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Abstract. This article, the second in the series, presents ki-evaluation by this international committee was published in
netic and photochemical data evaluated by the IUPAC Subd. Phys. Chem. Ref. Data in 1980 (Baulch et al., 1980), fol-
committee on Gas Kinetic Data Evaluation for Atmospheric lowed by Supplements in 1982 (Baulch et al., 1982) and 1984
Chemistry. It covers the gas phase and photochemical reag¢Baulch et al., 1984). In 1986 the IUPAC Subcommittee
tions of Organic species, which were last published in 1999,0n Data Evaluation superseded the original CODATA Task
and were updated on the IUPAC website in late 2002, andGroup for Atmospheric Chemistry, and the Subcommittee
subsequently during the preparation of this article. The ar-has continued its data evaluation program with Supplements
ticle consists of a summary table of the recommended ratgublished in 1989 (Atkinson et al., 1989), 1992 (Atkinson
coefficients, containing the recommended kinetic parameterst al., 1992), 1997 (Atkinson et al., 1997a), 1997 (Atkin-
for the evaluated reactions, and eight appendices containingon et al., 1997b), 1999 (Atkinson et al., 1999), and 2000
the data sheets, which provide information upon which the(Atkinson et al., 2000). Following the last of these reports,
recommendations are made. Supplement VIl (Atkinson et al., 2000), the evaluation has
continued to be updated and published on the worldwide web
(http://www.iupac-kinetic.ch.cam.ac.gk/The IUPAC web-
1 Introduction site hosts an interactive data base with a search facility and
implemented hyperlinks between the summary table and the
In the mid 1970s it was appreciated that there was a needata sheets, both of which can be downloaded as individual
for the establishment of an international panel to produce &PDF files. In order to further enhance the accessibility of
set of critically evaluated rate parameters for reactions of in-this updated material to the scientific community, the evalu-
terest for atmospheric chemistry. To this end the CODATA ation is being published as a series of articleAtimospheric
Task Group on Chemical Kinetics, under the auspices of theChemistry and PhysicsThis article is the second of the se-
International Council of Scientific Unions (ICSU), was con- ries, Volume II.
stituted in 1977, and tasked to produce an evaluation of rel-
evant, available kinetic and photochemical data. The first

Correspondence tdR. A. Cox
(rac26@cam.ac.uk)

Published by Copernicus GmbH on behalf of the European Geosciences Union.


http://www.iupac-kinetic.ch.cam.ac.uk/

3626 R. Atkinson et al.: Evaluated kinetic and photochemical data for atmospheric chemistry

2 Table of the summary of recommended rate coeffi- Reactions are numbered sequentially in each family. Chem-
cients for organic reactions ical reactions are listed as first reactant (usually an atom
or radical) + second reactant (usually a molecule). Each
The ordering of families in the summary table of the recom- datasheet has a unique identifier: ‘Volume: Appendix num-
mended rate coefficients is ¢)) and OtD) atom reactions, ber: reaction number’. For example, the first reaction in the
HO radical reactions, RO reactions, Rfgactions, @ reac- summary sheet below refers to Datasheet ‘11.A1.1".
tions, halogen atom reactions and photochemical reactions.

reaction k2os Temp. dependence of Temp.
number Reaction crAmolecule! st Alog kg klcm® molecule s71 range/K  A(E/R)/IK?

O atom Reactions based on data sheets in Appendix Al

1 O + CHs — products 1.3¢ 10710 +0.1 1.3x 10710 290-900 +100
2 O(@D) + CH4 — HO + CHa 1.05x 10-10 1.05x 1010 200-350
— CH30 or CH,OH + H 3.45x 10711 3.45x 10711 200-350
— HCHO + Hp 7.50x 10712 7.50x 10712 200-350

overall 1.50x 10710 +0.10 1.50x 10710 200-350 4100

HO Reactions based on data sheets in Appendix A2

3 HO + CH; — H20 + CHg 6.4% 10715 +0.08 1.85x 10 1%exp(-1690')  200-300 4100
4 HO + GHy + M — CoHo0OH + M 5 x 10739[N,] (ko) +0.1 5x 1073%(7/300y *5[N,]  300-800 An=+1.5
1.0x 10712 (ko) +0.3
7.8 x 10713(1 bar air) +0.15
F.=0.37
5 HO + GHg + M — CoH4OH + M 8.6 x 1072°[Ny] (ko) +0.3 8.6x 10-2%(T/300) 31[Ny] 200-300 An=42
7.9 x 10711 bar air) +0.1
9.0x 10712 (kso) +0.3 9x 10~1(1/300) 085 100-500 An=+0.3
F.=0.48
6 HO + GHg — H20 + GHs 2.4x 10713 +0.08 6.9x 10~ 1%exp(-10007") 200-300 +100
7 HO + GHg + M — C3HgOH + M 8 x 10727[N] (ko) +0.5 8x 10727(T/300y35[N,]  200-300 An==+1
2.9x 10~ (1 bar air) +0.1
3.0x 10°1¢ (keo) +0.1 3.0x 10-1(7/300)1 200-300 An==+1
F.=05
8 HO + GsHg — H20 + CzH7 1.1x 10712 +0.08 7.6x 10 12exp(-585I") 200-300 =+100
9 HO + CH3CH,CH,CHs3 — products 2.3 10712 +0.10 9.1x 10 12exp(-405T") 230-300 4150
10 HO + CH=C(CHg)CH=CH, (isoprene) 1.0< 10710 +0.10 2.7x 10~ HMexp(390r) 240-430 4100
— products
11 HO +a-Pinene— products 5.3« 1071 +0.15 1.2x 10~ exp(440r) 290-430 4200
12 HO + CO— H + CO; 1.44% 10713(1 + [No]/4.2 x +0.05 1.3x 10°13(1 + 0.6 P/bar)  200-300 A log k+0.2
10 molecule cni3)
HO + CO + M— HOCO + M see data sheeet for
OH+CO+M
13 HO + HCHO— H,0 + HCO 8.5x 10712 +0.08 5.4x 10 12exp(1351") 200-300 #4100
14 HO + CHCHO — H,0 + CH;CO 1.5x 10711 +0.08 4.4x 10~ 12exp(3651") 200-350 4100
15 HO + GHsCHO — products 2.0 1071 +0.1 5.1x 10~ 2exp(405I") 240-380 4200
16 HO + CHCH,CH,CHO — products 2.4 10711 +0.1 6.0x 10 12exp(410T1) 250-430 4250
17 HO + CH=C(CHz)CHO — products 2.9 10711 +0.10 8.0x 10~ 12exp(3801") 230-380 4200
18 HO + Pinonaldehyde> products 4.2 10711 +0.25
19 HO + (CHOY — H,0 +CH(0)CO 1.1x 10711 +0.3
20 HO + HOCHCHO — H,0 +HOCHCO 8.8x 10712 +0.15
— HyO +HOCHCHO  2.2x 10712
overall 1.1x 1071% +0.15
21 HO + CHC(O)CHO— H,0 + CHsC(O)CO  1.5x 10711 +0.2
22 HO + CHC(O)CHs — Ho0 + CH,C(O)CHs 1.8 x 10713 +0.08 8.8x 10 12exp(-13207) 195-440 Alogk ==+0.08
+1.7 x 10 Yexp(423r)
23 HO + CHC(0)CH,CHz — products 1.2 10712 +0.15 1.3x 10~ 12exp(-251") 240-300 4200
24 HO + CH=CHC(O)CH — products 2.0¢ 1071 +0.10 2.6x 10 1%exp(610T) 230-380 4200
25 HO + CHOH — H0 + CH,OH 7.65x 10713
— H,0 + CHsO 1.35x 10713
overall 9.0x 10713 +0.08 2.85x 10 12exp(-345T") 210-300 +150
26 HO + GH50H — H0 + CH;CH,OH 1.6x 1013
— H20 + CHzCHOH 2.9x 10712
— H0 + CHsCH,0 1.6x 10713
overall 3.2x 10712 +0.08 3.0x 10 12exp(20r) 210-300 4150
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reaction koog Temp. dependence of Temp.
number Reaction crd molecule? s71 Alogklgg  klcm® molecule? s71 range/K  A(E/R)IK?
27 HO + CHCH,CH,OH — products 5.8« 10712 +0.10 4.6x 10 2exp(70r) 260-380 +100
28 HO + CHCH(OH)CH; — products 5.1x 10712 +0.08 2.6x 10~ 12exp(2001") 250-360 4100
29 HO + CHCH,CH,CH,OH — products 8.5¢ 10712 +0.15 5.3x 10~ 12exp(1401") 260-380 +200
30 HO + CHCH(OH)CH,CHs — products 8.7 10712 +0.15
31 HO + (CH)2C(OH)CH=CH, — products 6.4¢ 10711 +0.15 8.2x 10~ 1%exp(6101") 230-300 =+ 200
32 HO + CHOCHz — H20 + CH;OCH, 2.8x 10712 +0.08 5.7x 10 12exp(-215I") 230-300 +100
33 HO + 3-methylfuran> products 9.3« 1011 +0.3
34 HO + CHC(O)CH,OH — products 3.0x 10712 +0.15
35 HO + (CH)2C(OH)CHO—> products 1.5¢ 10711 +0.3
36 HO + CHOOH — H,0 + CH;OOH 1.9x 10712
— Hy0 + CH;00 3.6x 10712
overall 5.5x 10712 +0.2 2.9x 10 2exp(190r) 220-430 =+ 150
37 HO + HC(O)OH— products 45¢ 10718 +0.15 4.5% 10713 290-450 +250
38 HO + CHC(0)OH— products 7.4¢ 10713 +0.15 4.2x 10 4exp(855T") 220-300 4+ 400
39 HO + GHsC(O)OH— products 1.2¢ 10712 +0.2 1.2x 10712 290-450 4+ 300
40 HO + CHONO;, — products 2.3 1074 o2 4.0 x 10 13exp(-845T) 220-300 +400
41 HO + GH50NO;, — products 1.8« 10713 +0.3 6.7x 10 13exp(-395T") 230-300 +400
42 HO + 1-GH70ONO, — products 5.8 1013(1 bar air) +0.3
43 HO + 2-GH;ONO;, — products 2.9¢ 10718 +0.2 6.2x 10~ exp(-230r) 230-300 +300
44 HO + 1-GHgONO, — products 1.6< 1012 +0.2
45 HO + 2-GHgONO; — products 8.6¢ 10713 +0.3
46 HO + CHC(O)OONG — products <3x 10714
47 HO + CHC(0)CHONO, — products <1x 10712
48 HO + CHCH,C(O)CHONO;, — products 8. 10713 +0.3
49 HO + CHCH(ONQG,)C(0)CHs — products 1.2 10712 +0.3
50 HO + CH=C(CHz)C(0)OONG — products 2.9% 1011 +02
51 HO + HCN— products 3.0¢< 10 (1 bar) +0.5 1.2x 10713(-400/T) (1bar) 290-440 + 300
52 HO + CHCN — products 2.2 10714 (1 bar) +0.15 8.1x 10~ 13(-10801r) 250-390 4200
HO2 Reactions — based on data sheets in Appendix A2a
53 HO;, + CHzOz — Oz + CH3OOH 5.2x 10712 +0.3 3.8x 10~ Bexp(7801) 225-580 =+ 500
54 HQ, + HOCH,O; — O + HOCHOOH
— Oz + HCOOH + HO
overall 1.2x 10711 +0.3 5.6x 10 9exp(23007") 275-335 =+ 1500
55 HO; + CoHs0, — O + CHsO0H 7.8x 10712 +0.2 3.8x 10~ 1exp(9001) 200-500 =+ 400
56 HQO, + CH3CO3 — O, + CH3C(O)OOH 1.1x 10711
— Oz + CH3C(O)OH 2.8x 10712
overall 1.4x 1011 +0.3 5.2x 10 13exp(980r) 250-400 =+ 500
57 HQO, + HOCH;CH,0, — products 1.2 10711 +0.3
58 HO, + CH30OCH,O, See data sheet
— Oz + CH3OCH,O0H
— Oy + CH30CHO + 0O
59 HO; + CH3COCH,0;
— 0Oy + CH3COCH,O0H 9.0x 10712 +0.3
60 HQO, + HCHO — HOCH,00 7.9% 10714 +0.3 9.7x 10~ exp(6251) 275-333 =+ 600
61 HOCHO0O0 — HO, +HCHO 1.5x 107 (k/s*hH +03 2.4x 10%2exp(-70007") 275-330 =+ 2000
NOs Reactions — based on data sheets in Appendix A3
62 NGOz + CHg — HNO3 + CH3 <1x 10718
63 NQ; + CoHo — products <1x 10716
64 NO; + CoH4 — products 2.1x 10716 +0.2 3.3x 10 2exp(-28801") 270-340 =+ 500
65 NO; + CoHg — HNO3 + CoHs <1x10Y
66 NQ; + C3Hg — products 9.5¢ 1015 +0.2 4.6x 10 Bexp(-1155T") 290-430 4+ 300
67 NO; + C3Hg — HNOs + C3H7 <7 x 10717
68 NO; + n-C4H10 — products 4.6< 10717 +0.2 2.8x 10~ 2exp(-32807") 290-430 =+ 400
69 NQ; + CH,=C(CHg)CH=CHy(isoprene)— products  7.0x 1013 +0.2 3.15x 10 12exp(-4501") 250-390 =+ 200
70 NQ; + a-Pinene— products 6.2< 10712 +0.1 1.2x 10~ 2exp(490r) 260-390 =+ 300
71 NOz; + HCHO — HNO3 + HCO 5.6x 1016 +0.3
72 NO; + CH3CHO — HNO3 + CHzCO 2.7x 10715 +0.2 1.4x 10 12exp(-18607") 260-380 =+ 500
73 NO; + CoHsCHO — products 6.4¢< 10715 +0.2
74 NQ; + C3H7CHO — products 1.1x 1014 +0.15 1.7x 10 2exp(-15001") 260-340 4+ 500
75 NO3 + CH,=C(CHg)CHO — products 3.4x 10715 +0.15
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reaction koog Temp. dependence of Temp.
number Reaction crAmolecule s1 Alog kg kicm® molecule? s71 range/K A(E/R)IK¢
76 NO; + CH3C(O)CH=CH — products <6.0x 10716

