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The kinetics of the reactions of OH with acetic acid, acetic akidnd acetic acial, were studied from 2 to

5 Torr and 263-373 K using a discharge flow system with resonance fluorescence detection of the OH
radical. The measured rate constants at 300 K for the reaction of OH with acetic acid and acetic acid-
(CDsC(O)OD) were (7.42+ 0.12) x 10 ¥ and (1.094 0.18) x 10 2 cm® molecule® s! respectively, and

the rate constant for the reaction of OH with acetic atid€Ds;C(O)OH) was (7.79+ 0.16) x 103 cm?®
molecule* s™. These results suggest that the primary mechanism for this reaction involves abstraction of
the acidic hydrogen. Theoretical calculations of the kinetic isotope effect as a function of temperature are in
good agreement with the experimental measurements using a mechanism involving the abstraction of the
acidic hydrogen through a hydrogen-bonded complex. The rate constants for thedoetic acid and OH

+ acetic acidd, reactions display a negative temperature dependence described by the Arrhenius equations
ky(T) = (2.524 1.22) x 10 exp((1010+ 150)T) andkp(T) = (4.62+ 1.33) x 10 16 exp((1640+ 160)/

T) cm® molecule® s~ for acetic acid and acetic acill; respectively, consistent with recent measurements
that suggest that the lifetime of acetic acid at the low temperatures of the upper troposphere is shorter than
previously believed.

Introduction especially in the upper troposphere and lower stratospghé?ét

Acetic acid is an abundant oxygenated volatile organic cH,C(O)OH+ OH— CH,C(0)O+ H,O— CH,+
compound present in the troposphere with mixing ratios of CO, + H,0 (1a)
2 2

approximately 2 ppbvi—3 Acetic acid is an important
contributor to the acidity of precipitation and cloudwater and — CH,C(O)OH+ H,0 (1b)
is also important in determining the rates of pH-dependent

chemical transformatiorfs® Concentrations of acetic acid in The reaction between OH and acetic acid has been the subject
the atmosphere are subject to both seasonal and diurnalys several kinetic studie®:32-34 Zetzsch and Stuhl used flash-

variations, suggesting both biogenic and photochemical sotf€é8. o1y sis coupled with resonance fluorescence detection of OH
Direct biogenic sources include soil and vegetation emissions, 5nd obtained a rate constaat= (5.99+ 0.78) x 10713 ¢

and direct anthropogenic emissions include biomass burning andy,gjecule® st at 298 K and between 20 and 500 T&The
motor vehicle exhaust%"1® Secondary atmospheric photo-  temperature dependence of the rate constant for reaction 1 was
chemical sources of acetic acid include reactions of peroxyacetylinvestigated by Dagaut et al. between 240 and 440 K and 25

radicals, formed by the oxidation of allgeztsaldehyde and the 50 Torr using flash-photolysis coupled with resonance fluores-
photolysis of acetone, with HGnd CHO,. "> These second-  cence detection of OH, reporting a positive temperature-

ary photochemical reactions are considered to be the predom"dependent rate ddy(T) = ((1.3+ 0.1) x 10712) exp(—(170+
nant source of acetic acid, accounting for about 120 T¢g yr 20)/T) ¢ molecule't s, and a value of (7.4 0.6) x 1013
and making up about 70% of the global productibrwith cm? molecule st at 298 K32 In contrast, Singleton et al.,
biomass burning contributing approximately 48 Tg'to the using laser flash photolysis coupled with resonance absorption
global source strength of acetic acidSeveral studies have  getection of OH, found a negative temperature dependence over
pointed out the possible existence of unknown photochemical ¢ temperature range 29245 K and 500 Torr with a rate
sources that might contribute to the high concentrations of aceticconstantkl('l') = (7.79 x 1014 exp(679T) cm?® molecule’.
acid observed in the upper troposph&’.® s land a value of 7.6« 10713 cm?® molecule’* s~* at 297 K34

Dry and wet deposition are the predominant removal pro-  These results have led to a recommended value (@) =
cesses for acetic acid due to its limited chemical transformation, (4 x 10-13) exp(200+ 400/T) cm? molecule’ s~1 with a rate
as it reacts comparatively slowly with the hydroxyl radical constant of 8« 103 cm? molecule® s1 at 298 K35 However,
(OH)46:210.17.29The reaction of acetic acid with OH is thought  Butkovskaya et al. have recently reported results from a high-
to dominate if heterogeneous removal processes are inefficient,pressure turbulent flow study at 200 Torr over the temperature
range 229-300 K using a chemical ionization mass spectrometer
* Corresponding author. E-mail address: pstevens@indiana.edu. for detection of OH® They observed a stronger negative
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temperature dependence for the reaction, obtaining a rateH atoms were produced from a microwave discharge (Opthos
constant expression &f(T) = ((2.24 0.2) x 10 %) exp((1012 Instruments) of Hin He. NG, concentrations of approximately

+ 80)/T) cm® molecule’? s™t and a value of (6.6- 0.8) x 10713 6 x 10 molecules cm?® were added in excess 2 cm upstream
cm? molecule! s™1 at 298 K3° Combining their results between  of the radical source to ensure rapid conversion of H atoms to
229 and 300 K with the earlier results of Singleton et al. between OH.

