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1. Introduction

The degradation of volatile organic compounds
(VOCs) in the troposphere leads to the production of
a range of secondary pollutants such as ozone,
peroxyacyl nitrates, and secondary organic aerosols.
Ozone formation is of particular concern since it is
known to have adverse effects on human health,
vegetation, and a variety of materials, and it is also
a greenhouse gas. Indeed, strategies for the control
of emissions of VOCs have been based on their
individual contribution to the photochemical forma-
tion of ozone.!
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Field measurements indicate that oxygenated VOCs
form a major component of the trace gases found in
the troposphere.? They are emitted directly into the
atmosphere from biogenic sources and from solvent
and fuel additives use, and are also formed in the
tropospheric oxidation of all hydrocarbons. It is now
accepted that a change from aromatic and halocarbon
solvents to oxygenated compounds is inevitable both
in terms of toxicity problems and in the case of
aromatic compounds as a means of reducing the
levels of oxidant formation in the troposphere. It is
apparent that oxygenated compounds will thus play
an increasing role in determining the oxidizing
capacity of the troposphere both on a regional and a
global scale.

A considerable body of experimental data on the
gas-phase oxidation of small-chain oxygenated com-
pounds such as alcohols, ethers, carbonyl compounds,
and esters has been reported.>~” However, degrada-
tion pathways for loss of higher molecular weight and
polyfunctional oxygenated species have not been well
characterized. The available evidence suggests that
the oxidation of saturated oxygenated compounds is
largely initiated by their reaction with hydroxyl
radicals, and the kinetics and mechanisms for these
reactions have been comprehensively reviewed.®~7 In
addition, photolysis of aldehydes and ketones can also
playasignificantroleintheiratmosphericdegradation.t 12
Oxidation of unsaturated oxygenated compounds
may be initiated by reaction with ozone,>'37% ni-
trate>'718 and hydroxyl radicals.3~7

In the present work the available kinetic and
mechanistic data for the oxidation of oxygenated
organic compounds under tropospheric conditions are
reviewed. Analysis of the reported experimental
results enables the development of structure—activity
relationships for the kinetics and mechanisms of the
various possible oxidation channels of these com-
pounds. The relationships can be employed to deter-
mine the tropospheric lifetimes and initial oxidation
products of a range of oxygenated organic compounds
and to predict the degradation pathways and atmo-
spheric fate of the primary products. Not only is
information on the fate of oxygenated compounds in
the troposphere important in terms of oxidant forma-
tion, but oxidation of simple oxygenated compounds
often leads to the generation of polyfunctionalized
species. These compounds can be of low reactivity in
the gas phase, and thus their relatively high solubil-
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ity and low vapor pressures may lead to uptake in
cloud and fog droplets or to formation of secondary
organic aerosols. Hence, anthropogenic emissions of
oxygenates may impact on wet deposition and also
on climate by increasing the levels of tropospheric
aerosol.

2. Kinetics and Mechanisms of the OH-Initiated
Oxidation of Oxygenated Compounds

2.1. Alcohols

The gas-phase oxidation of aliphatic alcohols in the
atmosphere is initiated mainly by reaction with OH
radicals, reactions with NO3; and Oz and photolysis
being negligible.®

2.1.1. Rate Constants of OH Reactions

Rate constant data for the OH reaction with
alcohols are available mainly at room temperature,
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although data at lower temperatures which are of
atmospheric interest (below ~300 K) also exist for
alcohols containing up to five carbons.'®2' The
increase in reactivity shown for the reaction of OH
radicals with CH30OH, CH3CH,0OH, and (CH3),CHOH
compared to reaction with the corresponding alkanes
can, at least in part, be rationalized in terms of the
lowering of the a-carbon hydrogen bond strength.”
At T =~ 298 K, for linear straight-chain alcohols, the
rate constant values increase by a factor of ~5 from
ethanol (koy ~ 3 x 107*?) to n-octanol (kon ~ 15 x
1072 cm® molecule™t s71).1922 The increase in the rate
constants with chain length indicated that —CH,—
groups in the g and y positions with respect to the
OH group also have higher reactivities than —CH,—
groups in unsubstituted alkanes, with a slight reduc-
tion in reactivity per —CH,— group on going from the
j- to the y-carbon atom. Hence, the activating effect
of the alcohol group for reaction with the OH radical
appears to extend over around three carbon at-
oms.*®22 For further increases in the chain length,
the reactivity of the —CH,— groups is essentially the
same as that found in unsubstituted alkanes. The
observed long-range activating effect of the alcohol
group cannot be explained in terms of bond energy
or inductive effects and indicates an alternative
reaction pathway to the direct concerted hydrogen
atom abstraction process observed for alkanes.??

2.1.2. Mechanisms of the OH-Initiated Oxidation of
Alcohols

Reaction of OH radicals with alcohols proceeds by
a H-atom abstraction process either from the C—H
bonds of the CH3;—, —CH,—, and >CH— groups in
the alkyl chain or from the —OH group. However,
from a consideration of the thermochemical data for
methanol, D(H-CH,OH) =~ 92 kcal mol™! and
D(CH30—H) ~ 104 kcal mol™1, it is expected that
H-atom abstraction from the OH group will be of
minor importance at room temperature. It is likely
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that this contribution will decrease for C;HsOH and
(CH3),CHOH, since the C—H bond strength at the
a-carbon atom in these compounds is considerably
weaker than that in CH3;OH. It has been shown
experimentally that ~85% of the OH reaction with
methanol proceeds at room temperature by H-atom
abstraction from the methyl group and the remaining
15% occurs by abstraction from the OH group.?324
Meir et al.?® reported that, for the reaction of OH with
ethanol, abstraction occurs mainly from the —CH,—
group (75 + 15%), while abstraction from the CHjs
and OH groups represents approximately 5% for each
channel.” For linear-chain alcohols with three or more
carbon atoms, H-atom abstraction from the a-carbon
atom is likely to be the main reaction pathway, while
abstraction from -, y-, and d-carbon atoms will also
make a significant contribution to the reaction prod-
ucts. Reaction at the OH or terminal methyl groups
will be unimportant for long-chain alcohols. A num-
ber of product distribution studies on the reaction of
OH radicals with long-chain alcohols in the presence
of NOy in air have been reported. Azad and Andino?®
have shown that the main oxidation products from
the reaction of OH with n-propanol are propionalde-
hyde (71.9 + 5.8%) and acetaldehyde (18.4 £+ 3%),
which arise from H-atom abstraction from —CH,—
groups in the a and S positions, respectively:

——» CH3CH2C°HOH + H0

0, <1—> HO,

CH3CH.C(O)H

CH3CH2CH,0OH + OH

and

GHyCH;CH,OH + OH —» CHsCHCHOH + H,0

02
4

CH4CH(OO)CH,OH

NO {3 NO

4

CH3CH(O)CH,OH

v

CH3C(O)H + CH,0H

02 %; Hoz

HC(O)H

The reaction products observed from the OH-
initiated oxidation of 1-butanol and 1-pentanol®”2®
suggest that the degradation mechanisms are similar
to that of 1-propanol with the predominant reaction
site at the a-CH,— group, leading to 1-butanal and
1-pentanal, respectively. Significant yields of shorter-
chain aldehydes in these systems indicate that
abstraction from the - and y-CH,— groups make an
important contribution to product formation. Thus,
butanal (51.8 + 7.1%), propanal (23.4 + 3.5%),
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acetaldehyde (12.7 + 2.2%), and formaldehyde (43.4
+ 2.4%) are products of the OH-initiated oxidation
of 1-butanol,?® while reaction of OH with 1-pentanol
leads to the following aldehydes: pentanal (40.5 £+
8.2%), butanal (16.1 + 3.7%), propanal (8.1 + 1.9%),
acetaldehyde (18.1 + 4.2%), and formaldehyde (25.1
+ 1.3%).%” Cavalli et al.?"?® suggested that isomer-
ization of the intermediate oxy radicals may also be
important in the oxidation of long-chain alcohols
leading to the formation of hydroxyketones and
hydroxyaldehydes.

The available mechanistic data for the OH reaction
with alcohols containing a tertiary carbon bonded to
the —OH group, such as 2-propanol, 2-butanol, and
2-pentanol, show that H-atom abstraction from the
C—H group is the dominant reaction channel at room
temperature:2%30

RR'CHOH + OH — RR'COH + H,0

and the RR'COH radical generated in the system
forms the corresponding carbonyl compound:

RR'COH + O, — RC(O)R' + HO,

Baxley and Wells?® showed that methyl ethyl
ketone produced in the OH-radical-initiated oxidation
of 180 isotopically labeled CH3CH,C(**OH)CH3 con-
tained the isotopic label, indicating that the alcoholic
oxygen remains in the carbonyl compound generated
in the system.? Abstraction of hydrogen from sec-
ondary alcohols can also occur from CHy groups (x =
1-3), other than at the o-CH< site, leading to
carbonyl and hydroxycarbonyl compounds by decom-
position, reaction with O,, and isomerization:

RCH,CH(R)OH + OH (0,/NO) —
RCH(O)CH(R")OH + H,0 + NO,

RCH(O)CH(R')OH — RC(O)H + R'CH(OH)
R'C(O)H + HO,

RCH,CH,CH,CH(R")OH + OH(O,/NO) —
RCH(O)CH,CH,CH(R)OH + H,0 + NO,

RCH(O)CH,CH,CH(R)OH —
RC(O)H + CH,CH,CHR'OH

RCH(O)CH,CH,CH(R)OH
+ 0, — RC(O)CH,CH,CH(R)OH + HO,

— RCH(OH)CH,CH,C(R")OH
lo,
RCH(OH)CH,CH,C(O)R’ + HO,

Baxley and Wells?® have reported that reaction of
OH with 2-butanol gave methyl ethyl ketone (60 +
2%) and acetaldehyde (29 + 4%) as the major
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products, while the products of the corresponding
reaction with 2-pentanol were 2-pentanone (41 4 4%),
propionaldehyde (14 + 2%), and acetaldehyde (40 +
4%).

The reaction of OH with tertiary alcohols arises
mainly by H-atom abstraction from the 3 position.
The reaction of OH with tert-butyl alcohol has been
investigated by Japar et al.3! and proceeds by H-atom
abstraction from the methyl groups, leading to the
production of acetone and formaldehyde:

(CH,);COH + OH (+0,, NO) —
(CH,),C(OH)CH,0 + H,0 + NO,

(CH;),C(OH)CH,0 — HC(O)H + (CH,;),COH

(CH,),COH + O, — CH,C(O)CH; + HO,

The product distribution yields from the OH-
radical-initiated oxidation of 2,4-dimethyl-2-pentanol
and 3,5-dimethyl-3-hexanol have been reported.3? For
2,4-dimethyl-2-pentanol, the product yields were as
follows: acetone, 0.92 + 0.15%; 2-methylpropanal,
0.21 + 0.02%; 4-methyl-2-pentanone, 0.05 + 0.01%;
and 4-hydroxy-4-methyl-2-pentanone, 0.12 + 0.02%.
The proposed mechanisms leading to these com-
pounds involve H-atom abstraction from the §-CHs,
p-CH,—, and y >CH— groups, followed by the forma-
tion of the corresponding hydroxyalkoxy radical after
reaction with O, and NO. Degradation of these alkoxy
radicals accounts for the various products detected.

