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The reaction between HGand RQ radicals represents an important chemical sink for lr@dlicals in the
atmosphere. On the basis of a few product yield studies, these reactions are believed to form hydroperoxides
almost exclusively (R8a), although several different reaction channels may be thermodynamically accessible
(R8a—d): RO, + HO, — ROOH + 0O, (R8a); RQ + HO, — ROH + O3 (R8b); RQ + HO, — RO +

OH + O; (R8c); and R@ + HO, — R'CHO + H,O + O, (R8d). Branching ratios for reaction R8 were
measured for three organic peroxy radicals: ethyl peroxi{QG,), acetyl peroxy (CHC(0)(O,), and acetonyl

peroxy (CHC(O)CHO,) radicals. Product yields were measured using a combination of long-path Fourier
transform infrared spectroscopy and high-performance liquid chromatography with fluorescence detection.
Measured branching ratios for the reaction of the three organic peroxy radicals witland@s follows:

ethyl peroxy,Yga_ETH > 0.93+ 0.10, Ysp-etH = Yse—ETH = Ysg—eTH = O; acetyl peroxy,Yga_ACT = 0.40+

0.16, Ygp—act = 0.20+ 0.08, Ygc—act = 0.40+ 0.16, andYgd_ACT =0; acetonyl peronyga_ACN = 0.33+

0.10, Ygb-acn = Yaa-acn = 0, andYse_acn = 0.67 = 0.20. The atmospheric implications of these branching
ratios are discussed.

Introduction generate additional NObecause the products of reaction R6
may reform RQ and HQ via reactions R5 and R7. Thus, the
sequence of reactions RR7 leads to a buildup of ozone
because the yield of Nrom this cycle is greater than unity.
The reaction between HOand RQ (R8) represents an
important sink for radicals in the troposphere. The products of

In the troposphere, HOand RQ radicals are generated in
the photochemical oxidation of organic pollutants as shown in
the simplified reaction scheme beldw.

hy
NO, =7 NO+O(P) this reaction depend on the chemical identity of the R-group,
but on the basis of a limited number of studies of small alkyl
R6a = peroxy radicals, the major product is thought to be an organic
+NO ¥ hydroperoxide (R8&)®
RO,, HO;™—> 0O
Reb AN L e RO, + HO,—~ ROOH+ O, (R8a)
VBRS X@ORSE sl
§, i * ROOH Since org.anic. hydroperoxides havg lifetimes of 1 day or rfore,
N Rt v the reaction is a sink for HQradicals and thus serves to
OH ‘W 0, +0('D) moderate the oxidizing capacity of the troposphere. The

hydroperoxides formed are often soluble in wtemd may
be taken up into cloud and fog droplets, as well as aqueous
aerosols. Here, they may play a role in S(IV) to S(VI)
conversior?, as well as the toxicity of submicron aerosol
particlest?12

For more complex organic peroxy radicals, additional product
channels for the reaction between Rénd HQ may exist.
Acetyl peroxy radicals (R= CH3C(O)—) are formed in the
initial stages of the oxidation of a variety of important
atmospheric pollutants including acetaldehyde, acetone, and
several internal alkenes. They may also be formed in the
troposphere from the oxidation products of many primary
organic pollutants, such as isoprene and propene. These peroxy
radicals react with H@radicals to form peracetic acid (PAA)
via R8a-ACT, as well as acetic acid and ozone (R8b-ABTY.

Nitrogen dioxide (NQ) photolyzes (R1) to form oxygen
atoms which combine with oxygen molecules to form ozone
(O3, R2). In turn, Q photolyzes, producing electronically excited
oxygen atoms (R3) that may then react with water to form
hydroxy radicals (OH, R4). These radicals then react with
organic pollutants present in the atmosphere, initiating a complex
sequence of reactions (R5) that leads to the formation of organic
peroxy radicals (R€) and hydroperoxy radicals (H{? In urban
and rural regions, where the concentration of nitrogen oxides
(NOy = NO + NOy) is high, the majority of these species react
with nitric oxide (NO) to regenerate Nnd form a combina-
tion of alkoxy radicals (RO) and OH (R6). These species may
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This reaction represents one of the few known sources of acetic CH,C(O)O— CH, + CO, (R12)
acid in the atmosphere. There have been five previous studies
of the branching ratios in this reaction. Niki et &.Moortgat In the presence of excess HQhe methyl radicals generated

et al.1* Tomas et al'/ and Horie and Moortgétall report ratios in R12 would form methyl hydroperoxide (MHP, R13).

of R8a-ACT:R8b-ACT of about 0.75:0.25. Moortgat et al. and

Tomas et al. both obtained their branching ratios by fitting a CH; + O, —~ CH,0O, (R13)
kinetic model to experimentally measured concentrations of .

peroxy radicals in a flash photolysis experiment. Horie and CH,0, + HO, = CHO0H+G, (R14)
Moortgat determined the branching ratios using yields of ozone
and peracetic acid obtained in a Fourier transform infrared
(FTIR)/matrix isolation study. In the work by Niki et al., product

Thermochemical considerations indicate that reaction R8c
may also occur for acetonyl peroxy radicals @CXO)CHO,).1°

yields from the Cl-atom-initiated oxidation of GAHO/HCHO/ CH,C(0)CH,0, + HO, — CH,C(O)CH,0 + OH + O,

O, mixtures were measured by FTIR. In these experiments, (R8c-ACN)
acetyl peroxy radicals were generated in the reaction between

Cl atoms and acetaldehyde (R10): The acetonoxy radicals formed in reaction R8c-ACN will then

decompose to form acetyl radicals and formaldehyde (R15).
Cl, + hv — 2Cl (R9)

