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One of the most abundant carboxylic acids measured in the atmosphere is acetic a€lq{H), present

in rural, urban, and remote marine environments in the low-ppb range. Acetic acid concentrations are not
well reproduced in global 3-D atmospheric models because of the poor inventory of sources and sinks to
model its global distribution. To understand the complete oxidation of acetic acid in the atmosphere initiated
by OH radicals, ab initio calculations are performed to describe in detail the energetics of the reaction potential
energy surface (PES). The proposed reaction mechanism suggests that@{®©E3H + OH reaction takes

place via three pathways: the addition of OH to the central carbon, the abstraction of a methyl hydrogen, and
the abstraction of an acidic hydrogen. The PES is characterized by prereactive H-complexes, transition states,
and more interestingly unique radical-mediated isomerization reactions. From the analysis of the energetics,
acetic acid atmospheric oxidation will proceed mainly via the abstraction of the acidic hydrogen, consistent
with previous experimental and theoretical studies. The major byproducts from each pathway are identified.
Glyoxylic acid is suggested to be a major byproduct of the atmospheric oxidation of acetic acid. The atmospheric
fate of glyoxylic acid is discussed.

Introduction concentration in the same area away from the burning site,

Carboxylic acids are ubiquitous and important chemical concluding that biomass burning is an important direct source

components of the troposphéré&arboxylic acids contribute of acet.lc acpl in the atmosphere. ) )
significantly to the acidity of atmosphere precipitation, up to _ Acetic acid has been measured in automobile exhaust.
64%, and a large fraction~25%) to the nonmethane hydro- Kamura et al’ determined the presence and distribution of
carbon atmospheric mixtufeThey have been found in gaseous Organic acids (C+C10) in the atmosphere, motor exhaust, and
and aqueous phases, and in aerosol particles. Dry and wefnginé oils. The results showed that acetic acid was the most
deposition serves as their major sink in the atmosphere. Theyabundant species followed by formic and propionic acids in the
are also involved in important atmospheric heterogeneous &tmosphere. Motor exhaust was shown as a major source of
transformations. The relative importance of natural and anthro- 0rganic acids, where also acetic acid was the most abundant,
pogenic sources of carboxylic acids is still not well established followed by formic and propionic acids. Concentrations were
at a regional and global scale, and is the subject of recent17 times higher in the motor exhaust than in the atmosphere.
laboratory and field studiés. These organic acids were also identified in engine oils. In new
One of the most abundant carboxylic acids measured in the €nNgine oils the content of carboxylic acids was negligible prior
atmosphere is acetic acid. Concentrations of acetic acid havel© their use. On the other hand, the content in used oils was
been reported in the ppb range in urban, semirural, and ruralMajor, suggesting that they are produced by incomplete
areas$™ and in remote marine regioA%!! In atmospheric combustion of gasoline and then scavenged from the combustion

aerosols, concentrations of acetate ion have been measured ifhamber into lubricating oil.
the low (0.5-40) ppt rangé213 1t has been shown that more Biogenic sources are also considered, which include the direct

than 91% of the total acetic acid concentration is present in the €mission from solf®and vegetatiott9-2* and possibly bacteria
gas phasé*!5 assuming that volatile organic acids would metabolism in cloud droplefS.From the vertical distribution
incorporate into the aerosol surface by adsorptodry investigation of formic and acetic acids concentration in
deposition has been identified as a major loss process for organicGermany’s forested areas, the results of Enders'ésalggested
acids (formate and acetate) in the gas pRasegounting for that soil emissions may be a major source of monocarboxylic
91% of the total acetic acid deposition budget in Southern acids in the atmosphere. Talbot etatoncluded that emissions
California® and 51% in the tropical Venezuelan savannah from vegetation in the Amazonian forest in Brazil contribute
region® up to 50% of the tropospheric concentrations of main carboxylic
Acetic acid is released from different sources. Biomass acids (formic and acetic acids).
burning represents a direct source from anthropogenic emissions. Reaction of ozone with alkenes has been studied as a source
Talbot et al* showed the biomass combustion represents a of carboxylic acids. Some of these alkenes are naturally
source of carboxylic acids, especially acetic acid, in the occurring olefins. Olefins are emitted primarily by soil and
atmosphere. During a biomass burning event (fresh vegetation,vegetation. Among different olefins, isoprene and monoterpenes
dried wood) at a natural site, concentrations ranging from 3000 (o- and S-pinenes) are the most abundant. Olefins are also
to 5000 ppbv were measured for acetic acid. These concentra-emitted from the ocean surface in marine atmospheres. Also,
tions were 2 to 3 orders of magnitude higher than ambient in terms of the production of nonmethane hydrocarbons from
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marine sources, light alkenes predominated in the distribution. CH,C(O)G, + CH,0, — CH,C(O)OH+ O, + HC(O)H
Ozone reacts with alkenes in the gas phase to produce an (11a)

unstable ozonide
— CH;+ CO,+ O, + CH,O (11b)

O
o o CH,C(0)O, + RRCHO, —
0,+RCH=CH, » \ / (1) CH,C(O)OH+ O, + RC(O)R (12a)
CH—-—CH
/ ’ — CH, + CO, + 0, + RRCHO
R (12b)

The unstable ozonide decomposes in two different ways t0  gince peroxy radicals have been measured in large quantities
produce a carbonyl compound and a reactive Criegee intermedi-, the atmosphere, reactions-102 are expected to be potential

ate (biradial) and significant sources of acetic acid. Niki eRatletermined
° with FTIR spectroscopy that reaction 10a accounted for 25%
o . of the total product yield from reaction 10. The production of
0/ \0 — RCOH+CH,CO0 @ acetic acid was observed in the solution phase. The kinetics of
\ / reaction 10 has been examined by Moortgat e®® aht
/CH_CHz — HC(O)H +RHCOO* 3 atmospheric pressure and 25368 K by flash photolysis UV
R spectroscopy. An overall rate constant expressidqof (4.3

+ 1.2) x 10713 exp[(1040+ 100)]/T cn? molecule’! st and

The Criegee intermediate contains excess energy. It can eithe® branching ratids:{ki; equal to 0.33t 0.07 were calculated
decompose unimolecularly to produce small products and free from kinetic simulations. Moortgat and co-work&rstudied the

radicals or stabilize by collisions and isomerize to produce the kinetics of reaction 11 by flash photolysis UV absorption
corresponding carboxylic acid spectroscopy and an equal contribution of both branches to the

overall rate constant was deduced at room temperature by
. kinetics model simulationskiia = ki1p = 5.5 x 10712 cm3
*
(RHCOQO) fragments ) molecule’! s71. Reaction 11a was first proposed by Kenley and
M RC(O)OH (5) Traylor3° The contribution of reactions 3012 to the production
of acetic acid in the Amazon boundary layer was evaluated by

In the lower troposphere where water vapor concentrations are coupled photochemical-dynamical 1-D model to simulate field
high, the Criegee intermediate can react in the following manner €XPeriment concentrations of acetic acid raging between 1 and
5 ppbv3! The modeling results, although subjected to a large

uncertainty, indicated that acetyl radical chemistry can produce

RHCOOC + H,0 — RC(O)OH+ H,0 6) acetic acid concentrations of several ppbv, comparable to the
M experimentally observed values.
— RCH(O)OOH @) The production of acetic acid has also been postulated from
— RC(O)OH+ H,0O (8) the reaction of acetone with OH radicals. The previous
investigation by Wollenhaupt et &3 of the acetonet OH
— RC(O)H+ H,0, 9) rate constant showed a non-Arrhenious behavior below 240 K.

