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Abstract

The kinetics of the reactions of OH and OD with acetone and acelgwere 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 300K for the reaction of OH wit
acetone and acetongwere (1.73: 0.06)x 102 and (3.36+ 0.32)x 10~ **cm® molecule s71, respectively. The rate constants at 300 K for the
reaction of OD with acetone and acetafigwere (2.87 0.22)x 10713 and (3.6 0.12)x 104 cm?® molecule s71, respectively. Above room
temperature, the temperature dependence of the rate constants for the OH + acetone andgdismag-Arrhenius behavior and are described
by the equationgy(7) = (3.924 0.81)x 1072 exp(—938+ 70/T) andkp(7) = (8.19+ 1.45)x 10*? exp(~1647+ 58/T) cm® molecule s~ for
acetone and acetork; respectively. Measurements bf and kp below room temperature begin to display non-Arrhenius behavior, consis-
tent with previous measurements at higher pressures. Theoretical calculations of the kinetic isotope effect as a function of temperature al
in good agreement with the experimental measurements using a hydrogen abstraction mechanism that proceeds through a hydrogen-bonc
complex.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction carbonyl group (reactiond) and(2)):

Acetone is an important compound in the troposphere witfeHsCOCH + OH — CH2C(0)CHg + H20 1)

a source strength of approximately 40-95 Tg-yrwith con-

centrations of g.l to 1SSb in the free tropospr?[éfe3]. With CHCOCH; + OH — CHC(O)OH + CHs ()
a lifetime of 10-30 days based on photolysis and reaction with These radical products undergo subsequent reactions result-
the OH radical, acetone can have a significant impact not onljg that can lead to the net formation of OH radicals. In order
on local air quality, but also on global tropospheric 0zone contg accurately predict the HCformation rate from acetone and
centration and upper tropospheric chemig#: In the upper  the fate of acetone in the troposphere, it is important to know

troposphere, where the concentration of water molecules is lowhe overall rate constant for the OH + acetone reaction and the
acetone is also thought to be a major source of the OH radical, iBranching ratio for reactiond) and(2).

some cases accounting for 50% of the totalHéOncentration Previous measurements of the rate constant for the reaction
[4]. In the lower troposphere, the reaction with the OH radicalof acetone with the hydroxyl radical using both absolute and
is the major removal pathway. relative rate techniqud§—14] have generally showed that the

The OH + acetone reaction can occur either by the abstractiomte constant follows Arrhenius behavior between 240 and 400 K
of a hydrogen atom or by the addition of the OH radical to the[10,11,13,14]However, recent measurements have revealed that
at upper tropospheric temperatures the rate constant displays
non-Arrhenius behavior, becoming independent of temperature
mponding author. Tel.: +1 812 855 0732 below 260 K[10’13]'. . .
E-mail address: pstevens@indiana.edu (P.S. Stevens). The non-Arrhenius behavior of the OH + acetone reaction

1 present address: Aeronomy Laboratory, National Oceanic and Atmospherfd@d been hypothesized by Wollenhaupt et[&0] as a shift
Administration, 325 Broadway, Boulder, CO 80305, USA. in the mechanism from primarily H-abstraction at high tem-
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perature £90% at 400 K) to 50% each H-abstraction and OH-reproduce the observed kinetic isotope effect for wide range
addition at 280K, and to primarily OH-addition at lower tem- of temperatures. However, the theoretical calculations overesti-
peratures {90% addition at 210 K) (reactior¢) and(2)). A mated the observed kinetic isotope effect at temperatures below
branching ratio of 0.5 at 298 K had been inferred from experi250 K, predicting an isotope effect greater than 10 at 200 K.
ments conducted by Wollenhaupt and Crowjgy], who mea- Farkas et al. suggest that such a mechanism might lead to a
sured the production of the methyl radical (§Hwhich is the  kinetic isotope effect as high as 10, similar to that observed for
expected product from the addition mechanism (reac®))  the OH reactions with HN@and DNQ;, and that the observed
while Vasvari et al[12] measured the 1-methylvinoxy radical kinetic isotope effect of approximately 56 is not inconsistent
(CH>C(O)CHg) formed from the abstraction mechanism (reac-with a mechanism that involves both addition and abstraction
tion (1)). Wollenhaupt and Crowlej11] also found evidence [21]. Unfortunately, there have been fewer measurements of the
that the branching ratio for the addition mechanism decreasette constant forthe OH + acetodgreaction, especially at tem-
with temperature to 0.3 at 233 K. peratures below 300 K.