CH,C(O)CH,0— CH,C(O)+ CH,O (R15)
Cl + CH,CHO (+0,) — CH,C(0)0, + HCI (R10)
In the atmosphere, the resultant acetyl radicals would react with
HO; radicals were formed in the corresponding reaction between O, to form CHC(O)O;.
Cl atoms and formaldehyde (R11a): While both R8c-ACN and R15 are endothermic, the combi-
nation of these two reactions results in an increase in the number
Cl+ CH,0O (+ O,) — HO, + CO+ HCI (R1la) of molecules and therefore makes this process entropically
favorable and results iINGgrge-actT < 0. In contrast AGgsc for
In the presence of large quantities of formaldehyde, essentially most alkyl peroxy radicals is positive; thus, R8c is thermody-
all of the acetyl peroxy radicals react with HCGnd thus the namically allowed for acetonyl peroxy radicals but is not
observed product distribution can be used to infer branching expected to occur for alkyl peroxy radicals. Branching ratios
ratios in reaction R8. However, in the study by Niki et al. under for these reactions, however, have not been measured previously.
conditions where acetyl peroxy radicals should react almost An additional reaction channel for the R@ HO, reactions
exclusively with HQ, the products from reactions R8a and R8b  studied here may also exist. Wallington e2%i?* have carried
only account for about 50% of the total carbon balance. More out a series of studies on the branching ratios efCH,0, +
recently, Crawford and co-workéfsemeasured these branching HO, reactions (where = Cl, F, and CHO) in which they
ratios using a similar technique, using methanol (via reaction report the formation of a carbonyl compound and water as a
R11b) as the H@source major product channel (R8d):

Cl + CH,OH (+ 0,) = HO, + CH,0 + HCI (R11b) X—CH,0, + HO, —~ X-CHO + H,0+ O, (R&d)

and obtained(rsa_act: Yreb-act = 0.9:0.1. In their study, they The authors measured branching ratios for R8d ranging from
report that the products from R8a and R8b account for 100% 0-40 (X = CH;0) to 0.73 (X= CI). Elrod and co-workefs

of the reaction products. However, recent work by Orlando and have also measured nonnegligible product yields from R8d for
co-workerd8 has shown that the infrared absorption cross section the CH02 +HO, reaction. The branching ratio increased from
used by Crawford et al. for peracetic acid was too low by a 0.11 at 298 Kt00.30 at 218 K, although their room-temperature
factor of 3. Using the corrected cross section gives branching producltg yields are somewhat different from other literature
ratios for R8a-ACT and R8b-ACT that are essentially identical Values: ] o )

to those obtained by Niki and co-workéfsThe available If reactlon_R8c does occur, it may have aglgnlflcant impact
literature data thus indicate that there is at least one “missing” O the chemistry of the troposphere because it leads to legs HO
product channel for the reaction between{C¥D)O, and HG radical loss and may result in higher predictions of ozone
that accounts for about half of the reaction products. On the concentrations in tropospheric photochemical simulations. In

basis of its thermochemist, it is possible that this channel ~ this work, branching ratios for reactions R8a have been
might result in the formation of acetoxy radicals and OH: measured for ethyl peroxy (GBH.O,), acetyl peroxy (CHC-
(0)O,), and acetonyl peroxy (CGI€(O)CHO,) radicals. A

CH,C(0)Q, + HO, — CH,C(0)O+ OH + O, (R8c-ACT) combination of FTIR and high-performance liquid chromatog-

raphy (HPLC) was used to obtain product yields for the

hydroperoxides formed. Evidence is provided for the existence
of reaction channel R8c for both acetyl peroxy and acetonyl
peroxy radicals, and implications for the chemistry of the lower

atmosphere are considered.

The formation of OH and an alkoxy radical in the R® HO,
reaction has recently been observed by Wallington and co-
workerg0 in their study of the atmospheric oxidation ofFs-
CHO. In this work, the authors report branching ratios for the
C,FsC(0)O, + HO; reaction to be 0.24 and 0.76 for reaction
channels R8b and R8c, respectively.

Reaction R8c is endothermic for=Rlkyl, but in the acetyl Branching ratios for reaction R8 were determined by pho-
peroxy radicals, formation of the acetoxy radiealOH + O, tolyzing mixtures of synthetic air, an organic peroxy radical
is almost thermoneutrdl (AH = +2 kcal/mol). The resultant ~ precursor (ORP), methanol, and,Gh a smog chamber. Cl
alkoxy radical may then decompose to form carbon dioxide and atoms were generated by exposing the gas mixture to ultraviolet
a methyl radical in a strongly exothermic reaction: light (R9). These radicals then reacted with the ORP to generate

Experimental Section
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the peroxy radical of interest. The ORPs for ethyl peroxy, acetyl Slope = 1.16
peroxy, and acetonyl peroxy radicals were ethane, acetaldehyde, 5x10"+
and acetone, respectively. The concentration of; HOthe .
experiments was adjusted by adding different concentrations 4+
of methanol to the initial reaction mixture. The methanol present |
reacts with the Cl atoms to form HGn reaction R11b. Initial B o
concentrations of ORPs were in the range {0L7) x 10% #1079 o °
molecules cm?3, and the ratio of [CHOH]o:[ORP}, was varied
between 0 and 5. Some experiments were also carried out usingx, 2x10*- % ® HPLC
13CH30H to produce H@ All experiments were performed at ] © FTRR
a total pressure of 800 Torr, 298 K, and with ffgl= 3 x 105 N o
molecules cm3. L I

