
Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 162–171

Experimental and theoretical studies of the kinetics of the reactions of
OH and OD with acetone and acetone-d6 at low pressure

M.E. Davis1, W. Drake, D. Vimal, P.S. Stevens∗
Environmental Science Research Center, School of Public and Environmental Affairs and Department of Chemistry,

Indiana University, 1315 E. 10th Street, Bloomington, IN 47405, USA

Available online 23 September 2005

Abstract

The kinetics of the reactions of OH and OD with acetone and acetone-d6 were studied from 2–5 Torr and 258–402 K using a discharge flow system
with laser induced fluorescence or resonance fluorescence detection of the OH radical. The rate constants at 300 K for the reaction of OH with
acetone and acetone-d6 were (1.73± 0.06)× 10−13 and (3.36± 0.32)× 10−14 cm3 molecule−1 s−1, respectively. The rate constants at 300 K for the
reaction of OD with acetone and acetone-d6 were (2.87± 0.22)× 10−13 and (3.69± 0.12)× 10−14 cm3 molecule−1 s−1, respectively. Above room
temperature, the temperature dependence of the rate constants for the OH + acetone and acetone-d6 display Arrhenius behavior and are described
by the equationskH(T) = (3.92± 0.81)× 10−12 exp(−938± 70/T) andkD(T) = (8.19± 1.45)× 10−12 exp(−1647± 58/T) cm3 molecule−1 s−1 for
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acetone and acetone-d6, respectively. Measurements ofkH and kD below room temperature begin to display non-Arrhenius behavior, co
tent with previous measurements at higher pressures. Theoretical calculations of the kinetic isotope effect as a function of temp
in good agreement with the experimental measurements using a hydrogen abstraction mechanism that proceeds through a hydr
complex.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Acetone is an important compound in the troposphere with
a source strength of approximately 40–95 Tg yr−1, with con-
centrations of 0.1 to 1 ppb in the free troposphere[1–3]. With
a lifetime of 10–30 days based on photolysis and reaction with
the OH radical, acetone can have a significant impact not only
on local air quality, but also on global tropospheric ozone con-
centration and upper tropospheric chemistry[4]. In the upper
troposphere, where the concentration of water molecules is low,
acetone is also thought to be a major source of the OH radical, in
some cases accounting for 50% of the total HOx concentration
[4]. In the lower troposphere, the reaction with the OH radical
is the major removal pathway.

The OH + acetone reaction can occur either by the abstraction
of a hydrogen atom or by the addition of the OH radical to the
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carbonyl group (reactions(1) and(2)):

CH3COCH3 + OH → CH2C(O)CH3 + H2O (1)

CH3COCH3 + OH → CH3C(O)OH + CH3 (2)

These radical products undergo subsequent reactions r
ing that can lead to the net formation of OH radicals. In o
to accurately predict the HOx formation rate from acetone a
the fate of acetone in the troposphere, it is important to k
the overall rate constant for the OH + acetone reaction an
branching ratio for reactions(1) and(2).

Previous measurements of the rate constant for the rea
of acetone with the hydroxyl radical using both absolute
relative rate techniques[5–14] have generally showed that t
rate constant follows Arrhenius behavior between 240 and 4
[10,11,13,14]. However, recent measurements have reveale
at upper tropospheric temperatures the rate constant dis
non-Arrhenius behavior, becoming independent of temper
below 260 K[10,13].

The non-Arrhenius behavior of the OH + acetone reac
had been hypothesized by Wollenhaupt et al.[10] as a shif
in the mechanism from primarily H-abstraction at high te
1010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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perature (∼90% at 400 K) to 50% each H-abstraction and OH-
addition at 280 K, and to primarily OH-addition at lower tem-
peratures (∼90% addition at 210 K) (reactions(1) and(2)). A
branching ratio of 0.5 at 298 K had been inferred from experi-
ments conducted by Wollenhaupt and Crowley[11], who mea-
sured the production of the methyl radical (CH3), which is the
expected product from the addition mechanism (reaction(2)),
while Vasvari et al.[12] measured the 1-methylvinoxy radical
(CH2C(O)CH3) formed from the abstraction mechanism (reac-
tion (1)). Wollenhaupt and Crowley[11] also found evidence
that the branching ratio for the addition mechanism decreased
with temperature to 0.3 at 233 K.

In contrast, Vandenberk et al.[15] found no significant pro-
duction of acetic acid from reaction(2), consistent with tran-
sition state theory and RRKM —master equation calculations
demonstrating that the barrier for OH addition is significantly
greater than that for hydrogen abstraction. Tyndall et al.[16] also
found no evidence for direct formation of acetic acid from reac-
tion (2). Similar results were reported by Talukdar et al.[17],
who measured a yield for the acetonyl radical of (96± 11)%,
independent of temperature between 237 and 353 K, and found
that the yield of acetic acid from the reaction was less than 1%.
Turpin et al.[18] also measured the yield of the acetonyl radi-
cal (relative to the acetonyl radical yields from the F + acetone
and Cl + acetone reactions), suggesting a yield for reaction(1)
between 80 and 100% at 298 K. Theoretical studies by Masgrau
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reproduce the observed kinetic isotope effect for wide range
of temperatures. However, the theoretical calculations overesti-
mated the observed kinetic isotope effect at temperatures below
250 K, predicting an isotope effect greater than 10 at 200 K.
Farkas et al. suggest that such a mechanism might lead to a
kinetic isotope effect as high as 10, similar to that observed for
the OH reactions with HNO3 and DNO3, and that the observed
kinetic isotope effect of approximately 5–6 is not inconsistent
with a mechanism that involves both addition and abstraction
[21]. Unfortunately, there have been fewer measurements of the
rate constant for the OH + acetone-d6 reaction, especially at tem-
peratures below 300 K.