The negative temperature dependence was explained by propos-
Water vapor catalyzes the rearrangement of the Criegeeing that the reaction proceeds via two parallel paths: hydrogen
intermediate to produce carbonyl compounds and carboxylic abstraction, favored at higher temperatures, or addition of OH
acids. In the above mechanism, if R is a methyl group, acetic followed by CH; elimination, favored at lower temperatu@s.
acid is obtained as product.
Acetic acid can also be produced from acetylperoxy radical CH;C(O)CH; + OH— CH;C(O)CH, + H,0 (13a)
reactions. Acetylperoxy radicals are formed in the atmosphere
during the photooxidation of carbonyl compounds such as — (CH,),C(OH)T —
acetone, acetaldehyde, methyl vinyl ketone, methylglyoxaf®etc. CH; + CH,C(O)OH (13b)
In urban environments, they react with NQo produce
peroxyacetyl nitrate (PAN), an important constituent of photo- ~ Subsequently, a branching rakigy/k;s of 0.5+ 0.15 at 298
chemical smog. At low temperatures, PAN is thermally stable. K and 0.3+ 0.1 at 233 K was determined by means of
At such conditions PAN acts as a reservoir for,NDd so it is quantifying CHO concentrations by pulsed laser induced
responsible for transporting nitrogen oxides through the tropo- fluorescencé? In contrast with Wollenhaupt and co-work-
sphere. In rural environments, acetylperoxy radicals react with ers®2:33 previous observations, these results showed a positive
other peroxy radicals. temperature dependence on the branching ratio of OH-addition
Previous experimental and modeling studies have proposedvs H-abstraction. Vasvieet al3* reported a branching fraction
the reactions of acetylperoxy radicals with hydroperoxy radicals k;z4k;3 of 0.5 4 0.04 at room temperature by probing &34
HO,,2728 methyl peroxy radicals C¥DO 28 and other primary ~ (O)CH, radicals with laser induced fluorescence. However,
or secondary peroxy radicals REHOO?® as a source of acetic ~ Vandenberk et & determinedkaykis ~ 5% with no significant
acid measurable acetic acid concentrations via flow-reactor beam
sampling mass spectrometry. By using density functional theory
CH,C(0)O, + HO, — CH,C(O)OH+ O;  (10a) calculations and transition state theory and RRKM analyses, it
was determined that the OH-addition channel leading to the
— CH;C(O)OOH+ O, (10b) production of acetic acid is insignificant under atmospheric
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conditions. Itis still not clear to what extent acetone atmospheric of hydroxyl radicals with the monomer and dimer of acetic acid,
degradation contributes to the production of acetic acid. deuterated acetic acid, and propionic acid by laser photolysis-
Several attempts in understanding the mechanism for theresonance absorption spectroscopy at temperatures e42%/
reaction of carboxylic acids with OH radicals have proposed K. The estimated room temperature valuekefi,coyoroH ~
that the reaction proceeds via a complex rather than a direct2.03 x 10711 cm?® molecule’! s* was higher by 14% than the
mechanisn#®—38 Experimental studies of the kinetics and value previously reported by Dagaut and co-workéen the
mechanism of the reaction of hydroxyl radicals with formic and basis of the analysis of the bond dissociation energies-flO
deuterated formic acids showed that the estiméitegb)or+on and C-H of the acids and the equilibrium constant for the
was independent of total pressure {3D0 Torr) and Q formation of the OH-carboxylic acid complex, the results were
concentrations, temperature independent between 298 and 43@onsistent with the two-channel reaction mechanism initially
K, and sensitive to deuterium substitution for the acidic proposed for the reaction of formic acid with OH radicals. The
hydrogen, but independent of deuterium substitution at the need for further evaluation of the reaction mechanism by
formyl carbon. Also an overall activation barrier of zero or theoretical calculations of structures and potential energies of
slightly negative was observed for the reaction. These observa-the intermediates of all possible channels was addressed.
tions led to the conclusion that OH reacts initially through Butkovskaya et &4 determined the overall rate constant of the
addition and then abstraction and that it must interact prefer- CH3C(O)OH -+ OH reaction in the temperature range of 229
entially with the acidic hydrogen. This preferential interaction 300K using chemical ionization mass spectrometry coupled to
was confirmed by the very low reactivity of formic and a high turbulent flow reactor. The following reaction mechanism
deuterated formic acid dimers toward the OH radical relative was investigated
to the monomer. On the basis of these results, a two-channel
reaction mechanism was proposed for the reaction of formic OH + CH,C(O)OH— CH; + CO, + H,O  (18a)
acid with OH radicals. The proposed mechanism involves (1)
formation of a hydrogen-bonded complex between OH and — CH,C(O)OH+ H,O (18b)
formic acid followed by the abstraction of the carboxylic

hydrogen, (2) direct abstraction of the formyl hydrogen The rate constant showed a strong negative temperature

dependence, consistent with the formation of the-OHsC-
- T . (O)OH prereactive complex proposed previously for the reaction
HC(O)OH+ OH = [HC(O)O-H—OH] of formic acid with OH. An Arrhenius expression kfg(T) =
HC(O)O+ H,O (14) [(2.2 & 0.2) x 10714 exp(1012+ 80)/T] was derived. On the
. basis of CQyields, a branching ratio digdkis = (64 + 17)%
HC(O)O—H +CG, (15) was determined at temperatures between 249 and 300 K.
. To date, there is only one study where the product distribution
HC(O)OH+ OH = C(O)OH+ H,0 (16) of the reaction of acetic acid with hydroxyl radicals was
C(O)OH—H +CO, (17) investigated theoretically, and the branching ratio for the
abstraction of the acidic hydrogen was determined experimen-
Galano et ainvestigated the rate coefficient and mechanism [@lly based on measured e@ields by the mass spectrometry

of the gas-phase OH hydrogen abstraction reaction from formic t€Cnnique The potential energy surface was explored in detail
acid by ab initio methods. The reaction mechanism was analyzed!P © the formation of the alkyl radical from the hydrogen
in terms of the stability of reactants, prereactive complexes, and abstractlo.n and OH-addltlop channels. A Igrge uncertainty was
transition state structures participating in the chemical reaction. °P°t@ined in the H-abstraction characteristics of the transition

In agreement with experimental results, the existence of the two States, especially for the abstraction of the acidic hydrogen.
channels explained the non-Arrhenius behavior of the reaction. Second-order MallerPlesset perturbation (MP2) theory and the

A large calculated tunneling factor supported the conclusion Becke three-parameter hybrid functional combined with Lee,
that the acidic channel was more stable with a narrower but Y2nd. and Parr correlation (B3LYP) density functional theory

higher transition state energy barrier and the largest contribution M€thods did not provide enough accuracy on structures and
to the overall rate constant. vibrational frequency analysis to fully reproduce the previous

