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Kinetics and mechanism of the reaction of OH with have been studied by discharge-ÑowCH3C(O)CH3
experiments and CCSD(T) quantum chemical computations. In the experiments, the rate coefficient for the
overall reaction, (1), and the branching ratio for the speciÐc reaction channelOH] CH3C(O)CH3] products

(1a) have been determined to be cm3OH] CH3C(O)CH3 ] CH2C(O)CH3] H2O k1\ (1.04 ^ 0.03)] 1011
mol~1 s~1 and respectively (T \ 298 K). Two di†erent reaction pathways haveC1a \ k1a/k1 \ 0.50^ 0.04,
been characterized by ab initio calculations. Both H atom abstraction and OH addition to the C2O group
have been found to occur through hydrogen bonded complexes. Most of our resultsOHÉ É ÉCH3C(O)CH3
support recent Ðndings (M. Wollenhaupt, S. A. Carl, A. Horowitz and J. N. Crowley, J. Phys. Chem. A, 2000,
104, 2695 ; M. Wollenhaupt and J. N. Crowley, J. Phys. Chem. A, 2000, 104, 6429) but contradictions remain
concerning the mechanism of this atmospherically important reaction.

Recent Ðeld measurements have revealed that acetone is
present in surprisingly high concentration in the atmosphere.1
It has been shown1ah3 that atmospheric degradation of
acetone can be the dominant source of (OH andHO

x
HO2)radicals in the upper troposphere resulting in increased ozone

production.4 Sources of acetone in the atmosphere include
oxidation of non-methane hydrocarbons, biogenic and
anthropogenic emissions and biomass burning.5 Major sinks
are photodecomposition6 (the main loss process) and reaction
with OH.7

Kinetic studies of the reaction of OH radical with acetone
have been reviewed.8,9 Very recently, numerous new investiga-
tions have been performed and reported in close suc-
cession.7,10h12 In most of the kinetic experiments, the overall
reaction (1) was studied at and above room temperature
where the rate coefficients determined were found to obey Arr-
henius law.8,9

OH] CH3C(O)CH3] products (1)

The reaction was assumed to proceed via H-atom abstraction,
(1a), producing acetonyl radical, CH2C(O)CH3 :

OH] CH3C(O)CH3 ] CH2C(O)CH3 ] H2O (1a)

Wollenhaupt et al.7 was the Ðrst who extended the
temperature-range of the investigations down to that typical
of the upper troposphere (T B 200 K). The authors observed
strong non-Arrhenius behaviour for the overall reaction of
OH with acetone. The rate coefficient, was found tok1,decrease with decreasing temperature, Ðrst fast, but only
slowly below room temperature, reaching a minimum at
around 240 K, then increasing again slightly below this tem-
perature. The temperature dependence was explained7 by the
existence of two reaction routes. Accordingly, the reaction
proceeds via H atom abstraction (1a) at higher temperatures,
while below room temperature methyl elimination (1b) domi-
nates :

OH] CH3C(O)CH3] CH3] CH3COOH (1b)

In a subsequent publication, Wollenhaupt and Crowley11 pre-
sented experimental evidence for the formation of in theCH3reaction of OH with acetone. Based on the temperature
dependence of and the measured yields, reaction (1b)k1 CH3was proposed7,11 to occur via an additionÈelimination mecha-
nism, where addition of OH to the carbonyl C atom is fol-
lowed by elimination of from the vibrationally excitedCH3addition radical (CH3C(OH)(O)CH3)*.

The very recent experimental studies7,11,12 clearly indicate
a complex mechanism for the reaction of OH radical with
acetone. However, despite a wealth of information supplied by
these new studies, important features of the reaction are not
yet known. Such are, for example, the e†ect of pressure on the
reaction, the branching ratio for the H abstraction channel
and the question of how the assumed reaction mechanism
conforms to theoretical models.

