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Abstract. This article, the first in the series, presents kinetic 1984 (Baulch et al., 1984). In 1986 the IUPAC Subcom-
and photochemical data evaluated by the IUPAC Subcommitmittee on Data Evaluation superseded the original CODATA
tee on GasKinetic Data Evaluation for Atmospheric Chem-Task Group for Atmospheric Chemistry, and the Subcom-
istry. It covers the gas phase and photochemical reactions ahittee has continued its data evaluation program with Sup-
Oy, HOx, NOy and SQ species, which were last published plements published in 1989 (Atkinson et al., 1989), 1992
in 1997, and were updated on the IUPAC website in late(Atkinson et al., 1992), 1997 (Atkinson et al., 1997a), 1997
2001. The article consists of a summary sheet, containing th€Atkinson et al., 1997b), 1999 (Atkinson et al., 1999), and
recommended kinetic parameters for the evaluated reaction2000 (Atkinson et al., 2000). Following the last of these re-
and five appendices containing the data sheets, which providports, Supplement VIl (Atkinson et al., 2000), the evaluation
information upon which the recommendations are made. has continued to be updated and published on the worldwide
web (http://www.iupac-kinetic.ch.cam.ac.uk/). The IUPAC
website hosts an interactive database with a search facility
and implemented hyperlinks between the summary table and
the data sheets, both of which can be downloaded as individ-

In the mid 1970s it was appreciated that there was a neegal PDF files. In order to further enhance the acceSSibiIity of
for the establishment of an international panel to produce dhis updated material to the scientific community, the evalu-
set of critically evaluated rate parameters for reactions of in-ation is being published as a series of articleAtimospheric
terest for atmospheric Chemistry_ To this end the CODATA Chemistry and PhySlCSThlS article is the first of the Series,
Task Group on Chemical Kinetics, under the auspices of the/olume I.

International Council of Scientific Unions (ICSU), was con-

stituted in 1977, and its aim was to produce an evaluation of

relevant, available kinetic and photochemical data. The first

evaluation by this international committee was published in

J. Phys. Chem. Ref. Data in 1980 (Baulch et al., 1980),

followed by Supplements in 1982 (Baulch et al., 1982) and

1 Introduction
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2 Summary of recommended rate coefficients HO, HO,, NH2, NO, NOy; b) inorganic sulphur radicals;
c) organic radicals (&y, CxHyO, C(HyO»): and 3) closed
The ordering of families in the Summary Table ig, B0y, shell molecules. Each datasheet then has a unique identifier:

NOx and SQ, corresponding to datasheets in Appendices“Volume: Appendix: reaction number”. For example, the
Al, A2, A3 and A4 respectively. Reactions are numberedfirst reaction in the summary sheet below refers to Datasheet
sequentially in each family. Chemical reactions are listed“l.A1.1". The identifier appears in the top left hand corner
as first reactant (usually an atom or radical) + second reacef the datasheet.

tant (usually a molecule). The reaction ordering within a

family is based on where the first reactant lies in the follow- Photochemical reactions are listed at the end of each family
ing ranking: 1) atoms (H, O, F, S, Cl, Br, 1); 2) radicals a) section.

Table 1. Summary of recommended rate ceofficients.

reaction koog Temp. dependence of Temp.
number  Reaction cmoleculel s Alog Ksgg kfem?® molecule’ 571 range/K A(E/R)K

Ox Reactions - based on data sheets in Appendix AL

1 0+0+M—O3+M 6.0x10°%[0) (k) +0.05 6.0¢10-4(T/300)2%[0,]  100-300 An=205
56x10°% Ny (k) 40,05 5.6¢10734(T/300)26N;]  100-300 An=405
2 0+0-20, 8.0x10°1 +0.08 8.0¢10-22exp(~2060)  200-400 +200
3 O(tD) + 0, > OCP) + 0y 40x10° 1 +0.05 3410 Uexp(67r)  200-350 +100
4 o) +03 > 0, +2 OP) 1x10°0 +0.1 241070 100-400 Alogk = £0.05
-20,%Y,) 1.2x10°0 40.1
5 0+035 0420, See data sheet
6 02(3Zg‘, VM- 02(32;, V)+M  See data sheet
7 Op'g) M= 0oty ;) +M 16x10718 M=0y) 402 3«10 Bexp(-200) 100450 +200
<14x10°8 (M=Ny)
5x10718 (M=H,0) 403
<2x102 (M=C0y)
8 0ptA,) + 03~ 20,+0 381071 10.10 5.%10 Mexp(-28400) 280360 +500
9 O'Y)) M= 0+ M 4.1x10°1 M=0y)  +03
2.1x10°% M=Ny)  £0.10 211071 200-350 +200
8.0x107H M=00P) 403
4.6x10712 M=H,0) +03
41x10°8 M=C0;) 4010 41078 245-360 +200
10 02(12;) +03 - products 2x 101 +0.06 2.2x10°1 295-360 +300
11 O +hv — products See data sheet
12 03+ hv - products See data sheet

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/
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reaction koog Temp. dependence of Temp.
number  Reaction crimolecule! s AlogKsge  Klem® moleculet 571 rangelK  A(E/R)K®

HOy Reactions - based on data sheets in Appendix A2

5.6x10712
720071
2410712

5.4x107%Ny] (k)
35x10°1

5.8x101

1.7x10°5

1.1x10710

210710

6.7x10° 1

14810712

6.9x10-¥Ny] (ko)
2.6x10°1 (kso)
F, =050+ 0.05

1.1x10°%0

1.7x10°%2

7.3x10°14

1.6x10712

5.2x10732[Ny]
45x10732[0y)]

See data sheet for effect 0pB

2.0x10°1
See data sheet
See data sheet

1.0x1073L[Ng] (k)
3.0x10°1 (kso)
F.=085

1ox10° 1

1.3x10731[Ny] (k)
2.3x10°1 (kso)
F.=06

1.7x10°1

2.8x107%N,] (k,)
2.6x10°1
4451071
7.x10°1
<1.0x10712
1.6x10713
6.0x10°2
15x10°13
4%10712
7.4¢103L [N, (ko)
3.3x10°1 (kso)
F.=081

13 H+HQ > Hy+ 0y

- 2HO

-H0+0
14 H+tQ+M—>HO +M
15 0+HO- 0y +H
16 0+HQ - HO+0O
17 0+H0y » HO+HO,
18 OfD) +H, - HO+H
19 OfD) + H,0 > 2HO
20 HO+H — H)O +H
21 HO+HO—- H)0+0
22 HO +HO + M- Hy0p+ M
23 HO+HG » H,0+ 0
24 HO + K0, — Hy0 + HO,
25 HO+Q - HOp + Oy
26 HG +HOp — Hy)0p + Oy
27 HO + HOy + M - HyOy + Oy + M
28 HO,+ 03> HO+20
29 HO+h — HO+H
30 H0, +hv - 2HO
NOx Reactions - based on data sheets in Appendix A3
31 O0+NO+M- NO, +M
32 0+NG - 0, +NO
33 0+NQ+M— NOz+M
34 0+NGQ - 0y +NO,
35 OfD) +Np+M - N0 +M
36 OfD) + Ny — OBP) + N\,
37 OfD) +NO—» Ny + 0,

- 2NO
~ OCP)+ N0

38 HO +NH; - H,0 +NHp
39 HO + HONO— H,0 + NG
40 HO + HONG — H,0 + NOs
41 HO + HQNO, — products
42 HO +NO + M- HONO +M
43 HO +NG +M — HONG, + M

3.3x10730[Ny] (k)
41x10°1 (kso)
F.=04

www.atmos-chem-phys.org/acp/4/1461/

105
10.1
105

0.1
101
£0.08
103
10.1
101
10.1
£0.15
10.1
102
£0.05

101
10.1
£0.15
£0.15
£0.15
£0.15

£0.2

10.1
103

£0.06
£0.30
102

£0.3
105
10.1
101
10.1

10.1
1015
10.1
102
£0.10
102

10.1
103

5.6¢10712
7.%107 1
2410712

541073471300 L8Ny
2.410 Mexp(1101)
2.%10 exp(224I)
1410 exp(-20001)
1.x10710

2.2x10%

7.7 10 exp(-21001)
6. 10714(7/298}%exp(945T')
6.910734(7/300) 98Ny
2.6¢1071

F, =050+ 0.05

4,810 Texp(2501)
2,910 exp(-1601T)
1.%10 Yexp(-940I)
2.10 Bexp(6001)
1.9¢10-%3 [N] exp(9801")

2.0310716(7/300)""exp(6931)

1.0¢10-°4(T/300) L8N,
3.0¢10- (730002
F.=0.85

5.5 x 10 exp(1881)
1.310-34(7/300) 5[N]
2.3107(7/300024
F.=06

1.8¢10 Mexp(1071)
440710

71071

<1.0x10°2
3.5¢10"exp(-9251T)
2.5¢10"2exp(2601)
See data sheet

1.9¢10 exp(2701)
7.410-4T/300) 24N,
3.3107 (/30003

F, = exp(-T/1420)
3.31073(7/300) 39Ny
411071

F.=04

Atmos. Chem. Phys., 4, 1461-1738, 2004

245-300 Alogk = £0.5
245-300 Alogk =401
245-300 Alogk = +0.5

200-600 An=+0.6
150-500 +100
220-400 £100
280-390 +1000
200-350 £100
200-350 £100
200-450 £200
200-350 £250
200-400 An =205
200-400 Alog ky, = £0.2
200-400

250-400 £200
240-460 £100
220-450 £300
230-420 £200
230-420 £300

500
250-340 30

200-300 An =103
200-300 An=403
200-300

220-420 480
200-400 An=+1
200-400

200-400

100-350 £100
200-350 £100
200-350 £100
200-350

230-450 £200
290-380 +260

240-340 £500

200-400 An =105
200-400 Alog ks, = £0.2
250-400

200-300 An =205
200-400 An=405
250-400
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reaction koog Temp. dependence of Temp.

number  Reaction cmoleculel s Alogkseg ~ Klem® molecule™ 57 rangelk  A(E/R)IK®

44 HO +NQ — HO; +NO, 2.0x10°1 +03

45 HO, + NO— HO + NG 8.8x10712 0.4 3610 2exp(2701) 200-400 +100

46 HOp +NOy + M — HONOp + M 1.8x10731Ny] (k) +010  1.&1074T/3007 32Ny 220-360 An=+1
4.7x10712 (ko) 02  4KI0L 220-360 An=+1
F.=06 F.=06

47 HOpNO, + M — HOp + NG, + M 1.3x10°2[Ny] (kish 403 4110 exp(-106501)[No] 260-300 4500
0.25 keolsh) 405 4.810%xp(-111700) 260-300 +500
F.=06 F.=06 260-300

48 HOp + NO3 — products 4610712 +0.2

49 NH, + 0, - products <6x107%

50 NH, + O3 — products NATRS 05 4.9x10%exp(-10001) 250-380 4500

51 NHp +NO— products 161071 +02 16107 (r/208y 2 210-500 An=+05

52 NH, + NO, — products 261071 02 2007208y 13 250-500 An =07

53 NO+Q > 2NO, 2.0x10-%8 (cmf molecule? s71) +01 3310 Fexp(5300) 270-600 400

54 NO+Q — N0y + 0 1.8x10° 1 4008 1410 exp(-13100) 195-308 +200

55 NO+NG+M—NOz+M  3.1x107%|Ny] (k,) +03  310°¥(1/300) 77 Ny 200-300 An=+1
7.9x10712 (ko) 03 7.910°2 (7/300)4 200-300 An =405
F.=06

56 NO3 +M—>NO+NG+M  16x10°4Ny] (klsh) 404 1.9107(T/300) BTexp(-4880M)Ny]  225-300 +200

An==1

3.6x10° (kolsY) 203 410°(T/300/ exp(-48801) 225-300 100
F,=06 An=41

57 NO +NG; > 2NO, 2.6x1071 01 1.8x10Mexp(1100) 220-420 +100

58 N, + 03 » NO3 + 0y 35x10°Y +006 1410 Bexp(-24700) 230-360 4150

59 NO; +NOy +M— NoOs+ M 14x10-%Ny] (ko) 03 LA&107%¥T/300) 38N, 300-500 An=+1
1.0x10°2 (k) £03 L1072 250-300 Alogk =403
F.=040

60 NOs +M—NO #NO +M 6.1x10° 29N, (kfsh 203 1.310-%(7/300) 38 exp (-6400M)[N;]  300-500 +500
4.4x10° (kesh) £0.4 1.15¢10%exp(-64601T) 250-300 4500
F.=040

61 NO, +NO3+M—NOs+M  3.6x10-Ny] (k) +010  3.610°%(7/300) *4N,] 200-300 An =405
19x10°12 (ko) $02  1.%10°T/30002 200-400 An=+06
F.=035 F.=035 200-400

62 NOs+M—NO; +NOz+ M 1.2x10° 9Ny (IS 02 1.%10°%7/300)3° 200-400 An =405

exp(-110000)[N3]
6.9x1072 (olsh £03  9.%10%T/300P 200-300 An=+02
exp(-110801r)

F.=035 F.=035 200-300

63 NyOs + Hy0 — 2 HNO3 251072

64 NOs + 2H0 - HNO3 +Ho0  1.8x10-% (e molecule? 57

65 HONO +hv — products see data sheet

66 HONG, +hw — products see data sheet

67 HONO; +hv — products see data sheet

68 NG, + hv — products see data sheet

69 NG; +hw — products see data sheet

70 N,0 + hw — products see data sheet

! N, 05 + v — products see data sheet

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/
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reaction koog Temp. dependence of Temp.
number  Reaction crimolecule® st AlogKsge  Klem® molecule™ 572 rangelK  A(E/R)IK®

SO, Reactions - based on data sheets in Appendix A4

72 0+CS>C0+S 2.x10°1 +0.1 2.7%10 Vexp(-7601T) 150-300 +250

73 0+ CHSCH; — CHsSO + CH, 5.0x10°1 +01  1.310 Yexp(do0r) 270-560 4100

74 0+C$ — products 3.%10° +0.2 3.3¢10~exp(-6501T) 210-500 +100

75 0+CHSSCH — CH;SO+CHS  15¢10°1 +03 6510 Lexp(2500) 290-570 4100

76 0+0CS- S0+CO 110" +0.2 1.6¢10~Yexp(-21501) 230-500 +150

7 0+SQ+M— SOz +M LAX10°8Ng (k) +03 4010 %%xp(-1000M)[N,] 200400 +200

78 S+ —>S0+0 210712 +0.2 2.1x107% 250-430 +200

79 S+Q - S0+0 L1071 403

80 Cl+H,S— HCl+HS 741071 +0.1 3,710 L exp(2081) 200-430 +100

81 Cl+0CS~ SCI+CO <1.0x10716

82 Cl+CS — products <4x107% (1 bar air)

83 Cl + CHySH— products 261010 +0.1 1.2x 10 exp(1501) 190-430 +100

84 Cl + CHSCH; — products 331010 (LbarNy) £0.15

85 HO + HS— H,0 +HS 4.%10712 +0.08  6.10 Yexp(-80IT) 220-520 +80

86 HO +5Q + M - HOSG, + M 4.5x1073Ny] (k) +03  4510°4T/300) 39Ny 200-300 An=41
1.3x102 (k) +0.3 1.310°2(7/300y 07 200-300 Alogk =£0.3
F.=0525

87 HOSG + 0 - HO, + 503 43x10°8 4010 1310 “exp(-330I) 290-420 +200

88 HO + OCS~ products 2610 +0.3 1.1x10 Rexp(-12001) 250-500 +500

89 HO +C$ +M - HOCS +M 8x10-3N,] (k) +05 810Ny 250-320 Alogk = +0.5
8x107% (ko) +05  &I10%2 250-300 Alogk = £0.5
F.=08

90 HO +C$ — HS +0CS <2x10°15

91 HOCS +M - HO+CS +M 4.8x10° %Ny (kish) 405 1.6¢10"%exp(-5160)[N,] 250-300 4500
4.8x10° (klsh 405 1.6¢10%%exp(-51601) 250-300 £500
F.=08

9 HOCS + 0, — products 281071 4015 2810 240-350 Alogk =£0.15

93 HO + CHSH— products 33101 +0.10  9.%10 exp(356T) 240-430 £100

94 HO + CHSCH; — HoO + CHSCHy  4.8x107% +0.10  1.1%10 Mexp(-2531) 240-400 +150

> CHS(OH)CH  1.7x10°2 (Lbarai) 030  1.0c107%0,]exp(58201)/  240-360 +150
{1+5.0¢10-%%0,] exp(62801)}

95 HO + CHSSCH — products 2.310°10 +0.10  7.0¢10 Mexp(3500) 250-370 +200

9 HO, + H,S— products <3x10°%

97 HO, + SO — products <1x10°%8

98 HO, + CH;SH— products <4x10°%

99 HO, + CHySCH; — products <5x1071

100 NG+ HpS— products <Ix10°15

101 NQ+CS - products <4x10716

102 NG + 0CS— products <1x10°%

103 NG;+S0 - products <1x10719

104 NQ+CHySH— products 9.x10°18 +015  9.x10°8 250-370 4400

105  NO;+CH;SCHy — CHsSCH + HNO;  1.1x107°%2 4015  1.9%10 Bexp(5200) 250-380 +200

106 NG+ CHySSCH — products k101 +03 108 300-380 4500

107 HS+Q - products <4x10719

108 HS+Q - HSO+0 3.7x10°12 +02  95¢10 Yexp(-2801T) 290-440 4250

109 HS+NO+M- HSNO+M 241073\, (ko) +03  2410°°4T/300)25Ny] 250-300 An=41
2.7x10°1 (kso) +05 2101 250-300 Alogk = +05
F.=06

www.atmos-chem-phys.org/acp/4/1461/ Atmos. Chem. Phys., 4, 1461-1738, 2004
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reaction koog Temp. dependence of Temp.

number  Reaction cmolecule st Alogklyg klen? molecule™ s rangelK  A(E/R)K

110 HS+NQ - HSO+NO 6.x10°1 +03  2%10Mexp(40r)  220-420 +100

111 HSO+Q - products <2.0x10°Y

112 HSO+Q - products 1x10°8 +0.2

113 HSO+NO- products <1.0x10°%

114 HSO+NQ - products 96107 +03

115 HSQ+ 0, - products 301078 +08

116 S0+Q-S0+0 7.6¢10°Y +015  16x10%%xp(-22801) 230-420 +500

U7 S0+Q-S0+0 8.9x1071 +01 4510 %exp(-11707)  230-420 4150

118  SO+NQ - SO +NO 1410t 101 14x101 210-360 +100

119 SQ(+H0)— HSOy 5.7x10¢ s~ (at 50% relative humidity)

120 SQ+NHs - products 2,007 (1 bar) +0.2

121 CS+0Q - products 291071 +06

122 CS+Q-0CS+Q 3.0x10°16 +05

123 CS+NQ - 0CS+NO 761071 +05

124 CHSH + Q, - products 6.610°12 103

125 CHSH+0; - products 351071 +03

126 CHSH+NO- products 15101 +03

127 CHSH+NQ - products 441071 +05

128 CHS+ 0+ M — CHsSO0 + M see data sheet

129 CHS00 +M— CHS+ O + M see data sheet

130 CHS+0;— products 491071 +02 L1510 Pexp(d30r)  259-381 +100

131 CHS+NO+M- CHSNO+M 3.310°2Ny] (k) 203 33A0°2(TI300y“ Ny 290450 An =42
4x1071 (ko) £05  4x10°M 290-450 Alogk = +0.5
F.=054 F.=054

132 CHS+NG — CH;S0+NO 6.0¢10711 +015 3010 Uexp(210r)  240-350 £200

133 CHSO+Q - products 6.010°13 403

134 CHSO+NG — products 12101 0.2

135 CHSO00 +Q - products <Bx10°1 (227K)

136 CHSO00 +NO- products Lix1071 227-256 Alogk =£0.3

137 CHS00+NQ - products 221071 207-246 Alogk =403

138 CHSO, +NO, - products <1x10°%5

139 CHSCH+0; - CHsSCHO, 5.7x107%2 (lhar) 404

140 CHSCHO; + NO— CHiSCHO +NO; 1x10°1 02 4%10Zexp(260r)  260-400 +300

141 CHSCHO; + N0+ M — CH;SCHONG + M 9x1071 (1bar) +05

142 CHSCHO, + CHsSCHO; » 2CHSCHO +0p  1.0x1071 +03

143 CHSS+Q - products 461078 +03

144 CHSS+NQ - products 181071 403

145 CHSSO+NQ — products 451072 +03

146 Qy+CHsSCH; — products <Ix1078

147 ClO+CHSCH; — products %1071 +05

148 BrO+CHSCH - products 441018 403

149 10 +CHSCH; — products 13104 0.2

150 0CS +h — products See data sheet

151 CS +hv — products See data sheet

152 CHSSCH +hv — products See data sheet

153 CHSNO + hv - products See data sheet

“ The cited uncertainty is an expanded uncertainty corresponding approximately to a 95% confidence limit.

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/
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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 summarized
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 above, the data
are presented as absolute rate coefficients. If the temperature
coefficient has been measured, the results are given in a tem-
perature dependent form over a stated temperature range. For
bimolecular reactions, the temperature dependence is usually

expressed in the normal Arrhenius forkln= A exp(~B/T),
where B = E/R. For a few bimolecular reactions, we
have listed temperature dependences in the alternative form
k = A'T" or CT" exp(~D/T), where the original authors
have found this to give a better fit to the data. For pressur
dependent combination and dissociation reactions, the non-

Arrhenius temperature dependence is used. This is discusse(%/(

more fully in a subsequent section of this Introduction. €

ever possible the rate coefficient at, or close to, 298K is

quoted directly as measured by the original authors. This

means that the listed rate coefficient at 298 K may differ
slightly from that calculated from the Arrhenius parameters
determined by the same authors. Rate coefficients at 298
marked with an asterisk indicate that the value was calculate
by extrapolation of a measured temperature range which di
not include 298 K. The tables of data are supplemented by
a series of comments summarizing the experimental details.
The following list of abbreviations, relating to experimental

tions:

K
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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

UV — ultraviolet

UVA — ultraviolet absorption

VUVA - vacuum ultraviolet absorption

For measurements of relative rate coefficients, wherever

possible the comments contain the actual measured ratio of
rate coefficients together with the rate coefficient of the ref-
drence reaction used to calculate the absolute rate coefficient
listed in the data table. The absolute value of the rate coef-
Sicient given in the table may be different from that reported

the original author owing to a different choice of rate co-
icient of the reference reaction. Whenever possible the

. reference rate data are those preferred in the present evalua-
Single temperature data are presented as such and Whetfb P P

n.
The preferred rate coefficients are presented (i) at a tem-

erature of 298K and (ii) in temperature dependent form
over a stated temperature range. This is followed by a state-
ent of the uncertainty limits in log at 298 K and the un-
8ertainty limits either in £/R) or in n, for the mean tem-
&)erature in the range. Some comments on the assignment of
uncertainties are given later in this introduction.

The “Comments on Preferred Values” describe how the

Selection was made and give any other relevant information.

; ; : . The extent of the comments depends upon the present state
techniques, is used in the Techniques and Comments sec- . L :
of our knowledge of the particular reaction in question. The

data sheets are concluded with a list of the relevant refer-
ences.

A — absorption
AS — absorption spectroscopy
CCD - charge coupled detector

3.2 Conventions concerning rate coefficients

CIMS - chemical ionization mass spectroscopy/spectromesilicof 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 A+A—->B+C

F — flow system 1d[A] d[B] d[C] )
FP — flash photolysis > @ - a AL
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Note that the stoichiometric coefficient for A, i.e. 2, appearsfollows that the rate coefficient for the combination reaction

in the denominator before the rate of change of [A] (which is

equal to 2[A]?) and as a power on the right-hand side.
Representations df as a function of temperature charac-

terize simple “direct” bimolecular reactions. Sometimes it is

is given by:

(

ko[M]

k=k | ——
Y\ kC1 1 kaIM]

)

found thatk also depends on the pressure and the nature ofije that for the dissociation reaction is given by:

the bath gas. This may be an indication of complex forma-

tion during the course of the bimolecular reaction, which is
always the case in combination reactions. In the following
sections the representationskoivhich are adopted in these
cases are explained.

3.3 Treatment of combination and dissociation reactions

k_1 )
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-
note the fraction of reaction events which, after initiation,

k = k_2[M] (

Unlike simple bimolecular reactions such as those considcomplete the reaction to products.

ered in Sect. 1.2, combination reactions
A+B+M— AB+M
and the reverse dissociation reactions

AB+M—->A+B+M

are composed of sequences of different types of physical and
chemical elementary processes. Their rate coefficients reflect
the more complicated sequential mechanism and depend o

the temperaturel’, and the nature and concentration of the
third body, [M]. In this evaluation, the combination reactions
are described by a formal second order rate law:

dlAB]

- k[A][B]

while dissociation reactions are described by a formal first-

order rate law:
—d[AB]
dr
In both casest depends on the temperature and on [M].

= k[AB]

In the low pressure limit (M}~ 0) the rate coefficients
are proportional to [M]; in the high pressure limit ([M]
— 00) they are independent of [M]. It is useful to express
k in terms of the limiting low pressure and high pressure rate
coefficients,

ko =limk(IM]) koo = lim k(IM])

[M]— O and, [M] = oo

spectively. From this convention, the Lindemann-

Hinshelwood equation is obtained

_ kokeo
T ky + koo

It follows that for combination reactiongp = k1k2[M]/ k_1
andk., = k1, while for dissociation reactiongg = k_»[M]
and k., = k_1k_s/ky. Since detailed balancing applies, the
ratio of the rate coefficients for combination and dissociation
at a fixedT and [M] is given by the equilibrium constat,
= k1k2/k_1k_2.

Starting from the high-pressure limit, the rate coefficients
fall-off with decreasing third body concentration [M] and

In order to rationalize the representations of the ratethe corresponding representationkofis a function of [M]

coefficients used in this evaluation, we first consider thejs termed the “falloff curve” of the reaction.

In practice,

Lindemann-Hinshelwood reaction scheme. The combinatiorthe above Lindemann-Hinshelwood expressions do not suf-

reactions follow an elementary mechanism of the form,

A +B — AB* 1)
AB* - A +B (-1)
AB*+M — AB +M 2
while the dissociation reactions are characterized by:

AB+M — AB*+M (-2)
AB*+M —- AB+M (2)
AB* - A +B (-1)

Assuming quasi-stationary concentrations for the highlyduced pressure”.

excited unstable species ARi.e. that d[AB‘)/dr ~ 0), it

Atmos. Chem. Phys., 4, 1461-1738, 2004

fice to characterize the falloff curves completely. Because of
the multistep character of the collisional deactivatibsi¥l])

and activation K_»[M]) processes, and energy- and angular
momentum-dependencies of the associatian &nd disso-
ciation (k_1) steps, as well as other phenomena, the falloff
expressions have to be modified. This can be done by includ-
ing a broadening factoF to the Lindemann-Hinshelwood
expression (Troe, 1979):

k
kok 1 i
k=22 F=k, ) F=keo | 2 | F
ko + koo 1+ 142

The broadening factoF depends on the ratiy/k~, Which

is proportional to [M], and can be used as a measure of “re-
The first factors on the right-hand side
represent the Lindemann-Hinshelwood expression and the

www.atmos-chem-phys.org/acp/4/1461/
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additional broadening factdr, at not too high temperatures, In the present evaluation, we generally follow the experi-
is approximately given by (Troe, 1979): mentally fitted values fo¥,, kg, andk.,, providedF, does
not differ too much from the values given above. If large
log F = log F deviations are encountered, the experimental data are re-
1+ [log(ko/keo)/N1? evaluated using the givefi.-values given above.

Besides the energy-transfer mechanism, i.e. reactions (1),
where log = logo andN = [0.75— 1.27logF]. Inthisway  (-1), and (2), a second mechanism appears to be relevant for
the three quantitieso, k~, and F. characterise the falloff some reactions considered here. This is the radical-complex
curve for the present application. (or chaperon) mechanism

The given approximate expression for the broadening fac-
tor F was obtained from statistical unimolecular rate theoryA +M — AM ©)
in its simplest form (Troe, 1979). More rigorous represen-
tations require detailed information on the potential energyA'vI —>A+M -3)
surfaces and on the collisional energy transfer step of the reg +AM — AB + M 4)
action. If this information is not available, one may assume
typical behaviour and rely on the theoretical analysis givenwhich, in the low pressure range, leads to
by Cobos and Troe (2003). F@r = 200-300K and the
collider M = Np (with a collision efficiencys, ~ 0.3), this ko = (ka/k—3)ka[M].
treatment predicts; ~ 0.49, 0.44, 0.39, and 0.35, if the £ gome tri- and tetra-atomic adducts AB, this value

reactants A and B in total have= 3, 4, 5, or 6 rotational o ;. may exceed that from the energy-transfer mechanism
degrees of freedom, respectively (e.g. for the reaction HO 43, show stronger temperature dependencies. This mecha-
NO,, one would have- = 5 and hencef. ~ 0.39). Itis  higm may also influence high pressure experiments wgen
also predicted thach,_forthe present _appllcatlons, _should be from the radical-complex mechanism exceeds from the
nearI)_/ temperature mdep_endent. Flnally, more rigorous ex'energy-transfer mechanism (Oum et al., 2003). In this case
pressions for the broadening factéfare given in Cobos and ¢ 10t ‘over wide pressure ranges cannot be represented by
Troe (2003) which, in general do not differ from the above ¢, inutions from the energy-transfer mechanism alone, in

formula by more than about 10 percent. Since the Special, icylar when measurements at pressures above about 10
properties of each reaction system may lead to some deV""Bar are taken into consideration.

tions from the given values df,, these should only be used 1o dependence &f andk.. on the temperature is rep-
for a first orientation. Larger deviations of experimentally resented in the formk o T—"ngcept for cases with an estab-

fitted F-values from the given “standard values’, however, jisheq energy barrier in the potential. We have used this form
may be an |nd|c§1t|on for inadequate falloff extrapolations to ¢ temperature dependence because it usually gives a better
ko andk?o. In th|§ case, .the appare'nt values' for ko, and it (5 the data over a wider range of temperature than does
koo Obtained by fitting still can provide a satisfactory repre- ye Arrhenjus expression. It should be emphasised that the
sentatloq of the considered experimental data_, in spite of th%hosen form of the temperature dependence is often only ad-
fact that_ inadequate values kf andko are obtained by ex- equate over limited temperature ranges such as 200-300 K.
trapolat_lon. o o Obviously, the relevant values afare different forkg and
If a given falloff curve is fitted in different ways, changes ¢ __ |n this evaluation, values & are given for selected ex-

in F, require changes in the limitinky andk., values. For amples of third bodies M, and if possible for M N0, or
the purpose of this evaluation, this is irrelevant if the pre- 5,

ferredkp andk, are used consistently together with the pre-

ferred F.. values. If the selected. value is too large, the val- 3.4 Treatment of complex-forming bimolecular reactions
ues ofkp andk, obtained by fitting the falloff expression to

the experimental data are underestimatedr, Iis too small, ~ Bimolecular reactions may follow the “direct” pathway

ko andk., are overestimated. However uncertaintiesFjn
influence the fittedg andk, in different ways. A simpler
policy of fitting falloff was chosen by the NASA/JPL panel and/or involve complex formation,

(Sander et al., 2003) in putting = 0.6 and N = 1. This

generally leads to different values of the fitiectandk,, and A +B < AB* - C+D

their temperature dependencies than derived here, although I M

experimental data over the range of atmospheric interest can AB

be generally be reproduced equally well. However the deye gesignate the rate coefficients of the individual steps as
rived ko andko, may differ from the true limiting rate coef- Sect. 1.3, above:

ficients and thus should be interpreted by theory only with

caution. A+B — AB* Q)

A+B—-C+D

www.atmos-chem-phys.org/acp/4/1461/ Atmos. Chem. Phys., 4, 1461-1738, 2004
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AB* — A+B (-1) the data in the Thermodynamic Data summary. Calcu-
lated threshold wavelengths corresponding to these enthalpy
AB*+M — AB + M (2 changes are also listed, bearing in mind that the values calcu-
lated from the enthalpy changes at 298 K are not true “thresh-
AB* > C+D () old values”.

Assuming quasi-stationary concentrations of *AB.e. This is followed by tables which summarise the available
d[AB*]/dt ~ 0), a Lindemann-Hinshelwood type of analysis experimental data for: (i) absorption cross-sections and (ii)
leads to, guantum yields. These data are supplemented by a series of

comments.
d[AB] _ . .
—— = kg[A][B] The next table lists the preferred absorption cross-section
dt data and the preferred quantum yields at appropriate wave-
dic] length intervals. For absorption cross-sections the intervals
Ta kp[AlIBI are usually 1 nm, 5 nm or 10 nm. Any temperature depen-
dence of the absorption cross-sections is also given where
@ = (ks + kp)[AIIB] possible. The aim in presenting these preferred data is to
t provide a basis for calculating atmospheric photolysis rates.

For absorption continua the temperature dependence is often

represented by Sulzer-Wieland type expressions (Astholz et
ks = kit ( k2 ) al., 1981). Alternately a simple empirical expression of the
koi+ko+ ks form: logio(or1/or2) = B(T1—T>) is used.

where

k The comments again describe how the preferred data were
kp = k1 (—3> selected and include other relevant points. The photochemi-
k14 ka2 + k3 cal data sheets are also concluded with a list of references.

Note that sinceky is proportional to [M],ks andkp are
dependent on the nature and concentration of the third bodg.6 Conventions concerning absorption cross-sections
M, in addition to their temperature dependence. In reality,

as for the combination and dissociation reactions, the given h din the d h “ab .
expressions foks andkp have to be extended by suitable These are presented in the data sheets as "absorption cross-

broadening factors in order to account for the multistep sections per molecule, base e.” They are defined according to

character of process (2) and the energy dependencies of pr(rnhe equations
cesses (1), (-1) and (3). These broadening factors, however,
differ from those for combination and dissociation reactions.

For simplicity, they are ignored in this evaluation such that!/10=
kp at high pressure approaches

exp(—a[N]]),

ko = kiks/kz o = {1/(INID} In(lo/1),

which is inversely proportional to [MJkp may also be ex-
pressed by

where b and | are the incident and transmitted light inten-
kp ~ kpoks/kso sities, o is the absorption cross-section per molecule (ex-
wherekpo andkso are the respective limiting low-pressure Pressed in this paper in units of Em[_N] is the number con-
rate coefficients for the formation of C + D or A + B at Centration of absorber (expressed in molecule ¥mand!
the considered [M]. When it is established that complex-iS the path length (expressed in cm). Other definitions and
formation is involved, this equation is used to characterizeUnits are frequently quoted. The closely related quantities
the increasing suppression of C + D formation with increas- absorption coefficient” and “extinction coefficient” are of-

ing [M]. ten used, but care must be taken to avoid confusion in their
definition. It is always necessary to know the units of con-
3.5 Photochemical reactions centration and of path length and the type of logarithm (base

e or base 10) corresponding to the definition. To convert an
The data sheets begin with a list of feasible primary pho-absorption cross-section to the equivalent Naperian (base €)
tochemical transitions for wavelengths usually down to absorption coefficient (expressed inchof a gas at a pres-
170 nm, along with the corresponding enthalpy changes asure of one standard atmosphere and temperature of 273K,
0K where possible or alternatively at 298 K, calculated from multiply the value of in cr? by 2.69x 10%°.
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3.7 Assignment of uncertainties number of independent studies permits a realistic assessment
of reliability, for many photochemical processes there is a
Under the heading “reliability”, estimates have been made Ofscarcity of apparenﬂy reliable data. Thus, we do not feel
the absolute accuracies of the preferred valugsaif298 K justified at present in assigning uncertainty limits to the pa-
and of the preferred values @f/ R over the quoted temper- rameters reported for the photochemical reactions.
ature range. The accuracy of the preferred rate coefficient
at 298K is quoted as the termlog k, whereAlogk = D acknowledgementsThe Chairman and members of the Committee
and D is defined by the equation, lggk = C & D. Thisis  wish to express their appreciation to I.U.P.A.C. for the financial
equivalent to the statement thiais uncertain to a factor of help which facilitated the preparation of this evaluation. We also
F, whereD = log;oF. The accuracy of the preferred value acknowledge financial support from the following organisations:
of E/R is quoted as the term(E/R), whereA(E/R) = G Agricultural Experimental Station, University of California, the UK
andG is defined by the equatioA/R = H + G. D andG Natural Environmental Research Council, the Standard Reference

are expanded uncertainties corresponding approximately to 8&t@ Program (N.I.S.T), the Fonds National Suisse de la Recherche
95% confidence limit. Scientifique (F.N.S.R.S.) and the Officéderal de I'Education et

For second-order rate coefficients listed in this evalua—de la_Science, and the Deutsche Forschungsgemeinschaft (SFB

. . . . 57).

tion, an estimate of the uncertainty at any given temperature )

within the recommended temperature range may be obtainegd e by: W. Sturges
from the equation:

Alogk(T) = Alogk(298K) + 0.4343AE/R(1/T — 1/298)}
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Appendix Al: Oy reactions
lLA1.1
O+02+M - 0O3+M
AH° = —1065kJ- mol™*

Low-pressure rate coefficients
Rate coefficient data

kolcm® moleculet s71 Temp./K Reference Technigque/Comments

Absolute Rate Coefficients

6.75x 10735 [0,] x 262-319 Arnold and Comes, 1979 FP-RA

exp[(635+ 18)/T]

(5.694 0.40)x10734[0,] 298

1.82x10735 [N3] x 262-309

exp[(995+ 37)/T]

(5.13+ 0.60)x 10734 [N 298

(6.9+ 1.0)x10-34x 219-368 Klais et al., 1980 FP-RF

(T/300r(1.25i042) [02]

(6.24 0.9)x10-34x 219-368

(Tlsoo)—(Z.OiO.S) [N 2]

(5.69+ 0.34)x10-34x 227-353 Linand Leu, 1982 FP-RF

(T/goo)—(2.37i0.37) [02]

(5.704 0.19)x 1034x 218-366

(T/300)—(2‘6E:0418) [N 2]

5.5x 10734 (T/300) 26 [N,] 100-400 Hippler etal., 1990 PLP-UVA (a)

5.2x 10735 (1/1000) 13 [N 700-900

(6.5£1.1)x 10734 [Ny] 296 Anderson et al., 1997 (b)
Comments

(@) The @ product was monitored by UV absorption at 265 nm. Dataffor- 400K are based on dissociation experi-
ments. The reaction is suggested to follow the energy transfer mechanism at high temperatures. The strong temperature
dependence observed for low temperatures suggests that a radical-complex mechanism dominates.

(b) Steady-state photolysis ob@ear 200 Torr monitoring @absorption at 254 nm and following isotopic compositions by
molecular beam mass spectrometric sampling. Isotope effectd®@thand'0 resolved.

Preferred Values

ko = 5.6x 10734 (T/300) 2% [N,] cm® molecule’! s1 over the temperature range 100-300 K.
k, = 6.0x 10734 (7/300) %% [05] cm® molecule ! s~1 over the temperature range 100-300 K.

Reliability

Alog k, = +0.05 at 298 K.
An = +0.5.

Comments on Preferred Values

The preferred values at 300K are averages of the data from Arnold and Comes (1979), Klais et al. (1980), Lin and Leu
(1982) and Hippler et al. (1990), and the temperature coefficients are taken from Hippler et al. (1990). The experiments from
Hippler et al. (1990) under low temperature and high pressure conditions indicate anomalous falloff behaviour different from
the formalism described for the energy transfer mechanism in the Introduction. These effects are not relevant for atmospheric
conditions as such, and they are not included in this evaluation.
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I.A1.2
O+ O3— 20,
AH° =-391.9 kdmol~1
Rate coefficient data
kolcm® molecule 1 s71 Temp./K  Reference Technique/Comments
Absolute Rate Coefficients
1.1x10 L exp(~2155/T) 269-409 McCrumb and Kaufman, 1972 (a)
2.0x10~ M exp(-2280/T) 220-353 Davis etal., 1973 PLP-RF
8.3x10715 298 West et al., 1978 PLP-RF
2.12x10 M exp(~2337/T) 262-335 Arnold and Comes, 1979 FP-RA
5.6x 10712 exp(~1959/T) 220-377 Wineetal., 1983 PLP-RF
8.26x1071° 297
Comments

(a) Flow system used with @®) atoms being produced by the pyrolysis af O

Preferred Values

k = 8.0x10715 cm?® molecule! s71 at 298 K.
k =8.0x1012 exp(—2060/') cm® molecule™! s~ over the temperature range 200—400 K.

Reliability

Alog k = +0.08 at 298 K.
A(E/R) = +£200K.

Comments on Preferred Values

The study of Wine et al. (1983) yields valueskoin close agreement with those from other studies, over the whole tem-
perature range covered. Our preferred values are based on the least-squares expression obtained by Wine et al. (1983) from
fit of their data plus those of McCrumb and Kaufman (1972), Davis et al. (1973), West et al. (1978) and Arnold and Comes
(1979). Computed rate constants (Balakinshnan and Billing, 1995) using variational transition state theory are in satisfactory
agreement with the experimental results.
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I.LA1.3

O('D) +02 — OCP)+0x(*z) (1)
— OCP) +O2(*A)  (2)
- O(P) + 0x(’%;) (3)

AH° (1) =—32.8 kdmol~!

AH® (2) =—95.4 kdmol~1
AH°® (3) =—189.7 kdmol~1

Rate coefficient data k = kg + ko + k3)

kicm® molecule ! st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
2.9x 107 exp[(67+ 11)/T] 104-354 Streitetal., 1976 (@)
3.6x1071 298
(4.2+0.2)x10° 11 295 Amimoto et al., 1979 PLP-RA (b)
(4.040.6)x10°1 298 Brock and Watson, 1979 PLP-RF (b)
Branching Ratios
ki/k=077+£0.2 300 Lee and Slanger, 1978 (c)
ko/k < 0.05 300 Gauthier and Snelling, 1971 (d)

Comments

(a) OD) atoms were produced by flash photolysis gfadd detected by @D) — O(CP) emission at 630 nm.

(b) O@P) atom product detected by resonance absorption (Amimoto et al., 1979) or resonance fluorescence (Brock and
Watson, 1979).

(c) O('D) atoms detected by &) — O(*P) emission at 630 nm. L' =) was monitored from the @' }) — 02(3%;)
(1-1) and (0-0) band emission.zézg) is only formed in thev = 0 and 1 levels, wittk(1)/k(0) = 0.7.

(d) O(D) atom production by the photolysis 00

Preferred Values

k = 4.0x10 11 cm® molecule’! s~ at 298 K.

k =3.2x10 1 exp(671') cm® molecule™! s~ over the temperature range 200-350 K.
k1/k = 0.8 at 298 K.

kolk < 0.05 at 298 K.

Reliability
Alog k = +0.05 at 298 K.
A(E/R =+100K.
A(ky/k) = £0.1 at 298 K.
Comments on Preferred Values
The preferred 298 K rate coefficient is the average of the results from Streit et al. (1976), Amimoto et al. (1979) and Brock

and Watson (1979). The temperature dependence is that measured by Streit et al. (1976). The branching ratios of Lee ant
Slanger (1978) and Gauthier and Snelling (1971) are recommended.
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I.A1.4
O(lD)+03 — 0O, +20(¢P) (1)

— O(®P) + O3 (2)

— 20,(*A,) (3)

- 02(12) + 023%,) (4)

- 20,(3%;) (5)

AH® = —832 kJmol1

AH° = —1897 k3mol~1
AH° = —3930 kJmol1
AH® = —4247 kImol~1
AH® = —5816 kImol~1

Rate coefficient data k = k1 + ko + k3 + kg + ks)

kicm? molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.4+0.5)x10°10 103-393 Streitetal., 1976 (a)
(2.5+0.5)x10°10 300 Amimoto et al., 1978; 1980 PLP-RA (b)
(2.2840.23)x10°10 298 Wine and Ravishankara, 1981 PLP-RF (b)
(254 0.2)x10°10 298 Greenblatt and Wiesenfeld, 1983 PLP-RF (b)
Branching Ratios
ki/(ka+ks+ks) =1 ~298 Davenport et al., 1972 FP-RF (b)
k1/k =053 298 Cobos et al., 1983 (c)
ks/k = 0.47

Comments

(a) O&D) atoms produced by flash photolysis of @ a flow system and detected by emission at 630 nm.

(b) The product O{P) atoms were detected by resonance absorption (Amimoto et al., 1978; 1980) or resonance fluorescence
(Wine and Ravishankara, 1981; Greenblatt and Wiesenfeld, 1983).

(c) Steady-state photolysis of purg @nd G-inert gas mixtures. Ozone removal was monitored manometrically at high
pressures and spectrophotometrically at lower pressures. The quantum yieldemh@al was interpreted in terms of a
complex reaction scheme.

Preferred Values

k = 2.4x10719 cm3 molecule’? s~1, independent of temperature over the range 100-400 K.
ki/k = kslk = 0.5 at 298 K.

Reliability

Alog k = £0.05 over the temperature range 100—400 K.
Akilk = Akslk = £0.1 at 298 K.

Comments on Preferred Values
The recommendation for the rate coefficient is based on the data of Streit et al. (1976), Amimoto et al. (1978, 1980), Wine

and Ravishankara (1981) and Greenblatt and Wiesenfeld (1983). The branching ratios are based on these studies plus the wol
of Davenport et al. (1972) and Cobos et al. (1983).
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ILA1.5
0*+ 03— 0+ 20,

Comments

Arnold and Comes (1980a, 1980b) have studied this reaction of vibrationally excited oxygen molecules in the ground
electronic state with ozone and they report a rate coefficient of 081° cm® molecule’! s~1 at 298 K. The vibrationally
excited oxygen molecules were produced in the reaction 8bPgtoms with Q following the UV photolysis of ozone. This
is the only reported study of this rate coefficient, and we make no recommendation. For further discussion the reader is referred
to the review by Steinfeld et al. (1987).