In contrast, Vandenberk et 4lL5] found no significant pro- This paper examines the kinetics of the OH + acetone and
duction of acetic acid from reactiof2), consistent with tran- acetoneds reactions at 2-5 Torr and 258-402 K. In addition,
sition state theory and RRKM —master equation calculationshe room temperature rate constants for the OD + acetone and
demonstrating that the barrier for OH addition is significantlyacetoneds reactions were also measured. These are the first
greater than that for hydrogen abstraction. Tyndall ¢Lél.also = measurements of the temperature dependence of the kinetic iso-
found no evidence for direct formation of acetic acid from reac-tope for this reaction at pressures less than 10 Torr. Results of
tion (2). Similar results were reported by Talukdar et[al7], ab initio calculations of the energetics of the intermediates and
who measured a yield for the acetonyl radical of £961)%, transition states for the OH + acetone and OH + acetfreac-
independent of temperature between 237 and 353 K, and fourtibns were used in conjunction with unimolecular rate theory to
that the yield of acetic acid from the reaction was less than 1%calculate the kinetic isotope effect as a function of temperature
Turpin et al.[18] also measured the yield of the acetonyl radi-and determine if the observed kinetic isotope effect is consistent
cal (relative to the acetonyl radical yields from the F + acetoneavith a mechanism for this reaction involving hydrogen abstrac-
and ClI + acetone reactions), suggesting a yield for rea¢fipn tion through an intermediate complex.
between 80 and 100% at 298 K. Theoretical studies by Masgrau
et al.[19] are also consistent with these results, suggesting th& Experimental methods
the acetic acid yield is less than 2% and decreases with tempera-
ture. Recent measurements by Raff ef20] using online mass Experiments were conducted using the discharge-flow (DF)
spectrometry are also consistent with a yield of acetic acid ofechnique using either resonance fluorescence (RF) or laser
approximately 3% from the OH + acetone reaction, but measurenduced fluorescence (LIF) detection of the OH radicals. The
ments of the production GITOOH from the OH + acetonéds  experimental systems are similar to those described previously
reaction resulted in a measured yield of approximately 18% &23]. The reactoris ajacketed 100 cmlong, 25 mm internal diam-
298 K that increased with decreasing temperature. eter Pyrex glass tube to which ports that allow the addition of

Gierczak et al. [13] studied the OH+acetone and gases are attached. A movable injector (3 mm o0.d.) inserted into
OH + acetonets reactions as well as t¥OH + acetone, the the flow-tube is used for the introduction of acetone and acetone-
OD +acetone, and the OD + acetafigreactions as a function dg. The injector and all areas of the flow-tube exposed to radicals
of temperature. They found a large primary kinetic isotope effectvere coated with halocarbon wax (Halocarbon Corporation) to
for the OH +acetone and OH + acetasgreactions, indicat- reduce the loss of radicals on the reactor walls. Bulk flow veloc-
ing that the reaction mechanism primarily involves hydrogerities of 9.4-10.7 ms! were achieved at 300K using a Leyland
abstraction even at low temperatures. Talukdar dil&]. mea- D16B mechanical pump downstream of the detection zone. The
sured the rate constant for the OH + acetone reaction at pressumesction temperature was varied by circulating heated silicone
of 1-3 Torr as a function of temperature, and found that the rateil or liquid nitrogen cooled ethanol through the jacket of the
constant did not exhibit a significant pressure dependence, cofiew-tube. The temperature was monitored using a thermocou-
sistent with a hydrogen abstraction reaction. Farkas ¢248). ple located in the center of the reaction zone. Helium, used for
also measured the kinetic isotope effect at low pressure, findintipe bulk flow gas, was introduced into the system by a MKS
value of 5.33+ 0.41 at 298 K, consistent with measurements atL179 flow controller. The reactor pressure was measured in the
higher pressure. reaction zone by a MKS Baratron capacitance manometer.

Based on the large primary kinetic isotope effect measured OH radicals were produced using the H+ NS OH +NO
at low temperatures, Gierczak et §.3] suggested that the reaction §"=1.3x1071%cm®molecule!s1). H atoms
formation of a pre-reactive addition complex in the hydrogerwere produced from a microwave discharge (Opthos
abstraction mechanism could explain the non-Arrhenius behavynstruments Inc., model MPG-4) of Hin He. NGO
ior rather than a shift in the mechanism from abstraction tq(2—6)x 1013 moleculescm?®) was added in excess 2cm
addition, similar to that proposed for the OH + Hjl@action upstream of the radical source to produce OH radicals.
[22]. Theoretical calculations of the kinetic isotope effect usingOD radicals were produced in a similar fashion using the
variational transition state theory by Yamada et[&] using D+NO; — OD+NO reaction, producing D atoms from a
a mechanism similar to that of Gierczak et al. were able tanicrowave discharge of bin He.



164 M.E. Davis et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 162—171

For the RF detection of OH radicals, the radiation source was In another technique for introducing acetone into the reactor,
a lamp consisting of a flow of a Hed® mixture, which was helium was bubbled through liquid acetone or acetdse-
excited using microwave radiation. OH radicals were detectednd then into the reaction zone. The acetone concentration
using the A= (v=0)T — X2I1(v=0) transition near 309nm. was measured by its absorption at 254nm in an adsorp-
For the LIF system, OH radicals were excited using the A—X(1tion cell with a path length of 10cm using an absorption
0) band via the @1) transition near 282 nm using a 20 Hz cross-section of 3.8 10-2%cm? moleculel [28,29] The
Nd:YAG pumped dye laser (Lamda Physik). OD radicals werepressure of the absorption cell was monitored with a MKS
also excited using the A—X (1, 0) band via thg(@Q) transitionat  Baratron capacitance manometer. For these experiments,
287.6 nm. Darkened baffles and light traps fitted on the oppositlO, was obtained from Matheson in a 1.1% mixture in He.
side of the detector were used to reduce background scatter Uitra high purity (99.999%) Kl and @, and zero grade He
the chamber. A photomultiplier tube (Hamamatsu H6180-01)99.995%), were purchased from Indiana Oxygen. Acetone
equipped with photon counting electronics at a right angle tq99.5%) and acetonds (99.9 at.%, D) were obtained from
the radiation source was used to detect the OH or OD fluoredldrich.
cence. An interference filter centered at 308 nm (Esco products)
with a 10 nm bandpass and 20% transmission was u_sed to isg: Computational methods
late the OH or OD fluorescence. The system sensitivity for OH
was 1x 10-° counts s* cm® molecule™® calibrated using the Ay cajculations were performed using the Gaussian 03