This paper examines the kinetics of the OH + acetone and
acetone-d6 reactions at 2–5 Torr and 258–402 K. In addition,
the room temperature rate constants for the OD + acetone and
acetone-d6 reactions were also measured. These are the first
measurements of the temperature dependence of the kinetic iso-
tope for this reaction at pressures less than 10 Torr. Results of
ab initio calculations of the energetics of the intermediates and
transition states for the OH + acetone and OH + acetone-d6 reac-
tions were used in conjunction with unimolecular rate theory to
calculate the kinetic isotope effect as a function of temperature
and determine if the observed kinetic isotope effect is consistent
with a mechanism for this reaction involving hydrogen abstrac-
tion through an intermediate complex.
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t al.[19] are also consistent with these results, suggesting
he acetic acid yield is less than 2% and decreases with tem
ure. Recent measurements by Raff et al.[20] using online mas
pectrometry are also consistent with a yield of acetic ac
pproximately 3% from the OH + acetone reaction, but mea
ents of the production CD3COOH from the OH + acetone-d6

eaction resulted in a measured yield of approximately 18
98 K that increased with decreasing temperature.

Gierczak et al. [13] studied the OH + acetone a
H + acetone-d6 reactions as well as the18OH + acetone, th
D + acetone, and the OD + acetone-d6 reactions as a functio
f temperature. They found a large primary kinetic isotope e

or the OH + acetone and OH + acetone-d6 reactions, indica
ng that the reaction mechanism primarily involves hydro
bstraction even at low temperatures. Talukdar et al.[17] mea-
ured the rate constant for the OH + acetone reaction at pre
f 1–3 Torr as a function of temperature, and found that the
onstant did not exhibit a significant pressure dependence
istent with a hydrogen abstraction reaction. Farkas et al[21]
lso measured the kinetic isotope effect at low pressure, fin
alue of 5.33± 0.41 at 298 K, consistent with measuremen
igher pressure.

Based on the large primary kinetic isotope effect meas
t low temperatures, Gierczak et al.[13] suggested that th

ormation of a pre-reactive addition complex in the hydro
bstraction mechanism could explain the non-Arrhenius be

or rather than a shift in the mechanism from abstractio
ddition, similar to that proposed for the OH + HNO3 reaction

22]. Theoretical calculations of the kinetic isotope effect u
ariational transition state theory by Yamada et al.[14] using
mechanism similar to that of Gierczak et al. were abl
t
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. Experimental methods

Experiments were conducted using the discharge-flow
echnique using either resonance fluorescence (RF) or
nduced fluorescence (LIF) detection of the OH radicals.
xperimental systems are similar to those described previ
23]. The reactor is a jacketed 100 cm long, 25 mm internal d
ter Pyrex glass tube to which ports that allow the additio
ases are attached. A movable injector (3 mm o.d.) inserte

he flow-tube is used for the introduction of acetone and ace
6. The injector and all areas of the flow-tube exposed to rad
ere coated with halocarbon wax (Halocarbon Corporatio

educe the loss of radicals on the reactor walls. Bulk flow ve
ties of 9.4–10.7 m s−1 were achieved at 300 K using a Leyla
16B mechanical pump downstream of the detection zone

eaction temperature was varied by circulating heated sili
il or liquid nitrogen cooled ethanol through the jacket of
ow-tube. The temperature was monitored using a thermo
le located in the center of the reaction zone. Helium, use

he bulk flow gas, was introduced into the system by a M
179 flow controller. The reactor pressure was measured
eaction zone by a MKS Baratron capacitance manometer

OH radicals were produced using the H + NO2 → OH + NO
eaction (kII = 1.3× 10−10 cm3 molecule−1 s−1). H atoms
ere produced from a microwave discharge (Op

nstruments Inc., model MPG-4) of H2 in He. NO2
(2–6)× 1013 molecules cm−3) was added in excess 2 c
pstream of the radical source to produce OH radi
D radicals were produced in a similar fashion using
+ NO2 → OD + NO reaction, producing D atoms from
icrowave discharge of D2 in He.
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For the RF detection of OH radicals, the radiation source was
a lamp consisting of a flow of a He/H2O mixture, which was
excited using microwave radiation. OH radicals were detected
using the A2�(v = 0)� → X2П(v = 0) transition near 309 nm.
For the LIF system, OH radicals were excited using the A–X(1,
0) band via the Q1(1) transition near 282 nm using a 20 Hz
Nd:YAG pumped dye laser (Lamda Physik). OD radicals were
also excited using the A–X (1, 0) band via the Q1(1) transition at
287.6 nm. Darkened baffles and light traps fitted on the opposite
side of the detector were used to reduce background scatter in
the chamber. A photomultiplier tube (Hamamatsu H6180-01)
equipped with photon counting electronics at a right angle to
the radiation source was used to detect the OH or OD fluores-
cence. An interference filter centered at 308 nm (Esco products)
with a 10 nm bandpass and 20% transmission was used to iso-
late the OH or OD fluorescence. The system sensitivity for OH
was 1× 10−8 counts s−1 cm3 molecule−1 calibrated using the
H + NO2 → OH + NO reaction. With a typical background of
300–400 counts s−1, a detection limit of 3× 109 molecules cm3

