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Acetone has attracted much attention lately as a key species in
the chemistry of the cold and dry Upper Troposphere and Lower
Stratopsphere (UTLS) as a major source of•OH radicals, through
its fast photolysis and subsequent reactions with O2 and NO:1

Thus, acetone largely controls ozone production in the UTLS by
the chain reaction of the resulting•OH radicals with (mainly) CO

followed by reaction 3 and fast subsequent NO2 photolysis

The global source strength of acetone is currently estimated at 95
Tg yr-1, mainly from terrestrial vegetation, ocean emissions, and,
in the extratropical Northern Hemisphere, from the oxidation of iso-
alkanes.2 Measured acetone mixing ratios in the UT range from
200 to 2200 ppt and in the LS from 100 to 200 ppt.3 Acetone re-
moval in the UTLS is thought to occur for about 70% of the acetone
content by photolysis (1) and for 30% by reaction with•OH,4,5

which was shown to proceed dominantly through H-abstraction.6

Recent flow-reactor studies foundnetremoval of HO2
• by acetone

and several other ketones to be negligibly slow,knet(298 K) < 8 ×
10-16 cm3 s-1, and relegated such reactions as of no importance in
the atmosphere.5

In this paper, we present a state-of-the-art quantum chemical
(QC) and statistical-rate investigation of the reaction of HO2

• with
acetone and demonstrate that it is an efficient acetone sink at the
low temperatures of the tropopause,T e 220 K. All QC calculations
were performed using the GAUSSIAN03 program.7 The stationary
points on the potential energy surface (PES) were characterized at
three high levels of theory: a nearly-converged12 G2M8 variant,
CBS-QB3,9 and G3.10 The G2M energies, comprising zero-point
energies (ZPEs), are defined here asE[G2M//DFT] ) E[CCSD-
(T)/6-311G(d,p)//DFT]+ {E[MP2/6-311++G(3df,3pd)//DFT]-
E[MP2/6-311G(d,p)//DFT]} + ZPE(DFT), where DFT stands for
B3LYP/cc-pVTZ. Rate coefficients for forward and reverse reac-
tions were calculated using multiconformer transition state theory
(MC-TST)11 based on the G2M data. Our theoretical methodologies
are amply validated12 by their reproducing the experimental forward
and reverse rate coefficients and the equilibrium constant of both
the analogous HO2• reactions with CH2O13 and CH3CHO14 (T ≈
300 K) within the experimental error of a factor of 2. This implies
a G2M accuracy ofe 2 kJ/mol for all stationary points involved.

Figure 1 depicts the PES of the reaction

at the G2M level. Similar to HO2• + CH2O15 and HO2
• +

CH3CHO,12 reaction 6 proceeds through a cyclic H-bonded prere-
action complex, while the critical transition state (TS) to the pro-
ducts involves concerted addition of the terminal O of HO2

• to the
carbonyl C and H-transfer from HO2• to the carbonyl O.15a A vari-
ational treatment12 shows that the precomplex redissociates much
more rapidly than it overcomes the barrier of the tight TS to yield
the products such that the overall rate constantk6 is essentially deter-
mined by the relative energies and partition functions of the TS
and the initial reactants only.12

Three enantiomer pairs of (CH3)2C(OH)OO• conformers and one
enantiomer pair of the rate-determining TS were identified and
characterized. Table 1 demonstrates the excellent agreement of the
relative energies at the different levels of theory.12

The two lowest-frequency vibrational modes of acetone were duly
treated as hindered internal rotations (see Supporting Information).
The MC-TST-calculatedk6(T) for T ) 200-600 K can be expressed
as 5.1× 10-15 cm3 s-1 × exp(11.1 kJ mol-1/RT). Thek6(300 K)
result of 4.4× 10-13 cm3 s-1 is somewhat higher than the rate co-
efficients of the analogous HO2• reactions with CH2O and CH3-
CHO,12-14 showing that HO2• reacts with ketones at least as fast as
with aldehydes, contrary to currently held views.5 However,R-hy-
droxy-alkylperoxy radicals formed from ketones are found to be 5
kJ/mol less stable than those from the aldehydes,12 and our MC-TST
results show that (CH3)2C(OH)OO• redissociation (-6) is very
rapid, e.g.,k-6(300 K)) 2.3× 104 s-1, i.e., 1 or 2 orders of magni-
tude faster than the analogous reverses for the aldehydes.12-14 In
the atmosphere, this rapid redecomposition will result in an equili-
brium of reactions 6 and-6. Therefore, the equilibrium constant
K6 ≡ [(CH3)2C(OH)OO•]/{[(CH3)2CdO] × [HO2

•]} is the crucial
quantitity here. It is determined by the relative energy (+ZPE) of
the lowest-energy product conformer, for which the three levels of
theory agree within 0.3 kJ/mol, and by the (T-dependent) product/
reactants partition function ratio. The G2M-based calculatedK6(T)
can be fitted byK6 ) 7.8× 10-28 exp(59.7 kJ mol-1/RT) cm3 (200-
600 K). Around 300 K, the equilibrium is shifted far to the left,
K6(300 K) ) 1.9× 10-17 cm3, such that reaction 6 is of no conse-
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Figure 1. Potential energy profile of the (CH3)2CO+ HO2
• h (CH3)2C(OH)-

OO• reaction at the G2M//B3LYP/cc-pVTZ level.