H+NO, — OH +7L1\|O reactiqn. Wit_h a typiggl backgrounrc% of series of programi@0] on the Indiana University IBM RS/6000
300-400 counts's,, a detection limit of 3« 10" molecules ¢ Research SP system. Geometries were optimized using Becke’s

(S/N=1, 10s integration) was achieved. Similarly, the detectiothee parameter hybrid method employing the LYP correction
limit for OD was determined to be 8 10° moleculescm?. For ¢ i) (B3LYP) in conjunction with 6-31G(d, p) and

these experiments, aninitial OH or OD concentration ofapprox6_3ll++G(2d 2p) basis sets. Frequencies for all species

. 1 3
imately 3x 10** molecule cm® was used. were calculated at the B3LYP/6-311++G(2d, 2p) level of
Heterogeneous loss of OH onto the reactor wall was observemeory.

with addition of acetone to the reactor, as preliminary experi-

mental pseudo-first-order decays of OH were non-linear, lead-

ing in lower than expected signals of OH as the reaction timé- Experimental results

was increased and resulting in large positive intercepts (greater _ . _ o
than 10s%) on the second-order plots. The loss is thought to The experlment_al conditions for these studies are given in
occur when OH undergoes heterogeneous reaction with aceton@Ple 1 The experiments were conducted at 5 Torr with addi-
adsorbed to the walls of the reactor. This was also evidenceipnal measurements conducted at 2 and 3 Torr. The reaction rate
by the very slow recovery of the OH signal when the ace-constants obtained were independent of pressure for measure-
tone flow was stopped at the end of each experiment. This i§1€nts done at 300, 341 and 371K, and for the OH +acetone
in contrast to the expected behavior due to loss of OH on thgeaction were independent of the acetone measurement tech-
movable injector, as the OH signal increases with reaction tim&ique. Pseudo-first-order decay ratel3 Were calculated from

due to the removal of the injector from the reaction zone. Thigt Weighted (based on the signal-to-noise ratio of each mea-
behavior has previously been observed in the OH +isoprengirement) linear least-squares fit of the logarithm of the OH
[23,24] the Cl+isoprend25,26] and the OH +«-pinene and fluorescefnce.5|gnal versus reaction time, as Qetermlned from
OH +B-pinene reactionf27]. However, conditioning the wax the reactiondistance under the plug-flow approxmaﬁ@gcg)),
coating with high concentrations of fluorine radicals, or the addi-and values of' were corrected for axial diffusion and OH loss
tion of approximately (2-5% 10°cm~2 of O, to the reactor, on the movable injector as folloW81]:

minimized the acetone-catalyzed loss of OH radicals on the

wall of the reactor, resulting in linear and reproducible pseudoy! _ kbecay(l + ktljiecaygz > — Kinjector A3)
first-order decays. The addition of oxygen to the flow reactor v

appeared to inhibit the heterogeneous loss of acetone on the wall

of the flow reactor, but did not affect the measured second-order,, .. 1

rate constant. Summary of experimental conditions
Acetone and acetoné; were purified by several freeze-

pump-thaw cycles and 20-25% mixtures were pre-Item Conditions
pared by vacuum distillation. Concentrations of acetondAcetone] (0.15-7.4x 1214 molecule CT3
((1.5-74.0)x 103 molecule cn3) or acetones ((0.7-23.3)x  [Acetoneds] (0.7-28)x 10 molecule crm
101 molecule cn3) were introduced into the flow cell through ©cooure fange 1.9-51 Tor

o . : ; - Flow velocity 9.39-10.3mg
the injector and the reaction time varied by changing the posicarrier gas He, He w/10%:0
tion of the injector. Acetone concentrations were determined byH concentration <% 10" molecule cr3
measuring the pressure drop in the calibrated volume over timé&z concentration (0-5x 10 moleculecm®
A run was done without the addition of acetone or acet@ne- Diffusion coefficient OH in He, 0.145%° P Torrenf s

First-order wall removal rates <10%

to correct for any loss of radicals on the injector.
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Fig. 3. Arrhenius plot for the OH + acetone and acetdgeeactions between

Fig. 1. Flrst-ordgr plot fqr the_ Okilzg]celtonel reac;’log at 35)0 Kand 5 Torr.ZAce-258 and 402 K. Solid diamonds represent acetone data. Solid triangles represent
tone concentrations are in units o olecule cnT®. Error bars represents: acetoneds data. Lines are weighed fit of the data above 300 K.