(S/N = 1, 10 s integration) was achieved. Similarly, the detection
limit for OD was determined to be 8× 109 molecules cm−3. For
these experiments, an initial OH or OD concentration of approx-
imately 3× 1011 molecule cm−3 was used.

Heterogeneous loss of OH onto the reactor wall was observed
with addition of acetone to the reactor, as preliminary experi-
mental pseudo-first-order decays of OH were non-linear, lead-
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In another technique for introducing acetone into the reactor,
helium was bubbled through liquid acetone or acetone-d6
and then into the reaction zone. The acetone concentration
was measured by its absorption at 254 nm in an adsorp-
tion cell with a path length of 10 cm using an absorption
cross-section of 3.0× 10−20 cm2 molecule−1 [28,29]. The
pressure of the absorption cell was monitored with a MKS
Baratron capacitance manometer. For these experiments,
NO2 was obtained from Matheson in a 1.1% mixture in He.
Ultra high purity (99.999%) H2 and O2, and zero grade He
(99.995%), were purchased from Indiana Oxygen. Acetone
(99.5%) and acetone-d6 (99.9 at.%, D) were obtained from
Aldrich.

3. Computational methods

All calculations were performed using the Gaussian 03
series of programs[30] on the Indiana University IBM RS/6000
Research SP system. Geometries were optimized using Becke’s
three parameter hybrid method employing the LYP correction
functional (B3LYP) in conjunction with 6-31G(d, p) and
6-311++G(2d, 2p) basis sets. Frequencies for all species
were calculated at the B3LYP/6-311++G(2d, 2p) level of
theory.
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ng in lower than expected signals of OH as the reaction
as increased and resulting in large positive intercepts (gr

han 10 s−1) on the second-order plots. The loss is though
ccur when OH undergoes heterogeneous reaction with ac
dsorbed to the walls of the reactor. This was also evide
y the very slow recovery of the OH signal when the a

one flow was stopped at the end of each experiment. T
n contrast to the expected behavior due to loss of OH o

ovable injector, as the OH signal increases with reaction
ue to the removal of the injector from the reaction zone.
ehavior has previously been observed in the OH + isop

23,24], the Cl + isoprene[25,26], and the OH +�-pinene and
H +�-pinene reactions[27]. However, conditioning the wa
oating with high concentrations of fluorine radicals, or the a
ion of approximately (2–5)× 1015 cm−3 of O2 to the reacto
inimized the acetone-catalyzed loss of OH radicals on
all of the reactor, resulting in linear and reproducible pse
rst-order decays. The addition of oxygen to the flow rea
ppeared to inhibit the heterogeneous loss of acetone on th
f the flow reactor, but did not affect the measured second-
ate constant.

Acetone and acetone-d6 were purified by several freez
ump-thaw cycles and 20–25% mixtures were
ared by vacuum distillation. Concentrations of ace
(1.5–74.0)× 1013 molecule cm−3) or acetone-d6 ((0.7–23.3)×
014 molecule cm−3) were introduced into the flow cell throu

he injector and the reaction time varied by changing the
ion of the injector. Acetone concentrations were determine
easuring the pressure drop in the calibrated volume over
run was done without the addition of acetone or acetond6

o correct for any loss of radicals on the injector.
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. Experimental results

The experimental conditions for these studies are give
able 1. The experiments were conducted at 5 Torr with a
ional measurements conducted at 2 and 3 Torr. The reactio
onstants obtained were independent of pressure for me
ents done at 300, 341 and 371 K, and for the OH + ace

eaction were independent of the acetone measurement
ique. Pseudo-first-order decay rates (kI ) were calculated from
weighted (based on the signal-to-noise ratio of each

urement) linear least-squares fit of the logarithm of the
uorescence signal versus reaction time, as determined
he reaction distance under the plug-flow approximation (kI

decay),

nd values ofkI were corrected for axial diffusion and OH lo
n the movable injector as follows[31]:

I = kI
decay

(
1 + kI

decay
D

ν2

)
− kinjector (3)

able 1
ummary of experimental conditions

tem Conditions

Acetone] (0.15–7.4)× 1014 molecule cm−3

Acetone-d6] (0.7–28)× 1014 molecule cm−3

ressure range 1.9–5.1 Torr
low velocity 9.39–10.3 m s−1

arrier gas He, He w/10% O2
H concentration <3× 1011 molecule cm−3

2 concentration (0–5)× 1016 molecule cm−3

iffusion coefficient OH in He, 0.145 T2/3 P Torr cm2 s−1

irst-order wall removal rates <10 s−1
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Fig. 1. First-order plot for the OH + acetone reaction at 300 K and 5 Torr. Ace-
tone concentrations are in units of 1014 molecule cm−3. Error bars represents 2σ

uncertainty.

whereD is the diffusion coefficient for OH,ν the average bulk
gas flow velocity, andkinjector is the rate of loss of OH onto
the movable injector, measured in the absence of acetone.Fig. 1
shows typical pseudo-first-order plots for the OH + acetone reac-
tion at 5 Torr and 300 K. The pseudo-first-order rate constants
were plotted against the acetone concentration to obtain the
second-order rate constant.