77 NO; + Pinonaldehyde> products 2.0x 10714 +0.25

78 NO; + CH3C(O)CHs — HNO3 + CH3COCH, <3 x 10°Y7

79 NOQ; + 3-methylfuran— products 1.9¢ 101 +0.5

80 NQ; + CHp=C(CHg)C(O)OONG — products  1.6< 10716 +0.7

81 NQ; + CH3OH — products 1.3¢ 10716 +0.5 9.4x 10~ 13exp(-26507) 250-370 + 700
82 NQ; + CHs0H — products <2x 10715

83 NQ; + CH3CH(OH)CHs — products 1.4x 10715 +03

84 NQ3z + CHgCH(OH)CH,CH3 — products 2.0x 10715 +0.3

85 NO; + (CHg)2C(OH)CH=CH, — products 1.2 10714 +0.2 4.6x 10 exp(-400)T) 260-400 =+ 200

Carbon Radical Reactions — based on data sheets in Appendix A4

86 CHy+ Oy + M — CH3O2 + M 1.0 x 10739N5] (ko) +0.2 1.0x 10-39(7/300y 33[N,] 200300 An=+1
1.8x 10712 (koo) +0.3 1.8x 10-13(7/300)1 200-300 An==+1
F.=0.27

87 CHs + O3 — products 2.3 10712 +0.3 4.7x 10 12exp(-210T) 240-400 + 200

88 GoHs + Oy — CoHg + HO, 3.8x 10715 (1 bar air) +05
1.9x 1014 (0.133 bar air) +0.5

89 GHs + O + M — CoHs02 + M 5.9 x 10729[N,] (ko) +0.3 5.9x 1072%(T/300)38[N,]  200-300 An=+1
7.8x 10712 (koo) +0.2 7.8x 10712 200-300

F. = 0.58exp(7/1250) 200-300
+0.42exp(7/183) 200-300

90 n-CaHz7 + O + M — n-C3H700 + M 8.0x 10712 (koo) +0.2 8.0x 10712 200-300

91 i-CgH7 + Op + M — i-CgH70, + M 1.1x 101 (koo) +0.3 1.1x 101 200-300

92 1-GHg + Op + M — 1-C4HgOp + M 7.5x 10712 (koo) +0.5

93 2-CyHg + Op + M — 2-C4HgOy + M 1.7x 1071 (koo) +0.5

94 CHC(O)CHp + Oy + M 1.5x 10712 (kso) +0.5

— CH3C(0)CH0, + M

95 HCO +Q — CO + HO, 51x 10712 +0.15 5.1x 10712 200-300

96 CHCO + Oy + M — CH3C(O)O, + M 5.1x 10712 (koo) +0.2 5.1x 10712 220-300

97 CH,OH + O; - HCHO +HO, 9.7x 10712 +0.12

98 CH;CHOH + O — CH3CHO +HO, 1.9x 10°1% +0.3

99 CH,CH,OH + O, — products 3.0« 10712 +0.3

RO Radical Reactions — based on data sheets in Appendix A5

100 CHO + O, - HCHO + HO, 1.9x 10715 +0.2 7.2x 10~ 1*exp(-10807") 290-610 +300
101 GHs0 + Op - CH3CHO + HO, 8.1x 10715 +0.2 2.4% 10 Y*exp(-3251") 295-355 +300
102 1-GH70 + O; = CH5CHO + HO, 1.0x 10714 +0.2 2.6x 10 1*exp(-253I") 220-380 +500
103 2-GH70 + O, — CH3COCH + HO, 7.0x 10715 +0.2 1.5x 10~ exp(-230r) 210-390 +200
104 CHCHoCH,CH,0 + Oy 1.4x 10714 +0.3 8.9x 10~ Mexp(-5501") 270-340 + 300
— CHgz CHp CHoCHO+ HO,
105 CHCHoCHoCH0 + M 2.9x 10° (s~H(dbar)  £0.2 4.6x 10'%xp(-3570r)(1bar) 250-350 = 300
— CH2CHpCH2CHROH + M
106 CH0OCH,0 + O, — CH30CHO + HG see data sheet
CH3OCH,O + M — CH3OCHO + H + M for CHHOCH,O radical
107 CHC(0O)CHO + O, — CH3C(O)CHO + HGQ  see data sheet
CH3C(O)CHO + M — CH3CO + HCHO + M for CHC(O)CHO radical
108 CHCH(O)CH;CHz + O, 7.6x 10715 +0.3 1.5x 10~ exp(-2001") 250-350 + 300
— CH3C(0)CH,CHjz + HO,
109 CH;CH(O)CH,CHz + M 2.0x 10 (s~ Y(1bar) +0.3 7.2x 10%%exp(-5780T)(1bar) 240-340 +500
— CH3CHO + GHs + M
110 CHO + NO + M — CH3zONO + M 2.6x 10729N] (ko) +0.1 2.6x 1072%(T/300) 28[N,]  200-400 An=+0.5
33x 101 (koo) +0.5 3.3x 10~ 1Y(7/300) 96 200-400 An=+05
F, = exp(-I/900)
CH30 + NO— HCHO + HNO see data sheet
111 GHs0 + NO + M— CoHsONO + M 2.2x 10728N] (ko) +0.3
4.4x 1071 (koo) +0.3 4.4x 1071t 200-400
F.=0.6
C2H50 + NO — CH3CHO + HNO see data sheet
112 n-C3H70 + NO + M — n-C3H7ONO + M 3.8x 10711 (koo) +0.3
113 i-C3H70 + NO + M — i-C3H7ONO + M 34x 1071 (koo) +0.3
114 (CHp)3CO + NO + M— (CHz)3CONO + M 2.6x 10711 +0.3 2.6x 10 13(7/300) 14 200-400 An =405
115 2-GHgO + NO + M — 2-C4HgONO + M 25x 1071 +0.5
116 CHO + NO, + M — CH3ONO; + M 8.1 x 10729Ny] (ko) +0.3 8.1x 1072%(T/300) *5[N;]  200-400 An ==+1
21x 1071t (koo) +0.3 21x 1071 200-400 An==+05
F.=0.44
CH30 + NO;, — HCHO + HONO see data sheet
117 GHs0 + NO, + M — CoHsONO, + M 28x 1071 (koo) +0.3 2.8x 1071 200-300 An==+05
CyHs0 + NOp, — CH3CHO + HONO see data sheet
118 1-GH;0 + NO, + M — 1-C3H7ONO, + M 36x 1071 (koo) +0.3
119 2-GH70 + NO; + M — 2-C3H7;0ONO; + M 34x101 (koo) +0.2 34x 1071 200-300
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reaction koog Temp. dependence of Temp.
number Reaction cr moleculel st Alog kg klcm® molecule s71 range/lK  A(E/R)/K?
RO, Reactions — based on data sheets in Appendix A6
120 CH0, + NO — CH30 + NG, 7.7x 10712 +0.05 2.3x 10~ 12%exp(360T) 200-430 =+ 100
121 GHs0; + NO — products 9.2¢ 10712 +0.1 2.6x 10~ 2exp(3801) 200-410 +50
122 HOCHCH,0; + NO — HOCH,CH,0 + NO, 9x 10712 +05
123 n-C3H702 + NO — products 9.4¢ 10712 +0.2 2.9x 10~ 2exp(3501) 200-410 =+ 100
124 i-C3H70; + NO — products 9.0x 10712 +0.1 2.7x 10~ 2exp(3601) 200-410 + 100
125 CHC(O)CHO, + NO 8x 10712 +0.3
— CH3C(O)CH0 + NO,
126 CHC(0)O, + NO — CH3C(0)O + NGO 20x 101 +0.15 7.5x 10~ 12exp(290T) 200-350 =+ 250
127 GHsC(0)0; + NO — C,HsC(0)0 + NGO 21x 10712 +0.15 6.7x 10~ 1%exp(3401") 220-410 + 200
128 CHO, + NOz + M — CH3zO0;NO2 + M 2.5 x 10739[N ] (ko) +0.3 2.5x 1073%(7/300)53[N ] 250-350 An=£1
1.8x 10711 (koo) +0.3 1.8x 10711 250-350 An=405
F.=0.36
129 CH0,NOz + M — CH30, + NOz + M 6.8 x 10719[N] (kols™1) +0.3 9x 10-%exp(-96907)[N2] 250-300 500
45 (kools™1) +0.3 1.1x 10'exp(-105607") 250-300 +500
F.=06
130 GH50;2 + NOp + M — C3 HsOoNO, + M 1.3 x 10729[Ny] (ko) +0.3 1.3x 1072%(T/300) 52[N3] 200-300 An=+1
8.8x 10712 (kso) +0.3 8.8x 10712 200-300 Alog k== 0.3
F.=0.31 200-300
131 GHs0NO, + M — CoHs0, + NO2 + M 1.4 x 10717[Ny] (kols™1) +0.5 4.8x 10-%exp(-92857")[N2] 250-300 1000
5.4 (kools™1) +0.5 8.8x 10%exp(-104407") 250-300 +1000
F.=0.31 250-300
132 CHC(0)O, + NO; + M — CH3C(O)O;NO; + M 2.7 x 10728[Ny] (ko) +0.4 2.7x 10-28(T/300) "1[N7] 250-300 An=+2
12x 101 (kso) +0.2 1.2x 10-14(7/300) 29 250-300 An=+1
F.=03
133 CHC(O)O:NO; + M — CH3C(0)0; + NO2 + M 1.1x 10729Ny] (kols™1) +0.3 4.9x 10-3exp(-121007)[N2]  300-330 1000
3.8x 1074 (kools™1) +0.3 5.4x 10%exp(-138307") 300-330 4300
F.=03
134 GH5C(O)ONO2 + M — CoHs5C(0)0; + NOz + M 6.2 x 10729[N] (kols™1) +0.5 1.7x 10-3exp(-112807)[N2]  290-320 2000
4.0x 1074 (kools™1) +0.2 8.3x 10%exp(-139407") 290-320 +1000
F.=0.36
135 CHC(O)CHONO, + M — (kools™1) +0.3 1.4x 10%exp(-107307)(1 bar) 240-260 4200
CH3C(O)CHO, + NO, + M
136 CH=C(CHg)C(O)OONG + M — 35x 10 (sYH(1bar) +0.3 1.6x 10%%exp(-135007)(1 bar) 290-330 £1000
CH,=C(CHg)C(0)00 + NG
137 CH0, + NO3 — CH30 + NO; + O, 1.3x 10712 +0.3
138 GHs0; + NOg — CoHs0 + NO, + O 2.3x 1012 +0.2
139 CHOy+ CHzOy — CH30H + HCHO + &
— 2CHO+ O, 1.3x 1013 +0.15 7.4x 10~ 13exp(-5201) 220-330 +300
— CH300CH; + O,
overall 3.5%x 10713 +0.12 1.0x 10 13exp(365T) 200-400 4200
140 CH0,+ CHC(0)O,
— CH30 + CHsCO, + O 9.9x 10712
— CH3COOH + HCHO + Q 1.1x 10712
overall 1.1x 10711 +0.15 2.0x 10~ 12exp(5001") 200-350 + 250
141 CH0,+ CHC(O)CH0,
— CH30H + CHC(O)CHO + @ 1.9x 10712
— HCHO + CHC(O)CHOH + O,  7.6x 10713
— CH30 + CHsC(O)CHO + O 1.1x 10712
overall 3.8x 10712 +0.3
142 HOCHO,+ HOCH,O,
— HC(O)OH + CH(OH), + O, 7.0x 10713 +0.3 5.7x 10~ Mexp(7501T) 270-330 +750
— 2HOCH0 + O, 5.5x 10712 +0.3
143 GHs0; + CoH50;2 — CoH50OH + CHCHO + O, 24x 10714
— 2CGH50+ O 4.0x 10714
overall 6.4x 10714 +£0.12 6.4x 10714 250-450 *3%9
144 GHs0, + CH3C(0)O;
— C2Hs0 + CHC(0)O + &
— CHzCHO + CH3C(O)OH + &
overall 1.6x 10711 +0.5 4.4x 10~ 3exp(10701) 220-440 +500
145 CHOCH,0, + CH30CH,0,
— CH3OCH,0OH + CH;OCHO + &
— 2 CH30CHO + O 1.4x 10712
overall 2.1x 10712 +0.3

www.atmos-chem-phys.net/6/3625/2006/

Atmos. Chem. Phys., 6, 3635-2006



3630 R. Atkinson et al.: Evaluated kinetic and photochemical data for atmospheric chemistry
reaction koog Temp. dependence of Temp.
number Reaction crimolecule st Alogkyeg  kicm® molecule s71 range/K  A(E/R)IK¢
146 CHC(0)O; + CH3C(0)O; — 2 CHC(0)O +& 1.6x 101 +0.1 2.9x 1012 exp(5001) 200-370 +200
147 CHCO3 + CH3C(0)CHO2