In global three-dimensional atmospheric models acetic acid experimental findings of temperature-dependent rate constants

concentrations are not well reproduc8dhe model underes- ~ nd branching ratios. o
timated acetic acid concentrations by a factor ©8—9 It is then of relevance to understand acetic acid and byprod-

compared to concentrations of 26800 pmol/mol measured ucts oxidatic_)n mechanisms in the atmosphere, initiated by OH
over the Atlantic. A photochemical source of 75 Tglyr was 'adicals. This present study intends to evaluate theQt&)-
calculated, considerably smaller than the 120 Tglyr previously ©H + OH reaction mechanism by ab initio molecular orbital
reported. These major discrepancies supported the fact that thé&@!culation and to identify the main products of the atmospheric
global cycle (sources and sinks) of acetic acid is not well oxidation of acetic acid.
understood. An accurate enough inventory of sources and sink
for organic acids is not currently available to model the global
distribution of these compounds. Gaussian 98 and 03 suites of progrdmsere utilized to
The kinetics and degradation of acetic acid has been previ- perform ab initio molecular orbital calculations on acetic acid,
ously studied?~44 Dagaut et af? measured the rate constant radical, prereactive complex, and transition state structures.
for the gas-phase reactions of OH radicals with a series of Geometry optimizations and frequency calculations were carried
carboxylic acids in a flash photolysis resonance fluorescence out by using the levels of theory of second-order Mgtlefesset
apparatus over the temperature range-2440 K. An Arrhenius perturbation (MP2,full) and quadratic configuration interaction
dependence was derived for the £LHO)OH + OH reaction with singlets and doubles (QCISD) with the 6-31G(d) basis set
of k= (1.340.1) x 10712exp[—(1704 20)/T] cn® molecule® to find equilibrium geometries, vibrational frequencies, and zero
s Singleton et af3 estimated rate constants for the reactions point energies. All optimizations were carried out to better than

SComputational Methods
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Figure 1. Atmospheric degradation pathways for acetic acid.

0.001 A for bond lengths and O.for angles, with a self- the energetics of the potential energy surface of the reaction of
consistent-field convergence criteria of at least10n the CH3C(O)OH with OH radical.

density matrix and a residual rms (root-mean-square) force of

less than 10* au. Harmonic vibrational frequencies, obtained Results and Discussion

with analytical second derivatives for the optimized minimum
energy geometries, confirmed true minima and first-order saddle

_pomt_s. Global minima had all positive frequenues_ ‘_Nh'le ON€ " examination consists of three different pathways. Pathway 1
imaginary frequency was fOUT‘d fpr each transition state, yecyibes the addition of an OH radical to the central carbonyl
confirming their location as maxima in one reaction coordinate. carbon atom. Pathway 2 consists of the abstraction of the acidic
The proper connectivity between reactants, prereactive COM-pydrogen, at the carboxylic acid side, by OH radicals. Pathway
plexes, transition states, and products were verified by intrinsic 3°involves the hydrogen abstraction by OH radicals from the
reaction coordinate calculations (IRC). To refine energy values methyl group. The results will be discussed and analyzed in

of equilibrium geometries, two single-point calculations with {ayms of the mechanistic pathways. Absolute energies of
higher levels of electron correlation, i.e., quadratic configuration optimized geometries are shown in Table S1 (Supporting
including singles, doubles, and perturbative corrections for Information). Vibrational frequencies and zero-point energy
triplets [QCISD(T)], were performed with the 6-3%G(2d.- corrections of species, prereactive complexes, and transition
2p) and 6-3#+G(2df,2p) basis sets. The degree of spin states are included in Table S2 (Supporting Information).
contamination was monitored because of the possible productiongnthalpies of reaction and activation barriers are listed in Table
of inaccurate total energies. For open shell system&ghealue 1. Table 2 shows the binding energies of prereactive complexes.
did not have major deviations from 0.75. A. Mechanistic Analysis of the Atmospheric Oxidation of
Enthalpies of reactionH, o) and barrier heights, corrected Acetic Acid. Pathway 1.The structures of closed- and open-

with zero-point energies (ZPE), were calculated to characterizedshell species, prereactive complexes, and transition states are

The proposed reaction mechanism for thesCtD)OH +
OH reaction is depicted in Figure 1. The reaction under
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TABLE 1: Enthalphies of Reactions and Activation Barriers According to the Proposed Mechanisri

QCISD(T)/
MP2(full) QCISD/ G2M(CC,MP2)//B3LYP/
6-31G(d) 6-31G(d) 6-3%+G(2d,2p) 6-3%+G(2df,2p) 6-311H--+G(2df,2pdy
barrier barrier barrier barrier barrier
chemical reactions AH:p height AH;o, height AH;o height AH;, height AH: o height
pathway 1
CH3C(0O)OH+ OH — CH;CO(OH) 0.2 155 0.4 133 -05 82 05 9.5 -0.8 9.5
CH3;CO(OH) — HOC(O)OH+ CHjs —20.7 10.0 —145 10.6 —16.6 6.2 -—16.1 6.1 —-15.4 6.1
HOC(O)OHjs cis+ OH — HOC(O)OHis yrans+ OH 1.9 3.6 19 93 1.6 4.4 1.6 6.7
HOC(O)OH+ OH— CO, + OH + H,0O -94 16.1 —-6.6 239 -121 40.3 —10.1 42.7
pathway 2
CH;C(O)OH+ OH — CH;C(O)O+ H,O -19 6.7 -58 74 -38 -0.0 —2.4 2.1 —-6.7 1.6
CH3C(0)O— CO, + CHs —-26.1 7.3 —-13.0 92 -237 -31 227 27 —16.2 -2.3
CHs + O, — CH30, —18.8 —26.8 —25.9 —28.5
CH30 + NO — CH30 + NO; —-21.4 -0.2 —-12.4 -13.9
CHz0 + O, — HC(O)H + HO, —18.7 40.0 25.6 19.9 —25.6 175 -26.0 17.0
pathway 3
CH;C(O)OH+ OH — CH,C(O)OH+ H,0O —-14.1 8.1 —-10.8 11.1 -20.2 24 -185 4.0 —18.5 4.0
CH,C(O)OH+ O, — O,CH,C(O)OH —-142 - -19.2 —18.9 -21.3
O,CH,C(O)OH+ NO — —-233 - -6.5 -7.4 -8.9
OCH,C(O)OH+ NO,
OCH,C(O)OH+ O, — —20.2 48.7 —21.8 28.8 —33.1 6.5 —334 6.1
HC(O)C(O)OH+ HO,
OCH,C(O)OH— HC(O)C(O)OH+ H 41 26.2 152 248 121 174 11.9 17.0
OCH,C(O)OH— HOC(O)+ HC(O)H 6.7 245 10.8 20.2 2.6 9.4 3.8 10.0
HOC(O)+ O, — CO, + HO; —42.0 10.3 —45.7 10.1 -47.5 42 -—48.6 2.8
0,CH,C(O)OH— HO,CH,C(0)O 255 36.3 221 26.9 258 27.6 26.0 26.4
HO,CH,C(0)O— CO, + HC(O)H + OH —66.4 —57.9 —64.2 —-63.7
HC(O)C(O)OH+ OH— —25.4 104 —19.1 54 —-295 —-41 -277 -20
C(0)C(O)OH+ H0O
C(O)C(O)H+ O, — O,C(O)C(O)OH -8.0 -12.4 — —24.7 —27.0
0,C(0O)C(0)OH+ NO — —39.5 —28.3 —19.8 —-21.7
OC(0)C(O)OH+ NO;
OC(0)C(0)OH— HOC(O)+ CO;, —-345 22 -231 25 -278 -0.1 -2738 0.0
HC(O)C(O)OH trans,cis- OH— 08 44 0.8 104 1.1 201 1.1 222
HC(O)C(O)OH cis,cist OH
aValues in kcal/mol® De Smedt et at®
TABLE 2: Binding Energies (in kcal/mol) of Complexes
prereactive this
complex reaction pathway work? ref 45
CX1 P2: CHC(O)OH+ OH— CHsC(O)O+ H,0O 6.5 7.3
CcX2 P3: CHC(O)OH+ OH— CH,C(O)OH+ H,0 4.4 5.1
CX3 P3: HC(O)C(O)Olgans cist OH— C(O)C(O)OH+ H,O 3.2
CX4 P3: HC(O)C(O)OManscist OH — HC(O)C(O)OHis cis + OH 2.1