Abstraction from a $-CHj, group:

(CH,),CHCH,C(CH,)(OH)CH,0 —
HC(O)H + (CH,),CHCH,C(CH,)OH

(CH,),CHCH,C(CH,)OH + O, —
(CH,),CHCH,C(O)CH, + HO,

Abstraction from the g-CH,— group:

(CH,),CHCHOC(CH,),0H —
(CH,),CHC(O)H + (CH,),COH

(CH,),COH + O, — CH,C(O)CH; + HO,

Abstraction from the y >CH— group:

(CH,),COCH,C(CH,),0H —
CH,C(O)CH, + CH,C(CH,),0H

CH,C(CH,),0H (+0,, NO) —
OCH,C(CH,),0H + NO,

OCH,C(CH,),0H — HC(O)H + (CH,),COH
CH,C(O)CH, + HO,

Mellouki et al.

and

(CH,),COCH,C(CH,),0H —
(CH3),C(OH)CH,C(CH,)(OH)CH,

(CH,),C(OH)CH,C(CH,)(OH)CH, (+0,, NO) —
(CH,),C(OH)CH,C(CH,3)(OH)CH,0 + NO,

(CH,),C(OH)CH,C(CH,)(OH)CH,0 —
HC(O)H + (CH,),C(OH)CH,C(CH,)OH

(CH,),C(OH)CH,C(CH,)OH + 0, —
(CH,),C(OH)CH,C(O)CH, + HO,

The authors concluded that formation of 4-hydroxy-
4-methyl-2-pentanone from the OH-initated degrada-
tion of 2,4-dimethyl-2-pentanol provides evidence for
isomerization of the (CH3),COCH,C(CHj3),OH alkoxy
radical via a 1,5-H-atom shift to give (CH3),C(OH)-
CH,C(CH?3)(OH)CH,. Subsequent reactions of this
radical generate the hydroxy pentanone.

2.2. Diols

The dominant loss process for diols in the atmo-
sphere is reaction with OH radicals. The available
kinetic data show that the rate constants for the
reaction of OH with diols are significantly higher
than those with monoalcohols, indicating an activat-
ing effect of the second OH group.®3—36 For example,
the OH reaction rate constants for HOCH,CH,OH
(kOH ~ 15 x 10_12)33 and HOCH2CH2CH(OH)CH3 (kOH
~ 33 x 107%?)%% are somewhat higher than the values
estimated using the structure—activity relationships
developed by Atkinson,3” in which the rate constant
for H-atom abstraction from a carbon atom depends
only on the nature of the a-substituent groups. Thus,
it appears that abstraction of a hydrogen atom from
a carbon atom a to the hydroxy group is enhanced
by the presence of a second hydroxy group at the
or y position in a diol. Mechanistic studies have
shown that the main products of the OH-initiated
oxidation of diols are the corresponding hydroxyke-
tones:*% CH3CH,C(O)CH,0H (66%) from CH3CH,-
CH(OH)CH,0H; CH3C(O)CH(OH)CH3; (89%) from
CH3;CH(OH)CH(OH)CH3;; CH3;C(O)CH,CH,0OH (50%)
from CH3CH(OH)CH2CH20H, and (CH3)2C(OH)CH2C-
(O)CHz (47%) from (CH3),C(OH)CH,CH(OH)CHa.
The products are consistent with H-atom abstraction
from the —CH,OH or >CHOH groups in these
molecules, followed by reaction of the o-hydroxyalkyl
radicals with O, to give the corresponding o-hydroxy-
carbonyl compounds.

2.3. Ethers, Diethers, and Cyclic Ethers

Oxidation of ethers, polyethers, and cyclic ethers
in the troposphere is predominantly initiated by
reaction with OH radicals. Reaction with NOs; may
also contribute, to a small extent, to the removal of
some ethers during night-time,33 while photolysis*®
and reaction with Oz 2 are negligible. A number of
kinetic and mechanistic studies on the OH-radical-
initiated degradation of aliphatic ethers, diethers,
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and cyclic ethers have been reported. However,
analysis of the data reveals unexpected patterns of
reactivity, particularly for multifunctional com-
pounds.

2.3.1. Monoethers

2.3.1.1. Rate Constants of OH Reactions. Rate
constant data for the reaction of OH radicals with
aliphatic ethers show that ethers are considerably
more reactive than the corresponding alkanes. The
enhanced reactivities of CH3;OCH3;, C,HsOC;Hs, and
(CH3),CHOCH(CH3), compared to ethane, butane,
and 2,3-dimethylbutane have been rationalized in
terms of a reduction in the a-carbon hydrogen bond
energy.??> The available rate constant data at room
temperature for reactions of OH with linear chain
ethers show a large increase in reactivity with
increasing chain length. The reported OH rate con-
stants at room temperature for CH3;OCHj;, C,Hs-
OC;Hs, n-C3H;0C;3H7, and n-C4HyOC4Hy (in 1071% cm?3
molecule™! s~ units), are 2.8, 13.6, 21.7, and 26.9,
respectively. This increase in reactivity compared to
the corresponding alkanes (kon+c,n, = 2.5 x 10713,
kOH+n—C4H10 =24 x 10712, kOH+n—C5H14 =55 x 10712,
and Kon+n—cgr;; = 8.7 x 10712 cm® molecule™® s™1)4
indicates that abstraction at carbon atoms remote
from the ether group is more facile than expected and
that the activating effect of the ether group extends
over about three carbon atoms.??4243 Nelson et al.??
suggested that this long-range activating effect of the
ether linkage could not be explained considering bond
energy or inductive effects alone but indicates an
alternative pathway to the direct H-atom abstraction
process observed for n-alkanes.?? Porter et al.** have
proposed that the enhanced reactivity shown by
ethers may be due to formation of a ring transition
state resulting from the interaction of the attacking
OH radical with the O atom of the ether group and
adjacent —CH,— groups. Smith and Ravishankara*
have recently discussed reactions of OH radicals with
oxygenated organic compounds in terms of hydrogen-
bonded complexes, which result in a lowering of the
activation energy for reaction. Moriaty et al.*® have
proposed that the initial step in the reaction of OH
with an ether also involves the formation of a
hydrogen-bonded complex, and the reaction then
involves intramolecular H atom transfer to form H,O
and an oxygenated alkyl radical. The reported tem-
perature dependence measurements of the rate con-
stants show a slight positive temperature dependence
for dimethyl ether and methyl tert-butyl ether,
whereas the more reactive ethers have negative
temperature factors.*?4347.48 These temperature de-
pendences provide some support for formation of a
weakly bound complex between the OH radical and
the ether group, which can either decompose back to
reactants or eliminate H,O.

2.3.1.2. Mechanisms of the OH-Initiated Oxi-
dation of Monoethers. The reaction of OH radicals
with aliphatic ethers proceeds via abstraction of a
hydrogen atom from CH3, —CH,—, or >CH— groups
in the alkyl chain. Product distribution studies have
shown that, when abstraction occurs at the a-carbon
atom under atmospheric conditions, oxidation leads
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predominantly to the corresponding esters. Oxidation
of dimethyl ether has been shown to give methyl
formate with a yield close to unity.3! This is consis-
tent with H-atom abstraction by O, from the alkoxy
radical CH30OCH,O, formed by successive reactions
of the primary CH3OCH; radical with O, and NO.3!
Studies carried out in the absence of NO also give
methyl formate as the major product, but the hydro-
peroxide, CH3;OCH,OOH, was also formed in signifi-
cant amounts.*?%° Ethyl formate was the main prod-
uct observed in the oxidation of diethyl ether, together
with small yields of acetaldehyde and ethyl ac-
etate.>>52 These results indicate that the dominant
degradation pathway involves H-atom abstraction
from the —CH,— group and that the alkoxy radical,
formed after successive reaction with O, and NO,
decomposes predominantly by carbon—carbon bond
scission. Presumably, acetaldehyde and ethyl acetate
are generated from the CH3;CH,OCHOCHj; alkoxy
radical by C—O bond fission and reaction with Oy,
respectively. Sempeles and Andino®® recently re-
ported that the main products of the OH-initiated
oxidation of di-n-propyl ether were n-propyl formate,
acetaldehyde, n-propionaldehyde, and n-propyl pro-
pionate with yields of 61 + 4.4%, 60 + 5.7%, 15 +
6.2%, and 4.3 + 1.5%. These products are consistent
with abstraction mainly at the a-CH,— group, gen-
erating the n-C;H;OCHOCHs alkoxy radical, which
decomposes largely by C—C bond cleavage, with
minor loss by C—0O bond-breaking or by reaction with
O,. A number of investigations have also been
conducted on the oxidation of the longer linear-chain
ethers di-n-butyl ether,% methyl n-butyl ether,%® and
ethyl n-butyl ether.>* These studies, where the ma-
jority of the end products were identified and quanti-
fied, indicate that the alkoxy radicals generated in
the reactions can react with O,, decompose, or
isomerize. For example, Aschmann and Atkinson%®
have determined the products from the OH-radical-
initiated oxidation of methyl n-butyl ether in the
presence of NOy. The results show that H-atom
abstraction can occur from a-, -, and y-CH,— groups
in the n-butyl chain. The main reactions of the
radicals generated in the system are C—C bond
fission for CH;OCHOCH,CH,CH3; and CH3;OCH,-
CHOCH,CHg3, and reaction with O, for the CH30OCH,-
CH,CHOCHj3 radical. Further details on the radicals
formed in the oxidation of long-chain ethers are
available from the work of Johnson and Andino® and
Aschmann and Atkinson.®

Product distribution studies have been reported for
the branched ethers, methyl tert-butyl ether (MTBE),
ethyl tert-butyl ether (ETBE), tert-amyl methyl ether
(TAME), and di-isopropyl ether (DIPE). The major
product arising from the OH-radical-initiated oxida-
tion of MTBE in the presence of NO was tert-butyl
formate, with smaller amounts of H,CO and CH;C-
(O)CH3.3156.57 The data provide strong evidence that
H-atom abstraction by OH radicals occurs mainly
from the a-methyl group, while the minor products
result from OH attack on the tert-butyl group. tert-
Butyl formate has been shown to be the major
oxidation product observed in the OH reaction with
ETBE, while the minor products include H,CO, CHs-
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Figure 1. Concentration—time profile for the photooxi-

dation of diisopropyl ether (DIPE) in the presence of NO

under sunlight conditions (EUPHORE) (IPAC = isopropyl
acetate).5!

OCHO, and (CHj3);COC(O)CH3.51%8 The product dis-
tributions indicate that H-atom abstraction occurs
largely from —CH,— in the —C,Hs group and that
the alkoxy radical CH3;CH(O)OC(CHj3); decomposes
by carbon—carbon bond scission. The OH-initiated
oxidation of TAME, in the presence of NO, leads to
tert-amyl formate, methyl acetate, and acetaldehyde
as major products which are formed in nearly equal
amounts. This suggests that H-atom abstraction
occurs about equally from the a-CHj; group and from
the 5-CH,— group in the tert-amyl chain. Acetone,
tert-amyl alcohol, and 3-methoxy-3-methylbutanal
are also formed in small amounts.>®

The OH-initiated oxidation of di-isopropyl ether
(DIPE) gave isopropyl acetate with a yield of unity,
indicating that the main reaction channel is H-atom
abstraction from >CH— groups, followed by carbon—
carbon bond cleavage of the alkoxy radical produced
after reaction with O, and NO.%%¢1 However, Wenger
et al.®* have shown that the OH-initiated oxidation
of DIPE in the absence of NOy leads mainly to
production of acetone (Figure 1) and proposed that
acetone could be formed either by C—0O bond cleavage
of the alkoxy radical or via decomposition of the
hydroperoxide formed in the reaction of the peroxy
radical with HO,. The OH-initiated oxidation of di-
tert-butyl ether, (CH3)3sCOC(CHyg)s, in the presence of
NO gave tert-butyl acetate, (CH3)3:COC(O)CH3,%? as
the main product, which provides evidence that the
dominant fate of the alkoxy radical generated from
this ether is also C—C bond scission and that reaction
with O, is a minor channel.