297 and 445 K Butkovskaya et al. obtained a three-parameter ~ OH radicals were detected by resonance fluorescence using
expression describing the temperature dependence of thisthe A?2Z(2=0)Z — X2T1(y=0) transition near 308 nm. The light

reaction®® source was a lamp consisting of a flowing He@Hmixture
excited using microwave radiation. A photomultiplier tube
ky(T) = (2.45x 10 ")(T/298)**+ (Hamamatsu H6180-01) equipped with photon counting elec-

3 11 tronics at a right angle to the radiation source was used to detect
0.68 exp((2358k 189)T) cm” molecule s = (2) the OH fluorescence, and darkened baffles and light traps fitted

They concluded from the above expression that the reactionO the opposite side of the detector were used to reduce
proceeds with a rate constant of 2210712 cm? molecule™ background scatter in the chamber. An interference filter
s at 220 K, which is greater than the recommendation of centered at 308 nm (Esco Products) with a 10 nm band-pass
Sander et a¥® This is an important result for the chemistry of and a transmission of 20% was used to isolate the OH
the upper troposphere, where average temperatures are in théuorescence. The system sensitivity was approximately 1
range 226-240 K. Butkovskaya et al. have estimated a residence 10 ° counts s* cm® molecule™ on the basis of calibrations
time for acetic acid of 9.4 days in the upper troposphere on the USing reaction 3 and resulted in a minimum detectable limit of
basis of the faster rate constant and an average OH concentratiodPProximately 1x 10° molecules cm? for OH (background

of 5.5 x 10° molecules cm3. They concluded that this reaction ~ Signal= 300-400 counts st, S/N= 1, 10 s integration). Initial
might be an efficient source of methyl peroxy radicals and a OH concentrations of less thanx310' molecules cm? were

net source of HQradicals in the upper troposphéfe. used for all of the experiments.

As a result of the published discrepancies in the measurements Heterogeneous loss of OH onto the reactor walls was
of the rate constant for the reaction of OH with acetic acid as Observed with addition of acetic acid to the reactor at low
a function of temperature, further kinetic and mechanistic studies temperatures, as the observed pseudo-first-order decays of OH
are required to accurately assess the role of acetic acid inWere nonlinear, Ieadmg to large positive intercepts in the second-
atmospheric chemistry. This paper examines the low pressure0rder plots. The loss is thought to occur when OH undergoes
(2—5 Torr) kinetics of the rate constant of the reaction of OH hetérogeneous reactions with acetic acid adsorbed to the walls
radicals with acetic acid and its deuterated isotopomers, aceticOf the reactor. This behavior has previously been observed in
acid-ds (CDsC(O)OH) and acetic acids (CDsC(O)OD), be-  the OH+ acetoné? isoprene’®* the Cl + isoprene?®* and
tween 263 and 373 K. These are the first measurements of thethe OH+ a-, f-pinene reaction¥.** The addition of oxygen
temperature dependence and the kinetic isotope effect for this(@pproximately (2-5) x 10*>cm™®) minimized the acetic acid-
reaction at pressures less than 20 Torr. Theoretical calculationscatalyzed loss of OH radicals on the wall of the reactor, resulting
are also used to determine if the observed kinetic isotope effectin linear and reproducible first-order decays and intercepts in

is consistent with a mechanism for this reaction involving the second-order plots of less than 10 without affecting the
hydrogen abstraction through the formation of an intermediate Measurements of the second-order rate constants. The addition

complex. of oxygen appears to reduce the acetic acid-catalyzed loss of
OH by inhibiting active wall site8? Measurements above room
Experimental Methods temperature were done both with and without oxygen, whereas

oxygen was added for measurements below room temperature.
Acetic acid was purified by trap-to-trap distillation with the
middle fraction retained and the top and bottom fractions

Experiments were performed using the discharge-flow tech-
nigue with resonance fluorescence detection of the OH radicals.
Detailed descriptions of the experimental technique have beenrejected' the distillation was performed by pumping until the
given elsewheré®s The reactor consists of a jacketed 1 m acetic aéid volume was reduced to-Z80%, followed by several

long, 2.54 cm diameter Pyrex glass tube which has ports {0 fo0,6-nump-thaw cycles. Mixtures containing 0:3% acetic