uncertainty.

whereD is the diffusion coefficient for OHy the average bulk (1.87+0.15)x 10~ 2B cmP moleculels™Y,  (1.86+0.13)x
gas flow velocity, andkinjector is the rate of loss of OH onto 1g-13 gpng (1.56+ 0.08)x 10~13cm3 molecule'l s, respec-
the movable injector, measured in the absence of acefomel  tyely. Vasvari et al’s measurement was done at approximately
shows typical pseudo-first-order plots for the OH + acetone reacs Torr using discharge-flow (DF) with laser induced fluores-
tion at 5 Torr and 300 K. The pseudo-first-order rate constantgance (LIF) and resonance fluorescence (RF) dete¢tiz)
were plotted against the acetone concentration to obtain thghile Wollenhaupt et al.’s measurement was done between 20
second-order rate constant. and 100 Torr using pulsed laser photolysis (PLP) with detection
of OH by pulsed laser induced fluorescence and resonance
4.1. OH + acetone florescence (LIFJ10]. Gierczak et al[13], Le Calve et al[32],
and Yamada et aJ14] used PLP and LIF detection at pressures
Fig. 2 shows the second-order plot at 300K for theof between 25 and 100 Torr, 300 and 735 Torr, respectively.
OH +acetone reaction at 300K. From these experiments thraff et al.[20] did a relative study at 735750 Torr with online
second-order rate constant for OH +acetone at 300K wagass spectrometry detection of reactants usigig4€> as the
determined to be (1.780.06)x 10~ cm® molecule1s1. reference compound.
The error is twice the standard deviation from the weighted fit The temperature dependence of the rate constant for the
of the data, with the weights based on the precision of eactbH + acetone reaction was measured between 271 and 402 K
measurement. This value is independent of pressure betweemdd a plot of the measured rate constant versus inverse tem-
and 5Torr, and is in good agreement with the recent measurgerature Table 2, is shown inFig. 3. A weighted fit of the
ments by Vasvari et a]12], Wollenhaupt et al10], Gierczak et measured rate constants (based on the precision of each measure-
al.[13], Le Calve et al[32], Raff et al.[20], and Yamada et al. ment) above room temperature results in the following Arrhenius
[14] who obtained values of (1.780.10) x 10~*3and (1.73  expression: (3.920.81)x 10-12 exp((~938+ 70)/7). This
+0.09)x 10~ cmP molecule*s™,  (1.77+0.16)x 10713, corresponds to an activation energy of (1486.14) kcal mot .
A similar value of (1.72+ 0.21) kcal mot! was obtained from
a weighted fit of all the data in the temperature range studied.
Studies done by Gierczak et dl13] and Wollenhaupt
et al. [10] have shown that below 260K, the rate constant
becomes independent of temperature, approaching a value of
1.4x 1038 cm® molecule 1s~1. As can be seen frorRig. 3,
the rate constants measured in this study below room temper-
ature does begin to exhibit similar behavior. Unfortunately,
increased heterogeneous effects at these low temperatures
prevented measurements below 270Hg. 4 gives a plot of
the temperature dependence of the rate constants obtained in
4 3 this study for the OH +acetone reaction, and compares these
Concentration (10 " molecule cm ™ ) rate constants with previous measurements. As can be seen
Fig. 2. Second-order plotforthe OH + acetone and acetfgmeactions at 300 K from this plot the low pressure data reported here is in excellent

and 5 Torr. The open symbols represent results for acetone@;, 3(2) and ~ agreement with previous measurements and with the current
5 (¢) Torr. The solid diamonds represent acetdpelata at 5 Torr. recommendation.
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Table 2

Summary of experimental results
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T (K)

[Acetone] (x 101 molecules cm?)

Rate constant{10~13cm? molecule1s~1)

Pressure (Torr) Number of experiment

OH + acetone

271+2
287+2
300+2
325+2
341+2
342+4
371+2
402+ 2

OH + acetonets

258+ 2
271+2
300+2
342+2
369+2

OD + acetone

300+ 2

OD + acetonets

300+ 2

0.69-5.35
0.28-6.07
0.15-7.11
0.74-5.00
0.17-5.30
0.15-5.35
0.13-4.95
0.48-3.39

0.73-27.7
1.32-22.1
0.66-18.1
0.89-16.4
2.16-15.5

0.9-7.4

1.9-16

152 0.12
1.64 0.14
1.73: 0.06
2.18 0.10
2.46t 0.06
2.54 0.14
3.1% 0.14
3.73 0.14

0.21% 0.054
0.253 0.024
0.336& 0.032
0.59& 0.074
0.75% 0.091

2.8H 0.22

0.369t 0.012

5 29
5 25
2-5 106
5 28
2-5 71
5 34
2-5 61
5 28
5 16
5 20
5 25
5 12
5 16
5 24
5 20

4.2. OH + acetone-dg

obtained using the reservoir system for measuring acetone-
ds concentrations. The reported error is twice the stan-

Fig. 2also shows the second-order plot for the OH + acetonedard deviation for the weighted fit of the rate con-
de reaction at 300K and 5Torr, and from this data astant data. This result is in excellent agreement with the

rate constant of (3.36 0.32)x 10~ cm® molecule 1 s~ was

1.0E-12

k" (em® molecule” s
-

1.0E-14

Fig. 4. Arrhenius plot for the OH + acetone and the OH + acetfyr@actions.