2.3.2. Diethers

2.3.2.1. Rate Constants of OH Reactions. At
room temperature, the reaction rate constants of OH
with dimethoxymethane (CH3;OCH,OCHs;), 1,2-di-
methoxyethane (CH3;OCH,CH,OCHj3), 1,3-dimeth-
oxypropane (CH3;OCH,CH,CH,OCHj3), and 1,4-di-
methoxybutane (CH30O(CH,);OCHj5) are (in 10712 ¢cm?
molecule™ s~ units) 4.9, 27, 51, and 30, respec-
tively.**%3 As discussed by Porter et al.,** the rate
coefficient for the reaction of OH with dimethoxy-
methane at room temperature is somewhat lower
than might be expected on the basis of the reactivity
of the —CH_,— groups in diethyl ether. It seems likely
that the relatively low reactivity of the —CH,— group

Mellouki et al.

in dimethoxymethane, which is a to two oxygen
atoms, is largely related to strengthening of the C—H
bond compared to the a-CH,— group in monoethers.
It is reasonable to assume that the C—H bond
strength in the —CH,— groups in diethers of struc-
ture CH30(CH;),OCHj3 (n = 2—4) is similar to that
in an a-CH,— group in monoethers. The enhance-
ment in the reactivity of the —CH,— groups in CHs-
OCH,CH,OCH3; and CH3;0CH,CH,CH,OCH3; com-
pared to that of the a-CH,— groups in n-alkyl ethers
is suggested to arise largely by activation of the H
atoms by both ether groups as a result of the initial
formation of a hydrogen-bonded adduct, followed by
formation of a cyclic transition state.*® A further
increase in the chain length on going from CH3O-
(CH2)3s0OCH3 to CH30(CH3),OCHj3; would be expected
to increase the reaction rate constant due to the
presence of an additional —CH,— group. However,
the possibility that transfer of a H atom from the
o-CH,— groups may occur by ring formation involv-
ing a hydrogen bond to the other ether group is less
likely as the ring size increases, due to entropy
restrictions, and provides an explanation for why the
rate constant for reaction of OH radicals with
CH30(CHy,),OCHjs is lower than that for reaction with
CH30(CHy,);0CHj5.46

The OH reaction rate constants with linear-chain
diethers (ROCH,0OR) are 5 x 107%?, 20 x 10712, 27 x
107%?, and 37 x 107> cm® molecule * s for R = CHj,
CzHs, n-C3H+, and n-C4Ho, respectively, higher than
those of the corresponding ethers,*44864 which sug-
gests that the n-alkyl groups may be activated by
both ether groups.

2.3.2.2. Mechanisms of the OH-Initiated Oxi-
dation of Diethers. The major products identified
in the OH-initiated oxidation of dimethoxy methane
are methoxy methyl formate (CH3;OCH,OCHO) and
dimethyl carbonate (CH;OC(O)OCHj3).%35% The data
indicate that the reaction proceeds by H-atom ab-
straction from either —CH,— or CHs;— groups to
produce radicals which will react with O, and NO,
leading to the corresponding alkoxy radicals CHs-
OCH(O)OCHj; and CH30CH,0OCH,0. The reported
yields of CH;OCH,OCHO and CH3;O0C(O)OCHj3, ~75%
and ~25%, respectively, indicate that the fate of the
intermediate alkoxy radicals is to react with O,.

The major product formed in the OH-initiated
oxidation of CH3OCH,CH,OCHj3 is CH;OCHO.556¢ A
small yield of methoxyethyl formate has also been
observed by Wenger et al.®® These data indicate that
the reaction of OH with dimethoxyethane proceeds
essentially by H-atom abstraction from a —CHj,—
group (~85%), leading to the oxy radical CH;OCH-
(O)CH,0OCHg; after reaction with O, and NO. The
observation of methyl formate as the main reaction
product suggests that the alkoxy radical decomposes
through C—C bond cleavage. Observation of small
yields of CH3;0CH,CH,OCHO shows that the H-atom
abstraction from —CHyg; is of minor importance.

Dimethyl carbonate was found to be the major
product (~80%) in the OH-initiated oxidation of
trimethoxymethane.®” Upon comparing the reactivity
of OH with the CH3;O— groups in CH3;OCHj, CH3-
OCH,0CHj3, and (CH30),4C, it was suggested that the
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reactivity of an individual CH3;O— group in tri-
methoxymethane is close to the average of the CH3O
reactivity observed in CH3OCH3;, CH3;0CH,0OCH3,
and (CH30),C. Hence, Platz et al.®” estimated that
approximately 80% of the OH reaction with (CH30)s-
CH proceeds via attack on the CH3;0— groups and
concluded that dimethyl carbonate is formed through
the decomposition of the (CH3;0),CHOCH:O radical
by C—0O bond scission:

(CH;0),CHOCH,0 — (CH,0),CHO + HC(O)H
(CH,0),CHO + 0, — CH,0C(0)OCH, + HO,

2.3.3. Cyclic Ethers

2.3.3.1. Rate Constants of OH Reactions. The
rate constants for reaction of OH radicals with the
cyclic ethers, tetrahydrofuran, 1,3-dioxolane, tetrahy-
dropyran, 1,3-dioxane, 1,4-dioxane, and 1,3-diox-
epane are in the range (6—20) x 1072 cm® molecule™?
§71.,44466869 Although cyclic ethers are more reactive
toward OH radicals than the analogous cycloalkanes,
in general, they are less reactive than their linear
analogues, indicating that the long-range activating
effects of the ether group are minimal.“¢ From the
work of Moriarty et al.*¢ on a series of cyclic ethers,
it appears that o-CH,— groups in cyclic ethers show
slightly reduced reactivity compared to those in
linear-chain ethers. The variation in reactivity of the
—CH,— groups, which depends on both ring size and
the number of ether groups in the ring, is probably
largely a consequence of slight differences in C—H
bond strengths. While the —OCH,O— group appears
to have similar reactivity within cyclic and aliphatic
ethers, cyclic systems containing —O(CH,),O— group
(n = 2—4) structural units exhibit much lower
reactivity than the analogous linear-chain com-
pounds. It is proposed that this lower reactivity
results from the difficulty in forming ring-stabilized
transition states in cyclic ethers. The slightly nega-
tive temperature dependencies of the rate constants
for the reaction of OH with cyclic ethers are consis-
tent with facile direct H-atom-transfer reactions
involving OH and reactive hydrocarbons.** The A
factors are also in the range expected for reactions
of this type.

2.3.3.2. Mechanisms of the OH-Initiated Oxi-
dation of Cyclic Ethers. Mechanistic studies have
shown that OH-initiated oxidation of cyclic ethers
under atmospheric conditions leads, in general, to
ring opening with the resultant radicals containing
the formate functional group. The OH-initiated oxi-
dation of 1,4-dioxane, a cyclic diether with four
equivalent a-CH,— groups, in the presence of NOy
has been shown to form ethylene glycol diformate
(HC(O)OCH,CH,OC(O)H) with a vyield close to
unity.’®"* The reaction proceeds by H-atom abstrac-
tion, followed by reaction with O, and NO, to form a
cyclic alkoxy radical which decomposes through C—C
cleavage, leading to the HC(O)OCH,CH,OCH, radi-
cal. Ethylene glycol diformate is formed after suc-
cessive reactions of HC(O)OCH,CH,OCH; with O,
and NO to give the corresponding alkoxy radical,
which reacts with molecular oxygen to generate the
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diformate. In a similar series of reactions, g-formy-
loxypropionaldehyde is formed as the major product
in the oxidation of tetrahydrofuran.’”* Abstraction of
a H atom from an o-CH,— group leads to the
generation of the HC(O)CH,CH,OCH,O via a C-C
bond cleavage ring-opening process. The correspond-
ing diformate, HC(O)CH,CH,C(O)H, is formed by
reaction with O,. Sauer et al.”?> have reported that
the oxidation of 1,3-dioxolane, which contains both
—0OCH,;0— and —OCH,CH,0— groups, leads to eth-
ylene carbonate and methylene glycol diformate (HC-
(O)OCH,0C(O)H) with close to 50% vyields. The
formation of these two products shows that the
primary reaction of OH with 1,3-dioxolane occurs by
H-atom abstraction from both —OCH,O— and —OCH,-
CH,0— groups. The alkoxy radical generated by
abstraction from the —OCH,O— group reacts with O,
to produce the cyclic carbonate, while the alkoxy
radical produced by abstraction from the —OCH,-
CH,0O— group breaks the C—C bond and leads to the
subsequent formation of the diformate. The major
oxidation product detected in the reaction of OH with
1,3-dioxane, a six-membered-ring diether containing
both —OCH,0— and —OCH,CH,CH,O— groups, is
the ester aldehyde HC(O)OCH,OCH,C(O)H.>* It was
proposed that the alkoxy radical generated by H-
atom abstraction from an a-CH,— in the —OCH,CH.-
CH,0O— group ring opens following C—C fission to
give the HC(O)OCH,OCH,CH; radical, which after
consecutive reactions with O, and NO forms the HC-
(O)OCH,0CH,CH,0 alkoxy radical. Reaction of this
radical with O, yields the ester aldehyde observed.
Oxidation of 1,3,5-trioxane, a six-membered cyclic
triether with three —OCH,O— groups, forms methyl
glycol diformate, HC(O)OCH,OC(O)H.5! The cyclic
alkyl radical produced by hydrogen atom abstraction
from a —CH,O— group in the cyclic ether reacts
successively with O, and NO to form the correspond-
ing cyclic alkoxy radical. This alkoxy radical ring
opens by carbon—oxygen bond cleavage to form the
HC(O)OCH,0OCH; radical. Reaction with O, and NO
forms the alkoxy radical HC(O)OCH,OCH-O, which
reacts with O, to produce the final oxidation product.

2.4. Carbonyls
2.4.1. Aldehydes

Aldehydes play a central role in the chemistry of
the troposphere since they are precursors of free
radicals and peroxyacyl nitrates, which may lead to
transport of NO, to remote areas.® The atmospheric
degradation of aldehydes is controlled by photolysis
and by reaction with OH radicals, for which the loss
rates are of comparable magnitude. Photodissociation
guantum yields for linear-chain aldehydes are rela-
tively low compared with those for branched-chain
aldehydes. As a consequence, reaction with OH
radicals is generally the dominant loss process for
linear-chain aldehydes, while for branched-chain
aldehydes photolysis and reaction with OH occur at
similar rates. The reported rate constants for reaction
of NO; radicals with aldehydes show that atmo-
spheric removal by this pathway will be minimal.”3-76
Reaction with Oz for aldehydes that contain no
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carbon—carbon double bond system is also negli-
gible.13

2.4.1.1. Photolysis. There are only a limited
number of direct studies concerning the photolysis
of aldehydes under atmospheric conditions. Absorp-
tion cross-section data are available for a range of
aldehydes;”81140 however, photodissociation quantum
yields have been reported for only a few wavelengths
in the actinic region.” Many of the photolysis rates
for aldehydes used in atmospheric models have been
calculated using the measured UV/visible absorption
cross sections, assuming a photolysis quantum yield
of unity. Hence, if the quantum yields are signifi-
cantly less than unity, the estimated photodissocia-
tion rates will be seriously overestimated. The pho-
tolyses of a series of aldehydes have recently been
investigated at the outdoor European simulation
chamber in Valencia, Spain.”” The results showed
that the effective quantum yields for photodissocia-
tion ranged from around 0.05 for acetaldehyde to 0.28
for propionaldehyde. Further increases in chain
length for the n-alkyl aldehydes up to nonanal
indicated that the quantum yield remained essen-
tially constant at 0.25. The quantum vyields for
dissociation of the branched-chain aldehydes, isobu-
tyraldehyde and 2-methylbutyraldehyde, were shown
to be considerably higher, with values of approxi-
mately 0.7, while that for the 1,2-dialdehyde, glyoxal,
was 0.038. Although the unsaturated aldehydes
methacrolein, acrolein, and trans-crotonaldehyde
possess relatively high absorption cross sections in
the actinic region, their quantum yields of <0.004,
<0.004, and 0.03, respectively, are low. The products
detected from the photolysis experiments carried out
in sunlight showed that the products from acetalde-
hyde, propionaldehyde, and the branched-chain al-
dehydes could be explained in terms of a primary
dissociation step leading to radical formation:

RCHO + hv —R + HCO

The products resulting from photolysis of longer-
chain n-alkyl aldehydes provide evidence for the
importance of the photodissociative molecular chan-
nel, which was found to increase in significance as
the chain length increased:

CH,CH,CH,C(O)H + hv —
CH,=CH, + CH,C(O)H

2.4.1.2. Rate Constants of OH Reactions. Rate
constants for the reaction of OH radicals with linear-
and branched-chain aliphatic aldehydes have been
reported at 298 K.”.787° The rate constants for all the
aldehydes fall in the small range (1-3) x 107! cm?
molecule™ s™1 and increase only to a small extent
with the length of the alkyl group. The facile nature
of the reaction is consistent with the weakness of the
aldehydic C—H bond, which is essentially indepen-
dent of the nature of the substituent group.” The rate
constant for reaction of OH with formaldehyde is
virtually independent of temperature in the region
of atmospheric relevance, while the higher aldehydes
all show a slight negative temperature depend-
ence.>88 |t is unclear from the observed tempera-
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ture dependence of the rate constants whether the
reaction proceeds by direct hydrogen atom abstrac-
tion or addition to the >C=0 double bond system,
or involves the initial formation of a hydrogen-bonded
complex, followed by H-atom abstraction.”®7984 Ab
initio calculations indicate that the reaction channel
involving addition to the carbonyl group has a
significantly higher activation energy than the other
two proposed reaction pathways.83858 VVandemberk
and Peeters®® proposed that a reaction pathway
involving a hydrogen-bonded complex was consistent
with the temperature dependence of the rate con-
stants if the barrier for decomposition of the complex
is higher than that for intramolecular H-atom trans-
fer to form the reaction products.

2.4.1.3. Mechanisms of the OH-Initiated Oxi-
dation of Aldehydes. The available kinetic and
mechanistic data show that the reaction of OH
radicals with aldehydes proceeds predominantly by
overall H-atom abstraction from the —C(O)H group
to form an acyl radical and water:580-83

RC(O)H + OH — RC(0) + H,0

The aldehydic C—H bond is sufficiently weak that
hydrogen atom abstraction from the C—H bonds of
the alkyl chain is of minor importance. For example,
reaction at the CH; group in acetaldehyde represents,
at most, a few percent of the reaction at room
temperature. 88 It is interesting to note that the
reaction of OH with the a-hydroxy aldehyde, glyco-
laldehyde, involves abstraction from both the a-CH,—
(~20%) and the —C(O)H (~80%) groups. Presumably,
the strengths of the C—H bonds in the —C(O)H and
HOCH,— groups are quite similar in this molecule.®”

2.4.2. Ketones

Although ketones absorb quite strongly in the
actinic region, photolysis studies carried out under
atmospheric conditions show that, except for acetone,
degradation by this pathway is minor compared to
removal by OH-initiated oxidation.®*240 Atmospheric
loss of acetone by reaction with OH dominates at low
altitudes, while photolysis is the major degradation
process in the upper troposphere.® Reactions of O3
and NO3 435 with saturated ketones are negligible
under atmospheric conditions.318

2.4.2.1. Rate Constants of OH Reactions. It is
apparent from the kinetic data that a carbonyl group
appears to have little effect on the reactivities of
—CHj3; and —CH,CHj3; groups in ketones, which are
quite similar to their reactivities in alkanes.*® This
result may be expected in terms of bond dissociation
energies since C—H bond strengths in the a position
of ketones are approximately equal to those for the
analogous groups in alkanes.” However, the carbonyl
group is strongly electron withdrawing, and hence
reaction of the electrophilic OH radical with a ketone
at the a position may be expected to be considerably
less facile than that with the corresponding group
in an alkane. It is interesting to note that the rate
constant for the electrophilic reaction of Cl atoms
with acetone is around 4 times smaller than the rate
constant for reaction with ethane.®® Although the
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—CHj; and —CH,CHj3; groups in ketones have reac-
tivities similar to those in alkanes, there is consider-
able enhancement in the reactivity of alkyl groups
containing >3 carbon atoms in carbonyl compounds
compared to their reactivities in alkanes.®°~% In
particular, the reactivity of C—H bonds at the j-car-
bon atom appears to be quite pronounced. The
increase in rate constants with chain length for
linear-chain ketones indicates that the —CH,— group
in the y position is also more reactive than expected,
although there is a reduction in reactivity along the
chain from the - to the y-carbon atoms. Wallington
and Kurylo®! tentatively proposed that this enhanced
reactivity arises from the coordination of the attack-
ing OH radical to the carbonyl group through an
O—0 interaction between the attacking OH radical
and the carbonyl group. Formation of six- and seven-
membered-ring transition states then facilitates H-
atom abstraction from the - and y-carbon atoms,
respectively. Smith and Ravishankara* have ratio-
nalized the enhanced reactivity exhibited by carbonyl
compounds in terms of the initial formation of a
weakly bound hydrogen-bonded adduct between the
OH radical and the carbon group, which leads to
intramolecular H-atom abstraction from sites in the
alkyl group via cyclic transition states. On this basis,
the transition state for reaction of OH with acetone
is stablilized by hydrogen-bonding in the six-mem-
bered transition state, and hence the deactivating
inductive effect of the carbonyl group is offset to some
extent by the stabilizing effect of hydrogen bonding.
As the chain length in the carbonyl compound
increases, the deactivating inductive effect of the
carbonyl group will diminish, while the transition
states for H-atom abstraction at sites quite remote
from the carbonyl group may be stabilized by hydro-
gen bond formation.

A number of theoretical studies on the reaction of
OH radicals with acetone have been reported.®*° The
results indicate that the activation energy for the
reaction channel involving addition of OH to the
carbonyl group is sufficiently high that this reaction
will be insignificant at 298 K. The calculations
provided strong support for the argument that the
reaction of OH with acetone proceeds via formation
of a hydrogen-bonded adduct, followed by intramo-
lecular transfer of a hydrogen atom. Recent investi-
gations on the temperature dependence of the OH
reaction with acetone by Le Calvé et al.,*?> Wollen-
haupt at al.,*® and Gierczak et al.*” indicate that the
reaction shows a strong non-Arrhenius behavior, with
the overall rate constant increasing above 298 K but
becoming essentially constant below 250 K. This
behavior, together with the large primary isotopic
effect observed by Gierczak et al.,®” provides support
for a mechanism involving a H-bonded complex
between acetone and OH. The rate constants for
reaction of OH radicals with 2-butanone, 3-methyl-
2-butanone, and 3-pentanone show little dependence
on temperature, whereas the rate constants for
reaction with 4-methyl-2-pentanone have strongly
negative temperature dependencies.®>% The variation
in the rate constants with temperature exhibited by
ketones appears to be significantly less than that for

Chemical Reviews, 2003, Vol. 103, No. 12 5085

reaction with the analogous alkanes, which provides
support for the suggestion that the reactions proceed
through different mechanisms.

2.4.2.2. Mechanisms of the OH-Initiated Oxi-
dation of Ketones. It has generally been assumed
that the reaction of OH radicals with acetone leads
to the formation of the CH;C(O)CH;, radical following
H-atom abstraction:

CH,C(O)CH, + OH — H,0 + CH,C(0)CH,

Recently, Wollenhaupt and Crowley® and Vasvari
et al.®® reported indirect experimental evidence which
indicated that OH addition to the carbonyl group,
followed by methyl radical elimination at 298 K,
could be an important channel to generate acetic
acid:

CH,C(O)CH, + OH — CH,C(OH)OCH, —
CH,COOH + CH,

However, Talukdar et al.®® have provided compel-
ling evidence that the reaction of OH with CH3C(O)-
CH; occurs through a hydrogen-bonded complex that
leads almost exclusively to CH3;C(O)CH,; and H-0,
independent of temperature between 242 and 350 K.
The channel leading to acetic acid has been shown
to be negligible at temperatures of atmospheric
interest (less than 1% between 237 and 353 K).80:94.99
In the atmosphere, H-atom abstraction is followed
by reaction with O, and NO, leading to the acetonoxy
radical, CH;C(O)CH0, which predominantly decom-
poses to CH3;C(O) and CH0, even at low tempera-
ture.’® The available kinetic data for the reaction of
OH with ketones suggest that the reactions proceed
by H-atom abstraction from the alkyl chain. For
2-butanone, the major oxidation products in the
presence of NOy are acetaldehyde and 2,3-butadione,
indicating that the H-atom abstraction from the
o-CH;,— dominates and that the CH3;C(O)CH(CH3)O
alkoxy radical generated decomposes by C—C bond
fission and by reaction with 0,.191719 The oxidation
of methyl isobutyl ketone in the presence of NOy has
been found to lead mainly to acetone, which shows
that the reaction occurs predominantly through
abstraction from the p-CH< group and that the
CH3C(O)CH,C(CHj5),0 alkoxy radicals decompose by
C—C bond cleavage.®?191 Atkinson and Aschmann%
have investigated the products observed in the OH-
initiated oxidation of 4-methyl-2-pentanone and 2,6-
dimethyl-4-heptanone and showed that isomerization
of the alkoxy radicals generated in these systems is
important. Isomerization rates of the alkoxy radicals
formed from the ketones were found to depend
markedly on whether the H atom abstracted in the
isomerization process is on a carbon atom o or  to
the carbonyl group, with H-atom abstraction from
C—H bonds on the g-carbon atom being significantly
faster than that from C—H bonds on the a-carbon
atom.103

2.4.3. Esters

As for most saturated organic compounds, reaction
with OH radicals is the main atmospheric degrada-
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tion process for esters. Photolysis and reaction with
other oxidants, such as Oz and NO; radicals, are
expected to be of minor importance.®*®

2.4.3.1. Rate Constants of OH Reactions. The
available rate constant data show that the increase
in reactivity of an alkyl ester as the chain length of
the alkyl group RC(O)O— increases from methyl to
n-butyl is considerably smaller than the increase in
reactivity of the n-alkyl formates, acetates, propi-
onates, and butyrates as the chain length of the
alkoxy group (—OR') increases.1%4-1% These results
show that the OH radical reaction with esters mainly
involves the alkoxy group.3194-1% The rate constants
for reaction of OH with esters indicate that the
alkoxy groups in these compounds are slightly more
reactive than the corresponding n-alkyl group in
alkanes; however, they are less reactive than in
ethers. The significant reduction in the reactivity of
the alkoxy group in esters compared to that in ethers
is presumably a result of the deactivating inductive
effect of the carbonyl on the alkoxy group. It is
interesting to note that the rate constants for reaction
of OH with alkyl formates are lower than those for
the analogous acetates. It is suggested that replace-
ment of the electron-donating methyl group in the
acetates by a hydrogen atom leads to an increase in
the deactivating effect of the carbonyl group. The
increase in the rate constants with chain length of
the alkoxy group in esters shows that —CH,— groups
in the g position, and to a slight extent in the y
position, have higher reactivities than in unsubsti-
tuted alkanes. Thus, as has been discussed previously
for the reaction of OH with alcohols, ethers, and
ketones, the activating effect of the ester functional
group appears to extend over several carbon atoms.
This observation provides some support for the
occurrence of an indirect H-atom-transfer mechanism
involving the initial formation of a hydrogen-bonded
adduct between the OH radical and the esters.
Measurements of the variation of the rate constants
with temperature for reaction of OH with esters are
somewhat limited; however, the available data sug-
gest that the rate constants of the reactions have only
a small temperature dependence, which may indicate
an alternative pathway to direct H-atom abstraction.