References

Arnold, I. and Comes, F. J.: Chem. Phys., 47, 125, 1980a.
Arnold, I. and Comes, F. J.: J. Mol. Struct., 61, 223, 1980b.
Steinfeld, J. I., Adler-Golden, S. M. and Gallagher, J. W.: J. Phys. Chem. Ref. Data, 16, 911, 1987.

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/



R. Atkinson et al.: Evaluated kinetic and photochemical data fgiHDy, NOx and SQ 1481
.A1.6
02(3%; V) +M — 0232, V) + M

Rate coefficient data

kicm® molecule st M v Temp/K Reference Technique/Comments
Absolute Rate Coefficients
(4.74£0.3)x10°1 0, 19 295 Price etal., 1993 (a)
3.24£03)x10° 1 20
( )
(5.8+1.2)x10°1 21
(5.440.8)x107 22
(1.240.4)x107 14 23
(0.84+ 0.04)x 10714 24
(1.84 0.05)x 10~ 14 25
(4.74£0.2)x10714 26
(2.3+£0.1)x10° 1 0, 19 460
(3.140.08)x 101 20
(224 0.9)x10° 1 21
(38.7£0.3)x10° 4 22
4.1+ 0.6)x10° 1 23
(6.94 0.5)x107%4 24
(11.74£0.2)x10°14 25
(16.4+ 2)x10714 26
>8.3x10°14 27
>1.2x1071 28
6.5%x 101 0, 8 300 Park and Slanger, 1994  (b)
>1.3x10°13 He 22
(1534 0.25)x 10711 03 22
2x10°13 co, 14
9x10°14 22
Comments

(a) Vibrationally highly excited electronic ground state @olecules were generated by stimulated emission pumping, and
detected by LIF.

(b) Vibrationally highly excited electronic ground state Molecules were formed by ozone photodissociation at 248 nm
(Hartley band). The excited molecules were detected by LIF. Rate coefficients were evaluated using a cascade model, in
which relaxation through single-quantum V-V and V-T steps was assumed.

Preferred Values See table.
Reliability

Alogk = £0.5.

Comments on Preferred Values

The results given from Price et al. (1993), and more results presented in graphical form from Park and Slanger (1994), appear
consistent with each other.
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I.AL1.7

O2(*Ag) +M — 0x(3%;) + M
AH® =-94.3 kdmol~!

Rate coefficient data

kicm® molecule ! st M Reference Technique/Comments

Absolute Rate Coefficients

(1.51+ 0.05)x 10718 0, 298 Borrell et al., 1977 DF-CL (a)

(1.4740.05)x 1018 0, 298 Leiss et al., 1978 (b)

(1.654 0.07)x10°18 0, 298 Rajaetal., 1986 DF-CL (a)

3.15x10 ~18 exp(~205/T) O,  100-450 Billington and Borrell, 1986 DF-CL (a)

1.57x10718 298

1.4x10°1 N, 300 Collins etal., 1973 FP-VUVA (c)

5.6x10718 H,O 298 Findlay and Snelling, 1971 (d)

<15x107%0 Co, 298

(4+1)x10718 H,O 298 Becker et al., 1971 (e)
Comments

(a) Discharge flow system.0'A) was monitored by dimol emission at 634 nm or fros(&X) emission at 762 nm.
(b) Large static reactor. £0'A) was monitored by emission at 1.2m.
(c) O (*A) was detected by time-resolved absorption at 144 nm.

(d) Flow system, with photolysis ofdElg-O, mixtures at 253.7 nm to produce@A). O2(*A) was measured by 1.27/m
emission.

(e) As (b) but using dimol emission at 634 nm.

Preferred Values

k =1.6x10~18 cm® molecule! s~ for M = O, at 298 K.
k = 3.0x10~18 exp(~200/T) cm?® molecule’ s~1 for M = O, over the temperature range 100-450 K.
k <1.4x1071% cm® molecule’ s~ for M = N, at 298 K.
k =5%x10718 ¢cm3 molecule? s1 for M = H,0 at 298 K.
k <2x1072% cm® molecule! s~ for M = CO;, at 298 K.

Reliability

Alog k = £0.2 for M = O, at 298 K.
A(E/R) = +£200K for M = O,.
Alog k = £0.3 for M = H,O at 298 K.

Comments on Preferred Values

The preferred value fok(M = O») is based on the data of Borrell et al. (1977), Leiss et al. (1978), Raja et al. (1986)
and Billington and Borrell (1986), which also gives the temperature dependence adopted. For other quenching gases the
recommendation fok(M = Ny) is based on the data of Collins et al. (1973), £ = H,0) on the data of Findlay and

Snelling (1971) and Becker et al. (1971), and &M = COy) on the data of Leiss et al. (1978) and Findlay and Snelling
(1971).
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I.A1.8
02(1A,) + 03— 20, +0
AH° =12.2 kdmol~1

Rate coefficient data

kicm? molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
4.5x10~1 exp(-28301) 283-321 Findlay and Snelling, 1971 F-CL (a)
3.4x10°1° 298
6.0x 10~ exp(~28501) 296-360 Becker etal., 1972 S-CL (b)
4.2x10°1° 298
Comments

€)) 02(1Ag) produced by photolysis of £at 253.7 nm.

(b) 02(1Ag) produced by a microwave discharge of &nd flowed into the large static reaction vessel.

Preferred Values

k =3.8x10715 cm® molecule! s at 298 K.
k =5.2x10~ 11 exp(—2840/') cm?® molecule® s~ over the temperature range 280-360 K.

Reliability

Alog k = +0.10 at 298 K.
A(E/R =+500K.

Comments on Preferred Values

The preferred values are mean values from the studies of Findlay and Snelling (1971) and Becker et al. (1972). While the
data of Clark et al. (1970) are in good agreement with the other two studies for the room temperature value, their temperature
coefficient is substantially lower. In view of the consistency of the results from Findlay and Snelling (1971) and Becker et
al. (1972), which were obtained by two completely different techniques, we favour their temperature coefficient over that from
Clark et al. (1970).
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I.LA1.9

Ox(*zH)+M - 0T +M (1)
— O2(*Ag)+M  (2)

AH°(1) = —156.9 kdmol~*
AH®(2) =—62.6 kJmol~1

Rate coefficient data k = k; + ko)

klcm® molecule st M Temp.JK Reference Technique/Comments

Absolute Rate Coefficients

4.6+ 1)x10°Y7 0, 294 Thomas and Thrush, 1975 DF-CL

4.6x10712 H,0 294

4.0+ 0.4)x10°7 0, 298 Martin et al., 1976 FP-CL

(2.240.1)x10°1 N, 298

(3.8+0.3)x10°Y7 0, 300 Lawton et al., 1977 FP-CL

2.5+ 0.2)x10° 0, 298 Chatha et al., 1979 DF-CL

(1.74£0.1)x10°1 N, 298

1.7x 10715 exp(48r) N,  203-349 Kohse-Binghaus and Stuhl, 1980 PLP (a)

(8.0+2.0)x10° 14 0O 300 Slanger and Black, 1979 FP (a)

4.4x10713 CO, 298 Filseth et al., 1970 FP (a)

(3.0+£05)x10°13 CO, 298 Noxon, 1970 FP (a)

(4.1£03)x10°1 COo, 298 Davidson et al., 1972 FP (a)

(4.53+0.29)x10713 CO, 298 Avilés etal., 1980 PLP (a)

(5.040.3)x10° 13 CO, 298 Muller and Houston, 1981 PLP (a)

(3.4+0.4)x10°13 CO, 293 Borrell et al., 1983 DF-CL

(1.7£0.0)x10°% N, 298 Choo and Leu, 1985 DF (a,b)

(4.6+05)x10°13 CO, 245-262

5.6x1077 0; 302 Knickelbein et al., 1987 PLP (a)

(2.2+0.2)x10°% N, 298 Wildt et al., 1988 PLP-CL (c)

2.4+ 0.4)x10°13 CO, 298

<1.0x10716 0, 298 Shi and Barker, 1990 PLP-CL (d)

(2.32+0.14)x10°1° N, 298

(4.0£0.1)x10° % COo, 298

(4.25+0.52)x 10~ 0, 295 Kebabian and Freeman, 1997 (e)
Comments

(a) Time-resolved emission fromyQ ) measured near 762 nm.

(b) Negligible temperature dependence observed for quenching by@Dthe range 245-362 K, withi/R < 4+ 200 K.

(c) Direct laser excitation of g1 %) from O, by photolysis at 600-800 nm.

(d) O(*x) formed by the reaction @D) + O, — OCP) + B(1%:).

(e) Fluorescence following broadband excitation in an integrating sphere.
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Preferred Values

k = 4.1x10°17 cm® molecule! s~1 for M = O, at 298 K.

k =2.1x10~15 cm® molecule’? s~1 for M = N5 over the temperature range 200-350 K.
k =8.0x10"1* cm?® molecule’? s1 for M = O(®P) at 298 K.

k =4.6x10"12 cm® molecule’! s1 for M = H,0 at 298 K.

k = 4.1x10~13 cm?® molecule’! s~1 for M = CO, over the temperature range 245-360 K.

Reliability

Alogk = +0.3 for M = Oy, OCP) and HO at 298 K.
Alog k = £0.10 for M =N, CO, at 298 K.
A(E/R) = £200K for M = Ny, CO,.

Comments on Preferred Values

The preferred value fok(M = O») is based on the data of Thomas and Thrush (1975), Martin et al. (1976), Lawton et
al. (1977), Chatha et al. (1979), Knickelbein et al. (1987) and Kebabian and Freeman (1997). For tile=vilue is based
on the data of Kohse-binghaus and Stuhl (1980), Martin et al. (1976), Chatha et al. (1979), Choo and Leu (1985), Wildt et
al. (1988) and Shi and Barker (1990). The value of Slanger and Black (1979) is adopted fori#)=a6dq the value of Thomas
and Thrush (1975) for M = bD. Fork(M = COy) the results of Choo and Leu (1985), Filseth et al. (1970), Noxon (1970),
Davidson et al. (1972; 1973), A et al. (1980), Muller and Houston (1981), Borrell et al. (1983), Wildt et al. (1988) and Shi
and Barker (1990) are used.
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I.LA1.10

O2(*£f)+03 —20,+0 1)
— 02(1A)+ 03 (2)
- 02(°%;)+03  (3)
AH°(1) =—-50.4 kmol~1
AH®(2) = —62.6 kdmol~1
AH°(3) =—-156.9 kdmol~1

Rate coefficient data k = kg + ko + k3)

klcm® molecule 1 s71 Temp./K  Reference Technigque/Comments
Absolute Rate Coefficients

(2.5+0.5)x10°1 295 Gilpin etal., 1971 FP-CL (a)
(2.3+0.5)x10° 11 295 Snelling, 1974 FP (a)

(224 0.2)x10° 1 300 Slanger and Black, 1979 (@) (b)
(1.8+0.2)x10°1 295 Amimoto and Wiesenfeld, 1980 FP-RA

(224 0.3)x10° 1 295-361 Choo and Leu, 1985 DF-CL (c)

(1.96+ 0.09)x10°11 300 Shi and Barker, 1990 PLP-CL (d)
(2.0640.22)x 1071 300 Turnipseed et al., 1991 PLP-RF (e)

Comments

(a) Ox(*x]) detected in emission.

(b) Flow system with @(12;) being produced by the modulated photolysis of @ 147.0 nm to produce &) atoms,
followed by O¢D) + O; — OCP) + Oz ).

(c) Negligible temperature dependence was observed,Ayith < +300 K.

(d) O(*£;) generated by the reactiontl) + O — O + Oz (=), with O(*D) atoms being produced from 308 nm pulsed
laser photolysis of @

(e) Rate coefficient for global reaction onGE;) with O3 was derived by modeling the temporal behavior of®)(and
O(*D) atoms.

Preferred Values

k =2.2x10~11 cm® molecule’? s~1, independent of temperature over the range 295-360 K.
k1 =1.5x10"11 cm® molecule ! s~ at 298 K.

Reliability
Alog k = +0.06 at 298 K.
Alog k1 = £0.10 at 298 K.
A(E/R) = +300K.
Comments on Preferred Values
The preferred value at 298K is based on all of the studies cited in the table, which show very good agreement at room

temperature. The temperature independence reported in the study of Choo and Leu (1985) is adopted in the evaluation
Channel (1) accounts for 78 20% of the total reaction (Slanger and Black, 1979; Amimoto and Wiesenfeld, 1980).
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.,A1.11

O + hv — products

Primary photochemical transitions

Reaction AH°/KImol Y Atpresholdnm
O, + hv — O(PP) + O(P) (1) 494 242

— 0CP)+0(D) (2 683 175

— 0(lD)+0(D) (3) 873 137

- 0CP)+0(1s (4) 898 132

Absorption cross-section data

Wavelength range/nm  Reference Comment
230-280 nm Oshima et al., 1995 @)
240-270 nm Yoshino et al., 1995 (b)
205-240 nm Yoshino et al., 1988 (©)
242.2-244.2 nm Slanger et al., 1996 (d)
240-275 nm Yoshino et al., 1999, 2000 (e)

Quantum yield data

Measurement Alnm Reference Comment

#[O(1D)] 130-175 Nee and Lee, 1997 0)

#[OCCP), O(*D)] 159 Lin et al., 1998 (9)

#[O(1D)] 121.2-121.9 Lacoursie et al., 1999 (h)
Comments

(a) The effect of pressurized foreign gases on the photoabsorption of the Herzberg bands and Herzberg continuum
(230—-280 nm) was studied. The values of the cross-sections an® Q/N, mixtures under various pressures were in
good agreement with the previous literature.

(b) High resolution FT spectrometry (0.06 th) was used to measure photoabsorption cross-sections ioftBe Herzberg
| bands (240—270 nm). Precise band oscillator strengths of the (4,0)—(11,0) bands were obtained, which were significantly
higher than previous experimental values.

(c) Analysis and combination of data of Cheung et al. (1986) and Jenouvrier et al. (1986).
(d) Cavity ring down (CRD) spectroscopy op@ the 40 950—41 300 cr region. Five new bands were observed in addition

to many weak lines in the previously obser\(ed32j — X3Eg‘) 11-0 band. Intensities were given.

(e) FT spectroscopic absorption measurements of the Herzb{@’]ﬂg - XSZ&,_) and Herzberg III(A’3AM — X32g—)
bands at 295 K with resolution of 0.06 cth Precise band oscillator strengths obtained by summing the cross sections of
individual rotational lines.

(f) O(*D) produced by @ photodissociation in the Schumann-Runge continuum and monitored by fluorescence from
(b’ E;) produced by O(D) + O, reaction. p[O(*D)] = 1 for 139 < A/nm < 175. At 130-139 nm¢ < 1, arising
from upper state crossing; at> 175 nm¢ > 0 due to rotational energy contribution.

(g) Photodissociation of £at 157 nm by photofragmentation translational spectroscopy. Both energetically available chan-
nels (1) and (2) observed.
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(h) Tunable laser photolysis of £Cat spectral resolution of 1 cm (1.5x10~2 nm). O{D) yield in the envelope of the
H-Lyman « feature. Measurements monitored the emission frcm(bZ;) at 762 nm produced by the quenching of

O(D) by 0. ¢ (1D) was strongly wavelength dependent: 1.0 at 121.35 nm decreasing to a minimum of 0.48 near 121.62
nm. Strong temperature dependence found, the minimum yield at 121.62 nm was 0.28 at 84 K.

Preferred Values

Absorption cross-section of Q in the 205-240 nm region of the Herzberg continuum

Anm 1G4 o /cn? Anm 1¢4o/cn?
205 7.35 223 3.89
207 7.05 225 3.45
209 6.68 227 2.98
211 6.24 229 2.63
213 5.89 231 2.25
215 5.59 233 1.94
217 5.13 235 1.63
219 4.64 237 1.34
221 4.26 239 1.10
240 1.01

Quantum Yields

¢1=1for242> 1 > 175nm
¢ =1for 175> A > 139 nm
¢o = 0.44 forr =121.6 nm

Comments on Preferred Values

The recommended absorption cross-section values for the Herzberg continuum are taken from the study of Yoshino et
al. (1988), where values are tabulated for every nm from 205-240 nm. These values were derived from an analysis and combi-
nation of the data of Cheung et al. (1986) and Jenouvrier et al. (1986). These data are in agreement with the results of Johnstol
et al. (1984), and are consistent with the lower absorption cross-section values inferred from balloon-borne measurements of
solar irradiance attenuation in the stratosphere by Frederick and Mentall (1982), Herman and Mentall (1982) and Anderson
and Hall (1983; 1986). Herzberg continuum cross-section values under the S-R ha&@&1fm) have been determined more
accurately by Yoshino et al. (1992) and are significantly smaller than any previous values. The data from Oshima et al. (1995),
Yoshino et al. (1995), Slanger et al. (1996) and Yoshino et al. (1999; 2000) relate to the Herzberg bound system in the region
beyond the photodissociation threshold far, @d do not affect the preferred cross-sections for the photolysis of atmospheric
0.

In the Schumann-Runge wavelength region (175-200 nm), a detailed analysis of the penetration of solar radiation requires
absorption cross-section measurements with very high spectral resolution. Absorption cross-section values for the (0, 0)—
(12, 0) S-R bands measured by the Harvard-Smithsonian group (Yoshino et al., 1983; 1984; 1987; 1989; 1990; Cheung et
al., 1984; 1989; 1990 and Chi et al., 1990), are the first set of values which are independent of instrumental resolution. Band
oscillator strengths for these bands have been determined by direct numerical integration of these absolute cross-section value:
Minschwaner et al. (1992; 1993) have fitteg @oss-sections for the frequency range 49 000-57 000 ¢&v5—204 nm) with
temperature-dependent polynomial expressions for the temperature range 130-500 K using the latest laboratory spectroscopi
data. This model provides an efficient and accurate means of determining S-R band absorption cross-sections at 0.5 cm
resolution. These high resolution calculated values differ from the WMO (1986) recommendations by up to 10-20% at some
wavelengths. Mean-band parameterizations paf@sorption in the S-R bands for calculating UV transmission and photolysis
rates have been presented by Murtagh (1988) and by Nicolet and Kennes (1989).

The effect on ozone formation in the 214 nm photolysis of oxygen duei®£xollision pairs at high @ pressure and the
effect of high N pressure has been studied by Horowitz et al. (1990). Greenblatt et al. (1990) studied the absorption spectrum
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of Oz and -0, collision pairs over the wavelength range 330-140 nm fep€éssures from 1 to 55 bar at 298 K. Band
centers, band widths, and absorption cross-sections were reported for the absorption features in this wavelength region (Lee €
al., 1977).

At 1 < 242 nm Q dissociates with unit quantum efficiency. Below the threshold fdiDpproduction (reaction (2)) two
ground state O atoms are produced, but above this wavelength biRhad OD) are produced (Lin et al., 1998). The work
of Nee and Lee (1997) showed thg®) = 1 in the range 175-139 nm based on measurement@f)@foduction. This work
also confirmed thap(OD) showed sharp variations at shorter wavelengths as observed in earlier work by Lee et al. (1977)
who also reported a value ¢{2) = 0.44+ 0.05 for absorption of Lymane at 121.6 nm. A detailed study (Lacowrse et al.,
1999) of O{D) production over the entire H Lymam-profile using a tunable VUV laser source has confirmed that a strong
wavelength dependence of X)) exists in this region.
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.LA1.12

O3 + hv — products

Primary Photochemical Transitions

Reaction

AH®KI mol™t  Atrreshoidnm

O3 + hv — OCP) + O(*%;)

— OCP) + O(*Ay)
— OCP) + &(*%;)
— O('D) + O2(*%;)
— O(*D) + O2(1Ay)
— O(*D) + O2(*x)
— 30@P)

(1) 101 1180
@) 196 611
©) 258 463
@) 291 411
(5) 386 310
(6) 448 267
©) 595 201

Absorption Cross-section Data

Wavelength range/nm  Reference Comment
245-350 Bass and Paur, 1985 @)
185-350 Molina and Molina, 1986 (b)
253.7 Mauersberger et al., 1986 (c)
175-360 WMO, 1986 (d)
410-760 Burkholder and Talukdar, 1994 (e)
195-345 Malicet et al., 1995 4]
350-830 Brion et al., 1998 )]
Quantum Yield Data
Measurement  A/nm Reference Comment
#[OCP)] 275 Fairchild et al., 1978 (9)
#[OCP)] 266 Sparks et al., 1980 (h)
#[O(*D)] 297.5-325 Brock and Watson, 1980a 0]
#[O(*D)] 266 Brock and Watson, 1980b )
#[O(*D)] 248 Wine and Ravishankara, 1982 (k)
#[O(*D)] 248, 308 Greenblatt and Wiesenfeld, 1983  (l)
#[O(*D)] 275-325  Trolier and Wiesenfeld, 1988 (m)
#[O(*D)] 222,193 Turnipseed et al., 1991 (n)
#[O(*D)] 221-243  Cooper et al., 1993 (0)
¢[Oz(1Ag)] 300-322 Ball and Hancock, 1995 (p)
P[02(1A)] 287-331  Balletal., 1995a (@
P[02(1A)] 300-322  Balletal., 1995b ()
#[O(*D)] 300-355  Armerding et al., 1995 (s)
#[O(*D)] 248 Amimoto et al., 1980 (t)
#[O(*D), OCP)] 308-326 Takahashi et al., 1996 (u)
#[O(*D)] 300-328 Ball et al., 1997 (v)
#[O(*D)] 308 Talukdar et al., 1997 (w)
#[O(*D)] 305-329 Takahashi et al., 1998 x)
® — alukdar et al., y
[O(*D)] 289-329 Talukd I, 1998 (y)
¢ - auer et al., z
o('D 301-375 B l., 2000
1) — mith et al., aa
[O(*D)] 295-338 Smith l., 2000 (aa)
¢ — aniguchi et al.,
[O(*D)] 297-305  Taniguchi et al., 2000 (bb)
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Comments
(a) Measured at 226—298 K with spectral resolution of 0.07 nm.

(b) Measured at 200-300 K with spectral resolution of 0.025 nm. Relative values normalised to a valuexafa#4an7
at the 253.65 nm mercury line.

(c) Measured at 297 K and later (Barnes and Mauersberger, 1987) at 195-351 K on the 253.65 nm mercury line.

(d) Critical review of all published data. Recommended values given for standard spectral intervals from 175-360 nm for 203
and 273 K.

(e) Measured with a diode array. Cross-sections independent of temperature.

(f) Absolute cross sections forgabsorption in the range 195-345 nm measured at high resolutibr=(0.01-0.02 nm)
using a conventional absorption cell-monochromator combination, with 0ozone measured manometrically. The temperature
dependence of the absorption in the Hartley and Huggins bands was also measured over the range 218-295K. A smal
increase irv with decreasing temperature (1.0% over the whole temperature range) was obsérze2b8t65 nm, near
the maximum in the Hartley band; at 2984(253.65 nm) = (113.0% 1.1)x10~1° cn® molecule’®. In the Huggins
bands (300-345 nm) there is a larger temperature dependence (up to 50%), which increases progressively to longel
wavelengths. In contrast to the Hartley band there is a decreasenith decreasing temperature. The second paper
from this group presents absorption spectra measurements for the ozone molecule in the 350-830 nm region, including
the Chappuis bands.

(g) Photofragment spectroscopy of:@o-product is @ ~); ¢(1) = 0.1.
(h) High resolution photofragment spectroscopy givir(d) = 0.1.

(i) Laser photolysis of @N,O mixture: NO product of GD) reaction with NO measured by chemiluminescence from
NO..

() Laser flash photolysis: GP) by RF;¢(1) = 0.12+0.02 at 266 nm.
(k) Laser flash photolysis: &) by RF;¢(1) = 0.093:0.028 at 248 nm.

(I) Laser photolysis at 248 nm and 308 nm:3@) by RF;¢[O(1D)] = 0.94+0.01 at 248 nm¢[O(1D)] = 0.79+0.02 at 308
nm.

(m) Laser photolysis of @N>O mixtures: OtD) quenching by C@monitored by infrared chemiluminescence from£0O
(n) Laser photolysis: GP) by RF;¢[O(3P)] = 0.12+0.02;¢[O(*D)] = 0.87 at 222 nm.

(0) Laser photolysis: GD) detected by weak 630 nm fluorescence emission froADDE O(P). Relativep[O(*D)]
normalised tap[(O1D)] = 0.87 at 222 nm of Turnipseed et al. (1991).

(p) Relative quantum yields of £0'A) from laser photolysis of @in the range 300< A < 322 nm measured by [2 + 1]
resonance enhanced multiphoton ionisation (REMPI) at 227KAFer309 nm,$[02(*A)] at 227 K falls more rapidly
than observed at 298K (Ball et al., 1993) confirming that internal energy; @oBtributes to formation of g1 A), just
beyond the 310 nm threshold for spin allowed production of the two singlet products of channel (56)> 820 nm,
#[02(*A)] was approximately equal at the two temperatures, and substantially larger than the then current measurements
of $(O'D) suggesting a spin-forbidden channel for(®\) production, e.g. channel (2), with(2) = 0.1 at 320 nm.

(q) Kinetic energies of the §*A) fragment of Q photolysis in the range 287.57 and 331.52 nm measured by time-of-flight
mass spectrometry. Between 308 and 318 nm dissociation is dominated by the spin allowed dissociation channel (5). At
longer wavelengths, photofragments with higher kinetic energies are produced, consistent with the occurrence of the spin
forbidden process, channel (2).

Data for¢[O2(1A)] temperature dependence reported in earlier publications (Ball and Hancock, 1995; Ball et al., 1993;
1995a) were compared with earlier datad¢¢©(1D)]. At 300-309 nm there is no temperature dependence of the yield of
either photo-product. In the fall-off region, 307-319 nm, there is good agreement between the measured yiglds)of O
and modelling calculations by Michelson et al. (1994) which take into account dissociation of internally excited ozone
molecules for the formation of D).

(r

~
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(s) ¢[O(*D)] in the wavelength range 300-330 nm and at 355 nm determined indirectly by observation of the LIF of OH
produced by the reaction of photofragmentD)with H,O. [O(*D)] was determined to be unity at 302.5 nm decreasing
to 0.6 at 310 nm with a characteristic 'saddle’ point at 315 nm and with a long wavelength tail extending to a threshold
between 331 and 333 nm. No¥)) was detected at 355 nm.

(t) Laser flash photolysis: &) by RA;¢(1) = 0.15+0.02 at 248 nm.

(u) The photofragment yield spectra of D) and OBP) produced in the photodissociation of i@ the Huggins band system
over the range 308-326 nm were determined using vacuum ultraviolet LIF. PR¢ @¢Id exhibited vibrational structure
as in the absorption spectrum in the Huggins band, whildDPghowed a smooth dependence on wavelength. The
quantum yield of OYD) was calculated assumingfO(*D) + O@P)] = 1. Using the absorption spectrum of Molina and
Molina (1986),4[O(*D)] showed a distinct 'tail’ for the region beyond the threshold for channel (5) at 310 nm, as had
been reported in some previous studies (Brock and Watson, 1980a; Trolier and Wiesenfield, 1988), and in the co-product
from the spin allowed channel (5),8A), reported by Ball and Hancock (1995) and Ball et al. (1993; 1995a; 1995b).
The 'tail’ in ¢[O(*D)] in the wavelength range 310-321 nm is attributed to hot band excitation of the repulsive limb of
the excited state'B, or A1) correlating with the singlet products. The non-zero formation D@t > 321 nm was
tentatively attributed to the spin forbidden process producif®p¢ O (3%;).

(v) Relative quantum yields of &D) determined by REMPI detection of &) following laser photolysis of @between
300 and 328 nm. Results confirm the tail in the quantum yield extending to wavelengths beyond the thermodynamic
threshold at 310 nm, which is attributed to the occurrence of both spin allowed and spin forbidden processes. Absolute
quantum yields were obtained by normalisation to a constant vakiedf 95 in the range 300—305 nm as recommended
by NASA (1997).

(w) Temperature dependence of quantum yields diD)following laser photolysis of @at 308 nm and 248 nm between
200-320 K. OfD) determined indirectly by 1) conversion to %P followed by RF detection; 2) conversion to HO/D,
followed by LIF detection. At 308 nmp[O(*D)] decreased very slightly with temperature from 0.79 at 298K to 0.73 at
200 K, whilst at 248 nnp[O(1D)] was independent of temperature.

(x) Wavelength and temperature dependence of quantum yields'B @&(lowing laser photolysis of @between 305-329
nm and at 295 and 227 K. The photofragment yield spectra th¥nd OP) were determined using vacuum ultraviolet
LIF and converted to absolute quantum yields by matching to thalfSorption spectrum of Malicet et al. (1995) at the
two temperatures and assumipfO(*D) + OCP)] = 1. Doppler profiles of nascent &If) were measured, providing
information on the dissociation processes. The results are consistent with a dominant hot band contributien’at310
321 nm, and with occurrence of the spin-forbidden process=a818 nm producing GD) + 02(323,_) with ¢ = 0.08.

(y) Temperature and wavelength dependence of quantum yields'Bj @&(lowing laser photolysis of @between 289-329
nm at 203-320 K. GP) determined indirectly by Ylconversion to OfP) followed by RF detection;)2conversion to
OH/OD followed by LIF detection. Absolute values ¢fO(*D)] were based on a value ¢f = 0.79 at 308 nm, and
temperature independent valuesgof 0.8%+0.02 at 28% A < 305 nm andp = 0.06 for the spin-forbidden process at
A > 318 nm.

(z) Relative quantum yields for &) between 305 and 375 nm at 298 and 273 KLm)(measured indirectly via LIF detec-
tion of vibrationally excited HO produced in &) + H, reaction. Use of blue shifted LIF gave high detection sensitivity
and eliminated probe laser interference. Significant temperature depend@tddéntum yield at. = 310-325 nm
confirmed. Between 325 and 375 nm a temperature independent quantum yetd064+0.006 observed, which is
assigned to the spin-forbidden channel (4). This study supersedes and extends earlier work by this group published by
Silvente et al. (1997) which reached similar conclusions.

(aa) Quantum yields for D) from broadband photolysis of ozone in wavelength range 295-338 nm and temperatures 226—
298 K. O{D) detected by CIMS and absolute quantum yields were based on a vajue 679 at 308 nm. An =
312-324 nm the D) quantum yield was temperature dependent. Between 328 and 338 nm a temperature independent
guantum yield ofp ~ 0.12 was observed, which is assigned to the spin-forbidden channel (4).

(bb) Wavelength dependence of quantum yields d)ollowing laser photolysis of @between 297-316 nm and at 295 K.
The photofragment yield spectra of ¥IY) and OP) were determined using vacuum ultraviolet LIF. The photofrag-
ment yield spectra of GP) were used to determine quantum yields off)(between 297—305 nm, which were almost
independent of photolysis wavelength in this range=(0.89).
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Preferred Values

Ozone absorption cross-sections averaged over spectral intervals

int # Anm 1% /cn?  int# A/nm 1% /cm?  10%%/cn?

273K 273K 203 K
1 175.4-177.0 81.1 31 238.1-241.0 797 797
2 178.6 79.9 32 243.9 900 900
3 180.2 78.6 33 246.9 1000 1000
4 181.8 76.3 34 250.1 1080 1085
5 183.5 72.9 35 253.2 1130 1140
6 185.2 68.8 36 256.4 1150 1160
7 186.9 62.2 37 259.7 1120 1130
8 188.7 57.6 38 263.2 1060 1060
9 190.5 52.6 39 266.7 965 959
10 192.3 47.6 40 270.3 834 831
11 194.2 42.8 41 274.0 692 689
12 196.1 38.3 42 277.8 542 535
13 198.0 34.7 43 281.7 402 391
14 200.0 32.3 44 285.7 277 267
15 202.0 314 45 289.9 179 173
16 204.1 32.6 46 294.1 109 104
17 206.2 36.4 47 298.5 62.4 58.5
18 208.3 43.4 48 303.0 34.3 31.6
19 210.5 54.2 49 307.7 185 16.6
20 212.8 69.9 50 3125 9.80 8.67
21 215.0 92 51 3175 5.00 4.33
22 217.4 119 52 322.5 2.49 2.09
23 219.8 155 53 327.5 1.20 0.937
24 222.2 199 54 332.5 0.617 0.471
25 224.7 256 55 337.5 0.274 0.198
26 227.3 323 56 342.5 0.117 0.077
27 229.9 400 57 347.5 0.059 0.017
28 232.6 483 58 352.5 0.027 -
29 235.3 579 59 357.5 0.011 -
30 238.1 686 60 362.5 0.005 -

o = (1143+ 15)x10~2%n? molecule ® at 253.7 nm at 298 K
o = (11544 15)x10-2%n? molecule ! at 253.7 nm at 220K
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Ozone absorption cross-sections in the visible spectral regidn

Anm  133s/cm? A/nm 1330 /cn?

410 1.2 560 394
420 2.2 580 459
440 11.2 600 511
460 32.8 620 400
480 68.4 640 296
500 122 660 209
520 182 680 136
540 201 700 91

o is independent of temperature in the region 410-700 nm.
* Values are for specific wavelengths given; they are not averaged over wavelength ranges.

Quantum Yields for O(*D) production from O 3 photolysis at 298 K

Wavelength/nm ¢[O(*D)] Wavelength/nm ¢[O(*D)]

305 0.900 317 0.222
306 0.884 318 0.206
307 0.862 319 0.187
308 0.793 320 0.166
309 0.671 321 0.146
310 0.523 322 0.128
311 0.394 323 0.113
312 0.310 324 0.101
313 0.265 325 0.092
314 0.246 326 0.086
315 0.239 327 0.082
316 0.233 328 0.080

220 < A/nm <305: ¢[O(*D)] = 0.90; ¢[O(®P)] = 0.10
330 < A/nm <370: ¢[O(*D)] = 0.08;p[O(°P)] = 0.92

Temperature dependence of Quantum Yields for OD) production from O 3 photolysis

For 306< A/nm < 328 and 200< T/K < 320:

q1 xl—x>4 { 2 } {T }2
A, T) = A1 x exp{ — + A —
¢G4 1) {q1+q2}x 1 p{ < w1 } q1+q2 422 300
ex X2= 2 ’ + A T 1'sex Xa— X i +
_ o _
P 2 31300 P o3 ¢

whereg; = exp(—z5)

A1 =0.8036 A, = 89061, A3 =0.1192 X3 = 304225 X, = 314957, X3 = 310737,

w1 = 5.576 wy = 6.601 w3z = 2.187, v; = 0; vy = 825518 ¢ = 0.0765

We recommend this expression for use in the wavelength and temperature range given above. It should not be used outside thi
range.¢[O(*D)] is independent of temperature in the range 220/nm < 305 and 330< A/nm < 370.
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Comments on Preferred Values
Absorption cross-sections

The recommended absorption cross-section values at 273K for the wavelength range 175-362 nm are averaged value
for the standard spectral intervals used in atmospheric modelling calculations. These values have been adopted from earlie
evaluations (NASA, 1997; IUPAC, 1997) which accepted the values tabulated in the WMO 1986 review, except for the region
185-225 nm where the values were taken from the study of Molina and Molina (1986). Recommended values at 203K in the
Huggins bands are also taken from the WMO (1986) review and are based on the data of Bass and Paur (1985).

The new work of Malicet et al. (1995) provides detailed data on the absolute absorption cross sections of ozone and their
temperature dependence (218-295 K) over the wavelength range 195-345 nm. The measurements are at sufficient resolution
resolve the vibrational structure in the Huggins bands. The data are generally in excellent agreement with earlier measurements
although there are small differences in detail in specific regions of the spectrum. At wavelenghts below 240 nm the cross-
sections are identical with those of Molina and Molina (1986), confirming the basis of the recommended values in this range.
In the range 240-335 nm the new data are between 1.5% and 3.0% lower than those of Molina and Molina (1986) but about
1.5% higher than those of Yoshino et al. (1993). The new data are very close to the data of Bass and Paur (1985) up to 310
nm. In the Huggins bands.(> 310 nm), shifts of +0.05 nm in the vibrational structure are apparent in the Bass and Paur
(1985) data, which may be due to error in the wavelength calibration. This gives rise to small but significant differences in the
individual cross-sections and their temperature dependence. Nevertheless the small differences do not influence the average
cross-sections sufficiently to warrant revision of the recommended values for calculation of the atmospheric photoabsorption
rates of ozone in the Huggins bands. For cross-sections at high resolution, the data of Malicet et al. (1995) which are available
in digital form from the authors, is recommended.

Malicet et al. (1995) observed a weak temperature dependence near the maximum in the Hartley band, leading to an increas
of approximately 1% i between 295 and 218 K, in agreement with earlier work of Molina and Molina (1986) and Barnes
and Mauersberger (1987). The values recommended for the cross section at 253.7 nm have been obtained by averaging th
data of Daumont et al. (1992), Malicet et al. (1995), Hearn (1961), Molina and Molina (1986) and Mauersberger et al. (1986;
1987). The new recommendation is slightly lower than previously given on the basis of the last three studies.

Ozone cross sections in the Chappius bands (450-750 nm), which are independent of temperature, are taken from
Burkholder and Talukdar (1994). The values reported by Brion et al. (1998) are in good agreement.

Quantum Yields

A wealth of data from studies cited in the table for the quantum yield féDPproduction and its co-product, 3 A,), in
the spin allowed dissociation channel (5), give clear evidence for substantially enhanced dissociation into electronically excited
products beyond the threshold at 310 nm. This is attributed to the contribution of vibrational energy contained in ground state
O3 molecules. Recent measurements also show that significAB) P(oduction occurs at = 320-370 nm which is attributed
to the spin-forbidden channel (4). The new data up to 1997 were considered in [IUPAC (1997), where a complete revision in the
recommended quantum yields for'@() production at 298 K was made, which included the ‘tail#fO(*D)] at wavelengths
beyond 312 nm (see Fig. 1). The recommended valueg[®¢'D)] covering the range 300-335 nm at 298 K were obtained
by taking a smooth curve through the mean of the experimental values reported by Brock and Watson (1980a), Trolier and
Wiesenfeld (1988), Armerding et al. (1995), Takahashi et al. (1996) and Silvente et al. (199X)x%f825 nm only). In
the absence of direct measurementsf®(*D)] at other temperatures, no recommendation was made for the temperature
dependence. The ‘tail’, was partly attributed to the involvement of vibrationally excited ozone, implying a falpf@D)]
with temperature in the important region between 308-320 nm. This has now been confirmed in several studies.

Since 1997 there have been six new studies (Ball et al., 1997; Talukdar et al., 1997; 1998; Takahashi et al., 1998; Bauer et
al., 2000 and Smith et al., 2000) in whigfiO(*D)] was determined, the data now covering a range of temperature from 200
to 320 K and wavelength from 289 to 375 nm. The results of these studies at 298 K are plotted, together with the earlier data
cited above, in Fig. 1. The studies are all in good agreement and supp@rt @oduction beyond the threshold at 310 nm.
Recently, a rigorous evaluation of the data has been conducted by a group involving the principal investigators of these recent
studies (Matsumi et al., 2002). The group had access to all experimental data and were able to harmonise and renormalise
the quantum vyield values to eliminate systematic errors. Thal8orption spectrum of Malicet et al. (1995) was used in the
renormalisation.

The recommendations for tkgO(*D)] were derived using the following procedures. Fig$©(*D)] at 308 nm and 298 K
was set at 0.79. This was based on the measurements of Greenblatt and Wiesenfeld (1983), Talukdar et al. (1997) and Takahas
et al. (1996; 1998). A wavelength dependence@(1D)] at 298 K between 306 and 328 nm was derived by averaging the
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Fig. 1. Quantum Yields for O(D) production from @ photolysis at 298 K. The data are taken from the cited references without normali-
sation. The IUPAC (1997) recommendation is a mean of the values reported by Brock and Watson (1980a), Trolier and Wiesenfeld (1988),
Armerding et al. (1995), Takahashi et al. (1996) and Silvente et al. (1997). (for325 nm only). The recommendation of Matsumi et

al. (2002), which is adopted for this IUPAC evaluation, is derived by averaging the renormalised data from Brock and Watson (1980a),
Trolier and Wiesenfeld (1988), Armerding et al. (1995), Takahashi et al. (1996; 1998), Ball et al. (1997), Talukdar et al. (1997; 1998), Bauer
et al. (2000), Smith et al. (2000) and Taniguchi et al. (2000).

renormalised data from Brock and Watson (1980a), Trolier and Wiesenfeld (1988), Armerding et al. (1995), Takahashi et
al. (1996), Ball et al. (1997), Talukdar et al. (1997; 1998), Bauer et al. (2000) and Smith et al. (2000).

The recent studies of Talukdar et al. (1998), Taniguchi et al. (2000) and Smith et al. (200@)[€(6D)] values in the range
290-305 nm of around 0.90. The renormalised values of Trolier and Wiesenfeld (1988), Armerding et al. (1995), Takahashi
et al. (1996), Ball et al. (1997), also showed values in this region. Matsumi et al. (2002) therefore recommended a value of
#[O(*D)] = 0.904+0.09 for 290< A < 305 nm. We adopt these recommendations as our preferred values at 298 K, which are
listed in the Table.

There are several studies (Brock and Watson, 1980b; Amimoto et al., 1980; Wine and Ravishankara, 1983; Greenblatt and
Wiesenfeld, 1983; Turnipseed et al., 1991; Cooper et al., 1993; Talukdar et al., 1998) which show that, in the wavelength range
222-275 nmg[O(*D)] is between 0.85 and 0.90 without significant variation. Fairchild et al. (1978) and Sparks et al. (1980)
report significant OP) production in the Hartley Band at 275 and 266 nm. We therefore recommend a vali@(tD)] =
0.90+0.05 andp[O(3P)] = 0.1G+0.05 for the entire range 2201 <305 nm.

Recent data on the temperature dependengd®f'D)] (Takahashi et al., 1998; Talukdar et al., 1998; Bauer et al., 2000;
Smith et al., 2000) confirms that the yield is temperature dependent at waveleng@&nm, as indicated by earlier indirect
measurements of Lin and DeMore (1973) (275-320 nm) at 233 K and Kuis et al. (1975) (313 nm) in the range 221-293 K,
and measurements of Ball and colleagues (1995; 1995a; 1995)71})@{1Ag)] at 298K and 227 K. However the recent
observations show that at all temperatugd€(*D)] and ¢[Oz(1Ag)] decline to a limiting value of-0.1. Evidence from the
time-of-flight experiments of Ball et al. (1995a) and the Doppler profiles of nascéi)D(Takahashi et al., 1996; 1998;
Denzer et al., 1997) strongly points to a contribution from the spin forbidden channel (2). O’Keeffe et al. (1998) have observed
nascent @(blxg) photofragments from @photodissociation between 335 and 352 nm, indicating a contribution from channel
(3) in this region. These channels involve ground staj@ are, therefore, unlikely to be temperature dependent.

Experiments show that at wavelengths below 305 piQ(1D)] is invariant with temperature. At 308 nm, Matsumi et
al. (2002) recommend the following expression based on the recent data (Takahashi et al., 1998; Talukdar et al., 1998; Bauel
et al., 2000; Smith et al., 2000):

#(308nm T) = 6.10 x 10*T + 0.608
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Fig. 2. Temperature dependence of Quantum Yields foerZ)(production from @ photolysis. The curves show values at 202, 298 and

320K calculated using the expression derived by Matsumi et al. (2002) using three Gaussian terms and a constant term representing the
spin-forbidden channel (4). This expression is given in the preferred values. Selected experimental data from Talukdar et al. (1998) at 203
and 320K are also shown.

Matsumi et al. (2002) have fitted the renormalised quantum yield data of Brock and Watson (1980a), Trolier and Wiesenfeld
(1988), Armerding et al. (1995), Takahashi et al. (1996; 1998), Ball et al. (1997), Talukdar et al. (1997; 1998), Bauer et
al. (2000) and Smith et al. (2000) for 3@6 A/nm 328 and 206< T/K< 320 with an expression using three Gaussian terms
and a constant term representing the spin-forbidden channel (4). Figure 2 shows the quantum yields calculated with this
expression at 203, 298 and 320 K, together with selected experimental data. This expression, which is given in the preferred
values above, is recommended for use in the wavelength and temperature range given above. It should not be used outside th
range.

In the Chappius bands, dissociation to ground state products via reaction (1) is generally assumed to occur with a quantum
yield of 1. Recent theoretical calculations (Denzer et al., 1997) lend support for this.

Two field studies in which chemical actinometer measurements dD)(Bave been compared with values calculated from
simultaneously measured actinic flux spectra have been reported recently by Mueller et al. (1995) and by Shetter et al. (1996).
Both support the existence of the long wavelength ta@#(@D) in atmospheric photolysis rates.

References

Amimoto, S. T., Force, A. P., Wiesenfeld, J. R. and Young, R. H.: J. Chem. Phys., 73, 1244, 1980.

Armerding, W., Comes, F. J. and Sidke, B.: J. Phys. Chem., 99, 3137, 1995.

Ball, S. M. and Hancock, G.: Geophys. Res. Lett., 22, 1213, 1995.

Ball, S. M., Hancock, G, Murphy, I. J. and Rayner, S. P.: Geophys. Res. Lett., 20, 2063, 1993.

Ball, S. M., Hancock, G, Pinot de Moira, J. C., Sadowski, C. M. and Winterbottom, F.: Chem. Phys. Lett., 245, 1, 1995a.
Ball, S. M.,Hancock G. and Winterbottom, F.: J. Chem. Soc. Faraday Discussions, 100, 215, 1995b.

Ball, S. M., Hancock, G., Martin, S. E. and Pinot de Moira, J. C.: Chem. Phys. Lett., 264, 531, 1997.