In this paper we present experimental results obtained at
room temperature for and the branching ratiok1 C1a\ k1a/k1,and report parts of the results from ab initio molecular orbital
computations.13

The discharge-Ñow (DF) method was applied to carry out
the experiments. Two kinetic set-ups were used. One of them
served for the determination of the rate coefficient of the
overall reaction using resonance Ñuorescence monitoring of
the OH radical (DF/RF). The other apparatus was equipped
with laser induced Ñuorescence detection (DF/LIF) to deter-
mine the reaction branching ratio. OH radicals were gener-
ated inside of a moveable injector by reacting H atoms with

and F atoms with in the DF/RF and DF/LIFNO2 H2Oexperiments, respectively. OH and acetonyl (1-methylvinoxy)
radicals were detected in the DF/LIF experiments following
excitation in the (1,0) band of the AÈX transition at 282 nm14
and in the electronic transition at 340 nm,15 respectively.
Laser radiation was provided by a Nd : YAG pumped
frequency-doubled tunable dye laser. Helium (Messer-Grie-
sheim, 99.9990%) was the carrier gas. High purity acetone
(Aldrich, 99.9]%) was used in the experiments which was
degassed by repeated freezeÈpumpÈthaw cycles prior to use.
The initial concentration of OH was mol[OH]0 O 7 ] 10~13
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cm~3 ; acetone was present in large excess ([CH3C(O)CH3]A
[OH]0).The usual pseudo-Ðrst-order experiments and evaluation
procedure were used to determine the rate coefficient of the
overall reaction (1). Representative pseudo-Ðrst-order plots
are presented in Fig. 1. Experimental conditions and results
are summarized in Table 1. Most of the experiments were
carried out by the DF/RF method resulting in the recom-
mended rate coefficient of

k1(298 K) \ (1.04^ 0.03)] 1011 cm3 mol~1 s~1,

with 1p statistical error quoted. In a few experiments, the
DF/LIF method with di†erent OH source was applied giving
essentially the same result (see Table 1). Our rate coefficient
value agrees well with the recent IUPAC recommendation,9

K)\ (1.14^ 0.09)] 1011 cm3 mol~1 s~1, and is ink1(298
excellent agreement with the very recent determination by
Wollenhaupt et al.7 which is K)\ (1.04^ 0.05)] 1011k1(298
cm3 mol~1 s~1. Wollenhaupt et al.7 applied the laser Ñash
photolysis method combined with laser induced Ñuorescence
detection of OH radicals at 27, 67, and 133 mbar of Ar or N2bath gas under conditions where probable systematic errors
were virtually eliminated. The very good agreement of the rate
coefficients gives credit to them, particularly because we used
the non-photolytic discharge-Ñow method while in all pre-
vious determinations the OH radicals were produced by UV-
photolysis.7h12 Our measurements were carried out at low
pressures (PB 3 mbar He). Comparison with published
results7h12 reveals no systematic variation of with reactionk1pressure. This is actually what is anticipated for a direct H
atom abstraction reaction. The observation of pressure depen-
dence would have provided strong evidence for the formation

Fig. 1 Plots used for the determination of the rate coefficient for the
overall reaction of OH with acetone. The kinetic data plotted were
obtained from DF/RF experiments at T \ 298 K. The inset shows
representative pseudo-Ðrst-order decay plots, where andSOHon SOHoff
designate OH resonance Ñuorescence signal-strengths in the presence
and absence of acetone, respectively. The numbers given in square
brackets refer to concentrations in 10~10 mol cm~3.CH3C(O)CH3The slopes of the straight lines of the semilogarithmic decay plots give
the pseudo-Ðrst-order rate coefficient, The bimolecular rate coeffi-k1@ .cient, is obtained from the plot of Thek1, k1@ \ k1[acetone] ] const.
straight lines are linear least-squares Ðts to the data.

of an energized adduct (an addition radical or radicalÈ
molecule complex) that could be stabilized by collisions. Obvi-
ously, the reverse statement is not true : the absence of
pressure dependence does not exclude the formation of adduct
intermediates. That is, the pressure independence observed for

neither proves nor disproves the existence of an additionÈk1elimination mechanism for the reaction of OH with acetone.
In the DF/LIF kinetic experiments, the consumption of OH

was accompanied by a parallel build-up of CH2C(O)CH3 ,
providing evidence for reaction (1a). Representative kinetic
curves for OH and are shown in Fig. 2. TheCH2C(O)CH3branching ratio of reaction (1a) has been determined by com-
puter simulations of the measured concentration vs. time
proÐles13 and a comparative method, similar to the one we
used in a previous work.16 Results obtained by the compara-
tive method are presented here. In this case, the reaction of F
atom with acetone served as a reference, the acetonyl-yield for
which was assumed to be 100%. Experiments were carried out
in the following way : F atoms were introduced through the
moveable injector into the reactor at a Ðxed distance (constant
reaction time), were mixed up with acetone in high excess

to assure complete conversion, and([CH3C(O)CH3]A [F]0)the LIF signal-strengths of acetonyl radicals formed,
were recorded. Under the very same conditions,SCH2C(O)CH3