— CH3C(O)OH + CHC(O)CHO + &
— CH3CO, + CH3C(O)CHO + O 2.5x 10712
overall 5.0x 1012 +0.3
148 HOCHCH,0, + HOCH,CH,0,
— HOCH,CH,OH + HOCHCHO + O, 1.1x 1012
— 2 HOCHCH0 + O, 1.1x 10712
overall 2.2x 10712 +0.1 7.8x 10~ 14exp(10007’) 250-450 +300
149 n-CgH702 + n-C3H70, — n-C3H70H + GaH5CHO + Oy
— 2n-CgH7;0 + Oy
overall 3.0x 10713 +0.5
150 i-C3gH70; + i-CgH702 — i-C3H70H + CHsC(O)CHs + Oz 4.4x 10716
— 2i-C3H70 + Oy 5.6x 10716
overall 1.0x 10715 +0.3 1.6x 10~ 2exp(-22007) 300-400 +300
151 CHC(O)CH0z + CH3C(0)CHO;
— CH3C(O)CHOH + CHC(O)CHO + @  2.0x 10712
— 2 CHsC(O)CHO0 + Oy 6.0x 10712
overall 8.0x 10712 +0.3
152 RCHOO + @ - RCHO +2Q
RCHOO + HO — products
RCHOO + CO— products
RCHOO + HCHO— products
RCHOO + GH4 — products No recommendations
RCHOO + NO— RCHO + NG (see data sheet)
RCHOO + NGQ — RCHO + NG
RCHOO + SQ — products
RCHOO + HC(O)OH— products
RCHOO + CHCHO — secondary ozonide
RCHOO—> products
RRCOO—> products
O3 Reactions — based on data sheets in Appendix Al
153 Q; + alkene— HO + products see data sheet
154 @ + CHp — products 1.0< 10720 +1.0
155 @ + CoHg — products 1.6< 10718 +0.1 9.1x 10~ 1%exp(-25807") 180-360 +100
156 O + C3Hg — products 1.0« 1077 +0.1 5.5x 10~ 1%exp(-18807") 230-370 +200
157 Q3 + CH,=C(CHg)CH=CH, — products 1.2% 1017 +0.1 1.03x 10~ Mexp(-19957") 240-360 + 200
158 Q; + a-Pinene— products 9.0x 1077 +0.2 6.3x 10716 exp (-5801") 270-370 + 300
159 @ + CH=C(CHs)CHO — products 1.2 10718 +0.2 1.4x 10 Yexp(-21007") 240-330 +300
160 @ + CH,=CHC(O)CH — products 5.2 10718 +0.2 8.5x 10 1%exp(-15207") 240-330 +200
161 Q; + 3-methylfuran— products 2.0< 1077 +0.3
162 Q + CH,=C(CHs)C(O)OONG — products 8.2 10718 +0.3
163 Q; + Pinonaldehyde> products <2x 1020
164 Q; + (CHg)2C(OH)CH=CH — products 1.0x 1017 +0.2
Halogen atom Reactions — based on data sheets in Appendix A7
165 F+CH — HF + CHg 6.3x 10711 +0.15 1.3x 10 1%exp(-215T") 180-410 4200
166 Cl+ CH, — HCI + CH3 1.0x 1013 +0.06 6.6x 10 12%exp(-1240T) 200-300 +200
167 Cl+ GHy + M — CoHoCl+ M 6.1 x 103N ] (ko) +0.3 6.1x 10-3%(7/300)3[N>] 200-300 An=+1
2.0x 10710 (koo) +0.3 2.0x 10710 200-400 An=+1
F.=0.6
168 Cl+ GHs + M — CoHsCl+ M 1.85 x 10~29air] (ko) +0.5 1.85x 10-2%(T/300)33[air] 250-300 An=+1
6 x 10~ 1%air] (koo) £0.3 6x 10710 250-300 An=+1
F.=0.4
169 Cl+ GHg — HCl + CoHs 5.9x 10711 +0.06 8.3x 10~ exp(-1001) 220-600 +100
170 Cl+ GHg + M — C3HeCl + M 4.0 x 107 28N ] (ko) +0.5
2.8x 10710 (kx) +0.3
171 Cl + GHg — HCI + C3H7 1.4x 10710 +0.06 1.4x 10710 200-700 + 100
172 Cl +n-C4H10 — HCl + C4Hg 2.05x 10710 +0.06 2.05x 10710 290-600 +100
173 Cl+ HCHO— HCl + HCO 7.2x 1071 +0.06 8.1x 10 Mexp(-34I) 200-500 +100
174 Cl + CHCHO — HCI + CHsCO 8.0x 10711 +0.07 8.0x 10711 210-340 +300
175 Cl + GH5CHO — products 1.3 10710 +0.2
176 Cl + CHC(O)CHs — HCI + CH3C(O)CH, 2.1x 10712 +0.15 3.2x 10 exp(-815T") 215-300 +300
177 Cl + CHC(0)GHs — products 3.6< 10711 +0.15
178 Cl + CHOH — HCIl + CH,OH 55x 10711 +0.07 5.5x 1071t 200-500 +200
179 Cl + GHs50H — products 1.0« 10710 +0.08 8.6x 10 exp(45I) 295-600 +100
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Alog k5qg

Temp. dependence of
klem® molecule! s71

Temp.
range/K  A(E/R)IK?

reaction koog
number Reaction cm moleculel s71
180 Cl +n-C3H70H — products 1.6x 10710
181 Cl +i-C3H70H — products 8.6x 10711
182 Cl + CHsOOH — products 5.9 10711
183 Cl + HC(O)OH— products 1.9¢ 10718
184 Cl + CHC(O)OH— products 2.65¢ 10714
185 Cl + CHBONO, — products 2.4x 10713
186 Cl + GHsONO, — products 4.7 10712
187 Cl +n-C3H70ONO, — products 2.2 1071
188 Cl +i-C3H70NO, — products 3.8« 10712
189 Cl + 1-GHgONO, — products 8.5¢ 10711
190 Cl + CHC(O)OONG — products <2 x 10714
191 Cl + CHCN — products 1.2 10714
192 Br + GHz — products 2.6x 10714
193 Br + GH4 — products 1.3x 10713
194 Br + GHe — products 3.6¢ 10712
195 Br + HCHO— HBr + HCO 1.1x 10712
196 Br + CHhCHO — HBr + CH3CO 3.9x 10712

(1 bar air)
(1 bar air)

(1 bar air)

+0.15
+0.1
+0.5
+0.15
+0.2
+0.15
+0.2
+0.2
+0.3
+0.3

+0.3
+0.2
+0.15

+0.2
+0.15
+0.2

2.5x 10~ 1%xp(-1301") 270-350 +100

1.6x 10~ exp(-21401)
6.35x 10 1%exp(440T)
2.80x 10 13exp(2241)B/
(B + 8.5 x 10Mexp(-32007))
B=7.5x 107 190,51

270-350 =+300
230-300 =200
240-300

7.7x 10~ 2exp(-5801")
1.8x 10 exp(-460r)

220-300 =200
250-400 =+200

Data for the following Photochemical Reactions are based on data sheets in Appendix A8

197 HCHO + v — products

198 CHCHO + hv — products

199 GHsCHO + hv — products

200 pinonaldehyde+ hv — products
201 (CHOY + hv — products

202 HOCHCHO + hv — products
203 CHC(O)CHO + hy — products
204 CHC(O)CH; + hv — products
205 CHC(O)GHs + hv — products
206 CH=C(CHz)CHO + hv — products
207 CHC(O)CH=CH + hv — products
208 n-C3H7CHO + hv — products
209 CHOOH + hv — products

210 HOCHOOH + hv — products
211 CHONO;, + hv — products

212 GHsONO, + hv — products

213 n-C3H70NO; + hv — products
214 i-C3H70NO;, + hv — products
215 i-G4H9ONO; + hv — products
216 2-GHgONO; + hv — products
217 CHO2NO; + hv — products

218 CHC(O)OONQ + hv — products

“The cited uncertainty is an expanded uncertainty corresponding approximately to a 95% confidence limit.
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3 Guide to the data sheets

The data sheets are principally of two types: (i) those for
individual thermal reactions and (ii) those for the individual
photochemical reactions.

3.1 Thermal reactions

The data sheets begin with a statement of the reactions in-
cluding all pathways which are considered feasible. This is

followed by the corresponding enthalpy changes at 298K,

calculated from the enthalpies of formation summarized in

the Thermodynamics Data summary.

The available kinetic data on the reactions are summa-
rized under two headings: (i) Absolute Rate Coefficients,
and (ii) Relative Rate Coefficients. Under these headings,
we include new data which have been published since the
last published IUPAC evaluation as well as the data used in
deriving the preferred values. Under both of the headings

R. Atkinson et al.: Evaluated kinetic and photochemical data for atmospheric chemistry

FTIR — Fourier transform infrared

FTS — Fourier transform spectroscopy

GC - gas chromatography/gas chromatographic
HPLC - high-performance liquid chromatography
IR —infrared

LIF — laser induced fluorescence

LMR - laser magnetic resonance

LP — laser photolysis

MM — molecular modulation

MS — mass spectrometry/mass spectrometric

P — steady state photolysis

PLP — pulsed laser photolysis

PR — pulse radiolysis

RA — resonance absorption

RF — resonance fluorescence

RR — relative rate

S — static system

TDLS —tunable diode laser spectroscopy

above, the data are presented as absolute rate coefficients. IfUV — ultraviolet

the temperature coefficient has been measured, the results areUVA — ultraviolet absorption

given in a temperature dependent form over a stated temper- VUVA — vacuum ultraviolet absorption

ature range. For bimolecular reactions, the temperature de- For measurements of relative rate coefficients, wherever
pendence is usually expressed in the normal Arrhenius formpossible the comments contain the actual measured ratio of
k=A exp(~B/T), where B=E/R. For a few bimolecular rate coefficients together with the rate coefficient of the ref-
reactions, we have listed temperature dependences in the adrence reaction used to calculate the absolute rate coefficient
ternative formk=A'T" orCT" exp(—D/T), where the orig-  listed in the data table. The absolute value of the rate coef-
inal authors have found this to give a better fit to the data. Fofficient given in the table may be different from that reported
pressure dependent combination and dissociation reactiongy the original author owing to a different choice of rate co-
the non-Arrhenius temperature dependence is used. This isfficient of the reference reaction. Whenever possible the
discussed more fully in a subsequent section of this Introducreference rate data are those preferred in the present evalua-
tion. tion.

Single temperature data are presented as such and wher-The preferred rate coefficients are presented (i) at a tem-
ever possible the rate coefficient at, or close to, 298K isperature of 298K and (ii) in temperature dependent form
quoted directly as measured by the original authors. Thisover a stated temperature range. This is followed by a state-
means that the listed rate coefficient at 298 K may differ ment of the uncertainty limits in log at 298 K and the un-
slightly from that calculated from the Arrhenius parameterscertainty limits either in £/R) or in n, for the mean tem-
determined by the same authors. Rate coefficients at 298 lgerature in the range. Some comments on the assignment of
marked with an asterisk indicate that the value was calculate@dncertainties are given later in this introduction.
by extrapolation of a measured temperature range which did The “Comments on Preferred Values” describe how the
not include 298K. The tables of data are supplemented byselection was made and give any other relevant information.
a series of comments summarizing the experimental detailsThe extent of the comments depends upon the present state
The following list of abbreviations, relating to experimental of our knowledge of the particular reaction in question. The
techniques, is used in the Techniques and Comments segtata sheets are concluded with a list of the relevant refer-
tions: ences.

A — absorption

AS — absorption spectroscopy

CCD - charge coupled detector

CIMS — chemical ionization mass spectroscopy/spectromeficof the reactions in the table are elementary processes.

CL — chemiluminescence Thus the rate expression is derived from a statement of the

CRDS - cavity ring-down spectroscopy reaction, e.g.

DF — discharge flow

EPR — electron paramagnetic resonance

F — flow system

FP — flash photolysis

3.2 Conventions concerning rate coefficients

A+A—->B+C

_1dA] _dB] dC]

2
2 dr dr dr KIAT
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Note that the stoichiometric coefficient for A, i.e. 2, appears Assuming quasi-stationary concentrations for the highly

in the denominator before the rate of change of [A] (which is excited unstable species ARi.e. that d[AB‘]/ds~0), it fol-

equal to 2[A]?) and as a power on the right-hand side. lows that the rate coefficient for the combination reaction is
Representations df as a function of temperature charac- given by:

terize simple “direct” bimolecular reactions. Sometimes it is ka[M]

found thatk also depends on the pressure and the nature of = k; <—)

the bath gas. This may be an indication of complex forma- k-1 + k2[M]

tion during the course of the bimolecular reaction, which is while that for the dissociation reaction is given by:

always the case in combination reactions. In the following

sections the representationsiofvhich are adopted in these  — k_,[M] (L)

cases are explained. k-1 + k2[M]

In these equations the expressions before the parentheses
represent the rate coefficients of the process initiating the re-
. . . . ., action, whereas the expressions within the parentheses de-
Unhkg simple b|molecqlar .reacuon.s such as those ConSId'note the fraction of reaction events which, after initiation,
ered in Sect. 1.2, combination reactions complete the reaction to products.

In the low pressure limit ((M}>0) the rate coefficients are

proportional to [M]; in the high pressure limit ([M}oco)

3.3 Treatment of combination and dissociation reactions

A+B+M—- AB+M

and the reverse dissociation reactions they are independent of [M]. It is useful to expréda terms
of the limiting low pressure and high pressure rate coeffi-
AB+M—->A+B+M cients,

are composed of sequences of different types of physical ando = lim k(IM1) and, koo = lim k([M])

chemical elementary processes. Their rate coefficients reflect [M]— 0 [M] — o0

the more complicated sequential mechanism and depend Ospectively. ~ From this convention, the Lindemann-
the temperature]’, and the nature and concentration of the Hinshelwood equation is obtained

third body, [M]. In this evaluation, the combination reactions

are described by a formal second order rate law: — kokoo
ko + koo
d[AB] L )
o - k[A][B] It follows that for combination reactiongo=k1k2[M]/ k_1

and ko,=k1, while for dissociation reactionssg=k_»[M]
while dissociation reactions are described by a formal first-andk.=k_1k_»/ko. Since detailed balancing applies, the ra-

order rate law: tio of the rate coefficients for combination and dissociation
_d[AB] at a fixedT and [M] is given by the equilibrium constant
= k[AB] K =kikolk_1k_>.
dr Starting from the high-pressure limit, the rate coefficients

In both cases; depends on the temperature and on [M]. fall-off with decreasing third body concentration [M] and

In order to rationalize the representations of the ratethe corresponding representationiofis a function of [M]
coefficients used in this evaluation, we first consider theis termed the “falloff curve” of the reaction. In practice,
Lindemann-Hinshelwood reaction scheme. The combinatiorfhe above Lindemann-Hinshelwood expressions do not suf-

reactions follow an elementary mechanism of the form, fice to characterize the falloff curves completely. Because of
the multistep character of the collisional deactivatibsi¥l])
A+ B — AB* (2) and activation X_,[M]) processes, and energy- and angular
momentum-dependencies of the associatian &nd disso-
AB* - A+B (-1) ciation (k_1) steps, as well as other phenomena, the falloff
expressions have to be modified. This can be done by includ-
AB*+M — AB + M (2) ing a broadening factoF to the Lindemann-Hinshelwood
expression (Troe, 1979):
while the dissociation reactions are characterized by: - L %,
olkoo koo
AB +M — AB* +M 2 Tt k(}(1+]§_;>F "oo(lJrlf_;)F
AB*+M — AB +M (2) The broadening factaF depends on the ratiky/k~, Which
is proportional to [M], and can be used as a measure of “re-
AB* — A+ B (-1) duced pressure”. The first factors on the right-hand side rep-
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resent the Lindemann-Hinshelwood expression and the addirot differ too much from the values given above. If large
tional broadening factoF, at not too high temperatures, is deviations are encountered, the experimental data are re-
approximately given by (Troe, 1979): evaluated using the&,.-values given above.
o Besides the energy-transfer mechanism, i.e. Reactions (1),
g Fe )