Barnes, J., and Mauersberger, K.: J Geophys. Res., 92, 14 861, 1987.

Bass, A. M. and Paur, R. J.: Atmospheric Ozone, Proceedings of Quadrennial Ozone Symposium in Halkidiki, Greece, (D
Reidel Publishing Co.) pp 606-616, 1985.

Bauer, D., D'Ottone, L. and Hynes, A. J.: Phys. Chem. Chem. Phys., 2, 1421, 2000.

Brion, J., Chakir, A., Charbonnier, J., Daumont, D., Parisse, C., and Malicet, J.: J. Atmos. Chem., 30, 291, 1998.

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/



R. Atkinson et al.: Evaluated kinetic and photochemical data fgiHDy, NOx and SQ 1501

Brock, J. C. and Watson, R. T.: Chem. Phys., 46, 477, 1980a.

Brock, J. C. and Watson, R. T.: Chem. Phys. Lett., 71, 371, 1980b.

Burkholder, J. B. and Talukdar, R. K.: Geophys. Res. Lett., 21, 581, 1994.

Cooper, I. A., Neill, P. J. and Wiesenfeld, J. R.: J. Geophys. Res., 98, 12795, 1993.

Daumont, D. D., Brion, J.,Charbonnier, J. and Malicet, J.: J. Atmos. Chem., 15, 145, 1992.

Denzer, W., Hancock, G., Pinot de Moira, J. C. and Tyley, P. L.. Chem. Phys. Lett., 280, 496, 1997.

Fairchild, C. E., Stone, E. J. and Lawrence, G. M.: J. Chem. Phys., 69, 3632, 1978.

Greenblatt, G. D. and Wiesenfeld, J. R.: J. Chem. Phys., 78, 4924, 1983.

Hearn, A. G.: Proc. Phys. Soc. London, 78, 932, 1961.

IUPAC, Supplement VI: J. Phys. Chem. Ref. Data, 26, 1329, 1997.

Kuis, S., Simonaitis. R. and Heicklen, J.: J. Geophys. Res., 80, 1328, 1975.

Lin, C-L., and DeMore, W. B.: J. Photochem., 2, 161, 1973.

Malicet, J., Daumont, D.,Charbonnier, J, Parisse, C., Chakir, A. and Brion, J.: J. Atm. Chem., 21, 263, 1995.

Matsumi, Y., Comes, F. J., Hancock, G., Hofzumahaus, A., Hynes, A. J., Kawasaki, M., Ravishankara, A. R.: J. Geophys.
Res.,107, (D3), ACH1, 2002.

Mauersberger, K., Barnes, J., Hanson, D. and Morton, J.: Geophys. Res. Lett., 13, 671, 1986.

Michelson, H. A., Salawitch, R. J., Wennberg, P. O. and Anderson, J. G.: Geophys. Res. Lett., 21, 2227, 1994.

Molina, M. J. and Molina, L. T.: J. Geophys. Res., 91, 14501, 1986.

Muller, M., Kraus, A. and Hofzumahaus, A.: Geophys. Res. Lett., 22, 679, 1995.

NASA Evaluation No 12, 1997 (see references in Introduction).

O'Keeffe, P, Ridley, T., Wang, Sh., Lawley, K. P. and Donovan, R. J.: Chem. Phys. Lett., 298, 368, 1998.

Shetter, R. E., Cantrell, C. A., Lantz. K. O., Flocke, S. J., Orlando, J. J., Tyndall, G. S., Gilpin, T. M., Fischer, C.A.,
Madronich, S., Calvert, J. A. and Junkermann, W.:J. Geophys. Res., 101, 14 631, 1996.

Silvente, E., Richter, R. C., Zheng, M., Saltzman, E. S. and Hynes, A. J.: Chem. Phys. Lett., 264, 309, 1997.

Smith, G. D., Molina, L. T. and Molina, M. J.: J. Phys. Chem. A, 104, 8916, 2000.

Sparks, R. K., Carlson, L. R., Shobatake, K., Kowalczyk, M. L. and Lee, Y. T.: J. Chem. Phys., 72, 1401, 1980.

Takahashi, K., Matsumi, Y. and Kawasaki, M.: J. Phys. Chem., 100, 4084, 1996.

Takahashi, K., Taniguchi, N., Matsumi, Y., Kawasaki, M., and Ashfold, M. N. R.: J. Chem. Phys., 108, 7161, 1998.
Talukdar, R. K., Gilles, M. K., Battin-Leclerc, F., Ravishankara, A. R., Fracheboud, J.-M, Orlando, J. J. and Tyndall, G. S.:
Geophys. Res. Lett., 24,1091, 1997.

Talukdar, R. K., Longfellow, C. A., Gilles, M. K. and Ravishankara, A. R.: Geophys. Res. Lett., 25, 143, 1998.

Taniguchi, N., Takahashi, K., and Matsumi, Y.: J. Phys. Chem. A, 104, 8936, 2000.

Takahashi, K., Kishigami, M., Matsumi, Y., Kawasaki, M. and Orr-Ewing, A.: J. Chem. Phys., 105, 5290, 1996.

Trolier. M. and Wiesenfeld, J. R.: J. Geophys. Res., 7119, 1988.

Turnipseed, A. A., Vaghjianni, G. L., Gierczak, T., Thompson, J. E. and Ravishankara, A. R.: J Chem. Phys., 95, 3244, 1991.
Wine, P. H. and Ravishankara, A. R.: Chem. Phys. 69, 365, 1982.

Yoshino, K., Esmond, J. R., Freeman, D. E. and Parkinson, W. H.: J. Geophys. Res., 98, 5205, 1993.

WMO, Global Ozone Research and Monitoring Project Report No.16: Atmospheric Ozone 1985, Chapter 7, 1986.

www.atmos-chem-phys.org/acp/4/1461/ Atmos. Chem. Phys., 4, 1461-1738, 2004



1502 R. Atkinson et al.: Evaluated kinetic and photochemical data fpHOy, NOx and SQ

Appendix A2: HO reactions

1.LA2.13
H+HO2 —H2+02 (1)
— 2HO 2)
- H,0+0 (3)
AH°(1) = —-232.6 kdmol~1
AH°(2) =—156.2 kdmol~!

AH°(3) =—-225.2 kdmol!

Rate coefficient data k = k1 + ko + k3)

klcm® molecule s1 Temp./K Reference Technique/ Comments
Absolute Rate Coefficients

(7.4+1.2)x10° 11 245-300 Sridharanetal., 1982 DF-RF

(8.7+ 1.5)x10° 11 245-300 Keyser, 1986 DF-RF

Branching Ratios
k1/k = 0.08+ 0.04 245-300 Keyser, 1986
kolk = 0.90+ 0.04
kalk = 0.02+ 0.04

Preferred Values

k = 8.0x10~11 cm® molecule’! s~1, independent of temperature over the range 245-300 K.

k1 =5.6x10"12 cm® molecule! s1, independent of temperature over the range 245-300 K.
ko = 7.2x10711 cm?® molecule ! s71, independent of temperature over the range 245-300 K.
k3 = 2.4x10~12 cm® molecule ! s71, independent of temperature over the range 245-300 K.

Reliability

Alog k = £0.1 over the temperature range 245-300 K.
A(E/R) =+200K.

Alog k1 = 0.5 over the temperature range 245-300 K.
Alog k2 = +0.1 over the temperature range 245-300 K.
Alog k3 = +0.5 over the temperature range 245-300 K.

Comments on Preferred Values

The study of Keyser (1986) is the most detailed to date. Several species were monitored and the possible effects of side
reactions were carefully analyzed. Values obtained for the overall rate coefficient and the branching ratios agree with the
values obtained by Sridharan et al. (1982), who used a similar technique. The recommended vélaesl fitre branching
ratios are the means of the values from these two studies. In both cases (Keyser, 1986; Sridharan et @h/K18@3)not
measured directly but obtained by difference. A direct measurement of this branching ratio is desirable.

The yield of @(1%()) has been measured by Hislop and Wayne (1977), Keyser et al. (1985) and Michelangeli et al. (1988),
who report values of (2.8 1.3)x10~%, <8x 103 and<2.1x 102, respectively.

Keyser (1986) observed no effect of temperature on the rate coefftcometr the small range studied. This suggests that the
value ofky = 3.3x1011 cm?® molecule’! s~1 at 349K obtained by Pagsberg et al. (1979) is too low or there is a substantial
negative temperature coefficient. We provisionally recomm@éna = 0 but only over the temperature range 245-300 K.
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.A2.14
H+O2+M — HO>+ M

AH° = —203.4 kdmol~1

Low-pressure rate coefficients

Rate coefficient data

kolcm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

5.33x10732(7 /298177 [N,] 226-298  Kurylo, 1972 FP-RF
(5.46+0.7)x1073%(T/2991°0[N,]  220-298 Wong and Davis, 1974 FP-RF
6.5x10732[N,] 298 Cobos et al., 1985 PLP-UVA (a)
6.2x10732(7 /300166 [N ] 298-639 Hsu et al., 1989 DF-RF

2.9x10 33 exp((825+ 130)/ T1[N2] 298-580 Carletonetal., 1993  PLP-LIF/IRA
4.6x10732[Ny] 298

3.9x1032exp((600+ 1050/ T][H20] 575-750

Comments

(a) Measurements of the falloff curve between 1 and 200 bar, with determinatigniaf, and .

Preferred Values

ko = 5.4x 10732 (7/300) 18 [N,] cm® molecule’! s~1 over the temperature range 200-600 K.
Reliability

Alog ko = £0.1 at 298 K.
An = 1+0.6.

Comments on Preferred Values

The preferred values are an average of the results from Kurylo (1972), Wong and Davis (1974), Cobos et al. (1985), Hsu et
al. (1989) and Carleton et al. (1993). There is a single study of the full falloff curve (Cobos et al., 1985) which legads to
7.5x10~ cm® molecule! s~1 at 298 K and a broadening factor Bf = 0.554 0.15 at 298 K. Theoretical modeling (Harding
et al., 2000; Troe, 2000) using a initio potential energy surface givés, = 9.5x 1011 (7/30014* cm® molecule 1 s~1
and F, = 0.5 over the range 200-2000 K.
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Kurylo, M. J.: J. Phys. Chem., 76, 3518, 1972.
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I.A2.15
O+HO - O2+H

AH° = —68.4 kdmol~?

Rate coefficient data

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

Absolute Rate Coefficients

3.35x10°14(7/3007936  221-499 Lewis and Watson, 1980  DF-RF (a)
3.84x10141/3007%5  250-500 Howard and Smith, 1981 DF/FP-RF
3.52x10° 11 298 Temps, 1983 DF-LMR
3.1x1071 298 Brune et al., 1983 DF-LMR/RA/RF
4.1x10° (1 /30006 158-294  Smith and Stewart, 1994 DF/PLP-RF

Relative Rate Coefficients
3.4x10°1 298 Keyser, 1983 DF-RF (b)

Comments

(a) “Best-fit” values for 300 K from this work are preferred.
(b) Measurements relative to the reaction O +H0 HO + O, evaluated withk(O+HO;) = 5.8x 1011 cm?® molecule 1 s~1.

Preferred Values

k = 3.5x10711 cm?® molecule’! s71 at 298 K.
k =2.4x10 1 exp(110r) cm® molecule s~1 over the temperature range 150-500 K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R =+100K.

Comments on Preferred Values

The recommended temperature dependence is based on a least-squares fit of the data of Lewis and Watson (1980) an
Howard and Smith (1981), which are in close agreement. The preferred value for 300K is the average of data obtained near
300K by Lewis and Watson (1980), Howard and Smith (1981), Temps (1983), Brune et al. (1983) and Smith and Stewart
(1994). The reaction has also been the subject of numerous theoretical studies; see Miller and Klippenstein (1999) or Troe anc
Ushakov (2001).
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Miller, J. A. and Klippenstein, S. J,: Int. J. Chem. Kinet., 31, 753, 1999.

Smith, I. W. M. and Stewart, D. W. A.: J. Chem. Soc. Faraday Trans., 90, 3221, 1994.
Temps, F., Ph. D. Dissertationp@ingen: 1983.

Troe, J. and Ushakov, V. G.: J. Chem. Phys., 115, 3621, 2001.
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I.A2.16
O +HO5 — HO + O>
AH° = —225.6 kdmol~1

Rate coefficient data

ko/cm® molecule s71 Temp./K Reference Technigque/Comments
Absolute Rate Coefficients

3.1x10 Mexp(200+£ 28)/T]  229-372 Keyser, 1982 DF-RF
(6.1£0.4)x10°1 299

(54+0.9)x10°11 296 Sridharan et al., 1982 DF-RF

6.2+ 1.1)x10° 11 298 Ravishankara et al., 1983  PLP-RF
(5.2+0.8)x10°11 300 Brune etal., 1983 DF-RF

2.91x10 Mexp((2284 75)/T] 266-391 Nicovich and Wine, 1987 PLP-RF

(6.30+ 0.91)x 10711 298

Preferred Values

k = 5.8x10711 cm® molecule! s71 at 298 K.
k =2.7x10"11 exp(2241') cm® molecule s~1 over the temperature range 220—400 K.

Reliability

Alog k = £0.08 at 298 K.
A(E/R) = £100K.

Comments on Preferred Values

The recommended rate coefficient at 298K is the mean of those obtained in the studies of Keyser (1982), Sridharan et
al. (1982), Ravishankara et al. (1983), Brune et al. (1983) and Nicovich and Wine (1987), all of which are in excellent agree-
ment. The temperature coefficient is the mean of the values obtained by Keyser (1982) and Nicovich and Wine (1987), with
the pre-exponential factor being based on this valug A& and the recommended valueiot 298 K.

In the two most recent studies of the reaction mechanism, Keyser et al. (1985) have shown that the i€l pfrom the
reaction is< 1x10~2 per HO, radical removed and Sridharan et al. (1985) have shown, #§@rabelling experiment, that
the reaction proceeds via formation of an $#380 intermediate which dissociates to HO alf®©0O by rupture of an O-O
bond rather than via a four center intermediate yieldif§®+ OO.

References

Brune, W. H., Schwab, J. J. and Anderson, J. G.: J. Phys. Chem., 87, 4503, 1983.
Keyser, L. F.: J. Phys. Chem., 86, 3439, 1982.
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Nicovich, J. M. and Wine, P. H.: J. Phys. Chem., 91, 5118, 1987.

Ravishankara, A. R., Wine, P. H. and Nicovich, J. M.: J. Chem. Phys., 78, 6629, 1983.
Sridharan, U. C., Qiu, L. X. and Kaufman, F.: J. Phys. Chem., 86, 4569, 1982.
Sridharan, U. C., Klein, F. S. and Kaufman, F.: J. Chem. Phys., 82, 592, 1985.
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1.LA2.17
O+ H>05, — HO + HO>»

AH° =—-60.1 kdmol~?

Rate coefficient data

kicm® molecule! s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
2.75x 10 2exp—(21254+ 261)/T] 283-368 Davisetal., 1974 FP-RF

2.1x10°1° 298
1.13x10 2exp—(2000+ 160)/T] 298-386 Wineetal., 1983 FP-RF
(1.45+ 0.29)x 1015 298

Preferred Values

k =1.7x10"15 cm® molecule ! s~ at 298 K.
k = 1.4x 10712 exp(—2000/) cm? molecule* s~1 over the temperature range 280-390 K.

Reliability

Alogk = £0.3 at 298 K.
A(E/R) = £1000K.

Comments on Preferred Values

The preferred values are based on the results of Davis et al. (1974) and Wine et al. (1983). These two studies are in agreemer
with regard to the temperature coefficient of the rate coefficient, but the absolute valudifef by a factor or 2 throughout
the range. In both cases the pre-exponential factor obtained is low compared with other atom-molecule reactions. To obtain
the preferred values the temperature coefficient is accepted and the pre-exponential factor adjusted to obtain agreement witl
the recommended value bfat 298 K, which is the mean of the values found in the two studies.

Roscoe (1982) has discussed earlier work on this reaction, which was invalidated by secondary reactions affecting the
measurements.

References

Davis, D. D., Wong, W. and Schiff, R.: J. Phys. Chem., 78, 463, 1974.
Roscoe, J. M., Int. J. Chem. Kinet., 14, 471, 1982.
Wine, P. H., Nicovich, J. M., Thompson, R. J. and Ravishankara, A. R.: J. Phys. Chem., 87, 3948, 1983.
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.A2.18

O(D)+H, — HO+H 1)
- O0CP)+H, (2)

AH°(1) =—182.7 kdmol~1
AH°(2) =—189.7 kdmol~1

Rate coefficient data k = ky + k)

klcm® molecule ! s71 Temp./K Reference Technigue/Comments

Absolute Rate Coefficients

9.9+ 3)x10°1 204-352 Davidson et al., 1976, 1977 (a)

(1.18+ 0.12)x 10710 297 Wine and Ravishankara, 1981 PLP-RF (b)

(1.040.1)x10°10 298 Force and Wiesenfeld, 1981 (c)

(1.2£0.1)x10°1° 298 Talukdar and Ravishankara, 1996 PLP-RF (d)
Comments

(a) Pulsed laser photolysis ok@t 266 nm, with OYD) atoms being monitored by time-resolved emission at 630 nm.
(b) ORP) atoms were monitored by time-resolved resonance fluorescence.
(c) Pulsed laser photolysis of;@t 248 nm. H and GP) atoms were monitored by time-resolved absorption spectroscopy.

(d) O@P) and H atom products were monitored by resonance fluorescence.

Preferred Values
k =1.1x10719 cm® molecule’! s~1, independent of temperature over the range 200-350 K.
Reliability

Alogk = £0.1 at 298 K.
A(E/R) = £100K.

Comments on Preferred Values

The recommended value is the mean of the values of Davidson et al. (1976; 1977), Wine and Ravishankara (1981), Force
and Wiesenfeld (1981) and Talukdar and Ravishankara (1996), all of which are in excellent agreement. Channel (1) appears tc
be the dominant pathway-05%) for the reaction (Wine and Ravishankara, 1982).

Absolute rate constants and isotopic branching ratios have been reported (Laurent et al., 1995) for the reactidn of O(
with HD. Thek values were insigificantly different from the recommendation fer\wth a branching ratio OH/OD = 1.3k
0.20.

References

Davidson, J. A., Sadowski, C. M., Schiff, H. I., Streit, G. E. Howard, C. J., Jennings, D. A. and Schmeltekopf A. L.: J. Chem.
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Davidson, J. A., Schiff, H. I, Streit, G. E., McAfee, J. R., Schmeltekopf, A. L. and Howard C. J.: J. Chem. Phys., 67, 5021,
1977.

Force, A. P. and Wiesenfeld, J. R.: J. Chem. Phys., 74, 1718, 1981.

Laurent, T., Naik, P. D., Volpp, H.-R., Wolfrum, J., Arusi-Parpar, T., Bar, I. and Rosenwaks, S.: Chem. Phys. Lett., 236, 343,
1995.
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Talukdar, R. K. and Ravishankara, A. R.: Chem. Phys. Lett., 253, 177, 1996.
Wine, P. H. and Ravishankara, A. R.: Chem. Phys. Lett., 77, 103, 1981.
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1.A2.19
O(*D) +H,0 — 2HO €D

— Hy+ 0> (2)

— OCP)+H,O (3)

AH°(1) =-120.7 kdmol~!
AH°(2) =—-197.1 kdmol~*
AH°(3) =—189.7 kdmol~1

Rate coefficient data k = ky + ko + k3)

klcm® molecule ! st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.340.4)x10°10 253-353 Streitet al., 1976 PLP (a)
(1.9540.3)x 10710 295 Amimoto et al., 1979 PLP-RA (b)
(2.640.5)x10°10 300 Lee and Slanger, 1979 PLP (c)
k1=(2.024£0.41)x10°10 298 Gericke and Comes, 1981 PLP-RA
(1.954 0.2)x10°10 298 Wine and Ravishankara, 1981 PLP-RF (d)
Branching Ratios
ka/k=0.01(3%° 298 Zeliner et al., 1980 FP-RA (e)
k3/k =0.049+ 0.032 298+ 2  Wine and Ravishankara, 1982 PLP-RF (d)
ka/k = 0.006( 3997 298 Glinski and Birks, 1985 (M)
Comments

(a) OfD) atoms were monitored by time-resolved emission from tHP{ OCP) transition at 630 nm.

(b) O@P) atoms were measured by resonance absorption.

(c) O(D) atoms were measured by emission at 630 nm and, indirectlygblﬁg —3 ¥,) emission at 720 nm.
(d) OCP) atom formation was monitored by RF.

(e) The B yield was measured by GC, together with the HO radical concentration by resonance absorption.

(f) Photolysis of GQ-H2O mixtures at 253.7 nm. Theield was measured by GC.

Preferred Values

k =2.2x10719 cm® molecule’! s~1, independent of temperature over the range 200-350 K.
k1 = 2.2x10710 cm® molecule? s71 at 298 K.
ko <2.2x107*2 cm® molecule® s71 at 298K.
k3 <1.2x10"11 cm® molecule? s~ at 298 K.

Reliability
Alogk = £0.1 at 298 K.

A(E/R)=+100K.
Alogk; = £0.1 at 298 K.
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Comments on Preferred Values

The preferred value fok is a mean of the values of Streit et al. (1976), Amimoto et al. (1979), Lee and Slanger (1979),
Gericke and Comes (1981) and Wine and Ravishankara (1981), all of which are in good agreement. Our recommendations for
kolk andka/k are based on the data of Zellner et al. (1980) and Glinski and Birks (188%),(and Zellner et al. (1980) and
Wine and Ravishankara (198&s(k).
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1.A2.20
HO +Hy — Hy0 +H

AH° = —62.0 kdmol~?

Rate coefficient data

kicm® molecule st Temp./K  Reference Technique/Comments
Absolute Rate Coefficients
7.0x10°1° 300 Greiner, 1969 FP-RA
7.1+ 1.1)x10°1 298 Stuhl and Niki, 1972 FP-RF
7.6x10°1 298 Westenberg and deHaas, 1973 DF-EPR
1.8x10 M exp(-2330/T) 210-460  Smith and Zeliner, 1974 FP-RA
(7.1+£1.0)x10° 1 298
(5.794 0.26)x 10715 300 Overend et al., 1975 FP-RA
5.9x 10~ 2 exp[— (2008 151)/T] 298-425  Atkinson etal., 1975 FP-RF
(6.97+0.70x 10715 298
41210719724 exp(—1281/ T) 298-992 Tully and Ravishankara, 1980 FP-RF
(6.08+ 0.37)x1071° 298
6.1x10°1° 298 Zeliner and Steinert, 1981 DF-RF
(4.94 0.5)x 10~ 2 exp— (19904 340)/T] 250-400 Ravishankara et al., 1981 FP-RF
(5.644 0.60)x1071° 295
7.2x107 207289 exp(~1150/ T) 230-420 Talukdar et al., 1996 FP/PLP-LIF(a)
(6.65+ 0.36)x1071° 298

Comments

(a) Both flash lamp and pulsed laser photolysis were used. The HO radical reactions with Hpwaacexlso studied.

Preferred Values

k = 6.7x10715 cm® molecule! s71 at 298 K.
k =7.7x10"12 exp(~2100/") cm® molecule’! s~1 over the temperature range 200-450 K.

Reliability

Alog k = £0.1 at 298 K.
A(E/R) = +£200K.

Comments on Preferred Values

There are several studies in good agreement concerning both the temperature dependence and absolute values of the re
coefficient. The preferred value bfat 298 K is the mean of the results of Greiner (1969), Stuhl and Niki (1972), Westenberg
and deHaas (1973), Smith and Zellner (1974), Overend et al. (1975), Atkinson et al. (1975), Tully and Ravishankara (1980),
Zellner and Steinert (1981) and Ravishankara et al. (1981). The preferred vatiygkaé the mean of the values of Smith
and Zellner (1974), Atkinson et al. (1975) and Ravishankara et al. (1981). The pre-exponential factor in the rate expression
is calculated to fit the preferred value bfat 298 K and that of£/R. The results of Talukdar et al. (1996) are in excellent
agreement with this recommendation. There have been many quantum mechanical calculations of the rate coefficient for this
reaction, and these are in reasonable agreement with experiment (Manthe et al., 1993; Szichman and Baer, 1995). Brownswor
etal. (1991) have recently measured the branching ratiof@HOD product formation of (120.2) in the HO + HD reaction
in a PLP/VUV-LIF study under single collision conditions.
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.LA2.21
HO +HO — H,O+ O

AH®° =—-71.2 kdmol~?

Rate coefficient data

kicm® moleculel 571 Temp./K Reference Technigque/Comments
Absolute Rate Coefficients

(2.3+£0.3)x10712 350 Westenberg and deHaas, 1973 ~ DF-EPR
(2.14+0.5)x10712 298 McKenzie et al., 1973 DF-EPR
(1.4+0.2)x10712 300 Clyne and Down, 1974 DF-RF/RA
(2.14£0.1)x10712 300 Trainor and von Rosenberg, 1974  FP-RA
(1.74£0.2)x10712 298 Farquharson and Smith, 1980 DF-RF
3.2x10" 2 exp(—242/T) 250-580 Wagner and Zellner, 1981 FP-RA
(1434 0.3)x 10712 298

(7.1£1.0)x 10 Pexp((210+ 40)/T] 233-360 Bedjanian et al., 1999 DF-MS
1.4x10712 298

1.9x10°12 298 IUPAC, 1997 (a)

7.9x10714(T/298 28 exp(945/T) 200500

Comments

(a) Based on 298K values from Westenberg and deHaas (1973), McKenzie et al. (1973), Clyne and Down (1974), Trainor
and von Rosenberg (1974), Farquharson and Smith (1980) and Wagner and Zellner (1981) and a temperature dependenc
from anab initio modelling study of Harding et al. (1988).

Preferred Values

k =1.48<10~*? cm® molecule st at 298 K.
k = 6.2x10~14 (T/298Y-% exp(945I') cm® molecule ! s~1 over the temperature range 200-350 K.

Reliability

Alog k = £0.15 at 298 K.
A(E/R =+250K.

Comments on Preferred Values

There are a number of measurement af temperatures close to 298 K (Westenberg and deHaas, 1973; McKenzie et al.,
1973; Clyne and Down, 1974; Trainor and von Rosenberg, 1974; Farquharson and Smith, 1980; Wagner and Zellner, 1981;
Del Greco et al., 1962; Dixon-Lewis et al., 1966; Wilson and Donovan, 1967; Breen and Glass, 1970) falling in the range (1.4—
2.3)x10712 cm® molecule ! s~1. The more recent studies (Clyne and Down, 1974; Farquharson and Smith, 1980; Wagner
and Zellner, 1981; Bedjanian et al., 1999) support the lower valuek(&98) near 1.410 2 cm® molecule® s~1. The
negative temperature dependence reported by Bedjanian et al. (1999) in the low temperature region, which is in conflict with
the earlier works of Wagner and Zellner (1981) supports the theoretically derived temperature dependence recommended by
IUPAC (1997). The current recommendation is the IUPAC (1997) expression with the temperature independent term adjusted
to give ak(298K) value of 1.51012 cm® moleculet s~1.
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1.A2.22
HO+HO+M — H0,+M

AH®° =-210.7 kdmol~?

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule s71 Temp./K Reference Technigque/Comments

Absolute Rate Coefficients
(254 0.3)x10731[Ny] 300 Trainor and von Rosenberg, 1974 FP-RA

6.9x10731 (T/300y %8 [N,] 253-353  Zeliner et al., 1988 FP-RA
3.7x10731 [He] 298 Forster et al., 1995 PLP-LIF (a)
Comments

(@) Measurements were carried out with saturated LIF at total gas densities in the ran@6'3® 3.4x10°! molecule
cm~3, covering the major part of the falloff curve. The apparent discrepancy between the results of Trainor and von
Rosenberg (1974) and Zellner et al. (1988) disappears when the contribution of the reaction HG>+HO + O is
separated by means of the falloff plot. The theoretical analysis by Fulle et al. (1996) indicates a change of the temperature
coefficient ofkg from 702 between 200 and 300 K t6—27 between 300 and 700K (for the bath gas He).

Preferred Values
ko = 6.9x 10731 (7/300) %8 [N,] cm3 molecule’? s~1 over the temperature range 200-400 K.
Reliability

Alog kg = +0.1 at 298 K.
An = £0.5.

Comments on Preferred Values
The analysis of the complete falloff curve by Forster et al. (1995) shows that the measurements from Trainor and von

Rosenberg (1974), Zellner et al. (1988) and Forster et al. (1995) are all consistent. It is essential that falloff effects are taken
into account, as noted in the commentskgn
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High-pressure rate coefficients

Rate coefficient data

koolcm® molecule ! s1 Temp./K  Reference Technique/Comments
Absolute Rate Coefficients

1.5x10°1 253-353  Zellneretal., 1988 FP-RA

2.2x1071 298 Forster etal.,, 1995 PLP-LIF (a)
(2.6+£0.8)x10°1 200-400 Fulleetal., 1996  PLP-LIF (b)
Comments

(a) See comment (a) fap.

(b) See comment (a) fdrp. Measurements were carried out over the temperature range 200-700K, indicating a negative
temperature coefficient df,, depending on uncertainties concerning the contribution from the reaction HO +HO
H>0 + O (see Bedjanian et al., 1999).

Preferred Values

koo = 2.6x10711 cm® molecule’® s~1, independent of temperature over the range 200-400 K.
Reliability

Alog koo = £0.2 over the temperature range 200—300 K.

Comments on Preferred Values

The measurements from Forster et al. (1995) and Fulle et al. (1996) now provide complete falloff curves of the reaction
which are consistent with the preferred valueg®tndk,, and a value ofF, = 0.5+ 0.05 over the temperature range 200—
400 K. Earlier constructions of the falloff curve from Brouwer et al. (1987) and Fagersdt al. (1994) are superseded by the
results from Forster et al. (1995) and Fulle et al. (1996).
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1.A2.23
HO + HO — H20 + Oy

AH° = —294.6 kdmol~?1

Rate coefficient data

kicm® molecule ! s71 Temp./K Reference Technigque/Comments
Absolute Rate Coefficients

(L17528x107 0 (1bar ) 298 Braun et al., 1982 FP-UVA
(1.14+0.28)x10°10 298 Dransfeld and Wagner, 1986 DF-LMR
4.8x10 exp (2504 50)/T] 254-383 Keyser, 1988 DF-RF
(1.1+0.3)x10710 299

(8.0)x10711 298 Schwab et al., 1989 DF-LMR
3.3x10° 1 1100 Hippler et al., 1995 (a)
1.8x10° 1 1250

7.5x1071! 1600

Comments

(@) Thermal decomposition of2®, in a shock tube. HO radicals were monitored by resonance absorption.

Preferred Values

k =1.1x10719 cm® molecule’! s~ at 298 K.
k = 4.8x10~ 11 exp(2501") cm?® molecule’! s~1 over the temperature range 250400 K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R) = +200K.

Comments on Preferred Values

There has been some controversy over the effects of pressure on the rate coefficient for this reaction. Early discharge-flow
measurements at low pressures of 1.3-13 mbar (1-10 Torr) consistently gave valappafximately a factor of 2 lower than
those obtained by other techniques at pressures close to atmospheric. The discharge-flow study of Keyser (1988) appears t
have resolved the problem. These results (Keyser, 1988) suggest that the presence of small quantities of H and O atoms prese
in previous discharge-flow studies led to erroneously low valués and that there is no evidence for any variatior mvith
pressure. These findings (Keyser, 1988) are accepted and we take the expression of Kegssofiorecommendation. There
are a number of other studies in excellent agreement with the value recommentlati 288 K, including relative rate studies
of DeMore (1982) and Cox et al. (1982) which demonstrate k(288 K) is unaffected by b pressure up to 21 mbar. The
high temperature data suggest non-Arrhenius temperature dependence at temperatures above the range of our recommendati
In another discharge-flow study, Keyser et al. (1985), by monitoring #(®'®@) — X(3%) transition at 762 nm, have
shown that the yield of gb!%) from the reaction is smalk{1x10-3). The anomalous temperature dependence observed in
the recent high temperature study (Hippler et al., 1995) suggests a mechanism involving intermediate complex formation.
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1.LA2.24
HO + H»202 — H20 + HO»

AH®° =-129.1 kdmol?

Rate coefficient data

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

2.96x10 2exp—(164+ 52)/T] 250-459 Sridharan et al., 1980 DF-LIF
(1.69+ 0.26)x 10712 298

2.51x10 2exp—(126+ 76)/T] 245-423 Keyser, 1980 DF-RF
(1.64+ 0.32)x 10712 298

3.7x10 2 exg—(260+ 50)/T]  273-410 Wine etal., 1981 PLP-RF
(1.594 0.08)x 1012 297

(1.67+ 0.33)x 10712 296 Temps and Wagner, 1982 DF-LMR
(1.814 0.24)x10°12 298 Marinelli and Johnston, 1982 PLP-RF
2.93x 10 2exp—(158+ 52)/T] 250-370 Kurylo etal., 1982 FP-RF
(1.794 0.14)x 10712 296

2.76x10 2exp—(110+ 60)/T] 273-410 Vaghjiani et al., 1989 PLP-LIF
(1.864 0.18)x 10712 298

Preferred Values

k = 1.7x10712 cm® molecule™® s71 at 298 K.
k = 2.9x10712 exp(—160/) cm® molecule * s~1 over the temperature range 240-460 K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R =+100K.

Comments on Preferred Values

There are a number of studies in excellent agreement on the value of the rate codffi{adharan et al., 1980; Keyser,
1980; Wine et al., 1981; Temps and Wagner, 1982; Marinelli and Johnston, 1982; Kurylo et al., 1982; Vaghjiani et al., 1989),
and the recommended expression is a fit to the data from these studies. The high temperature study of Hippler et al. (1995)
shows that above 800 K there is a strong increageviith temperature, the data being best represented by the bi-exponential
expressiork = {3.3x 1012 exp(~215/T) + 2.8x10% exp(—148001)} cm?® molecule! s~1 over the temperature range 240
<T <1700K.
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I.A2.25
HO + O3 — HO, + O5
AH° = —167.4 kdmol~?

Rate coefficient data

klcm? molecule s~ Temp./K  Reference Technique/Comments

Absolute Rate Coefficients

1.3x10 2 exp(—956/T) 220-450  Anderson and Kaufman, 1973 DF-RF

5.3x10714 298

(6.5+ 1.0)x10°14 298 Kurylo, 1973 FP-RF

1.82x10 2ex[—(9304+ 50)/T] 238-357 Ravishankara et al., 1979 PLP-RF

(7.964 0.39)x 104 298

(6.5+ 1.0)x10°14 300 Zahniser and Howard, 1980  DF-LMR (a)

1.52¢10 2 exp[—(890+ 60)/T] 240-295 Smith et al., 1984 FP-RF (b)

(7.46+ 0.16)x10°14 295

2.26x10 2exp—(976+50)/T] 190-315 Nizkorodov et al., 2000 PLP-AS (c)

Relative Rate Coefficients

(7.040.8)x10714 300 Zahniser and Howard, 1980  DF-LMR (d)
Comments

(a) Discharge flow system used. HO radicals were generated from the B +d€tion and monitored by LMR.
(b) Flash photolysis of @H>O mixtures in 1 atm He. HO radicals were monitored by resonance fluorescence.

(c) Pulsed laser photolysis ob&H,0O mixtures with HO detection by infrared laser spectroscopy. The sum of rate coefficients
for the HO + @ and HQ + O3 reactions £ + k(HO, + O3) was measured directly and was described accurately by the
Arrhenius expression over the entire temperature range. If the recommended expressidiCior Oz) from this
evaluation is used the resultant valueskadre in excellent agreement with those from Ravishankara et al. (1979) and
Smith et al. (1984).

(d) Discharge flow system used. HO radicals were generated from the HxtaN®DH + G reactions, and H@radicals
were generated from the reaction H 4 ® M. HO, and HO radicals were monitored by LMR. A rate coefficient ratio
of k/k(HO2 + O3) = 35 & 4 (average of three systems studied) was obtained and placed on an absolute basis by use of
k(HO> + O3) = 2.0x 1015 cm® molecule’ s~1 at 300K (this evaluation).

Preferred Values

k =7.3x10 1% cm?® molecule s~ at 298 K.
k = 1.70x 1012 exp(~940/T') cm?® molecule’® s~ over the temperature range 220-450 K.

Reliability

Alog k = +0.15 at 298 K.
A(E/R =+300K.

Comments on Preferred Values
There is good agreement among the various studies (Anderson and Kaufman, 1973; Kurylo, 1973; Ravishankara et al., 1979

Zahniser and Howard, 1980; Smith et al., 1984) for the rate coeffitiehihe recommended value f&/R is the mean of the
values of Ravishankara et al. (1979), Smith et al. (1984), and Nizkorodov et al. (2000), except that the Anderson and Kaufman
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(1973) study gave a somewhat slower rate, probably due to HO regeneration from the MO reaction which has been

revised upwards since this early study. The recommended 298 K rate coefficient is the mean of the values from these studies
(Anderson and Kaufman, 1973; Ravishankara et al., 1979; Smith et al., 1984) plus those of Kurylo (1973) and Zahniser and
Howard (1980). The pre-exponential factor is derived from the recommended valBéR ahd the 298 K rate coefficient.

References

Anderson, J. G. and Kaufman, F.: Chem. Phys. Lett., 19, 483, 1973.

Kurylo, M. J.: Chem. Phys. Lett., 23, 467, 1973.

Nizkorodov, S. A., Harper, W. W., Blackman, B. W. and Nesbitt, D. J.: J. Phys. Chem. A, 104, 3964, 2000.
Ravishankara, A. R., Wine, P. H. and Langford, A. O.: J. Chem. Phys., 70, 984, 1979.

Smith, C. A., Molina, L. T., Lamb, J. J. and Molina, M. J.: Int. J. Chem. Kinet., 16, 41, 1984.

Zahniser, M. S. and Howard, C. J.: J. Chem. Phys., 73, 1620, 1980.

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/



R. Atkinson et al.: Evaluated kinetic and photochemical data fgiHDy, NOx and SQ 1523

1.A2.26
1.A2.27

HO2 + HO» — H202 + O2 (1)
HO2 +HO2+M  — H202+02+M  (2)

AH°(1) = AH°(2) = —165.5 kdmol~1

Rate coefficient data k = ky + k)

kicm? moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

3.8x10 1 exp (12504 200)/T] 273-339  Cox and Burrows, 1979 MM (a)

(2.354 0.2)x10°12 298

2.4x10" 1B exp((560+ 200)/T] 298-359  Thrush and Tyndall, 1982a FP-TDLS (b)

(1.640.1)x10°12 298

2.5x10712 (1.013 bar N) 296 Simonaitis and Heicklen, 1982  FP-UVA

k1= (1.440.2)x10°12 296

ky = 2.2x10~ B exp620/T) 230-420  Kircher and Sander, 1984 FP-UVA (c)

k1= (1.740.22)x10712 298

ko=1.9x10733[No] exp(980/T)  230-420 Kircher and Sander, 1984 FP-UVA (c)

ko = (5.4+ 3.1)x 10732 [N5] 298

k1=1.88x10712 298 Kurylo et al., 1986 FP-UVA (d)

ko = 4.53x107%2[0,] 298

ko =5.95x10732N,] 298

ky=2.0x10"Bexp((595+ 120)/T] 253-390 Takacs and Howard, 1986 DF-LMR

ky = (1.544 0.07)x 10712 294

(3.3+0.9)x10°12 298 Lightfoot et al., 1988 FP-UVA

(1.5+ 0.5)x10°12 418

8.8+ 1.2)x10°13 577

(8.2+2.0)x10°13 623

8.1+ 1.5)x10°13 677

(7.6+ 1.4)x10°13 723

(9.14 2.5)x10°13 777

(2.44£0.20)x10-2 (1000 mbar @) 298 Crowley et al., 1991 MMS

(2.84+0.30)x 10-12 (1000 mbar ) 298

(3.5£1.0)x10712 (1000 mbar Sp) 295 Sehested et al., 1997 PR-UVA
Comments

(a) HO, radicals were monitored by molecular modulation spectrometry. The data cited refer to a total pressure of 1013 mbar
and absence of #D.

(b) HO, radicals were monitored by diode laser spectroscopy. Pressure = 9-27 mbar (7—20 Terr) of O

(c) Pressure range was 0.133-0.933 bar (100-700 Torr) of Ar andENhancement of by added water was observed,
in a linear fashion independent of the pressure of other gases, according to the etyatienkx (1 + 1.4x10°21
exp(22007) [H20])).

(d) Total pressure range was 0.033-1.01 bar (25-760 Torr).

Preferred Values

k1 =1.6x10"12 cm® molecule! s~1 at 298 K.
ko =5.2x10732[N] cm® molecule’ s~ at 298 K.
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ko = 4.5x10732[0,] cm® molecule’! s~ at 298 K.
k1 = 2.2x10713 exp(6001") cm?® molecule ! s~ over the temperature range 230-420 K.
ko = 1.9x 10733 [N2] exp(9801") cm® molecule! s~ over the temperature range 230-420 K.

In the presence of $O the expressions fdr, andk, should be multiplied by the factor:
{1+ 1.4x10721 [H,0] exp(22007)}, where [HO] is in molecule crm? units.

Reliability

Alog k1 = Alog ko = 0.15 at 298 K.
A(E1/R) = +£200K.
A(E2/R) = £300K.

Comments on Preferred Values

The preferred values given here are identical with the values derived by Kircher and Sander (1984) and also recommended
in the review by Wallington et al. (1992).

At temperatures close to 298 K, the reaction proceeds by two channels, one bimolecular and the other termolecular. The
preferred values fok; are based on the work of Cox and Burrows (1979), Thrush and Tyndall (1982a), Kircher and Sander
(1984), Kurylo et al. (1986), Takacs and Howard (1986) and Lightfoot et al. (1988). The work of Kurylo et al. (1986) and of
Lightfoot et al. (1988) has confirmed quantitatively the effects of pressure previously observed by Simonaitis and Heicklen
(1982) and Kircher and Sander (1984). The recommendatioris fane based on the work of Kircher and Sander (1984) and
Kurylo et al. (1986), with the temperature coefficientkgfbeing taken from Kircher and Sander (1984) and Lightfoot et al.
(1988). At higher temperature%, >600K, Hippler et al. (1990) and Lightfoot et al. (1988) observe a sharp change in the
temperature coefficient with upward curvature of the Arrhenius plot.

The marked effect of water on this reaction was established in the work of Lii et al. (1981) and Kircher and Sander (1984).
The recommended multiplying factor fbt andk, in the presence of water is based on these two studies.

Mozurkewich and Benson (1985) have considered the H®IO, reaction theoretically and conclude that the negative
temperature dependence, the pressure dependence, and the observed isotope effects can most reasonably be explained in te
of a cyclic hydrogen bonded, HAD,H, intermediate to alternative structures suggested by others.

Sahetchian et al. (1982) reported the formation pf(H10% at 500 K) in the reaction system but this is contrary to earlier
evidence of Baldwin et al. (1984) and the more recent and careful study of Stephens et al. (1989), who find less than 0.01
fractional contribution from the channel leading te H 20,. Keyser et al. (1985) have measured a yield ofdx) of
<3x10~2 per HO, consumed.
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1.A2.28
HO;, + O3 - HO + 20,

AH°=-118 kJmol1

Rate coefficient data

klcm? molecule 571 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.4x 10" exp (-580+ 100/ T 245-365 Zahniser and Howard, 1980 DF-LMR
2.0x1071 298
1.8x 10~ exp (—680+ 148/T] 253-400 Wang etal., 1988 DF (a)
(1.3+0.3)x10°1° 233-253
(1.940.3)x10°1 298
(103+ 51)[exp—(1323+ 160)/T] + 0.88]x 10725  197-297 Herndon et al., 2001 DF-TDLAS (b)
(2.0£0.2)x1071 295

Comments

(@) HO, radicals were monitored by photodissociation at 147 nm and HO radicals were detected by HO(A-X) fluorescence
at 310 nm.

(b) Used turbulent flow reactor with pressure range 80-175 To¥¥Opimonitored in exces&0s to avoid reformation of
reactant.

Preferred Values

k = 2.0x10715 cm® molecule! s~1 at 298 K.
k = 2.03x 1016 (7/300Y+57 exp(6931") cm® molecule * s~1 over the temperature range 250-340K.

Reliability

Alog k = £0.2 at 298 K.
AE/R) =20

Comments on Preferred Values

A number of studies (Zahniser and Howard, 1980; Wang et al., 1988; Herndon et al., 2001; Manzanares et al., 1986; Sinha
et al.,, 1987) are in close agreement on the valué af 298 K, but there is some divergence concerning the temperature
coefficient ofk. The studies of Sinha et al. (1987), Wang et al. (1988) and Herndon et al. (2001) agreexhdiits non-
Arrhenius behavior which is particularly noticeableTat< 250 K. There are experimental difficulties in working at these
temperatures. At higher temperature the results from these two studies (Wang et al., 1988 and Sinha et al., 1987) also diverge
giving values oft differing by nearly a factor of 2 at 400 K. We therefore limit the temperature range of our recommendation
to T < 340K until this discrepancy is resolved.

The preferred value at 298K is a mean of the results of Zahniser and Howard (1980), Wang et al. (1988), Herndon et
al. (2001) and Sinha et al. (1987). The comparative dependent expression is obtained by putting an expression of form
AT"exp(E/RT) to the data of Herndon et al. (2001) At< 297 K and the averaged data of Zahniser (1980), Wang (1988)
and Sinha (1987) at 298 T < 340K.