?HOW the_ additio_n of gases. A mo""f‘b'e injector (0.'3 cm 0"_1) acid were prepared by vacuum distilling the purified acetic acid
inserted in the middle of the reactor is used for the introduction into a 5.5 L calibrated reservoir fitted with a capacitance

|(2|f iacetlc;)aud. BOE: tlhe tubbe "g'd the |njector were ?Oatﬁd Iw'th manometer and diluting the mixture with helium to a pressure
alocarbon wax (Halocarbon Corporation) to minimize the 0SS ot 4p6.t 760 Torr. At the partial pressures of the acetic acid

of rad|_cals on thesel surfaces._ Ayerage fI0\_/v velocities of used to make these mixtures, the majority (greater than 80%)
approximately 10 m 3 were maintained by using a Leybold of the acetic acid present was in its dimer form:
D16B mechanical pump downstream of the radical detection

zone. The reaction temperature was varied by circulating heated 2CH,C(O)OH= (CH,C(O)OH), (4)
silicone oil or liquid nitrogen cooled ethanol through the jacket

of the flow-tube, and the temperature was monitored using a However, on the basis of the equilibrium constant for the
thermocouple located in the center of the reaction zone. Bulk gimerization, these dimers dissociated at the low pressure in
flows of helium were regulated using a MKS 1179 flow meter the flow tube, and this was taken into consideration when the
to maintain total pressure of approximately2Torr, measured  concentrations of acetic acid were calculated. The dimerization

by a MKS Baratron capacitance manometer. equilibrium constant is given by
OH radicals were produced by the fast reaction of H radicals
with NO;: Keq= Po/Py’ = (7.1x 10°% exp(7705T) atmi *  (5)

H+NO,—~OH+NO wherePp andPy are dimer and monomer partial pressures given
(K'=1.3x 10 °cm® molecule*s™) (3) in atmosphere#!~46 Acetic acid ((1.2-20.0) x 10*3 molecule
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TABLE 1: Summary of Experimental Results 160
10~ acetic acid] rate constant pressure no. of 140 - ¢
T(K) (moleculescmd) (10-3cm® moleculels™) (Torr) exp .
OH + acetic acid 1201 o*
273 1.8-10.3 9.09+ 0.12 5 16 100 4 « °
300 1.2-20.0 7.42+0.12 25 82 ~ o ol
323 2.2-12.1 4.92-0.31 5 32 280 | 234
353 4.6-16.6 4.39+ 0.28 5 25 s wed
373 1.6-20.0 4.14+0.77 5 15 60 - ©%
OH + acetic acidd, 40 4 0% # 5 Torr
263 2.5-24.9 2.34+0.29 5 14 > ©2 Torr
273 1.5-24.3 1.9+ 0.24 5 16 20 dg@
300 1.2-29.8 1.094+0.18 5 32
323 1.4-32.8 0.70+ 0.24 5 12 0 ; ‘ ; ‘
OD + acetoned 0 5 10 o 20 %
3 . . . 13 -3
300 114191 7794 0.16 5 35 Acetic acid concentration (10" molecules cm™)
Figure 2. Second-order plots for the OHt acetic acid reaction at
300 K and 2 and 5 Torr.
8.00
o “ . flow approximation K'deca)), and values ok' were corrected
for axial diffusion and OH loss on the movable injector as
7.50 | follows:4”
E | [Acetic Acid] kl — k!j 1+ kld 2 _ k1 ) (6)
0700 | o0 ecay ecay 2 njector
73] v
= 0o8
e HereD is the diffusion coefficient for OH in He (0.14%°P in
6.50 [ a4 Torr cn? s71), v is the average bulk gas flow velocity (8:9
[ msy 13.6 m s%) andkijector is the rate of loss of OH on the injector
O64 measured in absence of acetic acilQ s1).
6.00 Lo OH + Acetic Acid. Figure 2 shows the second-order plot
0 5 10 15 20 25 30 35 40 for the OH+ acetic acid reaction at 300 K and pressures of 2
Injector Position (cm) and 5 Torr. The experiments at 5 Torr and 300 K for the ©H

acetic acid reaction were repeated in the presence of water

Figure 1. First-order plot for the OHt acetic acid reaction at 300 K : 3\ \nji
and 5 Torr. Acetic acid concentrations are in units offIfiolecules (approximately 18 molecules cm?) with no observed effect

cm-3. Error bars represents2uncertainty and are generally smaller on the measured rate constant. From these.experlr.nents the
than the size of the points. second-order rate constant for the @tacetic acid reaction at

300 K was determined to be (7.42 0.12) x 10713 cm?

molecule® s71, independent of pressure between 2 and 5 Torr.
cm3) was introduced into the flow tube through the movable The error is twice the standard deviation from the weighted fit
injector, and concentrations were determined by measuring theof the rate constant data on the basis of the precision of each
pressure drop in the calibrated reservoir over time. To correct measuremerf€ This value is in good agreement with the
for the loss of OH radicals onto the surface of the movable recommended rate constant o&k8.0~13 cm? molecule 71,35

injector, an experiment was performed without the addition of and the previous studies by Zetzsch and Stuhl between 22 and
acetic acid, resulting in a reproducible increase in the OH signal 500 Torr ;, = (5.99+ 0.78) x 10713 cm® molecule® s at
as the injector is pulled out. This small increase in the observed 298 K)32 Dagaut et al. between 25 and 50 Toki € (7.4 +
signal is due to the decrease in the surface area exposed to Ohh.6) x 10723 cm® molecule s~* at 298 K)33 Singleton et al.
radicals as the injector is pulled out of the reactor. at 500 Torr k, = (8.6 & 0.6) x 10713 cm® molecule’® s71) 34