4.1. OH + acetone

Fig. 2 shows the second-order plot at 300 K for the
OH + acetone reaction at 300 K. From these experiments the
second-order rate constant for OH + acetone at 300 K was
determined to be (1.73± 0.06)× 10−13 cm3 molecule−1 s−1.
The error is twice the standard deviation from the weighted fit
of the data, with the weights based on the precision of each
measurement. This value is independent of pressure between 2
and 5 Torr, and is in good agreement with the recent measure-
ments by Vasvari et al.[12], Wollenhaupt et al.[10], Gierczak et
al. [13], Le Calve et al.[32], Raff et al.[20], and Yamada et al.
[14] who obtained values of (1.73± 0.10) × 10−13 and (1.73
± 0.09)× 10−13 cm3 molecule−1 s−1, (1.77± 0.16)× 10−13,

F
a
5

Fig. 3. Arrhenius plot for the OH + acetone and acetone-d6 reactions between
258 and 402 K. Solid diamonds represent acetone data. Solid triangles represent
acetone-d6 data. Lines are weighed fit of the data above 300 K.

(1.87± 0.15)× 10−13 cm3 molecule−1 s−1, (1.86± 0.13)×
10−13 and (1.56± 0.08)× 10−13 cm3 molecule−1 s−1, respec-
tively. Vasvari et al.’s measurement was done at approximately
3 Torr using discharge-flow (DF) with laser induced fluores-
cence (LIF) and resonance fluorescence (RF) detection[12],
while Wollenhaupt et al.’s measurement was done between 20
and 100 Torr using pulsed laser photolysis (PLP) with detection
of OH by pulsed laser induced fluorescence and resonance
florescence (LIF)[10]. Gierczak et al.[13], Le Calve et al.[32],
and Yamada et al.[14] used PLP and LIF detection at pressures
of between 25 and 100 Torr, 300 and 735 Torr, respectively.
Raff et al.[20] did a relative study at 735–750 Torr with online
mass spectrometry detection of reactants using C2H4F2 as the
reference compound.

The temperature dependence of the rate constant for the
OH + acetone reaction was measured between 271 and 402 K
and a plot of the measured rate constant versus inverse tem-
perature (Table 2), is shown inFig. 3. A weighted fit of the
measured rate constants (based on the precision of each measure-
ment) above room temperature results in the following Arrhenius
expression: (3.92± 0.81)× 10−12 exp((−938± 70)/T). This
corresponds to an activation energy of (1.86± 0.14) kcal mol−1.
A similar value of (1.72± 0.21) kcal mol−1 was obtained from
a weighted fit of all the data in the temperature range studied.

Studies done by Gierczak et al.[13] and Wollenhaupt
e tant
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r seen
f llent
a rrent
r

ig. 2. Second-order plot for the OH + acetone and acetone-d6 reactions at 300 K
nd 5 Torr. The open symbols represent results for acetone at 2 (�), 3 (�) and
(♦) Torr. The solid diamonds represent acetone-d6 data at 5 Torr.
t al. [10] have shown that below 260 K, the rate cons
ecomes independent of temperature, approaching a va
.4× 10−13 cm3 molecule−1 s−1. As can be seen fromFig. 3,

he rate constants measured in this study below room tem
ture does begin to exhibit similar behavior. Unfortuna

ncreased heterogeneous effects at these low temper
revented measurements below 270 K.Fig. 4 gives a plot o

he temperature dependence of the rate constants obtai
his study for the OH + acetone reaction, and compares
ate constants with previous measurements. As can be
rom this plot the low pressure data reported here is in exce
greement with previous measurements and with the cu
ecommendation.
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Table 2
Summary of experimental results

T (K) [Acetone] (×1014 molecules cm−3) Rate constant (×10−13 cm3 molecule−1 s−1) Pressure (Torr) Number of experiment

OH + acetone
271± 2 0.69–5.35 1.52± 0.12 5 29
287± 2 0.28–6.07 1.64± 0.14 5 25
300± 2 0.15–7.11 1.73± 0.06 2–5 106
325± 2 0.74–5.00 2.18± 0.10 5 28
341± 2 0.17–5.30 2.46± 0.06 2–5 71
342± 4 0.15–5.35 2.54± 0.14 5 34
371± 2 0.13–4.95 3.11± 0.14 2–5 61
402± 2 0.48–3.39 3.73± 0.14 5 28

