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Theoretical and Experimental Study of the Product Branching in the Reaction of Acetic
Acid with OH Radicals

F. De Smedt, X. V. Bui, T. L. Nguyen, J. Peeters, and L. Vereecken*
Department of Chemistry, Usrsity of Lewen, Celestijnenlaan 200F, 3001 Len, Belgium

Receied: Nawember 22, 2004; In Final Form: January 11, 2005

The product distribution of the reaction of acetic acid,sCBOH, with hydroxyl radicals, OH, was studied
experimentally and theoretically. Mass-spectrometric measurements at 290 K and 2 Torr of He okhthe CO
yield versus the loss of acetic acid yielded a branching fraction af 4% for the abstraction of the acidic
hydrogen as follows: CHCOOH + OH — CH;COO + H,O — CH; + CO, + H,0. A quantum chemical

and theoretical kinetic analysis showed that the abstraction of the acidic hydrogen is enhanced relative to the
abstraction of-CHj; hydrogens because of the formation of a strong pre-reactive H-bonded complex, where
the H-bonds are retained in the H-abstraction transition state. The potential energy surface of the reaction is
explored in detail, and the reaction products of the individual channels are identified. The theoretical product
branching is found to be critically dependent on the energetic and rovibrational differences between the
H-abstraction transition states.

Introduction CH,COOH+ "OH — CH,C(0)J + H,0 — CO, +

For the HQ budget in the atmosphere, oxygenated volatile ‘CH; + H,0 (1a)
organic compounds (VOCSs) are important species, even when .
present only in trace concentrations. Among the oxygenates, — 'CH,COOH+ H,0 (1b)

acetic acid (CHCOOH) has recently been recognized as an

important species in the troposphere. The primary sources of The CHC(O)C radical will decompose rapidly int@Hs; +
acetic acid in the atmosphere are the reaction of peroxy acetylCO, with a barrier of only some 5 kcal mo¥;*! this process
radicals (CHC(O)OO) with HO, and CHO,! and direct should occur on a nanosecond-to-microsecond time scale in all
emission from biomass burnirigThe latter process is thought ~atmospheric conditions. The subsequent atmospheric oxidation
to make an important contribution to the high concentration (up of the radicals will always lead to G + CO; as the final

to 2 ppbv) of acetic acid observed in the tropical upper Products, in atmospheric conditions with sufficiently high levels
tropospheré even accounting for dissolution of acetic acid into  0f NO; this was confirmed experimentafyThe*CHs radicals

rain. Very recently, at the low temperatures of the tropical Will, as usual, be converted to G&, and theCH,COOH radical
tropopause, the fast equilibrium HO- (CHs),CO <> (CHs),C- will react with O, and NO to form g-substituted alkoxyradical
(OH)OO followed by reaction with NO and then the subsequent ((OCHCOOH). The dissociation of this radical, forming gbi

fast decomposition (CH,C(OH)O — CHs + CHsCOOH has and HOCO, is expected to have a barrier of about 3 kcal
been proposedas an additional source of acetic acid. In view Ml * ™ HOCO, in turn, will oxidize to C@%In less oxidative

of the reported levels of acetic acid concentrationsz@BIOH conditions with lower NO concentrations, the chemistry will
can be assumed to be a non-negligible source of methyl peroXyshift to peroxy radical reactions and (hydro)peroxides may be

radicals? thereby influencing the oxidative capacity of the upper formed. Even |f_the final proo_lu_c_ts are t_he same for both
troposphere. channels, the existence of two initial reaction channels affects

] ) . the overall rate coefficient of the GBOOH + OH reaction

The sources and sinks of acetic acid are not fully understood 4 jts temperature and pressure dependence. For other acids,
and quantified; thus there are inconsistencies in current atmo-tne final atmospheric degradation products of the different initial
spheric models. It is believed that the major acetic acid sink in yeaction channels might be nonidentical.

the free and upper troposphere is the gas-phase reaction with Experimental data on the temperature dependence of the rate
the OH radical. So far, only a few studies have been performed coefficient of the title reaction are scarce and sometimes
on this particular reaction. The reaction can proceed through contradictory: both negativ&!® and positivé® temperature
two reaction channels, both of which are H-abstractions; one dependencies are observed between 229 and 446 K. The current
channel leads to CHand CQ and the other channel t€H,- recommended value at 298 K is:8 10713 cm® molecule?
COOH. Like the reaction of OH with ketones and aldehyxdég, s71,17.18 while the most recent experimental study by But-
addition on the carbonyl double bond<©) does not contribute  kovskaya et al®> on the overall rate constant between 229 and
significantly. 300 K at 200 Torr of N showed an overall rate constant at 298
K of 6.6 x 10713 cn?® molecule! s~ and a pronounced negative

*Corresponding  author. Email  address:  luc.vereecken@ temperature dependence in good agreement with earlier results

chem.kuleuven.ac.be. by Singleton et al* Some information on the branching fraction
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kizki and the reaction mechanism is also available. On the basis Absolute concentrations of NGas the titrant gas and GO

of isotope effects and the significantly lower reactivity of the
dimer, Singleton et at* concluded that abstraction of the acidic
hydrogen is the dominant channel; their observations atjtee
with a two-channel mechanism involving hydrogen-bonded

as the calibrant gas were derived from the measured flows
(regulated by flow controllers) of certified high-purity gas
mixtures and the total pressure in the reactor. The initial
concentration of hydroxyl radicals, [Ob{]resulting from the

complexes and H-abstraction enhanced by tunneling through areaction of NQ with an excess of H atoms, was taken to be
potential energy barrier. The direct product measurements forequal to the added [Nf,qs Neglecting OH-losses because of

reaction channel 1a by Butkovskaya et%ielded a branching
fractionki/ky of 64 + 17% for T= 229-300 K and 200 Torr
of Np, based on the observed yield of €& a primary reaction
product.