Chemical reactions were initiated using radiation in the
wavelength range 235400 nm, which was generated by
filtering light from a xenon arc lamp. Changes in the concentra-
tions of reactants and products were monitored by FTIR
spectroscopy and HPLC with fluorescence detection (HPLC  Figure 1. Comparison of PAA concentrations measured by HPLC and
fluorescence), as described in detail previodsly? All experi- FTIR.
ments were performed in a 47 L stainless s_,teel chamber coqpledI.ABLE 1: Product Yields from the Photooxidation of
to a Bomem DA3.01 FTIR spectrometer via Hanst type optics, wpethanol/Ethane/Cl, Mixtures
providing a path length of 32.6 m. IR spectra were collected at

TaAA]Measured
o

T T T T T T T T T 1
0 1x10" 2x10™ 3x10™ 4x10" 5x10"
[PAA]

‘Actual

a resolution of 1 cm! by averaging 200 scans in the wavelength yield/%

range 806-3900 cnrk. HPLC FTIR
Gas-phase hydroperoxides formed within the chamber were  [CHsOH]o/[CoHglo EHP EHP CHCHO

extracted into the aqueous phase for analysis by HPLC 0 35 35 47

fluorescence using a helical coil collectSThe coil collector 1 88 106 0

was connected to a sampling port on the chamber via ap- 2 94 83 0

proximatey 5 m of 1/8 in.Teflon tubing. Samples were removed g gg gi 13

at a flow rate of 250 mL min* and were dilutedri a 2 L mirrt
flow of zero grade N before introduction into the coil. Flow  were then compared to the actual concentrations present, as
rates were determined using both Dri-Cal flowmeters and by shown in Figure 1. The experiments demonstrate that the two
monitoring pressure changes within the chamber. The volume techniques measure concentrations that are indistinguishable
of each sample removed from the cell constituted less than 1%from each other and that they are within the experimental
of its total volume. Water-soluble compounds present in the uncertainties of the true concentration. The FTIR concentrations
sample were extracted into a stripping solution consisting of were obtained using the peracetic acid absorption cross section
1 x 1072 M sulfuric acid and 1x 1074 M Na,EDTA within of 5.3 x 1071° cn? molecule? at 1295 cm? reported by

the stripping coil. The stripping solution was passed through Orlando and co-workef$ The excellent agreement with the
the coil at 0.6 mL min* using a peristaltic pump. At the end  HPLC technique justifies the use of this value for the absorption
of the coil, the stripping solution containing the dissolved cross section rather than the much lower cross section reported
hydroperoxides was collected for analysis by HPLC. Hydro- by Crawford et ak®

peroxides are first separated using a reversed-phase C-18 HPLC

column. At the end of the column, a “fluorescence reagent” Results and Discussion

containing the reagents horseradish peroxidase e
hydroxyphenyl acetic acid (POHPAA) are added. The horserad-
ish peroxidase enzyme catalyses the stoichiometric reaction
between hydroperoxides and POHPAA resulting in the forma-
tion of one POHPAA dimer for every hydroperoxide molecule
present. This dimer is detected by fluorescence, with excitation
and emission wavelengths of 320 and 400 nm, respectively. The
hydroperoxides are identified by comparison of their retention
times with those of hydroperoxide samples synthesized in the
laboratory. The concentrations of hydroperoxides are determined

by comparison of the integrated fluorescence peak areas W|thincreases from this value. In all of the experiments where

those _Of _standard|z_ed .hydrogen peroxide SOIUF'OnS' methanol was present, the product yield plots for acetaldehyde
Prellmlnary work indicated that both phOtOlySIS and wall loss (not Shown) are curved upward indicating that this Compound

of the ORP and products were negligible on the time scale of js not a primary product.

the experiments. In the initial stages of the study, an intercom-  As described above, ethyl peroxy radicals are generated in

parison of the HPLC and FTIR techniques for hydroperoxide the reaction of ethane with CI atoms followed by @dition:
analysis was performed. Peracetic acid was introduced into the

chamber in the concentration range (6465) x 104 molecules C,Hg + Cl (+ O,) — CH,CH,0, + HCI  (R16)
cm2 by injecting known volumes of a calibrated peracetic acid

solution into the evacuated chamber. Nitrogen was then These peroxy radicals then undergo self-reaction to form ethoxy
introduced into the chamber to make up the total pressure toradicals (R17a), which react with,@ form acetaldehyde and
800 Torr. Concentrations measured using the two techniquesHO,, or molecular products (R17b).

(i) Ethyl Peroxy + HO,. Measured product yields (defined
as A[product])/ —A[reactant]) in the photooxidation of 8¢/
CH30H/Cl,/O, mixtures are shown in Table 1 and Figure 2. In
the absence of methanol, yields of acetaldehyde and ethyl
hydroperoxide were 47% and 35%, respectively. These data are
in good agreement with previous measureméhté.in the
presence of equal concentrations of ethane and methanol, the
acetaldehyde yield drops to zero, and the EHP yield rises to
93%. Within the experimental uncertainties, the yields of these
products remain constant as the initial concentration of methanol
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TABLE 2: Experimental Branching Ratios Yrga, Yrsb,
o d and Yrsc
1.0 4 o)
. . 5 . branching ratios
08 ° . reaction Yrsa Yren Yrec ref
E C,Hs0, + HO, >0.93+0.10 0 0 this work
064 1.02 0 0 4
% ' 1.04 0 0 7
= 1a CH;C(0)0, + 0.4+ 0.16 0.2+ 0.08 0.4+ 0.16 this work
0.4 HO, 0.34 0.1 13
1° 0.3 0.1 185
CH;C(O)CH0O, + 0.33+0.10 0 0.67+ 0.20 this work
024 HO, 1 0 0 33
A
----------------------------------------- e a Determined from smog chamber product yield experiments using
0.0, T + T T T T T T y T high HQ, precursor? Branching ratios modified using IR absorption
0 1 2 3 4 5 cross section for PAA from ref 18. See text for detdilDetermined
[MeOH], / [CH, flash-photolysis experiments.
EHP (HPLC
; EHP EFTIR)) TABLE 3: Product Yields from the Photooxidation of
A CHCHO Methanol/Acetaldehyde/C} Mixtures
Figure 2. Product yields from the chlorine-atom-initiated oxidation product yield/%
of ethane/methanol mixtures.
[CHsOH]o/ HPLC FTIR
2CH,CH,0, — 2CH,CH,0 + O, (R17a) [CH:CHOly, MHP PAA MHP PAA aceticacid C®
_ 0 14 9 19 15 6 89
CH,;CHO + CH,CH,OH + O, (R17b) 1 26 15 30 23 9 83
_ 1.5 nm n.m. 34 27 10 79
CH,CH,0 + O, —~ CH,CHO + HO, (R18) 5 49 25 a1 37 15 75
. . 3 40 25 36 35 14 90
The HQG radicals generated here may also react with ethyl 4 41 25 46 37 12 70
peroxy radicals resulting in the formation of EHP. 5 nm. nm. 44 32 14 51
a =
CH,CH,0, + HO, — CH,CH,00H+ O, (R8a-ETH) n.m = not measured.
i 0, 0
— other products (R8b-ETH) yield of CQ; falls from 89% to 51% over the same range. The