OH + acetone-d6

258± 2 0.73–27.7 0.219± 0.054 5 16
271± 2 1.32–22.1 0.253± 0.024 5 20
300± 2 0.66–18.1 0.336± 0.032 5 25
342± 2 0.89–16.4 0.590± 0.074 5 12
369± 2 2.16–15.5 0.751± 0.091 5 16

OD + acetone
300± 2 0.9–7.4 2.87± 0.22 5 24

OD + acetone-d6

300± 2 1.9–16 0.369± 0.012 5 20

4.2. OH + acetone-d6

Fig. 2also shows the second-order plot for the OH + acetone-
d6 reaction at 300 K and 5 Torr, and from this data a
rate constant of (3.36± 0.32)× 10−14 cm3 molecule−1 s−1 was

Fig. 4. Arrhenius plot for the OH + acetone and the OH + acetone-d6 reactions.
The upper symbols represents data for the OH + acetone reaction: this work
(�),Wallington and Kurylo[8] (�), Le Calve et al.[32] (©),Wollenhaupt et al.
[
R based
o d
e for t
O t
a e
r
o
l
O

obtained using the reservoir system for measuring acetone-
d6 concentrations. The reported error is twice the stan-
dard deviation for the weighted fit of the rate con-
stant data. This result is in excellent agreement with the
values of (3.00± 0.04)× 10−14 cm3 molecule−1 s−1 obtained
by Gierczak et al. [13] at 295 K and 50 Torr, the
value of (3.32± 0.73)× 10−14 cm3 molecule−1 s−1 reported
by Raff et al. at 293 K and 1 atm[20], and the
value of (3.24± 0.23)× 10−14 cm3 molecule−1 s−1 reported
by Farkas et al. at 298 K and 3 Torr[21]. However, the
rate constant reported here is larger than the value of
(2.29± 0.32)× 10−14 cm3 molecule−1 s−1 obtained by Yamada
et al.[14] at 730 Torr. The OH + acetone-d6 reaction also showed
no pressure dependence between 2 and 5 Torr.

In contrast to the acetone results, the OH + acetone-d6 rate
constant obtained by introducing acetone-d6 using the bubbler
system at 300 K was approximately 2 times the value obtained
with the reservoir system over the entire temperature range stud-
ied. This difference could be due to reactive impurities that
were not removed in the purification process in the acetone-d6
which could interfere with the rate constant measurement given
the higher concentrations of acetone-d6 required relative to the
OH + acetone reaction. Another possibility is the formation of
aerosols in the bubbler system due to the higher concentrations
of acetone-d6 required, leading to an incorrect determination
of the gas-phase acetone-d concentration. Another possibility
i e-
F nm of
( by
a -
t n sig-
10] (+),Vasvari et al.[12] (×), Yamada et al.[14] (*), Gierczak et al.[13] (♦), and
aff et al.[20] (�). The solid line represents the calculated rate constant
n the mechanism proposed by Talukdar et al.[17] using the ab initio calculate
nergies and frequencies (see text). The lower symbols represents data
H + acetone-d6 reaction: this work (�), Gierczak et al.[13] (♦), Yamada e
l. [14] (*), Raff et al. [20] (�), and Farkas et al.[21] (©). The dashed lin

epresents the calculated rate constant for the OH + acetone-d6 reaction based
n the abstraction mechanism proposed by Talukdar et al.[17]. The dot-dashed

ine includes the OH addition rate constant of Raff et al.[20] to the calculated
H + acetone-d6 reaction rate constant.

n ection
f and
M ne-
he

6
s an error in the absorption cross-section used for acetond6.
or these experiments, an absorption cross-section at 254
2.40± 0.03)× 10−20 cm2 molecule−1 was used, determined
llowing varying amounts of pure acetone-d6 to enter the absorp

ion cell and measuring both the pressure and the absorptio
al. No previous measurements of the absorption cross-s

or acetone-d6 at 254 nm have been reported. However, Rao
urthy [33] found that the ratio of the intensity of aceto
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d6 to acetone absorption (Id/Ih) to be 0.79 at the peak of each
(275.6 nm for acetone and 279.3 nm for acetone-d6). This ratio
was consistent with our measurements of the absorption cross-
section of acetone-d6 relative to that for acetone at 254 nm. In
addition, the cross-section of acetone-d6 was also measured at
185 nm and a value of (4.03± 0.06)× 10−18 cm2 molecule−1

was obtained, in excellent agreement with the reported value
of (4.01± 0.06)× 10−18 cm2 molecule−1 by Gierczak et. al.
[13]. Measurements of the OH + acetone-d6 rate constant using
absorption at 185 nm were consistent with the measurements
using absorption at 254 nm, giving additional confidence in
our cross-section measurement for acetone-d6 at 254 nm. These
results suggest that the difference between the measurements of
the rate constant using the reservoir system and the bubbler sys-
tem for acetone-d6 is not due to an error in the cross-section mea-
surements. For these measurements, only the results obtained
using the reservoir system were used.