(F`acetone) ,
with the exception that Ñuorine atoms were converted to OH
by the reaction with inside the injector, the LIF signal-H2Ostrengths of the acetonyl radicals for the studied reaction,

were recorded. The branching ratio for reactionSCH2C(O)CH3
(OH`acetone),

(1a) was obtained from the ratio ASCH2C(O)CH3
(OH`acetone)/SCH2C(O)CH3

(F`acetone) .
small correction was made to take into account the di†erent
wall-losses of F and OH. Multiple determinations were per-
formed with an approximately 10-fold variation in The[F]0 .
average of the results is the recommended branching ratio for

Fig. 2 Consumption of OH and formation of acetonyl in a typical
DF/LIF experiment of the reaction. Experimen-OH ] CH3C(O)CH3tal conditions were as follows : T \ 300 K, P\ 2.83 mbar, [F]o\mol cm~3, mol cm~3,[OH]o \ 3 ] 10~13 [H2O]\ 7 ] 10~12
[acetone]\ 9.7] 10~10 mol cm~3. and designate theSOH SCH2C(O)CH3concentration-proportional LIF signal strengths for the OH and ace-
tonyl radicals, respectively. The solid curves were obtained from com-
puter simulations of a multi-reaction mechanism, where the only Ðtted
parameter was the branching ratio of the acetonyl-forming reaction
channel, i.e. C1a\ k1a/k1.13

Table 1 Experimental conditions and kinetic results for the reaction (1)aOH] CH3C(O)CH3] products

OH No. of T / P/ v/ 1011 [CH3C(O)CH3]/ kw b/ k1@ / 10~10 k1/Method source expts. K mbar cm s~1 mol cm~3 s~1 s~1 cm3 mol~1 s~1

DR/RF H] NO2 19 298^ 2 2.63 779 2.10È85.5 9^ 6c 17È103 10.4^ 0.30
DF/LIF F] H2O 5 300 ^ 2 2.82 345 97.0È160 3^ 2d 91È150 9.97^ 0.65

a Quoted errors represent 1p (precision only). b Heterogeneous loss of OH radicals. c PTFE wall coating. d Halocarbon wax wall coating.
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the H abstraction reaction channel :

C1a\
k1a
k1

\ 0.50^ 0.04 (T \ 298 K)

The assumption that the reference reaction F] CH3C(O)CH3proceeds exclusively via H-atom abstraction was tested by
comparison with the reaction in anCl] CH3C(O)CH3experimental arrangement similar to that described above
(conversion of F to Cl was achieved by the reaction of F with
HCl). The average of the ratio of the respective signal-
strengths was found to be SCH2C(O)CH3

(Cl`acetone)/SCH2C(O)CH3
(F`acetone) \

1.03^ 0.07 which is believed to be a strong indication for
practically 100% acetonyl yields in the reactions of acetone
with both F and Cl. The branching ratio determined by us for
reaction channel (1a) is signiÐcantly less than one, indicating
that a simple H atom abstraction can not be the only reaction
mechanism for the reaction of OH with acetone. This is in line
with the Ðndings of Wollenhaupt and Crowly11 who reported
the value of

C1b\
k1b
k1

\ 0.50^ 0.15

for the forming channel (1b). Wollen-CH3 ] CH3COOH
haupt and Crowley monitored the formation of via aCH3conversion reaction with in the form of using LIFNO2 CH3Odetection in laser Ñash photolysis experiments ; wasC1bobtained by Ðtting of an assumed reaction mechanism to the
measured proÐles.11 The two branching ratios, deter-CH3Omined by Wollenhaupt and Crowly and by us, complement
each other, which may be taken as an indirectC1a] C1bB 1,
support for their reliability.