Isotopic exchange studies (Nelson et al., 1994) of the reaction betw¥&» ind G show that at room temperatures the
reaction proceeds almost exclusively by H atom transfer rather than by transfer of an oxygen atom. Moreover there is little
change in this finding with temperature over the range 226—-355K (Nelson et al., 1994), indicating that any curvature on the
Arrhenius plot cannot be due to competition between these two reaction paths.
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1.LA2.29

H20 + hv — products

Primary photochemical transitions

Reactions AH°KIMOI™!  Apreshoidnm
HO+hy — Ha +OCP) (1) 491.0 243

— H+HO (2) 492.8 242

— H,+0(D) (3) 680.7 176

Absorption cross-section data

Wavelength range/nm  Reference Comments
176-185 Watanabe and Zelikoff, 1953 (a)
185-198 Thompson et al., 1963 (b)
175-182 Schurgers and Welge, 1968 (c)
183-193 Cantrell et al., 1997 (d)

184.9 Hofzumahaus et al., 1997 (e)

184.9 Creasey et al., 2000 0]

Quantum yield data

Measurement Wavelength range/nm  Reference Comments
¢1 < 0.003 174 Chouetal., 1974 (g)
Comments

(a) Static system. $O was determined by pressure measurement over the range 0.08-8 Torr. Resolution was approximately
0.1 nm. Only graphical presentation of data.

(b) Static system double beam spectrophotometer used with a 10 cm pathlea@tipré$sure was 27 mbar (20 Torr). No
details of pressure measurement or resolution were given. Only graphical presentation of data.

(c) Flowing system. bHO was determined using a membrane manometer. 0.5 m grating monochromator, with 0.25 nm
bandwidth. Only graphical presentation of data.

(d) Absolute cross sections measured at 184.9 nm using optically filtered Hg lamp and solar blind photomultiplier. Wide
range of conditions with 4 separate methods for determinationOf pfessure. Temperature range 273-353 K.(7.14
+0.2)x 10720 cm? molecule ! at 298 K with a positive temperature dependence of 4% between 273 and 353 K. Spectrum
recorded between 183-193 nm and cross sections in this range were calculated redgtid=t8nm).

(e) Absolute cross sections measured at 184.9cnm7.0 x 1072° cm? molecule at 298 K

(f) Absolute cross sections measured at 184.9 nm using static a@dNJ mixtures. o = (7.14 + 0.2)x 1020 cn?
molecule® at 298 K and» = 7.26x10-2° cn? molecule ! at 305 K.

(g) Photolysis involved HTO. It was shown that the decomposition path is almost entirely via the reactions HTO Hh
+ OT and HTO + v — T + HO, with <0.003 of the molecules decomposing via the reaction HT® +hHT + O.
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Preferred Values

A/nm 1% /cn? @2

175.5 263.0 1.0
177.5 185.0 1.0
180.0 100.0 1.0
182.0 29.8 1.0
183.0 16.9 1.0
184.0 12.1 1.0
185.0 6.78 1.0
186.0 4.39 1.0
187.0 2.71 1.0
188.0 1.77 1.0
189.0 1.08 1.0
190.0 0.672 1.0
191.0 0.464 1.0
192.0 0.277 1.0
193.0 0.175 1.0

Comments on Preferred Values

Water vapour has a continuous spectrum between 175 and 190 nm, and the cross-section decreases rapidly towards long
wavelengths. The cross-section data at 184.9 nm from three recent studies (Cantrell et al., 1997; Hofzumahaus et al., 1997
Creasey et al., 2000) are in excellent agreement. They are3@¥ higher than data previously recommended by IUPAC
(2997), which were taken from the review of Hudson (1974), and were obtained by drawing a smooth curve through the data
of Watanabe and Zelikoff (1953), Thompson et al. (1963) and Schurgers and Welge (1968).

Recent data of Yoshino et al. (1996) covers wavelengths down to 120 nm but above 183 nm are scattered and give highel
values ofo, but an earlier value at 184.9 nm from DeMore (1979) is consistent with the recent data. The recommended values
at 298 K in the range 180-193 nm are those of Cantrell et al. (1997), which were obtained using several independent measure:
of the HLO concentration. Values at shorter wavelength based on Hudson (1974). The recommended cross section at 184.¢
nmiso = 7.14 x 102° c?molecule at 298 K. The temperature dependence over the range 273-353K is given by the
expression: logy{o (7)o (298)} = 2.14x 10-4(T—298 (K)), based also on the results of Cantrell et al. (1997).

On the basis of the nature of the spectrum and the results of Chou et al. (1974), on the photolysis of HTO, it is assumed that
over the wavelength region 175-190 nm reaction (2) is the only primary process agpd that0 (Chou et al., 1974).
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I.A2

.30

H205 + hv — products

Primary photochemical processes

Reaction AH°KImol ™! Aireshoidnm
H205 + hv — HO + HO (1) 215 557

—- H,0+0(D) (2) 333 359

— H+ HO, (3) 369 324

— HO+HO(x) (4) 606 197

Quantum Yield Data

(p =1+ d2+ 3+ da)

Measurement Wavelength  Reference Comments
Range/nm
¢3=0.12 193 Gerlach-Meyer et al., 1987 €)
¢1=1.04+0.18 248 Vaghijiani and Ravishankara, 1990 (b)
¢2 < 0.002 248
¢3 < 0.0002 248
¢1=101+0.17 222 Vaghjiani et al., 1992 (©
¢2 < 0.002 222
¢3 = 0.024+0.012 222
¢3 =0.16+0.04 193
¢1=0.79+0.12 248 Schiffman et al., 1993 (d)
Comments
(a) Pulsed laser photolysis obB, with H-atom detection by laser-induced fluorescence.

(b)

(©)

(d)

Pulsed photolysis of flowing mixtures obB2-H20-N2 (or He) and of @-H20-Ny (or He) at 298 K. HO, and & were
determined by UV absorption at 213.9 nm or 228.8 nm. Quantum yield of HO radical formation #OmtthO mixture

was measured relative to that from-®l,0O mixture. These relative yields were placed on an absolute basis using the
known quantum yield of HO radical production from the photolysis gfH)O mixtures at 248 nm, taken ggHO) =

1.73+ 0.09 (Vagjiani and Ravishankara, 1990, Wine and Ravishankara, 1982). O and H atom yields were determined by
resonance fluorescence.

Pulsed laser photolysis ob2-N2 or Sk mixtures at 222 nm and 248 nm. [HO] monitored by LIF. The quantum yield of

HO radical production at 248 nm was assumed to be 2.0 and the value at 222 nm was determined from this and the relative
HO yields at the two wavelengths. H atom concentrations were monitored by resonance fluorescence. The quantum yield
was determined by reference to €¥H photolysis at 193 nm. @R) atom formation was investigated using resonance
fluorescence but only a very small signal was detected, possibly due to secondary chemistry.

Pulsed laser photolysis of2®, mixtures. Energy, and hence number of photons, of laser pulse absorbed determined by
calorimetry. HO radical concentrations were monitored by infrared absorption using a color center dye-laser (2.35-3.40
um) and interferometer for wavelength measurement. Absolute HO radical concentrations were obtained using integrated
absorption cross-sections measured in the same laboratory.
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Preferred Values

Absorption Cross-sections at 298 K

Anm  10°%c/cm?  ¢1 Anm 1G%c/cm? ¢y

190 67.2 275 2.6 1.0
195 56.3 280 20 1.0
200 47.5 285 15 1.0
205 40.8 290 1.2 1.0
210 35.7 295 0.90 1.0
215 30.7 300 0.68 1.0
220 25.8 1.0 305 0.51 1.0
225 21.7 1.0 310 0.39 1.0
230 18.2 1.0 315 0.29 1.0
235 15.0 1.0 320 0.22 1.0
240 12.4 1.0 325 0.16 1.0
245 10.2 1.0 330 0.13 1.0
250 8.3 1.0 335 0.10 1.0
255 6.7 1.0 340 0.07 1.0
260 5.3 1.0 345 0.05 1.0
265 4.2 1.0 350 0.04 1.0
270 3.3 1.0

Quantum Yields
¢1 = 1.0 for A > 230 nm;¢1 = 0.85,¢3 = 0.15 at 193 nm.
Comments on Preferred Values

There have been no new measurements of the absorption cross-sections and our recommendations are unchanged from tha
in our previous evaluation, IUPAC (1997). The preferred values are the mean of those determined by Lin et al. (1978), Molina
and Molina (1981), Nicovich and Wine (1988) and Vaghjiani and Ravishankara (1989). These agree with the earlier values of
Holt et al. (1948). The absorption cross-sections have also been measured at other temperatures by Troe (1972) (220-290 ni
at 600K and 1100 K) and by Nicovich and Wine (1988) (260—250 nm, 200—400 K). Both Nicovich and Wine (1988) and Troe
(1972) have expressed their results in an analytical form.

It has long been assumed that channel (1) is the only significant primary photochemical chans@0ft nm. There are
measurements by Vaghjiani and Ravishankara (1990) and Vaghjiani et al. (1992) at 248 nm and 222 nm which support this.
However, measurements at 193 nm by Vaghjiani et al. (1992) show a decline in the HO radical quantum yield (1.51 relative to
an assumed value of 2 at 248 nm) with a growth in the H atom quantum yield, a feature previously observed by Gerlach-Meyer
et al. (1987). The results of Schiffman et al. (1993) also agree well with this relative change in HO radical production in going
from 248 nm to 193 nm. However, Schiffman et al. (1993) obtain much lower absolute values for the quantum yield of HO
radical production than obtained by Vaghjiani and Ravishankara (1990).

The evidence therefore indicates that there is a decline in the relative importance of channel (1) in going from 248 nm to 193
nm but the point of onset of this decline and its form are uncertain. Furthermore, the reason for the difference in the absolute
values of the quantum yield between the studies of Schiffman et al. (1993) and Vaghjiani and Ravishankara (1990) is unclear;
further work is urgently required to clarify this. Recent measurements (Inagaki et al., 1993) of the translational energy of the
H-atom photofragments from 193 nm photolysis a4 show that they originate from the same upper stafeA} which is
responsible for HO production at longer wavelengths.

We recommend the use of a quantum yield of 2 for HO radical producgips (L.0) ath > 230 nm.
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Appendix A3: NOy reactions
I.A3.31
O+NO+M — NO2+M

AH° = —306.2 kdmol~?

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule s~ Temp./K Reference Technique/ Comments

Absolute Rate Coefficients

1.55x10732 exp[(5844 35)T] [N2] ~ 217-250 Whytock et al., 1976 FP-RF
(1.18£0.15)x10-3L(T/300) 182 [N,]  217-250

8.8x 10732 (T/300) 144 [Ny] 200-370 Schieferstein etal., 1983 FP-CL

Preferred Values

ko = 1.0x10-31 (7/300) 16 [N,] cm® molecule’? s1 over the temperature range 200-300 K.
Reliability

Alog kg = +£0.1 at 298 K.
An = £0.3.

Comments on Preferred Values

The preferred values are based on the data from Whytock et al. (1976) and Schieferstein et al. (1983), combined with
measurements from Yarwood et al. (1991), Michael et al. (1976) and Anderson and Stephens (1979) in other bath gases an
the relative efficiencies determined in Schieferstein et al. (1983). The full falloff curve has been determined in the relative
rate measurements from Hippler et al. (1975), leading.to= 3x10~11 (7/300-2 cm® molecule® s~1 and F, = 0.85
over the temperature range 200-300 K. Absolute rate measurements in Hippler et al. (1999) of the full falloff curve over the
temperature range 200-400 K at pressures between 2 and 200 haledftk., = 5x10~11 (T/300)%3cm® molecule! s~1
in good agreement with theoretical predictions from Harding et al. (1999). Deviations from third order behavior are negligible
under atmospheric conditions.
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1.A3.32
O+ NO2 — O+ NO
AH° =-192.1 kJ mot?

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
9.3x10°12 296 Slanger et al., 1973 DF-CL (a)
1.05x10° 1 240
(1.0£0.1)x10°11 298 Ongstad and Birks, 1984 DF-CL (a)
6.58x10 12 exp((142+ 23)/T] 224-354 Ongstad and Birks, 1986 DF-CL (a)
(1.034 0.09)x 1011 298
5.21x10 12 exp((202+ 27)/T] 233-357 Geers-Mler and Stuhl, 1987 PLP-CL (b)
(1.024 0.02)x 1011 301
(9.3+1.0)x10712 298 Paulson et al., 1995 PLP-RF (c)
5.26x10 12exp((209+ 35)/T] 220-412 Gierczak et al., 1999 PLP-RF (d)
(1.06+ 0.08)x 1011 298

Comments

(@) O@P) atoms were monitored by O + NO chemiluminescence.

(b) O@P) atoms were generated by photolysis of NO?R)(atoms were monitored by O + NO chemiluminescence. Values
for k(O + N2O4) andk(O + N2Os) were also estimated from the results.

(c) OCP) atoms were generated by pulsed laser photolysis of &iCB08 nm. NQ concentrations were determined by
comparison of the UV absorption in pure N@ith that in the He/NQ mixtures which were flowed through the photolysis
cell.

(d) O@P) atoms were generated by pulsed laser photolysis of &@08 nm. Three methods were used to determine the
NO, concentration: (i) UV absorption, (ii) flow measurements based on the drop in pressure from a calibrated volume,
(iii) chemical titration using an excess ogt@ convert a measured flow of NO to NOThe UV cross sections used were
measured at 413 nm as a function of temperature and combined with those of Harder et al. (1997), with which they are in
close agreement.

Preferred Values

k=1.0x10"1 cm® molecule ! s~1 at 298 K.
k =5.5x10"12 exp(188I") cm® molecule s~1 over the temperature range 220-420 K.

Reliability

Alogk = £+ 0.06 at 298 K.
A(E/R) = + 80K.

Comments on Preferred Values

The preferred value df at 298 K is the average of the values obtained by Slanger et al. (1973), Ongsted and Birks (1984;
1986), Geers-Nller and Stuhl (1987), Paulson et al. (1995) and Gierczak et al. (1999), and the temperature dependence is
from an unweighted least squares fit to the data from the same studies.

The earlier studies of Davis et al. (1973) and Bemand et al. (1974) are in satisfactory agreement with the other studies but
show greater scatter than the more recent studies, and are not used in arriving at our preferred values.
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I.A3.33
O+NO2 +M — NO3 + M

AH° = —208.6 kdmol~1

Low-pressure rate coefficients

Rate coefficient data

kolcm® moleculel s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
3x10-347/300 175Ny 220-296  Burkholder and Ravishankara, 2000 PLP (a)
(1.3+0.3)x1073%(T/300"29 [N5] 300-400 Hahn et al., 2000 PLP (b)
Relative Rate Coefficients
(9.24 1)x107%2[Ny] 297 Harker and Johnston, 1973 RR (c)
(8.0+ 1)x10732 [Ny 295 Hippler et al., 1975 RR (d)
Comments

(a) Oxyygen atoms generated by laser photolysis of ldtB852 nm, N@ monitored by long-path diode laser absorption at
662 nm. Measurements were made indver the pressure range 20-800 Torr; falloff curves were representedwith
0.6 andks, = 3.75x 1011 cm® molecule s~1 independent of the temperature.

(b) Oxyygen atoms generated by laser photolysis gDMt 193 nm, N@ monitored by light absorption at 578 nm. Falloff
curves measured at 300 and 400 K indVer the presure range 1-900 bar. Falloff curves representedrwitl0.71 exp
(—7/1700), which corresponds #. = 0.6 at 300K, and, = (2.3+ 0.2)x10~11 (7/30024 cm® molecule’® s~1.

(c) OCP) atoms were generated by the photolysis obNtCthe presence of 1 bar of&NNO, and NoOs concentrations were
monitored by IR absorption. The measured valug/6fO + NO,) was evaluated witkt(O + NO,) = 9.3x1012 cm®
molecule ! s~1. The rate coefficient has been re-evaluated by increasing the measured rate coefficient by 10% to account
for a 10% falloff belowko, as measured by Gaedtke and Troe (1975).

(d) OCP) atoms were generated by the photolysis of,Nvarious N pressures. N@was monitored by UV absorption.
The measured value &fk(O + NO) was evaluated with(O + NO,) = 9.3x10 12 cm?® molecule ! s1, taking NbOs
reactions and falloff effects into account.

Preferred Values
ko = 1.3x1031 (7/300)~1° [N ] cm? molecule ! s~1 over the temperature range 200-400 K.
Reliability

Alog kg = £0.30 at 298 K.
An = £1.

Comments on Preferred Values

The preferred values are from the falloff extrapolations of the absolute rate measurements of Hahn et al. (2000) and the rela-
tive rate measurements of Harker and Johnston (1973), Hippler et al. (1975), Gaedtke and Troe (1975), Schuck et al. (1966) anc
Troe (1969). The discrepancy between the absolute rate measurements below 1067 mbar from Burkholder and Ravishankar
(2000) and above 1 bar from Hahn et al. (2000) may be due to difficulties in separating the reactions,O- Q@9+ NO
and O + NQ + M — NO3 + M with subsequent N@+ NOs + M — N2Os + M. Because the data from Hahn et al. (2000)
are in much better consistency with the relative rate measurements from Harker and Johnston (1973), Hippler et al. (1975),
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Gaedtke and Troe (1975), Schuck et al. (1966) and Troe (1969), they are preferred here. It should be emphasized that falloff
effects are important at atmospheric pressures; these effects are represented=wit6 andk., = 2.3x1011 (7/300Y-24
cm?® molecule ® s~1 from the measurements and theoretical analysis of Hahn et al. (2000).

High-pressure rate coefficients

Rate coefficient data

ksolcm® molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.3:0.2)x10°147/300%2* 300-400 Hahn et al., 2000 PLP (a)
Relative Rate Coefficients
(2.2+0.4)x10° 11 300 Gaedtke and Troe, 1975  (b)
Comments

(&) See comment (b) fap.

(b) Analysis of the pressure dependence of the quantum yield gfdii6tolysis between 1 and 1000 bar of WMeasurements
of koolk(O + NO; — O, + NO) evaluated withk (O + NO,) = 9x10~12 cm? molecule s71.
Preferred Values
koo = 2.3x10711 (7/30024 cm® molecule ! s~ over the temperature range 200-400 K.
Reliability
Alog ks = 0.2 over the temperature range 200-400 K.

Comments on Preferred Values

The absolute and relative rate measurements of the falloff curve over a very wide pressure range from Hahn et al. (2000) and
Gaedtke and Troe (1975), on which the preferred values are based, allow for a reliable extrapolation to the high pressure limit
of the reaction. Falloff curves are constructed with= 0.6 andkg = 1.3 x 10-31(7/300)15 [N ] cm® molecule s~1.
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1.A3.34
O +NO3 — O2 + NO2

AH° =-289.7 k] motl

Rate coefficient data

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

Absolute Rate Coefficients

(1.70+ 0.6)x 10~ 11 297 Canosa-Mas et al., 1989 DF-RF/A (a)
Comments

(@) [O@P)] was monitored by RF and [N{Pby absorption at 662 nm using = 1.9x10 1’cm? molecule’l. Excess of
[NO3] over [O] was not sufficient to give purely first order kinetics. Analysis of the data took account of this and of the
possibility of other interfering reactions.

Preferred Values
k= 1.7x10"cm? molecule ? s1 at 298 K.
Reliability
Alogk = £+ 0.3 at 298 K.
Comments on Preferred Values
The preferred value is that reported by Canosa-Mas et al. (1989), which is the only direct measurement of the rate coefficient.
The earlier relative value of Graham and Johnston (1978), of1004)x 10 ~11 cm?® molecule ! s~1 at 297 K, is consistent

with the preferred value, taking into account the experimental uncertainties. The temperature dependence is probably neal
zero, by analogy with the reaction of ) atoms with NG.

References

Canosa-Mas, C. E., Carpenter, P. J. and Wayne, R. P.: J. Chem. Soc. Faraday Trans. 2, 85, 697, 1989.
Graham, R. A. and Johnston, H. S.: J. Phys. Chem., 82, 254, 1978.
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1.A3.35
O(D) +N2+M — N2O + M
AH® = —356.9 kdmol~?1

Low-pressure rate coefficients

Rate coefficient data

ko/cm?® molecule® 71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.84 0.8)x10736(7/300 088 [air] 220-300 Estuiiian et al., 2002 ()
Relative Rate Coefficients
2.8x10736 [N, 300 Gaedtke etal., 1973 (b)
6.5x10737 [Ny 296 Kajimoto and Cvetanovic, 1976  (c)
(8.8+ 3.3)x1077 [Ny] 298 Maric and Burrows, 1992 (d)
Comments

(a) Laser flash photolysis of{@enerating G(D) and diode laser absorption spectroscopy in a multipass cell detectibg N

(b) Steady-state photolysis o&€D, mixtures at 260 nm in the presence of 1-200 bar af The rate of NO formation was
measured relative to£ronsumption and analyzed in terms of the rafiO(*D) + O3 — 2 Oy].

(c) See comment (b), measurements between 25 and 115 bar.

(d) Steady-state photolysis of synthetic air at 185 and 254 nm.

Preferred Values

ko = 2.8x10736 [N;] cm® molecule! s~1 at 298 K.
Reliabilty

Alog kg = £0.5 at 298 K.

Comments on Preferred Values

The slow rate of the reaction, in competition with the fast electronic quenching reactitn ®N, — OCP) + N, makes
the measurement of theo® yield a difficult task. The differences between the four studies (E#npet al., 2002; Gaedtke
et al., 1973; Kajimoto and Cvetanovic, 1976; Maric and Burrows, 1992) reflect this experimental problem. Because of the
agreement of the results from Estiin et al. (2002) and Gaedtke et al. (1973), these are preferred, however, allowing for a
large uncertainty. A theoretical analysis should be made in relation to the thermal decompositi-of N» + OCP) in the
low- and high-pressure ranges.

References

Estupian, E. G., Nicovich, J. M., Li, J., Cunnold, D. M. and Wine, P. H.: J. Phys. Chem. A, 106, 5880, 2002.

Gaedtke, H., Ginzer, K., Hippler, H., Luther, K. and Troe, J.: 14th Int. Symp. on Combustion (The Combustion Institute,
Pittsburgh, 1973), p. 295, 1973.

Kajimoto, O. and Cvetanovic, R. J.: J. Chem. Phys. 64, 1005, 1976.

Maric, D. and Burrows, J. P.: J. Photochem. Photobiol. A: Chem, 66, 291, 1992.
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I.A3.36
O(*D) + N2 — O(P) + N,
AH° = —189.7 kJ mot?

Rate coefficient data

kicm® molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
2.0x10 Mexp(107+8)/T] 104-354 Streitetal., 1976 PLP (a)
(2.84+0.6)x10711 300
(2.4+0.1)x10°11 295 Amimoto et al., 1979 PLP-RA (b)
(2.77+£0.40)x 1011 298 Brock and Watson, 1980 PLP-RF (b)
(2.52+ 0.25)x 1011 297 Wine and Ravishankara, 1981 PLP-RF (b)
Relative Rate Coefficients
(2.6+£0.3)x10°11 296 Shi and Barker, 1990 ()

Comments

(a) O&D) atoms were monitored by time-resolved detection 3D O(P) emission.
(b) O@P) atom product monitored.

(c) The kinetics of deactivation ofﬂ)lxg) were studied by time-resolved emission frorz(tzg) produced by the reaction

of O(*D) atoms with Q following pulsed laser photolysis of£ The effect of N (and other quenchers) on the initial
fluorescence intensity gave the rate coefficient folB)(deactivation relative to that for Ok has been calculated using
a value ofk[O(1D) + O;] = 4.0x10~ 1% cm? molecule s (this evaluation).

Preferred Values

k=2.6x10"11 cm® molecule’! s~ at 298 K.
k =1.8x10"11 exp(1071") cm® molecule’! s~1 over the temperature range 100-350 K.

Reliability

Alogk = £+ 0.1 at 298 K.
A(E/R) =+ 100K.

Comments on Preferred Values

The preferred value at 298 K is the average of the results of Streit et al. (1976), Amimoto et al. (1979), Brock and Watson
(1980), Wine and Ravishankara (1981) and Shi and Barker (1990). The temperature dependence obtained by Streit et al. (1976
is accepted and the pre-exponential factor is adjusted to fit the valuatd98 K.

References

Amimoto, S. T., Force, A. P., Gulotty Jr., R. G., and Wiesenfeld, J. R.: J. Chem. Phys., 71, 3640, 1979.

Brock, J. C. and Watson, R. T.: results presented at the NATO Advanced Study Institute on Atmospheric Ozone, Portugal,
1979; see Moortgat G. K. review in Report No. FAA-EE-80-2, 1980.

Shi, J. and Barker, J. R.: Int. J. Chem. Kinet., 22, 1283, 1990.

Streit, G. E., Howard, C. J., Schmeltekopf, A. L., Davidson, J. A. and Schiff, H. I.: J. Chem. Phys., 65, 4761, 1976.

Wine, P. H. and Ravishankara, A. R.: Chem. Phys. Lett., 77, 103, 1981.
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1.LA3.37
O(ID)+N2O — No+0,> (1)
— 2NO 2)
AH°(1) =—521.0 kdmol~1
AH°(2) = —340.4 kdmol~!
Rate coefficient data k = ky + k»)
kicm® molecule 1 s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(1.1£0.2)x10°10 204-359 Davidson et al., 1977 PLP (a)
(1.20+ 0.1)x 10710 295 Amimoto et al., 1979 PLP-RA (b)
(1.1740.12)x 10710 298 Wine and Ravishankara, 1981 PLP-RF (b)
Branching Ratios
ko/k =0.62+ 0.02 298 Marx et al., 1979 P-GC/CL
ko/k =0.62+0.09 177-296 Lametal., 1981 P-CL
ka/k =0.614+0.08 296 Cantrell et al., 1994 (c)
Comments

(a) O@D) atoms were monitored by time-resolved detection dfi)(— O(P) emission.
(b) OCP) atom product monitored.

(c) Static photolysis of BO-Os mixtures ath > 240 nm with product analysis by FTIR spectroscopy. The amount of NO
formed in reaction (2) was determined from the yield of H\NfGrmed by total oxidation and hydration of N@roducts,
corrected for losses to the wall. The valuekpfk obtained from the experimental data was 0459.08; the value given
in the table was obtained by averaging the experimental value with selected literature data.

Preferred Values

k1 = 4.4x10~11 cm® molecule ! s71, independent of temperature over the range 200-350 K.
ko = 7.2x10~11 cm?® molecule ! s71, independent of temperature over the range 200-350 K.

Reliability

Alog k1 = Alog ko = +0.1 at 298 K.
A(E1/R) = (E2/R) = £100K.

Comments on Preferred Values

The data and recommendation for the branching ratio at room temperatépékof 0.61 &+ 0.08 given by Cantrell et
al. (1994) are in accord with the earlier results of Marx et al. (1979) and Lam et al. (1981). The overall rate coefficient values
at room temperature are the average of the results of Davidson et al. (1977), Amimoto et al. (1979) and Wine and Ravishankars
(1981), all of which are in close agreement (see also data by Volltrauer et al., 1979). The temperature independence reportec
by Davidson et al. (1977, 1979) is accepted.
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1.A3.38
HO + NH3 — H,0 + NH

AH® = —44.4 kJ mot?

Rate coefficient data

kicm® molecule! s71 Temp./K  Reference Technique/Comments
Absolute Rate Coefficients
(154 0.4)x10° 13 298 Stuhl, 1973 FP-RF
2.3x10 12 exp(—805/T) 228-472  Zellner and Smith, 1974; Smith  FP-RA
1.58<10°13 298 and Zellner, 1975
2.93x10 2 exp— (8614 151)/T] 298-427  Perryetal., 1976 FP-RF
(1.64+0.16)x10°13 298
5.41x 1012 exgd—(1067+ 72)/T] 294-1075 Silver and Kolb, 1980 DF-RF
(1.44+0.29)x10°13 294
4.55x10 2 ex—(973+ 78)/T]  297-364  Stephens, 1984 DF-RF
(1.734+0.11)x10°13 297
3.29x10 2 exg—(922+ 100/T] 273-433  Diauetal., 1990 FP/PLP-LIF (a)
(1.4740.07)x10°13 297

Comments

(a) Pulsed laser photolysis and conventional flash photolysis©fdhd HO, were used as the sources of HO radicals. The
total pressure was varied over the range 0.091-0.672 bar (68-504 Torr).

Preferred Values

k =1.6x10"13 cm® molecule’ s~1 at 298 K.
k = 3.5x10712 exp(~925/T) cm? molecule ! s~1 over the temperature range 230-450 K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R) = +200K.

Comments on Preferred Values

The preferred values are obtained from a least-squares fit to the data of Stuhl (1973), Smith and Zellner (1974; 1975),
Perry et al. (1976), Stephens (1984), Diau et al. (1990) and the data of Silver and Kolb (1980) below 450 K. The relative rate
measurement df/k(HO + HONO) by Cox et al. (1975) at 296 2K is in good agreement with the preferred value when the
value ofk(HO + HONO) from this review is used. Results from other low temperature studies (Kurylo, 1973; Hack et al.,
1974; Pagsberg et al. 1979) are well outside the error limits obtained from the direct studies cited in the table above (Stuhl,
1973; Zellner and Smith, 1974; Smith and Zellner, 1975; Perry et al., 1976; Silver and Kolb, 1980; Stephens, 1984; Diau et al.,
1990) and are not used in this evaluation.

There are numerous high temperature studies which, together with the studies cited here, indicate a distinct curvature on the
Arrhenius plot (Jeffries and Smith, 1986). However, the simple Arrhenius expression given here as the preferred expression
for k is sufficiently precise over the temperature range cited.
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1.A3.39
HO + HONO — H50 + NO»
AH° = —166.3 kJ mot?

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
1.80x10 1 exp—(390+ 80)/T] 278-342 Jenkinand Cox, 1987 MM-RA

(4.940.5)x10°1? 298

2.8x10 exp((260+ 140)/T]  298-373 Burkholder etal., 1992 PLP-LIF (a)

(7.054 1.41)x 10712 298

Relative Rate Coefficients

(6.04+ 0.4)x 10712 296 Coxetal., 1976 (b)
Comments

(a) HO radicals were monitored by LIF with HONO in excess. [HONO] and {N&ere also monitored using situ diode-
array spectroscopy.

(b) Photolysis of HONO-NO and HONO-Hnmixtures at a total pressure of 1 bar of b No-O» diluent. A value ofk/k(HO
+ Ho) = 945+ 48 was obtained. The value bfgiven in the table is calculated usikgHO + Hy) = 6.4x10715 cm®
molecule! s~ at 296 K (IUPAC, current recommendation).

Preferred Values

k = 6.0x10~12 cm® molecule’ s~ at 298 K.
k = 2.5x10~12 exp(2601") cm?® molecule! s~1 over the temperature range 290-380 K.

Reliability

Alogk = £0.15 at 298 K.
A(E/R) = £260K.

Comments on Preferred Values

There are significant differences between the two direct studies of Jenkin and Cox (1987) and Burkholder et al. (1992) partic-
ularly with respect to the temperature dependende dhe work of Burkholder et al. (1992) has substantially better precision
than that of Jenkin and Cox (1987). Furthermore, the small negative temperature dependefmendfby Burkholder et
al. (1992) is consistent with that observed for the analogous reaction of HO radicals with HHONO

The preferred value ot at 298K is an average of the room temperature rate coefficients of Jenkin and Cox (1987),
Burkholder et al. (1992) and Cox et al. (1976). The temperature dependehds tifat given by Burkholder et al. (1992)
with the pre-exponential factor being adjusted to fit the preferred valbext298 K.

References
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I.A3.40

HO + HONO, — H,0 + NO3 )
— [H2NOg4] — H20+NO3  (2)

AH° = —70.2 kJ mot?

Rate coefficient data k = kg + k)

kicm? molecule s71 Temp./K Reference Technigue/Comments

Absolute Rate Coefficients

(8.9+ 1.3)x10°14 272-464 Margitan et al., 1975 DF-RF (a)

8+ 2)x10714 240-298  Smith and Zellner, 1975 FP-RA (b)

1.52x10 4 exp((649+ 69)/T]  224-366 Wine etal., 1981 FP-RF

(1.25+ 0.28)x 10713 298

(1.25+ 0.13)x10°13 298 Ravishankara et al., 1982 PLP-RA (c)

5.7x10 ex (8964 145/T]  228-298 Margitan and Watson, 1982  FP-RF (d)

(1.19+ 0.12)x10°13 298

1.05x 10~ exp((759+ 100/T] 225-296 Kurylo et al., 1982 FP-RF (e)

(1.384 0.20)x 10713 296

7.3x10 ex(867+85/T]  251-403 Jourdain et al., 1982 DF-EPR (f)

(1.254 0.07)x10°13 296

1.52x10 M exp((644+ 79)/T]  218-363 Marinelli and Johnston, 1982  FP-RF (g)

(1.3140.24)x10°13 298

8.3x10 Pexp(850+ 40)/T]  240-370 Smithetal., 1984 FP-RF (h)

(1.36+ 0.04)x 10713 295

5.43x10 P exp843/T) 253-295 Devolder et al., 1984 DF-RF (i)

(9.3+ 1.0)x10° 295

2.0x10 4 exp(430+60)/T]  237-330 Connell and Howard, 1985  DF-LMR

(8.4+0.18)x10° 301

(1.26+ 0.11)x10°13 297 Jolly et al., 1985 PLP-RA (j)

(1.28+ 0.10)x 1013 297 Stachnik et al., 1986 PLP-RA (k)

See comment 200-373 Brown et al., 1999 PLP-LIF (1)
Comments

(a) The value given is the mean of the rate coefficients measured at 295, 420 and 464 K. A slightly higher value obtained at
272 K was considered (Margitan et al., 1975) to be less reliable.

(b) The measured rate coefficient was observed to increase with increasing temperature above 298,003 d@n3
molecule! s~ at 406 K.

(c) The value ofk tabulated is at 67 mbar (50 Torr) Ak;was also measured at 80 mbar (60 Torry @Rd at 251 K. The
reaction stoichiometry was measured by monitoringsi&lical production using optical absorption at 662 nm and using
the initial [HO] value. The figures given for the stoichiometry have since been revised as a result of a remeasurement
of the absorption coefficient of N§XYokelson et al., 1994). The new values are 0.85 at 298K and 0.88 at 251K for
[NO3]produceaﬂHO]Consumed

(d) k& was found to depend on both temperature and pressuveas reported to increase by 10% over the pressure range
27-133 mbar (20-100 Torr) He at 298 K and by 40% over the same pressure range at 238 K. The Arrhenius expression
tabulated is a least-squares fit to the data at 53 mbar (40 Torr) He over the temperature range 228-298 K. Significant
non-Arrhenius behavior was observed above 298K at each value of the total préssarealso determined at 27 mbar
(20 Torr) He and 133 mbar (100 Torr) He. For the linear portion of the Arrhenius plots (at or below 298 K) the following
values ofE/R are derived:'—735K (27 mbar He) and-1000K (133 mbar He). The authors made linear extrapolations
to zero pressure and reported BfR value of —700 K for data at or below 298 K.
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(e) k was studied over the temperature range 225-443 K and over the pressure range 40-67 mbar (30-50 Torr) oAr and SF
The rate coefficient exhibited significant non-Arrhenius behavior above 296 K, with no dependence on total pressure.

(f) Pressure~1.3 mbar (1 Torr). The rate coefficiehtwas reported to exhibit linear Arrhenius behavior over the entire
temperature range, but a greater temperature dependeRe=(—1119 K) is derived using only data at or below 298 K.
The NQ; radicals produced were measured by adding excess NO and monitoring its removal by EPR. The stoichiometry
so obtained was [N&)produced[HO]consumed= 1.03+ 0.05.

(g) Pressure of 13-67 mbar (10-50 Torr) Amvas reported to exhibit linear Arrhenius behavior over the entire temperature
range, but a greater temperature dependef£R € —697 K) is derived using only data at and below 298 K.

(h) The pressure was varied from 0.067-1.01 bar (50-760 Torr) He, with no observed effect on the valukeirafar
Arrhenius behavior was observed.

(i) The rate coefficient was measured up to 373 K. The rate coefficient was observed to level off above room temperature.
The Arrhenius expression tabulated applies to results below room temperature.

(i) The value given is for pressures of 13-21 mbar (1-16 Torr) BNEXperiments were also carried out in the presence of
0.667 bar (500 Torr) Bland 0.800 bar (600 Torr) $FAfter corrections for the contribution of the reaction HO + N©
M were made, no significant effect of total pressureamas observed.

(k) Measurements were made at 248 and 297 K and at total pressures of 0.013, 0.080 and 0.973 bar (10, 60 and 730 Torr
of He, N, and Sk (the value cited being at 0.013 bapN NO, impurity levels were determined to be less than 0.1%.
The data were fitted to the fall-off function given by Lamb et al. (1984). The extrapolated zero-pressure rate constant
corresponds t&/R = —710K.

() Rate coefficients were measured as a function of pressure (27-677 mbar) for the diluent,g&@3gde and Sk over
the temperature range 200-373 K. The measured rate coefficients increased with increasing pressure, with the pressur
dependence being more marked at lower temperatures (and not being evident at tempeBibii€ys and a distinct
dependence on the identity of the diluent gas was observed at temperaBt@&. At temperatures350 K, the mea-
sured rate coefficient at a given total pressure (of a specific diluent gas) increased with decreasing temperature, with the
(negative) temperature dependence increasing with increasing total pressure. The data obtained, together with those o
Margitan and Watson (1982), Devolder et al. (1984) and Stachnik et al. (1986) for the diluent gasesaHe 3% were
fit to the expression proposed by Lamb et al. (1984) (see Comments on Preferred Values).

Preferred Values
k =1.5x10"13 cm?® molecule! st at 298 K and 1 bar of air.

See Comments on Preferred Values for the expression to be used under other conditions of temperature and pressure.
Reliability
Alog k = £0.1 at 298 K.

Similar error limits apply to values df at other temperatures and pressures over the range 200-350 K.
Comments on Preferred Values

The rate coefficient data have been carefully assessed by the NASA Panel (2000), and their recommendations and analysi
are adopted in this evaluation. Based in large part on the recent extensive study of Brown et al. (1999) on the H® + HNO
reaction, there is now general agreement on the following major features of the datatféemperatures350K: (a) a
negative temperature dependence (which appears to level off near 500 K); (b) a small but measurable pressure dependence
room temperature which increases at low temperatures

Lamb et al. (1984) have proposed a mechanism involving formation of a bound, relatively long-lived, intermediate complex

(channel 2) as well as the direct reaction (channel 1). This mechanism gives a rate coefficient which combines a low pressure
limiting rate constantk1, and a Lindemann-Hinshelwood expression for the pressure dependence. This mechanism has been
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used by Brown et al. (1999) and by the NASA Panel (2000) to fit the data of Brown et al. (1999), Margitan and Watson (1982),
Devolder et al. (1984) and Stachnik et al. (1986) and their expression (Brown et al., 1999; NASA, 2000) is adopted here. The
overall rate constant can be expressed as:

k=ki(T)+ koM, T)

wherekz(M,T) = k3[M]/(1 + k3[M]/ k4). The expressions for the elementary rate constants are (Brown et al., 1999; NASA,
2000):

ky = 2.4x 1014 exp(4601") cm® molecule'! s—1
k3 = 6.5x 10734 exp(13351") cm® molecule 2 s1
ks = 2.7x10717 exp(21997") cm? molecule 1 s1

The expressions are valid over the temperature range 200-350 K for air diluent.

This expression has been used to calculate the preferred value at 298 K and a pressure of 1 bar of air. There is no evidenc
for products other than Ngand HO. Studies of the reaction stoichiometry have given values of 0.85 (Ravishankara et al.,
1982; Yokelson et al., 1994) and 1.03 (Jourdain et al., 1982). Rate coefficients for the reaction DOz;-a®hl@nction of
temperatrure and pressure have been reported by Bossard et al. (1987), Singleton et al. (1991) and Brown et al. (2001), an
Brown et al. (2001) have also investigated the kinetics of the reactions DO +HMO+ DNO; and H-80 + HN60s.

Brown et al. (2001) measured the h@adical formation yield from the HO + HN@reaction over the temperature and
pressure ranges 240-330 K and 31-1027 mbaréspectively, and from the DO + DNQ@eaction at 296 K and 99-480 mbar
N2. The NG; radical formation yield from both reactions was determined to be unity, within the experimental uncertainties.

Carl et al. (2001) have shown, by monitoring the N@dical formation rate, that the rate coefficient at 298 K and 267
mbar N is independent of water vapor (0-13.3 mbar). These data show that there will be no effect of water vapor on the rate
coefficientk under atmospheric conditions.
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.A3.41
HO + HO2NO>; — H20 + Os + NO» (1)
— H202 + NO3 (2)
AH°(1) =—-193 kJ mot?
AH°(2) = —47 kJ mot?
Rate coefficient data k = ky + k)
kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(4.04+ 1.6)x10712 246-324 Trevoretal., 1982 PLP-RF (a)
5.9x10 13exp (6504 30)/T] 241-336 Smithetal., 1984 FP-RF (b)
(5.24 1.1)x10°12 295
Relative Rate Coefficients
(5.1£1.3)x10°1? 268-295 Bamesetal., 1986 RR (C)
Comments

(a) The rate coefficient was independent of total pressure over the range 4-20 mbar He.
(b) The total pressure was 1.01 bar (760 Torr) of He.

(c) Relative rate study in a 420 L vessel. FTIR was used to monitor the concentrationbi®iCand the concentrations of
the reference hydrocarbonsalds, n-C4H10) were monitored by GC. The effect of pressure was studied over the range
1.3-400 mbar (1-300 Torr) of He or,NThe measured rate coefficient ratios have been placed on an absolute basis using
the rate coefficient of(HO + n-C4H10) = 1.69 x 101772 exp(145I') cm® molecule’? s~ and the fall-off expression
for k(HO + C3Hg) recommended by Atkinson (1997). The rate coefficents are observed to be pressure and temperature
independent over the ranges studied. In particular, the rate coefficient, measured relative to that fobtit@rie (which
is pressure-independent), showed no effect of total pressure of He diluent over the range 6.7-400 mbar at 278 K. Results
from this study supersede earlier results obtained using similar but less sensitive techniques (Barnes et al., 1981).

Preferred Values

k = 4.7x10712 cm® molecule’! s71 at 298 K.
k =1.9x10"12 exp(2701") cm® molecule ® s~1 over the temperature range 240-340K.

Reliability

Alogk = £0.2 at 298 K.
A(E/R= +500K.

Comments on Preferred Values

The preferred values are based upon a least-squares fit to the data of Trevor et al. (1982), Smith et al. (1984) and Barne:
et al. (1986). Trevor et al. (1982) studied the reaction from 246—324 K at low pressures [4—20 mbar (3—15 Torr He)] and
recommended a temperature-independent rate coefficient but also reported an Arrhenius expresBid=w(it®3+ 194) K.

In contrast, Smith et al. (1984) reported a negative temperature dependénegtiofE/R = —(650+ 30) K over the range
241-336 K at 1.01 bar (760 Torr) of He. It is possible that this difference is due to the reaction mechanism being complex,
leading to different temperature dependences at low and high pressure. At 220K, the valuesieéd from these studies

differ by a factor of 3 but the recommended error limitsBfR encompass the results from both studies.

The study by Barnes et al. (1986) is the only one over an extended pressure range [6.7—400 mbar (5—-300 Torr) He at 278 K].
Their data show the rate coefficient to be pressure independent over this range, and the samé vediseobtained at 295 K
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and 6.7 mbar He as at 268 K and 133 mbar He. They also observed no change witkyxthetic air as the diluent gas. A

TST calculation by Lamb et al. (1984) suggests that the pressure dependence of this rate coefficient will be much less than
that for the corresponding reaction of HO radicals with H{N@Ithough no data are as yet available concerning the reaction
products, channel (1) is expected to dominate.
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1.A3.42

HO +NO+M — HONO + M

AH° = —207.0 kdmol~?

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule s71 Temp./K Reference Technigue/Comments

Absolute Rate Coefficients

(1.14 0.1)x10730[Ny] 293 Burrows et al., 1983 DF-RF

(7.04 2.0)x1073Y(7/300~26+09 [N,] 90-220  Atkinson and Smith, 1994 DF-LIF (a)

8.9x10-%1(7/298 721 [N, 80-301  Sharkey etal., 1994 PLP-LIF (b)
Comments

(a) HO radicals were generated by a cold cathode discharge and detected by LIF. The experiments were carried out in a
supersonic expansion at total pressures correspondindtad 008 molecule cn?,

(b) Experiments were carried out in a cryogenically cooled cell and in a supersonic expansion. At 52 K, rate coefficients have
been determined at total gas densities fromxa.aL6 to 8.2x 10" molecule cn3.
Preferred Values
ko = 7.4x10731 (T/300) %4 [N»] cm® molecule ! s~1 over the temperature range 200—-400 K.
Reliability

Alog kg = £0.10 at 298 K.
An = £0.5.

Comments on Preferred Values

The preferred values are derived following the analysis given in Forster et al. (1995) of data from Burrows et al. (1983),
Atkinson and Smith (1994), Sharkey et al. (1994), Anderson and Kaukman (1972), Stuhl and Niki (1972), Morley and Smith
(1972), Westenberg and deHaas (1972), Anderson et al. (1974), Howard and Evenson (1974), Harris and Wayne (1975),
Atkinson et al. (1975), Overend et al. (1976) and Anastasi and Smith (1978), and from measurements of the falloff curve with
M=He from Forster et al. (1995) and other bath gases from Zabarnick (1993). For measurerkgmglod bath gas Sf; see
Pagsberg et al. (1997).

High-pressure rate coefficients

Rate coefficient data

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

3.0x10°1 298 Zabarnick, 1993 PLP-LIF (a)
3.3x10° 11 298 Forster etal., 1995 PLP-LIF (b)
3.3x10~H(7/300 03 250-400 Fulleetal., 1998  PLP-LIF (c)
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Comments

(a) Falloff extrapolations with M=Ar and SFat pressures below 1 bar.
(b) Measurements in He up to 200 bar using saturated LIF for detection.