~ 5 (-1), and (2), a second mechanism appears to be relevant for

1+ [log(ko/ ko) /N1 some reactions considered here. This is the radical-complex
where log=logg andN=[0.75—1.27 logF,]. In this way the  (or chaperon) mechanism
three quantitiegg, ko, and F,. characterise the falloff curve
for the present application. A+M—AM @)

The given approximate expression for the broadening fac-
tor F was obtained from statistical unimolecular rate theoryANI > A+M -3)
in its simplest form (Troe, 1979). More rigorous represen-g . AM — AB + M )
tations require detailed information on the potential energy
surfaces and on the collisional energy transfer step of the rewhich, in the low pressure range, leads to
action. If this information is not available, one may assume
typical behaviour and rely on the theoretical analysis givenk0 = (ka/k—3)ka[M].
by Cobos and Troe (2003). F@=200-300K and the col-
lider M=N> (with a collision efficiencyB.~0.3), this treat-
ment predicts,~0.49, 0.44, 0.39, and 0.35, if the reactants
A and B in total haver=3, 4, 5, or 6 rotational degrees of

freedom, respectively (e.g. for the reaction HO+NONe g1, the radical-complex mechanism exceeds fkom the
would haver=5 and hencef:~0.39). Itis also predicted on 00y transfer mechanism (Oum et al., 2003). In this case

that /%, for the present applications, should be nearly tem-¢, ¢ over wide pressure ranges cannot be represented by
perature independent. Finally, more rigorous expressions fo{:ontributions from the energy-transfer mechanism alone, in

the. brogdening factorB are given in Cobos and Troe (2003) particular when measurements at pressures above about 10
which, in general do not differ from the above formula by - - e taken into consideration

more than about 10 percent. Since the special properties of The dependence &f andk., on the temperaturg is rep-

each reaction system may lead to some deviations from the,conted in the forrh oc 7" except for cases with an estab-

given values of, thefse should °”'¥ be used for afirstorien- lished energy barrier in the potential. We have used this form
tation. Lar'ger qewatlons of exp?rlmentally fltte}d-values_, _ of temperature dependence because it usually gives a better
from the given standard values”, how_ever, may be an IndI'fit to the data over a wider range of temperature than does
cation for inadequate falloff extrapolationsig andko,. In the Arrhenius expression. It should be emphasised that the

Lhisf. case, _tlrl‘e apparggt value.sfmr, ko, andkeo obtgineclii h chosen form of the temperature dependence is often only ad-
y fitting still can provide a satistactory representation ofthe o .36 over limited temperature ranges such as 200-300 K.

considered experimental data, in spite of the fact that inadeObvioust the relevant values afare different forko and
quate values of andko are obtained by extrapolation. k. In this evaluation, values df are given for selected

If a given falloff curve is fitted in different ways, changes examples of third bodies M, and if possible for MsND; or
in F. require changes in the limitinkh andk., values. For ;

the purpose of this evaluation, this is irrelevant if the pre-

ferredko andko. are used consistently together with the pre- 3 4 Treatment of complex-forming bimolecular reactions
ferred F, values. If the selected, value is too large, the

values ofkg and k, obtained by fitting the falloff expres- Bimolecular reactions may follow the “direct” pathway
sion to the experimental data are underestimate#, i§ too
small, kg andky, are overestimated. However uncertainties
in F, influence the fittedo andk, in different ways. A sim-
pler policy of fitting falloff was chosen by the NASA/JPL
panel (Sander et al., 2003) in puttidg=0.6 and N=1. This A +B & AB* - C+D
generally leads to different values of the fittedandk., and M

their temperature dependencies than derived here, although AB
Séﬂirrgl]lingzl ri?)ti)gxigctjhg JSSIQI]; V?/‘;TT_ESQ\? é'rctlhnéedrgzt;Z\_We designate the rate coefficients of the individual steps as
ko andks, may differ from the true limiting rate coefficients in Sect. 1.3, above:

log F

For some tri- and tetra-atomic adducts AB, this value
of ko may exceed that from the energy-transfer mechanism
and show stronger temperature dependencies. This mecha-
nism may also influence high pressure experiments wgen

A+B—-C+D

and/or involve complex formation,

and thus should be interpreted by theory only with caution. A + B —» AB* (1)
In the present evaluation, we generally follow the experi-
mentally fitted values fof,, ko, andky, providedF, does AB* — A+ B (-1)
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AB*+M — AB +M (2) This is followed by tables which summarise the available
. experimental data for: (i) absorption cross-sections and (ii)
AB" — C+D ©) guantum yields. These data are supplemented by a series of
comments.

Assuming quasi-stationary concentrations of *AB.e.

d[AB*]/d~0), a Lindemann-Hinshelwood type of analysis The next table lists the preferred absorption cross-section

data and the preferred quantum yields at appropriate wave-

leads to, ) - ! !
length intervals. For absorption cross-sections the intervals
d[AB] — kg[A][B] are usually 1nm, 5nm or 10nm. Any temperature depen-
dr dence of the absorption cross-sections is also given where
diC] possible. The aim in presenting these preferred data is to
4 = kolAlIBI provide a basis for calculating atmospheric photolysis rates.
For absorption continua the temperature dependence is often
@ — (ks + kp)[A][B] represented by Sulzer-Wieland type expressions (Astholz et
dr al., 1981). Alternately a simple empirical expression of the
where form: logio(or1/o72)=B(T1 — T2) is used.
X The comments again describe how the preferred data were
kg = k1 <—2) selected and include other relevant points. The photochemi-
k-1+ ka2 +ks cal data sheets are also concluded with a list of references.
kp = ki1 (ﬁ) 3.6 Conventions concerning absorption cross-sections

Note that sincek; is proportional to [M],ks andkp are  These are presented in the data sheets as “absorption cross-
dependent on the nature and concentration of the third bodgections per molecule, base e”. They are defined according
M, in addition to their temperature dependence. In reality,to the equations:
as for the combination and dissociation reactions, the given
expressions fokg andkp have to be extended by suitable !/lo=exp(—a[N])),
broadening factorg” in order to account for the multistep
character of process (2) and the energy dependencies of pro- = {1/([N]1)} In(lo/1),
cesses (1), (-1) and (3). These broadening factors, however,
differ from those for combination and dissociation reactions.where b and | are the incident and transmitted light inten-
For simplicity, they are ignored in this evaluation such thatsities, o is the absorption cross-section per molecule (ex-
kp at high pressure approaches pressed in this paper in units of ém[N] is the number con-

centration of absorber (expressed in molecule ®mand!
kp — kiks/ko . . L
is the path length (expressed in cm). Other definitions and

which is inversely proportional to [MJkp may also be ex- units are frequently quoted. The closely related quantities

pressed by “absorption coefficient” and “extinction coefficient” are of-
ten used, but care must be taken to avoid confusion in their
kp ~ kpoks/kso definition. It is always necessary to know the units of con-

wherekpo andkso are the respective limiting low-pressure ¢entration and of path Iength and the ty_p(.a.of logarithm (base
rate coefficients for the formation of C+D or A+B at the con- € O base 10) corresponding to the definition. To convert an
sidered [M]. When it is established that complex-formation is @8PSorption cross-section to the equivalent Naperian (base e)

involved, this equation is used to characterize the increasingPsorption coefficient (expressed inthof a gas ata pres-
suppression of C+D formation with increasing [M]. sure of one standard atmosphere and temperature of 273K,

multiply the value ofr in cn? by 2.69x 10%°.
3.5 Photochemical reactions

3.7 Assignment of uncertainties
The data sheets begin with a list of feasible primary pho-
tochemical transitions for wavelengths usually down to Under the heading “reliability,” estimates have been made of
170 nm, along with the corresponding enthalpy changes athe absolute accuracies of the preferred valugsaif298 K
0 K where possible or alternatively at 298 K, calculated from and of the preferred values @f/ R over the quoted temper-
the data in the Thermodynamic Data summary. Calcu-ature range. The accuracy of the preferred rate coefficient at
lated threshold wavelengths corresponding to these enthalpg98 K is quoted as the termlog k, where Alog k=D and
changes are also listed, bearing in mind that the values calcub is defined by the equation, legk=C+D. This is equiv-
lated from the enthalpy changes at 298 K are not true “threshalent to the statement thatis uncertain to a factor of,
old values”. where D=logioF. The accuracy of the preferred value of

www.atmos-chem-phys.net/6/3625/2006/ Atmos. Chem. Phys., 6, 3685-2006



3636 R. Atkinson et al.: Evaluated kinetic and photochemical data for atmospheric chemistry

E/R is quoted as the termy(E/R), whereA(E/R)=G and Framework Program 6, ACCENT network of excellence; Univer-
G is defined by the equatioB/R=H=+G. D andG are ex-  sity of California Agricultural Experimental Station; the UK Natu-

panded uncertainties corresponding approximately to a 95%gl Environmental Research Council; the Standard Reference Data
confidence limit. Program (N.I.S.T), the Fonds National Suisse de la Recherche Sci-

For second-order rate coefficients listed in this eV(,j“u(,i_entifique (F.N.S.R.S.) and the Officéderal de 'Education et de la

tion, an estimate of the uncertainty at any given temperaturégdence’ and the Deutsche Forschungsgemeinschaft (SFB 357). We
oy . zalso thank B. Cox for preparing and editing the manuscript.

within the recommended temperature range may be obtaine

from the equation:

Alogk(T) = Alogk(298K) + 0.4343AE/R(L/T — 1/298)} References
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Appendix Al: Oy + VOC reactions

I.AL.1
O+CHz —HCHO+H (1)
— HCO +H> (2)
— CO+Hy+H (3)
AH°(1) = —286.2 kdmol~1
AH°(2) =—-352.5 kdmol~!

AH°(3) =—-288.1 kdmol*

Rate coefficient data k=k1+ko+k3)

k/em® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(1.24+0.17)x 10710 1700-2300 Bhaskaran et al., 1979 SH-RA (a)

(1.14+ 0.29)x 1010 295 Plumb and Ryan, 1982 DF-MS (b)

(1.4+0.3)x 10710 294-900 Slagle et al., 1987 F-MS (c)

k1=(1.14+0.4)x 10710 298 Zellner et al., 1988 LP-LIF (d)

(1.3£0.2) x 1010 300 Oser et al., 1991 DF-MS (e)

(9.4+£3.0)x 10711 ~298 Seakins and Leone, 1992 PLP-FTIR (f)

(1.4+0.3)x 10710 1609-2002 Lim and Michael, 1993 SH-RA ()

(1.7+£0.3) x 10710 299 Fockenberg et al., 1999 PLP-MS (h)

Branching Ratios

ki/k > 0.85 300 Niki et al., 1968 DF-MS (i)

kolk < 0.2 300 Hoyermann and Sievert, 1979 F-MS (j)

k1/k =0.84+ 0.15 299 Fockenberg et al., 1999 PLP-MS (h)

kalk =0.17+ 0.11 299

kalk = 0.18+ 0.04 296 Preses et al., 2000 PLP-IRA (k)
Comments

(a) Decomposition of @Hg-O2 mixtures in a shock tubek was derived from computer simulation of [O] and [H] profiles
determined by RA.

(b) Discharge flow system with MS detection of O and{ klwas determined from the decay of [gHvith [O] >>> [CH3].

(c) Flow system with generation of GHadicals and Gf) atoms from simultaneous in situ photolysis of THO)CHs and
SO, and determination of [C§] and [O] by photoionization MS. Experiments were performed under conditions such
that [O]/[CHs]>20, and rate coefficients were determined from the decay of @Hicals. The rate coefficiehtwas
found to be independent of pressure over the range 1.3 mbar to 15 mbar (1 Torr to 11 Torr), and its value was confirmed by
measurement of the rate of formation of HCHO. HCO and, @lére not detected as products but the analytical system
could not detect CO or H

(d) Laser photolysis at 193 nm of flowing mixtures 0$INl,O-(CHg)2N2. k& was determined from the rate of formation of
HCHO (using LIF) with [O}[CH3]. Mass balance estimates indicated that channel (1) predominates.

(e) Discharge flow system with generation of €tom F+CH,; in He-O, mixtures at pressures of 0.25mbar to 1.0 mbar
(0.17 Torr to 0.78 Torr)k was determined from the decay of [gHby MS with [O]/[CHz]>10.

(f) Obtained from the rate of formation of HCHO product by monitoring the C-H stretch emission by FTIR spectroscopy.
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(g) Shock heating of CELCl in Ar coupled with laser photolysis of SOk was determined from computer simulation of [O]
profiles measured by RA.

(h) Pulsed laser photolysis at 193 nm of mixtures ofsCiO)CHz, CH3Br and SQ at 1.3 mbar pressure. Product analysis
by time-of-flight mass spectrometry.

(i) DF-MS study of O+GHj,4 reaction in which CH is a product. HCHO assumed to arise from channel (1).

(i) Discharge flow system with GiHbeing generated from F+GHand O from a microwave discharge. Electron impact MS
analysis of HCO and HCHO. No evidence found for channel (2).

(k) Pulsed laser photolysis at 193 nm of mixtures ofCIDCH;, SOy, and Ar at 6.6 mbar pressure. Product analysis by
tunable infrared diode laser absorption.

Preferred Values

k =1.3x 10~1%cm® molecule’! s, independent of temperature over the range 290-900 K.
k1/k =0.83 at 298 K.
k3/k =0.17 at 298 K.

Reliability

Alogk=+0.1at298K.
A (E/R) =+ 100 K.

Aki/k =+ 0.15 at 298 K.
Ak3/k ==+ 0.11 at 298 K.

Comments on Preferred Values

The recommended value bis the mean of the results of Plumb and Ryan (1982), Slagle et al. (1987), Zellner et al. (1988),
Oser et al. (1991), Seakins and Leone (1992) and Fockenberg et al. (1999) which are in good agreement. The data of Bhaskara
et al. (1980) and Lim and Michael (1993) indicate that the rate coefficient is independent of temperature up to at least 2300 K.