Collaterally with the experimental work, we have performed
ab initio molecular orbital computations to get an insight into
the mechanism of the reaction of OH with acetone. Reaction
pathways have been explored on the potential energy surface
for the hydrogen abstraction reaction and the OH addition to
the carbon atom of the C2O group. Both reactions were found
to occur through loosely bound com-OHÉ É ÉCH3C(O)CH3

plexes preceding transition states. Ab initio calculations were
performed using the GAUSSIAN 94 software package.17
Reactants, complexes, transition-state structures and products
were fully optimized using the analytical gradients at the MP2
level of theory,18 with the 6-31G(d,p) basis set. The minimum
energy path (MEP) was examined by the IRC procedure ;19
the transition states were found to connect proper reactants
and products. Single-point calculations applying the CCSD(T)
method20 with the 6-311G(d,p) basis set were carried out to
obtain energy di†erences for stationary structures. The
““ frozen-core ÏÏ approximation was used both in MÔller-Plesset
and CCSD(T) calculations. Some of the structural features
and the zero-point energy corrected relative energies com-
puted for the reaction are summarizedOH] CH3C(O)CH3in Fig. 3. Detailed geometries and harmonic vibrational fre-
quencies will be given in a later publication.13

Our theoretical investigations have revealed a pathway for
the H atom abstraction reaction which can be summarized as

OH] CH3C(O)CH3] MC1] TS1] CH2C(O)CH3 ] H2O
where MC1 and TS1 designate hydrogen-bridged complex
and reaction transition state, respectively. MC1 was found as
local minimum on the potential energy surface with 26.3 kJ
mol~1 binding energy relative to the reactants. It has a(D0)six-membered ring-like structure formed by the hydroxy and
H(1), C(2), C(1) and O(1) atoms of the acetone molecule (see
Fig. 3.). The calculations predicted a nearly planar structure
for OH approach to the C(2)C(1)C(3) frame of acetone. In a
very recent work, Aloisio and Francisco21 have found an

complex, very similar to MC1, usingOHÉ É ÉCH3C(O)CH3density functional theory method. Applying the best level of
theory [B3LYP/6-31&&G(3df,3pd)] the authors reported 19.3
kJ mol~1 binding energy. Besides the OHÉ É ÉCH3C(O)CH3complex, no other portion of the potential energy surface was
investigated by Aloisio and Francisco.21 The structure of TS1
has a close resemblance to that of MC1, the transition state
being practically ““preformedÏÏ by the hydrogen-bonded
complex. The computed barrier is 16.7 kJ mol~1 above the
reactants. Traditionally, hydrogen-transfer reactions, such as

Fig. 3 Schematic molecular structures and energetics for obtained from ab initio computations at the CCSD(T)/6-311G(d,OH ] CH3C(O)CH3p)//MP2/6-31G (d,p) level of theory. MC1 and MC2 designate complexes formed on along the H atom abstraction reactionOHÉ É ÉCH3C(O)CH3path and the C2O addition reaction path, respectively. TS1 and TS2 are transition states, the structures of which are similar to those of the
respective complexes, MC1 and MC2. OH-attack takes place approximately in the plane and perpendicularly to the planeOHÉ É ÉCH3C(O)CH3deÐned by the C(2)C(1)C(3) skeleton of the acetone molecule in case of the abstraction reaction and addition reaction, respectively. The energy
data are given in kJ mol~1 and include zero-point energy corrections.
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reaction (1a), have been thought of as direct metathesis reac-
tions with a single barrier and transition state along the reac-
tion coordinate. There are more and more indications,
however, from theoretical studies (e.g. ref. 22) and also from
sophisticated experimental works (e.g. ref. 23) that the kinetic
and dynamic properties of many of the H atom abstraction
reactions are connected to the formation of lose radicalÈ
molecule complexes. In certain cases, the direct H atom trans-
fer is ““assisted ÏÏ24 by intermolecular noncovalent bonding
interactions. This is what is believed to be the case for reac-
tion (1a) suggested by our theoretical results as well.

In experimental works of the reactions of atoms and free
radicals with carbonyl compounds (aldehydes and ketons), the
addition to the C2O bond was occasionally suggested to
explain the observed product yields, but unambigous experi-
mental evidence has been scarce (see e.g. ref. 25 and references
therein). We are aware of only two theoretical studies which
dealt with the addition reaction of OH to the carbonyl double
bond 26,27. In our CCSD(T) computations, addition to the
carbon atom of the C2O group was found to occur through a
loosely bound complex, MC2, with similar structure to that of
the transition state, TS2, that leads to the formation of the
addition radical a-hydroxy-i-propoxy in the reaction :