2.4.3.2. Mechanisms of OH-Initiated Oxidation
of Esters. Mechanistic studies are available for the
oxidation of a number of esters: methyl,107~109 eth-
y|,108110.111 n_npropy]| 108111112 jsopropyl, 110112113 jsoby-
tyl,’8 n-butyl,’** and tert-butyl'®1® acetates and
methyl and ethyl formates.'%® Christensen et al.1%’
have investigated the Cl-atom-initiated oxidation of
methyl acetate in the presence of NO,. The major
products reported were acetic acid and acetic formic
anhydride. Hydrogen-atom abstraction occurs mainly
from the —OCH; group, leading to the CH3;C(O)OCH,
radical, which generates the CH3;C(O)OCH,0 alkoxy
radical. This radical then undergoes a unimolecular
o-ester rearrangement via a five-membered-ring
transition state or reacts with O:

CH,C(0)OCH,0 — CH,C(O)OH + HCO
CH,C(0)CH,0 + 0, — CH,C(O)OC(O)H + HO,

Mellouki et al.

It was found that the importance of the o-ester
rearrangement channel relative to that of the bio-
molecular reaction with O, depends on the reaction
pathway by which the alkoxy radical has been
generated from the peroxy radical. Formation of
CH3C(O)OCH.0 by reaction of CH3C(O)OCH,0, with
NO is considerably exothermic, whereas production
by the self-reaction of peroxy radicals is close to
thermoneutral. The data show that the relative yield
of CH3;C(O)OH was significantly higher when the
alkoxy radical was generated by reaction with NO.
The results were rationalized in terms of formation
of vibrationally excited CH3;C(O)OCH,O radicals in
the reaction of CH3C(O)OCH,0, with NO which
possess sufficient internal energy to overcome the
barrier for a-ester rearrangement. Some fraction of
the excited alkoxy radicals undergo prompt a-ester
rearrangement, while the remainder are thermalized
by collision. The thermalized alkoxy radicals can
decay either by reaction with O, or via a-ester
rearrangement.'%” It was suggested that the OH-
initiated oxidation of methyl acetate would lead to
the same products, and Christensen et al.’%” have
calculated that, under atmospheric conditions, the
yields of acetic acid and acetic formic anhydride will
be about 65% and 35%, respectively. Acetic acid
(>70%) has been shown to be the major oxidation
product formed from the reaction of OH with ethyl
acetate in the presence of NO.119111 This observation
is consistent with a-ester rearrangement of the
alkoxy radical CH3;C(O)OCH(CH3)O produced in the
system after H-abstraction from the —OCH,— group.
The major products observed in the OH-initiated
oxidation of n-propyl acetate were acetaldehyde and
propanaldehyde,*'1'12 which suggests that the CH;C-
(O)OCH(CH,CH3)0 alkoxy radical formed following
H-atom abstraction at the a-CH; group decomposes
by both C—0O and C—C bond cleavage. In addition,
Picquet-Varrault et al.*'* have reported the formation
of acetic acid and peroxypropionyl nitrate, which
indicates that a-ester rearrangement of the alkoxy
radical CH3;C(O)OCH(CH,CH3)O may also occur. In
their mechanistic study of the OH-initiated oxidation
of n-butyl acetate (CH3C(O)OC4Hy), Veillerot et al.*'4
identified the two products, 2-oxobutyl acetate
(CH3C(O)OCH,C(O)CH,CHg3) and 3-oxobutyl acetate
(CH3C(0O)OCH,CH,C(0O)CH3), which arise by H-atom
abstraction from - and y-CH,— groups in the OC4Hg
chain, respectively. However, each of these products
accounts for only about 15% of the overall reaction,
which indicates that the reaction probably occurs
mainly by abstraction from the a-CH,— group, lead-
ing to the formation of acetic butionic anhydride and
acetic acid.

Oxidation of the branched-chain isopropyl, isobutyl,
and tert-butyl acetates has been the subject of a
number of studies.}10112113 The main products ob-
served in the OH-initiated oxidation are acetic an-
hydride (~70%) and acetone (~25%) from isopropyl
acetate; acetone (~78%), formic acetic anhydride
(~50%), acetoxyacetaldehyde (~18%), and acetic acid
(~8%) from isobutyl acetate; and acetic anhydride
(~50%) and acetone (~25%) from tert-butyl ac-
etate.”>113 These product studies clearly show that
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H-atom abstraction from the CH3;C(O)O— group in
these acetates is of minor importance and that
abstraction occurs mainly from the alkoxy groups in
the esters. Abstraction of the hydrogen atom from the
o >CH— group in isopropyl acetate leads to the
production of the CH3C(O)OC(CHz3),0 radical, which
undergoes both C—C and C—0O bond fission to give
acetic anhydride and acetone, respectively. Reaction
of OH with isobutyl acetate can occur at both the
o-CH;— and g >CH— groups to generate the alkoxy
radicals CH3C(O)OCH(CH(CH3),)O and CH3C(O)-
OCH,C(CHj3),0, respectively. The CH3C(O)OCH(CH-
(CH53)2)O radical decomposes by C—C bond fission to
give acetic formic anhydride and the (CH3),CH radi-
cal, which provides a source of acetone in the system.
Carbon—carbon cleavage of the CH3;C(O)OCH,C-
(CH3),0 radical leads to the formation of acetone and
the CH3C(O)OCH; radical, which produces the CH5C-
(O)OCH,0 alkoxy radical, which is a source of acetic
acid and acetic formic anhydride. The production of
acetoxyacetaldehyde from the OH-initiated oxidation
of isobutyl acetate could arise by H-atom abstraction
from a y-CHj3 group, generating the alkoxy radical
CH3C(O)OCH,CH(CH3)CH,0, which following elimi-
nation of HC(O)H generates the CH3;C(O)OCH,CH-
(CH3)O radical in subsequent reactions. This radical
decomposes by carbon—carbon bond-breaking to form
acetoxyacetaldehyde. tert-Butyl acetate reacts with
the OH radical by abstraction of a hydrogen atom
from the tert-butyl group, leading to production of the
alkoxy radical CH3;C(O)OC(CHg3),CH0. Loss of form-
aldehyde gives the CH3;C(O)OC(CH5), radical, which,
as previously outlined for the oxidation of isopropyl
acetate, generates acetic anhydride and acetone.

The Cl-atom-initiated oxidation of methyl%081%° and
ethyl'%® formates has been reported. Observation of
formic acid in these systems indicates that the alkoxy
radicals HC(O)OCH,O and HC(O)OCH(CH3)O de-
compose by an a-ester rearrangement to give formic
acid, as well as by reaction with O, to form an acid
anhydride. As outlined previously for the oxidation
of methyl acetate, when the alkoxy radical is gener-
ated by reaction of the peroxy radical with NO, the
energy-rich alkoxy radical undergoes a-rearrange-
ment rather than reaction with O,. Thus, Wallington
et al.1® found that the yield of HC(O)OH compared
to that of HC(O)C(O)H was higher when the oxida-
tion of methyl formate was carried out in the pres-
ence of NO than when the oxidation took place in the
absence of NO when this alkoxy radical was gener-
ated from self-reaction of the peroxy radical. Evidence
was also provided that H-atom abstraction from the
HC(O)O— group was also an important reaction
channel.

2.5. Unsaturated Oxygenates

The atmospheric degradation of the unsaturated
oxygenates is controlled mainly by chemical reaction
with OH and NOj; radicals and O3, while photolysis
plays a negligible role. 1516115122

2.5.1. OH Reaction with Unsaturated Oxygenates

The available rate constant data at room temper-
ature for the reaction of OH with unsaturated
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alcohols having the CH,=CHROH structure, such
as CH,=CHCH,OH, CH,=CHCH,CH,0H, CH,=
CHCH(OH)CH3, (CH3)2C(OH)CH:CH2, and CH,=
CHCH(OH)CH,CHgs, are similar (kon ~ (5.5 + 1.5)
x 1071 cm® molecule™ s71).117:119 The rate constant
of the OH reaction with CH;CH,CH=CHCH,OH has
been found to be higher (koy ~ 10.6 x 107 cm?
molecule™® s71).1%° These rate constant values are
around 2 times higher than those for the correspond-
ing alkenes, which indicates that the substituents
“ROH” activate the C=C bond.*7:11°

Mechanistic studies have shown that these reac-
tions proceed mainly by addition of the OH radical
to the carbon atoms of the >C=C < double bond and
that H-atom abstraction from the “ROH” groups is
negligible.*711° It has also been suggested that the
OH addition occurs mainly to the side of the C=C
double bond adjacent to the hydroxyl group.tt®

The OH reaction rate constants with vinyl ethers
(ROCH=CHy,) increase with the alkyl chain length
from methyl to propyl vinyl (kon =~ 4.5-, 6.8-, and 10
x 1071 ¢cm® molecule™® s71 for methyl, ethyl, and
propyl vinyl ether).1?1123124 The higher vinyl ethers
seem to show a reactivity toward OH radicals similar
to that of propyl vinyl ether.*?* The rate constant
values for vinyl ethers are a factor 2—3 higher than
those for the corresponding alkenes, indicating an
activating effect of the RO— group for the addition
of OH radicals to the >C=C< double bond. Product
studies confirm that the reactions proceed mainly by
OH addition to the double bound. The OH initial
reaction with vinyl ethers (ROCH=CH,) in air leads
essentially to the corresponding formate (ROC(O)H)
and formaldehyde (H,CO).

The OH reaction rate constants with unsaturated
aldehydes are higher than the corresponding satu-
rated ones (koy ~ 2-, 2.8-, and 3.3 x 107! cm?3
molecule™! s* for acrolein (CH,=CHCHO), methac-
rolein (CH,=C(CH3)CHO), and trans-crotonaldehyde
(CH3CH,=CHCHO), respectively).?%122 From their
product studies, Orlando and Tyndall reported that
the rate constants of the reactions involving H-atom
abstraction from the carbonyl group of these three
unsaturated aldehydes are very similar, and are
quite similar to the rate constant for the reaction of
OH with acetaldehyde.*?> They have also concluded
that the rate constant for OH addition to acrolein
(around 6 x 1072 cm® molecule s™1) is lower than
that for the addition of OH to methyl-substituted
alkenes (about 1.6 x 107! cm® molecule™! s71), which
was attributed to the enhancement of the reactivity
of the >C=C< double bound due to the presence of
the methyl group.?5-127 As expected, the presence of
the adjacent carbonyl group (>C=0) lowers the
contribution of the addition channel to the overall
rate constants compared to that of the corresponding
alkenes propene, 2-methylpropene, and 2-butene. It
has been speculated that, for acrolein and methac-
rolein, about 80% of the addition reaction occurs at
the p-carbon, while for trans-crotonaldehyde about
40% of the addition occurs on the a-carbon (adjacent
to the carbonyl group).'?®

The OH-intiated oxidation of acrolein, methac-
rolein, and trans-crotonaldehye in air in the presence
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of NOy may also lead to the formation of PAN-type
species (CH,=CHCOO,;NO,, CH,=C(CH3)COO;NO,,
and CH3CH=CHCOO,NO,, respectively).1?2125-127

Unsaturated esters such as allyl acetate (CH3C(O)-
OCH,CH=CHy,), isopropenyl acetate (CH3;C(O)OC-
(CH2)=CHy,), penten-1-yl acetate (CH3;C(O)O(CHy)s-
CH=CH,), and cis-3-hexenyl acetate (CH3;C(O)O-
(CH,),CH=CHCH,CH3) are much more reactive to-
ward OH than their saturated analogues (koy = 2.7-,
7-, 4.3-, and 7.8 x 107 cm® molecule™* s, respec-
tively),118128.129 and their rate coefficients are close
to those of the corresponding alkenes.*! This indicates
that the reactions of OH with unsaturated acetates
proceed essentially by OH addition to the >C=C<
bond.