The preferred branching ratios are based on the studies of Fockenberg et al. (1999) and Preses et al. (2000). The values ¢
the branching ratids/ k reported in these studies, using completely different detection methods, are in excellent agreement.
These results are consistent with earlier results reported in Niki et al. (1968), Hoyermann and Sievert (1979) and Seakins and
Leone (1992). Seakins and Leone (1992) found CO to be a primary product, and they also estimated the overall branching ratio
for CO formation to be 0.400.10. Fockenberg et al. (1999) and Preses et al. (2000) suggest that the overall branching ratio
for CO formation estimated in Seakins and Leone (1992) includes CO formed in an oxidation chain beginning with HCHO.
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1.A1.2
O(D)+CHs — HO+CHj3 (€H)
— CH30 orCH,OH+H (2)
— HCHO +H > )

AH°(1) =—180.5 kdmol~1
AH°(2) =—128.9 or—163.0 kdmol~1
AH°(3)=—472.7 kdmol1

Rate coefficient data k=k1+ko+k3)

k/cm® molecule* s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

(1.3+0.2) x 10710 298 Davidson et al., 1976 PLP (a)
(1.4£0.4)x 10710 200-350 Davidson et al., 1977 PLP (a)
(1.57+ 0.13)x 10710 295 Amimoto et al., 1979 PLP-RA (b)
Branching Ratios

k1/k =0.9 295 Lin and DeMore, 1973 P-GC (c)
kalk = 0.09 295

k1/k = 0.90+ 0.02 298 Jayanty et al., 1976 P-GC (d)
kalk =0.11+ 0.02 298

k1/k =0.8 293 Addison et al., 1979 FP-AS (e)
kalko < 0.25 - Casavecchia et al., 1980 )]
k1/k = 0.75+ 0.08 - Sataypal et al., 1989 PLP-LIF (g)
kolk = 0.254+ 0.08 -

kolk =0.15+ 0.03 - Matsumi et al., 1993 PLP-LIF
kalk = 0.90703 298 Hack and Thiesemann, 1995 PLP-LIF
kolk =0.304+ 0.11 298 Brownsword et al., 1998 PLP-LIF
k1/k =0.71+ 0.05 298 Ausfelder et al., 2000 PLP-LIF

Comments

(a) Pulsed laser photolysis ofCat 266 nm. OYD) atoms were monitored by time-resolved emission from the transition
O(*D) — OCP) at 630 nm.

(b) Pulsed laser photolysis at 248 nm of-OH,-He mixtures with time-resolved measurement ofR)(atoms by resonance
absorption.

(c) Photolysis of NO-CH; mixtures at 184.9 nm with end-product analysis by GC.

(d) Photolysis of NO-CHy-O2 mixtures at 216 nm with measurement of by GC.

(e) Flash photolysis of @at 200 nm to 300 nm with [OH] monitored by absorption at 308.15 nm.

(f) Molecular beam study with MS detection of @Bl or CH,OH. Experimental temperature not stated.

(g) Pulsed laser photolysis of{at 248.4 nm with LIF determination of [H]. Experimental temperature not stated.

Preferred Values (k=k1+ko+k3)

k = 1.5x10~19cm? molecule’® s~1 independent of temperature over the range 200-350 K.
k1/k =0.70 at 298 K.
ko/k =0.23 at 298 K.
k3/k =0.05 at 298 K.
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Reliability

Alogk=+0.10 at 298 K.
Ak1/k =4 0.15 at 298 K.
Ak2/k =+ 0.07 at 298 K.
Ak3/k ==+ 0.05 at 298 K.
A (E/R =+ 100K.

Comments on Preferred Values

The preferred value of at 298 K is the mean of the results of Davidson et al. (1977) and Amimoto et al. (1979), and the
temperature dependence is that from Davidson et al. (1977).

The preferred branching ratios are based on the critical review by Lee and co-workers (1999) of the results of Hack and
Thiesemann (1995), Brownsword et al. (1998), Satayapal et al. (1989) and their own crossed-beam experiments (Casavecchi
etal., 1980; Lin et al., 1998, 1999). Reaction channel (2) has been shown by Lee and co-workers (Lin et al., 1998, 1999, 2000)
to produce mainly CHOH+H, and the production of G¥D+H is at most a minor channel. In addition, the experiments of
Wine and Ravishankara (1982), Matsumi et al. (1993) and Takahashi et al. (1996) have shown that the yRi%)l afo®(s
is small or zero. The 248 nm pulsed laser photolysis study of Aker et al. (1986%-GH mixtures with low-pressure FTIR
emission spectroscopy to monitor the Hfroduct, has provided evidence that the partitioning of energy in the vibrationally
excited HO radical (up ta=4, the maximum allowable based on the energetics of the reaction) is non-statistical.

A discussion of kinetic isotope effects in this reaction can be found in the publication of Saueressig et al. (2001) and
references cited therein.
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O3 Reactions — Appendix Al

11.LA1.153
03 + R{R2,C=CR3R4 — HO + products (1)
(R=H or CH3)
Product yield data

Alkene Criegee HO Yield (1 bar) Reference Technique
Intermediate(s) A[HO]/A[R1R2C=CR;R4]) Comments

Ethene CHOO 0.18+ 0.06 Paulson et al., 1999a Tracer (a)

Ethene CHOO 0.14+ 0.07 Rickard et al., 1999  Tracer (b)

Ethene CHOO 0.20+ 0.02 Mihelcic et al., 1999 MI-ESR (c)

Ethene CHOO (ca.0.14) Kroll et al., 2001a Low pressure LIF

see comment (d)

Propene CHOO, 0.35+ 0.07 Paulson et al.,, 1999a Tracer (a)
CH3CHOO

Propene CHOO, 0.324+0.08 Rickard etal., 1999  Tracer (b)
CH3CHOO

Propene CHOO, 0.34_*8:82 Neeb and Moorgat, Kinetic/
CH3CHOO 1999 Scavenger (e)

Z-2-butene CHCHOO 0.33+ 0.07 McGill et al., 1999 Tracer (b)

Z-2-butene CHCHOO 0.33+ 0.05 Orzechowska and Tracer (a)

Paulson, 2002
E-2-butene CHCHOO 0.61+ 0.28 Fenske et al., 2000 Tracer (a)
E-2-butene CHCHOO 0.64+ 0.12 Orzechowska and Tracer (a)
Paulson, 2002
E-2-butene CHCHOO 0.54+ 0.11 McGill et al., 2000 Tracer (b)
E-2-butene CHCHOO ca. 0.60 Kroll et al., 2001a Low pressure LIF
see comment (d)

E-2-butene CHCHOO 0.75+ 0.19 Siese et al., 2001 LIF (f)

2-Methyl CH00, 0.72+0.12 Paulson et al., 1999b  Tracer (a)

-propene (CH),COO

2-Methylpropene  CHOO, 0.60+0.15 Rickard et al., 1999  Tracer (b)
(CH3)2COO

2-Methylpropene  CHOO, 0.6079.9 Neeb and Moortgat, ~ Kinetic/
(CHgz)2.COO 1999 Scavenger (e)

Z-2-Pentene CBCHOO, 0.29+ 0.06 Orzechowska Tracer (a)
CH3CH,CHOO and Paulson, 2002

Z-2-Pentene CBCHOO, 0.27+ 0.07 Orzechowska Scavenger (g)
CH3CH,CHOO and Paulson, 2002

E-2-Pentene CBCHOO, 0.46+ 0.08 Orzechowska Tracer (a)
CH3CH,CHOO and Paulson, 2002

2-Methyl-2-butene CHCHOO, 0.93+0.14 Chew and Atkinson, Scavenger (g)
(CH3)2COO 1996

2-Methyl-2-butene CHCHOO, 0.81+0.16 McGill et al., 1999 Tracer (b)
(CHg3),COO

2-Methyl-2-butene  CHCHOO, (ca. 0.6) Kroll et al., 2001a Low pressure LIF
(CHgz)>,COO see comment (d)

2-Methyl-2-butene  CHCHOO, 0.89+ 0.22 Siese et al., 2001 LIF ()
(CHg)2.COO

2-Methyl-2-butene CHCHOO, 0.98+0.24 Orzechowska Tracer (a)
(CHg3),COO and Paulson, 2002

2-Methyl-2-butene  CHCHOO, 0.80+ 0.12 Orzechowska Scavenger (a)
(CHgz)>,COO and Paulson, 2002

2,3-Dimethyl-2 (CH)>,COO 0.80+ 0.12 Chew and Atkinson, Scavenger (g)

-butene 1996
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Alkene Criegee HO Yield (1 bar) Reference Technique
Intermediate(s) A[HOJ/ A Comments
[R1R2C=CRsR4])
2,3-Dimethyl-2-butene  (C§J2COO 0.89+ 0.22 Rickard et al., Tracer (b)
1999
2,3-Dimethyl-2-butene  (C§J2,COO (ca. 1.00) Kroll et al., 2001 Low pressure LIF
see comment (d)
2,3-Dimethyl-2-butene  (CkJ>COO 1.004+ 0.25 Siese et al., 2001 LIF (f)
2,3-Dimethyl-2—butene  (C$J,COO 0.91+0.14 Orzechowska Scavenger (a)
and Paulson, 2002
Isoprene (2-methyl-1 $COO0, Paulson et al., Tracer (a)
,3-butadiene ) HC=C(CH;)CHOO, 0.25+ 0.06 1998
OOC(CH)CH=CH,
Isoprene (2-methyl-1 $COO0, Neeb and Kinetic/
,3-butadiene) hIC=C(CH;)CHOO, 0.2()‘_*8:853S Moortgat, Scavenger (e)
OOC(CH;)CH=CH, 1999
Isoprene (2-methyl-1 $COO0, Kroll et al., Low pressure LIF
,3-butadiene) hIC=C(CH;)CHOO, (ca.0.25) 2001a see comment (d)
OOC(CH)CH=CH,
Methylvinyl ketone HCOO, 0.16+ 0.08 Aschmann et al., Scavenger (g)
CH3C(O)CHOO 1996
Methylvinyl ketone HCOO, 0.16+ 0.05 Paulson et al., Tracer (a)
CH3C(O)CHOO 1998
Methacrolein HCOO, 0.20219 Aschmann et al., Scavenger (g)
HC(0)C(CH;)00 1996
a-Pinene RCHOO, 0.76+ 0.11 Chew and Scavenger (g)
R2R3COO Atkinson, 1996
a-Pinene RCHOO, 0.70+ 0.17 Paulson et al., 1998  Tracer (a)
Ry,R3CO0
«-Pinene RCHOO, 1.00 Pfeiffer et al., 1998  Absorption
R,R3CO0O detection of HO (h)
a-Pinene RCHOO, 0.83+0.21 Rickard et al.,, 1999  Tracer (b)
Ry;R3CO0O
a-Pinene RCHOO, 0.91+ 0.23 Siese et al., 2001 LIF ()
R2R3COO
B-Pinene HCOO, 0.24+ 0.06 Rickard et al., 1999  Tracer (b)
R1R2COO
Sabinene HCOO, 0.33+ 0.06 Chew and Atkinson, Scavenger (g)
R1R,COO 1996

Comments

(a) Small quantities of a tracer compound (1,3,5-trimethylbenzenrylene and dir-butyl ether), that react rapidly with

HO and very slowly with ozone, were added to the ozone/alkene reaction mixture. HO yields were determined from the
diminution in concentration of the added tracer.

(b) Similar study to comment (b) using 1,3,5-trimethylbenzene as an HO tracer compound.

(c) Matrix Isolation Electron Spin Resonance (MI-ESR) study in whichhh@s quantitatively detected. HO was converted

to HO, by reaction with CO.

(d) Steady-state HO concentrations in a flow-tube were measured directly by laser induced fluorescence (LIF). The reported
HO vyields correspond to prompt HO production over short time-scales (within ca. 30 ms) at total pressures of a few Torr.
Although prompt HO yields were seen to decrease rapidly with increasing pressure, the HO yield for 2,3-dimethyl-2-
butene at atmospheric pressure was seen to approach the prompt, low-pressure yield over much longer time-scales. Thu
although the reported yields are for prompt HO production, it is assumed that the long-time-scale yields of HO due to
thermal decomposition of the carbonyl oxide are the same.
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(e) The rate of alkene consumption was observed under pseudo-first order conditions with an excess concentration of ozone
The decrease in observed rate in the presence of excess cyclohexane (to scavenge any HO formed) was used to derive H
formation yields.

(f) HO detected by LIF in the EUPHORE outdoor simulation chamber in Valencia. Time-dependent H@Q@tt@ntration
data were numerically simulated to obtain HO yields.

(g) Ozonolysis reactions carried out in the presence of sufficient 2-butanol to scav@b¥eof all adventitiously formed HO.
HO yields derived from the amount of 2-butanone formed. This method superseded earlier experiments in the laboratory
of Atkinson and co-workers in which ozonolysis reactions were carried out in the presence of excess cyclohexane, and
from which HO formation efficiencies were derived from measured yields of cyclohexanol and cyclohexanone (Atkinson
et al., 1992; Atkinson and Aschmann, 1993). However, due to the complex peroxy radical chemistry giving rise to these
observed products, an uncertainty of around a factor of 1.5 was estimated for the HO yields determined from these studies.