trend in the data indicate that these yields have not leveled off
The competition between reactions R17 and R8-ETH accountsat the highest [CEDOH]o:[CH:CHO, ratio investigated and that
for the observed product distribution in experiments performed the yields of these products will be somewhat different at even
in the absence of methanol (e.g., refs 29 and 30). higher ratios. Because of interference from saturated methanol
In the presence of methanol, H@adicals are also generated bands in the IR spectra, however, higher ratios 0§0H:CHs-
in reaction R11, and the rate of reaction R8-ETH increases CHO could not be investigated.

relative to R17. Becauskyg is ~100 times smaller thakg- As described above, Cl atoms react with acetaldehyde in the
ETH 3! reaction R8-ETH accounts for essentially 100% of the Presence of @to form acetyl peroxy radicals (R10). The
reaction products in experiments where §CHH]o:[CoHelo > observed PAA and acetic acid are formed almost exclusively

1, and the product distribution is independent of the initial in the reaction of acetyl peroxy radicals with H(R8a-ACT
concentrations of reactants. Under these conditions, the averag@nd R8b-ACT, respectively). In the absence of methanol, the
yield of ethyl hydroperoxide is 0.93, indicating that R8a-ETH concentration of H@is comparatively low and thus yields of

is the dominant product channel for the reaction between ethyl these products are also low. Under these conditions, the principal
peroxy radicals and HOThis result is consistent with previous fate of the acetyl peroxy radicals is reaction with itself or with
studies of reaction R8-ETH, as shown in Table 2. The small Mmethyl peroxy radicals to form acetoxy radicals.

concentrations of acetaldehyde in these experiments can be
accounted for by the reaction of EHP with CI atoms CH,C(0)C, + RO, —~ CH,C(0)O+ RO+ O, (R21)

CH,CH,00H + Cl — CH,CHOOH+ HCl (R19) T_hese ra_dicals then decc_)mp_ose to f(_)rmz@fm methyl radica_ls
via reaction R12, resulting in the high G®ield observed in

CH,CHOOH— CH,CHO + OH (R20) these experiments. The methyl radicals formed in R12 may then
generate MHP in reaction R13.
(i) Acetyl Peroxy + HO,. This reaction was studied using As the concentration of methanol (and thusHifises, acetyl

the photolysis of CHCHO/CH;OH/CI,/O, mixtures. Typical peroxy radicals increasingly react with HQn the currently
changes in the concentrations of acetaldehyde and the reactioraccepted reaction scheme, R8-ACT only proceeds via two
products during an experiment are shown in Figure 3. Product pathways (R8a-ACT and R8b-ACT) leading to an increase in
yields of methyl hydroperoxide (MHP), peracetic acid (PAA), the yields of PAA and acetic acid. As the yields of these
acetic acid, and Cgobserved for various [C}¥DH]/[CH3CHO] compounds rise, the yield of acetoxy radicals via R21 decreases,
ratios (determined from the slope of product yield plots such and thus the C®yield (via R12) falls. The trend in the MHP

as the one shown in Figure 3) are shown in Table 3 and Figureyield is expected to be more complex. As the methanol
4. As the [CHOH]x:[CH3CHO]o ratio increases, the yields of  concentration increases, the yield of methyl radicals decreases,
MHP, PAA, and acetic acid rise from 17%, 12%, and 6%, but a greater fraction of these methyl radicals react via R13 to
respectively, at a [CEDH]o: [CH3CHO], ratio of 0, to 42%, form MHP. At high CHOH:CHs;CHO ratios, however, the MHP
30%, and 13%, respectively, at a ratio of 5. In contrast, the yield is expected to decrease.
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Figure 3. Typical product yield plots from the chlorine-atom-initiated oxidation of an acetaldehyde/methanol mixtug®©{{eHCH;CHO], =
4) Open symbols represent FTIR measurements; filled symbols represent HPLC measurements. Dashed lines are least-squares fits to FTIR data
points; solid lines are least-squares fits to HPLC data points.