(c) see (b); measurements in the bath gas He over the range 5-150 bar.

Preferred Values

koo = 3.3x10711 (7/300)~93 cm?® molecule ! s—1 over the temperature range 200—-400 K.
Reliability

Alog ko = 0.2 over the temperature range 200-400 K.

Comments on Preferred Values

The preferred values are taken from the determination and analysis of the complete falloff curve from Forster et al. (1995)
and Fulle et al. (1998). The falloff curve correspond#itq300 K) = 0.81. The measurements at pressures below 1 bar of the
low pressure parts of the falloff curves from Zabarnick (1993) and Donahue et al. (1997) are consistent with this representation
of the falloff curve.
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1.A3.43

HO + NO; + M — HONO3, + M

AH° = —207.6 kdmol~?

Low-pressure rate coefficients

Rate coefficient data

kolcm® molecule ! 52 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

2.3x10730(7/295 725 [N,] 240-450 Anderson et al., 1974 DF-RF (a)

2.9x10730[N,] 296 Howard and Evenson, 1974 DF-LMR (b)

2.6x10730(7/296)726 [N,] 220-550 Anastasi and Smith, 1976  FP-RA (c)

(2.64+ 0.4)x10739(7/300728 [N,] 247-352 Wine etal., 1979 RP-RF (d)

(2.74£0.2)x102°[Ny] 295 Burrows et al., 1983 DF-RF (e)

(3.39+ 0.26)x 1030 [N ] 300 Donahue et al., 1997 DF-LIF (f)

2.47x1073%(T /3007297 [N2] 220-250 Brown et al., 1999 PLP-LIF (g)

2.85x10730(7/300 7257 [N ] 220-300 Dransfield et al., 1999 DF-LIF (h)

(2.5+0.3)x 10730 [N,] 298 D’Ottone et al., 2001 PLP-LIF(i)
Comments

(a) Measurements over the range 1.3—-13 mbar (1-10 Torr). Evaluation assuming limiting third order behavior.

(b)

(©

(d)

(e)

()

)

(h)

Measurements over the range 0.5-6.7 mbar (0.4-5 Torr). Evaluation assuming limiting third order behavior.

Measurements using bath gas concentrations of (3.2x163j molecule cn3. Falloff extrapolation using Kassel in-
tegrals toward#g in agreement with data from Anderson et al. (1974) and Howard and Evenson (1974). Extrapolation
towardsk, oversimplified, but data in the intermediate falloff range in agreement with later work.

Measurements using bath gas concentrations of (5.4x283¥ molecule cnv3. Extrapolation of the falloff data witt#,
= 0.7 leads to the giveky.

Measurements using bath gas concentrations of 1.3-6.7 mbar (1-5 Torr). Evaluation assuming limiting third order behav-
ior.

Measurements over the range 2.6—780 mbar (2—600 Torr). Evaluation of the falloff curvé& witB.3 + 0.03 andk,
= (4.77+ 1.04)x 10~ cm® molecules?® s1. Fit based on data from this work and Anderson et al. (1974), Howard and
Evenson (1974), Anastasi and Smith (1976), Wine et al. (1979) and Burrows et al. (1983).

Measurements over the range 26—-325 mbar (20-250 Torr). Evaluation of the falloff curvé& witld.6 andk,, =
1.45x 1011 (7/300Y 277 cm® molecule 1 s1.

Measurements over the range 6.6—197 mbar (50-150 Torr). Evaluation of the falloff curvé.witbxp(—7/363) and

kso = 3.13x10711 cm® molecule® s1. Fit based on data from this work and Anderson et al. (1974), Howard and
Evenson (1974), Anastasi and Smith (1976), Wine et al. (1979), Burrows et al. (1983), Donahue et al. (1997) and Brown
et al. (1999).

Measurements over the range 40-920 mbar (30—700 Torr) at 273 and 298 K. Data evaluated=nith andk., = (2.4
+ 1.7)x10 1 cm?® molecule't s~1. The use off,. = 0.4 would lead td = 3.7x 1039 (7/300) 30 [N,] cm?® molecule *
s andky, = 4.6x10711 cmd molecule s71.
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Preferred Values
ko = 3.3x1073% (7/300)3C [N,] cm® molecule’! s~1 over the temperature range 200-300 K.
Reliability

Alog kg = + 0.1 at 298 K.
An =+ 0.5.

Comments on Preferred Values

The differences between the various valueg@in part are due to different experimental results, in part they arise from
different falloff expressions using eithét. = 0.6 or smaller values of,.. While the differences in the experimental results
are small near to the low pressure limit, they become increasingly pronounced towards the center of the falloff curve and the
extrapolated.,. There are essentially two groups of studies, those with higher rate constants (e.g. Anastasi and Smith, 1976;
Wine et al., 1979; Brown et al., 1999; D'Ottone et al., 2001) and those with lower values (e.g. Donahue et al., 1997; Dransfield
et al., 1999). As long as the reasons for the differences are not identified, we prefer an average of the results from Donahue e
al. (1997), Brown et al. (1999), Dransfield et al. (1999) and D’Ottone et al. (2001). The falloff extrapolation is done with the
theoretical results foF, = 0.4 and the temperature coefficientkgffrom Troe (2001).

High-pressure rate coefficients

Rate coefficient data

koolcm® molecule st Temp./K  Reference Technigue/Comments
Absolute Rate Coefficients
>3.5x10711 297 Wine et al., 1979 FP-RF (a)
>3.0x10°11 295 Robertshaw and Smith, 1982  PLP-LIF (b)
7.5x10°11 298 Forster et al., 1995 PLP-LIF (c)
(4.77+ 1.04)x10 11 300 Donahue et al., 1997 DF-LIF (d)
(7.5+2.2)x10°11 250-400 Fulle et al., 1998 PLP-LIF (e)
1.45x10-11(1/300) 220-250 Brown et al., 1999 PLP-LIF (f)
3.13x10° 1 220-300 Dransfield et al., 1999 DF-LIF (g)
(2.4+1.7)x10 1 298 D'Ottone et al., 2001 (h)
(5.0+2)x10°11 250-400 Hippler et al., 2002 PLP-LIF (i)
(4.8+0.8)x10°11 298 Smith and Williams, 1985 0)
Comments

(@) See comment (d) fdip. Extrapolation of the falloff curve withF, = 0.7 leads to the given lower limit éf,.
(b) Measurements in the bath gases Ar up to 4 bar andupko 8.6 bar.

(c) Measurements in a static high pressure cell in the bath gas He over the ran6'? 6 3.6x 10°* molecule cnm3 (1-150
bar).

(d) See comment (f) fako.

(e) See comment (c). Measurements in He at 250K between 1.04 and 140 bar, at 300 K between 113 and 1330 bar, anc
at 400K between 1.6 and 1370 bar. High pressure flow cell used below 8 bar, static cell used above 200 bar. Falloff
extrapolations withkg = 1.6x 1030 (7/300)~29 [He] cm® molecule! s~1 and F, = 0.45 (268 K), 0.41 (300K) and 0.33
(400 K).

(f) See comment (g) fako.
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(g) See comment (h) fdi.
(h) See comment (i) fako.

(i) See comment (c) and (e); repeated measurements in high pressure flow cells revealed that those measurements fror
Forster et al. (1995) and Fulle et al. (1998), which were done in a static high pressure cell (pressures above 200 bar), gave
koo Values which are about 30 % too high. Nonexponential profiles of HO decay above 400K at pressures around 100
bar suggest that HOONO isomers are formed besides HMtich become thermally unstable onua-time scale under
these conditions.

() Pulsed laser photolysis — LIF study of the vibrational relaxation H® () + NO, — HO (v = 0) + NO».

Preferred Values

k(1bar) = 1.2 1011 cm® molecule s~ at 298 K.
koo = 4.1x107 11 cm® molecule ! s~ over the temperature range 200—400 K.

Reliability

Alog k(1bar) =+ 0.3 at 298 K.
Alog ks = 4+ 0.3 at 298 K.
An = £ 0.5.

Comments on Preferred Values

See comments on preferred valueg®fThe preferred value df,, is the average of the falloff extrapolations from Donahue
et al. (1997), Dransfield et al. (1999) and D’Ottone et al. (2001), using the theoretical vaiue @ .4 from Troe (2001), the
revised high-pressure value from Hippler et al. (2002) and the vibrational relaxation rate constant from Smith and Williams
(1985). The preferred value &flbar) corresponds to the present preferred valuég ahdk,, and F. = 0.4. It agrees with
the results from D’Ottone et al. (2001). The measurements from Donahue et al. (1997 k{fivieaa) which is about a factor
of 2 smaller. We discard this value because it is difficult to be reconciled with the results from Hippler et al. (2002) and Smith
and Williams (1985), unless complications with isomer formation show up (see the following).

There is only limited information on the extent of formation of HOONO isomers, e.g. discussed in the modeling in Golden
and Smith (2000), Chakraborty et al. (1998) and Matheu and Green (2000), and on their fate. While spectirostopic
detection still has not been possible (Dransfield et al., 2001), non-exponential HO-decays above 400K at pressures near 10!
bar in Hippler et al. (2002) provided clear evidence for its formation. It remains unclear whether HOONO efficiently converts to
HONO; at lower pressures by intramolecular processes, or whether HOONO is a final reaction product. Some information on
a high barrier for the isomerization on HOON® HONGO; is provided byab initio calculations in Sumathi and Peyerimhoff
(1997), however, isomerization in loosely bound structures cannot yet be ruled out. Isotopic scrambling experiments from
Donahue et al. (2001) provide some insight, suggesting that HCibi@ation contributes only 20% tok.,. However, the
theoretical analysis from Troe (2001) seems to rule out a noticeable contribution of HOONO formation under atmospheric
conditions.
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1.A3.44
HO + NO3 — HO» + NO»
AH° = —63.1 kJ mot?

Rate coefficient data

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

Absolute Rate Coefficients

(2.6+0.6)x10°11 298 Mellouki et al., 1988 DF-EPR (a)

(2.0+0.6)x 10711 298 Boodaghians et al., 1988 DF-RF (b)

(1.22+0.35)x10° 1 298 Becker et al., 1992 DF-RF/MS (c)

(2.1£1.0)x10° 11 297 Mellouki et al., 1993 DF-LMR (d)
Comments

(a) Both[HO] and [HQ] (after conversion of H@to HO) were monitored in the presence of excesg Ridicals. [NQ] was
measured by titration with NO or 2,3-dimethyl-2-butene. A complex kinetic analysis accounting for secondary chemistry
was required to extract values af

(b) The measured rate coefficiehtwas corrected for the effects of secondary reactions which accelerate the removal of HO
radicals.

(c) [HO] was monitored by RF, and [N§pand [HO,] were monitored by MS. Identical values bfvere obtained from HO
producedn situby the H + NG reaction or by injection of HO radicals produced from the H +NDF + H,O reactions.
A complex analysis accounting for the secondary chemistry was required to extract vatues of

(d) [HO], [HO2], and [NO] were monitored by LMR in an excess of N@adicals.

Preferred Values

k1 =2.0x10711 cm® molecule ! s71 at 298 K.
Reliability

Alogk = +0.3.

Comments on Preferred Values

The value ofk obtained by Becker et al. (1992) is substantially lower than the values reported in the other three studies
(Mellouki et al., 1988; 1993; Boodaghians et al., 1988) which are in good agreement, although the error limits quoted are
large. In all of the studies it proved necessary to make extensive corrections for the secondary reactions. The preferred value
of k is a simple average of all of the reported values.

No measurements have been made of the temperature dependénoet @ small negative value is expected by analogy
with similar reactions.
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I.A3.45
HO2 + NO — NO>+ HO
AH® = —34.5kJ mot?

Rate coefficient data

kicm® molecule ! 571 Temp./K  Reference Technique/Comments

Absolute Rate Coefficients

(8.1+ 1.5)x10712 296 Howard and Evenson, 1977 DF-LMR (a)

3.3x10 2exg (2544 50)/T]  230-400  Howard, 1979 DF-LMR

8.01x 10712 299

5.7x10 2exg(130+£ 2707]  270-425  Leu, 1979 DF-RF (b)

(9.8+ 1.6)x 10712 298

(1.14+0.3)x10° 11 297 Glaschick-Schimpf etal., 1979  DF (c)

(7.6+ 1.7)x10712 293 Hack et al., 1980 DF-LMR/EPR (d)

3.57x10 P exp(226+ 41)/T] 423-1271 Howard, 1980 DF-LMR (e)

7.6x10°%2 298*

(8.5+ 1.3)x10712 297 Jemi-Alade and Thrush, 1990  DF-LMR (f)

3.0x10 12exp(290+ 30)/T]  206-295  Seeley etal., 1996 DF-MS (g)

(8.04 0.5)x10°12 294

(9.6+ 1.5)x10°12 298 Bohn and Zetzsch, 1997 PLP-A (h)

Relative Rate Coefficients

(7.3+£ 0.7)x10°12 298 Thrush and Wilkinson, 1981  DF-LMR (i)
Comments

(@) [HO,] was monitored by LMR. An upper limit of 45610-3° cm® molecule? s~1 was established for the rate coefficient
of the potentially pressure dependent third-order channel.

(b) [HO] was monitored.

(c) [HO»] was monitored in excess NO by the light emitted at 1,48 after energy transfer from£0'A) produced by a
microwave discharge in NO.

(d) [HO2] was monitored by both LMR and EPR. The rate coefficient was observed to be pressure independent over the range
2.1-16.7 mbar (1.6-12.5 Torr).

(e) The same technique was used as in similar earlier studies (Howard and Evenson, 1977; Howard, 1979) from the same
laboratory. The author combined the data from the present study with that at lower temperatures from the earlier studies
(Howard and Evenson, 1977; Howard, 1979) to derive the expreksi@51x 1012 exp[(240+ 30)/T) cm? molecule™?
s~1 for the temperature range 232-1271 K. The rate coefficient for the reverse reaction was also measured over the range
425-1115K and from the two studies a valueraf°(HO,) = (104 2.5) kJ mot! at 298 K was derived. The value bf
at 298 K tabulated is obtained by extrapolation of the high temperature expression.

(f) [HO2] was monitored by LMR and HO radicals were scavenged #55Cl. k was observed to be independent of pressure
over the range 1.1-17 mbar (0.8-13 Torr).

(g) Turbulent fast flow technique was used. [FJJHO], and [NO;] were monitored by high pressure chemical ionisation
mass-spectrometry. was found to independent of pressure over the range 93—-253 mi{@ONL90 Torr) at 294 K.

(h) Pulsed laser photolysis at 248 nm of®$/NO/O, mixtures at total pressures of 0.1, 0.5, and 1 bar. [HO] was monitored
by time resolved CW UV laser absorption in the 308 nm region. The valéenais found to be independent of pressure.
The rate of HO formation and H{removal were found to be identical within experimental error indicating an HO yield
close to unity.
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(i) [HO] and [HO;] were monitored by LMR. The steady-state values of [HO] and {H@ere measured in a system where
their relative concentrations are related by [HOJ/[H® k/k(HO + H,05). k was calculated using a rate coefficient of
k(HO + Hy0») = 1.7x 1012 cm?® molecule s~ (this evaluation).

Preferred Values

k= 8.8x10712 cm® molecule’! st at 298 K.
k = 3.6x10"12 exp(2701") cm® molecule’! s~1 over the range 200-400 K.

Reliability

Alogk = £ 0.1 at 298 K.
A(E/R) =+ 100K.

Comments on Preferred Values

Since our previous evaluation, IUPAC (1997), the rate coefficient has been measured at 298 K by Gershenzon et al. (1999)
and by Bohn and Zetzsch (1997). The latter study gave a valkénojood agreement with our preferred value. Gershenzon
et al. (1999), using a novel EPR technique to follow the course of the reaction, obtained a vetug/of 2)x10-12 cm?
molecule ! s~1 also in agreement with our preferred value within the fairly wide error limits of the experiment.

The preferred value df at 298 K is the mean of the values of Howard and Evenson (1977), Howard (1979), Leu (1979), Hack
et al. (1980), Jemi-Alade and Thrush (1990), Seeley et al. (1996) and Bohn and Zetzsch (1997). The temperature dependenc
is the mean of the values of Howard (1979) and Seeley et al. (1996), which are preferred to the less precise value of Leu (1979).
The pre-exponential factor is adjusted to fit the preferred valuead 298 K.

Theab initio calculation of Chakraborty et al. (1998), based on formation and rapid decomposition of an HOONO interme-
diate, gives values of the rate parameters in reasonably good agreement with our preferred values.
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1.A3.46
HO2 + NO> + M — HO>NO> + M

AH° =-100.5 kJmol~?

Low-pressure rate coefficients

Rate coefficient data

kolcm® molecule 571 Temp./K Reference Technigque/Comments
Absolute Rate Coefficients

(2.09+ 0.52)x 10731 [N,] 300 Howard, 1977 DF-LMR (a)

(2.5+ 0.5)x 10731 [N,] 283 Cox and Patrick, 1979 (b)
(2.3+0.6)x103%(T/300 6 [N,] 229-362 Sander and Peterson, 1984  (c)

1.5x10731Ny] 298 Kurylo and Ouellette, 1986  (d)

1.8x 107341 /300 ~32£04 [N,] 228-358  Kurylo and Ouellette, 1987  (d)

Comments

(a) Discharge flow system study with laser magnetic resonance detectiorpofflH®pressure range was 0.7—4 mbar (0.5-3
Torr). The linear plot okg as a function of [M] with a non-zero intercept was interpreted as contribution from the reaction
HO,; + NO, — HONO + O. As this reaction channel is not present (see comments on preferred values), the non-zero
intercept has to be attributed to a curved falloff plot.

(b) Molecular modulation UV spectrometry. H®@adicals were generated by Jhotolysis in the presence oftand G.
O2-N2 mixtures used in the pressure range 53—-800 mbar (40—600 Torr).

(c) Flash photolysis-UV absorption study in the pressure range 67—-930 mbar (50—700 Torr). A strong enhancement of reaction
in the presence of water vapor was observed, suggested to be due to formatioprdbB@omplexes.

(d) Flash photolysis of GICH30OH-NO, mixtures in the presence of;@r N2, with HO, detection at 225 nm. The falloff

curve measured over the pressure range 33—800 mbar (25-600 Torr). The rate coefficient was evaluated kg
andks, = 4.7 x 10°12 (7/300) 1410 cm® molecule ! s,

Preferred Values
ko = 1.8x 1031 (7/300)32 [N5] cm?® molecule ! s~1 over the temperature range 220-360 K.

Reliability

Alog ko = £0.10 at 298 K.
An = £1.

Comments on Preferred Values

The studies of Howard (1977), Cox and Patrick (1979), Sander and Peterson (1984) and Kurylo and Ouellette (1986, 1987)
are in reasonable agreement. The preferred values are based on the study of Kurylo and Ouellette (1987), with the rate
coefficientkg being evaluated with the value fég, given below andf, = 0.6. Modification ofF, will lead to minor changes
in ko andk,. Unsuccessful search for HONO as a reaction product in Dransfield et al. (2001) indicates that the reagtion HO
+ NO2; — HONO + O, (at a pressure of 120 Torr [160 mbar]) does not occur.
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High-pressure rate coefficients

Rate coefficient data

koolcm® molecule ! s1 Temp./K  Reference Technique/Comments
Absolute Rate Coefficients
>1.7x10°12 283 Grahametal., 1977, 1978  (a)
>(1.540.5)x10°12 283 Cox and Patrick, 1979 (b)
4.2+ 1.0)x10712(T/300%2#10  229-362  Sander and Peterson, 1984  (c)
5.5x10°12 298 Kurylo and Ouellette, 1986  (d)
4.7x10713(1/300~14+10 228-358  Kurylo and Ouellette, 1987  (d)

Comments

(a) From thermal decomposition of HNO in a static reactor with FTIR spectroscopic analysis obNO». Measurements
at 1 bar of N converted to recombination rate coefficients with the equilibrium constants given in Uselman et al. (1978).

(b) See comment (b) fory. Determination ok, by extrapolation of a curved Lindemann-Hinshelwood plot gave an inter-
nally consistent falloff plot. The measured value was9.2x 10~12 cm® molecule ™ s~1 at 800 mbar (600 Torr) of a 1:1
mixture of Nb and Q.

(c) See comment (c) fdi.

(d) See comment (d) fdip.

Preferred Values
koo = 4.7x10712 cm® molecule’® s1, independent of temperature over the range 220-360 K.
Reliability

Alog ko = +0.2 at 298 K.
An = 1.

Comments on Preferred Values

The preferred values are based on the measurements from Sander and Peterson (1984) and Kurylo and Ouellette (1986) ar
the falloff analysis of Kurylo and Ouellette (1987). Thgandk., values are based af. = 0.6. Modification of the standard
value of F, will lead to minor changes ikg andk... As long as a temperature independent= 0.6 is used and experimental
uncertainties in the temperature coefficient& gfremain large, we prefer a temperature independent valkg, of
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I.A3.47

HO2NO2 + M — HO2 + NO2> + M

AH° =100.5 kdmol—1

Low-pressure rate coefficients

Rate coefficient data

kols™t Temp./K  Reference Technique/Comments
Absolute Rate Coefficients

1.5x1072°[N,] 298 Cox and Patrick, 1979  (a)
5.2x10 % exp[— (100144 250/ T1[N2] 261-295 Grahametal., 1978  (b)

1.3x1072°[N,] 298

4.1x 1075 ex—(10645+ 260)/T1[N,] 261-307  Zabel, 1995 ()

1.2x1072[Ny] 298

Comments

(a) Derived from measurements of the reverse reaction. Conversion of the data to the dissociation reactyNOafl$ihg
the equilibrium constank, = 1.68x 10?8 exp(~119771") cm® molecule™! from Uselman et al. (1978) and comparison
with earlier dissociation data.

(b) FTIR study in a 5800 L chamber. Measurements were made at 1.3-9.3 mbar (1-7 Tarrpohigher pressures9.3
mbar), deviations from low pressure behavior were observed.

(c) FTIR study in a 420 L chamber. The pressure range was 14-1027 mbar (10-772 Torr). The falloff curve was evaluated
with F. =0.5.

Preferred Values

ko =1.3x10"2°[N,] s~ 1 at 298 K.
ko = 4.1x107° exp(—106501") [N>] s~* over the temperature range 260—300 K.

Reliability

Alog kg = +£0.3 at 298 K.
A(E/R) = £500K.

Comments on Preferred Values

The preferred values are from the study of Zabel (1995), and are in close agreement with those from Graham et al. (1978).
The data from Zabel (1995) provide the most consistent picture of aJN&D dissociation reactions. Falloff curves are
constructed withF,. = 0.5.
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High-pressure rate coefficients

Rate coefficient data

kools™t Temp./K  Reference Technique/Comments
Absolute Rate Coefficients

>0.018 278 Grahametal., 1978 (a)

5.7x 10 exp(—1117Q'T) 261-307 Zabel, 1995 (b)

0.30 298

Comments

(a) See comment (b) fdip. This is a lower limit since a linear Lindemann-Hinshelwood evaluation of the falloff curve was
made for the pressure range 0.013-1.01 bar (10-760 Torr).of N

(b) See comment (c) fdw.

Preferred Values

kso =0.25 51 at 298K.
koo = 4.8x 10 exp(—=111701') s~* over the temperature range 260—300 K.

Reliability

Alog ke = £0.5 at 298 K.
A(E/R =+500 K.

Comments on Preferred Values

See Comments on Preferred Values #gr The data from Zabel (1995) were re-evaluated with= 0.6 such as used for
the falloff curves of the reverse reaction H® NO, + M — HO>NO, + M and becausé, is identical for the forward and
backward reaction. Since the measurements from Zabel (1995) were made close to the low pressure limit, only the extrapolation
0 ko is noticeably influenced by the change of the used
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1.A3.48

HO, +NO3 — Oz +HNO3 (1)
—~ HO+NO2+0, (2)

AH°(1) = —223.4 kJ mot?
AH°(2)=—-17.9 kJ mot?

Rate coefficient data k = k1 + k2)

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

Absolute Rate Coefficients

k1=(9.2+4.8)x10°13 298 Mellouki et al., 1988 DF-EPR (a)

ko = (3.6 0.9)x107 12 298

2.3x10 2exp[(170+ 270/T] 263-338 Hall et al., 1988 MM-UV/VIS (b)

(4.1+0.8)x10712 298

k1 =(1.94 0.8)x10712 298 Becker etal., 1992  DF-RF/MS (c)

ko= (2.5+ 0.7)x10712 298

(3.0£0.7)x10°1? 297+ 2 Melloukietal., 1993 DF-LMR (d)
Comments

(a) [HO] and [NGs] were monitored in excess NKinetics of a complex mechanism were analysed to extract values of rate
coefficients. Values of(HO + NO3) were also obtained (see the HO + pl@ata sheet).

(b) [HO2] and [NOs] were monitored by visible and UV spectroscopy. The kinetics of a complex mechanism were simulated
to extract values of rate coefficients. An upper limikeft < 0.6 was obtained from measurements of [HO] by modulated
resonance absorption.

(c) [HO] monitored by RF, and [N€) and [HO,] monitored by MS. A quasi-steady state of [H@nd [HO] is produced by
reaction of HO with N@, in excess, to reform Hfradicals. k1 was inferred from the extra loss of H@ollowing the
establishment of the quasi-steady state.

(d) [HO], [HO2], and [NO,] were all monitored by LMR. Three different methods for generation ogM@re usedk could
be obtained under pseudo-first-order conditions by using an excesszodNadding @F3ClI to scavenge HO radicals.
A value of the branching ratio was obtained by simulation of the time dependences of [HO] appUsiy a simple
mechanism.

Preferred Values
k= 4.0x 1012 cm® molecule! s~1 at 298 K.
Reliability
Alogk =+ 0.2.
Comments on Preferred Values

Although the study of Mellouki et al. (1993) gives a valuekait 298K some 30% lower than obtained in the earlier studies
(Mellouki et al., 1988; Hall et al., 1988; Becker et al., 1992), all of the values are within the reported error limits, which are
substantial. The preferred value is a mean of the data from all four studies (Mellouki et al., 1988; 1993; Hall et al., 1988;
Becker et al., 1992). Measurements of the branching katioat 298 K range from< 0.6 (Hall et al., 1988) to 1.0 (Mellouki et

al., 1993). The study of Mellouki et al. (1993), in which HO yields were measured, appears to be the most direct, and suggests
that the reaction proceeds almost entirely through the second channel, but at this stage no recommendation is made for th
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branching ratio because of the experimental uncertainties. Similarly, data on the temperature dependence is considered to b
too uncertain to make a recommendation.
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1.A3.49

NH», + O», — Products

Rate coefficient data

kicm?® molecule s71 Temp./K Reference Technigque/Comments
Relative Rate Coefficients
<6x1074 296 Tyndall etal., 1991 (a)

Comments

(a) Photolysis of NH in the presence of excess Orhe concentrations of NO, NQand NO, the only likely products, were
measured by FTIR spectroscopy. The upper limit to the rate coefficient was based on computer simulation of a substantial
reaction mechanism.

Preferred Values

k < 6x10721 cm® molecule? s71 at 298 K.
Comments on Preferred Values

This reaction has several energetically feasible channels, including those leading to p@anti HNO + HO. The mea-
surements of Tyndall et al. (1991) set an upper limit to the channels leading directly, or indirectly, to NCadNO. This
result confirms earlier conclusions that the reaction is very slow (Lesclaux and Demissy, 1977; Cheskis and Sarkisov, 1979;
Patrick and Golden, 1984; Lozovsky et al., 1984; Michael et al., 1985) making it unimportant in the atmosphere.
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I.A3.50
NH2 + O3 — Products

Rate coefficient data

kicm?® molecule1 s71 Temp./K  Reference Technique/Comments

Absolute Rate Coefficients
4.2x10 2 exg— (12504 250/T]  298-380 Kurusawa and Lesclaux, 1980 FP/LIF

(6.3+ 1.0)x10°14 298

(1.2£0.3)x10° 13 298 Bulatov et al., 1980 FP (a,b)

2.01x10 2 exp— (7104 50)/T]  250-358 Hack etal., 1981 DF-LIF (b)

(1.84£0.16)x10°13 295

1.57x10 M exp—(1151+ 123/T] 272-348 Patrick and Golden, 1984 PLP-RA

(3.25+0.27)x10° 13 298

(1.5+0.3)x10°13 298 Cheskis et al., 1985 PLP-LIF (c)
Comments

(@) [NH2] monitored by intracavity laser spectroscopy.

(b) Deviation from first order kinetics observed at high @essures, and interpreted as due to formation of®Hvhich
regenerates Nfby reaction with Q.

(c) The rate coefficients of reaction of vibrationally excited Nith O3 were also measured and found to be a factor of 10
greater than that of Ngin its ground vibrational state.

Preferred Values

k=1.7x10"13 cm® molecule’! s71 at 298 K.
k = 4.9x10~12 exp(—1000/') cm?® molecule’® s~1 over the temperature range 250-380 K.

Reliability

Alogk = 4+ 0.5 at 298 K.
A(E/R =+ 500K.

Comments on Preferred Values

The reported rate coefficients at 298 K vary by a factor of 5. There is no convincing argument for rejecting any of the studies
and, therefore, the preferred rate coefficient at 298 K is taken as the average of the results of Kurasawa and Lesclaux (1980)
Bulatov et al. (1980), Hack et al. (1981), Patrick and Golden (1984) and Cheskis et al. (1985). The temperature dependence
of k is obtained by averaging the values of Kurasawa and Lesclaux (1980), Hack et al. (1981) and Patrick and Golden (1984).
Although the products of the reaction have not been characterized, the most likely process is transfer of an oxygen atom to
form NH20 + O,. It has been suggested (Bulatov et al., 1980; Hack et al., 1981) thatidi be regenerated by reaction with
Og, but the study of Patrick and Golden (1984) indicates that this reaction must be slow.
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I.A3.51
NH2 + NO — No+ H20 Q)
— NoH + HO 2)
—-No+H+HO (3)
AH°(1) =—-520.8 kJ mot!
AH®(3) =—23.8 kJ mof?
Rate coefficient data k = kg + ko + k3)
klcm® moleculet s71 Temp./K  Reference Technique/Comments
Absolute Rate Coefficients
2.7x10° 11 300 Gordon et al., 1971 (a)
(8.3+ 1.7)x10712 298 Gehring et al., 1973 DF-MS (b)
2.1x10787-125 300-500 Lesclaux etal., 1975 FP (c)
(1.84+0.3)x10°11 300
(2.1+0.2)x10° 11 298 Hancock et al., 1975 FP-LIF
(1.74+0.4)x10°11 298 Sarkisov et al., 1978 FP (d)
45x107 7718 210-500  Hack et al., 1979 DF-LIF
9.7x10°12 298
2.77x10° 77167 216-480  Stiefetal., 1982 FP-LIF (e)
(2.104 0.31)x 1071 298
4.4x107°T 23 exp(—684/T) 294-1215  Silver and Kolb, 1982 DF-LIF (f)
(9.59+ 2.4)x10711 298
(1.7+£0.5)x10°11 295 Andresen et al., 1982 PLP (g)
(1.8140.12)x 1071 297 Whyte and Phillips, 1983 PLP-LIF
1.7x10°11 298 Dreier and Wolfrum, 1985 PLP (h)
(1.3+£0.4)x10° 11 298
1.3x10787~(1.17+0.25 294-1027 Atakan etal., 1989, 1990 PLP-LIF (i)
(1.67+0.25)x10° 11 298
5.6x10767-22 295-620  Bulatov et al., 1989 FP (d)
2.2x10° 11 298 Pagsberg et al., 1991 ()
5.437*02exp(—1034/T) 293-612  Wolfetal., 1994 PLP-LIF
(1.9+0.1)x10° 11 295
2.2x10 Rexp((525+ 80)/T)] 297-673  Diauetal., 1994 PLP (k)
(1.45+ 0.08)x 10~ 11 297
1.4x10°11 298 Yu and Lin, 1994 PLP (d)
(1.9+0.3)x10°11 299 Imamura and Washida, 1995  PLP (1)
1.38x 107107057 exp(300/ T) 305-1037 Park and Lin, 1997 PLP-MS (m)
(8.59+ 0.40)x 1012 305
(ka + k3) = 1.4x 107147958 exp(502/T)  300-1000
k1 =1.37x107°7 0% exp(192/T) 300-1000
1.65x10 T~ 1> exp(—93/T) 203-813  Wolfetal., 1997 PLP-LIF (n)
(1.87+ 0.02)x 1011 295
Branching Ratios
(k2 + k3)/k = 0.10+ 0.02 295 Bulatov et al., 1989 FP-AS (d)
(ko + k3)/k = 0.104 0.025 300 Atakan et al., 1989, 1990 PLP-LIF (i)
k1lk =0.85 295 Stephens et al., 1993 PLP-AS (0)
(ko + k3)lk = 0.10 295
kilk=0.7+£0.2 298 Quandt and Hershberger, 1996 PLP (p)
k1/k =0.90 300 Park and Lin, 1996, 1997 PLP-MS (q)
(k3 + kg)lk = 0.10 300
(k2 + k3)/k = 0.090+ 0.002 298 Wolf et al., 1997 DF-MS (r)
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Comments

(a) Pulse radiolysis of Ns#NO mixtures at 670 mbar (500 Torr) total pressure. plidonitored by time-resolved absorption
spectroscopy.

(b) NO, was added to an excess of H atoms followed by addition o§.NAnalysis by time-of-flight mass-spectrometry.

Vibrationally excited HO was observed as a product. The addition productMNBi was also observed to the extent of
5% of the N formed.

(c) [NH2] was monitored by absorption spectroscopy. No pressure dependehagasfobserved over the range 2.7-930
mbar (2—700 Torr) of M.

(d) [NH2] was monitored by intracavity laser absorption.

(e) [NH2] was monitored by LIF. Production of HO was looked for by resonance fluorescence and found under static condi-
tions but not under flowing conditions. An upper limit @ k3)/k < 0.22 was obtained.

(f) [NH2] was monitored by LIF. HO production was detected by RF or by LIF. A rate coefficient fati® k3)/k = 0.4+
0.1 was obtained but the data were later re-analysed by the authors to give a value of 0.12. H-atom production was looked
for using RF; an upper limit of 0.05 was found for the branching ratio of channels leading to H atoms.

(g) The rate coefficient was obtained by monitoring the production of vibrationally excit€dhy observation of infrared

and visible emissions. RA and LIF were used to monitor [HQk > 0.65 was obtained with the H-atom yield beigg
0.05.

(h) [NH2] and [N2] were monitored by coherent anti-Stokes Raman spectroscopy (CARS). Another independent value of the
rate constant was obtained by monitoring the IR fluorescence of vibrationally exci@d H

(i) [HO] was monitored by LIF. The HO vyield was determined by using HO production fro@Hphotolysis to calibrate
for [HO].

() Pulse radiolysis, of Ar-S§=NH3-NO mixtures at a total pressure of 50 mbar. [NH] and [HO] were monitored by
time-resolved UV absorption spectroscopy. The observed yield of HO was small suggesting a Vialuekgj/k ~ 0.07.

(k) [NH2] was monitored by cavity ring down absorption spectroscopy at 537.6 nm.

() [NH2] was monitored by photoionization mass spectrometry.

(m) Pulsed laser photolysis of NFNO mixtures. [HO] and [NO] were monitored by time-resolved mass-spectrometry and
values ofk were derived from detailed modelling of theJ@&] and [NO] profiles. In a subsequent publication (Park and
Lin, 1999) the data are re-analysed and expressions derived givand &2 + k3) up to temperatures above 2000 K but

these expressions agree very closely with those cited hefle£at000 K.
(n) The expressioh = 2.66x 1087127 cm® molecule ! s~1 also provides a good fit to the data.

(0) Pulsed laser photolysis of NHNO mixtures. [BHO], [HO], [NH3], and [NH;] were monitored by infrared absorption
spectroscopy.

(p) Pulsed laser photolysis of NFNO mixtures. [BO] and [NH] were monitored by infrared absorption spectroscopy.
This was a preliminary study to an investigation of the branching in the NNO, reaction.

(q) Pulsed laser photolysis of NPNO-CO mixtures. Time-resolved mass-spectrometric measurements@©f,[fNO] and
of [COy] produced by scavenging of HO by the CO.

(r) NH2 radicals were generated by the F + Nkeaction in a flow He carrier gas to which an NO-CO-He mixture was

added downstream of the Nigieneration point. [H and [COy] were determined by mass-spectrometry. ThesNINO
reaction was also studied.
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Preferred Values

k=1.6x10"1 cm® molecule’! s~ at 298 K.

k =1.6x10"11 (7/298) 14 cm?® molecule ! s~1 over the temperature range 210-500 K.
kilk = 0.9 at 298 K.

(k2 + k3)/k = 0.1 at 298 K.

Reliability

Alogk = £+ 0.15 at 298 K.

An = £ 0.5.

Akylk = + 0.05 at 298 K.

A(kz + k3)/k = £ 0.03 at 298 K.

Comments on Preferred Value

The values of the rate coefficients obtained in the pulsed photolysis studies are significantly higher than those obtained using
the discharge flow technique. The reason for this discrepancy is not known. The preferred value at 298 K is therefore taken
as the mean of the values reported in the below references. The temperature dependence is based on the data below 500 K
the temperature dependence studies of Lesclaux et al. (1975), Hack et al. (1979), Stief et al. (1982), Silver and Kolb (1982),
Atakan et al. (1989; 1990), Bulatov et al. (1989), Wolf et al. (1994; 1997), Diau et al. (1994) and Park and Lin (1997).

The preferred values of the branching ratios are based on the direct measurements of Atakan et al. (1989; 1990), Stephens ¢
al. (1993), Park and Lin (1996; 1997) and Wolf et al. (1997). The less direct study of Bulatov et al. (1989) and the preliminary
study of Quandt and Hershberger (1996) are in satisfactory agreement with the preferred values.

There are now reasonably consistent measurements of the branching raties Lpd0 K. The value ofi + k3)/k remains
virtually independent of temperature over the range covered by our recommendations but begins to rise steadily at temperature:
in excess of 600K reaching a value-©f0.53 at 1700 K (Park and Lin, 1999).
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I.LA3.52
NH2 + NO2 — NoO+HO (1)
— N2+H202  (2)
— HNO+NO  (3)
AH°(1) = -381.7 kJ mot*
AH°(2) = —358.2 kJ mot?!

Rate coefficient data k = k1 + ko + k3)

klcm® molecule ! s71 Temp./K  Reference Technigque/Comments
Absolute Rate Coefficients
3.8x10° 87130 298-505 Kurasawa and Lesclaux, 1979 FP-LIF (a)
(2.3+0.2)x10°11 298
(2.11+ 0.18)x10° 1 297 Whyte and Phillips, 1983 PLP-LIF (a)
(2.26+ 0.08)x10°11 298 Xiang et al., 1985 PLP-LIF (b)
(2.140.4)x1071(T/299 -7  295-620 Bulatov et al., 1989 FP (c)
1.35x10° /T~ 1% exp(—135/T) 300-910 Park and Lin, 1996,1997 PLP-MS (d)
(1.394 0.07)x 1071 300
Branching Ratios
k1/k =0.14+ 0.02 298 Quandt and Hershberger, 1996 PLP-TDLS (e)
k1/k =0.59+ 0.03 298 Meunier et al., 1996 PR-TDLS (f)
kalk =0.40+ 0.05 298
ki/k =0.19+ 0.02 300-990 Park and Lin, 1996, 1997 PLP-MS (g)
kilk =0.24+ 0.04 298 Lindholm and Hershberger, 1997 PLP-TDLS (h)
kslk =0.76+ 0.1 298

Comments

(a) [NH2] monitored by time resolved LIF at 598 nm.

(b) Pulsed infrared multiphoton dissociation §IHCH3NH>, or NoHy4 used for NH production. State selected Nidoncen-
tration monitored by time resolved LIF at 533 nm. The rate constant for(IWH1) was also measured and found to be
less than that for ground state NH

(c) [NH2] was monitored by intracavity absorptiok.was found to be independent of pressure over the range 13—-870 mbar
(10-650 Torr).

(d) NHy produced by pulsed laser photolysis at 193 nm osNNH3, H2O, NoO, NO,, and G were detected by quadrapole
mass spectrometry. Valuesiofvere obtained from the concentration profiles of the fN@ecay and from the formation
of HO and NO. Substantial modelling was used to correct for effects of secondary chemistry.

(e) Pulsed laser photolysis at 193 nm of NNO,-Sks mixtures. [NO], [NO], and [H,O] were monitored by time resolved

infrared diode laser absorption spectroscopy. Large yields of NO are produced by unidentified secondary chemistry
precluding determination af/k.

() Pulse radiolysis, of Ar-S§NH3-NO» mixtures at a total pressure of 40 mbar. [NHN2O], and [NO] were monitored
by time-resolved infrared diode laser spectroscopy.

(g) Technique as in (d). Branching ratios based on th® Melds. The value of1/k derived depends on the expressionifor
used in the detailed modelling of the system. In one of the studies (Park and Lin, 1996) the expressmfrGtarborg
et al. (1995) was used and in the other study (Park and Lin, 1997) valées@dsured in the same study were used. The
same values of;/k was obtained in the two studies.

(h) Technigue basically as in (e) but NMigenerated by photolysis of ICN at 248 nm in the presence of,Ng#4ding to the
fast reaction CN + Nl — HCN + NH,. Use of this source eliminates excessive NO production by secondary chemistry
and allows derivation ofs/k from the measured NO yield. [NHi [N20O], and [NO] were monitored.
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Preferred Values

k=2.0x10" cm® molecule st at 298 K.

k =2.0x10711 (7/298) 13 cm?® molecule ! s~1 over the temperature range 250-500 K.
k1/k = 0.25 over the temperature range 298-500 K.

k3/k = 0.75 over the temperature range 298-500 K.

Reliability

Alogk = £ 0.2 at 298 K.
An =+£0.7
Akilk = Akslk = £ 0.15 over the temperature range 298-500 K.

Comments on Preferred Values

At 298 K the results of Kurasawa and Lesclaux (1979), Whyte and Phillips (1983), Xiang et al. (1985), Bulatov et al. (1989)
and Park and Lin (1997) are in reasonable agreement and our preferred val(29®K) is taken as an average of the values
from these studies. Other studies are those of Hack et al. (1979) and Pagsberg et al. (1991). Hack et al. (1979), using &
discharge flow technique over the range 250-500 K, obtained a significantly lower value at 298 K than those from the other
studies, and this discrepancy increases at higher temperatures, approaching a factor of 4 at 500 K. The pulse radiolysis stud
of Pagsberg et al. (1991) also gives a low value at 298 K.

There are also significant differences in the values found for the temperature dependentieeofesults of Kurasawa and
Lesclaux (1979) and of Park and Lin (1997) are in excellent agreement and are the basis for the temperature depéndence of
in our preferred expression. Bulatov et al. (1989) observe a slightly greater temperature dependence but their results fall within
the error limits assigned. Only the larger temperature dependence observed by Hack et al k(2979)X°) appears to be
incompatible with the other studies.

Theoretical treatments (Mebel et al., 1995) of the reaction mechanism suggest that channels (1) and (3) are the most probabils
and the experimental studies confirm this qualitatively but the quantitative agreement on the branching ratios is poor. The early
study by Hack et al. (1979) suggested that channel (1) should predominate to the extent of 95% of the total reaction and
Glarborg et al. (1995), who studied the BYNO, reaction in a flow reactor over the range 850-1350 K, from their modelling
of the changes in reactant and product concentrations concluded also that channel (1) predominates at low temperatures, bt
channel (3) is the more important at high temperatures. However the direct measurements favour channel (3) at all temperature:
up to 900K (Park and Lin, 1996; 1997). The studies of Lindholm and Hershberger (1997) and of Park and Lin (1996; 1997)
appear to be the most direct and are in reasonable agreement. Provisionally, the recommended branching ratios are based ¢
these studies (Park and Lin, 1996; 1997, Lindholm and Hershberger, 1997) but with substantial error limits.

No evidence has been found for the occurrence of channel (2) or for the other exothermic channels leagin@HON
and/or 2HNO (Lindholm and Hershberger, 1997).
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I.A3.53
2NO + Oy — 2NO,
AH° =—-114.1 kJ mot?

Rate coefficient data

kicmP molecule? st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.0+0.1)x10°38 298 Stedman and Niki, 1973 ()
1.8x10 *"exp(1600/T)  226-758 Olbregts, 1985 (b)
2.1x10738 298
Comments

(a) Static system. Photolysis of 1-100 ppm mixing ratios obN©Qair using chemiluminescence detectors to monitor NO,
NO,, and Q.

(b) Static 1 L reactor. Total pressure was measured with a differential micromanometer, ajfjdridE3ured in absorption
at 436 nm. Pressures of NO and €anged up to 35 mbar (26 Torr.). Non-Arrhenius behaviour was observedcwith
first decreasing with increasing temperature, reaching a minimum value at 600 K, and then increasing with increasing
temperature.

Preferred Values

k=2.0x10738 cm® molecule? st at 298 K.
k = 3.3x10739 exp(5301") cm® molecule? s~1 over the temperature range 270-600 K.

Reliability

Alogk = £ 0.1 at 298 K.
A(E/R) =+ 400 K.

Comments on Preferred Values

The preferred values are those recommended in the evaluation of Baulch et al. (1973), which are based on the evaluation o
a substantial quantity of consistent data reported up to 1972. The results of studies performed since that evaluation, which are
given in the Table, are in excellent agreement with the preferred values.