2 QCISD(T)/6-31+G(2df,2p)//QCISD/6-31G(dP G2M(CC,MP2)//B3LYP/6-31%+G(2df,2pd).

illustrated in Figure 2. Acetic acid (Figure 2a) geometry is bond lengths of 1.343 and 0.975 A, respectively. The structure
characterized by two hydrogen atoms, one acidic and one of carbonic acid has been previously studied during extensive
methyl, aligned in a planer (= 0) with the carbonyl oxygen  theoretical investigations of its formation from water and carbon
atom. The transition state structure of the addition of OH radicals dioxide;}"48

to the central carbonyl carbon atom of acetic acid is shown in

Figure 2r. The &0 bond elongates by 0.06 A while the CO H,O + CO, — HOC(O)OH (19)
oxygen atom leans back to accommodate the incoming OH

radical, keeping dihedral angles of°2dnd 36 with the acidic  The carbonic acid geometry parameters calculated at the MP2-
and methyl hydrogens, respectively. In the product resulting (full)/6-31++G(d,p) level are in very good agreement with ours,
from this initial step, CHCO(OH), (Figure 2b), the carbonyl  which are calculated at QCISD/6-31G(d).

CO bond stretches to 1.389A, and a methyl hydrogen is oriented  |nterestingly, during this study it was found that OH radicals
trans with respect of the center CO oxygen atom. Both can participate as mediators during the radical induced isomer-
carboxylic CO bonds, with bond lengths of 1.390 and 1.414 A, ization reaction. An OH radical molecule can assist in the
are oriented in the same fashion with respect to the central COexchange of a proton on carboxylic acids. Figure 2t shows the
bond with dihedral angles of 77and 39, respectively. It is  transition state for this reaction, an alternative route for
expected that the GGEO(OH), radical will eject a methyl  isomerization from the HOC(O)OH most stable configuration
radical to produce carbonic acid [HOC(O)OH]. Carbonic acid (global minimum) to its local minimum via an intermolecular

is produced in its most stable configuration, cis-cis (Figure 2c). OH-assisted proton transfer from one oxygen to the other. In
The symmetric geometry is characterized by equivalent COH the transition state structure both CO bonds gain some partial
groups, coplanar to the central carbonyl group, and CO and OHdouble bond character and the transference of two hydrogen



4424 J. Phys. Chem. A, Vol. 110, No. 13, 2006 Rosado-Reyes and Francisco

4) CH;C(0)OH
3
* gamcop

138 DCHL.CO:

¢) HOC(O)OH

cis, cis

) CH;CO

k) HO,CH,C(0)O

h) CH:C(O)YOH 3

1) HC(OYC(O)OH
trans, cis

d) HOC(O)OH
cis, trans

m) C(OYC(OYOH

1) T5: HOC(CYOH + OH — HOC(O)OH + OH
cis, cis cis, trans

0.982

r) T5: CH;C(O)OH + OH — CH;CO(OH);

u) CXT: CH;C(0)YOH + OH — CH,C(0)0 + H0

p) HC(O)C(O)OH
cis, cis

5) T§: CHyCO{OH); = HOC(Q)OH + CH,
cis, cis

v) 75: CH;C(O)OH + OH — CH;C(0)0 + H:0
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2081

W) CX2: CHiC(O)OH + OH — CH,C(0)OH + H;0 ¢) TS: 0,CH;C(O)OH ~» HOC(O) + HC(OMH

dd) 75: O;CH.C(0)OH — OCH:C(O)OH + H

¥) T5: CH;C(O)0 — CH; + COs4

ee) TS: HOC(O) + 02 = CO: + HO:
bb) 75: 0.CH.C(O)OH + O3 = OCH.C{OYOH + HO,

1) CX3: HC(O)C(OYOH + OH = C(O)C(O)OH + H:0

hh) T$: HOC(Q)OH + OH — CO, + H:0 + OH
cis, trans
ii) 75: OC(Q)C(O)OH — CO, + HOC(O)

£¢) T5: HC(O)C(0)OH + OH — C(O)C(O)OH + H:0

i) CX4: HC(O)C(O)OH + OH — HC(O)C(O)OH + OH
trans, cis cis, cis

kk} 75: HC(O)C(Q)OH + OH — HC({O)YC(O)OH + OH
trans, cis cis, cis

Figure 2. Geometries of closed- and open-shell species, prereactive complex, and transition state structures involved in the atmospheric oxidation
of acetic acid. Parameters are calculated at the QCISD/6-31G(d) level of theory.
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atoms becomes equivalent and symmetric. The breaking andHydrogen abstraction from acetic acid at the methyl side results
forming OH bond lengths are 1.241 and 1.228 A. Figure 2d in the formation of the CKHC(O)OH radical. Under typical
shows the resulting cis,trans carbonic acid isomer. atmospheric conditions, 8H,C(O)OH is formed from the

The OH radical can also assist in the decomposition of the reaction of CHC(O)OH + O,. The structure of this peroxy
cis,trans conformer of carbonic acid (local minimum) into,CO radical is depicted in Figure 2i, characterized by the OCCO
and HO. The OH-assisted decomposition (Figure 2hh) involves backbone atoms ithe cisconfiguration ¢ = 30.2) and the
the breaking of the OH bond on the trans side, which elongatesPeroxy terminal in the trans configuration with respect to the
by 0.361 A. The OH radical also enlogates by 0.228 A and the CC bond. The peroxy radical can react in a variety of ways: it
CO bond on the cis side by 0.200A. A new bond 1.228 A in can rearrange internally or it can be reduced by NO under typical
length forms between the OH, ejecting on the cis side, and the urban atmospheric conditions. During isomerization, both CO
H atom, from the dissociation of the initial OH radical. The bonds rotate to accommodate the acidic hydrogen and the
OH-assisted decomposition is analogous to the reaction ef CO terminal peroxy atom into a six-member ring to facilitate the
with water dimer, initially proposed by disson et al?8-6% and transference of the acidic hydrogen from the carboxylic acid
latter pursued by Nguyen and co-worké&t§2 The reaction side to the peroxy terminal. The geometry parameters of the
proceeds via a six-member ring complex and transition state, PEroxy isomerization transition state are depicted in Figure 2aa.
with substantial ring deformation. Once in the six-member arrangement, the breaking OH bond

Pathway 2.Hydrogen abstraction from acetic acid at the [ncreases by 25% while the HO bond on the peroxy side has a
carboxylic acid side yields the GB(O)O radical (Figure 1). ~ Pond length of 1.123 A. The peroxy OO bond increases from
The OCO angle decreases by Buthile the two CO bonds ;.345 to 1.388 A to accommodate the preylously acidic H atom
acquire a partial double bound character with lengths of 1.250 INto & new hydroperoxy bond. The acidic hydrogen atom is
and 1.288 A, after the release of the hydrogen atom. The transferred between the two oxygen atoms in a OHO angle of
abstraction of the acidic hydrogen involves a prereactive 156.8’_. The resulting hydroperoxy radical is expected to break
complex and a transition state. The complex structure is @Partinto OH, C@ and HC(O)H.
stabilized by hydrogen bonding, with values of 1.931 and 1.941  Removal of the alkoxy (OCKC(O)OH) radical (Figure 2j)