The following gases and chemicals were used in these and Butkovskaya et al. at 200 Tok (= (6.6 + 0.8) x 10713
experiments: N@(1.1% in He, Mathseon), HUItrahigh Purity cm? molecule’® s1 at 298 K)30
99.999%, Indiana Oxygen), zero-grade He (99.995%, Indiana A plot of the measured rate constants versus inverse tem-
Oxygen), acetic acid X80% acid by mass, Mallinckrodt perature for the OH- acetic acid reaction is shown as the upper
Chemicals), and acetic acdi-and €4 (Sigma Aldrich, 99 atom  set of data in Figure 3. A weighed fit of the rate constants

% D). measured in this study as a function of inverse temperature
results in the following Arrhenius expression: (252.22) x
Results 1014 exp((10104= 150)T) cm?® molecule® st (upper dashed

line in Figure 3), in excellent agreement with the Arrhenius

A summary of the experimental conditions is listed in Table expression obtained by Butkovskaya et3&kcprresponding to
1. Experiments were conducted at 5 Torr with additional a negative activation energy of approximately 2 kcal Thol
measurements conducted at 2 Torr. All experiments were Figure 3 also compares the results of this study with previous
conducted under pseudo-first-order conditions. Figure 1 showsmeasurements and recommendations for the rate constant for
an example of typical pseudo-first-order decays of OH at various this reaction as a function of temperature. The upper solid line
concentrations of acetic acid. Pseudo-first-order decay rdjes ( in Figure 3 represents the rate constant for the ©Hcetic
were calculated from a weighted linear least-squares fit (basedacid reaction calculated using the three parameter expression
on the signal-to-noise ratio of each measurement) of the given by Butkovskaya et &P.(eq 2), and the dastdot line is
logarithm of the OH fluorescence signal versus reaction time, the recommendation of Sander efaRls can be seen from this
as determined from the reaction distance under the plug- figure, the low-pressure measurements of the rate constant for
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at 300 K and 5 Torr. A weighted fit of these data results in a
rate constant of (7.7% 0.16) x 10713 cm® molecule® s1.
This value is in excellent agreement with the rate constant of
(8.14 0.22) x 10713 cn? obtained by Singleton et al. at 297 K
and 500 Tor#* and is similar to the rate constant of the GH
acetic acid reactionk(). This suggests that the primary
mechanism for the reaction involves abstraction of the acidic
hydrogen rather than hydrogen abstraction from the methyl
group. Figure 4 also shows the second-order plot for thetOH
acetic acidd, reaction at 300 K and 5 Torr, resulting in a rate
constant of (1.09t 0.18) x 10713 cm® molecule® s™1. This
result is lower than the value of (2.36 0.17) x 1013 cm?
molecule! s7! obtained by Singleton et al. at 297 K and 500
Torr2* The reason for this discrepancy is unclear. One possible
explanation may be uncertainties associated with the high
concentrations of acetic acid required to observe significant OH
decays in our experiments.

A plot of the measured rate constants versus inverse tem-
perature for the OH- acetic acidd, is also shown in Figure 3,

symbols represent data for the GHacetic acidd, reaction: this work and a weighted fit of the data yields an Arrhenius expression
(z), Singlet%n et ab* (O). The dashed line is(tj'a\dz‘weighted Arrhenius fit  Of K = (4.62 & 1.33) x 1071 exp((1640+ 160)M) cm’ _

of the data in this study, and the solid line represents the calculated Molecule s between 273 and 323 K, resulting in a negative
rate constant for the OH- acetic acidds reaction based on the  activation energy of approximately 3.3 kcal mb{lower dashed
abstraction of the acidic hydrogen through a pre-reactive complex (seeline in Figure 3). The temperature dependent rate constants
text). measured in this study are generally lower than those measured
by Singleton et al¥# although the negative activation energies

" are similar over the temperature range of this study. As with
the OH + acetic acid reaction, we did not observe any
significant curvature in the Arrhenius plot for the OHacetic
acidd, reaction. Unfortunately, measurements of the rate
constant at temperatures higher than 323 K were unsuccessful
due to the inability to introduce concentrations of acetic acid-
d4 high enough to generate reproducible OH decays.