2.5.2. O3 Reaction with Unsaturated Oxygenates

While unsaturated ethers react faster with ozone
than their alkene structural homologues (Kaikene/Kether
<5 x 107?),%?% the reverse is observed for unsaturated
carbonyls and unsaturated esters (Kaikene/Kcarbonyt <
2).%® The reactivity of unsaturated alcohols is about
the same as that of the corresponding alkenes.
Grosjean et al.'*~'6 have discussed the reactivity of
O3 with unsaturated oxygenates as functions of the
nature, number, and position of the oxygen-contain-
ing substituents —CHO, —C(O)R, —C(O)OR, and
—OC(O)R. The reaction of O3 with unsaturated
compounds proceeds by electrophilic addition to the
>C=C< double bond. It is expected that the reactiv-
ity of ozone with unsaturated oxygenates reflects the
electronic density at the >C=C< double bond and
depends on the nature and number of substituents
as well as on the position of the oxygen-containing
group relative to carbon—carbon double bond.*®

The lower reactivity of unsaturated carbonyls
compared to that of alkenes is consistent with the
electron-withdrawing effect of the —CHO and —C(O)R
groups, a,-unsaturated ketones being more reactive
than the corresponding aldehydes.'® For esters, the
electron-withdrawing effect of the —C(O)R is stronger
than that of the —OC(O)R group. This electron-
withdrawing effect is lowered when the carbonyl
groups are separated by more than two —CH,—
groups from the >C=C < double bond.'® The existing
data indicate that, as for alkenes, reactivity of ozone
with unsaturated oxygenates increases with the
degree of substitution.'® In the case of unsaturated
ethers, the ether group enhances the reactivity of the
>C=C< double bond toward ozone compared to the
alkenes.

Product studies have led Grosjean and Grosjean'516
to suggest a general mechanism for the reaction of
ozone with oxygenated compounds:

0, + R;R,C=CR;X — a(R,COR, + R,C(X)00) +
(1 — o)(R,COX + R,C(R,)00)

where Ry, R;, and Rz = H or alkyl, X is the oxygen-
containing substituent, R;COR; and R3COX are the
primary products, R3C(X)O0 and R;C(R,)OO0 are the
carbonyl oxide biradicals, and a depends on the
number and the nature of the alkyl and oxygen-

Mellouki et al.

containing substituents.® The fate of the carbonyl
oxide biradicals R;C(X)OO and R;C(R,)O0 depends
also on the nature of the substituents: they may
rearrange or form hydroperoxides or organic aerosols.
The production of OH radicals from the ozonolysis
of unsaturated oxygenates has been reported for a
number of compounds.16:128

2.5.3. NO3 Reaction with Unsaturated Oxygenates

The reaction of NO3 with unsaturated carbonyls
proceeds by addition to the >C=C< double bond (and
by H-atom abstraction from the —CHO group for
unsaturated aldehydes). Comparison of the measured
rate constants shows that, similar to the reaction
with Og, the presence of the carbonyl group decreases
the reactivity of NO; toward the >C=C< double bond
(Kno, & 1 x 10715 for acrolein, 4 x 1071 for methac-
rolein, and <1 x 1071¢ for methyl vinyl ketone, in
cm?® molecule™! st units).130131 Both steric and induc-
tive effects influence the reactivity of NO; with
unsaturated alcohols, as was suggested for 2-methyl-
3-butene-2-ol, the latter being slightly less reactive
than 1-butene.'*°

The reaction of NO3; with unsaturated oxygenates
proceeds by addition to either one of the carbon atoms
of the >C=C< double bond, preferentially leading to
the most substituted radical. In the presence of NOy,
the reaction may ultimately lead to organic nitrates
among the first-generation products.

3. Structure—Activity Relationships
3.1. Kinetics

Atkinson and co-workers337:132 have developed a
structure—activity relationship (SAR) which allows
calculation of rate constants for hydrogen-atom ab-
straction in the gas phase from C—H bonds in organic
compounds. The method is based on the estimation
of —CHj;, —CH,—, and —CH < group rate constants,
assuming that the group rate constants depend on
the identity of a-substituent groups. Agreement
between experimental and calculated values for the
rate constants is in general good, although in some
cases the effect of 5-substituents must be taken into
account to improve the accuracy of the predicted rate
constants.

The products arising from the reaction of hydroxyl
radicals with saturated oxygen-containing com-
pounds are consistent with hydrogen-atom abstrac-
tion from the reactants.®>®> The available rate
coefficient data for reaction with alcohols,?22.133
ethersy22,133fl35 ketones,90792,136 and ester3105,106,137,l38
clearly indicate that the oxygenated functional groups
have long-range activating effects with respect to
H-atom abstraction at sites remote from the sub-
stituent group. It is hence not surprising that agree-
ment between experimental rate data and values
calculated using the SAR method for reactions of OH
with compounds containing oxygenated functional
groups is in general rather poor. In particular, the
estimated rate constants for polyfunctionalized com-
pounds show significant deviations from the experi-
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Table 1. Reactivity of n-Alkyl Groups (R) in Alkanes, Alcohols, Ethers, Ketones, and Acetates at 298 K (in 10712

cm? molecule™ s7! Units)

R group R—Ra HO—Rb¢ RO—R¢ CH3C(0)—R® CH3sC(0)O—R¢ R—C(O)OCH; 9
CHs 0.12 0.79° 1.4 0.10 0.22 0.10
CyHs 1.2 3.1° 6.8 1.1° 1.57 0.61
n-CsHy 2.7 5.50 10.9 4.8° 3.32 3.08
n-C4Hg 4.4 8.1b 13.5 9.0° 5.42 4.61
n-CsHi1 5.6 11.1¢ 17.3 8.8f 7.24 6.93
n-C6H13 6.9 12.6¢

n-C7H15 9.0 13.7¢

n-CgHi7 11.5 14 .4¢

a From OH rate coefficient data for alkanes, kon(R) = 0.5kon(R—R).**  From Atkinson et al.” ¢ From Atkinson.> ¢ From OH
rate coefficient data for ethers, konu(R) = 0.5kon(R—O—R).#2*3 ¢ From OH rate coefficient data for ketones, kon(R) = kon(CH3C(O)R)
— 0.5kon(CH3C(0O)CH3).>” f From Wallington et al.1® ¢ From OH rate coefficient data for esters, kon(R) = Kon(RC(O)OCH3) —
k(CH3), where k(CH3) = 2.2 x 1072 ¢cm® molecule™ s71,37 and kon(R) = kon(CH3C(O)OR) — k '(CH3), where k '(CH3) = 1 x 10718
cm?® molecule™ s71.138 Data for esters are taken from EIl Boudali et al.'% and Le Calvé et al.106:138.159
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Figure 2. Plot of the rate constants for reaction of OH
radicals with n-alkyl groups versus the number of —CH,—
groups in the alkyl chain for alkanes, alcohols, ethers,
ketones, and esters.

mental values. Reported rate constants for the reac-
tions of OH radicals with aldehydes are virtually
independent of the nature of the alkyl group, sug-
gesting that these reactions proceed almost entirely
by H-atom abstraction from the aldehyde group.®
The data in Table 1 give the n-alkyl group rate
coefficients derived from the literature for the reac-
tions of OH radicals with linear-chain alkyl groups
in alkanes, alcohols, ethers, ketones, and acetates.
Plots of rate coefficients as a function of the number
of —CH,— groups in the n-alkyl chain are shown in
Figure 2. If it is assumed that electronic influences
of the functional groups are largely restricted to
H-atom abstraction from the o-carbon atom, it would
be expected that, as the chain length increases, the
reactivity of additional —CH,— groups would be
virtually the same as that found in unsubstituted
alkanes. The plots shown in Figure 2 for each series
of compounds show distinct curvature up to around
four —CH,— groups, with a gradual reduction in the
reactivities of the —CH,— groups as the n-alkyl chain
length increases. Hence, the activating effect of the
oxygenated functional groups appears to extend over

about three carbon atoms, after which the plots
become linear when the —CH,— groups show the
same level of reactivity as in n-alkanes.

The long-range activating effect of oxygenated
functional groups cannot be explained in terms of
bond energy or inductive effects alone and indicates
an alternative pathway to the direct concerted hy-
drogen abstraction process observed for alkanes.
Smith and Ravishankara*® have recently discussed
reactions of OH radicals with oxygenated organic
compounds in terms of the formation of hydrogen-
bonded complexes. These authors concluded that
formation of such complexes can significantly influ-
ence the dynamics of the reaction by affecting the
potential energy surface near the transition state.
Formation of a hydrogen-bonded complex results in
a lower activation energy for reaction compared to
the direct H-atom abstraction pathway and provides
an explanation for the unusual temperature depen-
dence observed for the rate constants of OH reactions
with oxygenated compounds.#2:4347.9296,104 Thegretical
calculations on the possible energy profiles for the
reaction of OH with acetone provide support for the
involvement of a H-bonded complex in the initial
stages of abstraction of a H atom from acetone by
OH 869495 Although Smith and Ravishankara® lim-
ited their discussion on the role of hydrogen-bonded
intermediates in the reaction of OH with oxygenated
compounds to carboxylic acids, aldehydes, and ke-
tones, it is suggested that the reactivity of aliphatic
alcohols, ethers, and esters with OH radicals can also
be rationalized in a similar manner. In all cases, the
initial step in the reaction involves the formation of
a complex in which a hydrogen bond exists between
the H atom of the attacking OH radical and the O
atom of the oxygenated substrate. A second hydrogen
bond is then formed in the complex between the O
atom of the OH radical and a H atom in the
hydrocarbon chain, resulting in intermolecular H-
atom transfer via a cyclic transition state. For
example, the reaction of OH with alcohols and ethers
involves the hydrogen-bonded complex forming a five-
membered-ring system for abstraction of a H atom
from the o-carbon atom, while abstraction of a H
atom from the f3- or y-carbon atom involves six- and
seven-membered-ring structures, respectively. As the
ring size increases beyond six, ring strain is unlikely
to increase significantly; however, entropy for ring
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Table 2. CHy (x = 1, 2, or 3) Group Rate Constants (in
10712 cm?® molecule™ s Units) for the Reaction of OH
Radicals with Alkyl Alcohols at 298 K

Mellouki et al.

Table 4. CHy (x = 1, 2, or 3) Group Rate Constants (in
1072 cm?® molecule™* s Units) for the Reaction of OH
Radicals with Alkyl Ketones at 298 K

CHy group «a position [ position y position =0 position

CHx group o position fj position y position =0 position

—CH3s 0.792 0.36° 0.25°¢ 0.12d
—CH>— 2.9 2.2f 1.6¢ 1.2d
>CH- 4.29 6.4" 4.3° 2.9d

a From k(OH + CH30H)” — k(—OH), where k(—OH) = 0.14
x 10712 cm?® molecule= s71.737 b From Y/3[k(OH + (CH3)3COH)*
— k(=OH)] and k(OH + CH3CH,OH).” ¢ Assuming a monotonic
decrease in the value of k(—CH,) on going from the - to the
o-carbon atom. ¢ Assuming k(6-CHjy) has the same value as in
an alkane.®” ¢ From k(OH + CH3CH,OH).” fFrom k(OH +
CH3CH,CH,0OH)” — [k(—OH) + k(a-CHz—) + k(y-CHg)]. ¢ From
k(OH + (CHS3),CHOH)” — [k(—OH) + 2k(3-CHa)]. " From k(OH
+ (CH3),CHCH,0H)*% — [k(—OH) + k(a-CH>—) + 2k(y-CHs3)].