The Arrhenius plot for the OH + acetone-d6 reaction is also
shown inFig. 3. The weighted fit of the data above 300 K (with
the weights based on the precision of each measurement) yields
the following Arrhenius expression: (2.68± 0.55)× 10−12

exp((−1310± 70)/T). Similar to the OH + acetone reaction,
Gierczak et al.[13] found that the OH + acetone-d6 reaction
also displayed non-Arrhenius behavior at low temperature. As
shown inFig. 3, the low pressure rate constants measured in this
study for this reaction below 300 K also begin to show similar
b dence
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Fig. 5. Schematic mechanism for the hydrogen abstraction channel for the
OH + acetone reaction with the individual rate constants indicated (see text).
Zero-point corrected relative energies and structures were calculated at the
B3LYP/6-311++(2d, 2p) level of theory. Indicated bond lengths are inÅ.

reactants (k−a), react to form the products (kb), or be collisionally
stabilized to form the thermalized OH-acetone complex (kc [M]).
The thermalized complex can be collisionally activated to form
the excited complex (k−c [M]) or react to form products (kd).
The large kinetic isotope effect may be the result of the influence
of quantum mechanical tunneling onkb andkd [14,17].

The kinetic isotope effect (kacetone/kacetone-d6)for the
OH + acetone reaction varied in our low pressure experiments
from a high of 6.0 at 271 K to a low of 4.2 at 368 K, with a
value of (5.1± 0.2) at 300 K. A secondary kinetic isotope effect
(kOH/kOD) of (0.6± 0.23) for the reactions of OH and OD with
acetone was observed, as well as a secondary kinetic isotope
effect (kOH/kOD) of (0.92± 0.34) for the reactions of OH and OD
with acetone-d6, in reasonable agreement with those observed
by Gierczak et al.[13]. These secondary kinetic isotope effects
are consistent with an H-abstraction mechanism, with the larger
value of the OD rate constants likely due to the changes in the
low frequency vibrations increasing the density of states in a bent
transition state to a greater extent than that between OH and OD
[36]. No appreciable concentrations of OD were measured from
the OH + acetone-d6 reaction at room temperature, suggesting
that isotopic exchange through the OH-acetone-d6 complex was
not occurring to a significant extent under the conditions of these
experiments. The agreement between these low pressure mea-
surements with measurements at higher pressures suggests that
H-abstraction is the primary mechanism for this reaction over
t echa-
n tion
e tors
t l.
s istent
w tion,
ehavior. These measurements of the temperature depen
f the OH + acetone-d6 reactions are also in reasonable ag
ent with the measurements of Gierczak et al.[13], Yamada e
l. [14], Raff et al.[20], and Farkas et al.[21] as shown by th

ower set of symbols inFig. 4.

.3. OD + acetone and acetone-d6

From these experiments, the second-order rate consta
he OD + acetone reaction at 5 Torr and 300 K was determin
e (2.87± 0.22)× 10−13 cm3 molecule−1 s−1, in fair agreemen
ith the value of (2.07± 0.14)× 10−13 cm3 molecule−1 s−1

btained by Gierczak et al.[13], also at 5 Torr and 300 K
he second-order rate constant for the OD + acetone-d6 reac-

ion was found to be (3.69± 0.12)× 10−14 cm3 molecule−1 s−1,
hich is in good agreement with the value of (3.2±
.16)× 10−14 cm3 molecule−1 s−1 reported by Gierczak et a
he error is twice the standard deviation for the weighted

he data, with the weights based on precision of the data.

. Discussion

Recent quantum mechanical calculations have suggeste
-abstraction in the OH + acetone reaction likely occurs v
ydrogen bonded pre-reactive complex[34] with a stabilization
nergy of approximately 5–6 kcal mol−1 at temperatures belo
00 K[14,15,35]. Above 450 K, a direct abstraction mechan

s expected to dominate[14]. A schematic of this mechanis
s proposed by Talukdar et al.[17] is shown inFig. 5. The first
tep in this mechanism involves the formation of an excited
cetone complex (ka), which can either dissociate to reform
his temperature range, and is also consistent with a m
ism involving a pre-reactive complex with a small stabiliza
nergy, resulting in rates of stabilization and tunneling fac

hat are independent of pressure. In contrast, Farkas et a[21]
uggest the observed kinetic isotope effect is not incons
ith a mechanism that involves both addition and abstrac
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Table 3
Energies, zero-point energies (hartrees), and zero-point corrected relative energies (kcal mol−1) for hydrogen abstraction in the OH + acetone reaction

Structure B3LYP/6-31G(d, p) B3LYP/6-311++G(2d, 2p)

Energy ZPE Erel Energy ZPE Erel

OH + acetone −268.89270 0.09216 0.0 −268.98068 0.09168 0.0
Complex −268.90810 0.09559 −7.52 −269.00017 0.09470 −4.58
TS −268.89440 0.09021 −2.30 −268.98947 0.08954 −1.09
OH + acetone-d6 −268.89270 0.07320 0.0 −268.99001 0.07292 0.0
Complex-d6 −268.90810 0.07652 −7.59 −269.00017 0.07574 −4.61
TS-d6 −268.89440 0.07300 −1.20 −268.98947 0.07239 0.0

as hydrogen abstraction mechanism involving an intermediate
complex might lead to a larger kinetic isotope effect similar to
that observed for the OH + HNO3 reaction.