2 le-12
1]

-1

le-13

3

)i

k" (cm” molecule

le-14

3.5 4.0 4.5
1000/T (K™)
Figure 3. Arrhenius plot for the OH+ acetic acid and the OH-
acetic acidd, reactions. The upper symbols represent data for the OH
+ acetic acid reaction: this worl@); Dagaut et af® (O); Singleton et
al3* (v); Butkovskaya et al® (a). The dashed line is a weighted
Arrhenius fit of the data in this study, and the solid line represents the
three-parameter expression recommended by Butkovskayd°ektz.
dash-dot line is the recommendation of Sander et®alhe lower
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The reaction between OH and acetic acid is thought to
proceed either by carboxylic hydrogen abstraction (1a) or by
direct abstraction of a methyl hydrogen (£8§**° Recent
measurements of a GQield of (64 + 17)% for the reaction
between 249 and 300 K using chemical ionization mass
spectrometry suggests that reaction la is the predominant
pathway?®° consistent with the measurements of the kinetic
the OH+ acetic acid reaction between 263 and 373 K reported isotope effect for both the OH+ acetic aciddz and OH+ acetic
here are in excellent agreement with the previous studies atacidd, reported here and by Singleton et*alRecently, De
higher pressures between 296 and 446 K by Singleton & al., Smedt et al. also measured the £feld from reaction 1a to
and between 229 and 300 K by Butkovskaya éP &b addition, be (64=+ 14)% using mass-spectrometry at 290 K and 2 Porr.
the rate constants reported here are in good agreement with their The abstraction occurring preferentially at the acidic hydrogen
three-parameter expression that describes the curvature abovés unexpected because the strength of thed®ond is smaller
298 K observed by Singleton et &.although we were unable  than that of G-H bond (bond dissociation energies of (98:3
to observe any significant curvature over the temperature rangel.8) and (105.8 2) kcal mol?, respectively). This anomalous
of this study. The results presented here are in contrast to theresult can be explained by the formation of a hydrogen-bonded
positive temperature dependence observed by Dagaut®®t al. pre-reactive complex that lowers the energy of the acidic
One possible reason for the discrepancy in the results of Dagauthydrogen abstraction pathwé$3+49-50Recent ab initio calcula-
et al. may be heterogeneous loss of acetic acid on the walls oftions of the potential energy surface for the GHacetic acid
the reactor and the assumption that the rates of reaction of OHreaction suggest that the reaction should proceed primarily
with acetic acid monomer and dimer were equal at low through abstraction of the acidic hydrogen via several hydrogen-
temperature®! Unfortunately, increased heterogeneous effects bonded pre-reactive complexes, with the complex for the
in this study prevented measurements of the rate constant atacidic-H abstraction channel more stable than that for the
temperatures below 263 K. Additional experimental measure- methyl-H abstraction channgt>! Addition of OH to the central
ments, especially at temperatures above 400 K and below 250carbonyl carbon and abstraction of the methyl hydrogen were
K, are needed to further confirm the temperature dependencefound to have activation energies that were significantly larger

10 15 20 25

Concentration (1013 molecules cm's)

Figure 4. Second-order plots for the Ot acetic acid, OHt+ acetic
acid-ds, and the OH+ acetic acidd, reactions at 300 K and 5 Torr.

for this reaction.
OH + Acetic Acid-d3 and OH + Acetic Acid-d,. Figure 4
shows the second-order plot for the @Hacetic acidd; reaction

than abstraction of the acidic hydrogen, with the barrier to OH
addition large enough to make this channel insignificant under
atmospheric condition®:51 This mechanism is similar to that
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Figure 5. Schematic mechanism for the acidic hydrogen abstraction channel for the &ddétic acid reaction with the individual rate constants
indicated (see text). Zero-point corrected relative energies and structures are the calculated G2M//B3L¥R/6(2Uf,2pd) energies of De
Smedt et af? Indicated bond lengths are in angstroms.

for the OH + formic acid reaction, where abstraction of the to form the thermalized OH acetic acid complexk{[M]). The

acidic hydrogen is the primary pathway for the reacfiér? thermalized complex can be collisionally activated to form the
The negative temperature dependence for thetOdtetic acid excited complexK_[M]), or react to form productskg). The
reaction observed in this study and by Singleton et and influence of quantum mechanical tunneling kyand kg may

Butkovskaya et al? is consistent with this mechanisif?9.52.55 enhance the kinetic isotope effect for this reaction.

and the agreement between the low-pressure measurements The detailed ab initio study of this channel by De Smedt et
reported here with the previous measurements at higher pres-al. found several hydrogen-bonded pre-reactive complexes with
sures suggests that the binding energy of the complex is small,stabilization energies ranging from 3.1 to 7.3 kcal/mol at the
resulting in rates of stabilization that are independent of pressure.G2M(CC,MP2)//B3LYP/6-313+G(2df,2pd) level of theory®