A. The OH radical is aligned with the carbonyl oxygen and can take place via three different pathways: hydrogen ejection,
acidic hydrogen in a six-member-ring coplanar arrangement. reaction with Q, and internal dissociation. Two of the branches,
In the transition state structure the OH radical H-atom orients hydrogen ejection and reaction with,Qead to the formation
itself out-of-plane with respect to the ring configuration. During 0f glyoxylic acid (HC(O)C(O)OH) while internal dissociation
the removal of the acidic hydrogen, the transition state structure produces HC(O)H and HOC(O). The alkoxy radical is stabilized
is characterized by a five-member ring with a dihedral angle by a hydrogen bond. The transition state of its decomposition
OOHO of 8.1686. Also the two CO bonds lengths become 1.274 involves the internal rotation of the CO bond (1.346 A'in length)
and 1.275 A. The product of the acid hydrogen abstraction, from the trans to the cis configuration prior to dissociation. The
CH3C(0)O0 radical, decomposes to produce the;@idlical and cis configuration makes the radical unstable and reactive enough
CO,. The transition state for this decomposition is shown in to break apart and produce formaldehyde ansHOC(O).
Figure 2y. It is clear that this transition leads to the formation During decomposition, the CC bond length increases from 1.531
of CO,, where the OCO angle increases from 114d3144.3, to 2.081 A and the CO bond length on the formaldehyde-like
and the CC bond elongates from 1.499 to 1.857 A. In the side of the transition state decreases from 1.386 to 1.250 A.
troposphere, where the,@oncentrations are on the order of 5 Figure 2dd shows the transition state structure for the H-ejection
x 10" molecules cm?, O, binds to alkyl radicals, such as GH pathway. The hydrogen atom is released from the alkoxy radical
to produce, in this case, the methyl peroxy radical. In urban with a bond length of 1.748 A. The former has a structure similar
environments, NO abstracts O atoms from peroxy radicals to to the transition state for the reaction withp.O'he oxygen
produce alkoxy radicals, shown in Figure 2g. The formation of molecule is aligned in-plane with the CC bond. The H atom is
ketones and aldehydes from alkoxy radicals takes place viaabstracted from the C atom with a bond length of 1.314 A, while
H-abstraction by @ The transition state for the production of making a new bond with ©1.356 A in length to produce HO
formaldehyde from methyl alkoxy radical is shown in Figure The main product of the alkoxy (OGB(O)OH) chemistry

2z. The Q molecule, with a bond length of 1.265 A, is aligned s glyoxylic acid [HC(O)C(O)OH]. The structures of two
trans with respect to the CO bond on the alkoxy radical. The glyoxylic acid isomers were analyzed in terms of their stability.
forming O—H bond leading to the production of Has a  The geometries dfans-(C(O)C(O))trans{C(O)OH) andrans-
length of 1.366 A, while the breaking-€H bond has a length  (C(0)C(0))<is{C(O)OH) were shown to be almost identical
of 1.351 A. The partial CO double bond length of the forming in stability, with a very small CO bond rotational energy of
CH.0 molecule is 1.281 A. less than 0.01 kcal/mol. It is then expected that both isomers

Pathway 3Pathway 3 involves the abstraction of the methyl will exist in equilibrium. For practical purposes we will refer
hydrogen from acetic acid by OH radicals (Figure 1). This to the trans-cis configuration in discussing its atmospheric
pathway is also characterized by a stable complex and adegradation. The removal of the terminal H atom is also
transition state. The prereactive complex is stabilized by a loosercharacterized by a prereactive complex and transition state, in
hydrogen bond of 2.57 A on the methyl side and a second Figures 2ff and 2gg, respectively. In the complex structure the
hydrogen bond of 1.978 A on the carbonyl side, in a six- OH radical is aligned in-plane with glyoxylic acid, stabilizing
member-ring configuration. The OH radical is aligned nearly it with a single hydrogen bond of 2.068 A into a six-member
planar with acetic acid, in a dihedral angle OHOH of 0.017 ring configuration. In the transition state structure the OH radical
During the transition from reactants to products, the H-atom abstracts the terminal hydrogen with a bond length of 1.299 A,
being abstracted is out-of-plane £ 44°) with respect to the where the CH bond extends from 1.104 to 1.244 A. This reaction
carbonyl oxygen, leaving the remaining two H atoms in more results in the formation of the C(O)C(O)OH radical. The
of an in-plane position with respect to the carbonyl oxygen (  previous C(O}-C(O) bond, aligned trans with respect of each
= 160.9, 67.2) with bond lengths of 1.090 and 1.092 A. other, now bends out-of-plane with a dihedral angle of 83.8
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Figure 3. Pathway 1.

An O, molecule attaches to the vacant out-of-plane radical site cis with respect to one another with bond lengths of 1.212 and
on C(O)C(O)OH, forming @C(O)C(O)OH (Figure 2n). The  1.208 A, and the CO and OH bonds on the carboxylic side are
formed peroxide €0, bond has a bond length of 1.398 A, also oriented cis.

while the terminal OO bond lengthens to 1.355 A. ThgCO B. Energetics of the Potential Energy SurfaceThe potential
(O)C(O)OH radical is reduced to OC(O)C(O)OH by NO. energy surface of pathway 1 is depicted in Figure 3. The addition
Stabilization by hydrogen bonding seems to be relevant for the of the OH radical to the central carbon atom on the@bond
peroxy radical. The carboxylic acid side is arranged in a trans on acetic acid produces the @EO(OH), radical intermediate.
configuration to facilitate a hydrogen bond interaction of 2.163 The enthalpy of reaction is predicted to b®.5 kcal/mol at

A between the terminal hydrogen and the oxygen atom of the the QCISD(T)/6-3%+G(2d,2p) level of theory, anet0.5 kcal/
second carbonyl group (1.201 A). On the other hand, after the mol with the QCISD(T)/6-3%+G(2df,2p) level of theory. The
peroxy radical is reduced the arrangement of the carboxylic acid ab initio calculations predicted an energy barrier for the OH
terminal switches from trans to cis. The alkoxy radical is addition to the &O bond in acetic acid of 8.2 and 9.5 kcal/
expected to decompose into g&nd HOC(O). The transition  mol at the QCISD(T)/6-31+G(2d,2p) and QCISD(T)/6-
state for the alkoxy decomposition (Figure 2jj) is characterized 31++G(2df,2p) levels of theory, respectively. The transition

by the elongation of the CC bond by 3%, and a rotation along state vibrational frequency analysis indicates that it is a first-
the CC axis, switching from a coplanar to an asymmetric order saddle point characterized by one negative frequency of
structure with a dihedral angle of 34.9

—740 cnTl. Previous theoretical studies by De Smedt ¢fal.
As previously observed during the degradation of carbonic of the potential energy surface of the gXO)OH + OH
acid, OH radicals can facilitate the isomerization of glyoxylic reaction predicted an energy barrier of 9.5 kcal/mol and a heat
acid from the trans,cis to the cis,cis configuration. The reaction of reaction of—0.8 kcal/mol by using G2M(CC,MP2)//B3LYP/
of glyoxylic acid with OH radicals on the carboxylic acid