Inspection of the product yields in Figure 4 reveals two value (1.4x 10711 cm® molecule® s71). YgoacT and Ygp-act
important features at high methanol concentrations. First, the were set to 0.7, and 0.3, respectively, reflecting the relative
yields of the established product channels from the reaction of yields of the products of these reactions (peracetic acid and
acetyl peroxy radicals with HYR8a-ACT and R8b-ACT) only acetic acid, respectively). This simulation (simulation 1) fails
account for about 50% of the reaction products. Under theseto capture two of the important experimental observations. First,
conditions, numerical simulations indicate that the combined the model predicts that the MHP yield will decrease slightly as
product yields should be 65% (see below). Second, the yieldsthe CHOH:CH;CHO ratio increases from 1 to 5, whereas the
of CO, and MHP decrease far more slowly than expected at MHP vyield is actually observed to increase under these
these high methanol concentrations. These observations areonditions. Second, this model predicts that the;@@ld will
consistent with a third significant product channel from the fall from 80% to 40% as the C#DH:CH;CHO ratio increases
reaction of acetyl peroxy radicals with H@hat results in the from 1 to 5. The experimental yields decrease much less
formation of acetoxy radicals. These radicals subsequently reactdramatically and are 520% higher than the predicted yields
via R12 and R13 to form the observed £&hd MHP products, at any given [CHOH]:[CH3CHO] ratio. The branching ratios
which are observed in excess of levels expected on the basis ofused in simulation 1 are slightly different from the literature
the occurrence of R8a-ACT and R8b-ACT alone. These recommendation for these reactidfigut this small difference
observations thus provide indirect evidence for the occurrence cannot account for the difference between the predicted and
of reaction R8c-ACT in which acetyl peroxy radicals react with experimental product yields.

HO; to form acetoxy radicals and OH radicals. In a second set of simulations, the impactYgf-act on the

To better understand the observed product distributions, product yields was investigated. The best fit to the experimental
kinetic modeling was carried out using the Acuchem progtam. data was obtained for values Wsact, Yso-acT, andYsc—acTt
The reaction scheme used in these simulations is shown in Tableof 0.5, 0.2, and 0.3, as shown in Figure 4. Because of the fairly
4. In this scheme, the overall rate coefficient for the reaction large uncertainties in the experimental product yields, we
between acetyl peroxy radicals and HQks-act) and the estimate the uncertainties in the branching ratios to be about
branching ratios Yga-act, Ysb-acT, and Ysc—act) were treated 40%. Nonetheless, the simulations demonstrate that by including
as adjustable parameters. A comparison between measuredeaction channel R8c-ACT in the reaction scheme, the discrep-
product yields and results obtained in these simulations is shownancies between the measured and simulated yields of MHP and
in Figure 4. Initially, the branching ratio for R8c-ACVd—acT) CO, disappear. The data previously obtained by Niki and co-
was set to zero arlg-act was set to the recommended literature workers!® and by Crawford et al® (corrected using Orlando
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Figure 4. Comparison of experimental and model product yields from the chlorine-atom-initiated oxidation of acetaldehyde/methanol mixtures

(see text for details). Open symbols represent FTIR measurements;

et al.’s PAA absorption cross secti§)) are also modeled well
by these simulations.
In a recent study® the rate constarks_act was reported to

filled symbols represent HPLC measurements.

It is apparent from these simulations, however, that under all
experimental conditions investigated the equilibrium in R22 lies
well to the left and that this chemistry cannot account for the

be about 3 times higher than the accepted literature value. Todiscrepancies between the expected and observed product

investigate the potential impact of the uncertainty in this rate
coefficient on the product distribution, a third set of simulations
was carried out in which the sum &§,-act + Ksp-acT wWas
fixed at 1.4x 10~ cm?® molecule s7%, while the branching
ratios of reaction R8-ACT and the overall rate coefficient
(ksa—acT) Were allowed to vary. The best agreement with
experimental data (shown in Figure 4, simulation 3) was
obtained withYga_act = 0.4, Ygp-act = 0.2, andYgc_acT =
0.4, corresponding to an overall rate constant for R8-ACT of
2.2 x 1071 cm® molecule s?. It is clear from Figure 4 that the
optimized results from simulations 2 and 3 are experimentally

distributions.

As described in the Introduction section, previous studies of
reaction R8-ACT did not consider reaction R8c-ACT in the
determination of the branching ratios. Nonetheless, the three
previous product yield studies of this reactid#6are con-
sistent with the corresponding branching ratios reported here
because a significant fraction of the total carbon balance was
not accounted for by R8a-ACT and R8b-ACT. Branching ratios
for these previous studies are given in Table 2. Studies in which
absolute yields of organic acids were not reportéelare not
included in this table. The yield of PAA in the Crawford et al.

indistinguishable, and thus these experiments cannot be usedtudy'® has been corrected using the IR absorption cross section

to resolve the discrepancy ie-act. Further, it can be seen
that any uncertainty ifks—act translates into uncertainties in

of Orlando et al® as discussed above. Studies which measured
Os fit our yields better than previous determinations of the acetic

the branching ratios of R8-ACT. Nonetheless, it is apparent that acid yield.

regardless of the true value fky-ACT, a large branching ratio
is required for R8c-ACT to obtain a good fit to the experimental
data. The results from simulation 3 fit the experimental data

Crawford et alt followed the temporal evolution of peroxy
radical concentrations from the acetyl perokyHO, reaction
by flash photolysis. By using a reaction mechanism incorporat-

slightly better than simulation 2; hence, the recommended ing channels R8a-ACT and R8b-ACT, numerical simulations

branching ratios for the reaction a¥ga-act = 0.40+ 0.16,
Ysp-act = 0.20+ 0.08, andYge—act = 0.404 0.16. The Iarge
errors reported here reflect the uncertaintykdnACT.

It is well establisheH that HO, radicals react with carbonyl
compounds to form a hydroxy peroxy radical that may then
subsequently react to form some of the observed products.