In this work, the branching fraction for the reaction of acetic
acid with OH was determined experimentally at 290 K and 2
Torr of He by measuring the CQyield from reaction la. In
addition, a complementary theoretical investigation of the-CH
COOH + OH reaction was performed; it supports the experi-

the OH self-reaction and OHt H recombination on the reactor
walls. Note that [OH] is not a critical quantity in this
determination ok;/k;. The [OH} values in these experiments
were in the range of 5« 102 to 5 x 10 molecules cm?.
CO, was measured at an ionizing-electron endegy= 25 eV.
The CQ™ mass spectrometric signals were duly corrected, by
blanc measurements, for a smale = 44 background contribu-
tion from trace CQ in the gas mixtures and found to be
independent of added GHOOH. The detection limit of C&

mental product data, clarifies the intricate molecular mechanismsdefined as the standard deviation on the intercept of the
of this complex process, and reveals the crucial role of the calibration curve divided by the sensitivity, was around 8.0

various intermediate hydrogen-bonded complexes involved.

Experimental Study
Experimental Setup and Conditions.A multistage fast-flow

10 molecules cm3 of CO..

The gas-phase concentration of thedCI®OH reactant was
obtained through a different procedure. A small He gas flow
was bubbled through liquid acetic acid in a glass container

reactor coupled to a molecular beam sampling mass spectrom+thermostated at 290 K; He was introduced through a diffuser
etry (MBMS) apparatus was used in this study. The fused-silica plate so that small gas bubbles were formed to ensure a high

reactor consists of a cylindrical tube (internal radRief 1.35

mass transfer of acetic acid into the gas phase. Typically, flows

cm) equipped with a microwave sidearm and a set of two of 200-1200 sccm of He were used. The flow of He through
independently movable coaxial central injector tubes. The the liquid CHCOOH was kept constant by using a flow
experimental setup and the cleaning procedure with final HF- controller to ensure a constant concentration of acetic acid
passivation in order to suppress radical losses on the reactothroughout each experiment, as confirmed by the constant mass

walls have been described beféfelhe gas at the reactor exit

spectrometric CBCOOH signalsifye = 60 andEe = 25 eV).

is sampled through a 0.3 mm pinhole in the tip of a quartz cone, To calculate the gas-phase concentration, the weight loss §f CH
which gives access to three differentially pumped vacuum COOH over a period of several hours was measured at a
chambers. The resulting molecular beam is mechanically constant bubbling He flow, as used in the pertinent experiments.
modulated by means of a chopper to allow phase-sensitive Stable concentrations of GBOOH between 18 and 1034
detection, and then it enters the last chamber which houses ammolecules cm3 were easily obtained. Using the mass spectro-
axial electron-impact ionizer and a high-sensitivity Extranuclear metric signalicn,coon and the absolute concentration [&H
quadrupole mass spectrometer. A lock-in amplifier separates COOHJ calculated from the mass loss per unit time, we can

the beam signal from the background signal.
Hydroxyl radicals are generated via the reactionrtHNO,

derive the sensitivity of acetic acid &sn,coon = icHscoont/
[CH3COOHE. It must be noted that the dimerization of acetic

— NO + OH. Hydrogen atoms are formed upstream in a 75 W acid in the gas phase is of no significance under the conditions

microwave discharge through a/Me mixture and are reacted

of this study, given the low [CBCOOH] values. A similar

with NO, added through the outer central tube. The H-atoms procedure for the calibration of acetic acid has been used

are always in (slight) excess over Bl@\cetic acid is fed into

before? in studies of the reactions of ketones with OH.

the reactor through the inner central tube. He was used as the Results. The branching fractiork;/k;, of the CQ-forming
carrier gas .in qll cases. Gases and .quuids were used withoutchannel was determined from the concentration of thes CO
further purification. He (99.9996%, Air Products) was used as formed ([CQJromed and the decrease in the concentration of
the carrier gas for the discharge sidearm of the reactor, and Heacetic acid ([CHCOOH]eae) upon reaction with OH

(99.995%, Indugas) was the main carrier gas for the inner and

outer central tubes. The other gases wepe($10% in UHP
He, Air Liquide), CQ (99.97%, Messer), and N2.5% in
UHP He, Air Products). Acetic acid (liquid) was of pro analysi
quality (100%, Merck).