Olbregts (1985) observed non-Arrhenius behaviour over the entire temperature range studied and éxjpyesseatified
Arrhenius expression and, also, as the sum of two Arrhenius expressions. However, from 250K to about 600K the total rate
coefficients of Olbregts (1985) are in good agreement with the values calculated from the expression recommended here, whick
is adequate for atmospheric modelling purposes. Olbregts (1985) interpreted his results in terms of a multi-step mechanism
involving NOgs or the dimer (NO)
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I.A3.54
NO + O3 — NO, + O
AH° = —-199.8 kJ mot?

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
2.34x10 2 exp—(1450+ 50)/T] 203-361 Birks etal., 1976 (a)
(1.734 0.09)x 1014 297
4.3x10 2expg—(1598+ 50)/T] 283-443 Lippmannetal., 1980  (b)
(2.144 0.11)x 101 304
3.16x10 1%exp—(1556+ 40)/T] 212-422 Ray and Watson, 1981  DF-MS
(1.804+ 0.04)x 1014 299
2.6x10 12exp—(1435+ 64)/T]  195-369 Michael et al., 1981 (c)
(2.04£0.2)x10° 1 298
8.9x101°122 exp(—765/T) 204-353 Borders and Birks, 1982  (d)
(1.724+0.04)x10714 298
5.1x 10" exp—(1670+ 100/T] 263-328 Moonen et al., 1998 (e)
(1.904 0.19)x 1014 298

Comments

(a) Fast flow system with £in excess and with [NO] monitored by mass spectrometry.

(b) First order decay of [g] in the presence of excess NO in a 228 stainless steel spherical vessel at pressures below 0.13
mbar (0.1 Torr). Chemiluminescence was monitored under stopped flow conditions

(c) Three independent low pressure fast-flow studies were carried out. The extent of reaction was monitoredtgmNO
luminescence under conditions of excess NO or excessli©other experiments the decay of [NO] in excessvas
monitored by RF. The results from all of the studies were in good agreement. An Arrhenius plot of the data showed sig-
nificant curvature withE /R varying from 1258 K over the temperature range 195-260 K, to 1656 K over the temperature
range 260-369 K.

(d) Dual flow tube technique with NOchemiluminescence used to monitor the reaction progress. The authors claim that
this technique gives accurate valuestyfR over temperature intervals as small as 10 K. Nonlinear Arrhenius behaviour
was observed witlE /R increasing from a value of 1200K at the lowest temperature studied to 1470K at the highest
temperature.

(e) A novel flow technique was used in which the reaction chamber consisted of PTFE tubing immersed in a thermostat.
Different reaction times were achieved by varying the tube length. The carrier gas was artificial air at atmospheric
pressure into which small concentratiors 102 molecule cn?) of NO and Q were introduced in comparable amounts
so that the reaction occurred under second order conditions. Concentrations at the outlet of the reactor were measured b
means of an NO/N@chemiluminescence analyser. Some experiments were carried out at 200 K but are not included in
the derivation of the Arrhenius expression because of their uncertain reliability.

Preferred Values

k =1.8x10714 cm?® molecule’! s~1 at 298 K.
k = 1.4x10"12 exp(~1310/) cm® molecule’? s1 over the temperature range 195-308 K.
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Reliability

Alogk = £+ 0.08 at 298 K.
A(E/R) = £ 200K.

Comments on Preferred Values

The preferred Arrhenius expression is based on a least squares analysis of the data over the range 195-308 K reported b
Birks et al. (1976), Lippmann et al. (1980), Ray and Watson (1981), Michael et al. (1981), Borders and Birks (1982) and
Moonen et al. (1998). The data at closely spaced intervals reported by Lippmann et al. (1980) and by Borders and Birks
(1982) were grouped to give approximately equal weight to the six studies. The temperature range was limited because of
the non-linear Arrhenius behaviour observed by Clyne et al. (1964), Clough and Thrush (1967), Birks et al. (1976), Michael
et al. (1981) and by Borders and Birks (1982). Earlier room temperature results of Stedman and Niki (1973) and Bemand et
al. (1974) are in good agreement with the preferred value at 298 K.

Clyne et al. (1964), Birks et al. (1976), Schurath et al. (1981) and Michael et al. (1981) have reported individual Arrhenius
expressions for each of two primary channels, one to producg iN@s electronic ground state and the other leading to
electronically excited N@
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1.LA3.55
NO + NO2 + M — NoO3+ M

AH° = —40.6 kdmol~1

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule s~ Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(6.74 0.6)x 10-33 [Ar] 207 £2  Smith and Yarwood, 1987 FP (a)
(9.14 0.7)x10733[N,] 208+ 2
(2.842.8)x 107157~ 7#08) [Af]  227-260 Markwalder et al., 1993 (b)
4.1x10-3[Ar] 208 +2
Comments

(a) Partial photodissociation of @3 in equilibrium NQ-N204-NO-N203-M mixtures with M = He, Ar, Ne, N and CR

(see also Smith and Yarwood, 1986). The relaxation to equilibrium was monitored by observing the absorpt©g of N
at thev; band at 1829.59 cnt. The total pressure was 253-667 mbar (190-500 Torr). Falloff curves were extrapolated
using F, = 0.60 for Ar and N.

(b) CO laser-induced temperature jump measurements withNg®4-N2O3-NO-SiF-Ar equilibrium mixtures. The sub-
sequent relaxation toward equilibrium was monitored by UV absorption,@fMNt 253 nm.

Preferred Values

ko = 3.1x 1034 (7/300)~ "7 [N5] cm?® molecule ! s~1 over the temperature range 200-300 K.

Reliability

Alog kg = 0.3 at 298 K.
An = +1.

Comments on Preferred Values

The preferred values are based on the data from Markwalder et al. (1993), after conversion by tgéN\athey(Ar) = 1.36
of Smith and Yarwood (1987), = 0.6 is chosen.

High-pressure rate coefficients

Rate coefficient data

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

(3.4+ 1)x10°12 208 Smith and Yarwood, 1987 FP (a)

(2.74 0.9)x 10157 (14+02) 227-260 Markwalder etal., 1993  (b)

4.7x10712 208
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Comments

(a) See comment (a) fap.

(b) See comment (b) fdi.

Preferred Values
koo = 7.9x10712 (T/300)** cm® molecule ? s~1 over the temperature range 200-300 K.
Reliability

Alog ks = +£0.3 at 298 K.
An = +0.5.

Comments on Preferred Values

The preferred values are those from Markwalder et al. (1993), where the largest ranges of the falloff curve were investigated.
At 208 K, the values ok, from Smith and Yarwood (1987) and Markwalder et al. (1993) are in reasonable agreement.
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I.A3.56
N2O3+M — NO +NO, + M

AH° =40.6 kdmol~1

Low-pressure rate coefficients

Rate coefficient data

kols™t Temp./K Reference Technique/Comments

Absolute Rate Coefficients
5.0x 10147~ @7+0.9) ex(—4880/ T) [Ar] 225-260 Markwalder etal., 1993 (a)

Comments

(@) CQ laser-induced temperature jump measurements with-N&D4-N2O3-NO-SiF-Ar equilibrium mixtures. The sub-
sequent relaxation toward equilibrium was monitored by UV absorption @Mt 253 nm. Dissociation rate coefficients
were derived from the measured recombination rate coefficients and the equilibrium constant from Chao et al. (1974),
of K. = 1.8x107°T 1 exp(~4880/r') molecule cnt3. Falloff curves with M=Ar were obtained over the pressure range
0.5-200 bar and extrapolated kg and ko, with F. = 0.6. ko(N2)/kg(Ar) = 1.36 was taken from Smith and Yarwood
(1987) (see reaction NO + NGO+ M — N2O3 + M).

Preferred Values

ko =1.6x10"14[N,] s~1 at 298 K.
ko =1.9x10~7 (T/300)~87 exp(—4880/') [N2] s—1 over the temperature range 225-300 K.

Reliability

Alog ko = +£0.4 at 298 K.
An = £1.

A(E/R) = £200K.

Comments on Preferred Values

The preferred values are based on the data of Markwalder et al. (1993), which are consistent with a theoretical analysis of
the results (leading to collision efficiencigs(Ar) = 0.3). The preferred values correspond to an analysis of the falloff curve
with F. = 0.6 and the value df,, given below.

High-pressure rate coefficients

Rate coefficient data

kools™t Temp./K Reference Technique/Comments

Absolute Rate Coefficients
4.8x10M7 040D expy—488(/T) 225-260 Markwalder etal., 1993 (a)
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Comments

(a) See comment (a) fap.

Preferred Values

koo = 3.6x10° st at 298K,
koo = 4.7x 10 (T/3004 exp(~4880/') s~ over the temperature range 225-300 K.

Reliability

Alog ks = +0.3 at 298 K.
An = +1.

A(E/R) =+100K.

Comments on Preferred Values

The preferred values are based on the values of Markwalder et al. (1993) converted to dissociation data with the equilibrium
constant from Chao et al. (1974).
References
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.A3.57

NO + NO3 — 2NO»

AH° =—-97.6 kJ mot?

Rate coefficient data

kicm® molecule 1 s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.55x10 M exp((1954+ 39)/T] 209-299 Hammer et al., 1986 DF-LIF (a)
(2.95+ 0.16)x 10~ 299-414
1.59%10 texp(122/T) 224-328 Sander and Kircher, 1986  FP-A (b)
(2.41+ 0.48)x10° 11 298
1.68x10 M exp[(103+£50)/T] 223-400 Tyndall et al., 1991 DF-LIF (c)
(2.34+ 0.24)x10° 1 298
(2.6+£0.2)x10°11 296 Brown et al., 2000 (d)
Comments

(a) Arrhenius behaviour was observed foover the temperature range 209-299 K, bwtas independent of temperature
over the range 299-414 K.

(b) [NOs] was monitored by optical absorption. Total pressure was varied over the range 67-930 mbar (50-700 Torr) of He
and Nb.

(c) NOswas produced either by the F + HN@eaction or the N@+ O3 reaction. In these experiments [N[Qvas monitored
by LIF in an excess of NO. In other experiments the decay of [NO] in excessM® monitored by chemiluminescence.
The value at 298 K is the mean of the values obtained in these different systems.

(d) Cavity ring-down spectroscopy was used to follow the kinetics of the NO # fd@ction by monitoring the loss of light
intensity from an optical cavity in which the NO + N@eaction was occurring. N§xadicals were generated by pulsed
laser photolysis of MOs at 248 nm in the presence of an excess of NO contained in the laser cavity. Ring-down profiles
were obtained using laser pulses at wavelengths of 622 nm or 623 nm, which are absorbed by thaidé(s.

Preferred Values

k=2.6x10"1 cm® molecule st at 298 K.
k =1.8x10" 11 exp(1101") cm?® molecule s~1 over the temperature range 220—-420 K.

Reliability

Alogk = £+ 0.1 at 298 K.
A(E/R =+ 100K.

Comments on Preferred Values

Since our previous evaluation, IUPAC (1997), Brown et al. (2000) have meas@te298 K using a new technique based
on cavity ring down spectroscopy and obtain a valug iof excellent agreement with our preferred value. The preferred value
of k at 298 K is the mean of the values reported by Hammer et al. (1986), Sander and Kircher (1986), Tyndall et al. (1991) and
Brown et al. (2000), which are in excellent agreement, and the preferred valiyerRaf the average of the values obtained by
Sander and Kircher (1986) and Tyndall et al. (1991). The pre-exponential factor in the Arrhenius expression is adjusted to fit
the values ok at 298 K.
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1.A3.58
NOj3 + O3 - NO3 + O2
AH° =-102.2 kJ mot?

Rate coefficient data

klem? molecule® s~ Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(3.2+£0.5)x10° 17 298 Ghormley etal., 1973,1974 FP (a)

9.76x10 M exp—(2427+ 140)/T] 260-343 Davis etal., 1974 (b)

(3.4240.27)x10° 7 303

1.34x10 1Bexp— (24664 30)/T]  231-298 Graham and Johnston, 1974  (c)

(3.494 0.23)x 10717 298

1.57x10 Bexp—(2509+ 76)/T]  259-362 Huie and Herron, 1974 (d)

(3.784 0.07)x 10717 297

(3.45+ 0.12)x 107/ 296 Cox and Coker, 1983 (e)
Comments

(a) Flash photolysis system. §Pand [NG,] were monitored by optical absorption.

(b) Stopped flow system with detection of By time-of-flight mass spectrometry. The exponential term given in the abstract
is incorrect; the correct value is tabulated here (D. D. Davis, private communication).

(c) Long path static cell. [g] and [NO,] monitored in separate experiments by UV absorption spectrometry. Stoichiometric
ratio (ANO»/AQO3) was measured to be 1.890.08.

(d) Stopped flow system. {pmonitored by molecular-beam sampling mass spectrometry.

(e) Static system. Experiments performed with bothoN@d G in excess. Time resolved absorption spectroscopy was
used to monitor [MOs] with a diode laser infrared source, and [BJ@nd [Oz] were monitored at 350 nm and 255 nm,
respectively, using conventional UV techniques. Total pressure 13 mbar (10 TorNJ®s was shown to be the only
nitrogen containing product. Overall stoichiometrtyNO»/AQO3) was determined to have the value 1:8%.09. Minor
role for unsymmetrical N@species was suggested to account for a stoichiometric factor less than 2.

Preferred Values

k=3.5x10"17 cm® molecule ! s1 at 298 K.
k = 1.4x10-13 exp(—2470/r) cm® molecule* s~1 over the temperature range 230-360 K.

Reliability

Alog k = + 0.06 at 298 K.
A(E/R) = + 150K.

Comments on Preferred Values

The preferred value at 298 K is taken as the mean of the five values tabulated (Ghormley et al., 1973; 1974; Davis et al., 1974;
Graham and Johnston, 1974; Huie and Herron, 1974; and Cox and Coker, 1983), corrected where necessary for the differenc
between the temperature of the measurement and 298 K. The temperature coefficient is taken as the mean of the values obtaine
by Davis et al. (1974), Graham and Johnston (1974) and Huie and Herron (1974), which are in excellent agreement. Verhees
and Adema (1985) obtained a significantly higher temperature coefficiektdnd a higher pre-exponential factor, but wall
corrections were shown to be important in their work. There are also a number of other measurerheatisoofclose to,
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298 K which have not been used in deriving the preferred values because of their substantial deviation from the majority of the
other studies.
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1.A3.59
NO2 + NO2 + M — N2Oz4 + M
AH° =-57.3kJmol~1

Low-pressure rate coefficients

Rate coefficient data

kolcm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

(144 0.2)x10733 [Ny 298 Borrell et al., 1988 PLP (a)

(1.04+ 0.1)x 10733 [N] 224 Brunning etal., 1988  FP (b)

(2.14+ 0.2)x107127(-90+09) [He]  255-273  Markwalder etal., 1992  (c)

Comments

(a) Relaxation of N@-N>0O4-N> equilibrium mixtures after low intensity pulsed laser photolysis gOhat 248 nm. The
relaxation to equilibrium was obtained by measuring the change@®yMbsorption at 220 nm. Falloff curves (1-207
bar) were extrapolated with, = 0.40 and N = 1.26.

(b) Perturbation of equilibrium mixture of XD, and NQ by photolysis of a fraction of the #04. The relaxation rate was
monitored by IR absorption of D, at 1565.5 cmL.

(c) Temperature jumps induced by IR absorption of;Sitequilibrium mixtures of N@-N20O4-He-SiF;. The relaxation to
equilibrium was followed by measuring N@nd NbO4 concentrations by absorption spectroscopy at 420 and 250 nm,
respectively. Falloff curves (0.3—200 bar) were extrapolated #ith 0.52 and N = 1.10 (see also earlier data from Gozel
etal., 1984).

Preferred Values

ko = 1.4x 1033 (T/300) 38 [N,] cm3 molecule’? s~1 over the temperature range 300-500 K.
Reliability

Alog kg = £0.3 at 298 K.
An = +1.

Comments on Preferred Values
The preferred values are from the most extensive study of Borrell et al. (1988), where a complete falloff curve was measured.
Earlier less extensive measurements are in reasonable agreement with this curve, whichm8&9). The temperature de-

pendence given is from the theoretical modeling of Borrell et al. (1988), rather than from the limited experimental information
of Markwalder et al. (1992).

High-pressure rate coefficients

Rate coefficient data

kool cm® moleculel s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(8.3£1.0)x10°13 298 Borrell et al., 1988 PLP (a)
(3.74+ 0.3)x 107187 (23+02) 255 273  Markwalder et al., 1992 (b)
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Comments

(a) See comment (a) fap.

(b) See comment (b) fdi.

Preferred Values

koo = 1.0x10712 cm® molecule’® s1, independent of temperature over the range 250-300 K.
Reliability

Alog ks = 0.3 over the temperature range 250-300 K.

Comments on Preferred Values

The preferred rate coefficient is the mean of the values of Borrell et al. (1988) and Markwalder et al. (1992). The temperature
dependence ofy and k., derived from the measurements of Markwarder et al. (1992) appears to be inadequate because it
results from the fitting of incomplete falloff curves, = 0.4 is chosen such as derived in Borrell et al. (1988).
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1.A3.60
N2O4+M — NOs + NO2 + M
AH° =57.3 kdmol1

Low-pressure rate coefficients

Rate coefficient data

kolst Temp./K  Reference Technique/Comments

Absolute Rate Coefficients
1.29x107>(7/300 38 exp(—6460/ T) N3] 300-500 Borrell etal., 1988 PLP (a)
1.6x 10107 ~(100+L0) ey (67904 700)/T) [He] 255-273 Markwalder etal., 1992  (b)

Comments

(a) Relaxation of N@-N2O4-N2 equilibrium mixtures after pulsed laser photolysis of®y at 248 nm. The relaxation to
equilibrium was followed by observingd®, in absorption at 220 nm. Falloff curves (1-207 bar) were extrapolated with
F.=0.40 and N = 1.26. The equilibrium constant from Chao et al. (1974) was employed.

(b) Temperature jumps induced by IR absorption of4Sitequilibrium mixtures of N@-N>O4-He-SiF;. The relaxation to
equilibrium was followed by absorption spectroscopy of Nddd NO,4 at 420 and 250 nm, respectively. Falloff curves
(0.3-200 bar) were extrapolated wih = 0.52 and N = 1.10. Equilibrium constants from Vosper (1970) were employed.

Preferred Values

ko = 6.1x10"1°[N,] s~ at 298 K.
ko = 1.3x 1072 (T/300) 38 exp(—6400/') [N2] s~ over the temperature range 300-500 K.

Reliability

Alog kg = +0.3 at 298 K.
A(E/R) = £500K.

Comments on Preferred Values

The preferred values are from the measurements of Borrell et al. (1988) in combination with the equilibrium constants from
Chao et al. (1974). These data are based on the most complete falloff curve at 300 K usiBgtO.

High-pressure rate coefficients

Rate coefficient data

kools™t Temp./K  Reference Technique/Comments

Absolute Rate Coefficients
7.7x10%(T /30011 exp(—6460/ T 300-600 Borrell et al., 1988 PLP (a)
2.8x 1013713402 exy— (67904 700/ T] 255-273 Markwalder etal., 1992  (b)
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Comments

(a) See comment (a) fap.

(b) See comment (b) fdi.

Preferred Values

koo = 4.4x10° st at 298 K.
koo = 1.15x 10 exp(~6460/') s~1 over the temperature range 250—300 K.

Reliability

Alog keo = £0.4 at 298 K.
A(E/R) = £500K.

Comments on Preferred Values

The preferred rate coefficient at room temperature is the average of the values of Borrell et al. (1988) and Markwalder et
al. (1992). The recommended temperature coefficient corresponds to a temperature-independentyafaetbe reverse
recombination. Measurements from Fiedler and Hess (1990) and Van Roozendael and Herman (1990) in the intermediate
falloff range at 298 K are consistent with the preferred valudg ot and F. = 0.4 at 300 K.
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.A3.61
NO2 + NO3+ M — N2Og+ M
AH° = —95.6 kmol~1

Low-pressure rate coefficients

Rate coefficient data

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

Absolute Rate Coefficients

9.6x10-33exp(1550/ T) [N7] 262-295  Connell and Johnston, 1979  (a)

1.7x10730[N,] 298

1.35x10"2exp(1270/T) [No] 285-384 Viggiano et al., 1981 (b)

9.6x10731[N,] 298

(454 1.1)x1073%(7/300~(4+19 [N,] 236-358 Kircher et al., 1984 FP-A (c)

2.12x107%0[N,] 298 Smith et al., 1985 DF-A (d)

2.8x1073%(7 /300735 [N 236-358 Orlando et al., 1991 DF-LIF (e)
Comments

(a) From study of NOs decomposition. Static reaction vessel with multi-reflection White-cell optical arrangement for the
time-resolved detection of XDs by IR absorption at 8.028m. Converted to recombination rate coefficients with the
equilibrium constank . = 8.4x 10?8 exp(—111801") molecule cnT2 from Graham and Johnston (1978).

(b) From study of NOs decomposition. Flow system reactors of various sizgDiN\was detected by ion-molecule reactions
in a flowing afterglow system. Measurements were carried out4tI9.5x 10* to 2.7x 10'° molecule cn3. Converted
to recombination rate coefficients with the equilibrium constkipt= 8.4x 10°® exp(—111801") molecule cnm? from
Graham and Johnston (1978).

(c) Visible absorption of N@monitored under pseudo-first order conditions. Falloff curve measured over the pressure range
27-930 mbar (20-700 Torr) and extrapolated using reduced falloff curve representatidf with34 at 298 K.

(d) Visible absorption of N@monitored. Pressure range 1.3-10.7 mbar (1-8 Torr) in He, and 0.7—8 mbar (0.5-6 Totr) in N
Reduced falloff curves extrapolated with = 0.47 for N> at 298 K.

(e) Detection of NQ. Experiments were conducted over the pressure range 0.7—10.7 mbar (0.5-8 Torr) and the data evaluated
usingF. = {2.5 exp1950/) + 0.9 expT/430)} (F.(298 K) = 0.45).

Preferred Values
ko = 3.6x 10730 (7/300)*1 [N5] cm® molecule’! s~1 over the temperature range 200-300 K.
Reliability

Alog ko = £0.10 at 298 K.
An = £0.5.

Comments on Preferred Values
The preferred values are based on the data of Orlando et al. (1991), and the falloff extrapolation from Hahn et al. (2000)
using the theoretically derivefl. = 0.35 independent of the temperature between 200 and 400 K. The temperature dependence

is from the theoretical modelling of Hahn et al. (2000). Different choiceg.déad to different values of the extrapolated
andke, although the various representations all agree well with the experimental data.
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High-pressure rate coefficients

Rate coefficient data

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

Absolute Rate Coefficients

2.1x10 %exp(-1360/ T) 262-295 Connell and Johnston, 1979  (a)

2.2x10712 298

1.5x10 exp(-1610/T) 285-384 Viggiano et al., 1981 (b)

6.8x10713 298

(224 0.5)x10712 293 Croce de Cobos et al., 1984  (c)

(1.654 0.15)x10712(T /300~ 0405 236-358 Kircher et al., 1984 FP-A (d)

1.85x10712 298 Smith et al., 1985 DF-A (e)

1.7x10°14(T /30002 236-358 Orlando et al., 1991 DF-LIF (f)

(1.94 0.3)x10713(7/300)%2 300-400 Hahn et al., 2000 PLP (g)
Comments

(&) See comment (a) fap.

(b) See comment (b) fdty. Data obtained from extrapolation of data in a relatively narrow pressure range near to the center
of the falloff curve.

(c) Laser flash photolysis of M0 in the presence of N NOs radicals were monitored by visible absorption under pseudo-
first order conditions. The falloff curve was measured over the pressure range 1-200 paatil lxtrapolated witlt.
=0.34.

(d) See comment (c) fdr.

(e) See comment (d) fdip.

(f) See comment (e) foko.

(g) See comment (c); measurements over the pressure range 30-900 bar evaludigttavittOrlando et al. (1991) an&,

=0.35.

Preferred Values
koo = 1.9x10712 (7/300¥2 cm® molecule s~1 over the temperature range 200-400 K.
Reliability

Alog ke = £0.2 at 298 K.
An = £0.6.

Comments on Preferred Values

The preferred values are based on the high pressure measurements from Hahn et al. (2000), which within experimental
uncertainty agree well with the extrapolated values from Kircher et al. (1984), Smith et al. (1985), Orlando et al. (1991) and
Croce de Cobos et al. (1984). The theoretically calculated valué ef0.35 does not influence tlg,-value but influences
the extrapolated value @b.
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1.A3.62
N2Os + M — NO> + NO3 + M

AH° =95.6 kimol~1

Low-pressure rate coefficients

Rate coefficient data

kols™t Temp./K  Reference Technique/Comments

Absolute Rate Coefficients
1.04x1073(T/30035exp(—11000'T) [No] 253-384 Cantrell etal., 1993 (a)

Comments

(a) Thermal decomposition of JDs in the presence of NO in N FTIR analysis of MOs in a stainless steel cell equipped
with multiple path optics. Falloff curves over the gas densityd.G to 1.1x 10?° molecule cnm? were analyzed using
F. =[2.5 exp1950") + 0.9 expET/430)] [F. (298 K) = 0.45]. In the analysis, data from Connell and Johnston (1979)
and Viggiano et al. (1981) were also taken into account.

Preferred Values

ko =1.2x10"12[N,] s~1 at 298 K.
ko = 1.3x 1073 (T/300) 35 exp(—110001) [N2] s~ 1 over the temperature range 200-400 K.

Reliability

Alog kg = £0.2 at 298 K.
An = £0.5.

Comments on Preferred Values

The preferred values are based on the study of Cantrell et al. (1993), derived from the kinetic data. However, iAistead of
0.45, the modeled value @f. = 0.35 independent of the temperature was used for extrapolation to the low pressure limit. The
recombination and dissociation rate coefficients are internally consistent. At room temperature, the equilibrium Kprstant
2.3x10~ ! cm® molecule ! compares well with the values from Hjorth et al. (1992) and Pritchard (1994).

High-pressure rate coefficients

Rate coefficient data

kools™t Temp./K Reference Technigue/Comments

Absolute Rate Coefficients
6.22x10'4(T /3002 exp(—1100Q'T) 253-384 Cantrell etal., 1993 (a)

Comments

(a) See comment (a) fdp.
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Preferred Values

koo =6.9x1072 s 1 at 298 K.
koo = 9.7x10% (T/300Y1 exp(—110801) s~1 over the temperature range 200-300 K.

Reliability

Alog ks = +0.3 at 298 K.
An = £0.2.

Comments on Preferred Values

The preferred values are based on the evaluation of Malko and Troe (1982), which agrees well with the recent determination
of Cantrell et al. (1993). For the equilibrium constant, see comments on preferred valkgs for
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I.A3.63
I.A3.64

N2Os + H,0 — 2HNO3 (1)
N2Os5 + 2H,O0  — 2HNO3 + H,O  (2)

AH°(1) = AH°(2) =—39. k mot?

Rate coefficient data

klcm® moleculet s71 Temp./K Reference Technigue/Comments

Absolute Rate Coefficients
k1 =25x 10722 290-293 Wahneretal., 1998 (a)
ko = 1.8 x 1039[H,0]  290-293

Comments

(@) [NOy], [N20s], and [HNGs] in a 250 n? FEP-Teflon chamber were monitored simultaneously by in-situ FTIR.{@s
monitored by UV absorption. The wall area was varied by placing extra Teflon sheets in the chambernOdjelfiday
kinetics were found to have a second order and a third order gas phase component and a contribution from reaction on the
chamber walls. Rate coefficients were derived for the three decay channels by fitting the][&tNdJN,Os] temporal
profiles.

Preferred Values

k1= 2.5x10"22 cm?® molecule’? s~ at 290 K.
ko = 1.8x1073% cm® molecule 2 s~ at 290 K.

Reliability
Alogk; = Alogky, = + 0.3 at 290 K.
Comments on Preferred Values

The study of Wahner et al. (1998) shows that channels (1) and (2) may both be significant under atmospheric conditions. The
values ofk1 andk; obtained in their study are compatible with earlier studies (Mentel et al., 1996; Tuazon et al., 1983; Hjorth
et al., 1987; Hatakeyama and Leu, 1989; Atkinson et al., 1986; Sverdrup et al., 1987) which only yielded upper limits. The
values of Wahner et al. (1998) are accepted as our preferred values but with substantial error limits until confirmatory studies
are made.
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[.LA3.65

HONO + hv — products

Primary photochemical transitions

Reaction AH°/kI mol™t  Atresholdnm
HONO +hv  — HO + NO 1) 207 578

— H+NO, 2) 331 361

— HNO +OCP) (3) 442 271

Absorption cross-section data

Wavelength range/nm  Reference Comments
185-270 Kenner et al., 1986 (a)
300-400 Bongartz et al., 1991, 1994 (b)

Quantum yield data

Measurement Wavelength/nm  Reference Comments

$1=0.92+0.16 365+5 Cox and Derwent, 1976  (c)

$(HO*) 193 Kenner et al., 1986 (d)

o(H) 351 Wollenhaupt et al., 2000 (e)
Comments

@)

(b)

(©

(d)

A relative absorption spectrum was measured in the range 185-270 nm with absolute determinations at 193 nm and 21F
nm. A value ofo =1.6x10~18 cm? molecule ! was obtained at 193 nm. Two different methods used to prepare HONO
gave similar results. The values agree with those of Cox and Derwent (1976) in the wavelength region 220-270 nm,
but the peak at 215 nm seen in the Cox and Derwent (1976) study, which could have been due to NO absorption, was not
observed.

Absolute absorption cross-sections were determined using conventional absorption spectroscopy, and with low, non-
equilibrium concentrations of HONO determined by a combination of gas-phase and wet chemical analysis. Spectral
resolution was 0.1 nm; cross sections averaged over 0.5 nm are given in a table. In their later work, improved condi-
tions were used; specifically, higher HONO mole fractions, greater stability of HONO in the absorption chamber, and
determination of the N@present by interference free optical absorption at 440 nm.

Rates of photon absorption and decomposition of ld@d HONO were measured in the same photolysis cell. The value
of ¢ obtained supersedes an earlier estimate (Cox, 1974) using the same technique but based on less reliable absorptio
cross-section data.

Laser photolysis of HONO at 193 nm. HO* was measured by emission spectroscopy. A small quantum-yi@e8f
was determined.

(e) Pulsed laser photolysis at 351 nm of flowing HON@{Nr Ar) mixtures was used to generate HO and the system was

investigated using resonance absorption at 121.6 nm to discover the extent of any concomitant production of H. The
system was calibrated for [H] by 248 nm photolysis of §3H. An upper limit of 1% was obtained fgr (H).
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Preferred Values

Absorption cross-sections of HONO at 298 K

anm  1F%/cn?  a/nm  1F%/cn?  A/nm  1G%/cn?

190 127 260 8.0 330 9.3
195 172 265 5.2 335 6.5
200 197 270 3.4 340 16.8
205 220 275 2.5 345 9.6
210 214 280 - 350 115
215 179 285 - 355 23.6
220 146 290 - 360 8.0
225 120 295 - 365 16.1
230 86 300 0.0 370 20.5
235 60 305 0.7 375 4.9
240 42 310 1.6 380 9.2
245 30 315 2.5 385 145
250 18.5 320 4.4 390 2.4
255 12.4 325 5.0 395 0.6

Quantum Yields at 298 K

¢1 = 1.0 throughout the wavelength range 190-400 nm.
Comments on Preferred Values

Since our previous evaluation, IUPAC (1997), Wang and Zhang (2000) have measured the absorption cross-sections at 352.
nm, 354.2 nm and 357.0 nm and there have been three other new determinations by Stutz et al. (2000), Pagsberg et al. (1997
and Brust et al. (2000) of the absorption cross-sections over a range of wavelengths in the 300—400 nm range. The results o
Wang and Zhang (2000), Stutz et al. (2000) and Pagsberg et al. (1997) are in good agreement but the values obtained by Brus
et al. (2000) are much lower. The reason for this discrepancy is not clear.

The studies of Wang and Zhang (2000), Stutz et al. (2000) and Pagsberg et al. (1997) are also in agreement with the earliel
studies of Stockwell and Calvert (1978), Vasudev (1990) and Bongartz et al. (1991, 1994), which were the basis of the preferred
values for the absorption cross-section given in our previous evaluation, [IUPAC (1997), which are therefore unchanged. The
preferred values of the cross-sections tabulated for the 300—395 nm range are obtained from the data of Bongartz et al. (1991
1994). In their later work (Bongartz et al., 1994), cross-sections were measured under better controlled conditions than in their
earlier study (Bongartz et al., 1991) and it was shown that their earlier data were consistently too high by, on average, 14.5%.
The preferred values have been obtained, therefore, by averaging the data from Bongartz et al. (1991) over 5 nm intervals
centred on the wavelength specified in the Table and reducing these values by 14.5% as directed in Bongartz et al. (1994).

The HONO spectrum consists of a diffuse structured band between 300 and 390 nm and a broad structureless band fror
270 nm to below 180 nm, peaking &210 nm. The only direct determination of th¢HO) in this region is that of Cox and
Derwent (1976) who showed that channel (1) is the dominant process between 330 nm and 380 nm and obtained a quantun
yield for HO production of 0.92+ 0.16 at 365 nm. There is some indirect evidence for H atom productien 380 nm
(Burkholder et al., 1992) but Wollenhaupt et al. (2000) have shgfii) to be less than 0.01. We therefore tak#lO) to be
unity throughout this band.

In the second absorption band, cross-sections over the range 185-275 nm are based on the data of Kenner et al. (1986
which show that channel (1) is the main photodissociation channel in this region also, but minor H atom producing channels
in the 193.3 nm photodissociation of a beam of jet-cooled HONO (Amaral et al., 2001) have also been observed.
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I.A3.66

HONO> + hv — products

Primary photochemical transitions

Reaction AH°/kImol ! Areshoidnm
HONO; + iy — HO + NOy(X?A1) (1) 198 604
— HONO + O@P) (2) 305 393
— HO + NOx(1°B>) (3) 314 381
— H+NO3 4 427 278
— HONO + O&D) (5) 495 242
— HONO(2A”) + OCP) (6) 554 216
Absorption cross-section data
Wavelength range/nm  Reference Comments
195-350 Burkholder et al., 1993 (a)
Quantum yield data
Measurement Wavelength/nm  Reference Comments
¢(OH)=1.0 200-315 Johnston et al., 1974 (b)
¢(OH) = 0.89+ 0.08 222 Jolly et al., 1986 (c)
¢ [HO], [OCP)], 248, 222,193 Turnipseed et al., 1992 (d)
¢ [O(*D)], ¢[H(*S)]
?(1).0(2)0(3)#(5),¢p(6) 193 Myers et al., 1997 (e)
@(4) 193 Li etal., 2001 ®

Comments

(a) The temperature dependences of HNDsorption cross-sections were measured between 240 K and 360 K using a diode
array spectrometer with a resolution-f0.4 nm. Absorption cross-sections were determined using both absolute pressure
measurements at 298 K and a dual cell arrangement to measure absorptions at various temperatures relative to 298 K. £
review of all previous experimental values was given together with an assessment of temperature-dependence effects or

the stratospheric photolysis rate of HBlO

(b) Photolysis of HNQ in the presence of excess CO and excessdprevent complications due to secondary reactions.
Results were interpreted by a complex reaction scheme.

(c) Pulsed laser photolysis with aKrCl excimer laser. HO radicals were detected by time-resolved resonance absorption
at 308.3 nm. The error estimate quoted does not include the uncertainty of +38%bresulting from an analysis of

potential systematic errors.

(d) Quantum yields for HO radicals, [éR)+O{D)] atoms, OtD) atoms, and H atoms were measured in pulsed laser photoly-
sis systems at 248 nm, 222 nm, and 193 nm, using LIF detection for HD(padicals and atomic resonance fluorescence
for OCP) and HES) atoms.¢(HO) was measured relative to the yield of HO radicals fropObiphotolysis at 248 nm
[¢(HO) = 2.00+ 0.05] (Vaghjiana and Ravishankara, 1990) and at 193xhh®) = 1.514+ 0.18] (Vaghjiani et al., 1992).
¢ [OCP) + OfD)] was measured relative to the O atom yield from otolysis at 248 nmg¢( = 1) and 193 nm¢ =
1.20+ 0.15) (Turnipseed et al., 1991)[H(S)] was measured relative to the H atom yield from the photolysisefl®
mixtures where the H atoms are produced in théD)@ H, reaction. Measurements gavg(HO) = 0.95+ 0.09 at
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248 nm, 0.90G+ 0.11 at 222 nm, and 0.38 0.06 at 193 nm¢[O(®P) + O{D)] was observed to be 0.03% 0.010, 0.20

+ 0.03, and 0.8 0.13, at 248 nm, 222 nm, and 193 nm respectively, with exclusivelpOgroduction at 248 nm.
#[O(*D)] was 0.074+ 0.03 at 222 nm and 0.28 0.13 at 193 nm. H atom yields were low; only at 193 nm were any H
atoms detected, with[H(2S)] < 0.012.

(e) Photofragment translational spectroscopy investigation of HOMOtolysis at 193 nm. The primary processes and their
relative yields were deduced from photofragment time-of-flight signals at masses 161(O(HO"), 30 (NO"), and 46
(NOZF). Two HO distributions arising from channels (1) and (3) were resolved and¢yaies = 0.33+ 0.04, ¢3/¢p1=
0.45. Two main O-atom producing channels were identified and attributed to channels (5) and (6), with quantum yields
¢5+¢e = 0.67+ 0.04,¢5/¢p6= 4.0.

(f) Photodissociation at 193 nm in a supersonic jet was studied using LIF and REMPI-TOF techniques. A bimodal rotational
state distribution was observed for HO, consistent with the bimodal translational distribution found for HO by Myers et

al. (1997). An additional decay channel yielding®@) was observed and attributed to channel (2), with a quantum yield
of ~ 0.06.

Preferred Values

Absorption cross-sections at 298 K

anm  1F%/cn? 103B/K™! anm  10%/cm? 103 B/K-1

190 1360 0 270 1.62 1.45
195 1016 0 275 1.38 1.60
200 588 1.66 280 1.12 1.78
205 280 1.75 285 0.858 1.99
210 104 1.97 290 0.615 2.27
215 36.5 2.17 295 0.412 261
220 14.9 2.15 300 0.263 3.10
225 8.81 1.90 305 0.150 3.64
230 5.78 1.80 310 0.081 4.23
235 3.75 1.93 315 0.041 5.20
240 2.58 1.97 320 0.020 6.45
245 2.11 1.68 325 0.0095 7.35
250 1.97 1.34 330 0.0043 9.75
255 1.95 1.16 335 0.0022 10.1
260 1.91 1.14 340 0.0010 11.8
265 1.80 1.20 345 0.0006 11.2
350 0.0004 9.30

¢ Temperature dependence given by the expressiops (@) = log.0(298) + B(I'—298) with T in K.

Quantum Yields at 298 K

Alnm
>248 222 193
$(HO) >0.97  0.96:0.10 0.33:0.06
#[O(*D) + OCP)] 0.03£0.03 0.26:0.03 0.8#0.13
#[O(*D)] <0.003  0.080.01 0.280.11
o(H) <0.01 <0.01 <0.01
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Comments on Preferred Values

The results of Burkholder et al. (1993) for the cross-sections provide a high quality and comprehensive dataset over the range
of temperatures and wavelengths of significance for atmospheric photolysis of.HB\M2r the wavelength range 205-310
nm there is good agreement with the earlier studies of Rattigan et al. (1992), Biaume (1973), Molina and Molina (1981) and
Johnston and Graham (1973). At< 205 nm, the data from different studies show small and unexplained discrepancies. At
A > 310 nm the room temperature results of Burkholder et al. (1993) are increasingly higher than all previously reported data
except those of Rattigan et al. (1992), which are in good agreement. The preferred values are those given by Burkholder et
al. (1993).

The temperature dependences reported by Burkholder et al. (1993) are weaker than those reported by Rattigan et al. (1992
However, if the data at the lowest temperature (239 K) in the study of Rattigan et al. (1992) are omitted, the agreement is good.
Burkholder et al. (1993) give values for the temperature coefficnbased on the two data sets (Burkholder et al., 1993;
Rattigan et al., 1992) (excluding the 239 K data of Rattigan et al., 1992), and these are adopted here.

The quantum yield measurements confirm that, although channels (1) and (3) are the dominant channel280 nm
with ¢(HO) close to unity, other channels become important at shorter wavelengths as suggested by the earlier work of Kenner
et al. (1986). The quantum yield measurements of Turnipseed et al. (1992) and Schiffman et al. (1993) are in excellent
agreement at 248 nm when the two sets of measurements are normalized to the same value of the quantum yield for HO radica
production from HO,. The agreement is less good at 193 nm, where the direct measurements of Schiffman et al. (1993) give
an HO radical yield higher by about 50%. The valuep@ifi,O2) obtained by Schiffman et al. (1993) is about 25% lower at
both 248 nm and 193 nm than the values obtained by Vaghjiani et al. (1991, 1992) (2.0 at 248 nm and 1.5 at 193 nm). The
preferred values for the quantum yieldsiat 248 nm are based on the indirect studies of Johnston et al. (1974) and the direct
observation of Turnipseed et al. (1992). The small yield of O atoms observed by Turnipseed et al. (1992) is in agreement with
the value ofp(O) = 0.03 at 266 nm obtained by Margitan and Watson (1982). At 222 nm the preferred values are based on the
data of Turnipseed et al. (1992) and Jolly et al. (1986).

The photolysis of HON@at 193 nm has been clarified by the recent molecular beam studies of Myers et al. (1997) and Li et
al. (2001), which employed LIF and TOF technigues to detect the photolysis products and to measure their energy distributions.
They obtained evidence for the occurrence of channels (1), (2), (3), (5), and (6), with O atom production becoming a major
process at this wavelength, directly through channels (2), (5), and (6), and indirectly through dissociation of the internally
excited NQ produced via channel (1). The minor pathway &~ 0.06) detected by Li et al. (2001) also produces internally
excited HONO capable of subsequent dissociation. There are also pulsed laser photolysis studies at 193 nm on bulk gas sample
from Turnipseed et al. (1992) and Schiffman et al. (1993). As previously mentioned, in the study of Schiffman et al. (1993),
there are inconsistencies in the measurements of HO yields fr@da Hissociation ak > 260 nm. The results of Turnipseed
et al. (1992) are therefore preferred and are the basis of our preferred values for the quantum yields at 193 nm. The value
¢(HO) obtained by Turnipseed et al. (1992) is the same as that from the molecular beam study of Myers et al. (1997), and the
value of[O(®P)+O{D)] of Turnipseed et al. (1992) can also be reconciled with the molecular beam results when production
of O atoms from dissociation of internally excited ®om channel (1) is allowed for. However the valuegdD(D)] =
0.28 obtained by Turnipseed et al. (1992) is much smaller than the valie=00.52 found by Myers et al. (1997), and this
discrepancy remains to be resolved. The upper limits to the H-atom yield obtained by Turnipseed et al. (1992) suggest that
channel (4) is unimportant at> 193 nm.

Photodissociation of HONg®via high-lying O-H overtone absorptions in the visible region of the spectrum is energetically
possible for the bp y and higher overtones. Brown et al. (2000) have used cavity ring down spectroscopy to measure absorp-
tion cross-sections at 296 K and 251 K for they4; and 5y transitions. The values obtained agree well with those from
other studies (Donaldson et al., 1998; Zhang et al., 2000) and imply that the contribution of these absorptions to HO production
in the atmosphere is small, but larger than previous calculations (Donaldson et al., 1997; 1998) suggest.
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I.LA3.67
HO2NO> + hv — products

Primary photochemical transitions

Reaction AH°KI mol™t  Athreshordnm
HO,NO2 + hv — HO2 + NO2 (1) 100 1191
S HO+NO; (2) 164 731

Absorption cross-section data

Wavelength range/nm  Reference Comments
190-330 Molina and Molina, 1981 (a)
210-330 Singer et al., 1989 (b)

Quantum yield data

Measurement Wavelength/nm Reference Comments

h2 248 Mac Leod et al., 1988 (c)

o1 248 Roehl et al., 2001 (d)
Comments

(@) Measured at 298 K and 1 bar total pressure;NQ;, was prepared in a flowing Nstream in the presence o068, H20o,
and HGQ. The composition of the mixture was established by FTIR spectroscopy, by the absorption spectrum in the
visible, and by chemical titration after absorption in aqueous solutions. Two methods were used to prepapdNe. HO
In the first, 70% nitric acid was mixed with 90%,8,, while in the second method solid nitronium tetrafluoroborate
(NO2BF4) was added to a solution of 90%8,.

(b) Cross-sections were measured at 298 K, 273 K, and 253 K. Pernitric acid was prodsitady photolysis of Cl-H,-
NOy-air mixtures and averaged absorption measurements were made at small extents of reaction. The relative spectrurr
over the range 210-230 nm was measured at a resolution of 1 nm in flowing mixtures of pernitric acid vapour obtained
from the reaction of BENO, and HO». The spectrum was corrected for the impuritiesINB,0,, and HNQG, which
were determined by IR spectroscopy.

(c) Laser photolysis of pernitric acid at 248 nm. HO radicals were detected by LIF and their yield determined relative to the
HO yield from HO, photolysis, with the assumption that the rotational distribution of the HO from thgNdp and the
H>0, was the same under the conditions of the experiment. A valge ef0.34+ 0.16 was obtained after correction
for impurities in the pernitric acid sample. Fluorescence fron;N@s observed after photolysis and was assigned to
production via channel (1). The upper limit for §@roduction was 30%. It was concluded that under atmospheric
conditionsg1 ~ 0.65 andp, ~ 0.35.

(d) Laser photolysis of pernitric acid at 248 nm. p\@as detected by LIF at 511 nm. The quantum yield for,Nd@duction
was obtained by comparison with HN@hotolysis under the same conditions and taking the quantum yield for NO
production from HNQ to be unity. Experiments made over a range of pressures and concentratiogg@ye = 0.56
+ 0.17.
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Preferred Values

Absorption cross-sections of HQNO at 296 K

anm  1F% /e Anm 1G%/cn?