T T T

20

35

1000/T (K ™)

5.0 5.5

values of (3.0@ 0.04)x 10~14cm® molecule s~ obtained

by Gierczak et al.[13] at 295K and 50Torr, the
value of (3.32:0.73)x 10~ cm®molecule st reported

by Raff et al. at 293K and 1atm[20], and the
value of (3.24+0.23)x 10~ “*cm®molecule s~ reported

by Farkas et al. at 298K and 3 TofRl]. However, the
rate constant reported here is larger than the value of
(2.294 0.32)x 10~ 14 cm® molecule ! s~ obtained by Yamada
etal.[14] at 730 Torr. The OH + acetongsreaction also showed

no pressure dependence between 2 and 5 Torr.

In contrast to the acetone results, the OH + acetfyexte
constant obtained by introducing acetafiedsing 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 acetizne-
which could interfere with the rate constant measurement given
the higher concentrations of acetasigrequired relative to the
OH + acetone reaction. Another possibility is the formation of
aerosols in the bubbler system due to the higher concentrations

The upper symbols represents data for the OH +acetone reaction: this wotsf acetoneds required, leading to an incorrect determination

(A),Wallington and Kuryld8] (A), Le Calve et al[32] (O),Wollenhaupt et al.
[10] (+),Vasvarietal[12] (x), Yamada et a[14] (*), Gierczak etal[13] (¢), and
Raff et al.[20] (OJ). The solid line represents the calculated rate constant base
on the mechanism proposed by Talukdar eflal] using the ab initio calculated

of the gas-phase acetorg-concentration. Another possibility
!,5 an error in the absorption cross-section used for acefgne-
For these experiments, an absorption cross-section at 254 nm of

energies and frequencies (see text). The lower symbols represents data for .40+ 0.03)x 10~2%cn? molecule  was used, determined by

OH + acetonets reaction: this work 4), Gierczak et al[13] (¢), Yamada et
al. [14] (*), Raff et al.[20] (O), and Farkas et a[21] (). The dashed line
represents the calculated rate constant for the OH + acetpreaction based
on the abstraction mechanism proposed by Talukdar Et&l. The dot-dashed
line includes the OH addition rate constant of Raff e{20] to the calculated

OH + acetonets reaction rate constant.

allowing varying amounts of pure acetodgto enter the absorp-
tion cell and measuring both the pressure and the absorption sig-
nal. No previous measurements of the absorption cross-section
for acetoneds at 254 nm have been reported. However, Rao and
Murthy [33] found that the ratio of the intensity of acetone-
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dg to acetone absorptiorg(l,) to be 0.79 at the peak of each Transition State

(275.6 nm for acetone and 279.3 nm for acetdgle-This ratio

was consistent with our measurements of the absorption cross- é""“

section of acetondg relative to that for acetone at 254 nm. In

addition, the cross-section of acetagtewas also measured at 24 L 7

185nm and a value of (4.080.06)x 10~ 18cm? molecule’® 1 \

was obtained, in excellent agreement with the reported value G e OO B,

of (4.01+£0.06)x 10~ 18cn? molecule® by Gierczak et. al. 0 "

[13]. Measurements of the OH + acetadgrate constant using : -'Mll l =

absorption at 185nm were consistent with the measurements

using absorption at 254 nm, giving additional confidence in pseeode

our cross-section measurement for acet@gnat 254 nm. These

results suggest that the difference between the measurements ¢ g 1 ,k 1878

the rate constant using the reservoir system and the bubbler sys= 2910 | &

tem for acetonels is not due to an errorin the cross-section mea- g -154 - W

surements. For these measurements, only the results obtaine«z (“L "

using the reservoir system were used. 204
The Arrhenius plot for the OH + acetonlg-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: (2.680.55)x 10712  Fig. 5. Schematic mechanism for the hydrogen abstraction channel for the

exp((~13104 70)/7). Similar to the OH+ acetone reaction, OH +acetone reaction with the individual rate constants indicated (see text).

Gierczak et al[13] found that the OH + acetongs reaction Zero-point corrected relative energies anq structures were caI(O:u‘Iated at the

. . . B3LYP/6-311++(2d, 2p) level of theory. Indicated bond lengths ar.in

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 300K also begin to show similarreactantsk_5), reactto form the productsy), or be collisionally

behavior. These measurements of the temperature dependerstabilized to form the thermalized OH-acetone comptei\l]).

of the OH + acetonés reactions are also in reasonable agree-The thermalized complex can be collisionally activated to form

ment with the measurements of Gierczak ef28], Yamada et the excited complexk(_c [M]) or react to form productskg).

al. [14], Raff et al.[20], and Farkas et aJ21] as shown by the The large kinetic isotope effect may be the result of the influence

2304

(keal/mole)