Methodology. To determine the relative importance of the
two reaction channels for GGOOH + OH, we quantitatively

Kidki = [COtomed [CHCOOH] oy

The reaction conditions were changed by varying the initial
concentrations of both the reactants. The initial FCBOH
was varied between 2.5 10'® and 1x 10 molecules cm?,
and for each [CHCOOHY], the initial [OH], was changed in a

measured one of the primary reaction products formed, namely,range of 5x 10%2to 5 x 103 molecules cmd. All experiments

COg,, for various initial concentrations of acetic acid and OH.
The branching fraction of channel Jag4ki, can be determined
directly from the measured G&product concentration and the

were performed at 290 K and 2 Torr of total pressure (He is
main bath gas), and the reaction time between the reactants,
OH and CHCOOH, was kept constant at6 ms. The results

decrease in acetic acid concentration from the reaction with OH. are summarized in Table 1. Because of the sometimes rather
Because of the multiple secondary reactions involving OH, one small decrease in the signal of acetic acid when reacting with
cannot use the decrease in the concentration of this species t@®H, the spread of the individual branching fraction results is

determine the branching fraction. @@roduction and Ckt
COOH consumption were confirmed to be valid sensor&fgr
k; through kinetic modeling with the Facsimile softwateas
detailed below.

sometimes rather large. By averaging over all experiments, we
determined the branching fraction of reaction 1a to be 64% with
a standard deviation of 14%. Our experimental value oft64
14% for the branching fraction of the G@eaction channel is
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TABLE 1: Experimental Determination of the Branching Fraction kisk; of the CO,-Forming Reaction Channel at 290 K and 2
Torr?2

[CH3COOH) [OH]o branching fraction of [CH3COOH) [OH]o branching fraction of
(molecules cm®) (molecules cm?®) channel 1a (%) (molecules cm®) (molecules cm?®) channel 1a (%)

1.04x 10% 7.39x 10% 72 7.26x 108 4,93 x 1012 52
1.04x 10* 1.23x 108 77 7.26x 10 9.86 x 102 68
1.04x 10% 1.85x 10 64 7.26x 108 1.48x 10 74
1.04x 10" 2.46 x 10 78 7.26x 108 1.85x 10 45
1.04x 10% 7.39x 10% 66 7.26x 108 4,93 x 1012 54
1.04x 10" 1.23x 10" 68 7.26x 108 9.86 x 10 97
1.04x 10% 1.85x 10 59 7.26x 108 1.48x 10 81
2.55x 108 4.92x 1012 56 7.26x 108 1.85x 10 53
2.55x 1018 9.84 x 10% 52 5.06x 108 4,93 x 1012 71
2.55x 108 1.23x 10 48 5.06x 10% 9.86x 10% 65
4.72x 1013 9.86x 10% 70 5.06x 108 1.48x 10 69
4.72x 1013 1.48x 10 62 5.06x 108 1.85x 10 71
4.72x 1013 1.85x 10 73 4.66x 1013 4.93 x 1012 79
8.37 x 108 4,93 x 1012 82 4.66x 1013 9.86x 10% 65
8.37x 1013 9.86 x 10%2 73 4.66x 1013 1.48x 10% 65
8.37x 108 1.48x 10 65 4.66x 1013 1.85x 10 56
8.37 x 108 1.85x 10" 71 7.93x 108 4.93x 10%? 58
6.19x 108 4,93 x 1012 29 7.93x 108 9.86 x 10% 62
6.19x 10% 4.93x 10¥? 34 7.93x 108 1.48x 10 48
6.19x 108 9.86x 10% 91 7.93x 108 1.85x 10 63
6.19x 10% 9.86 x 10%? 91 3.02x 108 4.93x 1012 76
6.19x 101 1.48x 10 48 3.02x 108 9.86 x 10% 71
6.19x 10% 1.48x 10 54 3.02x 108 1.48x 10 67
6.19x 101 1.85x 10 58 3.02x 108 1.85x 10 69
6.19x 10% 1.85x 10 58 4.31x 101 4.93x 1012 90
9.07 x 101 4,93 x 1012 79 4.31x 101 9.86 x 10% 50
9.07 x 108 9.86 x 10%? 46 4.31x 101 1.48x 10 51
9.07 x 101 1.48x 10 38 4.31x 1013 1.85x 10 66
9.07 x 108 1.85x 10 74

aThe reaction time was 6 ms.
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[CH,COOH], ( molecule cm™) Figure 2. Branching fractiorki/k; of the reaction between OH and

acetic acid at 290 K and 2 Torr as a function of the initial OH
concentration, [OH] At a given [OH]}, the initial [CH:COOH}, ranged
from 2.5 x 102 to 1.1 x 10" molecules cm?; the plot shows the
average (symbol) with standard deviation (error bar) of the branching
fraction measurements over this [gEODOH], range.

Figure 1. Branching fractiork;/k; for the reaction between OH and
acetic acid at 290 K and 2 Torr as a function of the initial concentration
of acetic acid, [CHCOOH]},. At a given [CHCOOH], the initial [OH]
ranged from 2x 10*2to 2 x 10" molecules cm?; the plot shows the
average (symbol) with standard deviation (error bar) of the branching
fraction measurements over this [QHange.

Kinetic Modeling. The acetic acietOH reaction system was

also investigated by means of kinetic modeling with the

nearly identical to the value reported very recently by But- Facsimile softwar@ using a kinetic model, with 26 reactions
kovskaya et al'? 64 & 17%. and 27 different species, that describes our experimental