190 1010 265 22.9
195 816 270 18.0
200 563 275 13.3
205 367 280 9.3
210 239 285 6.2
215 161 290 3.9
220 118 295 2.4
225 93.2 300 14
230 78.8 305 0.85
235 68.0 310 0.53
240 57.9 315 0.39
245 49.7 320 0.24
250 41.1 325 0.15
255 34.9 330 0.09
260 28.4

Quantum Yields at 298 K

¢1=0.59 at 248 nm.
¢2=0.41 at 248 nm.

Comments on Preferred Values

The preferred values of the absorption cross-sections are based on the data of Molina and Molina (1981) and of Singer
et al. (1989) which are in excellent agreement at wavelengths in the range 210-300 nm. Between 300 nm and 320 nm the
cross-sections of Singer et al. (1989) are approximately a factor of 2 lower. A simple mean of the two data sets is taken over
the whole wavelength range.

When the value of(HO) determined by Mac Leod et al. (1988) at 248 nm is revised to take into account the present
recommendation for the absorption cross-section fgbHa slightly higher value of 0.39 is obtained. This is in very good
agreement with the value of 0.44 implied by the recent measuremep(\gd,) by Roehl et al. (2001) at 248 nm. The
preferred values ap1 and¢, are the average of the values from the studies of Roehl et al. (2001) and Mac Leod et al. (1988)
The uncertainties in the quantum yields are large and it should be noted that the recommendations are restricted to a single
wavelength.

Photodissociation of HENO, via high-lying O-H overtone absorptions in the visible region of the spectrum is energetically
possible for the 8oy and higher overtones. Zhang et al. (2000) have measured absorption cross-sections at 273K for the
3vpog and 4 g transitions using conventional long-path-length absorption spectroscopy. Assuming that such absorptions are
dissociative for HQNO, the values obtained imply that these modes will play a small role in the photochemistry of the lower
stratosphere.
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I.A3.68

NO2 + hv — products

Primary photochemical transitions

Reaction AH°/kI-mol™1  Aghreshodnm
NO, + hv — NO + OCP) (1) 301 398
— NO+0O(@D) (2) 490 244

Absorption cross-section data

Wavelength range/nm  Reference Comments
300-500 Merienne et al., 1995 (a)
400-500 Coquart et al., 1995 (b)
380-830 Vandaele etal., 1996  (c)
200-300 Jenouvrier et al., 1996 (d)
350-585 Harder et al., 1997 (e)
360-470 Yoshino et al., 1997 )]

200-400 Merienne et al., 1997  (g)
238-1000 Vandaele etal., 1998  (h)
231-794 Burrows et al., 1998 (i

Quantum yield data

Measurement Wavelength/nm Reference Comments

o1 295-445 Jones and Bayes, 1973 (j)

o1 375-420 Harker et al., 1977 (k)

P1 390-420 Davenport, 1978 0]

01 334-404 Gardner et al., 1987 (m)

o1 388-411 Roehl et al., 1994 (n)
Comments

(a) Cross-sections were measured at 298.3 K with NO, concentrations of (3-810 molecule cn3. A conventional
spectrometer was used with a multipass cell giving a total path length of 60.7 m. The spectral bandwidthOv@dre
nm ati > 400 nm and< 0.015 nm ak < 400 nm. Cross-sections were measured at 0.01 nm intervals with a wavelength
accuracy of 0.01 nm. Corrections were made for the presence@f Bind for adsorption on the cell walls. Averaged
cross-sections over 5 nm intervals were given for the range 305-425 nm.

(b) Technique as in (a). Data were obtained at 0.01 nm intervals at 220 and 240 K. Averaged data are also given at 1 nm
intervals at 293, 240 and 220 K over the range 400-500 nm. Features in the spectrum sharpen with decrease in temperatur
but there are no significant changes in the cross-sections at this resolution.

(c) Cross-sections were measured at 293 K with dilute{0 mixtures at a total pressure of 1 bar in a cell of 5.15 cm path
length. A Brucker FT spectrometer was used and spectra were measured at resolutions of 0.02 nm and 0.3 nm. Effects of
NO, adsorption on cell walls and ofd04 formation were checked and corrections made.

(d) Technique as in (a). Data were obtained at 293 K, a$ M@hcentrations of (0.4—-1.5)Y.0** molecules cm®. Measure-
ments were made at 0.01 nm intervals at bandwidths in the range 0.016—0.065 nm.
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(e)

(®

)

(h)

@0

0

(k)

o

(m)

(n)

Cross-sections of 84.1 ppmv mixtures of M@0, in air at total pressures in the range 0.13-0.79 bar were measured at
217K, 230K, 239K and 294 K using a FT spectrometer employing path lengths of 418.2 cm and 1220.6 cm and having
a resolution of 0.15 cmt. Corrections for absorption by 204 were made using literature values of the equilibrium
constant and values obtained in this study. The data are compared with data from other studies and a detailed analysis o
potential sources of instrumental error is given.

Cross-sections were measured at 293 K using a conventional vacuum grating spectrometer with a resolution of 0.003 nm
and optical path length of 42.3 cm. Measurements were made at sevesgir§3ures and the values extrapolated to

zero pressure to obtain the cross-section at each wavelength. Results agree extremely closely with those of Merienne e
al. (1995).

This study is an extension of the low temperature measurements of Coquart et al. (1995) into the 200-300 nm wavelength
range. The technique was as in (b) but measurements were made only at 220 K, the optical path length was reduced to 20.¢
m, and measurements were made at several pressurestfip@ in the range 0.0026—0.098 mbar to allow corrections

to be made for O, absorption.

This study combines the high resolution FT technique of Vandaele et al. (1996), (Comment c) with the long path cell
technique of Merienne et al. (1995; 1997), Coquart et al. (1995) and Jenouvrier et al. (1996). (Comments a, b, d, g).
Cross-sections were measured at 294 K over the pressure range 0.013-1.3 mbar and at 220K over the pressure rang
0.009-1.3 mbar. Measurements were made using a Brucker FT spectrometer equipped with a multi-pass cell having a
path length of 60 m and at a resolution of 2t At 294 K contributions from NO,4 absorption are less than 0.1% but

at 220 K measurements were made over a range of pressures to correct faOtheoNtribution. A significant pressure

effect was observed in the visible at both temperatures but it may also be present in other spectral regions since only low
pressures were used. Careful comparisons were made with a number of other studies.

Relative cross-sections of N@air mixtures were measured at temperatures of 221K, 241K, 273K, and 293K using a
four-channel Si-diode array spectrometer at a resolution of 0.2 nm below 405 nm and about 0.3 nm above 405 nm. The
optical path length was varied between 985 cm and 1465 cm. Relative cross-sections were put on an absolute basis by
measuring the spectrum at 293 K on a Brucker FT spectrometer over the range 400-550 nm. CorrectigDs farhl

made by measurements made at several pbtial pressures. Comparisons are made with several other studies.

Relative quantum yields for NO production were measured using mass-spectrometric detection of the NO, and were
normalized to literature values at 313 nm and 366 nm. Measurements were made at 5 or 10 nm intervals in the range
295-445 nm and at 492 nm, 546 nm, and 579 nm.

Quantum yield for N@ photodissociation by pulsed dye laser measured at 1 nm intervals. The changexjnakO
obtained by absorption spectroscopy using absorption cross-sections measured in the same study. The absorbed quan
were calculated from measurements of the light intensity with joulemeters calibrated by ferrioxalate actinometry.

Quantum yield for NO production measured relative to NO production from NOCI photolysis at six wavelendths for
300K and 223 K.

The primary quantum yieldj1, was derived from measurements of (1) quantum yield of MSs (optical absorption),

(2) quantum yield of NO formation (mass spectrometry) and (3) quantum yield dbi@ation (mass spectrometry).

Light intensity was measured by NOCI actinometgys was found to be close to unity for wavelengths less than 395

nm. At 404 nm measurements were also made at 273K to 370 K. The results were found to be in qualitative agreement
with the simple theory that fok >395 nm the energy deficiency for dissociation is made up from internal rotational
and vibrational energy of the NOmolecules. On the basis of later experiments in the same laboratory by Calvert et
al. (1987), in which the absorption cross-section at 404.7 nm was measured from 273 K to 370K, the authors concluded
that vibrationally excited molecules absorb more strongly than the unexcited molecules. They were thereby able to derive
areasonable fit to the variation of primary quantum yield with temperature for photodecomposition in the energy-deficient
region at 404.7 nm.

The quantum yield for NO production from dye laser photodissociation of W3 measured at 248 K and 298 K relative
to NO production from NOCI photolysis. Quantum yields were measured at high resolution (0.001 nm).
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Preferred Values

Absorption cross-sections of NQ at 298 K and 220 K.

Anm  10%/cm? 1% /cm?  anm 1% /cn?  10%%/cn? Ainm 1% /e 10%% /en?

298 K 220K 298 K 220K 298 K 220K

205 33.81 34.29 305 16.04 15.85 405 57.68 56.17
210 44,51 42.46 310 18.82 18.70 410 61.53 60.82
215 48.87 45.80 315 21.64 21.96 415 58.92 57.53
220 46.72 44.03 320 25.42 24.94 420 59.50 58.43
225 39.04 36.96 325 28.79 27.53 425 56.70 55.22
230 27.65 26.11 330 31.88 29.82 430 54.04 52.95
235 16.53 14.57 335 35.87 33.62 435 55.54 55.09
240 8.30 7.54 340 40.20 37.81 440 48.42 47.33
245 3.75 3.29 345 41.75 39.11 445 48.84 47.77
250 1.46 1.14 350 46.10 43.71 450 48.13 48.61
255 1.09 0.84 355 49.82 47.55 455 41.24 39.68
260 1.54 1.04 360 50.77 49.24 460 42.97 42.76
265 2.18 1.96 365 55.01 54.18 465 40.87 40.54
270 2.92 3.00 370 56.07 55.93 470 33.56 31.97
275 4.06 4.16 375 58.88 58.96 475 38.49 37.95
280 5.27 5.33 380 59.24 58.33 480 33.44 32.52
285 6.82 6.73 385 59.42 58.97 485 25.18 23.33
290 8.64 8.79 390 62.00 62.20 490 30.74 30.17
295 10.64 10.64 395 59.20 58.01 495 29.30 28.63
300 12.99 12.82 400 63.85 63.20

Quantum Yields at 298 K and 248 K

Alnm ) Alnm ¢
298 K 248K 298 K 248K

300-398 100 100 407 026 0.18
399 095 094 408 022 0.14
400 088 086 409 0.18 0.12
401 075 069 410 015 0.10
402 062 056 411 013 0.08
403 053 044 412 011 0.07
404 044 034 413 0.09 0.06
405 037 028 414 0.08 0.04
406 030 022 415 006 0.03

Comments on Preferred Values

Since our previous evaluation, IUPAC (1997), there have been several studies, mostly at high resolution, pkihech@m

at temperatures ranging from 298 K to 220 K (Vandaele et al., 1996; 1998; Jenouvrier et al., 1996; Harder et al., 1997; Yoshina
et al., 1997; Merienne et al., 1997; Burrows et al., 1998). The most extensive study is that of Vandaele et al. (1998), covering
the wavelength range 238—1000 nm at 220K and 294 K. It is in excellent agreement with a number of other high resolution
studies. At temperatures close to 298K the data of Vandaele et al. (1996; 1998), Merienne et al. (1995) and Yoshino et
al. (1997) all lie within+ 2% over most of the wavelength range covered by their measurements. All of the studies appear

to be less reliable at the extremes of the wavelength range covered by each of them but there is sufficient overlap for this
group of studies to provide a set of reliable cross-section data for the range 300—600 nm. The study of Burrows et al. (1998)
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also gives values within-2% of these studies and provides reliable medium resolution data for the 300—600 nm range. At
shorter wavelengths (200-300 nm) there are studies of Bass et al. (1976), Jenouvrier et al. (1996), Merienne et al. (1997) anc
Schneider et al. (1987). The studies of Jenouvrier et al. (1996) and Merienne et al. (1997) are in excellent agreement with
the high resolution studies at longer wavelengths where they overlap and are preferred for the 200—300 nm range. There are
uncertainties in the wavelength calibration of Schneider et al. (1987), but the older data of Bass et al. (1976) are in reasonable
agreement. Our recommended values for cross-sections are those given in the studies just described and are preferred to tho
in the older studies of Schneider et al. (1987), Harwood and Jones (1994) and Davidson et al. (1988), which were the basis of
our previous recommendation, IUPAC (1997). The recommended spectra are too detailed for cross-sections for an extensive
listing here but 5 nm averaged cross-sections are given, taken from the studiésienié¢ et al. (1995; 1997), Coquart et

al. (1995) and Jenouvrier et al. (1996). These latter studies suffer a little from undersampling at high resolution but are in good
agreement with the recommended high resolution studies. For more detailed spectra the original papers should be consultec
in most cases detailed spectra are available from the authors.

Studies at temperatures down to 220K (Coquatrt et al., 1995; Harder et al., 1997; Merienne et al., 1997; Vandaele et al.,
1998; Harwood and Jones, 1994) have shown that the effect of lowering the temperature is to increase the sharpness of th
structural features of the spectrum. There are no shifts in wavelength observed and those reported by Schneider et al. (1987
and Davidson et al. (1988) may have been due to small calibration errors. At 220 K the data of Vandaele et al. (1998), Coquart
et al. (1995) and Merienne et al. (1997) agree to withir2.5% in the regions where they overlap. The data of Harder et
al. (1997) are in good agreement with these other studies over most of their wavelength range but show large deviations at
longer wavelengths{ 500 nm). The data of Harwood and Jones (1994) are lower by between 5% and 10 % over most of their
range but up to 20% lower at long wavelengths.

A significant pressure effect on the spectrum has also been observed in pp(8.825—1.3 mbar) (Vandaele et al., 1998)
and in highly dilute NQ/N2 mixtures (6.6—790 mbar) (Harder et al., 1997). The publications of Vandaele et al. (1998) and
Harder et al. (1997) should be consulted for detalils.

The preferred values of the quantum yields in our previous evaluation, IUPAC (1997) were those derived by Gardner et
al. (1987), based on their own data and a critical assessment of the earlier studies of Jones and Bayes (1973), Davenport (197¢
and Harker et al. (1977). The measurements of Roehl et al. (1994) are agreement with these recommendations. Since thes
studies, Troe (2000) has corrected the values of Gardner et al. (1987) and Roehl et al. (1994) for small, but significant effects
of secondary reactions and fluctuations of the specific rate constant. The values presented by Troe (2000) are adopted as ol
preferred values.
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[.LA3.69

NO3 + hv — products

Primary photochemical transitions

Reaction AH°/KI mol™t  Athresholdnm
NOs +hv — NO+ (%) (1) 10.8 11080

—- NO+0O(*A) (2) 105 1139

- NO+0O(x) (3) 168 714

— NO, +OCP) (4) 204 587

Absorption cross-section data

Wavelength range/nm  Reference Comments

400-700 Sander, 1986 (a)

Quantum yield data

Measurement Wavelength/nm  Reference Comments
¢(NO + &), ¢4 570-635 Orlando et al., 1993 (b)
Comments
(a) Two methods were used to produce N one, NQ radicals were generated from the flash photolysis gf@ONO,

(b)

mixtures, with NQ formation and CIONG@ loss being monitored by UV absorption. Measurements were made at 230,
250, and 298 K. The value of(NO3) at 662 nm and 298 K, determined by this method (22817 cm? molecule’ 1),

was preferred by the author. The cross section was observed to increase as the temperature was lowerasl aN©®
produced in a discharge flow system by the F + HN@action. The value of (NO3) at 662 nm and 298 K determined

by this method was 1.8310~17 cn? molecule. Values ofo (NO3) were tabulated for 1 nm intervals from 400 nm to
700 nm for 298 K and 230 K.

The photodissociation of Nfwvas studied at 298 K using pulsed laser photolysis, with resonance fluorescence detection
of O(P) atoms and NO(X1). ¢[O(°P)] was 1.0 over the range 570-585 nm, decreasing to a vakiedaf at 635 nm.

¢(NO) was< 0.1 at 580 nm and about 0.200.1 at 590 nm. These data were combined with earlier results of Magnotta
and Johnston (1980) to provide quantum yieldg 0M1O+0,) and¢(4) as a function of wavelength (586-639 nm) and to
calculate photolysis rates for overhead Sun at the earth’s surface] (N, + O) = 0.19 s andJ(NO + O,) = 0.016

S
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Preferred Values

Absorption cross-sections of N@ at 298 K and 230 K.

anm  13%/cm? 10%/em? Ainm 10%/cm?  10% /e Ainm 109% /e 10%/cn?

298 K 230K 298 K 230K 298 K 230K
400 0.0 0.4 431 13 1.8 462 4.0 4.0
401 0.0 0.4 432 15 1.8 463 4.1 4.8
402 0.0 05 433 1.8 2.0 464 4.8 51
403 0.2 0.5 434 1.8 2.2 465 5.1 54
404 0.0 0.3 435 1.6 2.4 466 5.4 5.7
405 0.3 0.7 436 15 2.3 467 5.7 6.0
406 0.2 0.6 437 1.8 2.0 468 5.6 59
407 0.1 0.5 438 2.1 2.2 469 5.8 6.0
408 0.3 05 439 2.0 2.8 470 5.9 5.7
409 0.0 0.8 440 1.9 2.4 471 6.2 6.2
410 0.1 0.5 441 1.8 2.5 472 6.4 6.5
411 0.2 0.8 442 2.1 2.3 473 6.2 6.5
412 0.5 0.4 443 1.8 2.3 474 6.2 6.4
413 0.5 0.7 444 1.9 2.4 475 6.8 7.4
414 0.2 1.2 445 2.0 2.9 476 7.8 8.3
415 0.6 0.8 446 24 2.9 477 7.7 8.2
416 0.6 0.8 447 2.9 3.3 478 7.3 7.4
417 0.7 11 448 2.4 3.6 479 7.3 7.4
418 0.5 11 449 2.8 3.3 480 7.0 75
419 0.8 11 450 2.9 3.3 481 7.1 7.4
420 0.8 1.4 451 3.0 3.7 482 7.1 7.3
421 0.8 13 452 3.3 4.0 483 7.2 7.1
422 0.9 1.3 453 3.1 3.7 484 7.7 7.4
423 11 1.3 454 3.6 4.0 485 8.2 8.2
424 0.9 1.4 455 3.6 4.1 486 9.1 9.5
425 0.7 1.7 456 3.6 3.6 487 9.2 9.4
426 1.4 1.6 457 4.0 4.2 488 9.5 9.2
427 14 1.3 458 3.7 4.7 489 9.6 10.6
428 1.2 1.6 459 4.2 4.5 490 10.3 11.2
429 11 1.4 460 4.0 4.6 491 9.9 10.3
430 1.7 1.7 461 3.9 4.3 492 9.9 10.6
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Anm  10%/cm? 10%/cm? Ainm 10%/cm? 10%/cm? Ainm 109% /e 10Y%/cn?
298 K 230K 298 K 230K 298 K 230K

493 10.1 10.9 538 23.4 26.0 583 29.3 34.6
494 10.1 10.1 539 20.4 22.4 584 28.2 32.8
495 10.6 111 540 21.0 22.6 585 28.9 34.0
496 12.1 12.9 541 20.4 21.8 586 33.2 39.7
497 12.2 14.0 542 18.8 19.7 587 41.6 51.8
498 12.0 13.2 543 16.8 175 588 50.4 63.8
499 11.7 12.6 544 17.0 17.3 589 61.3 77.3
500 11.3 12.3 545 19.6 21.3 590 59.6 71.8
501 111 114 546 24.2 26.5 591 54.4 64.6
502 11.1 11.1 547 29.1 33.0 592 51.1 60.2
503 111 11.9 548 29.8 334 593 45.8 53.2
504 12.6 13.3 549 27.1 29.7 594 41.9 50.2
505 12.8 14.0 550 24.8 27.8 595 42.9 52.8
506 134 15.0 551 24.3 27.6 596 46.2 58.1
507 12.8 14.0 552 24.7 28.5 597 43.6 54.0
508 12.7 13.0 553 25.3 29.4 598 36.7 43.7
509 135 14.1 554 27.8 33.1 599 31.0 36.5
510 15.1 16.5 555 31.1 38.0 600 27.6 29.7
511 17.3 20.0 556 32.6 39.2 601 28.6 30.4
512 17.7 21.1 557 32.9 39.3 602 33.2 35.7
513 16.0 19.2 558 35.1 42.2 603 38.0 43.0
514 15.8 17.3 559 37.2 45.3 604 43.7 51.4
515 15.8 17.0 560 33.2 38.5 605 43.6 53.2
516 15.6 175 561 29.8 33.8 606 33.2 39.6
517 14.9 15.4 562 29.0 32.7 607 24.0 26.5
518 14.4 14.9 563 28.0 32.1 608 185 19.1
519 154 15.9 564 27.2 30.8 609 17.1 17.7
520 16.8 17.3 565 27.3 31.0 610 17.7 18.5
521 18.3 18.9 566 28.5 33.0 611 19.1 20.7
522 19.3 20.6 567 28.1 314 612 22.3 25.2
523 17.7 19.1 568 28.5 32.0 613 26.3 32.0
524 16.4 16.8 569 28.9 32.6 614 25.5 30.5
525 15.8 16.0 570 27.9 31.1 615 22.6 25.8
526 16.3 16.8 571 27.6 30.9 616 20.9 225
527 18.1 19.3 572 27.4 30.5 617 21.1 22.0
528 21.0 23.8 573 27.8 30.9 618 23.9 24.4
529 23.9 27.3 574 28.6 31.9 619 25.6 27.1
530 22.3 247 575 30.8 36.0 620 32.7 35.8
531 20.9 22.7 576 32.7 38.7 621 52.4 62.9
532 20.2 22.0 577 33.8 39.5 622 101.8 121.3
533 19.5 21.1 578 33.1 38.5 623 147.3 1745
534 20.4 22.7 579 324 38.3 624 120.5 138.7
535 23.0 26.6 580 334 39.9 625 83.8 100.7
536 25.7 30.6 581 35.5 43.9 626 73.0 88.2
537 25.8 30.5 582 32.8 39.5 627 75.3 96.1
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Mnm  10%/cm? 109% /e ainm 13% /e 108%/cm? ainm 109%/cm? 10% /cn?

298 K 230K 298 K 230K 298 K 230K
628 73.7 94.3 649 54 5.3 670 9.5 11.2
629 69.8 90.3 650 5.0 5.0 671 79 9.4
630 67.6 89.7 651 5.5 5.6 672 7.6 9.7
631 48.4 61.0 652 6.1 6.6 673 6.4 8.1
632 32.7 39.8 653 7.1 7.9 674 5.2 6.3
633 21.7 251 654 8.2 9.2 675 4.8 55
634 16.4 17.3 655 9.8 11.0 676 4.9 5.2
635 14.4 14.0 656 13.3 144 677 59 6.2
636 16.9 16.2 657 17.1 18.5 678 75 7.2
637 20.7 20.1 658 24.2 25.9 679 7.8 7.3
638 20.3 18.9 659 40.7 42.7 680 6.9 6.4
639 15.8 14.2 660 745 79.0 681 5.3 5.3
640 12.3 11.3 661 144.8 167.5 682 4.0 4.4
641 10.0 9.5 662 210.0 266.9 683 3.0 3.2
642 9.2 8.4 663 1744 229.7 684 2.6 2.8
643 9.7 8.1 664 112.9 145.5 685 1.8 2.4
644 9.5 8.4 665 74.1 92.9 686 1.6 1.5
645 8.6 8.0 666 49.6 62.9 687 1.2 2.3
646 7.5 6.9 667 30.4 37.4 688 1.2 2.0
647 7.0 6.8 668 19.0 23.3 689 1.2 1.9
648 6.2 6.3 669 12.5 14.5 690 1.0 2.1

Quantum Yields at 298 K
¢4 =1.0forr <587 nm.
Comments on Preferred Values

The preferred values of the absorption cross-sections are based on the data of Sander (1986) and are obtained by normalizin
the experimental values of Sander in the range 400-691 nm to the valuexdf®X cn? molecule ! for the peak value at
662 nm. This peak value is adopted from the evaluation of Wayne et al. (1991). The measurements of Yokelson et al. (1994),
made over the range 440-720 nm, which supersede previous data from the same laboratory (Ravishankara and Maudlin, 1986
are in good agreement with the data of Sander (1986).

There is also good agreement between the studies of Sander (1986) and of Yokelson et al. (1994) on the temperature deper
dence of the cross-sections, which were studied over the range 230-298 K by Sander (1986) and 200—298 K by Yokelson et
al. (1994). A significant increase in cross-section is found as temperature is lowered, in contrast to the findings of Cantrell et
al. (1987), who found temperature change to have little effect. To obtain the temperature dependence of the band at 662 nm
the value ofo at 230 K obtained by Sander (1986) is accepted and combined with the preferred value at 298 k(@ give
{4.59x10717—(8.37x1072°T)} cn? molecule™ at 662 nm.

The measurements of Orlando et al. (1993) confirm qualitatively the wavelength dependg(id® af O,) andg4 observed
in the earlier room temperature measurements of Magnotta and Johnston (1980), and provide more accuratepsaliias for
earlier problem (Magnotta and Johnston, 1980) of quantum yields in excess of 1.4 was not encountered in the work of Orlando
et al. (1993), which confirms that N@adical dissociation is exclusively to NG O(CP) at wavelengths less than 587 nm.

A molecular beam study of Davis et al. (1993) has provided considerable insight into the photodissociation 0§ the NO
radical. There is a very sharp threshold for channel (4) at 587 nm for coldaN@any dissociation at longer wavelengths via
channel (4) must occur from internally excited plGAt A > 588 nm this process competes with photodissociation of O
form NO + O, via a three-centre transition state from the vibrationally excited ground state. The yield from this process falls
off above 600 nm and may only occur from hot band absorption above 605 nm. These facts imply that the branching ratio
for bulk, thermally equilibrated N@radicals will depend very strongly on temperature, especially near the threshold for the
NO»-forming channel, where higher temperatures will tend to favour the simple bond fission, channel (4).
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Using the measured energy thresholds from the molecular beam experiments, Johnston et al. (1996) have modelled prod
uct yields from the excited N®resulting from photon absorption. The have calculated valueg(BD), ¢(NO2), and
¢(fluorescence) as a function of wavelength in the range 401-690 nm at temperatures of 190, 230, and 298 K. The values
at 298 K agree well with the experimental findings of Orlando et al. (1993), with only some departuggdl@y) in the
605-620 nm region.

On the basis of their measured quantum yields, Orlando et al. (1993) have suggested photodissociation rates at the earth'’
surface, for an overhead sun and the wavelength range 400700 iiN®$ + O) = 0.19 st andJ(NO + O,) = 0.016 s1.

These are preferred for atmospheric calculations. The experimental values of Magnotta and Johnston (1980) are in agreemen
and the calculations of Johnston et al. (1996) also provide support for these photodissociation rates.

The information from the molecular beam experiments of Davis et al. (1993) dictates that these vdluesgyodpply for
temperatures close to room temperature. Calculated values are available for lower temperatures, but further measurements
the quantum yields for N&radical photolysis in bulk samples at lower temperatures are required before recommendations can
be made for atmospheric photolysis rates at stratospheric temperatures.
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[.LA3.70

N2O + hv — products

Primary photochemical transitions

Reaction AH°/kI-mol1  Ainresholdnm
NoO+hv — No+OCP) (1) 161 742
—-N+0O(D) (2) 351 341
— N +NO (3) 483 248
— N, +0O(S) (4) 568 211

Absorption cross-section data

Wavelength range/nm  Reference Comments

173-240 Selwyn etal., 1977 (a)

Quantum yield data

Measurement  Wavelength/nm Reference Comments

#(-N20)=2.0 184.9 Greiner, 1967 (b)
#(NO)=1.0  184.9
$(02)=05  184.9

¢1 <0.03 214 Paraskevopoulos and Cvetanovic, 1969 (c)
¢3 <0.01 185-230 Preston and Barr, 1971 (d)
Comments

(a) Measured at five temperatures from 194 K to 302 K, with a resolution of 0.7 nm. Values were tabulated at 1 nm intervals.
A nine parameter fit expressimgas a function ok and7 was also given.

(b) N2O was photolyzed at 184.9 nm in a static system at temperatures in the range 299-301 K. Analyg;, fdONand
O2 was carried out by mass-spectrometry. No other products were observed but the analysis system was not sensitive tc
NO,. Pressure was varied in the range 5.3—285 mbar (4—-214 Torr)©f Rrom the results obtained in this and other
studies, it was concluded tha{—N2O) = 2.0,¢(NO) = 1.0, andp(O>) = 0.5 over the range 138-210 nm.

(c) N0 was photolyzed at 298 K in the presence of neopentane, 1-butene, and added inert gases. The yR)ctdrag
was determined from the yield of addition products formed with 1-butene.

(d) NoO containing 1%4°NO was photolyzed at 296 K arid= 185 nm, 214 nm, and 229 nm. The isotopic composition of
the Np produced was measured.
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Preferred Values

Absorption cross-sections of NO at 298 K

anm  1F%/cm?  A/nm  1G%/cn?

175 12.6 210 0.755
180 14.6 215 0.276
185 14.3 220 0.092
190 111 225 0.030
195 7.57 230 0.009
200 4.09 235 0.003
205 1.95 240 0.001

Temperature dependence of absorption cross section

INo(A, T) = A1 + Aoh + AzrZ + Aar3 + AsA® + (T — 300)expB1 + Boi + Bar2 + Bar3)

where
A1 =68.21023 B1=123.4014
Ay =-4.071805 By, =-2.116255

A3 =4.301146102  B3=1.11157%102
Ag=-1.777846<10% B,=-1.881058&10°°
As = 2.52067X% 107

for A =173-240 nm and” = 194-302 K.

Quantum Yields

¢2 = 1.0 forx = 185-230 nm.
Comments on Preferred Values

The preferred absorption cross-section and the expressionddilri) are from Selwyn et al. (1977) These cross-section
values have been confirmed both at room temperature and at 208 K by the studies of Hubrich and Stuhl (19&@ieane M
et al. (1990), who also determined the temperature dependence.

The preferred value of the quantum yield is based on the studies of Greiner (1967), Parakevopoulos and Cvetanovic (1969),
and Preston and Barr (1971). Greenblatt and Ravishankara (1993) have also measured the quantum yield for production o
NO(IT) and N¢S) atoms at 193 nm to be 8x10-3.

Other relevant spectroscopic studies are those of Yoshino et al. (1984), who made high-resolution room temperature cross:
section measurements in the 170-222 nm range, and of Lee and Suto (1984) who measured the photoabsorption and fluore:
cence cross-sections in the 106—160 nm region.

The UV absorption spectrum of the heavier isotopomers @ F°N14NO, 14N1°NO, 1*N14N170, 14N14N180) are slightly
blue shifted due to their lower zero point energies and, as a result, are expected to be photolysed more slowly in the atmosphere
This is evident in the studies of Selwyn and Johnston (1981) who measured the absorption specp@rarad Ks'°N isotopic
forms over the wavelength range 172-197 nm and the temperature range 150-500 K. Isotopic fractionation is valuable as a
means of investigating M0 sources and sinks in the atmospheric cycle and, consequently, the isotope effect to be expected
for the photolysis has been analysed by Yung and Miller (1997), and has been the subject a number of recent experimental
studies (Rahn et al., 1998; Umemoto, 1999; Turatti et al., 2000; Roeckmann et al., 2000; Zhang et al., 2000), which should be
consulted for details.

State-resolved photofragment spectroscopy studies©f photodissociation at 193 nm (Springsteen et al., 1993) and 205
nm (Hanisco and Kummel, 1990) show that 43% of the energy deposited in the molecule appears as translational energy of the
O(*D) atom.
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[.LA3.71

N2Os5 + hv — products

Primary photochemical transitions

Reaction AH°/KI -mol™t  Athreshoidnm
NoOs + Ay — NO3z + NO» (1) 96 1252
. NO3 +NO +0 ) 402 298

— NO3 + NO; — NO3 + NOy + hv (3)

Absorption cross-section data

Wavelength range/nm  Reference Comments
200-380 Yao et al., 1982 (®)
240-420 Harwood et al., 1993 (b)
208-398 Harwood et al., 1998 (c)

Quantum yield data

Measurement Wavelength/nm  Reference Comments

d(NO3) 249-350 Swanson et al., 1984 (d)

#(NO3), [O(CP)] 290 Barker et al., 1985 (e)

#(NO3), p[OCP)] 248-289 Ravishankara et al., 1986 (f)

d(NO3) 248, 308, 352.5 Harwood et al., 1998 (9)
Comments

(a) Measured over the temperature range 223-300 K. For the wavelength range 200—-280 nm, no temperature dependenc
was observed and values were tabulated at 5 nm intervals. For 285-385 nm, a pronounced temperature dependence we
observed and the results were presented as an equation expressigfunction ok andT.

(b) Measurements were made over the temperature range 233-313 K using a dual beam diode array spectrometer. Absolut
cross-sections were based on pressure measurements and determinationaoidNMING; impurities by spectroscopic
methods. For 260-380 nm, a pronounced temperature dependence was observed and the results were expressed in tl
form logio(c) = A + BIT.

(c) Spectra were measured using a diode array spectrograph having a resoldibbnrofand were normalized to the value
of o at 280 nm reported by Harwood et al. (1993). TheOy was analysed to check for HNGmpurities and found to
contain<1%.

(d) Pulsed laser photolysis, mostly at 249 nm, with a few experiments at 350 nm. Thqud@tum yield was measured to
be 0.89+ 0.15. At low reactant concentration, the quantum yield approachet 0.Q.

(e) Pulsed laser photolysis. The quantum yield for production 8PPétoms was determined to ke0.1 in experiments
with atomic resonance fluorescence detection of oxygen atoms. Optoacoustic techniques with added NO were used to
determinep(NO3) to be 0.8+ 0.2.

(f) Pulsed laser photolysis. The quantum yield for N#oduction at 249 nm was determined to be unity in experiments with
detection of N@ by absorption at 662 nm. The quantum yield foPB) production was observed to decrease from 0.72
4+ 0.17 at 248 nm to 0.15% 0.05 at 289 nm.
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(g) Pulsed laser photolysis at 248 nm, 308 nm, or 352.5 nm withg]M@nitored by absorption at 661.9 nm. At each of the
three photolysis wavelengths two different actinometric methods were used to establish the laser fluence for calculating the
quantum yield. Values af(NO3) obtained were: at 248 nm (0.6D.14, 0.64:0.08); at 308 nm (0.880.10, 1.03:0.10);
at 352.5 nm (0.940.04, 1.230.04). The quantum yields were independent of pressure over the range 200—800 mbar
(150-600 Torr).

Preferred Values

Absorption cross-sections of NOs at 298 K

anm  1F%/cn?  B/IK  Anm  1G%/cm?  BIK

210 470 315 1.62 —0.253
215 316 320 1.21 —0.294
220 193 325 0.89 —0.338
225 128 330 0.67 —0.388
230 91 335 0.50 —0.409
235 73 340 0.38 —0.492
240 60 345 0.279 —-0.530
245 51 350 0.215 -0.583
250 40 355 0.164 —-0.719
255 32 360 0.124 -0.770
260 25.9 —0.091 365 0.091 -0.801
265 20.4 —0.100 370 0.072 -0.885
270 16.4 —-0.104 375 0.053 -0.765
275 13.2 —-0.112 380 0.041 —-0.992
280 111 —-0.112 385 0.032 -0.992
285 8.59 —0.126 390 0.0228 —0.949
290 6.71 —-0.135 395 0.0171 —-0.845
295 5.11 —0.152 400 0.0138 —0.966
300 3.87 —-0.170 405 0.0103 —-1.00

305 291 —-0.194 410 0.0080 -1.16

310 2.17 —0.226

Temperature dependence: {agr (cm? molecule ) = logigooeg + 1000B(1/T —1/298).

Quantum Yields at 298 K

ainm  ¢(NO3) ¢(0)
248 0.8 0.72

266 0.38
287 0.21
289 0.15
300 1.0
350 1.0

Comments on Preferred Values

The absorption cross sections reported by Harwood et al. (1993) are in excellent agreement with the earlier data of Yao et
al. (1982) and the more recent values obtained by Harwood et al. (1998) at wavelengdiisnm. At wavelengths shorter
than 240 nm the values obtained by Harwood et al. (1998) are lower than those of Yao et al. (1982), the divergence between the
two studies increasing with decreasing wavelength so that at 210 nm the absorption cross-section obtained by Yao et al. (1982
is ~ 50% greater than that of Harwood et al. (1998). The preferred values for the cross-sections at 298 K were obtained by
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averaging the values obtained by Yao et al. (1982), Harwood et al. (1993) and Harwood et al. (1998) 80 nm and
averaging those of Yao et al. (1982) and Harwood et al. (1998) in the range 210-240 nm.

The temperature dependences of the cross-sections measured by Harwood et al. (1993) agree well with the values obtaine
by Yao et al. (1982), except at the longer wavelengths where the results in the former study show a slightly larger dependence.
Thus, using the expressions for the temperature dependence anddhees given in the two studies, thevalues calculated
at 380 nm differ by about 30%. The preferred values of the temperature coefficients are taken from Harwood et al. (1993).

The quantum yields for N@and O atom formation have been measured at a number of wavelengths in the range 248-352.5
nm. The preferred value @f(NOs) =1.0 at 300 nm and 350 nm are based on the results of Swanson et al. (1984) at 350 nm,
Barker et al. (1985) at 290 nm, and Harwood et al. (1998) at 308 nm and 352.5 nm, which agree within the fairly substantial
error limits. The value of(NO3) at wavelengths below 300 nm is less certain. A quantum yield close to unity has been
reported by Swanson et al. (1984) at 249 nm and by Ravishankara et al. (1986) over the range 248-289 nm, but the recen
study of Harwood et al. (1998) suggests a substantially lower value at 248 nm. Our preferred value of 0.8, with suggested error
limits of at least 10%, reflects the findings of all of these studies (Harwood et al., 1998; Swanson et al., 1984; Ravishankara et
al., 1986).

The preferred quantum yields for O atom production are those reported by Ravishankara et al. (1986). Barker et al. (1985)
also report a quantum yield for O atom production<00.1 at 290 nm in agreement with the findings of Ravishankara et
al. (1986) thatp(O) is substantial at 248 nm but decreases with increasing wavelength, approaching zero in the neighbourhood
of the thermodynamic threshold for O atom production at 298 nm.

The study of Oh et al. (1986) indicates that electronically excited M@he 2B state is produced, and photolysis induced
fluorescence (PIF) quantum yield values are reported.
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Appendix A4: SOy reactions
1.LA4.72
O+CS—CO+S
AH°=-361kJmol1

Rate coefficient data

klcm® molecule® 72 Temp./K Reference Technique/ Comments
Absolute Rate Coefficients

(2.06+ 0.14)x 10711 305 Slagle etal., 1975 DF-MS
(2.24+0.36)x10° 1 300 Bida etal., 1976 DF-UVA

2.6x10710 exp[-(760+ 140)T] 156-294 Lilenfeld and Richardson, 1977 DF-EPR/MS
2.0x1071 298¢

Relative Rate Coefficients
2.3x10° 11 298 Hancock and Smith, 1971 RR (a)

Comments

(a) Discharge flow system. éR) was added to GSand the infrared chemiluminescence from the O + CS reaction monitored.
NO, was added to compete for O atoms. A rate coefficient ratididfO + NO,) = 2.3 was obtained, and placed on an
absolute basis by use O + NO,) = 1.0 x 1011 cm? molecule s~1 (this evaluation).

Preferred Values

k =2.1x10"11 cm® molecule! s~ at 298 K.

k =2.7x10710 exp(~760/r') cm® molecule ! s~1 over the temperature range 150-300 K.
Reliability

Alogk = £0.1 at 298 K.
A(E/R) = +250K.

Comments on Preferred Values

Because of its significance in the CO chemical laser, this reaction has been the subject of a number of studies (Slagle et
al., 1975; Bida et al., 1976; Lilenfeld and Richardson, 1977; Hancock and Smith, 1971). The vatugistaihed at 298 K
fall within a range of about 20%. The preferred value is the mean of these measurements, all of which seem reliable. To
obtain the preferred expression figrthe only available value of/R is accepted (Lilenfeld and Richardson, 1977) and the
pre-exponential factor is adjusted to fit the preferred 298 K rate coefficient.
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I.A4.73
O + CH3SCH3 — CH3SO + CHs
AH° =—-133 kdmol1

Rate coefficient data

klicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
1.42x10 M exp (3664 15)/T] 268-424 Leeetal., 1976 FP-RF

(4.84+ 0.52)x10°11 298
1.28x10 M exp (4044 30)/T] 272-472 Leeetal, 1980 DF-RF
(4.83+ 0.46)x 1011 296
1.11x10 M exp (4604 41)/T] 296-557 Nipetal., 1981 (a)
5.11x10"11 297

Comments

(a) O@P) atoms were generated by the mercury-photosensitized photolysjgofiding a sinusoidally-modulated mercury
lamp, and monitored by Nf£chemiluminscence using a phase-shift technique.

Preferred Values

k =5.0x1071 cm® molecule™! s71 at 298 K.
k = 1.3x10~ 11 exp(4091") cm?® molecule’! s~1 over the temperature range 270-560 K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R =+100K.

Comments on Preferred Values

The data of Nip et al. (1981) are in excellent agreement, over the entire temperature range studied, with both of the studies
of Lee et al. (1976; 1980). The preferred values aft 298 K andE /R are obtained from a least-squares fit of the data from
those three studies. The product study of Cvetanovic et al. (1981) suggests that at high pressures (0.39-1.58 bar) the reactio
proceeds almost entirely by addition followed by rapid fragmentation t9-€€B8H3SO. A broad chemiluminescence spectrum
in the range 240-460 nm from this reaction at 1.3 mbar (1 Torr) pressure has been reported by Pavanaja et al. (1994). The)
identified the emitting species as electronically excited HO ang 8 by numerical integration they showed that production
of these excited species is consistent with secondary chemistry following the initial reaction to give the products shown above.
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I.LA4.74

0+CS, —SO+CS (1)
S CO+S (2)
5 0CS+S (3)

AH°(1) =—-83 kJmol~*
AH°(2) = —348 kmol~1
AH°(3) =—-231 kdmol?!

Rate coefficient data k = k1 + ko + k3)

kfcm® molecule s7? Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.0x10 texg—(300+ 150/T] 305410 Smith, 1968 FP-UVA
4.2x10°12 305
8.3x10 M exp(—950/ T) 300-920 Homann et al., 1968 DF-MS
3.5x10712 300
(2.084 0.08)x 1012 227 Westenberg and deHaas, 1969 DF-EPR/MS
(3.04+0.3)x10°12 297
.8+ 0.3)x
(7.840.3)x10°12 538
£ 0.3)x allear ana neages, -
(3.74+0.3)x10°12 298 Call d Hedges, 1970 FP-UVA
.0+ 0.3)x agle etal., a
4.0+ 0.3)x10712 302 Slagle et al., 1974
2.8x10 exd—(650+35)/T]  218-293 Weiand Timmons, 1975 DF-EPR
(3.1£0.2)x10°2 293
94 0.2)x ranam an utman, -
(2.940.2)x10712 249 Grah dG 1977  DF-MS
(3.6 0.3)x10°12 273
4.1+ 0.2)x10°12 295
(5.1£0.6)x10°12 335
(6.6+ 0.3)x10°12 376
(8.5+ 0.6)x10°12 431
(11.2+ 0.8)x10°12 500
Comments

(a) Studied by using crossed molecular beams with photoionization mass spectrometric detection of products.

Preferred Values

k =3.7x10"12cm® molecule ! s 1 at 298 K.

k = 3.3x10~ 1 exp(—650/T) cm?® molecule ! s~ over the temperature range 210-500 K.
ki/k > 0.90 over the temperature range 200-500 K.

Reliability

Alog k = £0.2 at 298 K.
A(E/R) = £100K.

Comments on Preferred Values

There are several determinationskoét 298 K using a variety of techniques, which are in good agreement. The preferred
value is an average of the values of Smith (1968), Homann et al. (1968), Westenberg and deHaas (1969), Callear and Hedge
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(1970), Slagle et al. (1974), Wei and Timmons (1975), and Graham and Gutman (1877). The preferred temperature coefficient
is that of Wei and Timmons (1975), which is good agreement with that of Graham and Gutman (1977).

The reported values for the branching ratios show considerable scattég/Foalues of 0.093 (Slagle et al., 1974), 0.096
(Graham and Gutman, 1977), 0.015 (Hancock and Smith, 1971), 0.30 (Suart et al., 1972) and 0.085 (Cooper and Hershbergel
1992) have been reported and fafk values of 0.05-0.20 (Slagle et al., 1974), 0.014 (Hsu et al., 1979) and 0.030 (Cooper and
Hershberger, 1992). Channel 1 is clearly the major channel but at this stage our only recommendatian/is$h@t90.
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I.A4.75
O + CH3SSCH; — CH3SO + CH3S

AH° =—-167 kdmol~1

Rate coefficient data

kicm® molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.12+ 0.22)x10°10 270-329 Lee and Tang, 1980 DF-RF
4.35x10 Mexp (2514 61)/T] 298-571 Nipetal., 1981 (a)
(1.0£0.3)x1071° 298
Comments

(a) O@P) atoms were generated by the mercury-photosensitized photolysjgofiding a sinusoidally-modulated mercury
lamp, and monitored by Nf£chemiluminescence using a phase-shift technique.