Complex

elativ

H20 + CH2COCHz

lower set of symbols ifrig. 4. of quantum mechanical tunneling épandkq [14,17].
The kinetic isotope effect kfcetond kacetone-g)for the
4.3. OD + acetone and acetone-ds OH + acetone reaction varied in our low pressure experiments

from a high of 6.0 at 271K to a low of 4.2 at 368 K, with a

From these experiments, the second-order rate constant fealue of (5.1 0.2) at 300 K. A secondary kinetic isotope effect
the OD + acetone reaction at 5 Torr and 300 K was determined tkon/kop) of (0.64 0.23) for the reactions of OH and OD with
be (2.87+0.22)x 10~ 13cm® molecule 1 s1, infairagreement  acetone was observed, as well as a secondary kinetic isotope
with the value of (2.0Z&0.14)x 10 13cm®molecule st  effect kon/kop) of (0.92+ 0.34) for the reactions of OH and OD
obtained by Gierczak et a[13], also at 5Torr and 300K. with acetonedg, in reasonable agreement with those observed
The second-order rate constant for the OD +acetlgneeac- by Gierczak et al[13]. These secondary kinetic isotope effects
tionwas foundtobe (3.62 0.12)x 10~ cm® molecule 1 s™1,  are consistent with an H-abstraction mechanism, with the larger
which is in good agreement with the value of (326 value of the OD rate constants likely due to the changes in the
0.16)x 10~ cm® molecule 1 s~ reported by Gierczak et al. lowfrequency vibrations increasing the density of states in a bent
The error is twice the standard deviation for the weighted fit oftransition state to a greater extent than that between OH and OD

the data, with the weights based on precision of the data. [36]. No appreciable concentrations of OD were measured from
the OH + acetoneéjp reaction at room temperature, suggesting
5. Discussion that isotopic exchange through the OH-acetdgeemplex was

not occurring to a significant extent under the conditions of these

Recent quantum mechanical calculations have suggested thatperiments. The agreement between these low pressure mea-
H-abstraction in the OH + acetone reaction likely occurs via aurements with measurements at higher pressures suggests that
hydrogen bonded pre-reactive comp]8#] with a stabilization ~ H-abstraction is the primary mechanism for this reaction over
energy of approximately 5—-6 kcal mdi at temperatures below this temperature range, and is also consistent with a mecha-
400K[14,15,35] Above 450 K, a direct abstraction mechanism nism involving a pre-reactive complex with a small stabilization
is expected to dominatd 4]. A schematic of this mechanism energy, resulting in rates of stabilization and tunneling factors
as proposed by Talukdar et §1.7] is shown inFig. 5. The first  that are independent of pressure. In contrast, Farkas [@14l.
step in this mechanism involves the formation of an excited OHsuggest the observed kinetic isotope effect is not inconsistent
acetone complexg), which can either dissociate to reform the with a mechanism that involves both addition and abstraction,
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Table 3
Energies, zero-point energies (hartrees), and zero-point corrected relative energies (kbalanblydrogen 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 +acetonefs —268.89270 0.07320 0.0 —268.99001 0.07292 0.0
Complexds —268.90810 0.07652 —7.59 —269.00017 0.07574 —4.61
TS+ds —268.89440 0.07300 —1.20 —268.98947 0.07239 0.0

as hydrogen abstraction mechanism involving an intermediat€ CSD(T)/6-311G(d, p)//MP2/6-31G(d, p) results of Vasvari et
complex might lead to a larger kinetic isotope effect similar toal. (—6.28 and +3.99 kcal mol) [12], and the CBS-QB3 calcu-
that observed for the OH + HN{eaction. lated energies at the B3LYP/6-311G(d, p) optimized geometries
In order to determine whether the observed primary kinetiof Yamada et alf14]. Although the B3LYP/6-31G(d, p) results
isotope effect for the OH + acetone reaction is consistent witlsuggest that the hydrogen abstraction transition state is higher in
a mechanism involving hydrogen abstraction through an interenergy than the reactants, similar to the B3LYP/6-31G(d) results
mediate complex, the structures of the reactants, hydrogemfMasgrau etal19],the B3LYP/6-311++G(2d, 2p) results sug-
bonded complex and hydrogen abstraction transition statgest that the transition state is slightly below the energy of the
were optimized at both the B3LYP/6-31G(d, p) and B3LYP/6-reactants, although the method may underestimate the barrier
311++G(2d, 2p) levels of theory, and the resulting energieseight for hydrogen abstraction reacti¢hs,37] The CCSD(T)
and frequencies were used in conjunction with RRKM theoryresults of Vandenberk et al. and Vasvari et al., which predict a
to calculate the overall kinetic isotope effect for this reac-positive barrier for hydrogen abstraction, may overestimate the
tion as a function of temperature. The results of the ab initicenergy of the transition state since they are both single point
energy calculations are summarizedTiable 3for the reac- energy calculations at a geometry optimized at a lower level of
tants, complex, and the hydrogen abstraction transition statéheory[15]. However, the CBS-QB3//B3LYP/6-311G(d, p) tran-
The resulting structure, vibrational frequencies (3able 4, sition state energies of Yamada et al. determined using the “IRC-
and zero-point corrected energies for the OH-acetone conmmax” method results in a barrier of approximately 2 kcal ol
plex calculated at the B3LYP/6-311++G(2d, 2p) are similarsimilar to the experimental activation enerffy}]. This value
to the results of Aloisio and Francisco using the same leveinay be more realistic, as it avoids problems associated with
of theory [34]. The B3LYP/6-311++G(2d, 2p) structure and poorly characterized single-point transition state structil4ds
relative energies of the complex and hydrogen abstraction trarHowever, for simplicity the B3LYP/6-311++G(2d, 2p) energies
sition state are similar to the B3LYP/6-311++G(d, p)472 and uncorrected frequencies were used in the RRKM calcu-
and—0.55 kcal mot 1) and CCSD(T)/6-311++G(2d, 2p}6.24  lations for the estimation of the kinetic isotope effect for the
and +3.88 kcal moil) results of Vandenberk et aJ15], the  OH +acetone reaction.