In order to determine whether the observed primary kinetic
isotope effect for the OH + acetone reaction is consistent with
a mechanism involving hydrogen abstraction through an inter-
mediate complex, the structures of the reactants, hydrogen-
bonded complex and hydrogen abstraction transition state
were optimized at both the B3LYP/6-31G(d, p) and B3LYP/6-
311++G(2d, 2p) levels of theory, and the resulting energies
and frequencies were used in conjunction with RRKM theory
to calculate the overall kinetic isotope effect for this reac-
tion as a function of temperature. The results of the ab initio
energy calculations are summarized inTable 3 for the reac-
tants, complex, and the hydrogen abstraction transition state.
The resulting structure, vibrational frequencies (seeTable 4),
and zero-point corrected energies for the OH-acetone com-
plex calculated at the B3LYP/6-311++G(2d, 2p) are similar
to the results of Aloisio and Francisco using the same level
of theory [34]. The B3LYP/6-311++G(2d, 2p) structure and
relative energies of the complex and hydrogen abstraction tran-
sition state are similar to the B3LYP/6-311++G(d, p) (−4.72
and−0.55 kcal mol−1) and CCSD(T)/6-311++G(2d, 2p) (−5.24
and +3.88 kcal mol−1) results of Vandenberk et al.[15], the

CCSD(T)/6-311G(d, p)//MP2/6-31G(d, p) results of Vasvari et
al. (−6.28 and +3.99 kcal mol−1) [12], and the CBS-QB3 calcu-
lated energies at the B3LYP/6-311G(d, p) optimized geometries
of Yamada et al.[14]. Although the B3LYP/6-31G(d, p) results
suggest that the hydrogen abstraction transition state is higher in
energy than the reactants, similar to the B3LYP/6-31G(d) results
of Masgrau et al.[19], the B3LYP/6-311++G(2d, 2p) results sug-
gest that the transition state is slightly below the energy of the
reactants, although the method may underestimate the barrier
height for hydrogen abstraction reactions[15,37]. The CCSD(T)
results of Vandenberk et al. and Vasvari et al., which predict a
positive barrier for hydrogen abstraction, may overestimate the
energy of the transition state since they are both single point
energy calculations at a geometry optimized at a lower level of
theory[15]. However, the CBS-QB3//B3LYP/6-311G(d, p) tran-
sition state energies of Yamada et al. determined using the “IRC-
max” method results in a barrier of approximately 2 kcal mol−1,
similar to the experimental activation energy[14]. This value
may be more realistic, as it avoids problems associated with
poorly characterized single-point transition state structures[14].
However, for simplicity the B3LYP/6-311++G(2d, 2p) energies
and uncorrected frequencies were used in the RRKM calcu-
lations for the estimation of the kinetic isotope effect for the
OH + acetone reaction.
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Table 5
Calculated rate coefficients for the individual reactions in the complex–abstraction mechanism for the OH + acetone and OH + acetone-d6 reactions

Temperature Keq (×103) k−a (×1010 cm−3 s−1) kb (×107 s−1) kd (×104 s−1) k (cal) (×10−13 cm−3 s−1)

OH + acetone
400 2.0 12.1 41.9 63.3 3.6
340 1.9 4.8 28.6 6.8 2.3
300 2.2 2.0 6.7 3.2 1.8
240 4.5 0.3 0.57 0.2 1.5
220 7.1 0.1 0.16 0.07 1.4
200 13.1 0.04 0.06 0.01 1.4

OH + acetone-d6

400 2.4 15.6 11.9 9.7 0.78
340 2.0 6.2 8.1 0.7 0.53
300 2.2 2.6 1.9 0.02 0.32
240 4.3 0.4 0.2 0.007 0.17
220 6.7 0.2 0.05 0.001 0.12
200 12.1 0.06 0.02 0.0002 0.11

Assuming that the intermediate complex is in steady-state,
the overall rate constant for the OH + acetone reaction based on
the mechanism shown inFig. 5can be expressed by[17]:

k = ka

(
kb + Keqkd

k−a + kb + Keqkd

)
(4)

whereKeq is the equilibrium constant between the excited and
stabilized complex (kc/k−c). Talukdar et al.[17] demonstrated
that this mechanism could explain the observed temperature
dependence for the OH + acetone reaction using their mea-
sured rate constant for removal of OH (ν = 1) by acetone and
acetone-d6 (2.67 and 3.45× 10−11 cm3 molecule−1 s−1, respec-
tively) for ka. Using these values forka at all temperatures,
k−a can be estimated as a function of temperature from equi-
librium constant for complex formation determined by the
stabilization energy and frequencies of the complex and reac-
tants. Values of the equilibrium constant for complex forma-
tion varied from 6× 10−20 cm3 molecule−1 s−1 at 200 K to
2× 10−22 cm3 molecule−1 s−1, similar to the values reported
by Yamada et al.[14].

The value ofKeq, the equilibrium constant between the
excited and stabilized complex (kc/k−c), can be estimated as
a function of temperature using RRKM theory[38]:

Keq = kc = Qc
∗ ∗ (5)
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the main difference resulting from a larger estimate forKeq that
shifts the equilibrium between the energized and stable complex
towards higher concentrations of the stabilized complex, leading
to lower values ofkd.