CH,CHO + HO, (+ M) <> CH,CH(OH)0O (R22)

underestimate the G, concentration by roughly a factor of

2 (figure 4 in ref 16). To test whether channel R8c can explain

this discrepancy, numerical simulations were conducted under
the appropriate experimental conditions. Incorporation of chan-
nel R8c-ACT into the mechanism leads to much better agree-
ment of the model with the experimental data, providing further

indirect evidence for this reaction pathway. It is possible that

flash photolysis experiments were “blind” to the OH-producing
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TABLE 4: Reaction Scheme Used in Kinetic Modeling of Acetaldehyde and Acetone Chemistry

reactior? rate coefficient/s! or cnm® moleculet s71b
Cl,= CIH-CI (R9) 1x104
Cl + CH3C(0O)CH; = CH3C(O)CH» + HCI (R23) 2.1x 10712
CH3C(O)CH, + O, = CH3C(O)CHO; (R23) 5x 10712
2CH;C(0O)CH0, = 2CH;C(O)CHO + O, 6 x 10712
2CH;C(0O)CHO, = CH3C(O)CHO+ CH3C(O)CH,OH + O, 2 x 10712
CH3C(O)CH0O = CH3C(0)0;, + CH,0 (R15) 6x 107
CH3C(O)CHO + O, = HO; + CH3C(O)CHO 1x 10714
CH3C(O)CHO; + CH3C(0)O; = CH3C(O)CHO + CH3CO, + Oz 1x 101t
CH3C(O)CHO; + CH3C(0)O; = CH3C(O)CHO+ CH3C(O)OH+ O, 1x 1012
CH3C(0O)CHO; + CH30, = CH3C(O)CH,0O + CH30 + O, 1.1x 1012
CH3C(O)CH202 + CH302 = CH3C(O)CHO+ CH3OH + 02 1.4 x 1012
CH3C(0O)CHO; + CH30; = CH3C(O)CHOH + CH,0 + O, 1.4x 10712
CH3C(O)CHO; + HO, = CH3C(O)CHOOH (R8a-ACN) variable, see text for details
CH3C(0O)CHO; + HO, = CH3C(O)CHO + OH (R8c-ACN) variable, see text for details
CH3C(0)0; + CH3C(0)O, = CH3CO, + CHsCO, + Oz 1.4x 101
CH3C(0)0;, + CH30, = CH3CO;, + CH30 + Oy 1.1x 101
CH3C(0)0O, + HO, = CH3C(O)OOH(R8a-ACT) variable, see text for details
CH3C(0)O, + HO, = CH3C(O)OH+ O3 (R8b-ACT) variable, see text for details
CH3C(0)0, + HO, = CH3CO, + OH (R8c-ACT) variable, see text for details
CH302 +CH302 = CH3OH + CHzo + 02 2.2x 1013
CH30; + CH30, = CH30 + CH30 + O, 1.3x 10718
CH30, + HO, = CH300H + O, (R13) 5.2x 10712
H02 + H02 = H202 + 02 3 x lelZ
CH30 + O, = HO, + CH,O 2x 10715
Cl + CH,O = HCO + HCI 7.3x 1071
HCO+ O, = HO, + CO 5.5x 10712
Cl + CH3CHO = CH3C(O)O; + HCI (R10) 8x 101
CH3C02 + 022 CH302 + COz (RlZ) 1x 108
CH,0 + HO, = CHy(OH)O; 1x 1013
CH3(OH)O, = CH,O + HO;, 50
CHy(OH)0, = HCOOH 7
Cl + CH30, = CH30 + CIO 1x 10710
Cl + CH30, = CH,O, + CIO 1x 10710
Cl+ HO, = HCI + O, 3.2x 101t
Cl+ HO,=CIO + OH 9x 10712
Cl + CH3C(0)0, = CH3C(O)O+ CIO 1x 10710
CIO + HO, = HOCI + O, 5x 10712
CIO + CH30, = Cl + CH30 + O, 1.6x 10712
CIlO + CH3C(0)O, = Cl + CH3C(O)O+ O, 3x 10712
OH + CH3CHO + O, = H,0 + CH3C(0)O, 1.3x 1071t
OH + CH,O = HCO + H,0 1x 1071
OH + CH3zOH = CH,OH + H,0 9x 10713
OH+ HO; =+ H,0+ O, 1.1x 10710
Cl + CH30OH = CH,OH + HCI (R11) 6x 10711
CH,OH + O, = HO, + CH,0O 9.1x 10712
Cl + O, = CIOO 5.4x 10714
ClIOO=CIl+ O, 2 x 10°
Cl + CIOO=Cly+ Oy 3x 10710
Cl + CIOO=CIO + CIO 1.2x 101t
Cl + HCOOH (+0O;) = HCIl + CO, + HO, 2x 10718
Cl + CH300H = HCI + OH + CH,O 6x 1071t
Cl+ H202 =HCl + H02 4 x 1@13
Cl + CH3C(O)OH= CH3C(0)O, 5x 10715
Cl + CH3C(O)OH= CH30,+CO, 25x 10714
Cl+ 03=CIlO+ O, 1x 1071
H02+03=OH+02 2 x 1@15
OH+ O3 =HO;+ O, 7 x 10714
OH+ CO (+ Oy) = CO, + HO, 2x 10718
OH + CH3C(O)OH (+0Oy) = H,0 + CH30, + CO, 8 x 10713
OH + CH3C(O)OH= H,0 + CH3C(0)O, 8x 10713
OH + CH300H = H,0 + CH30, 7 x 10712
OH + H;0, = H;0 + HO, 1.7x 10712
CH3z0, + CIO = CH3zOCI + O, 6 x 10718
CIO+ ClIO=Cl,+ Oy 5x 10715
CIO+ CIO=CI+Cl+ 0O, 8 x 10715
Cl + CH3C(O)CHO (+0y) = HCI + CH3C(0)0; + CO 45x 10711
Cl+ CO=CICO 2.6x 10714
CICO=Cl+ CO 5x 10°
OH + CH3C(O)CH; = H,0O + CH3C(O)CH, 1.4x 10713
Cl + CH3C(0O)CHO, = CH3C(O)CH,O + CIO 1x 10710
CH3C(O)CHO; + CIO = CH3C(O)CHO + Cl + O, 1.5x 10712
CH3C(O)CH0, + CIO = CH3C(O)CHOCI + O, 5x 10718
OH + CH3C(O)CHO ¢+ O;) = H,0O + CH3C(0)O; + CO 1.6x 101
Cl + CH3C(O)CH,OOH = HCI + OH + CH3C(O)CHO 1x 10710
OH + HCI=H,0 + CI 8x 10713
Cl + CH3C(O)CHOH (+ O,) = HCI + CH3C(O)CHO+ HO, 6 x 10711
OH + CH3C(O)CHOH = H,0 + CH3C(O)CHO+ HO, 1.2x 10712
OH + CH3C(O)CHOOH = H,0 + OH + CH3C(O)CHO 5x 10712
OH + CH3C(O)CH,OOH = H,0 + CH3;C(0O)CH,0O; 5x 10712