CH3COCH3 + HO2
• h (CH3)2C(OH)OO• (6)

CH3COCH3 + hν (+2O2) f CH3O2
• + CH3C(O)O2

• (1)

CH3O2
• + NO (+ O2) f HO2

• + CH2O + NO2 (2)

HO2
• + NO f •OH + NO2 (3)

CO + •OH (+O2) f CO2 + HO2
• (4)

NO2 + hν (+ O2) f NO + O3 (5)
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quence and should escape experimental observation, in full accord
with ref 5. However, atT e 210 K, as frequently found near the
tropopause,k-6 drops very sharply such that the (CH3)2C(OH)OO•

equilibrium concentration becomes high, entailing fast acetone
removal via the subsequent reactions:

The effective acetone removal rate through (CH3)2C(OH)OO•

can be expressed bykeff ) K6 × [HO2
•] × {k7[NO] + k8[HO2

•]}.
The rate coefficientk7(200 K) for a whole series of peroxyl radicals
is known to be 1.5× 10-11 cm3 s-1.16 From known data for similar
RO2

• + HO2
• reactions,16 one roughly estimatesk8(200 K) ≈ 4 ×

10-11 cm3 s-1, within a factor of 3.
Typical concentrations in the tropopause at temperate latitudes

(altitude 10 km) are [HO2•] ≈ 2.5 × 107, [•OH] ≈ 6 × 105, and
[NO] ≈ 4 × 108 cm-3.17 At 210 K, we thus expect an HO2•-initiated
acetone removal ratekeff ≈ 8 × 10-8 s-1, with the bulk due to the
(CH3)2C(OH)OO• + NO reaction. This nearly equals the 9× 10-8

s-1 rate of acetone removal by•OH in the given conditions (k )
1.5 × 10-13 cm3 s-1 at ≈200 K 4). At 200 and 190 K, we predict
even higher HO2•-initiated acetone loss rates ofkeff ≈ 6 × 10-7

and 5× 10-6 s-1, respectively, the latter besting the 4× 10-7 s-1

acetone photolysis18 rate by an order of magnitude.
Thus, even allowing for a factor of 3 error on the calculated rates,

the newly proposed mechanism is shown to be an efficient acetone
sink atT e 210 K. It may also be an important source of acetic acid
in the UTLS where CH3COOH is found in mixing ratios up to 1
ppb.19 The origins of acetic acid in the UTLS are still far from
known.20 Addition of •OH to acetone as a source of acetic acid4 was
shown to be entirely negligible.6 Yet, the UTLS measurement of
Arnold et al. at∼50° N, above Germany, not only reveals a close
correlation between acetic acid and acetone but also shows the acetic
acid mixing ratio to maximize around 9 km altitude,21 i.e., close to
the altitude where the efficiency of our HO2

•-initiated acetone oxida-
tion path is expected to be highest. Our mechanism readily ration-
alizes these observations: the exclusive fate of the (CH3)2C(OH)-
O• oxy radical from reaction 7 is decomposition into CH3COOH
plus CH3

•, which faces a barrier of only∼32 kJ mol-1 6 and hence
even at temperatures of 200 K should proceed at a rateg 105 s-1.

Our data12 on the analogous HO2•-initiated oxidation of form-
aldehyde13 give keff values at 210-190 K in the 10-5 to 10-4 s-1

range, approaching the CH2O photolysis rate; thus, the reaction of
the resulting CH2(OH)O• radical with O2 may be the principal
source of formic acid in the tropopause. Similar HO2

•-initiated
degradation routes can also be invoked for ring-strained cyclic
ketones such as cyclohexanone and nopinone (major oxidation
product ofâ-pinene). Preliminary results12 indicate that the ring-
strain relaxation following the HO2• reaction to form the unstrained
R-hydroxy-cyclohexylperoxy radical shifts the equilibrium toward
the latter to such an extent that it more than offsets the faster
reactions of these cyclic ketones with•OH.
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Table 1. Relative Energies (Including ZPE), in kJ/mol, of
Stationary Points on the Acetone + HO2

• PES at Various Levels of
Theory

species G3 CBS-QB3 G2Mb

(CH3)2CdO + HO2
• 0.0 0.0 0.0

c-[(CH3)2CdO‚‚‚HO2
•] -41.2 -39.9 -41.6

TS -10.7 -10.7 -11.4
(CH3)2C(OH)OO•_aa -58.5 -58.8 -59.1
(CH3)2C(OH)OO•_ba -52.2 -51.6 -51.9
(CH3)2C(OH)OO•_ca -49.7 -49.3 -49.9

a a,b, and c denote the different (CH3)2C(OH)OO• conformers.b Fre-
quencies for CH3-group torsions in acetone corrected (see Supporting
Information).

(CH3)2C(OH)OO• + NO f (CH3)2C(OH)O• + NO2 (7)

(CH3)2C(OH)OO• + HO2
• f (CH3)2C(OH)OOH+ O2 (8)
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