Values of kb and kd for the OH + acetone-d6 reaction
were then determined from the corresponding values for the
OH + acetone reaction by calculating the kinetic isotope effect
for these unimolecular dissociation rate constants. The kinetic
isotope effect forkb, the rate constant for the formation of
products from the energized complex, was estimated using the
following expression from RRKM theory[38]:

kbH(E∗
H)

kbD(E∗
D)

= WH(E+)/ρH(E∗
H)

WD(E+)/ρD(E∗
D)

(6)

In this equation,W(E+) is the sum of quantum states in
the transition state, andρ(E*) is the density of states of the
excited complex for the OH-acetone and OH-acetone-d6 reac-
tions. Given the uncertainty associated with the barrier height
for the transition state, tunneling corrections were not included.
Considering only the vibrational modes for simplicity, and using
the ab initio calculated frequencies for the complex and the tran-
sition state, this equation leads to a estimated kinetic isotope
effect forkb of approximately 3.5.

The kinetic isotope effect forkd, the rate constant for the for-
mation of products from the stabilized complex, was estimated
u cor-
r

ve
d ilized
c e-
c the
t
t rium
s ated
f ckart
k−c P(E ) exp(−E /kT )

n this equation,Qc is the partition function for the active mod
f the complex, andP(E* ) is the number of quantum sta
ear the dissociation thresholdE* determined using a Beye
winehart counting algorithm. For simplicity, only vibratio
odes were used in the calculation.
Table 5shows the estimated values ofKeq, andk−a calculated

t several temperatures for the OH + acetone and OH + ace
6 reactions. Similar to the results of Talukdar et al.[17], values
f kb andkd for the OH + acetone reaction were determined f
fit of Eq.(4) to the observed values for the overall rate cons
sing these values ofKeq, andk−a. The resulting values ofKeq,
−a,kb andkd are similar to that estimated by Talukdar et al., w
e-

sing the RRKM rate constants at the high pressure limit,
ected for quantum mechanical tunneling[38]:

kdH

kdD
= ΓH

ΓD

(Q+/Q)H
(Q+/Q)D

exp

{
(E0)D − (E0)H

kT

}
(7)

Here Q+ and Q are the partition functions for the acti
egrees of freedom in the transition state and the stab
omplex, respectively, for the OH-acetone and OH-acetond6
omplexes,E0 the zero-point corrected barrier height for
ransition state relative to the complex, andΓ H andΓ D are the
unneling transmission coefficients for hydrogen and deute
ystems, respectively. The tunneling coefficients were estim
or transmission through an asymmetric one-dimensional E
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potential using the ab initio calculated barrier heights and
exothermicities of the complexes relative to the transition state
and products, and the calculated imaginary frequencies for the
OH-acetone and OH-acetone-d6 hydrogen abstraction transition
states (1272i and 939i, respectively)[39]. The resulting cal-
culated kinetic isotope effect forkd from Eq. (7) varied from
approximately 6.5 at 400 K to 83 at 200 K.

The calculatedkb, kd and overall rate constants for the
OH + acetone-d6 reaction are shown inTable 5, and the calcu-
lated overall rate constants from Eq.(4) are also plotted inFig. 4
for both the OH + acetone (solid line) and the OH + acetone-
d6 reactions (dashed line). As can be seen from this figure,
the calculated rate constants as a function of temperature for
the OH + acetone-d6 reaction are in good agreement with the
observed rate constants, although the calculations tend to under-
estimate the measured rate constants at the lowest temperatures.
Similar results are obtained when the values ofkb andkd for the
OH + acetone reaction estimated by Talukdar et al.[17] are used
with the estimated kinetic isotope effects discussed above.

The results of these simplified calculations are consistent with
the more detailed variational transition state theory calculations
of the kinetic isotope effect of Yamada et al.[14]. Although
the good agreement of these simplified calculations with the
observed OH + acetone-d6 rate constants may be due to a can-
cellation of errors, these results suggest that the observed kinetic
isotope effect for the OH + acetone reaction is consistent with a
h com
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6. Summary

Measurements of the kinetics of the OH + acetone and
OH + acetone-d6 reactions using discharge-flow techniques at
2–5 Torr and between 258 and 402 K are in excellent agreement
with measurements at higher pressures, consistent with a pri-
mary mechanism for this reaction involving hydrogen abstrac-
tion. RRKM calculations of the kinetic isotope effect for the
reaction as a function of temperature based on the energies and
frequencies calculated at the B3LYP/6-311++G(2d, 2p) level
of theory are consistent with a mechanism involving hydro-
gen abstraction through an intermediate complex, although
the calculations tend to underestimate the rate constant for
the OH + acetone-d6 reaction at temperatures near 200 K. An
increased contribution of the OH addition channel to the slower
OH + acetone-d6 reaction at low temperatures may explain this
discrepancy. Additional measurements of the rate constant for
the OH + acetone-d6 reaction at low temperatures, as well as
additional theoretical studies of the reaction mechanism would
help to resolve this discrepancy.
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