The relatively large primary kinetic isotope effect (KIE) for The most stable complex involves a six-member hydrogen-
this reaction suggests that quantum mechanical tunneling maybonded ring similar to the structure found by Rosado-Reyes
be important in the reaction mechanism. The primary KIE and Francisco at the QCISD/6-31G(d) level of theory (Figure
(Kacetic acidKacetic acia-d,) IN our low-pressure experiments varied 5).5! These pre-reactive complexes are expected to interconvert
from a high of 7.0 at 330 K to a low of 4.8 at 273 K with a easily and reach a rapid equilibrium as the barriers for
value of (6.8+ 0.21) at 300 K. This is larger than the KIE rearrangement are relatively low and lie below the energy of
observed by Singleton et al., which varied between 4.3 at 356 the reactant®? For simplicity, only the hydrogen-bonded ring
K and 3.5 at 446 K with a value of (3.6 0.14) at 297 K3* complex was considered in these calculations, as it is the most
However, the observed KIE in our study is similar to that stable pre-reactive complex and will contribute the most to the
observed for the OHf acetone reaction, which also likely thermal equilibrium populatioff’
proceeds by hydrogen abstraction via a hydrogen-bonded The relative energies of the pre-reactive complex and transi-
complex3949 tion state for both the OH- acetic acid and OH- acetic acid-

To determine whether the observed kinetic isotope effect for d, reactions used in the RRKM calculations are shown in Table
the OH + acetic acid reaction is consistent with the acidic 2 and reflect the G2M(CC,MP2) calculated energies reported
hydrogen abstraction mechanism involving an intermediate by De Smedt et al., corrected for the unscaled zero point energy
complex, ab initio calculated energies, structures and frequenciesat the B3LYP/6-31%+G(2df,2pd) optimized geometfy.De
of the intermediate complexes and transition states for the OH Smedt et al. found that the calculated energies of the transition
+ acetic acid reaction were used in conjunction with RRKM states at the highest levels of theory agreed to within a few
theory to calculate the kinetic isotope effect for this reaction as tenths of a kilocalorie per mole, except for the energy of the
a function of temperature. A schematic for the potential energy critical transition state for acidic hydrogen abstraction, where
surface for abstraction of the acidic hydrogen is shown in Figure the energy differences at the highest levels of theory varied from
5 and is similar to the mechanism proposed for the-©OHNO3 a value of 1.6 kcal/mol at the G2M(CC,MP2)//B3LYP/6-
and OH+ acetone reactiorf$.The first step in the mechanism  3114-+G(2df,2pd) level of theory, to 5.3 kcal/mol using G3
involves the formation of an excited Otacetic acid complex  theory, with the G2M(CC,MP2) barrier heights leading to
(ka), which can dissociate to re-form the reactarikts), react calculated absolute rate constants that were in better agreement
to lead to product formatiorkg), or be collisionally stabilized with experiment?® For simplicity, the G2M(CC,MP2)// B3LYP/
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TABLE 2: Calculated Frequencies and Energies Relative to Reactants Used in the RRKM Calculations for the OH Acetic

Acid Reaction

zero point G2M relative
B3LYP/6-311+G(2df,2pd) energy energies
species frequencies (cm') (kcal mol?) (kcal molt)
OH 3714 5.3
acetic acid 3757, 3165, 3113, 3056, 1816, 1479, 1473, 1408, 1336, 1202, 1070, 999, 38.6
859, 664, 585, 547, 425, 76
OH—acetic acid complex 3775, 3229, 3166, 3117, 3058, 1720, 1479, 1469, 1414, 1383, 1309, 1072, 45.9 -7.3
1028, 955, 892, 621, 604, 483, 435, 320, 223, 189, 111, 72
OH—acetic acid TS 3800, 3162, 3123, 3059, 1711, 1653, 1480, 1470, 1453, 1406, 1389, 1067, 43.8 1.6
1035, 941, 745, 667, 601, 556, 457, 403, 264, 141, 68,i1306
acetic acidd, 2733, 2347, 2303, 2196, 1804, 1293, 1093, 1066, 1052, 1018, 933,824, 30.5
754,548, 535, 418, 373, 55
OH—acetic acidd, complex 3775, 2352, 2348, 2306, 2197, 1688, 1349, 1111, 1080, 1066, 1051, 938, 37.8 -7.3
837, 794, 708, 578, 520, 473, 388, 317, 216, 185, 103, 53
OH-acetic acidd,s TS 3800, 2346, 2311, 2196, 1598, 1440, 1223, 1112, 1103, 1065, 1049, 930, 36.5 25

893, 839, 710, 628, 533, 525, 451, 372, 253, 133, 50i 967
aBased on the unscaled zero point corrected G2M(CC,MP2)//B3LYP/6-3G(2df,2pd) energies of De Smedt et?afor the OH + acetic

acid reaction.