To check for possible secondary reactions which could conditions accurately. The most important reactions in the model
influence the determination of the branching fraction, the are given in Table 2. Given the low reactivity of the vinoxy-
dependence of the branching fraction data on the initial acetic resonance stabilizedCH,COOH radical (inc. toward CH
acid and the initial OH concentration was checked by sorting COOH), the lack of easily accessible g@rming reactions
the branching fraction results as functions of the initial from this radical (in the absence of,0), and its low
concentrations. These dependencies are depicted in Figures toncentration, secondary reactions©@H,COOH are unlikely
and 2; no meaningful effect on the experimentally determined to affect the CHCOOH and CQ concentrations and need not
branching fraction can be discerned as a function of either the be included in the model. The kinetic simulation was done with
initial CH3COOH concentration or the initial concentration of an overall rate constaf§tfor the CHRCOOH + OH reaction of
OH. 7.8 x 10712 cm® molecule! s71 and a branching fraction of
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TABLE 2: Some Important Reactions in the Kinetic Model
of the Reaction between OH and Acetic Acid at 298 K and 2
Torr of He

k
reaction ref (cm® molecule s™)
CH3;COOH+ OH— CH,COOH+ H,02 1523 2.8x 1013
CH3;COOH+ OH— CHz + CO, + H,02 1523 5.0x 10718
CHs; + OH— CH30OH 24 6.0 x 10712
CHz + OH—1CH, + H,0 24 52x 1071
CH3 + CH3 - CzHe 24 3.0x 10_11
1CH; + H,O0 — CHz + OH 24 1.2x 1070
ICH, + He— °CH, + He 2 3.3x 1022
1CH; + CHsCOOH— products % 5.8x 1071°
lCHz + Hzo - 3CH2 + HQO 24 60 X 1@12
3CH,+ OH—CH, O+ H 27 3.0x 101
3CH, + CH; —~ CHa + H 28 7.0x 101

aQverall rate constark; = 7.8 x 1073 cm?® molecule! s™* 2 and
branchingk;, = 64%?2®

64% for la, as obtained experimentally in this work and the
work of Butkovskaya et al® Various initial concentrations of

De Smedt et al.

calculations involved both RRKM-ME analys&s3* using the
URESAM progran®® and transition state theory (TS¥)38
calculations, including tunneling correctioffs.

Quantum Chemical Characterization. The stationary points,
both mimima and transition states, on the potential energy
surface (PES) of the GJEOOH + OH reaction were located
using the B3LYP methd@*tin combination with the 6-3tt+G-
(2df,2pd) basis set. To improve the accuracy of the relative
energies for quantitative predictions and kinetic analysis, a
modified version of the G2M(CC,MP2) methtidvas used to
calculate single point energies. In our modification, the original
6-311G(d,p) and 6-3HG(3df,2p) basis sets were replaced by
the correlation-consistent aug-cc-pVDZ and aug-cc-pVTZ basis
sets, respectively, which include diffuse orbitals to improve the
description of long-range effects, such as hydrogen bonds. It is
expected that the relative energies calculated with our modified
G2M(CC,MP2) method approach those at the CCSD(T)/aug-
cc-pVTZ level. The relative energies calculated at the various
levels of theory from the B3LYP optimized geometries are listed
in Table 3. The G2M energies were used to construct the PES,

acetic acid and OH were used. The concentration of the bathwhich is shown in Figure 3. As seen in Table 3, the B3LYP

gas He was fixed at X 10'® molecule cm?.

energies agree reasonably with CCSD(T) and G2M for most of

From these kinetic modeling calculations, we learned that the structures; the differences are abottsikcal molt. An

the branching fraction value derived from [@EDOH]cactand
[CO2ltormed is only slightly influenced by secondary reactions,
i.e., an underestimation between 2 and 3%.,C® primary

important exception to this igS3, which shows a large
difference from about 8 kcal mot at the B3LYP/6-31%+G-
(2df,2pd) level to about 13 kcal nidl at the B3LYP/6-31G-

reaction product of reaction channel 1a, does not participate in (dsa,p) level when compared to the results from CCSD(T) and
important secondary reactions in our experimental conditions G2M. The values at the CCSD(T) level of theory are in good
and, therefore, can be used reliably to determine the relativeagreement, within~0.5 kcal mot?, with those of the G2M
importance of channel 1a. The reaction responsible for the slight method; the single exceptios & 2 kcal mot? difference for

underestimation is the reaction between acetic acid'@h}
(Table 2) with singlet Chiformed in the secondary reaction of
OH with *CHj; radicals. As the predicted underestimation is
significantly less than the experimental error, this slight bias
was neglected in this report.

An alternative approach deriving the branching fraction from
[CO2ltormed relative to [OH]eacteaWould lead to a pronounced

one set of products, GHt+ H,COs.

TS1, TS2, andTS3 (Figure 3) are key transition states. They
are the rate-determining transition states, and they control the
product distribution. In view of the exceptional behavioiT&3
in the preceding calculations, we further investigated these key
transition states using both B3LYP-DFT and MP2 levels of
theory with various basis sets. Their relative energies were then

underestimation of the branching fraction, namely, an under- refined using the G2M(CC,MP2) method described above. The
estimation by a factor of 5 based on the reaction currently values calculated at the various levels of theory are summarized
included in the model. This is a result of OH not only reacting in Table 443 In comparison with the values obtained from the
with acetic acid but also being removed by fast secondary CCSD(T) and G2M methods, the values from the B3LYP

reactions, such as the reaction witbHs, a primary product.
The reaction ofCHz with OH forms singlet CHamong other
species which leads to further secondary removal of OH.