Preferred Values

Alkene kozone+aikene (298K)  Preferred HO Yield References
/lem® moleculel s~
Ethene 1.6< 10718 0.16 Paulson et al., 1999a
Rickard et al., 1999
Propene 1.0 10717 0.34 Paulson et al., 1999a

Rickard et al., 1999
Neeb and Moortgat, 1999

Z-2-butene 1.3« 10716 0.33 McGill et al., 1999
Orzechowska and Paulson, 2002
E-2-butene 1.9 10716 0.64 McGill et al., 1999

Orzechowska and Paulson, 2002
Fenske et al., 2000
Siese et al., 2001
2-Methylpropene 1.k 1077 0.62 Rickard et al., 1999
Neeb and Moortgat, 1999
Paulson et al., 1999
2-Methyl-2-butene 4.k 10716 0.88 McGill et al., 1999
Orzechowska and Paulson, 2002
Siese et al., 2001
Chew and Atkinson, 1996
2,3-Dimethyl-2-butene 1.k 10°1° 0.90 Rickard et al., 1999
Orzechowska and Paulson, 2002
Siese et al., 2001
Chew and Atkinson, 1996

Isoprene 1.2% 10°Y7 0.25 Neeb and Moortgat, 1999
Paulson et al., 1998
«-Pinene 9.0x 1017 0.80 Rickard et al., 1999

Siese et al., 2001
Chew and Atkinson, 1996
Paulson et al., 1998

Alog(yield) = 0.15
“Rate coefficients taken from Atkinson (1997)
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Comments on Preferred Values

The currently accepted mechanism of HO production from ozone-alkene reactions involves the following steps:

O3 + R1R2C=R3R4 — R1R2C(OO0O)RR4 (primary ozonide) (1a)
R1R>C(OOO0O)RR4 — R1R,COO0 + RC(O)R4 (1b)
R1R2C(OOO)RsR4 — R1C(O)R; + R3R4CO0O (1c)
R1R2COO (and RR4CO0O) — HO + products (1d)
R1R2COO (and RR4COO) — other products (1e)

Until recently it was generally accepted that HO radicals were produced as a decomposition product of vibrationally
excited carbonyl oxide (Criegee) intermediates. In the case of methyl-substituted Criegee intermediates (methylcarbonyl oxide
and dimethylcarbonyl oxide) the HO yield varies with the number of methyl-groups in a manner that is consistent with isomeri-
sation of the Criegee intermediate to a hydroperoxide intermediate followed by decomposition and HO release (Rickard et al.,
1999; Niki et al., 1987; Martinez and Herron, 1988, Kroll et al., 2001b). However, experimental studies by Kroll et al. (2001a)
looked directly at the formation of HO by LIF over short-timescales, as a function of pressure. As the pressure was increased
from a few Torr to around atmospheric pressure, the yields of prompt HO (i.e. that formed within 30 ms or so) were seen to
decrease to essentially zero. It was concluded that the majority of HO production reported in previous experimental studies of
ozone-alkene reactions was due to the thermal decomposition of stabilised Criegee intermediates. This assertion was supporte
by further LIF studies in which HO production in the ozonolysis of 2,3-dimethyl-2-butene, at one atmosphere of pressure, was
seen to increase over significantly longer time-scales (Kroll et al., 2001b). A study by Johnson et al. (2001) looked at the
HO production efficiency of the reaction of ozone with 2-methyl-2-butene in the presence of relatively high concentrations of
scavenger species believed to react with Criegee intermediates. Under the conditions of these latter experiments (with con-
centrations of scavenger species in excess of those that would be encountered in the troposphere), no effect upon the yield ¢
HO was observed. Thus, it is concluded that, the bimolecular reactions of stabilised Criegee intermediates produced in the
ozonolysis of 2-methyl-2-butene (methylcarbonyl oxide and dimethylcarbonyl oxide) will not under atmospheric conditions
compete with the formation of HO due to their thermal decomposition. It is further concluded that the HO yield measurements
summarised above are applicable to the chemistry of the troposphere. The preferred HO yield data listed above are the averag
values of the measurements for each individual compound.
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1LA1.154

O3 + CoH2 — products

Rate coefficient data

klcm® molecule s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(7.8+1.2)x 1072 294 Atkinson and Aschmann, 1984 S-CL (a)

Comments

(a) Static system, with [g] being monitored by chemiluminescence in large excessbh@t a total pressure of 980 mbar.

Preferred Values

k=1x 102%cm® molecule* s71 at 298 K.
Reliability

Alogk=+1.0at298K.

Comments on Preferred Values

The literature data at room temperature (Atkinson and Aschmann, 1984; Cadle and Schadt, 1953; DeMore, 1969, 1971;
Pate et al., 1976; Stedman and Niki, 1973) exhibit a large degree of scatter covering thé ra(@@8—7.8)x 1020 cmd®
molecule’? s~1 at 298 K. The preferred value at 298 K is based upon the value obtained by Atkinson and Aschmann (1984).
This is the most recent study; it gives the lowest of the values so far obtained and is likely to be the most accurate (any
impurities are likely to lead to higher values).

There has been one study of the temperature dependence of the rate coefficient (DeMore, 1969) giving BARI5435 K
over the temperature range 243-283 K. However, in view of the difficulties in studying this reaction and the small temperature
range covered, no recommendation is made concerning the temperature dependence of this rate coefficient. A large uncertaint
is assigned to the preferred value at 298 K to encompass the wide scatter in the results.
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1LA1.155

O3 + CoH4 — products

Rate coefficient data

klcm® molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

3.3x 10 P exp[-(2365+ 101)I]  178-233 DeMore, 1969 S-UVA (a)
1.18x 10718 298*

(1.55+ 0.15)x 10718 299 Stedman et al., 1973 S-CL (b)
9.00x 10 15 exp[-(2557+ 167)/T] 235-362 Herron and Huie, 1974 (c)
1.69x 10718 298

(1.94£0.1)x 10718 299 Japar et al., 1974 S-CL (b)
(1.94+0.1) x 10718 299 Japar et al., 1976 S-CL (b)
(1.69+ 0.13)x 10718 303 Toby et al., 1976 S-UVA (a)
(1.43+0.19)x 1018 296 Atkinson et al., 1982 S-CL (b)
7.72x 10 exp[-(2557+ 30)/T]  232-298 Bahtaetal., 1984 S-UVA (a)
(1.45+ 0.10)x 1018 298

5.1 x 10~1° exp[-(2446+ 91)/T] 240-324 Treacy et al., 1992 S-CL (b)
(1.37+0.08)x 10718 298

Comments

(a) Static system, with UV absorption detection of & 253.7 nm.
(b) Static system with chemiluminescence detection ef O

(c) Stopped flow system with MS detection o§.OCarried out at a total pressure-©b mbar but with sufficient @ present
to minimize the occurrence of secondary reactions removing O

Preferred Values

k=1.6x 108 cm® molecule! s~ at 298K.
k =9.1x 1015 exp(-25807") cm?® molecule ! s~ over the temperature range 180-360 K.

Reliability

Alogk =+ 0.10 at 298 K.
A (E/R) = 4+ 100K.

Comments on Preferred Values

The temperature dependent kinetic studies of Bahta et al. (1984) and Treacy et al. (1992) are in good agreement. These tw
studies result in rate coefficients (Bahta et al., 1984; Treacy et al., 1992) which are somewhat lower than many of the previous
determinations, including those of Su et al. (1980) and Kan et al. (1981) which are not used in this evaluation. Since Treacy
et al. (1992) did not tabulate the individual rate coefficients at the various temperatures studied, only their 298 K value can be
used in the evaluation of the rate coefficient for this reaction. The preferred values are obtained from a least-squares analysis
of the rate coefficients of DeMore (1969), Stedman et al. (1973), Herron and Huie (1974), Japar et al. (1974, 1976), Toby et
al. (1976), Atkinson et al. (1982), Bahta et al. (1984) (averaging the rate coefficients at each of the four temperatures studied)
and the 298 K rate coefficient of Treacy et al. (1992).

As discussed by Atkinson (1997), the initial reaction forms the energy-rich ‘primary ozonide’ which rapidly decomposes
(see Fig. 1a) to yield HCHO and the energy-rich Criegee intermediateQCHf. Grosjean and Grosjean (1996) and Grosjean
et al. (1996) have measured a formation yield of HCHO of unity at atmospheric pressure of air.
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*
/O\
Py

03 + CHy — | CH,—CH, | —* HCHO + [CH,COO]*

l.a)
[CH00]* + M — CH,00 + M (@)
— > CO, + Hp (b)
—» CO + H,0 ()
[CH,00]* —
— H + HCO, —» 2H + CO, (d)
—— HO + HCO ©)]
1.b)
- C02 + H2
[CH,00]* ——» CO + H,0
—» HO + HO, + CO
[CH00]* + M —» CH,00 + M
l.c)

Fig. 1. See text.

The energy-rich Criegee intermediate can either be stabilized or decompose, with the decomposition channels (b) through
(e) having been postulated (see Fig. 1b).

There have been a number of determinations of the yield of the stabilized Criegee intermediate. The values obtained at
room temperature and atmospheric pressure by Su et al. (19885%3% Kan et al. (1981) (3%2%), Niki et al. (1981)
(35£5%), Hatakeyama et al. (1984, 1986) (39%3%) and Hasson et al. (2001) (891%) are in good agreement (with an
average yield of 37%) and are preferred to the slightly higher value of 47% obtained by Horie and Moortgat (1991). The yield
of stabilized Criegee intermediate appears to be pressure dependent although a significant fraction have been reported to b
formed thermally “cold” at low pressures; by extrapolation of measurements over the range 13 mbar to 1.5 bar, Hatakeyama et
al. (1986) found this fraction to be 2(8% at zero pressure.

The formation of HO radicals has been observed from the reaction wfith ethene at atmospheric pressure of air, with the
measured HO radical yield being in the range 12-18% (Atkinson et al., 1992; Paulson et al., 1999; Rickard et al., 1999) (see
the data sheet in this article on the reactions gf® R,C=CRsR4 —HO+products). This observed formation of HO radicals
(Atkinson et al., 1992; Paulson et al., 1999; Rickard et al., 1999), presumably via pathway (e), suggests that pathway (d) does
not occur, since the low pressure study of Herron and Huie (1977) which invoked pathway (d) could not differentiate between
formation of H atoms and HO radicals (any H atoms formed would rapidly react with the reaction system used by Herron
and Huie (1977) to produce HO radicals). Hence a possible reaction sequence at atmospheric pressure of air is depicted ir
Fig. 1c.
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Under typical lower tropospheric conditions, the stabilized Criegee intermediai®Clik expected to react with water
vapor to form hydroxymethyl hydroperoxide, HO@BIOH (Neeb et al., 1996; Hasson et al., 2001),

CH,O0 + HbO - HOCH,OOH

which may decompose on surfaces to formic acid plus water vapor (Neeb et al., 1996; Hasson et al., 2001).
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[1.LA1.156

03 + C3Hg — products

Rate coefficient data

kicm® molecule 571 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

6.14x 10~1° exp[-(1897+ 109)/r] 235-362 Herron and Huie, 1974 (a)

1.06x 10717 298

4.9 x 10715 exp[-(1858+ 70)/T] 240-324 Treacy et al., 1992 S-CL (b)
(9.4+0.4)x 10718 298

Comments

(a) Stopped flow system, with MS detection of.GCarried out at a total pressure-©b mbar, but with sufficient @present
to minimize the occurrence of secondary reactions removifig[@ue to a typographical error, the lowest temperature
studied was 235.0K and not 250.0 K as originally stated (Herron and Huie, 1974).

(b) Static system, with chemiluminescence detection of @Hsg in large excess over£)

Preferred Values

k=1.0x 107" cm® molecule s™1 at 298 K.
k =5.5x 10~1° exp(-18807) cm® molecule ! s~1 over the temperature range 230-370K.

Reliability

Alogk =+ 0.10 at 298 K.
A (E/R) =+ 200K,

Comments on Preferred Values

The absolute rate coefficients of Herron and Huie (1974) (note that the lowest temperature studied was 235.0 K and not
250.0K as given by Herron and Huie, 1974) and Treacy et al. (1992) are in excellent agreement for propene, dibatede,
trans-2-butene, 2-methylpropene and 2-methyl-2-butene over the temperature ranges common to both studies. Accordingly, the
298K rate coefficients and temperature dependencies of Herron and Huie (1974) and Treacy et al. (1992) have been average
to yield the preferred Arrhenius expression (note that the individual rate coefficients at the various temperatures studied by
Treacy et al. (1992) were not tabulated).

The reaction proceeds via the initial formation of the ‘primary ozonide’ (Atkinson, 1997), which rapidly decomposes to two
sets of ‘primary’ carbonyl plus Criegee intermediate (see Fig. 2a).

For 1-alkenes measured product yields suggest that the rate coefficierit,fétja-k;) is in the range 0.65-0.50 at room
temperature (Atkinson, 1997; Grosjean et al., 1996; Tuazon et al., 1997; Rickard et al., 1999). For propene, yiej@$i6 CH
have been measured in the presence of an HO radical scavenger (see below) by Grosjean et al. (1906)JR620H5-10%
relative humidity), Tuazon et al. (1997) (0.4#46.092 at~5% relative humidity) and Rickard et al. (1999) (0433.01 in dry
air). Higher yields of HCHO were obtained by Grosjean et al. (1996) and Tuazon et al. (1997), but these include any formation
of HCHO from subsequent reactions of the [§lHHOOJ" intermediates. The energy-rich Criegee intermediates are believed
to be carbonyl oxides, and the Criegee intermediatesfCHOOT* can exist in theanti- or synconfiguration (Fenske et al.,
2000a) (see Fig. 2h).

It is assumed (in the absence of other information; Rickard et al., 1999) that the reactions of the energy-rich Criegee inter-
mediate [CHOOT* formed from propene are similar to those for [&BD]* formed from ethene. Hence, as for thet@;H4
reaction at room temperature and 1 bar of air, the reactions are as shown in Fig. 2c.

Less data are available concerning the stabilization and decomposition reactions of $@H@QE]* intermediate. Based
upon the S@to H,SO4 conversion yield in an @+ propene reaction system, Hatakeyama et al. (1984) determined an overall
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*

PN
(0] O

03 + C3H6 — CH}CH_CHZ

N

CH;CHO + [CH,00]* [CH;CHOO]® + HCHO

2.a)
0 0
C C
/\ /\
H;C H H CHy
anti- syn-
2.b)
—» CO, + H,
[CH,00]" ——» CO + H,0
— HO + HCO
[CH,00]" + M — CH,00 + M
2.c)

Fig. 2. (a) (b) and(c) — see text.