TABLE 3: Calculated Rate Coefficients for the Individual
Reactions in the Acidic Hydrogen Abstraction Mechanism
for the OH + Acetic Acid and OH + Acetic Acid-d,
Reactions

temp 10%-, 10 %k, 10 %Ky 10 (calc)
(K)  10%Keq  (s) (s (s (cm®s™)
OH + acetic acid
400 0.05 51.3 30.5 97.3 4.2
340 0.1 10.5 11.4 7.7 5.0
300 0.3 2.5 4.2 0.8 6.6
240 2.5 0.1 0.6 0.001 14.6
220 7.4 0.03 0.2 0.0002 22.6
200 29.4 0.005 0.08 % 10°° 40.0
OH + acetic acidd,
400 0.006 56.4 8.8 16.8 0.46
340 0.01 115 3.3 0.9 0.78
300 0.03 2.7 1.2 0.06 1.2
240 0.2 0.1 0.2 X 10°° 3.9
220 0.7 0.03 0.07 X 106 6.0
200 25 0.005 0.02 & 10°8 115

6-311++G(2df,2pd) calculated energies of De Smedt et al. were
used in these calculations (Table 2). These relative energies are

In this equationKeq is the equilibrium constant between the
excited and stabilized complekd(k-c). Assuming that the rate
constants for formation of the activated complex for the ®H
acetic acid and acetic acili-reactions are similar to that for
the OH+ acetone reaction and are independent of temperature
(2.67 and 3.45x 10 cm® molecule’® s71, respectivelyf/
k_4 can be estimated as a function of temperature from the
temperature-dependent equilibrium constant for complex forma-
tion determined by the stabilization energy and the partition
functions for the complex and reactark$ € Q,,,,./(QoHQacetic
acid eXp(—AE/RT)). Using the ab initio stabilization energy and
frequencies shown in Table 2, the calculated values for the
equilibrium constant for complex formation varied from-6
107 cm?® molecule® at 200 K to 6x 1072 cm® molecule™?
at 400 K.

The value oKeg, the equilibrium constant between the excited
and stabilized complex{k—¢), can be estimated as a function
of temperature using RRKM theoP§:

ke Qe

Kea= i, = PE") exp(—EYKT)

8

similar to those calculated by Rosado-Reyes and Francisco at

the QCISD(T)/6-3%+G(2df,2p) level of theory, who found a

In this equation(Q. is the partition function for the active modes

binding energy for the pre-reactive complex of 6.5 kcal/mol, ofthe complex, an®(E*) is the number of quantum states near
and a barrier height for subsequent reaction of 2.1 kcal/mol the gissociation threshold *Edetermined using a Beyer

relative to the reactant3.This small stabilization energy for

Swinehart counting algorithm. For simplicity, only vibrational

the pre-reactive complex is consistent with the observed lack y,gdes were used in the calculation.
of a pressure dependence of the rate constant for this reaction. Taple 3 shows the estimated valuesaf, andk_, calculated

For the OH + acetic acidds reaction, the G2M(CC,MP2)
energies of De Smedt et @W.were corrected by the unscaled
ZPE energy differences between the Gtacetic acid system

at several temperatures for the OHacetic acid and OH-
acetic acidd, reactions. Similar to previous calculations for the
OH + acetone reactiof?,>” values ofk, andky for the OH+

and the deuterated system. The frequencies of the pre-reactiveycetic acid reaction were determined from a fit of eq 7 using

complex and the transition state for the OHacetic acidd,
reaction system were calculated at the B3LYP/6-B+G(2df,-
2pd) level of theory using the Gaussian 03 system of progfams
based on the B3LYP/6-31#1+G(2df,2pd) optimized geometries
of De Smedt et aP% and are shown in Table 2 with the OH
acetic acid frequencies for comparison.

the calculated values dfeq and k-, to the three-parameter
expression for the overall rate constant of Butkovskaya &t al.
Values ofk, andky for the OH+ acetic acidd, reaction were
then determined from the corresponding values for the-OH
acetic acid reaction by calculating the kinetic isotope effect for
these unimolecular dissociation rate constants.

Based on the mechanism shown in Figure 5 and assuming The kinetic isotope effect for the rate constant for the for-
that the intermediate complex is in steady-state, the overall ratemation of products from the energized complé) fvas esti-

constant for the OHt acetic acid reaction can be expressed

by57

Ky + Kegky ) @)

k= K“(ka+ ko + Kedky

mated using the following expression from RRKM theéfy:

Kori(EF) _ WH(E+)/pH(E*H)
koo(ED)  Wo(E)pop(Ep)

9)
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In this equation W(E™) is the sum of quantum states in the pressures suggest that the rate of stabilization of the excited

transition state and(E*) is the density of states of the excited complex is independent of pressure for the conditions of these

complex for the OH-acetic acid and OHacetic acidd, experiments. However, additional measurements at low pressure
reactions. Given the uncertainty associated with the barrier are needed, especially at temperatures below 260 K to confirm

height for the transition state leading to the formation of that reactions of the excited complex are not enhanced at low

products, tunneling corrections were not included. Considering temperatures and low pressure compared to atmospheric pres-
only the vibrational modes for simplicity and using the ab initio sure.

calculated frequencies for the complex and the transition state
this equation leads to an estimated kinetic isotope effedt.for
of approximately 3.5.

