 473, 548, 645, 698,
710, 866, 878, 948, 998, 1033, 1067, 1079,
1114, 1275, 2215, 2272, 2346, 2348, 2391, 2418

TS2 3 339.7, 343.7, 403.9 169, 177, 1.2477, 1.0, 1.0, 224, 234, 1.2089,
1.0, 1.0

1047i, 243, 295, 403, 475, 514, 805, 910, 956,
1023, 1094, 1259, 1408, 1409, 1468, 1487, 1491,
1508, 1560, 3088, 3091, 3181, 3185, 3209, 3212

a Moments of inertia are in amu bohr2 and frequencies are in cm-1. b Unscaled frequencies at the MP2/6-311G(d,p) level;i represents imaginary
frequency.

TABLE 4: Energies of the Reactants, TS1, and TS2 Calculated Using the MCSCF and MRCI Methodsa

species CHF
2 b ZPEc CAS(10,8)/6-311G(d,p) MR+Q(10,8)/6-311G(d,p) MR+Q(10,8)/6-311++G(3df,3pd)

O+CH3COCH3 0.920 50.21 -266.845 075 -267.607 972 (0) -267.764 808 (0)
TS1 0.906 46.78 -266.816 664 -267.582 521 (12.54) -267.745 602 (8.62)
TS2 0.895 51.27 -266.825 272 -267.587 283 (14.04) -267.748 852 (11.07)

a The values in parenthesis are the relative energies (barrier heights) of TS1 and TS2 with the ZPE corrections.b Reference coefficients of the
HF determinant.c Calculated at the CAS(10,8)/6-311G(d,p) level and scaled by a factor of 0.905 according to the HF/6-311G(d,p) scaling factor
in ref 17.
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Supporting Information Available: Table S1 lists the MEP
data for TS1 and TS2 calculated at the MP2/6-311G(d,p) level
and the Va

G data interpolated at the FCC/CBS level. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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