Table 3. CHy (x = 1, 2, or 3) Group Rate Constants (in
10712 cm?® molecule™ s~ Units) for the Reaction of OH
Radicals with Alkyl Ethers at 298 K

CHy group o position [ position y position =0 position

—CH3s 1.42 0.6° 0.39° 0.12d
—CHy— 6.2¢ 4.3 2.9¢ 1.2d
>CH- 3.99 6.5" 4.7° 2.9d

a From Y/,[k(OH + CH3OCHj3)].” ° From Y/3[k(OH + CH3;0C-
(CH3)3)*" — k(o-CHg3)]. ¢ Assuming a monotonic decrease in the
value of k(CHy) on going from the - to the d-carbon atom.
d Assuming k(0-CHy) has the same value as in an alkane.’’
¢ From {[k(OH + CHsCH,OCH,CHa3)]/2}4 — k(8-CHs). f From
{[k(OH + CH3CH,CH,OCH,CH,CH3)1/2}* — [k(a-CHy—) +
k(y-CHa)]. 9 From {[K(OH + (CHs),CHOCH(CHs3),)]/2}4® — 2k(5-
CHjs). " From {[k(OH + (CH3),CHCH,OCH,CH(CH3),)]/2}* —
[k(a-CH2—) + 2k(y-CHj3)].

formation in the complex will be less favorable.
Hence, as abstraction takes place at sites increasingly
remote from the alcohol or ether group in the OH—
alcohol or OH—ether adduct, the probability of H-
atom transfer will become progressively smaller. In
contrast to H-atom abstraction from an a-carbon in
alcohols or ethers, where intramolecular H-atom
transfer in the hydrogen-bonded adduct involves a
strained five-membered-ring, abstraction from the
a-carbon atom in ketones or in the alkoxy group in
an ester involves the formation of six- and seven-
membered cyclic transition states, respectively.
From the available rate constant data at 298 K for
the reactions of OH radicals with alcohols, ethers,
ketones, and esters, it is possible to derive group rate
constants for each CHy (x = 1, 2, or 3) group in these
compounds as a function of their position in the alkyl
group chain relative to the functional group. Consid-
eration of the reported rate constants for the reac-
tions of OH with ethers, ketones, and esters suggests
that the reactivities of the groups on either side of
the ether and carbonyl groups are reasonably inde-
pendent and additive.*® This approximation has been
employed to estimate the group rate constants for
H-atom abstraction from o and f sites in oxygenated
compounds, given in Tables 2—5. These group rate
constants clearly demonstrate that oxygenated func-
tional groups activate both a and g sites in the
molecules. In principle, it is possible to calculate
group rate constants from the available kinetic data
base for reactivities at y and ¢ sites in oxygenated
compounds. However, the absolute values of the

—CH3s 0.102 0.37° 0.27¢ 0.12d
—CHz— 0.7¢ 3.5f 2.4¢ 1.24
>CH- 2.09 12.7" 7.8° 2.9d

aFrom Y,k(OH + CH3C(O)CH3).” ®From Y/3[k(OH +
CH3C(0O)C(CH3)3)°* — k(a-CH3)]. ¢ Assuming a monotonic de-
crease in the value of k(—CHy) on going from the - to the
o-carbon atom. ¢ Assuming k(5-CHy) has the same value as in
an alkane.®” ¢ From k(OH + CH3C(O)CH,CH3)” — [k(o-CH3)
+ k(ﬁ-CH;;)] fFrom k(OH + CH3C(O)CH2CH20H3)91 - [k((l-
CHj3) + k(a-CH2—) + k(y-CHa)]. ¢ From k(OH + CH3C(O)CH-
(CH3),)?? — [k(a-CHg) + 2k(8-CH3)]. " From k(OH + CH3C(O)-
CH,CH(CHj3),)°%%? — [k(a-CH3) + k(a-CHz—) + 2k(y-CH3)].

Table 5. CHx (x = 1, 2, or 3) Group Rate Constants (in
1072 cm?® molecule™ s Units) for the Reaction of OH
Radicals with Alkyl Esters at 298 K

CHy group o position [ position y position ¢ position
CHy in the Acyl Group

—CHjs 0.102 0.37° 0.27¢ 0.12d

—CH,— 0.34¢ 2.5f 1.9¢ 1.2d

>CH-— 2.19 2.9¢
CHy in the Alkoxy Group

—CHs 0.22h 0.17 0.17¢ 0.124

—CH,— 1.4 1.9% 1.6° 1.2d

>CH- 3.3 4.5m 3.7¢ 2.9d

aFrom Y,k(OH + CH3C(O)CH3).” ®From 3[k(OH +
(CH3)3CC(0)CHS3)%t — k(—C(O)OCHs3)], where k(—C(O)OCH5)
= Kk(OH + CH3C(O)OCH3)5 — k(—C(O)CHj3). ¢ Assuming a
monotonic decrease in the value of k(—CHy) on going from the
B- to the 6-carbon atom. ¢ Assuming k(6-CHy) has the same
value as in an alkane.®” ¢From k(OH + CH3CH,C(O)-
OCHjg)104159 — [k(—C(O)OCH3) + k(B-CH3)]. f From k(OH +
CH3CH,CH,C(O)OCHj3)1041% — [k(—C(O)OCHj3) + k(a-CH,—)
+ k(y-CHg)]. ¢ From k(OH + (CH3),CHC(O)OCH(CH3),)*®* —
[k(—C(O)OCH(CHsa),) + 2k(8-CHa)]. " From k(OH + CH3;OC(O)-
CH3)'% — k(—C(O)CH3;), where k(—C(O)CH3) = ,k(OH +
CH3C(O)CH3)7 " From 1/3[k(OH + (CH3)3COC(O)CH3)138 -
k(—C(O)CH3)]. 1 From k(OH + CH3;CH,OC(O)CHg)?% —
[k(—=C(O)CHj3) + k(B-CHa)]. ¥ From k(OH + CH3;CH,CH,OC(O)-
CH3)1% — [k(—C(O)CHj3 + k(o-CH2—) + k(y-CH3)]. ' From k(OH
+ (CH3),CHOC(O)CH3)'* — [k(—C(O)CHs) + 2k(5-CHs)]. ™ From
k(OH + (CH3),CHCH,0C(O)CHj3)'3%® — [k(—C(O)CH3) + k(a-
CH,—) + 2k(y-CHa)].

derived group rate constants at the y- and J-carbon
atoms are subject to considerable error since they are
calculated from a series of subtractions of several
measured rate constants, which are subject to ex-
perimental error. It is suggested that the activating
effect of the oxygenated functional group at y and 6
sites is probably best estimated by assuming that
there is a monotonic decrease in group rate constants
on going from the g to the ¢ position, where the ¢
group is expected to have the same reactivity as that
shown by the group in an unsubstituted alkane. This
approximation can be justified from the data given
in Figure 2, which clearly shows that the activating
effect of an oxygenated functional group extends at
least to the y-carbon atom. The estimated CHy group
rate constants given in Tables 2—5 are of use in
predicting the possible sites of attack in the reactions
of OH radicals with acyclic alcohols, ethers, ketones,
and esters, and hence the likely product distribution
yields in the reactions. It also seems reasonable to
assume that the alkyl group chains in aldehydes,
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esters, and carboxylic acids will have approximately
similar group reactivities as for the same groups in
ketones. The calculated group rate constant data
given in Table 5 for the CH, groups in the alkyl chain
of esters (RC(O)—) provide support for this argument.
Although it is probable that the reaction of OH
radicals with cyclic alcohols, ethers, ketones, and
esters involves the initial formation of a hydrogen-
bonded complex, intramolecular H-atom transfer via
cyclic transition states is unlikely on steric grounds,
and enhancement of reactivity at sites remote from
the functional group is not observed experi-
mentally.4446:68-70.72133.136 Thys, apart from abstrac-
tion at the a-carbon atom, where the reactivity is
expected to be similar to that found in a linear
molecule, the remaining sites exhibit approximately
the same level of reactivity as those observed in
unsubstituted alkanes.

Rate constant data are available for the reactions
of OH radicals with a limited number of difunction-
alized oxygenated compounds, in which the two
functional groups are separated by one or two —CH,—
groups. The rate constants reported for reaction with
dimethoxymethane, CH30OCH,OCHj3,*46% and 2,4-pen-
tanedione, CH3C(O)CH,C(O)CHjs,*% indicate that the
—CH,— groups in these compounds have reactivities
fairly similar to those shown by a-CH,— groups in
monoethers and ketones. Hence, it appears that the
activating effect of the two functional groups is not
additive. It has been suggested that the lower-than-
expected reactivity of the —CH,— bridging group is
largely related to strengthening of the C—H bond in
the —CH,— bridging group compared to their strength
in a-CH,— groups in ethers or ketones.*¢'4° |n a
similar manner, the reactivities of the —CH,— group
in hydroxyacetone,*! methoxyacetone!*! and meth-
oxymethyl acetate!®® are little changed from those
found in the parent alcohol, ether, and ester com-
pounds. In contrast, the rate constants determined
for the reaction of OH with HOCH,CH,OH,* CHjs-
OCHzCHzOCH3,44’63 and CH3C(O)CH2CH2C(O)CH3,136
and with the mixed functionalized compounds HOCH,-
CH,0CH3* and CH3;0OCH,CH,0C(O)CH3,'%¢ show
that the bridging —CH,— groups have reactivities
that are considerably enhanced compared to that
expected on the basis of a simple addition of the rate
constants for reaction of the two a-CH,— groups in
the parent compounds. It seems reasonable to as-
sume that the C—H bond strengths in the bridging
—CH,— groups are similar to those in monofunction-
alized compounds. The increased reactivity of the
bridging —CH,— groups can be rationalized in terms
of activation by both functional groups since they are
in the o position to one group and in the 5 position
with respect to the other group.

3.2. Alkoxy Radical Chemistry

Reactions of OH and NOj; radicals with saturated
and unsaturated oxygenated compounds lead to the
generation of alkyl- and g-hydroxy- or g-nitroxy-
substituted alkyl radicals, respectively. Under tro-
pospheric conditions, the dominant reaction pathway
for these species is rapid addition to molecular oxygen
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to form the corresponding peroxy radicals.*#54* The
reactions of a-hydroxy radicals, which are produced
by H-atom abstraction from the a-carbon atom in
alcohols, are unusual in that they react directly with
O, to generate a carbonyl compound:*5

CH,OH + 0, — HC(O)H + HO,
RCHOH + 0, — RC(O)H + HO,
RR'COH + O, — RR'C(O) + HO,

The major reaction channels available in the
troposphere for peroxy radicals are reaction with NO,
HO,, NOs, and other peroxy radicals (RO,).#>4! The
relative importance of these reaction pathways de-
pends on the ambient concentrations of these species,
although the reaction with NO is dominant for NO
concentrations in excess of 1 x 10° molecules cm=3.4541
Alkoxy radicals are formed in high yield in the
reactions of peroxy radicals with NO, NOs, and RO,
and are also produced in subsequent degradation
pathways of hydroperoxides, which are the main
products arising from the reactions of peroxy radicals
with HO,. Thus, alkoxy radicals are key intermedi-
ates in the atmospheric degradation of organic com-
pounds and have three major loss processes: reaction
with O,, thermal decomposition, and 1,5-H shift
isomerization through a six-membered transition
state.'*? The relative importance of these three reac-
tion channels plays a major role in determining both
the ozone formation potential of a compound and its
ability to generate secondary organic aerosols. Reac-
tion of alkoxy radicals with O, and isomerization
generally lead to an increase in the number of
oxygen-containing functional groups in the primary
oxidation products compared to the reactants and
hence generate compounds which may have low
vapor pressures, whereas decomposition results in
lower molecular weight products.