a2Some of the key reactions referred to in the text are highlighted in Bétdte coefficients are taken from refs 18 and 19.
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Figure 5. Typical product yield plots from the chlorine-atom-initiated oxidation of an acetone/methanol mixtureQEG#CHsC(O)CHso =
0.5) Open symbols represent FTIR measurements; filled symbols represent HPLC measurements. Dashed lines are least-squares fits to FTIR data
points; solid lines are least-squares fits to HPLC data points.

TABLE 5: Product Yields from the Photooxidation of radicals, thus the highest ratio used in this work was 0.5. In the
Methanol/Acetone/ClL Mixtures absence of methanol, experimental yields of AHP, PAA, and
product yields/% MHP are 13%, 16%, and 16%, respectively. As the concentra-
HPLC FTIR tion of methanol increases, the yields of these hydroperoxides
[CHsOH]o/ rise to 28%, 21%, and 31%, respectively. In contrast, the yield
[CHiCHOl MHP PAA AHP PAA CO CO* CH.O® of CO, decreases from 58% to 38% as the KCiH]o:[acetone]
0 6 16 13 15 58 nrh. nm. ratio increases from 0 to 0.5.
0.125 31 23 27 18 43  n.m. n.m. .
0.25 32 29 30 13 33 40 35 In the absence of methanol, Cl atoms react with acetone to

0.5 30 25 28 19 39  n.m. n.m. form acetonyl peroxy radicals (R23), which then predominantly
react with other peroxy radicals present to form acetonoxy

2Yields measured in separate experiment usi OH.bn.m.= )
P P 0 radicals (R24a).

not measured.

channel, since it regenerates radicals. In this case, our branchingCH,C(O)CH, + ClI (+ O,) — CH,C(O)CH,0, + HCI

ratio allows for an overall rate coefficient as high as 2.2071% (R23)

cm® molecule’? s7%. However, careful reanalysis of the original + . + +

data from refs 16 and 17 would be required to confirm this. CH,C(O)CHO, + RO, —~ CH,C(O)CHO + RO Rzoj
(iiiy Acetonyl Peroxy + HO,. Typical changes in the ( a)

concentrations of acetone and the reaction products following — CH,C(O)CHO+ ROH+ O

the photolysis of Glacetone/CHOH mixtures in air are shown (R246)

in Figure 5. As can be seen in this figure, some of the product

— CH,C(O)CH,OH +

yield plots are curved because of the reaction of these products
with Cl atoms. In such cases, the product yields were determined
by fitting a polynomial to the data points and evaluating the
slope of the curve at the origin. Product yields of acetonyl These radicals then form formaldehyde and acetyl radicals in
hydroperoxide (AHP), PAA, MHP, and Gbtained during reaction R15, which can subsequently produce PAA and MHP
the photolysis of CHCOCHy/CH3zOH/Cl,/O, mixtures are as described for the oxidation of acetaldehyde above. A
shown in Table 5 and Figure 6. Because of the slow reaction significant amount of H@is formed in secondary chemistry,
between acetone and Cl atofdsmuch lower [CHOH]o: which may also react with acetonyl peroxy radicals to generate
[acetong] ratios are needed to generate an excess of HO the observed AHP.

R'CHO+ O, (R24b)
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Figure 6. Comparison of experimental and model product yields from the chlorine-atom-initiated oxidation of acetone/methanol mixtures (see text
for details). Open symbols represent FTIR measurements; filled symbols represent HPLC measurements

CH,C(0)CH,00 + HO, — CH,C(O)CH,00H + O,
(R8a-ACN)

If reaction R8a-ACN were the only product channel for the
acetonyl peroxyt HO, reaction, the yield of AHP would rise
to unity and the yields of MHP, PAA, and GQvould fall to
zero as the methanol (and thus the#Oncentration) increases.

It is clear from Figure 6 that this does not occur and implies
that as with the acetyl peroxy HO, reaction, a significant
radical channel leading to acetonoxy radicals and OH is
occurring with the acetonyl peroxyy HO, reaction (R8c-ACN).