OH] CH3C(O)CH3] MC2] TS2] CH3C(OH)(O)CH3
The incoming OH radical [O(2)H(7)] approaches the C(1) site
from a direction nearly perpendicular to the molecular plane
containing the C(2)C(1)C(3) skeleton of the acetone molecule
(see Fig. 3). In MC2, a four-membered ring is formed by the
hydroxyl radical and the C(1) and O(1) atoms of the acetone
molecule. As in the case of the abstraction complex, the inter-
molecular hydrogen bond is formed between the hydrogen
atom of the OH radical, H(7), and the oxygen atom of the
acetone molecule, O(1). The binding energy for MC2 was cal-
culated to be 16.3 kJ mol~1, that is, the addition complex is
less stable by 10 kJ mol~1 than its abstraction counterpart.
The four-membered ring structure is preserved in the tran-
sition state, TS2, but with a much smaller O(2)ÈC(1) bond dis-
tance [O(2)ÈC(1)\ 1.836 This bond distance is very closeA� ].
to that calculated by Soto and Page26 at the CASSCF(3,3)
/DZP level of theory [O(2)ÈC(1)\ 1.834 in their study ofA� 26]
the potential energy surface for addition of OH to the carbon
atom of formaldehyde. The barrier height computed for the
addition channel is 33.9 kJ mol~1 which agrees favourably
with the barrier of 29.2 kJ mol~1 predicted by Soto and
Page26 at the MRCI/DZP level for OH addition to formalde-
hyde. The exit channels on the potential energy surface for

(e.g. have not beenCH3C(OH)(O)CH3 CH3 ] CH3COOH)
investigated in the current work. We note, moreover, that
addition of OH to the O atom of the carbonyl group is
strongly endothermic26 and does not play any role under
ambient conditions.

The experimentally measured temperature dependence of k1has been described by Wollenhaupt et al.7 by a double expo-
nential equation :

k1(202È395 K)

\ (5.3^ 2.2)] 1012exp[([11.0^ 1.4 kJ mol~1)/RT ]

] (1.0^ 0.5)] 1010exp[(3.5^ 0.9 kJ mol~1)/RT ]

] cm3 mol~1 s~1

attributing the Ðrst term to direct H abstraction and the
second one to addition. The zero-point energy corrected
barrier computed in the current work for the abstraction
pathway at the CCSD(T) level of theory is about 6 kJ mol~1
larger (16.7 kJ mol~1) than the experimental activation energy
(11.0 kJ mol~1), but this is a reasonable agreement and within
the likely uncertainties (the agreement between the A-factors is
also satisfactory13). On the other hand, the high activation

barrier computed for the addition reaction of OH to the car-
bonyl C2O bond of acetone (33.9 kJ mol~1) is clearly incon-
sistent with the negative ([3.5 kJ mol~1) experimental
activation energy and therefore with the assumption of a fast
additionÈelimination reaction through the energized

radical that might explain the large(CH3C(OH)(O)CH3)* k1values and high yields in the experiments at and belowCH3room temperature.7,11 Computations at even higher level of
theory and with the application of more sophisticated basis
sets are not expected to bring down the addition-channel
barrier height close to the value of the experimental activation
energy. Therefore, given the high yields observed experi-CH3mentally,11 we speculate that there must be a hitherto unex-
plored mechanism that does not involve the formation of the
addition radical It is not unreasonable toCH3C(OH)(O)CH3 .
assume, for example, the occurrence of a concerted mechanism
for the reaction of OH radical with acetone that directly leads
to and formation via a low activationCH3 CH3COOH
energy process.

Atmospheric implications of our kinetic results are in
accordance with recent conclusions.7,11,12 The pressure inde-
pendent rate coefficient measured in the present study sup-
ports the view7,12 that reaction (1) is a more important sink
for acetone in the upper troposphere than it was thought
before. On the basis of product studies performed by Wollen-
haupt and Crowley11 and in the current work, it appears well
established that the branching ratios are B0.5 for both the

(1a) and the (1b)CH2C(O)CH3 ] H2O CH3 ] CH3COOH
reaction channels at room temperature. A consistent mecha-
nism is still lacking, however, which would explain the
observed product yields and the temperature dependence of

and would allow reliable predictions to be made fork1,7,12atmospheric modeling studies. Experimental determination of
the temperature dependencies of product yields and a search
for further stationary structures on the potential energy
surface would be particularly useful in elucidating the mecha-
nism of the reaction of OH with acetone.
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