The available experimental data for the degrada-
tion of alkoxy radicals have been comprehensively
reviewed by Atkinson and co-workers®142143 and have
been used to develop estimation methods to predict
the relative importance of the various possible loss
processes of these radicals.>1421447146 For alkoxy
radicals derived from alkanes and those where the
substituent group is at the d-carbon atom or more
remote sites, the predicted and the experimental
results are in good agreement. The data show that,
for linear-chain alkoxy radicals, reaction with O,
dominates over decomposition; however, decomposi-
tion occurs at a comparable rate for branched-chain
alkoxy radicals. Where it is possible for isomerization
to occur by a 1,5-H atom shift, this channel is
generally dominant, particularly where H-atom ab-
straction occurs from 6-CH,— or 6-CH< groups.
Isomerization is also expected to dominate where
H-atom abstraction from the J-carbon atom in the
alkoxy radical is activated by a substituent hydroxy
or ether group. The results from recent quantum
chemical calculations on the relative importance of
the degradation pathways for unsubstituted alkoxy
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radicals are in line with those observed experimen-
tally and with those predicted by the estimation
methods.#7~153 The relative importance of both the
unimolecular dissociation and isomerization reaction
pathways is expected to decrease compared to the
bimolecular reaction with O, at the lower tempera-
tures prevalent in the upper troposphere, although
isomerization reactions involving abstraction at
0-CH,— and 6-CH< sites are predicted to dominate
in all regions of the troposphere.

In principle, the general estimation methods de-
rived in order to predict the degradation patterns for
unsubstituted alkoxy radicals can be applied to
alkoxy radicals generated from compounds which
contain oxygenated functional groups. The relative
importance of the three main degradation pathways
for oxygenated alkoxy radicals—reaction with O,,
thermal decomposition, and 1,5-H shift—has been
shown in a number of cases to depend on whether
the alkoxy radicals are generated by the reaction of
peroxy radicals with NO or via peroxy—peroxy radical
reactions. In the former case, the alkoxy radicals are
produced with excess vibrational energy and are
more likely to undergo unimolecular reactions rather
than reaction with O, which has a much lower
activation energy.107.109.154

As mentioned previously, a-hydroxy alkyl radicals
react directly with O, to form the corresponding
carbonyl compound and HO,. 3-Hydroxy alkoxy radi-
cals are generated in the atmosphere by addition of
OH radicals to alkenes or by H-atom abstraction from
a f-carbon atom in an alcohol. Decomposition of these
radicals by C—C bond fission to give a carbonyl
compound and an a-hydroxy alkyl radical appears to
be their major reaction channel:

R'CH(OH)CH(R)O — RC(O)H + R'CHOH

However, where isomerization can occur by abstrac-
tion from 6-CH,— or 6-CH< groups, this reaction
appears to compete effectively with decomposition.14?
Importantly, the alkoxy radical formed by addition
of OH to ethene shows behavior significantly different
from that of other S-hydroxy alkoxy radicals and
degrades by both reaction with O, and decompo-
sition;153-156

HOCH,CH,0 + O, — HOCH,C(O)H + HO,
— HOCH, + HC(O)H

Carbon—carbon bond cleavage is relatively more
important when the alkoxy radical is generated by
the reaction of HOCH,CH,0, with NO than when it
is formed by the peroxy radical self-reaction. Pre-
sumably, the excited alkoxy radical generated by
reaction of HOCH,CH,O, with NO decomposes more
readily than the thermalized radical.

The products obtained from the reaction of NO3
radicals with alkenes indicate that the fS-nitroxy
alkoxy radicals generated in these systems both react
with O, to give S-nitroxy carbonyl compounds and
undergo unimolecular decomposition by C—C bond
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cleavage, generating carbonyl compounds and
N02:157'158

RCH(ONO,)CH(R)O + O, —
RCH(ONO,)C(O)R' + HO,

RCH(ONO,)CH(R')O — R'C(O)H + RCH(ONO,)
RCH(ONO,) — RC(O)H + NO,

Decomposition of primary f-nitroxy alkoxy radicals
represents only a minor reaction pathway; however,
the available data show that, for secondary 3-nitroxy
alkoxy radicals, both reaction with O, and decompo-
sition are of about equal importance, while the only
available pathway for tertiary radicals is C—C bond
fission.157.158

Hydrogen atom abstraction from an a-carbon atom
in an ether generates an o-alkoxy alkoxy radical.
Primary alkoxy radicals lead to the production of

formate esters by the bimolecular reaction with
02:31,49,50

ROCH,0 + 0, — ROC(O)H + HO,

Jenkin et al.*® have provided evidence that the ester
may also be formed via elimination of a hydrogen
atom:

ROCH,O — ROC(O)H + H

Secondary and tertiary o-alkoxy alkoxy radicals have
been shown to degrade mainly by C—C bond cleavage
to give formate and alkyl esters, respectively:

ROCH(R')O — ROC(O)H + R’
ROC(R')(R")O — ROC(O)R' + R"

Long-chain alkyl ethers may also degrade by a 1,5-H
shift isomerization to give a S-carbonyl hydroxy
ether:5455

CH,CH,CH,OCH(R)O — CH,CHCH,OCH(R)OH

CH,CHCH,OCH(R)OH (+0,/NO) —
CH,CH(O)CH,OCH(R)OH + NO,

CH,CH(O)CH,OCH(R)OH + 0, —
CH,C(0)CH,OCH(R)OH + HO,

The degradation reactions of alkoxy radicals gener-
ated from diethers have been shown to be strongly
structure dependent. Thus, an alkoxy radical which
is in the a position relative to both ether groups
reacts with O, to form a carbonate:%35

ROCH(O)OR' + O, — ROC(O)OR' + HO,

When the radical is a to one ether linkage and  with
respect to the other ether group, C—C bond fission
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is the major reaction channel:%5:66
ROCH(O)CH,OR' — ROC(O)H + R'OCH,

However, the (CH30),CHOCH,O radical produced by
H-atom abstraction from trimethoxy methane de-
composes by C—0O bond fission:&”

(CH,0),CHOCH,0 — (CH,0),CHO + HC(O)H

Alkoxy radicals formed following H-atom abstrac-
tion from cyclic mono-, di-, and triethers decompose
mainly by C—C or C—O bond fission, leading to ring-
opening and the production of alkyl radicals contain-
ing the formate group:8%70.72

o)
< 7 — HC(0)OCH,CH,CH,
@ — HC(0)YOCH,CH,0CH,
Q — HC(0)OCH,0CH,0

Carbonyl alkoxy radicals are formed directly by
abstraction of the acidic hydrogen atom from car-
boxylic acids and are also generated from acyl
radicals produced by abstraction of the aldehydic
hydrogen from aldehydes or by degradation of a-car-
bonyl alkoxy radicals. Acyl radicals react with O, to
give the corresponding peroxy acyl radicals, which
form carbonyl alkoxy radicals following their reaction
with O, and NO:

RCO + 0, — RC(0)0,
RC(0)0, + NO — RC(0)O + NO,

The reaction of HCO with O, exhibits a different
reaction pathway and reacts by H-atom transfer:

HCO + 0, — CO + HO,

Carbonyl alkoxy radicals rapidly decompose to give
CO; and alkyl radicals:®

RC(0)0O — R + CO,

Mechanistic studies of the reactions of o-carbonyl
alkoxy radicals indicate that these radicals decom-
pose to yield an acyl radical and a carbonyl com-
pound:lOO,lol

RC(O)CH(O)R’ — RCO + R'C(O)H

Atkinson and Aschmann?® have shown that isomer-
ization is an important reaction channel for g-carbo-
nyl alkoxy radicals produced by H-atom abstraction
from the g-carbon atoms in ketones:

CH,C(0)CH,C(CH,),0 —
CH,C(0)CH,C(OH)(CHs),
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A number of product studies have been carried out
on the OH-radical-initiated oxidation of esters.110.111
The product distribution yields indicate that H-atom
abstraction arises mainly from the alkoxy group. The
dominant reaction channel for a-alkoxy ester radicals
containing a hydrogen atom at the o position is a
unimolecular o-ester rearrangement via a five-
membered-ring transition state to give a carboxylic
acid and an acyl radical:%°

RC(O)OCH(R')O — RC(0)OH + R'CO

Recent quantum chemical calculations on the pos-
sible reaction pathways for this rearrangement pro-
vide evidence that the reaction involves a concerted
process rather than proceeding through formation of
the intermediate RC(OH)OC(O)R' radical.'®?> For
systems where there is no hydrogen atom at the a
position, the a-alkoxy ester radical decomposes by
C—C bond fission to form an acid anhydride and an
alkyl radical;107-110

RC(0)OC(R')(R")O — RC(O)OC(O)R’ + R"

Abstraction of a hydrogen atom from the $-carbon
atom of the alkoxy group by OH radicals may be
expected to lead to a S-ester rearrangement via a less
strained six-membered-ring structure:

RC(0)OCH,CH(R')O — RC(O)OH + R'C(O)CH,

However, this reaction appears to be unimportant,
and p-alkoxy esters degrade by C-C bond
cleavage:11°

RC(0)OCH,CH(R')O — RC(0)OCH, + R'C(O)H

Ferenac et al.’®® have shown from theoretical
calculations that g-ester rearrangement is unlikely
since the carbonyl oxygen atom has insufficient
radical character for the reaction to occur.

4. Atmospheric Implications

The present review shows that a significant amount
of kinetic and mechanistic data on the gas-phase
atmospheric oxidation of oxygenated organic com-
pounds has recently been reported. An extensive data
base is now available for alcohols, diols, monoethers,
diethers, cyclic ethers, aldehydes, ketones, esters, and
a range of unsaturated compounds containing oxy-
genated functional groups. The data base has been
reviewed in this work and has been used to develop
and improve existing structure—activity relationships
for the kinetics of reactions of OH radicals with
saturated oxygenated compounds and also in deter-
mining the degradation pathways of the intermediate
alkoxy radicals generated in the oxidation of oxygen-
ated VOCs.

A number of important general conclusions can be
drawn from the available data concerning the reac-
tivities and degradation mechanisms for oxygenated
VOCs. The lifetimes of aldehydes are typically less
than about 10 h, and oxidation results mainly in the
production of acyl radicals, which either react to give
shorter-chain aldehydes and ketones or form acyl-
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peroxynitrates. Oxidation of ketones is largely by
reaction with OH radicals, resulting in lifetimes of
the order of several days, and also produces acyl
radicals. Alcohols have lifetimes similar to those of
ketones and form aldehydes or ketones. Kinetic data
suggest that ethers have residence times of less than
1 day, and oxidation leads to the formation of esters
which have lifetimes about a factor of 10 longer than
those of the precursor ethers. Oxidation of esters
results in the production of organic acids and anhy-
drides. Unsaturated oxygenates rapidly degrade in
the troposphere by reaction with O3, OH, and NOsg,
forming mainly carbonyl compounds. Thus, in gen-
eral, the primary oxidation products of oxygenated
VOCs are considerably less reactive than their parent
compounds.

Photochemical trajectory models have been em-
ployed to describe the production of ozone and other
oxidants from the atmospheric oxidation of a variety
of VOCs.! Such calculations allow the derivation of
ozone formation potentials, which show the relative
importance of a compound in ozone formation. The
detailed chemistry of the atmospheric oxidation of
VOCs provides the major input into these models.
Calculations have shown that oxygenated compounds
such as acetone, 2-propanol, tert-butyl alcohol, and
methyl acetate have low ozone formation potentials
and hence are, for example, potential candidates for
substitution of hydrocarbon and aromatic compounds
as solvents in order to reduce ozone formation.

Despite the rapid progress in the understanding
of the atmospheric chemistry of oxygen-containing
VOCs, there are still areas of uncertainty which
require further investigation. The fate of long-chain
and polyfunctionalized oxygenated alkoxy radicals
has received relatively little attention and may lead
to isomerization reactions resulting in the production
of low-vapor-pressure products. Formation of prod-
ucts having relatively low reactivity and low vapor
pressure suggests that uptake of these species into
cloudwater and formation of secondary organic aero-
sols is likely to be important in the atmospheric
chemistry of oxygenates. An assessment of the impact
of long-lived primary and secondary oxygenated
compounds such as acetone on the chemistry of the
upper troposphere is also required, since these com-
pounds will provide a major source of HO radicals
and peroxyacyl nitrates in this region. Thus, inves-
tigations on the oxidation of persistent oxygenates
at the low temperatures pertinent to the upper
troposphere are required.
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