To investigate this channel further, simulations were per-

formed using an Acuchem model which incorporated the

In experiments with both methanol and acetone present, a
complete carbon balance cannot be obtained for acetone
oxidation because two of the expected products (formaldehyde
and carbon monoxide) are also present because of the added
methanol and its oxidation products. To further test our
understanding of the reaction mechanism, an experiment was
carried out in whicH3C labeled methanol was used to generate
HO,. Product yields from these experiments are given in Table
5. The carbon balance for the identified products is 91%. The
remaining products, which account for 9% of the converted
acetone, are expected to be hydroxyacetone and methyl glyoxal.
In Acuchem simulations carried out under the appropriate
experimental conditions, the predicted yields of hydroxyacetone

reactions shown in Table 4. Results of these simulations areand methyl glyoxal are 3% and 8%, respectively, which are
shown in Figure 6. The computer model demonstrates that with both below the detection limits in the experiments, and which

a branching ratio for R8a-ACN and R8c-ACN of 1 and 0,
respectively, model predictions of AHP yields are much higher
than experimental results in the high [g@PH]o:[acetone] ratio
experiments. Predicted PAA, MHP, and £@elds are much

are in excellent agreement with the missing carbon balance.
Bridier et al®® reported data that are consistent with a

branching ratio for R8a-ACN of unity (see Table 2) on the basis
of kinetic simulations of flash photolysis experiments in which

lower th_an the corresponding experime_ntal va_llues. Incorporationthe concentrations of peroxy radicals were monitored by UV
of reaction R8c-ACN into the model with a yield of 0.67 leads absorption spectroscopy. The origin of the discrepancy between
to good agreement between the model and experiments. Becausghis work and the results of Bridier et al. is unclear but it could

of the better agreement between product yields measured byindicate a problem with the UV cross sections used in that study.

HPLC and FTIR (compared to the product yields measured from

A possible alternative explanation for the observed product

the CHC(0)0; + HO; reaction), uncertainties associated with  gistribution in our study is that reaction channel R8d-ACN rather
the measured branching ratios for R8-ACN are estimated to bei,a4 R8c-ACN is an important pathway

about 30%, lower than the uncertainties associated with the

branching ratios for R8-ACT. As with R8-ACT, because of the
additional radical reaction channel, the overall rate coefficient
may be higher than the previously reported value.

CH,C(0)CH,00+ HO, —

CH,C(O)CHO+ H,0 + O, (R8d-ACN)
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The resultant methylglyoxal may then react with Cl atoms to significant fraction of radicals are recycled in these reactions
produce acetyl peroxy radicals which would then generate PAA, (R8c). This may lead to higher concentrations of pollutants such

MHP, and CQ as discussed above as OH radicals and ozone than is currently predicted by air
pollution models.
CH,C(O)CHO+ CI (+ O,) — To investigate the potential impact of these reactions on

CH,C(0)0, + CO+ HCI (R25) tropospheric ozone and OH concentrations, several simple box
model simulations were carried out using the OZIPR computer

34 . . : y :
To investigate this possibility, simulations were carried out in Program-* In the first set of simulations, conditions typical of

which branching ratios for R8a and R8d were set to 0.33 and @ North Americafn (;'_t'y dL:jring summer were .chozen, anhd
0.67, respectively (not shown). In these calculations the yields cOncentrations o and ozone were monitored as the
of both MHP and PAA remained constant at about 0.08 as the Pranching ratios for reactions R8a and R8c were varied between
[CH3OH]p:[acetong] ratio was varied from O to 0.5. Because 0 aFd_bll. !n these sm;ulatlons, the_ brancfhw;g ratios hadd a
the concentrations of methanol and acetone are high compared1eg igible impact on the conc;entratlons of these secondary
to methylglyoxal during these experiments, Cl atoms predomi- Pellutants (typically less than 1%). In a second set of simula-
nantly react with methanol and acetone rather than methylgly- tions, ths calcéult?tlonfs were r]:epeateo_l Eutﬁhef( NE'SS'OH rates
oxal. Reaction R25 is thus too slow to generate the quantities VE'¢ reduced by a factor of 10. With all of the R HO,
of MHP and PAA observed in the high [GBH], experiments reactions set td/rgc = 1, the peak OH radical concentration

’ i 3
and reaction R8d cannot account for the observed product'nCTeaSIed fro;n ‘E’]:;"’X thGhmoIec_uleﬁ cm kto 4.7 x 10°
distributions. A significant branching ratio for R8c therefore Molecules cm®, while the change in the peak ozone concentra-

appears to be the best available explanation for the experimentafion was small £5%). Incorporating only the_branphing ratios
observations, although we cannot rule out a contribution from Measured for acetyl and acetonyl peroxy radicals into the model
R8d-ACN (and with all other R@ + HO, branching ratios set t¥rga =

(iv) OH Radical Formation in the RO, + HO, Reactions,  +) had @ much smaller impact on both ozomel§6) and OH
From the discussion above, it is clear that the experimental datat(<5 %). This result is not surprising since oxyggnqted organics
are consistent with high yields of OH radicals in the reaction Make up only a small fraction of total VOC emissions in these

between H@ and acetyl peroxy radicals and in the reaction Simulations. - _ _ _ _
between H@ and acetonyl peroxy radicals. Given that the From t.he _S|mulat|ons descrlped here, it appears that chain
relative rate constants for the reaction of acetone/methanol andPropagation in R@+ HO, reactions (R8c) may have a small
acetaldehyde/methanol are significantly different for OH- and impact on tropospheric chemistry under low Nénditions.
Cl-initiated reactiond! the possibility was considered that 1heimpact of these reactions on OH radical concentrations will
relative rate plots could be used as additional evidence for thePe greater for aged air, which typically contains higher
importance of reaction R8¢ in the high [@BIH], experiments. concentrations of oxygenat_eq organics and lower I_evels af NO
As the methanol concentration increases, the OH radical TO Predict the extent of this impact, a more detailed database
concentration is also expected to increase, and thus a highe©f ROz + HO, branching ratios is needed. Finally, reaction 8
fraction of methanol and the carbonyls will react with OH rather Will not provide as strong an atmospheric source of acetic acid
than Cl in these experiments. The slope of the relative rate plots@S Previously thought. Further investigations of the product
would thus be expected to systematically change as the methanoyields from _these reactions as a function of temperature are
concentration is varied (see Figure 8 in ref 16). Experimental cléarly required.
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