M o chycHoo 16%
—» HO + CH,CHO 15-30%
. —» CH,CO + H,0 4%
CH3;CHOO] —
o ] — CH30H + CO 6%
— CH; + CO, 10%
—  other products

Fig. 3. See text.
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stabilized Criegee intermediate [GEO+CH;CHOOQ] yield of 0.254:0.023 at room temperature and atmospheric pressure,
while Horie and Moortgat (1991) obtained a stabilized Criegee intermediate yield of 0.44. Rickard et al. (1999) measured
the acetaldehyde yield in the presence and absence of 0.002 pan8@scribed the observed increase in the acetaldehyde
yield to the reaction Se*CH3CHOO— SO3+CH3CHO (similar to the assumptions made by Hatakeyama et al., 1984) which
corresponds to a yield of stabilized @EHOO of 0.12—-0.16 for rate coefficient ratiég/(k,+k,) of 0.65-0.50. For rate
coefficient ratios,/(k,+kp) of 0.65—0.50 and asuming that the [@XBIO]* stabilization yield is 0.37, the data of Hatakeyama
et al. (1984) lead to a fraction of the [GBHOOJ" intermediate which is stabilized at298 K and 1 bar of air of 0.14-0.19,
reasonably consistent with the study of Rickard et al. (1999). While the stabilization/decomposition yields are expected to
depend on the individual alkene reacting with @nd on the total pressure and temperature), this fraction o§EHOOT*
biradicals which are stabilized at 298 K and 1 bar of air (0.12—-0.19) is similar to the measured yields of stabijZ#4iCGH
from trans-2-butene of 0.185 (Hatakeyama et al., 1984) and 0.13 (Rickard et al., 1999) andi$r@rbutene of 0.18 (Niki et
al., 1977) and 0.19 (Rickard et al., 1999). A yield of stabilizedgCHOO from [CHsCHOOT¥* of 0.16 at 298K and 1 bar of
air is recommended, with it being likely that this stabilized4CHIOO intermediate ianti-CH3CHOO.

The [CHsCHOOQOTJ* decomposition pathways include the formation of HO radicals through the ‘hydroperoxide’ channel (see
the data sheet on the reactions gft®1R,C=CRsR4 —HO + products).

[CH3CHOO] — [CH=CHOOH] — CH,CHO + HO

and this reaction pathway is believed to occur for the initially energy-rich Criegee intermediate and possibly for the stabilized
synCH3CHOO intermediate (Fenske et al., 2000a; Kroll et al., 2001). At atmospheric pressure, the measured HO radical
formation yield is in the range 0.32-0.37 (Atkinson and Aschmann, 1993; Neeb and Moortgat, 1999; Paulson et al., 1999;
Rickard et al., 1999; Fenske et al., 2000b). Other decomposition pathways include (Atkinson, 1997; Tuazon et al., 1997):

[CH3CHOQ* — CHs+COp
[CHCHOO* — CH3OH+ CO
[CH3CHOO* — CHCO +HO

with measured methane, methanol and ketene yields at atmospheric pressure (in the presence of an HO radical scavenger)
0.096+0.010 (Tuazon et al., 1997), 0.056.007 (Tuazon et al., 1997) and 0.@3%.008 (Tuazon et al., 1997), respectively.
Considering that subsequent reaction of the vinoxy{CHO) radical in air may lead to the formation of HO radicals (Atkin-
son, 1997), then a possible overall reaction sequence involves the initial formation of 35-4030(FHCH3CHO) and
65-60% ([CHCHOOJ*+HCHO), followed by the reactions of the [GBOT* intermediate shown above (leading to an HO
radical yield, relative to the propene reacted~d.05) and the following reactions of the [GEHOOQTJ" intermediate (the
yields are given relative to the propene reacted, and that for the HEB8 pathway depends on the amount of HO radicals
formed from subsequent reactions of the vinoxy radical) (see Fig. 3).

Under lower tropospheric conditions, the stabilized Criegee intermediatgCBEO (expected to be in thanti-
configuration) is anticipated to react with water vapor to form the hydroxyhydroperoxide (Neeb et al., 1999; Sauer et al.,
1999; Baker et al., 2002).

CH3CHOO + O — CH3CH(OH)OOH

This hydroxyhydroperoxide may decompose (possibly heterogeneouslyste(OHOH+HO or to CHCHO+H,O2 (Neeb
et al., 1999; Sauer et al., 1999).

References

Atkinson, R.: J. Phys. Chem. Ref. Data, 26, 215, 1997.

Atkinson, R. and Aschmann, S. M.: Environ. Sci. Technol., 27, 1357, 1993.

Baker, J., Aschmann, S. M., Arey, J., and Atkinson, R.: Int. J. Chem. Kinet., 34, 73, 2002.

Fenske, J. D., Hasson, A. S., Ho, A. W., and Paulson, S. E.: J. Phys. Chem. A, 104, 9921, 2000a.

Fenske, J. D., Hasson, A. S., Paulson, S. E., Kuwata, K. T., Ho, A., and Houk, K.N.: J. Phys. Chem. A, 104, 7821, 2000b.
Grosjean, E., de Andrade, J. B., and Grosjean, D.: Eviron. Sci. Technol., 30, 975, 1996.

Hatakeyama, S., Kobayashi, H., and Akimoto, H.: J. Phys. Chem., 88, 4736, 1984.

Herron, J. T. and Huie, R. E.: J. Phys. Chem., 78, 2085, 1974.

Horie, O. and Moortgat, G. K.: Atmos. Environ., 25A, 1881, 1991.

Kroll, J. H., Sahay, S. R., Anderson, J. G., Demerjian, K. L., and Donahue, N. M.: J. Phys. Chem. A, 105, 4446, 2001.

Atmos. Chem. Phys., 6, 36280655 2006 www.atmos-chem-phys.net/6/3625/2006/



R. Atkinson et al.: Evaluated kinetic and photochemical data for atmospheric chemistry 3653

Neeb, P. and Moortgat, G. K.: J. Phys. Chem. A, 103, 9003, 1999.

Neeb, P., Horie, O., and Moortgat, G. K.: Int. J. Chem. Kinet., 28, 721, 1996.

Niki, H., Maker, P. D., Savage, C. M., and Breitenbach, L. P.. Chem. Phys. Lett., 46, 327, 1977.
Paulson, S. E., Fenske, J. D., Sen, A. D., and Callahan, T. W.: J. Phys. Chem. A, 103, 2050, 1999.
Rickard, A. R., Johnson, D., McGill, C. D., and Marston, G.: J. Phys. Chem. A, 103, 7656, 1999.
Sauer, R., Sdifer, C., Neeb, P., Horie, O., and Moortgat, G. K.: Atmos. Environ., 33, 229, 1999.

Treacy, J., El Hag, M., O’Farrell, D., and Sidebottom, H.: Ber. Bunsenges. Phys. Chem., 96, 422, 1992.
Tuazon, E. C., Aschmann, S. M., Arey, J., and Atkinson, R.: Environ. Sci. Technol., 31, 3004, 1997.

www.atmos-chem-phys.net/6/3625/2006/ Atmos. Chem. Phys., 6, 3685-2006



3654 R. Atkinson et al.: Evaluated kinetic and photochemical data for atmospheric chemistry

ILA1.157

O3 + CH2=C(CH3)CH=CH> — products

Rate coefficient data

kicm® molecule® s1 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.27x 10717 295+ 1 Arnts and Gay, 1979 S-CL/GC (a)
7.0x 10718 260+2  Adeniji etal., 1981 S-CL
1.65x 10717 294+ 2
1.1x 107V 291 Kamens et al., 1982 (b)
1.54 x 10714 exp[-(2153+ 430)/1] 278-323 Atkinson, et al., 1982 S-CL
(1.17£0.19)x 10°Y/ 296+ 2
7.8x 10 exp[-(1913+ 139)r]  242-323 Treacy et al., 1992 S-UVA
(1.284+0.12)x 10°Y/ 298
(8.95+ 0.25)x 1018 293+ 2 Grosjean etal., 1993 S-UVA
(1.13+0.32)x 1071/ 291+ 2 Grosjean and Grosjean, 1996 S-UVA
Relative Rate Coefficients
(1.16+ 0.02) x 10717 296+ 2 Greene and Atkinson, 1992 RR (c)
9.21x 10~ exp[-(1955+ 42)/T]  242-324 Khamaganov and Hites, 2001 RR (d,e)
(1.29+ 0.08)x 10~ 17 298
1.62x 10 14 exp[-(2078+ 120)/r] 242-324 Khamaganov and Hites, 2001 RR (d,f)
(1.50+ 0.13)x 10717 298
1.24x 10~ 14 exp[-(2050+ 87)/T]  257-324 Khamaganov and Hites, 2001 RR (d,g)
(1.26+ 0.07)x 10717 298
9.45x 10 ° exp[-(1963+ 72)/T]  258-324 Khamaganov and Hites, 2001 RR (d,h)
(1.35+ 0.08 ) x 1017 298
1.36 x 1014 exp[-(2015+ 149)/T] 278-353 Avzianova and Ariya, 2002 RR (i)
(1.22+0.03)x 10°Y/ 298

Comments

(a) Carried out in one atmosphere of air in 330 liter volume reaction chambers. Fhedisoprene concentrations were
measured by chemiluminescence and GC, respectively.

(b) Carried out at atmospheric pressure of air in a large outdoor chamber at nightisintroduced continually over a period
of 1.4 h to an isoprene-air mixture. The isoprene agd@ncentrations were monitored by GC and chemiluminescence,
respectively, and the rate coefficient obtained by fitting the measured isopreng aodd@ntrations to a computer model.

(c) Relative rate study, witl-octane being present to scavenge the OH radicals formed from jhedations. The
concentrations of isoprene and propene (the reference compound) were measured by GC. The measured rate coeffi
cient ratio ofk(Oz+isoprene}(Os+propene)=1.210.02 is placed on an absolute basis by use of a rate coefficient of
k(Os+propene)=9.610-18cm? molecule ! s~1 at 296 K (IUPAC, current recomendation).

(d) Relative rate method carried out at 760 Torr (1.013 bar) of helium diluent in a 1¥2ame cylindrical quartz reactor,
with ethanol or acetaldehyde being present to scavenge the OH radicals formed. The concentrations of isoprene and the
reference compound were monitored by MS.

(e) With 2-methylpropene as the reference compound. The measured rate coefficientk(@biosoprene)(Os+2-
methylpropene) are placed on an absolute basis by use of a rate coefficigi@zoR-methylpropene)=2.%0101°
exp(-16321") cm® molecule™t s1 (Atkinson, 1997).
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(f) With cis-2-butene as the reference compound. The measured rate coefficienk (@dessoprenel(Os+cis-2-butene)
are placed on an absolute basis by use of a rate coefficieht@f+cis-2-butene)=3.2210"15 exp(-968I") cm?
molecule’® s~ (Atkinson, 1997).

(g) With 1-butene as the reference compound. The measured rate coefficientk(@igssoprene)(Oz+1-butene) are
placed on an absolute basis by use of a rate coefficieht@§+1-butene)=3.36101° exp(-17441") cm® molecule !
s~1 (Atkinson, 1997).

(h) with  2,3-dimethyl-1,3-butadiene as the reference compound. The measured rate coefficient ratios
k(Ogz+isoprene)}{(Os+2,3-dimethyl-1,3-butadiene) are placed on an absolute basis by use of a rate coefficient of
k(Os+2,3-dimethyl-1,3-butadiene)=6A.0~1° exp(-1668T") cm® molecule’! s~1 (Atkinson, 1997).

(i) Relative rate method carried out at 760 Torr (1.013 bar) of air diluent in a 3 liter volume Pyrex reactor, with 1,3,5-
trimethylbenzene being present to scavenge the OH radicals formed. The concentrations of isoprene and propene (the
reference compound) were monitored by GC. The measured rate coefficientk{@igssoprene)(Oz+propene) are
placed on an absolute basis by use of a rate coefficieh{®@$+propene)=5.510"1° exp(-18807') cm® molecule !
s~ (IUPAC, current recomendation). Note that the 298K rate coefficient calculated from the Arrhenius expression is
1.57x10~" cm?® molecule! s~1, 29% higher than the measured value (see table).

Preferred Values

k=1.27x 1071’ cm?® molecule! s7* at 298 K.
k =1.03x 1014 exp(-19957") cm?® molecule’? s~1 over the temperature range 240-360 K.

Reliability

Alogk=+0.10 at 298 K.
A (E/R) =+ 200K.

Comments on Preferred Values

The measured room temperature rate coefficients (Arnts and Gay, 1979; Adeniji et al., 1981; Atkinson et al., 1982; Kamens
etal., 1982; Greene and Atkinson, 1992; Treacy et al., 1992; Grosjean et al., 1993; Grosjean and Grosjean, 1996; Khamagano
and Hites, 2001; Avzianova and Ariya, 2002) and temperature dependencies (Atkinson et al., 1982; Treacy et al., 1992;
Khamaganov and Hites, 2001; Avzianova and Ariya, 2002) are in good agreement. The preferred temperature dependence i
the average of those determined by Treacy et al. (1992), Khamaganov and Hites (2001) and Avzianova and Ariya (2002). The
preferred 298K rate coefficient is the average of the rate coefficients of Atkinson et al. (1982), Greene and Atkinson (1992),
Treacy et al. (1992), Grosjean et al. (1993), Grosjean and Grosjean (1996), Khamaganov and Hites (2001) and Avzianova
and Ariya (2002) adjusted to 298 K where necessary (Atkinson et al., 1982; Greene and Atkinson, 1992; Grosjean et al., 1993,
Grosjean and Grosjean, 1996) using the preferred temperature dependence. The preferred temperature dependence is combir
with the preferred rate coefficient at 298 K to obtain the pre-exponential factor.

The reaction proceeds by initial addition o @ the C=C bonds to form one of two primary ozonides, which rapidly
decompose to form four possible sets of carbonyl + Criegee intermediate (see data sheets on the reagtioith eftf@ne
and propene). Methacrolein, methyl vinyl ketone and formaldehyde are significant products of this reaction, with measured
formation yields of 39-44%, 16—17%, and 90%, respectively (Atkinson, 1997). HO radicals are also formed from the reaction
of O3z with isoprene, in 25% yield (see the data sheet on theRpR,C=CRsR4 — HO + products reaction).
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1LA1.158

O3 + «-Pinene— products

Rate coefficient data

klcm® molecule s71 Temp./K  Reference Technique/Comments

Absolute Rate Coefficients

1.6x 10716 294 Ripperton et al., 1972 S-CL

1.45x 10716 295+1  Grimsrud etal., 1975 F-CL

(3.3+0.3)x 10716 298 Japar et al., 1974 S-CL

9.4x 10 16 exp[-(731+ 173)I'] 276-324  Atkinson et al., 1982 S-CL

(8.4+1.9)x 10717 296+ 2

(9.71+ 1.06) x 10~/ 296+ 2  Atkinson etal., 1990 S-CL (a)

Relative Rate Coefficients

(8.20+ 1.24)x 10~/ 297+2  Nolting etal., 1988 RR (b)

5.7 x 1016 exp[-(584+ 87)I] 288-363  Khamaganov and Hites, 2001 RR (c,d)

(9.05+ 0.45)x 10~17 298

3.5 x 10 16 exp[-(429+ 303)I'] 288-343  Khamaganov and Hites, 2001 RR (c,e)

(8.11+ 0.33)x 10~/ 298

(1.06+ 0.09)x 1016 295+ 0.5 Witter et al., 2002 RR (f)
Comments

(a) From measurements of the absolute rate coefficient for the reaction @fit® sabinene and the rate coefficient ra-
tio k(Os+a-pinene)k(Os+sabinene), a rate coefficient bfOs+a-pinene)=(7.99:1.20)x 10~ 7 cm® molecule ! s~ was
also derived.