6-311++G(2df,2pd) levels of theory. The energetics of our ab
terminal involves the formation of a strongly bonded prereactive initio study and those previously determined by De Smedt and
complex with hydrogen bonds of 2.054 and 1.945 A. The co-worker$? differ by approximately 0.3 kcal/mol on the heat

reaction is characterized by a transition state where an OH of reaction. The OH addition channel has been explored as a
radical assists the isomerization by transferring its hydrogen potential pathway during previous investigations on the reaction
atom to the carbonyl oxygen while abstracting the terminal of the OH radical with aldehydes and ketoieg>4°50The
acidic hydrogen, as shown in Figure 2kk. The transference takesaddition of OH to the carbon atom of the<© group was found
place by the equal sharing of the hydrogen atoms in a to occur through a loosely bound complex, with similar structure
six-member-ring configuration. The single and double CO bonds to that of the transition state. In comparison with the hydrogen
have partial double bond characteristics with bond lengths of abstraction channels, the binding energy for the OH-addition
1.269 and 1.278 A, the carboxylic OH breaking and forming prereactive complex was smaller, and the activation barriers
bonds have bond lengths of 1.275 and 1.271 A, and the were higher by~5—10 kcal/mol, making this channel kinetically
transitioning OH radical bonds exchange the hydrogen atomsunfavorable.

around the ring configuration with closely equivalent bond  The produced CECO(OH), radical from the OH addition
lengths of 1.204 and 1.206 A. Figure 2p shows the cis,cis pathway then releases a methyl radical to form carbonic acid
glyoxylic acid isomer, where both carbonyl groups are oriented [HOC(O)OH] in the cis,cis conformation. Several investigations
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have recognized the stability and relevance of carbonic acid in Loerting et ak* for the decomposition of isolated carbonic acid
different matrixes and experimental conditidds>* Carbonic are in very good agreement-9.05, 43.55 kcal/mol). OH
acid is produced in nature from the hydration of carbon dioxide. radicals do not have the same catalytic effect as water molecules
This reaction is considered fundamental in biological and in lowering the activation barriers of these types of chemical
ecological system®:%6 Magid et al*” reported an activation  reactions. A possible explanation, as argued by Olkhov &t al.,
barrier of 17.7 kcal/mol for the reaction of the hydration of for the difference in reactivity between carbonic acid with OH
carbon dioxide in a neutral solution vs H;0, being the reaction of ¥£0O; + H,O faster, may rely
B N on the fact that OH is an open shell andHa closed shell
(COYaq T HO < (HyCO,) g (HCO; )yq + (H)4q (20) system.

. . . Pathway 2 consists of the abstraction of the acidic hydrogen
on the. other hand, early computational _studles with SCF om acetic acid by the OH radical. The energetics of pathway
calculations found that the gas-phase hydration of @©Oceeds 2 has been explored in detail by De Smedt éalp to the

. o . 860 .
}N'th ar]: a((:jtlvatlo? lbadr_r ler of 54.8 I_<calt/hmcﬁ, f_uggestmlg a decomposition of the alkyl radical. For completeness, with the
arge fundamental discrépancy in the reaction mechanism goal of determining the final byproducts of the acetic acid

between the solution and the gas phase. A later study by Nguyen ; : .
et al®! showed that the addition of at least a second water atmospheric degradation, the chemistry of the methyl peroxy

lecule h iqnificant catalvtic effect. b ficinati radical needs to be considered. In searching for the prereactive
mo_etcue de.lsta.s'?r?' |car; catlaylfc e edcly y par |q|pa_1f_|ng .tslls complex and transition state structures a six-member-ring
&neme?\rer?gy Iigrlrri]er eapsroo%r;erf/r:jeirnar:elaa\évgnvr\]/gtzlrgncl)lli(g:?)rr]nzr prereactive complex and a five-center transition state were
. located, as previously suggested by De Smedt and co-wdfkers

system$? The transition state for the GO+ H,O reaction asp Y sugg y ’

; who estimated a complex wet7.3 kcal/mol below and a
involves the proton transfer from a water molecule to one of

the oxygen atoms of carbon dioxide, with a high energy barrier transition state barrier 1.6 kcal/mol above the reactants level at
of 492 kcalimol calculated by Nguyen et %l.This is G2M//IB3LYP/6-31H+G(2df,2p). In the present study, the

comparable with 55.9 kcal/mol determined indson et al? prereactive complex binding energy is 6.5 kcal/mol, as shown
and in the same or.der of magnitude as the values fand forin Table 2, and the activation barrier is 2.1 kcal/mol, as shown
intramolecular 1,3-proton transfer reactiA€©n the other hand, in Table 1, determined at the QCISD(T)/ 6-B%G(ZQIf,2p)'//
the reaction of C@+ 2H,0 produces carbonic acid via a six- QCISD/6-3lG(d) level of 'gheory. There is only one imaginary
member cvelic complex with a bindina enerav of 24.1 kcal/ frequency attributed to this transition state structure with the
mol. and gn analoggus transition statg at 8 %ykcallmbl below value of 1648 cm?, indicating that the transition state is a first-
COZ’ + 2 H,O. Wight et al*® revisited the eﬁergetics of the order saddle point. De Smedt et4élf_ound a discrepancy Of.
reaction of CQ + H,0 (reaction 19) by performing ab initio 1.7 k_c_al/mol on the predicted barrier height values for this
calculations at MP2(full)/6-3t+G(d,p)//QCISD(T)/6-31%+G- transition state structure between the G2M//MP2/6-81G-

: - 2df,2p) and G2M//B3LYP/6-31t+G(2df,2p) levels, and
(d,p) and determined energy barriers for the forward and reverse( .
reactions of 51.9 and 41.5 kcal/mol, respectively. Loerting and concluded that the values from the B3LYP method underesti-

co-worker§* investigated the kinetic stability of carbonic acid mated Fhe bqrrler he|ght' while thpse from the M.P2 method
by examining the influence of water molecules on its decom- overestimate [t. Our predicted barrier height value lies between
position rate. The addition of two water molecules increased those determined by De Smedt and co-worketsydrogen

s : bstraction at the acidic C(O)OH terminal results in the
the rate of decomposition by 10 orders of magnitude at 300 K. a . . . .
In our study we found that OH radicals could assist in the formation of the CHC(O)O radical, which may decompose into

isomerization of carbonic acid as well as the decomposition of CC; and _the CH rad'cal' This decom_posmon reaction I
the cis,trans carbonic acid isomer. The energetics of these twotharacterized by a negative energy barrier and a large exother-

reactions, calculated at QCISD(T)/6-8+G(2df,2p)//QCISD/ micity of _22_'_7 keal/mol. Methyl PEroxy radic_als are produced
6-31G(d), are presented in Figure 3. The OH-assisted intermo-fror_n the addition of th_’ Fhe va_lcant radical s!te on the methyl
lecular isomerization proceeds with an activation barrier of 8.2 radical. Q can also participate in the abstraction reaction where
kcal/mol and it is endothermic by 1.6 kcal/mol. Wight et@l. It removes a hydrogen atom from methoxy radicals to form
also examine the potential energy surface of the intramolecular formaldehyde and HO The reaction is very exothermic, having
conversion of cis,cis carbonic acid into its cis,trans isomer at & réaction enthalpy of-26.3 kcal/mol. The activation energy

QCISD(T)/6-311+G(d,p)//MP2(full)/6-31+G(d,p) levels of barrier is also large with a value of 17.0 kcal/mol.