Theoretical Study

The CHCOOH+ OH reaction can proceed via the following
three mechanisms: (1) OH-addition to the carbon of theOC
group in acetic acid, (2) hydrogen abstraction from the methyl
group, and (3) H-abstraction from thReCOOH group. The first

method underestimate the barrier height while those from the
MP2 method overestimate it. The MP2 and B3LYP relative
energies for the TS suffer from well-known defects, e.g., an
underestimation of H-abstraction energy barriers for B3LYP-
DFT. The CCSD(T) and G2M values on the respective MP2
and B3LYP geometries agree well with each otherTi8d and
TS2 the largest discrepancy is less than 0.5 kcal thol
indicating that the CCSD(T) and G2M methods work well for
both optimized geometries; therefore, the relative energies do

channel, OH-addition to the carbonyl bond, is expected to be a "ot depend strongly on the optimized geometries. However, a

minor channel: for both aldehyde$ and ketoneslosignificant
barriers were found for this channel. As the methyibond
strength (98 2 kcal mol?) is weaker by about 12 kcal n1dl
when compared to that of the acidic-®l bond (110+ 2 kcal
mol~1),293%ne expects the H-abstraction from the methyl group

discrepancy up to 1.6 kcal mdl between the G2M//MP2 and
G2M//B3LYP levels was found fof S3.

Finally, the G3 theory# which is based on MP2/6-31G(d)
geometries, was also applied. The relative energies at the G3
level of theory forTS1, TS2, andTS3 are about 2 kcal mot

to be, by far, the dominant reaction channel. However, higherthan those at the G2M(CC,MP2) level but reproduce the
experimental evidence (e.g., refs 14 and 15 and this work) TSUYTS2/TS3 near-isoergicity of the G2M//MP2 results. How-
indicates that it is, in fact, the acidic H that is being abstracted ever, if we use the barrier heights computed with G3 theory,
for an important, even dominant, fraction. Hence, ab initio/DFT we derive absolute rate constants which are much too small
calculations and theoretical kinetic analyses are required towhen compared to those from the experimental data. The barrier
elucidate the mechanism of the gEDOH + OH reaction. heights calculated with the G2M(CC,MP2) method yield

All ab initio and DFT calculations described below were done absolute rate constants in much better agreement with the
employing the Gaussian-98 progr&hiThe theoretical kinetic experimental data.
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TABLE 3: Calculated Relative Energies, ZPE-Corrected, for Stationary Points in the Reaction CHCOOH + OH Using
Various Levels of Theory

relative energy (kcal mol)

B3LYP/ B3LYP/ CCSD(T)/

species 6-31G(d5d,p) 6-311++G(2df,2pd) aug-cc-pvVD2 G2ma
CH;COOH+ *OH 0.0 0.0 0.0 0.0
CH:C(0)O + H,0O —10.5 -12.1 —6.4 —6.7
H,C*COOH+ H,0O -16.1 -20.3 -17.8 —18.5
*CH; + H.CGOs —18.3 —-17.5 —13.8 —16.2
*CH; + CO, + H,0 —19.6 —26.4 -21.8 —22.9
Coml -7.2 —4.4 -5.1 -5.1
Com2 —-4.5 —-2.2 -3.1 -3.1
Com3 -11.6 —6.6 -7.3 -7.3
Com4 —-14.3 —10.8 —-5.5 —5.7
Comb5 —15.2 —14.4 —10.6 —10.6
Com6 —22.7 —24.2 -23.1 —23.7
Com7 —20.7 —22.4 -21.3 —21.9
Com8 -3.0 1.7 -0.4 -0.8
TS1 -1.3 0.2 3.9 4.0
TS2 -1.3 —0.2 3.6 37
TS3 -11.3 —6.2 2.1 1.6
TS4 —-4.8 —3.7 —4.1 —4.2
TS5 5.0 8.8 9.2 9.5
TS6 1.6 5.2 6.7 5.3
TS7 -5.1 -7.6 -3.8 —4.4
TS8 —10.6 -11.3 —6.7 -7.9

aBased on the unscaled ZPE and optimized geometry at the B3LYP/6-8G{2df,2pd) level.

“ Erel
10.0 1+
keal mol’! 9.5
TS5
5.3
5.0t TS6
4037 3737
1.6 (3.3)
}-{LOH TS3
0.0 +
0.0
-5.01
-10.0 +
-15.0 T '16.2
CH; + H,CO;,
-20.0 +
-22.9
CH; + CO, + H,0

Figure 3. Potential energy surface for the OHCH;COOH reaction, constructed using the G2M(CC,MP2)//B3LYP/6-31G(2df,2pd) level of
theory. Values in parentheses were computed using G2M(CC,MP2)//IMP2/6+3&(2df,2pd).

Unless otherwise mentioned, the values of the relative of the values at the G2M//MP2 and G2M//B3LYP levels,
energies used below for the discussions and kinetic analyses.e., barrier heights of 3.8, 3.7, and 2.4 kcal morespectively,
are those obtained at the G2M//B3LYP/6-311G(2df,2pd) with a probable error oft1 kcal mol? (1.5 kcal moi? for
level of theory. ForTS1, TS2, andTS3, we used an average TS3).
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TABLE 4: Calculated Relative Energies (in kcal mol?) of
TS1, TS2, and TS3 Relative to the Reactants, CCOOH +
OH, Using Various Levels of Theory

level of theory TS1 TS2 TS3
B3LYP/6-31G(d5d,p) -1.3 -1.3 -11.3
B3LYP/6-31H+G(2df,2pd) 0.2 -0.2 —6.2
MP2/6-31G(d5d,p) 8.2 8.5 7.7
MP2/6-31H+G(2d,2p) 6.7 6.9 9.3
CCSD(T)/aug-cc-pVDZ//B3LYP 3.9 3.6 2.1
CCSD(T)/aug-cc-pVDZ//MP2 3.7 3.6 3.8
G2M//B3LYP? 4.0 3.7 1.6
G2M//IMP2 3.6 3.6 3.2
G2M/IMP2/6-31G(d5d,p) 3.8 3.9 3.2
G2M/IMP2/6-311+G(2df,2pd) 3.7 3.7 3.3
G3 5.3 5.2 5.3

@ Using the unscaled ZPE and optimized geometry calculated at the
B3LYP/6-311+G(2df,2pd) level? Using the ZPE scaled by 0.9748
(ref 43) and optimized geometry calculated at the MP2/6+3t@(2d,2p)
level. ¢ Using the ZPE scaled by 0.9608 (ref 43) and optimized geometry
calculated at the MP2/6-31G(d5d,p) level.