Table 4

Calculated frequencies (in cth) for species involved in the OH + acetone reaction

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

OH 3709 3720

Acetone 3166, 3165, 3108, 3101, 3047, 3041, 1822, 1502, 1482, 1480, 3147, 3146, 3091, 3083, 3040, 3033, 1779, 1493, 1476,
1473, 1399, 1396, 1239, 1121, 1086, 888, 888, 785, 531, 486, 1470, 1466, 1392, 1392, 1237, 1122, 1087, 890, 889, 782,
376, 136, 41 536, 491, 380, 131, 27

OH-acetone complex 3492, 3170, 3167, 3112, 3104, 3050, 3043, 1791, 1504, 1485,3509, 3151, 3146, 3095, 3088, 3044, 3037, 1760, 1496,
1479, 1472, 1409, 1401, 1261, 1128, 1100, 905, 893, 798, 685, 1477, 1471, 1466, 1400, 1398, 1251, 1126, 1092, 899,
554,511, 486, 393, 186, 149, 126, 80, 28 896, 792, 638, 552, 494, 474, 388, 170, 133, 47, 40, 36

OH-acetone TS 3679, 3167, 3163, 3108, 3088, 3045, 1782, 1534, 1486, 1474, 3704, 3146, 3143, 3091, 3074, 3037, 1752, 1478, 1468,
1446, 1395, 1252, 1167, 1111, 1093, 953, 908, 857, 795, 690, 1460, 1429, 1388, 1239, 1185, 1107, 1100, 937, 893, 860,
525, 491, 435, 337, 280, 163, 129, 46, 1349 778,692, 528, 498, 409, 336, 299, 128, 117, 28, 1272

Acetoneds 2348, 2346, 2300, 2294, 2191, 2186, 1814, 1255, 1110, 1081, 2333, 2331, 2886, 2280, 2185, 2180, 1770, 1242, 1107,
1070, 1064, 1061, 1024, 984, 899, 716, 694, 674, 477, 403, 315, 1075, 1063, 1059, 1056, 1025, 985, 898, 715, 694, 677,
101, 30 484, 408, 319, 97, 20

OH-acetone#s complex 3492, 2351, 2349, 2302, 2295, 2193, 2187, 1780, 1271, 1119, 3509, 2336, 2332, 2289, 2283, 2188, 2182, 1750, 1256,
1083, 1070, 1062, 1061, 1033, 990, 906, 727, 708, 682, 679, 1115, 1077, 1064, 1057, 1056, 1030, 990, 903, 723, 704,
504, 504, 408, 331, 182, 120, 108, 68, 23 686, 632, 505, 470, 410, 327, 167, 100, 37, 36, 32

OH-acetone#s TS 3679, 2349, 2347, 2299, 2241, 2188, 1776, 1251, 1206, 1100, 3704, 2333, 2331, 2285, 2230, 2182, 1746, 1230, 1151,

1072, 1060, 1036, 974, 942, 849, 836, 733, 688, 664, 620, 485, 1091, 1065, 1054, 1029, 976, 928, 847, 831, 723, 681,
437, 407, 300, 208, 159, 94, 42, 988 666, 631, 487, 414, 401, 298, 226, 124, 86, 25,/939
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Table 5
Calculated rate coefficients for the individual reactions in the complex—abstraction mechanism for the OH + acetone and OHds aeatdioes
Temperature Keq (x10°) k_a (x100cm=3s71) kp (x107s71) kg (x10*s71) k(cal) (x107B8cm=3s1)
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 15
220 7.1 0.1 0.16 0.07 1.4
200 13.1 0.04 0.06 0.01 1.4
OH + acetonets
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
200 121 0.06 0.02 0.0002 0.11

Assuming that the intermediate complex is in steady-statethe main difference resulting from a larger estimatekfgy that
the overall rate constant for the OH + acetone reaction based ahifts the equilibrium between the energized and stable complex

the mechanism shown Ifig. 5can be expressed py7]: towards higher concentrations of the stabilized complex, leading
to lower values oky.
k= ka( ko + Kedkg ) () Values of k, and kq for the OH+aceton@s reaction
k—a+ ko + Kegkd were then determined from the corresponding values for the

OOH +acetone reaction by calculating the kinetic isotope effect
for these unimolecular dissociation rate constants. The kinetic