theory. The transition state involving the rotation along theaC A detailed schematic description of the potential energy
bond and the cis,trans isomer lie above cis,cis carbonic acid bysurface of pathway 3 is shown in Figure 5A,B. Pathway 3
9.2 and 1.6 kcal/mol, respectively. Since the results reported consists of the direct abstraction of a methyl hydrogen from
by Wight et al*® are in accord with ours within 1 kcal/mol, acetic acid by OH radicals. The reaction of LO)OH+ OH

OH radicals are not expected to participate as a catalyst in thegoing to CHC(O)OH + H,0 is exothermic by—17.8 kcal/
isomerization reaction, but rather as a chaperon. The energymol at the QCISD(T)/6-3++G(2df,2p)//QCISD/6-31G(d) level.
barriers are basically unchangeable with or without the partici- The activation energy barrier is estimated to be 4.0 kcal/mol
pation of OH radicals. A similar phenomenon is observed during and the prereactive complex has a binding energy of 4.4 kcal/
the decomposition of the carbonic acid isomer in the presencemol. The transition state for this reaction is a first-order saddle
of OH radicals. As with the reaction of carbon dioxide with point with an imaginary frequency at 226&6m™1. De Smedt
two water molecules, the transition state of the OH-assisted H and co-worker® proposed that the prereactive complex and
CO; decomposition involves a six-member cyclic transition state transition state of this reaction lie 5.1 kcal/mol below and 4.0
with a similar degree of ring deformation. On the other hand, kcal/mol above the CEC(O)OH + OH reactant level, respec-
the exothermicity and activation barrier of the decomposition tively. Even though the energy barrier predicted in this study
of cis,trans carbonic acid in the presence of OH radicals depictedand that reported by De Smedt and co-workease the same,

in Figure 3 -10.1, 42.4 kcal/mol) and those obtained at CCSD- the nature of the transition state structures responsible for those
(T)/aug-cc-pVDZ//IMP2/aug-cc-pVDZ///IB3LYP/6-3G(D) by energy barriers is different. Figure 2x shows the transition state
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Figure 4. Pathway 2.

structure predicted in this study. The structure still resembles

OCH,C(O)OH— HC(O)H+ HOC(O)
the six-member hydrogen bonded nature of the prereactive
complex. The corresponding structure suggested by De Smedt
and co-worker®¥ lacks hydrogen bonding character.
As part of the comprehensiveness of this study,

Reaction 21 consists of hydrogen atom ejection that produces
of O,CH,C(O)OH has been examined, which will enable us to

the chemistry v oviic acid. The reaction is endothermic, with a reaction
predict the final product from the acetic acid atmospheric | ./mol.

enthalpy of 11.9 kcal/mol, and has an activation barrier of 17.0
. e Reaction 22 is a unimolecular CC bond fission
degradation. The &H,C(O)OH radical is produced as the  oaction, producing formaldehyde and the HOC(O) radical, over
result of the Q@ addition to the radical site on the GB(O)OH a barrier height of 10.0 kcal/mol and an enthalpy-&.8 kcal/
fad‘C%'- TV(\;O Eiri:er?nttrga(_:ttion E[:hannlels f|0§CC.)-IzC(O)_OI;|. are q mol. Although the OCHC(O)OH structure in Figure 2j is the
considered. The first is its intramolecular isomerization an o : ;
further decomposition and the second is its reduction by NO. global minimum, It must rotate alo_ng the carboxylic CO b_on_d
- e . . into a dihedral angle of 0.0 before it can access the bond fission
Th? Isomerization pathwqy is endothermic by 26.'0 kca!/ mc_;l, reaction pathway. Reaction 23 is an abstraction reaction in which
as it passes through a barrier of 26.4 kcal/mol. The isomerization 0, abstracts a hydrogen atom to form glyoxylic acid and;HO
of the peroxy radical is not expected to play a major role in the 11,6 reaction is very exothermic, having a reaction enthalpy of
degradation mechanism. However, the reaction with NO forming _33 4 cal/mol and a rather small activation energy barrier of

OCH,C(O)OH and NQ is expected to be the main reaction ; A
channel, which is thermodynamically favored By8.9 kcal/ ,[Ghi ?géﬁﬂ?gleﬁgﬂgaggfgs s;l;!;xz;i?ways, the @action is
mol. Under atmospheric conditions, NO is found in much larger g, though the reaction with,Qs the most accessible, a
concentrations than peroxy radicals. Therefore, the reaction of ;.\ oil fraction of OCHC(O)OH radicals will dissociate into
peroxy radicals with NO will dominate over the self-reactt®f? formaldehyde and HOC(O). HOC(O) is of relevance in the
The alkoxy radical OCELC(O)OH may react by three different  ao5phere because it is a relatively stable radical. The reaction
means of HOC(O) with G, has been examined in detail by Poggi and

Franciscd’ Among the pathways examined, only the direct
(21) hydrogen abstraction by orming HO, and CQ is considered

(22)
OCH,C(O)OH+ O, — HC(O)C(O)OH+ HO, (23)

OCH,C(O)OH— HC(O)C(O)OH+ H
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Figure 5. (A) Pathway 3 and (B) pathway 3. -
in this study. The reaction is very exothermic by#8.6 kcal/
mol and has a small barrier height of 3.2 kcal/mol at QCISD-

(T)/6-31++G(2df,2p) levels of theory. Our results are in very
good agreement within 0.4 kcal/mol with those obtained by



Atmospheric Oxidation Pathways of Acetic Acid J. Phys. Chem. A, Vol. 110, No. 13, 2008431

Poggi et af” determined 0.4 kcal/mol at QCISD(T)/6-3t+G- (2) abstraction of the methyl hydrogen, and (3) abstraction of
(3df,3pd)//QCISD/6-31G(d). the acidic hydrogen. The major products from each pathway
It has been demonstrated that glyoxilic acid [HC(O)C(O)- have been predicted. The OH-addition channel (pathway 1)
OH] is a major byproduct from the atmospheric degradation of results in the production of carbonic acid on its cis,cis
acetic acid through pathway 3. Glyoxylic acid has been conformation. For the first time it has been revealed that OH
identified and measured in the atmosphere aqueous phase (rairradicals can assist as intermediates on isomerization reactions.
mist, fog)%-70 Presently, the sources of dicarboxylic acids in This is the case for the isomerization of carbonic acid from the
fog and mist are not known. Also, because of their lower vapor Cis,cis to the cis,trans conformation, where OH radical partici-
pressure compared to that of monocarboxylic acids, dicarboxylic pates on the 1,3 proton-transfer reactions. It was found that OH
acids are expected to be found predominantly in particles. The also assists on the decomposition of the cis,trans carbonic acid
importance of heterogeneous chemistry within aerosol surfacesconformer without the catalytic effect that water has when it is
and cloud droplets has been addressed as a potential pathwagdded during the decomposition of carbonic acid.
for their presence in particulate matter, by either the uptaking The abstraction of the acidic hydrogen (pathway 2) leads to
of acids in the gas phase or the formation within cloud droplets the production of methyl radicals, followed by the addition of
and particles. The role of dicarboxylic acids in the atmosphere O, to form methyl peroxy radicals, from which formaldehyde
is not known. and HQ are obtained as major products. Formaldehyde leads
This theoretical study contains the first data on the prediction to an additional source of HQn its oxidation to CO. As a
of the atmospheric fate of glyoxilic acid. Figure 5B shows the consequence of pathway 2 this route should result in an increase
relevant energetics for the atmospheric degradation mechanisnof atmospheric HQ
of glyoxylic acid. The hydrogen abstraction reaction of glyoxilic The third pathway involves the removal of a methyl hydrogen
acid with OH radicals on the carbonyl side proceeds with the to form CH,C(O)OH. The incorporation and examination of
formation of a loosely bonded prereactive complex, which has the peroxy radical chemistry is essential in determining the final
a small binding energy of-3.2 kcal/mol. The transtition state  products in this study. The peroxy radicalG@H,C(O)OH, is
structure lays-2.0 kcal/mol below the reactants level. The slight formed from the @addition to the vacant radical site on &4
negative activation energy barrier should result in a non- (O)OH. Through the formation of the alkoxy radical, the
Arrhenius behavior where the prereactive complex is expected ultimate fate of the peroxy radical is the formation of HOC(O)
to be in equilibrium with the reactants and the reaction rate and glyoxylic acid. HOC(O) has been found to be a stable
constant of the HC(O)C(O)OH OH reaction decreases as the radical intermediate. A lifetime of-1 ms has been previously
temperature increases. The reaction is irreversible due to a largeestimated for HOC(O). Under atmospheric conditions-80%