Discussion of the Reaction Mechanisnilhe three reaction
mechanisms for the GI€OOH + OH reaction are as follows:
addition/fragmentation, H-abstraction fromCHs, and H-
abstraction from the OH group. The addition of OH on the
carbon of the &0 group forms a CHEC(OH)RO* radical
intermediateCom8 (Figure 3), viaTS5 with a barrier height
of 9.5 kcal mofl. TS5is the highest entrance transition state,
about 5.5-7.0 kcal mot? higher than the abstraction transition
states TS1, TS2, andTS3). As a consequence, this channel is
too slow to compete with the H-abstraction channels at
atmospheric temperatures and will, therefore, not be important.
Many internal rotameric forms exist for the addition product,
each with different H-bonds and different relative energies. All
rotameric forms ofCom8 can decompose to GH- H,CO; via
TS6 with barrier heights of about 6.1 kcal mdl

The dominant channels in the GEIOOH+ OH reaction are
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and a quantitative theoretical kinetic treatment of this association
and the reverse dissociation would probably require trajectory
dynamic calculations on an accurate PES. Such calculations are
computationally prohibitively expensive and of little relevance
to the scope of this paper given the expected fast equilibria as
detailed above. Different H-abstraction channels are accessible
depending on the position of the OH radical in the complex.
According to TST, when the complexes are in thermal (quasi)
equilibrium with each other and the reactants, the rates of
reaction through these different channels should be controlled
(quasi) uniquely by the energies and partition functions of the
three transition stateS'61, TS2, andTS3) and of the initial
reactants.

If one starts from the C¥LOOH- OH complexe€Comland
Com2, a 1,5-H-shift viaTS1 and TS2 with barrier heights of
8.9 and 6.8 kcal mott (both about 4 kcal molt above the
reactants) leads to th€ H,COOH— H,O complexesCom6 and
Com?7. These chemically activated complexes dissociate readily
to *CH,COOH + H,0.

A 1,5-H-shift in the most stable GEOOH- OH complex,
Com3, via TS3with a barrier height of 9.7 kcal mot (between
1.5 and 3.5 kcal moft above the reactants) leads@wm4, a
weakly bonded complex of # and CHC(O)C, which will
dissociate spontaneously to the separated produe® H
CH3C(O)O, especially since the complex inherits a large
internal energy from the H-shift reaction. @E{O)C, in turn,
is also chemically activated and dissociates easily tg €H
CO, with a barrier of only 2.3 kcal mol, according to the
present results. Earlier calculations confirmed this low barrier
to dissociation, predicting a barrier of about 5 kcal mdt
There are other complexes ob® with CH;C(O)O, such as
Comb5with two hydrogen bonds. This structure is 3.9 kcal Mol
more stable than the separated product) H- CH3;C(O)O,
but can only be formed directly through higher-energy pathways
(Figure 4), making these complexes less important for room-

the abstraction mechanisms. To access the actual abstractiofeMperature gas-phase kinetics. In an aqueous medium, such

transition states, the OH radical will first approach acetic acid
to form H-bonded complexes of which we characterized several.
Some of these complexes are energetically above th€ OBH

+ OH reactants (Figure 4) and are formed from the complex-
ation of OH with the higher-energy non-H-bonded rotamer of
acetic acid. H-Bond breaking in acetic acid faces a barrier of
11.6 kcal mot! 45 with the TS much higher in energy than those
for both the addition and abstraction channels, and the non-H-
bonded acetic acid rotamer lies about 5 kcal Thalbove the

as aerosol particles, however, complexes sucBG@s5 could

be formed using KD from the solvent bulk and could affect
the kinetics of the system somewhat even if the final products,
CHs + H20 + CO,, remain the same aft€omb5 fragmentation

via TS8 with a barrier height of 2.7 kcal mot.

Kinetics of the Product Distribution. Despite the well-
established fact that a carboxylic-®! bond is substantially
stronger than a €H bond, the results from both our experiment
and Butkovskaya et aP.indicate that abstraction of the acidic

most stable rotamer. Hence, these complexes are kineticallyhydrogen is faster than abstraction of the methyl hydrogens.
unimportant at atmospheric temperatures. Three energeticallyThe key feature of the potential energy surface enabling this

much more favorable H-bonded GEIOOH- OH complexes
are shown in Figure 3com1, Com2, andCom3 are 5.1, 3.1,
and 7.3 kcal mol* below the reactants, respectively, witom3

result is the strong hydrogen bond between the OH-radical and
the —COOH group in acetic acid; 7 kcal mol, which remains
intact and equally strong in the transition state for abstracting

being the most stable because of its two hydrogen bonds. Thethe acidic hydrogen. The geometries of the transition states for