The kinetic isotope effect for the rate constant for the
formation of products from the stabilized compldsg)(was

Because the results of this simple model of the ®ldcetic
acid reaction suggest that reactions of the excited complex
dominate the overall rate constant for this reaction below room
temperature, the calculated KIE for the OH acetic acid
reaction at lower temperatures is primarily due to the KIE of

estimated using the RRKM expression for the high-pressure the rate constants for the reactions of the excited complex. As

limiting rate constant&?

ks, _ T (Q'Q)

= — /K
de FD(Q+/Q)DeXp{[(EO)D (Eoul/KT}

(10)

In this equationQ* and Q are the partition functions for the

the temperature increases, the rate of reaction of the stabilized
complex increases such that the productkafks becomes
significant relative tok,, and the calculated KIE increases as
guantum mechanical tunneling enhankgfor the OH+ acetic

acid reaction relative to the OH- acetic acidd, reaction.
Because tunneling was not included in the calculations of the
rate constant for the reaction of the excited complgy (hese

active degrees of freedom in the transition state and the stabilizedcalculations may underestimate the overall kinetic isotope effect

complex, respectivelyl, is the zero-point corrected barrier
height for the transition state relative to the complex, &nd
andI'p are the tunneling transmission coefficients for the acetic
acid and acetic acid, systems, respectively. The tunneling

coefficients were estimated for transmission through an asym-

metric one-dimensional Eckart potential using the ab initio

and the contribution of quantum mechanical tunneling to this
reaction.

These simple calculations do not take into account the
contribution of hydrogen abstraction from the methyl group to
the overall rate constant. Theoretical calculations suggest that
although this pathway likely proceeds through a hydrogen-

calculated barrier heights and exothermicities of the complexeshonded pre-reactive complex, the barrier for hydrogen abstrac-
relative to the transition state and products, and the calculatedtion from the methyl group is higher than abstraction of the

imaginary frequencies for the Gthcetic acid and OHacetic
acidd, acidic hydrogen abstraction transition states at the
B3LYP/6-311-+G(2df,2pd) level of theory (1306i and 967i,
respectivelyf? The calculated kinetic isotope effect fioyfrom
this equation varied from approximately 5.8 at 400 K to 150 at
200 K.

The calculatedk,, ky and overall rate constants for the OH
acetic acidd, reaction are shown in Table 3, and the calculated

acidic hydrogert®5!As a result, the branching ratio for methyl
hydrogen abstraction is expected to increase with temperature
and may contribute to the curvature in the Arrhenius plots
observed by Singleton et .

Conclusions

Measurements of the kinetics of the OH acetic acid
reactions using discharge-flow techniques at52Torr and

overall rate constants from eq 7 are also plotted in Figure 3 for penween 263 and 373 K are in excellent agreement with the

both the OH+ acetic acid (upper solid line) and the OH

results of Butkovskaya et &0.below room temperature as well

this figure, the calculated rate constants as a function of jy contrast to the reported positive temperature dependence of

temperature for the OH- acetic acidd, reaction are in good

Dagaut et af® These results are also in good agreement with

agreement with the rate constants measured in this study, wWiththe recent recommendation of Atkinson et al. for the temperature
the predicted rate constants falling between the results of th'sdependence of this reactfnbut suggest that the current

study and the results of Singleton ef&This suggests that the

recommendation of Sander et 38lwith a weak negative

large kinetic isotope effect observed in these studies is CO”SiStemtemperature dependence may overestimate the chemical lifetime

with a mechanism involving abstraction of the acidic hydrogen
through the formation of an intermediate complex.
In contrast to the OH+ acetone reaction, where similar

of acetic acid in the atmosphere and underestimate the contribu-
tion of acetic acid to the oxidation capacity of the upper
tropospheré?

calculations suggest that the reaction of the stabilized complex peasurements of the rate constants for the-©Bcetic acid-

contributes significantly to the overall rate constant below room
temperaturé?> the results of this simple model of the OH

d; and OH+ acetic acidd, reactions suggest that the primary
mechanism for this reaction involves abstraction of the acidic

acetic acid reaction suggest that reactions of the excited complexyydrogen, consistent with recent measurements of they@@!

dominate the overall rate constant for this reaction below room
temperature, as the productifky is significantly smaller than

ko, andk_, for this temperature range. This is not surprising, as
the barrier for the reaction of the stabilized complex for the
OH + acetic acid reaction is higher (approximately 9 kcal/mol)

than that for the OH+ acetone reaction (approximately 3.5 kcal/

of this reactior?®%° RRKM calculations of the kinetic isotope
effect for the reaction as a function of temperature based on
the ab initio calculated energies and frequeri€iase consistent
with a mechanism involving abstraction of the acidic hydrogen
through a hydrogen bonded intermediate complex. However,
additional experimental measurements and more detailed theo-

mol). On the basis of these simple calculations, reactions of (gtical calculations are needed to confirm these results.

the excited complex dominate the mechanism at low temper-

atures and reactions of the stabilized complex become more Acknowledgment. This work was supported by the National
important to the overall mechanism at higher temperatures. TheScience Foundation (grant ATM-9984152), and in part by
agreement of the low pressure measurements of the rate constarghared University Research grants from IBM, Inc. to Indiana
as a function of temperature with those measured at higherUniversity.
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