(b) The concentrations of a series of alkenes (includifgnene ancais-2-butene, the reference compound) were monitored
by GC in a 520 L Pyrex chamber atl bar pressure of purified air in the presence gf Ohe measured rate coefficient
ratio k(Osz+a-pinene)k(Os+cis-2-butene) is placed on an absolute basis by use of a rate coefficient at 237@Ggotis-
2-butene)=1.24 1016 cm?® molecule! s~ (Atkinson and Arey, 2003a). Details concerning the reactant mixtures and
the presence or absence of an HO radical scavenger were not reported.

(c) The concentrations ef-pinene and 1-butene or 2-methylpropene (the reference compounds) were monitored by MS in re-
acting @ —a-pinene — 1-butene (or 2-methylpropene) — acetaldehyde (or ethanol) [HO radical scavengers] — He mixtures
in a 192 cn? volume quartz vessel atlbar pressure. The measured rate coefficient ra{@s+«-pinene)k(Oz+1-
butene)=0.17 exp[(11987)/T] and k(Oz+a-pinene)k(Oz+2-methylpropene)=0.13 exp[(126303)/T] are placed on
an absolute basis by use of rate coefficients(@s+1-butene)=3.3610"1> exp(-1774r") cm® molecule! s~ and
k(Os+2-methylpropene)=2.30101° exp(-16321') cm® molecule! s~1 (Atkinson and Arey, 2003a). The combined
data lead to the Arrhenius expressibiDz+a-pinene)=4.8& 1016 exp[-(530+ 150)/7') cm® molecule! s~ over the
temperature range 288-363 K ar(Ds+a-pinene)=(8.4%0.74)x 10-17 cm?® molecule ! s~1 at 298 K (Khamaganov and
Hites, 2001).

(d) Relative tok(Osz+1-butene).

(e

~

Relative tok(Oz+2-methylpropene).

(f) The concentrations of-pinene and 2-methyl-2-butene (the reference compounds) were monitored by GC in regeting O
a-pinene — 2-methyl-2-butenem-xylene (the HO radical scavenger) — air mixtures in a flow system at 1.00 bar pressure.
The measured rate coefficient ratiokgD3+a-pinene)k(Os3+2-methyl-2-butene)=0.27400.022 is placed on an absolute
basis by use of a rate coefficient at 295 Kk¢D3+2-methyl-2-butene)=3.9210-16 cm?® molecule ! s~ (Atkinson and
Arey, 2003a).

www.atmos-chem-phys.net/6/3625/2006/ Atmos. Chem. Phys., 6, 3685-2006



3658 R. Atkinson et al.: Evaluated kinetic and photochemical data for atmospheric chemistry

o %
O
o
0; + . H 1l . oPinene oxide (2%)
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[CH;C(O)CHC(CH;),CHCH,CHOOJ* [CH;C(OO)CHC(CH;),CHCH,CHOJ*
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CgH;5CH(OH)OOH HO + products including: C4q hydroxydicarbonyl
80 + 10% Cyg tricarbonyl
¢ independent of water vapor C4o hydroperoxydicarbonyl

Pinonaldehyde + H,0, Cg dicarbonyl

16 + 3%
independent of water vapor

Fig. 4. See text.

Preferred Values

k=9.0x 10~ cm® molecule! s™1 at 298 K.
k = 6.3 x 10716 exp(-5801") cm® molecule ! s~1 over the temperature range 270-370K.

Reliability

Alogk =+ 0.2 at 298K.
A (E/R) = £+ 300K.

Comments on Preferred Values

The room temperature rate coefficients reported by Ripperton et al. (1972), Grimsrud et al. (1975) and Japar et al. (1974) are
significantly higher than the more recent measurements of Atkinson et al. (1982, 1990), Nolting et al. (1988), Khamaganov and
Hites (2001) and Witter et al. (2002), although there is still a significant amount of scatter between the room temperature rate
coefficients of Atkinson et al. (1982, 1990), Nolting et al. (1988), Khamaganov and Hites (2001) and Witter et al. (2002). The
preferred temperature dependence is obtained from a simple average of the temperature dependencies obtained by Atkinsc
et al. (1982) and Khamaganov and Hites (2001). The preferred 298K rate coefficient is an average of those of Atkinson et
al. (1982, 1990), Nolting et al. (1988), Khamaganov and Hites (2001) and Witter et al. (2002), corrected to 298 K where
necessary using the preferred temperature dependence. The pre-exponential factor is adjusted to fit the 298 K preferred value

The reaction proceeds by initial addition of @ the C=C bond to form a ‘primary ozonide’ which rapidly decomposes to
two Criegee intermediates. Subsequent reactions of these lead to pinonaldehyde, HO radicals, formaldehyde; picetoee,
oxide and a number of other products. A schematic reaction scheme is shown below (Fig. 4), noting that the pinonaldehyde
yield shown is derived from product studies employing GC analyses (see Atkinson and Arey, 2003a, b).
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IILA1.159

O3 + CH»=C(CH3)CHO — products

Rate coefficient data

klcm?® moleculel s1 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(1.124+0.13)x 10718 296+ 2 Atkinson etal., 1981 S-CL

1.1x 10718 ~294 Kamens et al., 1982 S-CL/GC (a)

1.3x 10 5 exp[-(2112+ 131)/T] 240-324 Treacy et al., 1992 S-UVA

(1.1+0.2)x 1018 298

(1.024+ 0.05)x 10°18 291+ 2 Grosjean etal., 1993 S-UVA

(1.084+ 0.20)x 10718 290+ 1 Grosjean and Grosjean, 1998 S-UVA

(1.3+£0.14)x 10718 296+ 2 Neebetal, 1998 S-FTIR (b)
Comments

(a) Carried out at atmospheric pressure of air in a large outdoor chamber at nightaintroduced continually over a
period of~5 h to a methacrolein-air mixture. The methacrolein aga&@ncentrations were monitored by GC and chemi-
luminescence, respectively, and the rate coefficient obtained by fitting the measured methacrolejc@mceBtrations
to a computer model.

(b) The decays of methacrolein were measured in the presence of excess concentratignsithf €clohexane also being
present as an HO radical scavenger.

Preferred Values

k=1.2x 10 cm? molecule! s~1 at 298 K.
k =1.4x 10~15 exp(-21007") cm® molecule ! s~ over the temperature range 240-330K.

Reliability

Alogk=+0.2at298K.
A (E/R) =+ 300 K.

Comments on Preferred Values

The measured room temperature rate coefficients (Atkinson et al., 1981; Kamens et al., 1982; Treacy et al., 1992; Grosjear
et al., 1993; Grosjean and Grosjean, 1998; Neeb et al., 1998) are in good agreement. The preferred 298 K rate coefficient is the
average of all of the measured rate coefficients (Atkinson et al., 1981; Kamens et al., 1982; Treacy et al., 1992; Grosjean et al.,
1993; Grosjean and Grosjean, 1998; Neeb et al., 1998), adjusted to 298 K where necessary (Atkinson et al., 1981; Kamens e
al., 1982; Grosjean et al., 1993; Grosjean and Grosjean, 1998; Neeb et al., 1998) using the temperature dependence of Treac
et al. (1992). The temperature dependence measured by Treacy et al. (1992) is accepted, and is combined with the 298 k
preferred value to obtain the pre-exponential factor.

The reaction proceeds by initial addition og @ the C=C bond to form a primary ozonide which rapidly decomposes
to methylglyoxal + [CHOOTJ* or to formaldehyde + [CEIC(OO)CHO¥ (see data sheets on the reactions gfwith ethene
and propene). Methylglyoxal and formaldehyde have been observed as significant products of this reaction, with formation
yields of 52-64% and 9-15%, respectively (Grosjean et al., 1993), indicating that formation of methylglyoxalGQTH
dominates. HO radicals are also formed, with a reported yield i_ifg% (Aschmann et al., 1996).
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1LA1.160

O3 + CH3C(O)CH=CH7 — products

Rate coefficient data

kicm® molecule® s1 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(4.77+0.59)x 10718 296+ 2 Atkinson etal., 1981 S-CL

40x 10718 ~294 Kamens et al., 1982 S-CL/GC (a)

6.9 x 10 16 exp[-(1521+ 78)/T] 240-324 Treacy etal., 1992 S-UVA

(4.2+0.4)x 10718 298

(4.72+0.09)x 10718 291+ 2 Grosjean etal., 1993 S-UVA

(5.84+ 0.39)x 1018 291+ 1 Grosjean and Grosjean, 1998 S-UVA

(5.4+0.6) x 1018 296+ 2 Neebetal., 1998 S-FTIR (b)
Comments

(a) Carried out at atmospheric pressure of air in a large outdoor chamber at nightagintroduced continually over a
period of~5 h to a methyl vinyl ketone-air mixture. The methyl vinyl ketone angcOncentrations were monitored by
GC and chemiluminescence, respectively, and the rate coefficient obtained by fitting the measured methyl vinyl ketone
and & concentrations to a computer model.

(b) The decays of methyl vinyl ketone were measured in the presence of excess concentratgngithf € clohexane also
being present as an HO radical scavenger.

Preferred Values

k=5.2x 108 cm3 molecule s1 at 298 K.
k =8.5x 1016 exp(-15207") cm?® molecule ! s~1 over the temperature range 240-330 K.

Reliability

Alogk=+0.2at 298K.
A (E/R) = + 200 K.

Comments on Preferred Values

The measured room temperature rate coefficients (Atkinson et al., 1981; Kamens et al., 1982; Treacy et al., 1992; Grosjean
et al., 1993; Grosjean and Grosjean, 1998; Neeb et al., 1998) range over a factor of 1.5, with the temperature dependent stud
of Treacy et al. (1992) having the lowest measured rate coefficient (taking into account the actual value of room temperature
in the various studies). The preferred 298 K rate coefficient is the average of all of the measured rate coefficients (Atkinson et
al., 1981; Kamens et al., 1982; Treacy et al., 1992; Grosjean et al., 1993; Grosjean and Grosjean, 1998; Neeb et al., 1998)
adjusted to 298 K where necessary (Atkinson et al., 1981; Kamens et al., 1982; Grosjean et al., 1993; Grosjean and Grosjean
1998; Neeb et al., 1998) using the temperature dependence of Treacy et al. (1992). The temperature dependence measured
Treacy et al. (1992) is accepted, and is combined with the 298 K preferred value to obtain the pre-exponential factor.

The reaction proceeds by initial addition of @ the C=C bond to form a primary ozonide which rapidly decomposes to
methylglyoxal + [CHOO]* or to formaldehyde + [CBC(O)CHOOT (see data sheets on the reactions gfith ethene and
propene). Methylglyoxal has been observed as a major product of this reaction, with a formation yield of 82-92% (Grosjean
et al., 1993), indicating that formation of methylglyoxal + [@PIO]* dominates. HO radicals are also formed, with measured
yields of 16:8% (Aschmann et al, 1996) and£6% (Paulson et al., 1998).
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1LA1.161

O3 + 3-methylfuran — products

Rate coefficient data

klcm® molecule? s71 Temp./K Reference Technique/Comments

Relative Rate Coefficients
(2.04+ 0.08) x 1017 296+ 2 Alvarado et al., 1996 RR (a)

Comments

(a) Relative rate method carried out at atmospheric pressure of air. The concentrations of 3-methylfuran and propene (the
reference compound) were measured by GC, and cyclohexane was added to the reactant mixtures to scavenge the H(
radicals formed (Atkinson, 1997). The measured rate coefficient ratiq@f + 3-methylfuran}#(O3 + propene) =
2.12+0.08 is placed on an absolute basis by use of a rate coefficigtfOgf+ propene) = 9.6 108 cm?® molecule’®
s 1 at 296 K (IUPAC, current recommendation).

Preferred Values

k=2.0x 107 cm® molecule’! s! at 298K.
Reliability

Alogk=+0.3at298K.

Comments on Preferred Values

The preferred value is based on the sole study of this reaction by Alvarado et al. (1996). The reaction proceeds by initial
addition of & to the C=C bonds. HO radicals were observed to be formed from the reactiofnwitl03-methylfuran, in
~60% yield (Alvarado et al., 1996).
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1LA1.162

O3 + CH»=C(CH3)C(0)OONO, — products

Rate coefficient data

klcm® molecule? s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(8.2+2.0)x 10718 295+ 5 Grosjean etal., 1993 (a)

Comments

(a) Experiments were carried out at atmospheric pressure of air, by monitoring the decay rates6{CH;)C(O)OONG
(MPAN) in the presence of known excess concentrations Hf Oyclohexane was added to the reactant mixtures to
scavenge any OH radicals present. MPAN concentrations were measured by GC with electron capture detection.

Preferred Values

k =8.2x 10~ cm?® molecule* s~ at 298 K.
Reliability

Alogk =+ 0.3 at 298 K.

Comments on Preferred Values

The preferred value is based on the sole study of this reaction by Grosjean et al. (1993). The rate coefficient for this reaction
is similar in magnitude to those for the reactions @fdth propene (Atkinson, 1997; IUPAC, current recommendation) and 2-
methylpropene (Atkinson, 1997) and a factor of 5 higher than that for the reactiopwiti®ethene (Atkinson, 1997; IUPAC,
current recommendation). This reactivity of MPAN towards i® consistent with the recommended rate coefficient for the
reaction of MPAN with HO radicals (IUPAC, current recommendation). The reactiorgafi MPAN proceeds by initial
addition of G to the C=C bond, and formaldehyde has been observed as a reaction product with a formation yietd @60
(Grosjean et al., 1993).
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