CH3;COOH- OH complexes can interconvert comparatively
easily, e.g.Comlisomerizes ta&Com3via TS4 with a barrier
height of only 0.9 kcal mal%; these rearrangement transition
states lie below the energy level of the initial reactants and well

methyl H-abstraction on the other hand show much weaker, if
any, H-bond interactions between the OH-radical and the acidic
group, despite the existence of pre-reactive H-bonded com-
plexes, since the OH-radical needs to reposition itself to create

below the transition states for chemical reaction. Hence, theseoptimal orbital overlap with the methyl hydrogens to enable

complexes should establish a mutual equilibrium and an
equilibrium with the noncomplexed reactants much faster than

their abstraction. Hence, H-bonding in the acidic H-abstraction
lowers this TS strongly, even to the point where the relative

the chemical H-abstraction reactions take place, especially atenergies of methyl and acidic H-abstraction TSs become roughly

the relevant atmospheric temperatures. Given@wah3is the
most stable rotamer, it will contribute the most to the thermal
equilibrium population and is, therefore, the key species in the
initial complexation of OH with CHCOOH. The initial com-

plexation occurs through a long-range barrierless association,

comparable and even somewhat favor acidic H-abstraction. The
RRKM-ME analyses for this reaction system indicate that this
is a necessary condition to explain the experimentally observed
product distribution supported, in turn, by the high-level
quantum chemical G2M calculations. Further RRKM-ME
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Figure 4. B3LYP/6-311+G(2df,2pd) potential energy surface for the reaction of OH with the high-energy rotamer of acetic acid.

branching ratio sensitivity analyses with respect to the relative best correspondence. This reverses the relative ordering of the
energies of the two types of H-abstraction showed that the G2M//MP2 versus G2M//B3LYRA S3 energies, and the uncer-
branching is critically dependent on the relative energies3f tainty of the relative energy remains about 1.4 kcal ThoThe
andTS2 on one hand versugS3 on the other. lower barrier height for the optimization using MP2 frequencies
Unfortunately, while the highest levels of theory used in this is indicative of the more rigid S3 transition state characterized
work agree within a few tenths of a kilocalories per mole on at this level of theory in comparison to that of B3LYP. Also,
the barrier heights o S1 and TS2 for methyl H-abstraction,  the B3LYP imaginary wavenumbers differ strongly between
the relative energy of S3for acidic H-abstraction is subjectto  TS1/TS2 (~70G cm™1) and TS3 (~1300 cm™?), so that the
a much larger uncertainty~1.5 kcal mot?). The large inclusion of a tunneling correction, modeled using an asym-
uncertainty results in a wide margin of error for the RRKM- metric Eckart barrief? alters the predicted ratio by a factor of
ME or TST predictions at room temperature; the predictions ~3.5. In contrast, the MP2 imaginary wavenumbers are much
indicate that acidic H-abstraction is certainly competitive with higher but closer together (all within 19662200 cm™?) so
methyl H-abstraction but that branching fractions of-B0% that the inclusion of tunneling hardly affects the relative
and beyond can be obtained depending on the set of inputcontributions. The predicted temperature dependence of the
parameters used. Since the uncertainty involves the lowest-lyingbranching, calculated after tuning the 290 K branching to 64%
transition state, there are also large errors on the predictedby adjusting theTS3 barrier height, also differs between the
absolute rate coefficient for the GAEOOH+ OH reaction. As two sets of vibrational data: the B3LYP vibrational character-
such, the quantum chemical data available at this time quali- istics lead to a steepdrdependence (32% at 400 K, 82% at
tatively support the experimental observations but are unable250 K, and 96% at 210 K), while the MP2 data have a less
to quantitatively predict or support the branching ratio and pronounced temperature dependence (48% at 400 K, 70% at
absolute rate coefficients with a reasonable level of accuracy. 250 K, and 76% at 210 K). Note that both methods agree that
We attempted to obtain a better estimate for the relative the contribution of acidic H-abstraction increases with lower
energy ofTS3 by optimizing the theoretically predicted branch- temperature. The data from Butkovskaya éfaleem to suggest
ing ratio, using TST, to match the experimental fraction of 64%; a very slightly decreasing contribution (4% decrease from 298

in this optimization, the relative energies®1 andTS2 were to 250 K), although this change is dwarfed by the experimental
kept constant. On the basis of the B3LYP-DFT vibrational error (about 17% absolute) and, therefore, might be an artifact.
frequencies (used unscaled), an optimal fit for Ti®S relative Using therelative energies folfS1, TS2, andTS3 obtained by

energy of 3.08 kcal mol above the gHCOOH+ OH reactants fitting the product distribution as detailed above, we attempted
was obtained; the use of the MP2 wavenumbers (scaled byto optimize theabsolute barrier heights by optimizing the
0.9748}3 and a relative energy of 1.68 kcal mélyielded the [TS1,TS2TS3| set of barrier heights simultaneously so that the
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, distribution to the observed branching (see above). In addition,
10" [ MP2 , the disagreement in frequency analysis between MP2 and
----------- B3LYP-DFT B3LYP is borne out by the large differences in imaginary
Experimental wavenumbers, affecting both the absolute and relative tunneling

corrections. At present, it seems that neither the MP2/6-
311++G(2d,2p)- nor B3LYP/6-31t+G(2df,2pd)-based data
are of sufficient accuracy to fully conform to the experimental
data. Such discrepancies can only be resolved by higher-level
geometry optimizations and frequency analysis, which is com-
putationally very expensive. We will address these issues in
0" later theoretical work.