heat of reaction of-27.7 kcal/mol. 0,, it is expected that the main HOC(O) removal mechanism
The C(O)C(O)OH radical results from the removal of the would be reaction with @ leading to CQ and HQ.

carbonyl hydrogen in glyoxylic acid by the OH radicak nds The atmospheric degradation chemistry of glyoxilic acid has

to the C(O)C(O)OH vacant radical site to form@{0O)C(O)- been explored in detail for the first time in this study. Little is

OH, with a heat of formation of~27.0 kcal/mol, typical for known of the role played by dicarboxylic acids in the atmo-
peroxy radicals. Under atmospheric conditions, the reaction with sphere. The removal of the terminal hydrogen is characterized
NO to produce the alkoxy radical, OC(O)C(O)OH, and N® by the formation of prereactive complexes and negative activa-
exothermic by—21.7 kcal/mol. The alkoxy radical is expected tion barriers. This has important implications for the atmospheric
to break apart into C&and HOC(O). The reaction is barrierless lifetime of glyoxylic acid. The lifetime of glyoxilic acid toward
with an almost negligible barrier height of 0.01 kcal/mol, even OH removal is expected to increase in the upper troposphere
though one imaginary frequency of 81dm was found in and lower stratosphere.

the transition state structure. On the acidic side, the OH radical The present calculations suggest that the kinetics of the acetic
assists in the isomerization reaction of trans,cis glyoxilic acid acid degradation reaction mechanism are going to be strongly
into the cis,cis conformer (Figure 2p), as previously observed influenced by complex-forming routes. A major finding from
with carbonic acid. The OH-mediated intermolecular isomer- this study is the participation of the OH radical in mediating
ization of glyoxylic acid proceeds with an activation barrier of isomerization and decomposition reactions. This was the case
22.2 kecal/mol and it is slightly endothermic by 1.1 kcal/mol. for the isomerization and decomposition of carbonic acid and
The transition state structure is a first-order saddle point the isomerization of glyoxilic acid. This type of interaction took
characterized by one imaginary frequency at 18981. The place during the OH radical reaction at the carboxylic acid
formation of a loose complex with a binding energy of 2.1 kcal/ terminal in these molecules.

mol precedes the transition state. Since the two glyoxylic acid

isomers differ in energy by only1.0 kcal/mol, it is expected  Conclusion

that glyoxylic acid will exist in both conformations even though

the interconversion between both will be slow. The energetics of the atmospheric degradation mechanism

of acetic acid initiated by OH radicals have been explored in
detail. The reaction of CEC(O)OH+ OH will proceed mainly
via the abstraction of acidic hydrogen (pathway 2). Hydrogen
Ab initio molecular orbital calculations have been carried out abstraction takes place via the formation of a prereactive
to investigate the potential energy surface for the;C{d)OH complex, with binding energy of 6.5 kcal/mol, and a transition
+ OH reaction. The analysis of energetics and vibrational state structure with a 2.1 kcal/mol energy barrier. The main
frequencies allowed us to depict the major features of the products from each of the three reaction pathways have been
atmospheric oxidation mechanism. The prediction of major identified; pathway 1 leads to the production of carbonic acid,
byproducts from the oxidation chemistry is crucial to determine pathway 2 generates formaldehyde, and pathway 3 will primarily
the role played by acetic acid in the atmosphere. The reactionproduce glyoxylic acid through the reaction of the alkoxy
mechanism explored in this study consists of three pathways:radical, OCHC(O)OH, with Q. Formaldehyde also reacts with
(1) OH addition to the carbon atom of the centra+QG bond, hydroxyl radicals to form H@and CO. The fate of glyoxylic

Atmospheric Implications
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acid in the atmosphere has been explored. The atmospheric (28) Moortgat, G. K.; Veyret, B.; Lesclaux, Rhem. Phys. Let1989

degradation chemistry of glyoxylic acid is responsible for the
formation of HOC(O), which will in turn be converted into GO
and HQ.

160, 443.
(29) Madronich, S.; Calvert, J. @. Geophys. Re499Q 95 (D5), 5697.
(30) Kenley, R. A.; Traylor, T. GJ. Am. Chem. Sod.975 97, 4700.
(31) Madronich, S.; Chatfield, R. B.; Calvert, J. G.; Moortgat, G. K.;

This study showed unique OH-mediated isomerization and Veyret, B.; Lesclaux, RGeophys. Res. Lett99Q 17 (12), 2361.

decomposition reactions. This was the case for the isomerizatio

and decomposition of carbonic acid and isomerization of

glyoxylic acid, both taking place at the carboxylic acid side.
These results will provide insights for future studies in

determining overall reaction rate constants at a wide range of

n_ (32) Wollenhaupt, M.; Carl, S. A.; Horowitz, A.; Crowley, J. 8l.Phys.

Chem. A200Q 104, 2695.

(33) Wollenhaupt, M.; Crowley, J. N.. Phys. Chem. 200Q 104, 6429.

(34) Vasvai, G.; Szilagyi, |.; Bencsura, A Dobe S.; Beces, T.; Henon,
E.; Canneaux, S.; Bohr, Phys. Chem. Chem. Phyz001, 3, 551.

(35) Vandenberk, S.; Vereecken, L.; PeeterBhys. Chem. Chem. Phys.
2002 4, 461.

temperature and pressure conditions as well as in reproducing (36) Wine, P. H.; Astalos, R. J.; Mauldin, R. L., 10. Phys. Chem.
acetic acid concentrations in global 3-D atmospheric reactivity 1985 89, 2620.

models.

Supporting Information Available: Tables of calculated

(37) Jolly, G. S.; McKenney, D. J.; Singleton, D. L.; Paraskevopoulos,
G.; Bossard, A. RJ. Phys. Chem1986 90, 6557.

(38) Singleton, D. L.; Paraskevopoulos, G.; Irwin, R. S.; Jolly, G. S.;
McKenney, D. JJ. Am. Chem. S0d.988 110, 7786.

total energies for products, prereactive complexes, reactants, and (39) Galano, A.; Alvarez-ldaboy, J. R.; Ruiz-Santoyo, Ma. E.; Vivier-
transition states for species involved in the acetic acid oxidation Bunge, A.J. Phys. Chem. 2004 106 9520.

and vibrational frequencies for all species calculated at the

QCISD/6-31G(d) level of theory. This material is available free
of charge via the Internet at http://pubs.acs.org.
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