Ijgotope effect fork,, the rate constant for the formation of
yroducts from the energized complex, was estimated using the
ollowing expression from RRKM theor}38]:

whereKegq is the equilibrium constant between the excited an
stabilized complexic/k_c). Talukdar et al[17] demonstrated
that this mechanism could explain the observed temperatu
dependence for the OH +acetone reaction using their me
sured rate constant for removal of Obl{1) by acetone and
acetoned (2.67 and 3.45 10-tten® molecule s respec- k(T  Wa(EN)/on(ER) ©
tively) for k. Qsmg these value_s fat, at all temperatures, Koo(ES) — Wo(ET)/op(ES)
k_a can be estimated as a function of temperature from equi-
librium constant for complex formation determined by the In this equation,W(E") is the sum of quantum states in
stabilization energy and frequencies of the complex and readhe transition state, and(E™) is the density of states of the
tants. Values of the equilibrium constant for complex forma-excited complex for the OH-acetone and OH-acetdfesac-
tion varied from 6x 1072°cm®molecule’ls™! at 200K to  tions. Given the uncertainty associated with the barrier height
2 x 10722cm® molecule 1 s~1, similar to the values reported for the transition state, tunneling corrections were not included.
by Yamada et al[14]. Considering only the vibrational modes for simplicity, and using

The value ofKeq, the equilibrium constant between the the ab initio calculated frequencies for the complex and the tran-
excited and stabilized complexc(k_c), can be estimated as sition state, this equation leads to a estimated kinetic isotope
a function of temperature using RRKM thedB8]: effect fork, of approximately 3.5.

The kinetic isotope effect fay, the rate constant for the for-

Keq= ke - Qc (5)  mation of products from the stabilized complex, was estimated
k_c  P(E*)exp(E*/kT) using the RRKM rate constants at the high pressure limit, cor-
rected for quantum mechanical tunneli3@]:

In this equationg. is the partition function for the active modes
of the complex, a_ndD(E*) is the number of quantum states T (QY/O) (Eo)p — (Eo)n
near the dissociation threshold determined using a Beyer- o Th(OF exp{ T }
Swinehart counting algorithm. For simplicity, only vibrational db b (27/Q)o
modes were used in the calculation. Here 0* and Q are the partition functions for the active
Table 5shows the estimated valuesiafy, andk_5 calculated  degrees of freedom in the transition state and the stabilized
at several temperatures for the OH + acetone and OH + acetoneemplex, respectively, for the OH-acetone and OH-acetine-
dg reactions. Similar to the results of Talukdar ef&al], values complexesEp the zero-point corrected barrier height for the
of kp andkq for the OH + acetone reaction were determined fromtransition state relative to the complex, afig andI'p are the
afit of Eq.(4) to the observed values for the overall rate constantunneling transmission coefficients for hydrogen and deuterium
using these values @&eq, andk_a. The resulting values dfeq, systems, respectively. The tunneling coefficients were estimated
k_a, kp andkq are similar to that estimated by Talukdar et al., with for transmission through an asymmetric one-dimensional Eckart

(7)
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potential using the ab initio calculated barrier heights and. Summary
exothermicities of the complexes relative to the transition state
and products, and the calculated imaginary frequencies for the Measurements of the kinetics of the OH+acetone and
OH-acetone and OH-acetodghydrogen abstraction transition OH + acetone#s reactions using discharge-flow techniques at
states (1272and 939, respectively)[39]. The resulting cal- 2-5Torr and between 258 and 402 K are in excellent agreement
culated kinetic isotope effect fdiy from Eq. (7) varied from  with measurements at higher pressures, consistent with a pri-
approximately 6.5 at 400K to 83 at 200 K. mary mechanism for this reaction involving hydrogen abstrac-
The calculatedky, kg and overall rate constants for the tion. RRKM calculations of the kinetic isotope effect for the
OH + acetonefs reaction are shown ifable 5 and the calcu- reaction as a function of temperature based on the energies and
lated overall rate constants from E4) are also plotted ifrig. 4  frequencies calculated at the B3LYP/6-311++G(2d, 2p) level
for both the OH +acetone (solid line) and the OH + acetoneof theory are consistent with a mechanism involving hydro-
de reactions (dashed line). As can be seen from this figuregen abstraction through an intermediate complex, although
the calculated rate constants as a function of temperature féhe calculations tend to underestimate the rate constant for
the OH + acetonés reaction are in good agreement with the the OH + aceton@g reaction at temperatures near 200K. An
observed rate constants, although the calculations tend to undémereased contribution of the OH addition channel to the slower
estimate the measured rate constants at the lowest temperatur@$l + acetonets reaction at low temperatures may explain this
Similar results are obtained when the valuegydindkgy for the  discrepancy. Additional measurements of the rate constant for
OH + acetone reaction estimated by Talukdar €tldl] are used the OH +acetonds reaction at low temperatures, as well as
with the estimated kinetic isotope effects discussed above. additional theoretical studies of the reaction mechanism would
The results of these simplified calculations are consistent withelp to resolve this discrepancy.
the more detailed variational transition state theory calculations
of the kinetic isotope effect of Yamada et §l4]. Although  Acknowledgement
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