20 25 30 35 40 45 50 The potential energy surface available here is sufficiently
1000K /T accurate to predict the nature of the prc_)ducts finally formed fgr
Figure 5. Arrhenius plot of the total rate coefficients(T). The each of Fh? entrance qhannels. .AISO’ It Sh.OWS that abstra_c_tlon
reference line is the modified Arrhenius expressiasbtained from Of_ the acidic hydrOgen is energetically fea5|ble_and Competltlve
experimental data by Butkovskaya et‘alnd Singleton et & The with abstraction of the methyl hydrogens despite the difference
theoretical results were obtained by adjusting the barrier heights for in bond strength. The relative energies of the key transition states
TS1, TS2, andTS3so that TST calculations on the product distribution  TS1, TS2, and TS3 are characterized within 1.5 kcal mé)
and absolute rate coeffi_cient, using the rovibra_tional data from B3LYP- 1t as both the absolute and the relative rates of reaction through
DFT and MP2 calculations, match the experimental data. these transition states are too sensitive to the exact value, a
definitive quantitative prediction of the temperature-dependent
overall rate coefficient and branching ratio is not possible as
yet.

10-12_

TST-predicted total absolute rate coefficient at 298 K matches
the experimentally observed rate coefficidnt(298 K), of 6.6

x 10712 cm® molecule s71.1415The adjusted barrier heights
obtained in this two-step procedure yield TST rates that match .
both the experimental total rate coefficient and the experimental Conclusions
product distribution at 298 K. Using the B3LYP-DFT rovibra-
tional data, we found an optimal correspondence for barrier
heights of 1.20, 0.90, and 0.28 kcal mbfor TS1, TS2, and

TS3, respectively; for the MP2 set of rovibrational data, we
obtained barrier heights of 3.28, 3.28, and 1.27 kcalthol
respectively. The overall rate coefficients obtained at both levels
of theory are shown in Figure 5 and compared to the
experimental data. Both curves show a negative temperature
dependence, in agreement with the experimental data. The
temperature dependence using MP2 wavenumbers is signifi-
cantly steeper than that of the experimental data which might
suggest that the high imaginary wavenumbers obtained at the
MP?2 level of theory result in an overcorrection for tunneling.
The B3LYP-based rate coefficient matches the experimental
curve better at lowerF, but its curvature is a bit too pronounced
so that the high-temperature data are overestimated some. Fo
both sets of rovibrational data, the optimization of the barrier
heights to fit the experimental data required significant changes
from the native energies or single point G2M energies, both
absolute and relative.

Our theoretical treatment of the temperature dependence of
the branching ratio and absolute rate coefficient is far from
complete and should include, among other things, a more
detailed treatment of the tunneling effects and the impact of ) ) ] )
the —CHg internal rotor. Earlier theoretical work on the acetone ~ Acknowledgment. This work was carried out in part in the
+ OH reactiod? already showed that tunneling from pre-reactive frame of the Belgian research program on Global Change and
complexes has an important effect on the relative importance Sustainable Development, funded by the Federal Office for
of different reaction channels. However, a more detailed Scientific, Technical and Cultural Affairs, and of the FP5
theoretical kinetic analysis has little predictive value until the Program of the European Commission (Environment, project
uncertainties on the H-abstraction characteristics, in particular Utopihan-Act). The authors are also indebted to the Fund for
TS3, are resolved. The G2M energies prior to ZPE correction Scientific ResearchFlanders (postdoctoral mandate and re-
are identical for the reactants for both methods but differ by search project) and to the KULeuven Research Council (OT
0.92 kcal mot? for TS3. This indicates that MP2 and B3LYP ~ and GOA).
disagree on the geometry of this transition state. Furthermore,
the ZPE correction from reactants &3 also differs by 0.58 Supporting Information Available: Geometries, energies
kcal mol, further escalating the energy difference, and is and vibrational wavenumbers of all of the structures discussed
indicative of a difference in TS rigidity between the two levels in this text or displayed in the figures at the B3LYP and MP2
of theory. The difference in rigidity can also be seen from the levels of theory. This information is available free of charge
difference in barrier height upon matching the predicted product via the Internet at http://pubs.acs.org.

An experimental study of the branching ratio of the £H
COOH + OH reaction at 290 K and 2 Torr of He showed a
branching ratio of 64+ 14% for the abstraction of the acidic
hydrogen based on the amount of Zf@rmation by that product
channel compared to the amount of acetic acid consumed. This
result is in excellent agreement with recent experimental work
by Butkovskaya et al> Quantum chemical calculations on the
potential energy surface of the title reaction show that its kinetics
and product distribution, in particular the acidic H-abstraction,
are greatly enhanced and largely controlled by the formation
of very stable H-bonded pre-reaction complexes. From these
H-bonded complexes, the reaction proceeds by H-abstraction
reactions where abstraction of the acidic hydrogen is competitive
with abstraction of the methyl hydrogen despite the large
gifference in bond strength. The addition of OH onto the
carbonyl double bond is predicted to be negligible at room
temperature. The products formed in each of the reaction
channels are characterized. Theoretical prediction of the tem-
perature-dependent absolute rate coefficient and product branch-
ing is critically sensitive to the characteristics of the acidic
H-abstraction transition staf€S3, and will be examined in more
detail in a follow-up study.
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