Preferred Values

k = 1.5x10719 cm® molecule™! s71 at 298 K.
k = 6.5x10~ 11 exp(2501") cm® molecule’! s~1 over the temperature range 290-570 K.

Reliability

Alogk = £0.3 at 298 K.
A(E/R) =+100K.

Comments on Preferred Values

The data of Nip et al. (1981), obtained using a modulated photolysis technique, are about a factor of 2 lower than the
data from the earlier discharge flow-resonance fluorescence study of Lee and Tang (1980), who reported no temperature
dependence over the rather limited range 270-329 K. The cause of the discrepancy between the two measurements is not clee
The preferred value at 298K is an average of the values from the two studies (Nip et al., 1981, Lee and Tang, 1980). The
temperature dependence is that from Nip et al. (1981) withitfector adjusted to yield the preferred value at 298 K.

The product study of Cvetanovic et al. (1981) suggests that at high pressures, 0.39-1.58 bar, the reaction proceeds mainl
by addition followed by rapid fragmentation to @8l + CH;SO. A broad chemiluminescence spectrum in the range 240-460
nm from this reaction at 1.3 mbar (1 Torr) pressure has been reported by Pavanaja et al. (1994). They identified the emitting
species as electronically excited HO and,Sé&hd showed from a computer simulation that production of these excited species
is consistent with secondary chemistry following the initial reaction to give the products shown above.
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I.LA4.76

0+0CS —SO+CO (1)
- C0+S (2

AH°(1) =—213 kmol~1
AH®(2) = —224 kJmol~1

Rate coefficient data k = ky + k)

kicm? molecule s71 Temp./K  Reference Technique/Comments

Absolute Rate Coefficients

(9.1+ 1.4)x10°1° 298 Sullivan and Warneck, 1965 ~ DF-MS

2.0x10 0exp(—2920/ T) 290-465  Hoyermann et al., 1967 DF-EPR

1.2x10°1 300

1.08x 10~ Pexp(—277¢/T) 300-1150 Homann et al., 1968 DF-MS

1.1x10° 300

3.2x10 M exp(—2280/T) 273-808  Westenberg and deHaas, 1969 DF-EPR/MS

(1.4+0.1)x10°14 297

(1.19+ 0.06)x 1014 297 Breckenridge and Miller, 1972 DF-MS

1.65x10 M exp— (21654 30)/T] 263-502  Klemm and Stief, 1974 FP-RF

(1.2£0.1)x10° 298

2.0x10 M exgd—(2140+ 40)/T]  239-404  Wei and Timmons, 1975 DF-EPR

(1.3540.13)x107 295

(1.394 0.14)x 10714 296 Manning et al., 1976 FP-RF

(1.17+0.12)x 10714 298 Yoshida and Saito, 1978 DF-A (a)
Comments

(a) SO radicals were monitored by microwave absorption at 13044 MHz.

Preferred Values

k =1.2x1071% cm?® molecule! s71 at 298 K.
k =1.6x10" 11 exp(~2150/) cm® molecule’! s~1 over the temperature range 230-500 K.

Reliability

Alogk = £0.2 at 298 K.
A(E/R) = £150K.

Comments on Preferred Values

The values obtained for by a variety of techniques (Sullivan and Warneck, 1965; Hoyermann et al., 1967; Homann et
al., 1968; Westenberg and deHaas, 1969; Breckenridge and Miller, 1972; Klemm and Stief, 1974; Wei and Timmons, 1975;
Manning et al., 1976; Yoshida and Saito, 1978) are in excellent agreement over a wide range of temperatures and pressure
(<340 mbar). The available evidence suggests that at low temperatures the reaction proceeds by channel (1) and that chann
(2) may only become significant at temperatures above 600 K.

Because of the possible enhancement of the rate by channel 2 at high temperatures, the recommended f(Rlige of
the mean of the values obtained in studies by Klemm and Stief (1974) and Wei and Timmons (1975) which were limited to
temperatures below 502 K. The valuekoét 298 K is the mean of the values in Sullivan and Warneck (1965), Hoyermann et
al. (1967), Homann et al. (1968), Westenberg and deHaas (1969), Breckenridge and Miller (1972), Klemm and Stief (1974),

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/



R. Atkinson et al.: Evaluated kinetic and photochemical data fgiHDy, NOx and SQ 1625

Wei and Timmons (1975), Manning et al. (1976) and Yoshida and Saito (1978) and the pre-exponential factor is adjusted to fit
this value ofk and the recommended value Bf R.

Approximate measurements bf/k, are: 102 at 298 K (Dondes and Safrany, 1965) andd@t 500 K (Homann et al.,
1968). Studies of detailed dynamics of this reaction have been reported by Hsu et al. (1979), Nickolaisen et al. (1994) and
Chen et al. (1995).
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.LA4.77
O+SO,+M— SOz +M

AH° =—-348.1 kdmol1

Low-pressure rate coefficients

Rate coefficient data

kolcm® moleculet 571 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
3.1x10-32exp(—1009/T) [Ar] 299-400 Atkinson and Pitts, 1978 FP-CL (a)

1.05x 1033 [Ar] 298
1.37x10733[Ny] 298
Comments

(a) Flash photolysis technique with detection ofB)atoms by NG chemiluminescence. Relative efficienciek(=N,):
k(M=Ar): k(M=SQO,) = 1.0: 0.77: 6.9 were determined.

Preferred Values

ko = 1.4x10733[N5] cm?® molecule ! s~ at 298 K.
ko = 4.0x 1032 exp(~1000/') [N5] cm® molecule s~ over the temperature range 200-400 K.

Reliability

Alog ko = +0.3 at 300 K.
A(E/R) = £200K over the temperature range 200-400 K.

Comments on Preferred Values

The preferred values are based on the absolute rate coefficient study of Atkinson and Pitts (1978). Because the reaction ha
an activation barrier, the Arrhenius form is chosen. The falloff transition to the high pressure range is expected at pressures not
too far above 1 bar. However, as yet no experimental data are available in this pressure region. Based on a theoretical analysi
of dissociation (Astholz et al., 1979) and recombination data, fitting a barrier of-B®kd for the spin-forbidden reaction
OCP) + SO (*A1) — SO; (*Ay), Troe (1979) derived the expressiof 1.1x 1031 (7/1000)* exp(—2646/') [Ar] over
the temperature range 250—-2500 K, which agrees with the Atkinson and Pitts (1978) data to within a factor of 2 at 298 K.
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I.A4.78
S+, — SO+0
AH° = —23.0 kdmol~?

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

(2.04+ 0.5)x 10712 298 Fair and Thrush, 1969 DF-CL

(2.84+0.3)x 10712 298 Fairetal., 1971 FP-A

2.2x10 2exp(0+ 50)/T] 252-423 Davisetal., 1972 FP-RF

(1.74+0.3)x 10712 298 Donovan and Little, 1972 FP-RA

(1.5+ 0.3)x 10712 298 Clyne and Townsend, 1975 DF-RF

1.7x10 exp((153+£ 108)/T] 296-393 Clyne and Whitefield, 1979 DF-RF

(2.6+ 0.3)x 10712 298

Preferred Values
k =2.1x10~12 cm® molecule’? s~1, independent of temperature over the range 250-430 K.
Reliability

Alogk = £0.2 at 298 K.
A(E/R) =+200K.

Comments on Preferred Values

All of the available measurements bfare in good agreement. Clyne and Whitefield (1979) observed a small decrease
in k with increasing temperature, but until more definitive measurementy/ &f are made a temperature independeig
recommended with error limits encompassing the existing measured values. The preferred value at 298 K is the mean of values
from Fair and Thrush (1969), Fair et al. (1971), Davis et al. (1972), Donovan and Little (1972), Clyne and Townsend (1975)
and Clyne and Whitefield (1979).
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I.A4.79
S+03—> SO+,
AH° = —415 kJmol~1

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(1.2+0.3)x10° 11 298 Clyne and Townsend, 1975 DF-RF

Preferred Values
k=1.2x10"11 cm® molecule’ s~1 at 298 K.
Reliability
Alogk = £0.3 at 298 K.
Comments on Preferred Values
The only available experimental determination (Clyne and Townsend, 1975) is accepted as the preferred value. The method

was direct, and in the same study a number of other rate coefficients for S atom reactions were measured giving results in gooc
agreement with other techniques.
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I.A4.80
Cl+H,S— HCI+HS
AH° = —50.0 kdmol~?

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

(7.3+£0.9)x10° 11 298 Nesbitt and Leone, 1980 PLP-CL

(4.00+ 0.08)x 1011 296 Clyne and Ono, 1983 DF-RF
(5.1+£0.7)x10° 11 296 Clyne et al., 1984 DF-MS

(6.29+ 0.46)x 10~ 11 211-353 Navaetal., 1985 FP-RF

3.69x10 ' exp((208+ 24)/T] 202-430 Nicovich et al., 1995 PLP-RF
(74+1.1)x10° 1! 298

Preferred Values

k =7.4x107t cm® molecule! s~ at 298 K.
k = 3.7x10~ 11 exp(208I") cm?® molecule’! s~1 over the temperature range 200430 K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R =+£100K.

Comments on Preferred Values

The preferred value accepts the results of the study of Nicovich et al. (1995) which was an extensive study conducted over
a wide range of experimental conditions. In that study the value atfroom temperature was found to be independent of
pressure over the range studied [33-800 mbar (25-600 Torr)]. The room temperature ¥akejeorfed by Nesbitt and Leone
(1980) is in excellent agreement with the preferred value. That of Nava et al. (1985) is 15% lower, and those of Clyne and Ono
(1983) and Clyne et al. (1984) are significantly lower. In the study of Nicovich et al. (1995), experimental conditions were
adjusted to minimize interferences from radical-radical secondary reactiore uitio study of reactions of chlorine atoms
with several reduced sulfur compounds has been reported by Wilson and Hirst (1997). For this reaction these results indicate
that adduct formation is the dominant reaction pathway but that hydrogen atom abstraction could be significant.
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1.A4.81
Cl+ OCS — SCIl+ CO

Rate coefficient data

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

<1.1x10°16 298 Eibling and Kaufman, 1983 DF-MS

<4x10715 298 Clyne etal., 1984 DF-MS

<1x107°%4 298 Nava et al., 1985 FP-RF

Preferred Values

k < 1.0x10716 at 298 K.
Comments on Preferred Values
The reaction of Cl atoms with OCS is extremely slow and only upper limits to the rate coefficient have been obtained (Eibling

and Kaufman, 1983; Clyne et al., 1984; Nava et al., 1985). The lowest of these upper limits (Eibling and Kaufman, 1983) is
the preferred value.
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1.A4.82
Cl + CS; — products

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

<5x1071° (air, 400 mbar) 293 Nicovichetal., 1990  PLP-RF (a)

Relative Rate Coefficients

(8.3+ 1.7)x10714 (air, 1013 mbar) 293 Martin et al., 1987 RR (b)

<4x10715 (air, 933 mbar) 298 Wallington et al., 1991 RR (c)
Comments

(a) Pulsed laser photolysis of Cin CS;, N2, Oz mixtures over the pressure range 40—400 mbar (30-300 Torr) and the
temperature range 193-258 K. [CI] monitored by resonance fluorescence. Experiments in the abseneyed!|€
reversible adduct formation and the establishment of an equilibrium between £8r@dSCSCIl. The thermodynamic
parameters for equilibrium were derived. The upper limit tabulated for the overall removaboh @& presence of
is for all channels of the G&I + O, reaction which do not lead to Cl atom formation.

(b) Steady state photolysis of £h the presence of GSN,, Oy, and a reference compound (¢Hr CH3Cl). [CS;] and
[CH4] (or [CH3CI]) were monitored by quadrupole mass spectrometry. Constant total pressure of LR Naried.
Values ofk(Cl + CHsCl) = 4.6x10~13 cm?® molecule’! s1 andk(Cl + CHg) = 9.6x10~1* cm® molecule’! s~1 were
used (IUPAC, current recommendation).

(c) Steady state photolysis of Cin the presence of GS N2, O, and CHRCI with FTIR monitoring. Value ofk(Cl +
CHFR,CI)/k(Cl + CHs) < 0.04 measured in same study and combined w(@l + CH,) = 1.0x10~13 cm?® molecule!
s (IUPAC, current recommendation) and the measured rate coefficienk(@ic- CS)/k(Cl + CHRCI) in presence
of O to give the tabulated upper limit ta

Preferred Values

k < 4x10715 ¢ molecule! s71 at 298K in air at 1 bar.
Comments on Preferred Values

The overall reaction of Cl with GSappears to be too slow to be of importance in the atmosphere. Nicovich et al. (1990)
have shown that it proceeds initially by rapid formation of the GI@8duct, as suggested earlier by Martin et al. (1987), but
the subsequent reaction of the adduct withappears to be slow.

The recommended upper limit is that of Wallington et al. (1991), which agrees with the work of Nicovich et al. (1990).
Wallington et al. (1991) have suggested that the value obtained by Martin et al. (1987) was erroneously high due to complexities
in their system arising from HO radical production from the reference compounds which were chosaminitio study of
reactions of chlorine atoms with several reduced sulfur compounds has been reported by Wilson and Hirst (1997). For the
reaction of Cl with C$ these results indicate an enthalpy of formation of the adduet2®.3 kJ mot? at 298 K.
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1.A4.83

Cl+CH3SH — HCI+CH3S (1)
> HCI+CH,SH  (2)

AH°(1) = —66.1 kdmol~1

Rate coefficient data k = ky + k)

kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

(1.84 0.4)x10710 298 Nesbitt and Leone, 1980 PLP-CL
kp=(4.3+1)x10°12 298 Nesbitt and Leone, 1981 PLP-CL
(1.1+0.4)x10°10 298 Mellouki et al., 1988 DF-EPR/MS
1.19x10 Oexp(151+ 38)/T] 193-430 Nicovich et al., 1995 PLP-RF

(2.04 0.3)x10710 298

Preferred Values

k =2.0x10719 cm® molecule! s~ at 298 K.
k =1.2x10719 exp(150r") cm® molecule s~1 over the temperature range 190-430 K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R) =+100K.

Comments on Preferred Values

The preferred value accepts the results of the study of Nicovich et al. (1995), which was an extensive study conducted over
a wide range of experimental conditions. In that study the value afroom temperature was found to be independent of
pressure over the range studied [33—200 mbar (25-150 Torr)]. The room temperature ¥akejgasfed by Nesbitt and Leone
(1980) is in good agreement with the preferred value, but the Mellouki et al. (1988) reported value is lower by a factor of two.
The results of Nesbitt and Leone (1981) show that only about 2% of the total reaction occurs by channel (2), via abstraction
from the methyl group. Arab initio study of reactions of chlorine atoms with several reduced sulfur compounds has been
reported by Wilson and Hirst (1997). For this reaction these results indicate that formation of the adduct is rate-limiting, but
that H-atom abstraction is expected to be important.
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I.A4.84

Cl+ CH3SCHz — CH3SCHy + HCI Q)
— [CH3SCICHg]* — products (2)

AH°(1) =—39.6 kJmol~1

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

1.8x10710 (4 mbar N) 297 Stickel et al., 1992 PLP-RF
(3.34 0.5)x 10719 (933 mbar N) 297

Relative Rate Coefficients

(3.24 0.3)x 10719 (1013 mbar N) 295 Nielsen et al., 1990 RR (a)

(3.61+ 0.21)x10710 (1013 mbar N) 298 Kinnison et al., 1996 RR (b)

Branching Ratios

k1/k > 0.97 (1.3 mbar He) 298 Butkovskaya et al., 1995 DF-MS

k1/k > 0.98 (13-40 mbar B 298 Zhao et al., 1996 PLP-TDLS
Comments

(a) Photolysis of mixtures of COgICH3SCHz-cyclohexane-Nin a Teflon chamber. [Cyclohexane] and [§3CHs] mea-
sured at intervals by GC. A rate coefficienti¢€l + cyclohexane) = 3.£1019 cm® molecule’! s~1 was used (Atkinson
and Aschmann, 1985).

(b) Photolysis of mixtures of COgICH3SCH; — r-butane-N in a Teflon chamber.nfFButane] and [CHSCH;] measured
by GC.k(Cl + n-butane) = 1.94 1010 cm® molecule ! s~1 used (Atkinson and Aschmann, 1985).

Preferred Values

k = 3.3x10719 cm® molecule! s at 298 K and 1 bar
Reliability

Alogk = £0.15 at 298K and 1 bar N

Comments on Preferred Values

The study of this reaction by Stickel et al. (1992) shows the reaction kinetics to have a complex dependency on temperature
and pressure. The overall reaction rate is close to collisional and increases with decreasing temperature and with increasing
pressure. The HCl yield (measured by TDLS) approaches unity as the pressure tends to zero but decreases to-®¥alue of
at 270 mbar (203 Torr) Nand 297 K (Stickel et al., 1992).

These findings are interpreted in terms of the occurrence of two reaction channels, Cl abstraction and adduct formation. At
low pressures the abstraction channel is dominant (Stickel et al., 1992; Butkovskaya et al., 1995; Zhao et al., 1996) but with
increasing pressure the adduct can be stabilized leading to an increase in thea®falessure increases and temperature
decreases.

Langer et al. (1996) using a UV photolysis system with gas chromatographic detection, reported the yiel€dio@Gred
in this reaction at 298K and 1 bar air to be (1.240.07)x10°3. The authors concluded that the most likely source is
decomposition of the adduct formed in pathway (2) to givesCHr CH3S.

An ab initio study of reactions of chlorine atoms with several reduced sulfur compounds has been reported by Wilson and
Hirst (1997). For this reaction the structure of the adduct has been characterized, vibrational frequencies reported, and reactior
energetics calculated.
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Until the reaction is studied in more detail and a complete analysis of the temperature and pressure dependence can be mad
our recommendations are limited to high pressures and 298 K. They are based on the results of Stickel et al. (1992), Nielsen e
al. (1990) and Kinnison et al. (1996), which are in excellent agreement. There is also a value 1§ 29cm® molecule®
s 1at 298K and 1 bar Nreported by Barnes et al. (1989), but no experimental details are given.
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I.A4.85
HO + H,S — H,0 + HS
AH° = —115.4 kJ mot?

Rate coefficient data

kicm?® molecule! s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

2.3x10 M exp(—443/T) 298-885 Westenberg and deHaas, 1973 DF-EPR
(5.484 0.33)x 10712 298

(3.1+0.5)x10°12 298 Stuhl, 1974 FP-RF
(5.24 0.5)x10°12 298-423 Perryetal., 1976 FP-RF
6.4x10 2exd—(55+58)/T]  245-366 Wineetal., 1981 FP-RF
(5.13+ 0.57)x 102 297

2.27x 10719725 exp(725/ T) 228-518 Leu and Smith, 1982 DF-RF
(3.940.7)x10712 298

(5.01+ 0.55)x 1012 228-437 Michael et al., 1982 FP-RF
7.8x10 2exg—(146+ 105,71 239-425 Lin, 1982 FP-RF
(4.42+ 0.48)x 10712 295

(4.340.6)x10°12 300 Wang and Lee, 1985 DF-RF
3.81x 107197243 exp(732/ T) 245-450 Linetal., 1985 DF-RF
(4.4£0.7)x10712 299

(494 0.9)x10°12 245 Lafage et al., 1987 DF-RF/LIF

(3.8+£0.6)x 10712
1.32x10 M exp— (3944 190/T]  294-450

(3.3£0.5)x10712 294

Relative Rate Coefficients

(5.314 0.35)x 10712 2974+ 2  Cox and Sheppard, 1980 RR (a)

(5.54 0.9)x10°12 300 Barnes et al., 1986 RR (b)
Comments

(a) HO radicals were generated by the photolysis of HONO-NO-air mixtures at atmospheric pressure. The dgSayas H
measured relative to that of,84 by GC, and the relative rate coefficient placed on an absolute basis by use of a rate
coefficient ofk(HO + CHy4) = 8.57 x 10712 cm?® molecule’? s~1 at 297 K and atmospheric pressure of air (Atkinson,
1997).

(b) HO radicals were generated by the photolysis 0§ONO in N>-O, mixtures at atmospheric pressure. The decay«3 H
was measured relative to that for ethene by GC, and the relative rate coefficient placed on an absolute basis by use of ¢
rate coefficient ok(HO + CyH4) = 8.44x 1012 cm? molecule ! s~1 at 300 K and atmospheric pressure of air (Atkinson,
1997).

Preferred Values

k = 4.7x1012 cm® molecule! s~ at 298 K.
k = 6.1x10~12 exp(~80/T) cm® molecule ! s~ over the temperature range 220-520 K.
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Reliability

Alog k = +0.08 at 298 K.
A(E/R) = £80K.

Comments on Preferred Values

The preferred values are obtained from a unit-weighted least-squares analysis of the absolute rate constants of Perry e
al. (1976), Wine et al. (1981), Leu and Smith (1982), Michael et al. (1982), Lin (1982), Wang and Lee (1985), Lin et al. (1985)
and Lafage et al. (1987), which are in good agreement. The earlier studies of Westenberg and deHaas (1973) and Stuhl (1974
reported a significantly higher temperature dependence of the rate coefficient and a lower room temperature rate coefficent.
respectively, than later studies, and the data from these studies (Westenberg and deHaas, 1973; Stuhl, 1974) are not used in tl
evaluation of the preferred values. The studies of Leu and Smith (1982), Lin et al. (1985) and Lafage et al. (1987) show non-
Arrhenius behavior of the rate coefficient, with a shallow minimum in the rate coefficier® #0—300 K. The rate coefficient
is independent of pressure (Leu and Smith, 1982; Michael et al., 1982; Lin, 1982; Lin et al., 1985) and the nature of the
diluent gas (Lin et al., 1985). These findings cast some doubt upon the suggestion that the non-Arrhenius behavior is due to
the occurrence of both addition and abstraction channels.

Despite the non-Arrhenius behavior of the rate coeffickeoner an extended temperature range, the preferred expression is
given in the Arrhenius form which is satisfactory for the temperature range covered by our recommendation.
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I.A4.86
HO + SO, + M — HOSO, + M
AH° =—-125kJmol~1

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(7.24 2.6)x 10731 [Ny] 300 Harris and Wayne, 1975 DF-RF
7.0x10-34(T /300722 [N,] @) Erler etal., 1975 DF-RF
4.9x 10731 [Ny 300 Davis, 1976 (b)
(1.64 0.3)x 10731 [Ar] 298 Atkinson et al., 1976 FP-RF (c)
3.6x10731[Ny] 300 Erler and Zellner, 1978 FP-RA
(2.544 0.33)x 10731 [Ny] 298 Leu, 1982 DF-RF (d)
(7.914 0.24)x10-32 261-414

X(T/298)_(2‘85i0'21) [He]
1.6x1073L[Ny] 297 Paraskevopoulos et al., 1983 FP-RA (e)
5.8x10-34(1/30026 [N] 260-420 Wine et al., 1984 FP-RF (f)
(2.44 0.7)x1073L N3] 298 Lee etal., 1990 DF-RF

(1.1£0.3)x10"32exp(640/T) [He] 280413

Comments

(a) Temperature range not cited.

(b) Measurements cited in Hampson and Garvin (1978) in the pressure range 6.7—670 mbar (5-500 Torr), extrapplated to
andkee.

(c) Pressure range 33-870 mbar (25-650 Torr).
(d) Measurements at pressures near 1.3 mbar (1 Torr).

(e) Pressure range 73—-1013 mbar (55-760 Torr). Falloff extrapolation using Lindemann-Hinshelwood (i.e. neglecting broad-
ening factors), and hence responsible for low value.

(f) Temperature range 260—420K, pressure range 17-928 mbar (13—696 Torr), bath gases HendlrSK. Expression
derived from fall-off parameterisation usirfgy = exp(—7/388).

Preferred Values

ko = 4.5x 10731 (7/300)32 [N,] cm3 molecule’! s~1 over the temperature range 200-300 K.
Reliability

Alog kg = + 0.3 at 300 K.
An==1.

Comments on Preferred Values

The preferred value is that given by Wine et al. (1984) based on a falloff analysis Bsin@.525. In combination with
ko, (see below) this expression accurately reproduces the data of Wine et al. (1984), Paraskevopoulos et al. (1983), Lee e
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al. (1990) and Leu (1982) in\at room temperature and covers the atmospheric pressure range without any extrapolation. The
temperature dependencekgfwas based on an analysis of data obtained in Ar, Hernd

High-pressure rate coefficients

Rate coefficient data

ksolcm® moleculelst  Temp./K Reference Technique/Comments

Absolute Rate Coefficients

1.8x10°12 435 Gordon and, 1975 (a)

9.0x10°13 300 Davis, 1976 (b)

8.3x10°13 300 Atkinson et al., 1976 FP-RF (c)

1.2x10712 297 Paraskevopoulos et al., 1983 FP-RA (d)

1.26x1071%(1/300°%7  260-420 Wine et al., 1984 FP-RF (e)

1.2x10 texp—360/T) 220-400 Fulle etal., 1999 LP-LIF (f)
Comments

(a) Pulse radiolysis in yO vapor at 1 bar.
(b) See comment (b) fat.
(c) See comment (c) far.
(d) See comment (e) faip.
(e) See comment (f) fatp.

(f) Pressure range 1-96 bar (He).

Preferred Values

koo = 1.3x10712 (T/300)~%7 over the temperature range 200-300 K.
Reliability

Alog ks = + 0.3 over the temperature range 200—-300 K.
Comments on Preferred Values

See Comments on preferred valuesifgr Falloff representation witl, = 0.525 near 250 K. The data obtained by Fulle et
al. (1999) at pressures up to 96 bar (He) indicate a larger value for the rate coefficient at the high pressure limit (factors of 1.5
and 2.8 at 220 and 300 K, respectively), and also a barrier ®kJ/mol for the recombination process. These large values for
the high pressure limit appear to be in disaccord with measured values for the rate constant for deactivation=df) ¢ (
SO, which are more in line with the recommended values above (Blitz et al., 2000). Further experimental and theoretical input
would be useful in resolving this discrepancy.
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I.A4.87
HOSO; + O - HO2 + SO

AH° =4 kJ mof?

Rate coefficient data

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

Absolute Rate Coefficients

(4+£2)x10°13 250 Margitan, 1984 FP-RF (a)
(4+2)x10°13 298
(3.5+ 1)x10°13 298 Martin et al., 1986 DF-EPR (b)
(4.37+0.66)x10°13 297+1 Gleasonetal., 1987 DF-CIMS (c)
1.34x10 2exp—(330+ 70)/T] 297-423 Gleason and Howard, 1988 DF-CIMS (c)
(4.37+0.66)x10°13 297

Comments

(a) The reaction was studied at 53 and 133 mbar (40 and 100 Torr) of Ar diluent at 250 and 298 K. HO radicals were removed
by the HO + SQ + M — HOSG, + M reaction, but the addition of £and NO regenerated HO radicals by the reactions
HOSQG + O, — HO, + SOz and HGQ + NO — HO + NO,. The effects of varying the amounts of @ere studied. The
same rate coefficient was measured at 250K and 298 K, but it was suggested (Margitan, 1984) that this was due to a lack
of precision in the technique rather than indicating thettemperature independent.

(b) The effects of addition of NO and ®n the HO radical decays were studied. A system of 12 reactions was used to model
the reaction system to obtain the rate coefficient

(c) HO radicals were produced by the H + Bl€@action, and S®and @ were added down-stream. HOS®as monitored
by sampling into a flowing afterglow containing Clons. SQ ions, formed by the reaction Cl+ HOSQ, — SQ;
+ HCI, were detected by quadrupole MS. ThesSfoduct of the reaction was also detected by €SOz + M —
(CISG3)~ + M with MS measurement of (CIS)~. The total pressure was varied over the range 2.7-10.7 mbar (2—8
Torr), and no change ikwas observed, allowing an upper limit of %2031 cmf molecule? s~1 (M = N») for the rate
coefficient for the reaction HOSG-r O, + M — HOSG,O, + M to be set.

Preferred Values

k = 4.3x10~ 18 cm® molecule s 1 at 298 K.
k = 1.3x10"12 exp(~330/T) cm?® molecule 1 s~1 over the temperature range 290-420 K.

Reliability

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

Comments on Preferred Values

In the earlier studies (Margitan, 1984; Martin et al., 1986), HO radical decays due to the reaction HG- M58 HOSOG,
+ M were monitored in the presence of NO angl @he reaction sequence HOS® O, — HO, + SO; and HGQ + NO —
HO + NO, then regenerates HO radicals. Modeling of the NO decay led to the rate coefficiems method of determining
k is less direct than the more recent measurements of Gleason et al. (1987) and Gleason and Howard (1988), where HOSO
radicals were monitored by MS. We therefore accept the temperature-dependent expression obtained by Gleason and Howar
(1988). The earlier results (Margitan, 1984; Martin et al., 1986), though less precise, are in good agreement with the preferred
values.
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1.A4.88

HO + OCS — products

Rate coefficient data

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

Absolute Rate Coefficients

1.3x10 2 exp—(2300+ 100/7]  300-517 Leu and Smith, 1981 DF-RF (a)

(6+ 4)x10°16 300

1.13x 10 18exp—(1200+ 400/ T] 255-483 Cheng and Lee, 1986 DF-RF (b)

(2.070g)x107%5 300

(1.92+ 0.25)x 1015 298 Wahner and Ravishankara, 1987  FP/PLP-LIF (c)
Comments

(@) The measured HO radical decay rates were corrected for the preseng® iof tHe OCS sample used (0.610.003%
H,S for the experiments at 300-421 K and 089.01% HS for the experiments at 517 K). At 300 K the measured rate
coefficient, uncorrected for the presence oBtwas 1.&10~1° cm® molecule! s,

(b) The purity of OCS was checked by FTIR spectroscopy, showing tfawhs present at less then 0.005%. The measured
rate coefficienk was independent of pressure (1.2—7.9 mbar) and the additiop @ffto 18% or 0.36 mbar of £).

(c) The rate coefficient was independent of pressure (120-400 mbar), the nature of buffer gas, and the additiqonpfd
48 mbar).

Preferred Values

k = 2.0x10715 cm® molecule™! s~1 at 298 K.
k =1.1x10~13 exp(~1200/) cm® molecule’? s1 over the temperature range 250-500 K.

Reliability

Alogk = £0.3 at 298 K.
A(E/R) =+500K.

Comments on Preferred Values

The rate coefficients measured by Cheng and Lee (1986) and Wahner and Ravishankara (1987) are approximately a factor o
3 higher at 298 K than the earlier value of Leu and Smith (1981). This may be due to the corrections applied by Leu and Smith
(1981) to account for the presence of traces gbhih their system, because in the absence of any correction to the measured
rate coefficient of Leu and Smith (1981) there is reasonable agreement between the studies (Leu and Smith, 1981; Cheng an
Lee, 1986; Wahner and Ravishankara, 1987). Cheng and Lee (1986) took care to keg lgneeHn their OCS very low and
this, together with the confirmatory measurements of Wahner and Ravishankara (1987), leads us to recommend their values
These recommendations are compatible with the earlier upper limits given by Atkinson et al. (1978) and Ravishankara et
al. (1980), but not with the higher value obtained by Kurylo (1978), which may have been due to the occurrence of interfering
secondary chemistry and/or excited state reactions.

Kurylo and Laufer (1979) have suggested that the reaction proceeds through adduct formation, as found for the reaction of
HO with CS, followed by decomposition of the adduct to yield mainly HS + L®his is supported by the product study of
Leu and Smith (1981) at 517 K. However, in contrast to the HO 4 @&ction, there is no marked effect of On the rate
coefficient. Furthermore, very little oxygen atom exchange betweé€® dnd OCS is found (Greenblatt and Howard, 1989),
which may suggest that any adduct formed is weakly bound and short-lived.
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1.A4.89

1.A4.90
HO+CS;+M — HOCS,+M (1)
HO +CS; — HS + OCS 2

AH°(1) = —44 kImol~1

AH°(2) =—153 kdmol~1

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecules™t Temp./K  Reference Technique/Comments

Absolute Rate Coefficients

1x10"2at70 Torr [Nb]  247-299 Hynes et al., 1988 PLP-LIF (a)
6x10 13 at30 Torr[N]  259-318 Murrells etal., 1990 PLP-LIF (b)

5.0x10732 [He] 298 Diau and Lee, 1991  PLP-LIF (c)
8.9x10732 [He] 269
14.7x10-32 [He] 249

Comments

(a) Photolysis of HO, at 248 nm in mixtures of GSand He, N, air, or &. Pressure range 87-920 mbar (65—690 Torr).

(b) Photolysis of HO, at 248 nm or 266 nm in mixtures of Gand He-N or He-Sk mixtures. Pressure range 12—-80 mbar
(9-60 Torr). The effect of ©[0.7—20 mbar (0.5-15 Torr)] on the rate was studied.

(c) Photolysis of HO, at 248 nm in mixtures of CSand added He or Ar (limited data set). Pressure range 12—-360 mbar
(9-270 Torr) of Ar or He. Effect of CHon rate was studied.

Preferred Values

ko1 = 8x10731 [N,] cm® molecule’ ! s~1, independent of temperature over the range 250-320 K.
Reliability

Alog ko1 = 0.5 over the temperature range 250-320 K.

Comments on Preferred Values

Because of the low thermal stability of HOg®xperimental studies have to account for the re-dissociation of the adduct.
After clarification of the mechanism, rate coefficients now can be specified. The preferred values are based on a combination
of the data for M=N from Hynes et al. (1988) and Murrells et al. (1990), with a falloff representation. The data and a falloff
representation indicates that the low pressure limit is approached within 10% only at pressures below about 27 mbar (20 Torr).
The strong temperature dependencégffor M = He derived by Diau and Lee (1991F(R = —1610K) is not consistent
with the results from Hynes et al. (1988) in He or Murrells et al. (1990)4nMynes et al. (1988) did however report a strong
temperature dependence at 68 Torr N» or O, or air, withk = 6.9x 10~14 exp(11507") cm?® molecule 1s~1. It appears that
reaction (2) is slow, with a rate coefficientiof < 2x10~1° cm® molecule’! s~ at 298 K.
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High-pressure rate coefficients

Rate coefficient data

koor/cm’ molecule 571 Temp./K  Reference Technique/Comments

Absolute Rate Coefficients

5.8x1012at 0.91 bar [N] 250-270 Hynesetal.,, 1988  PLP-LIF (a)
3.1x10712at 0.88 bar [N] 297

1.9x1012at 0.20 bar [Ar] 209 Bulatov et al., 1988 PLP-LIF (b)
1.3x10712at 1.01 bar [air] 295 Beckeretal.,, 1990 PLP-LIF (c)
Comments

(a) See comment (a) fdp.

(b) Mixtures of @-H,0-CS-Ar. The rates of HOCSformation and decomposition were measured, with an equilibrium
constant ofk, = 2.6x10~17 cm? molecule .

(c) H2O2 photolyzed at 248 nm in mixtures of @&nd N>-O, or Ar-O,. The partial pressure of Owvas in the range 0.32—
1013 mbar (0.24-760 Torr), at a total pressure of 1.01 bar (760 Torr). The rate coefficient was found to increase further
when more @ was added, with a value of 2.240-12 cm® molecule s obtained at 996 mbar of O

Preferred Values

kso1 = 8x10~12 cm® molecule! s~1, independent of temperature over the range 250-300 K.
Reliability

Alog kso1 = £0.5 over the temperature range 250-300 K.

Comments on Preferred Values

The preferred rate coefficiekto1 is based on a falloff representation of the data from Hynes et al. (1988) and Murrells et
al. (1990), with high-pressure data mostly from Hynes et al. (1988). The largest weight is given to the measurements near 250
K where decomposition of the adduct and the subsequent kinetics are of comparably minor influence in contrast to the room
temperature experiments. A falloff curve with an estimated value. ef0.8 was employed for extrapolation. Experiments at 1
bar total pressure are apparently still far below the high pressure limit. An extensive discussion of the complicated mechanism
is given in Hynes et al. (1988), Murrells et al. (1990) and Lovejoy et al. (1990). Rate expressions combining adduct formation,
dissociation, and subsequent reaction withi@ve been proposed which are not reproduced here (see also data sheets on

HOCS + M and HOCS + O,). More experiments separating the individual steps are required, as are temperature dependent
studies.
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1.A4.91
HOCS, + M— HO + CS, + M
AH° = 44.0 kdmol~1

Low-pressure rate coefficients

Rate coefficient data

ko[M]/s—1 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.3x10%*at0.100 bar M 255 Hynesetal., 1988  PLP-LIF (a)
2.6x10*at0.108 barN 280
4.3x10°at0.020 barN 277 Murrells et al., 1990  PLP-LIF (b)
3.0x10*at0.032 barN 298
7.36x10715[He] 298 Diau and Lee, 1991  PLP-LIF (c)
2.14x10715[He] 269
0.46x1071°[He] 249

Comments

(a) Photolysis at 298 K in mixtures of G&nd He, N, air or &. Pressure range 87—920 mbar (65—690 Torr). A valug of
(297 K) = 1.3% 1017 cm? molecule ! was obtained for the equilibrium between HO +Gfid HOCS as well ask .
(247 K) = 3.5¢10716 cm® molecule .

(b) Photolysis of HO, at 248 nm and 266 nm in He-NCS, or He-Sk-CS, mixtures. Pressure range = 12—80 mbar (9-60
Torr). The effect of @ [0.7—20 mbar (0.5-15 Torr)] on the rate was studid (299 K) = 1.7 1017 cm® molecule !, K.
(274K) = 7.5¢10~17 cm® molecule’® and K, (249 K) = 5.1x 1016 cm® molecule™! were obtained for the equilibrium
between HO + CSand HOCS.

(c) Photolysis of HO, at 248 nm in mixtures of GSand He or Ar. Pressure range 12—-360 mbar (9-270) Torr of He.
The effect of C$ on the rate was studiedk,. (298 K) = 0.8%10~17 cm® molecule’®, K. (273K) = 4.2<10°17 cm?®
molecule! and K, (249K) = 2.6<10716 cm® molecule* were obtained for the equilibrium between HO +.CShd
HOCS.

Preferred Values

ko =4.8x10"1*[Ny] s~ 1 at 298 K.
ko = 1.6x 10 exp(~5160/') [N2] s~1 over the temperature range 250-300 K.

Reliability

Alog kg = £0.5 at 298 K.
A(E/R) = +£500K.

Comments on Preferred Values

The preferred values are based on a falloff representation from Hynes et al. (1988) and Murrells et al. (1990) of the data for
the reverse process HO + €5 M — HOCS + M and the determination of the equilibrium constant from the same work.
The data from Diau and Lee (1991) are not consistent with this evaluation (with differences of about a factor of 2 HOCS
formation and dissociation are characterized by an equilibrium constafit 8f5.16x10-2° exp(51601") cm?® molecule™?,
such as derived from the data of Murrells et al. (1990).
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High-pressure rate coefficients

Rate coefficient data

kools™t Temp./K  Reference Technigue/Comments

Absolute Rate Coefficients

3.1x10*at0.907 barN 252 Hynes etal., 1988  PLP-LIF (a)
6.5x10*at0.913 barN 270

2.2x10° at0.880 barN 297

7.4x10* at 0.200 bar Ar 298 Bulatov et al., 1988  PLP-LIF (b)

Comments
(a) See comment (a) fdp.

(b) Photolysis of @ in the presence of $0, CS and Ar. Rate of HOCgformation and decomposition measured and
evaluated with an equilibrium constant &f = 2.6x10~1" cm® molecule *.

Preferred Values

koo = 4.8x10° s1 at 298 K.
kso = 1.6x 10 exp(~5160/') s~ 1 over the temperature range 250—300 K.

Reliability

Alog ks = +0.5 at 298 K.
A(E/R =+500K.

Comments on Preferred Values

The preferred values are based on the falloff extrapolation of the data for the reverse reaction and the equilibrium constant
K. =5.16x102° exp(51607") cm® molecule from Murrells et al. (1990). Falloff curves are constructed with an estimated
value of F, = 0.8. The small pre-exponential factoriaf, can be explained theoretically as being due to the low bond energy
of HOCS. For discussion of the mechanism see Hynes et al. (1988), Murrells et al. (1990) and Lovejoy et al. (1990).
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1.A4.92

HOCS; + O, — products

Rate coefficient data

klcm?® moleculet s71 Temp./K Reference Technigue/Comments

Absolute Rate Coefficients
1.4x10714 exp(217+301)/T] 251-348 Hynesetal., 1988 PLP-LIF (a)

(3.26+ 0.70)x 1014 295+ 1

(2.64+ 1.0)x10°14 249-299 Murrellsetal., 1990 PLP-LIF

(2.4+0.4)x10°14 273 Lovejoy et al., 1990a PLP-LIF (b)

(3.1£0.6)x10°14 298 Diau and Lee, 1991  PLP-LIF (c)
Comments

(@) The effects of He, N air and Q were studied, and the total pressure was varied over the range 87-920 mbar (65-690
Torr). If the rate coefficient is assumed to be temperature independent, the average of the measured values is (2.9
1.1)x 101 cm® molecule’® s~1 over the range 251-348 K.

(b) A rate coefficient for the reaction of the DOg@dical with @ of (2.3+ 0.4)x 1014 cm® molecule ! s~1 at 273K was
also measured (Lovejoy et al., 1990a), showing no significant deuterium isotope effect and hence no evidence for a direct
H-atom abstraction process.

(c) Values ofk(HOCS + NO) = (7.3+ 1.8)x10 13 cm?® molecule ! s 1 andk(HOCS + NO) = (4.2+ 1.0) x 10 1 cmd
molecule’! s~1 at 298 K were also obtained in this work. The latter is the first measurement of the rate coefficient for the
reaction with NGQ. The rate coefficient for the reaction with NO is consistent with the valugsH®CS + NO) = (1.3
+ 0.4)x10712 cm® molecule® s~1 at 249K andk(HOCS + NO) = (9.1+ 3.5)x10 13 cm?® molecule! s~1 at 299 K
measured by Lovejoy et al. (1990b).

Preferred Values

k = 2.8x10~1* cm?® molecule’! s~1, independent of temperature over the range 240-350 K.
Reliability

Alog k = £0.15 over the temperature range 240-350 K.

Comments on Preferred Values

The reaction of HOCSwith O, is an intermediate step in the overall reaction of the HO radical withud8er atmospheric
conditions. The HOCSis formed by the addition of HO to GSonce formed it may undergo dissociation back to HO and
CS or react with Q.

The four studies (Hynes et al., 1988; Murrells et al., 1990; Lovejoy et al., 1990a; Diau et al., 1991) of the kinetics of this
reaction, all using the same general experimental technique, are in good agreement. The rate coefficients measured by Hyne
et al. (1988) over the temperature range 251-348 K could equally well be represented by either the Arrhenius expression cited
in the table, with a small negative temperature dependence, or by a temperature-independent rate coefficient. The results o
Murrells et al. (1990) favor the latter. For the preferred values we assume the rate coefficient to be temperature independent
over the temperature range studied and take a mean of the values of Hynes et al. (1988), Murrells et al. (1990), Lovejoy et
al. (1990a) and Diau and Lee (1991).

Lovejoy et al. (1990b; 1994) used LP-LIF to measure anpldlical formation yield of 0.9% 0.15 (249-300 K) from the
reaction of the HO radical with GSn the presence of ©(by converting HQ radicals to HO radicals by reaction with NO)
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(Lovejoy et al., 1990b), and used DF-CIMS to measure apn € from the HO radical reaction with G$n the presence of
02 0of 0.90+ 0.20 at 340K (Lovejoy et al., 1994).
The main steps in the atmospheric oxidation obG#tiated by HO are then

HO + CS; + HOCS
followed by the overall reaction
HOCS + 20, — HO, + SO, + OCS

In the atmosphere, reaction of the HOG&th O, predominates over reaction with NO or MOThe study by Stickel et
al. (1993) has provided some further insight into the mechanism of this complex reaction. Two types of experiment were
performed. In one, the reaction was initiated by pulsed laser photolysis and product concentrations monitored in real time
by tunable diode laser absorption spectroscopy. In the other, continuous photolysis was used with FTIR product detection.
Products observed were OCS, £@O, and CQ. Both experiments gave concordant values for the yields of OCS and CO
of 0.83+ 0.08 and 0.16t 0.03, respectively. The yield of CQvas small £0.01). The overall yield of S©(1.15+ 0.10)
was made up of two components, a 'prompt’ value of 388.20 resulting from S@produced in a primary channel of the
reaction and a longer time component assumed due to productiornpdf@®reaction of Q with S or SO produced in another
primary channel. The data of Stickel et al. (1993) thus suggest two primary channels, the major one leading to OGS and SO
and a minor channel leading to CO and SO. There are a number of possible reaction channels leading directly to these specie
or to their precursors, which subsequently produce them on a very short time scale.

Lovejoy et al. (1994) used DF-CIMS to investigate the products of the reaction of @ tadical with CS in 160, at
~340K, and observed the formation 0S80 with a yield of 0.90+ 0.20. $°0, formation was observed (Lovejoy et al.,
1994), and this may be consistent with the formation of S atoms or SO radicals (Stickel et al., 1993).

These studies suggest that the reaction pathway

HOCS + O, - HCO+ SO, + S

followed by reactions of HCO and S to form H@ CO and S@ accounts for~15% of the overall reaction (Stickel et al.,
1993), with the remainder{85%) proceeding by (Lovejoy et al., 1994)

HOCS, + O, — HO, 4+ CS0
CS0 + O; — OCS+ SO,

or

HOCS + O, — HOSO+ OCS
HOSO+ 0, — HO; + SO,

or

HOCS + 0, — HOCS+ SO
HOCS+ O, — HO, + OCS

A theoretical study of the HOGS0, intermediate (Zhang and Qin, 2000) suggests that HOSO and OCS are the main
dissociation products, which would then be followed by the reaction HOS@ @O, + SO,.
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1.A4.93

HO + CH3SH — products

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
8.89x 10 12 exp((398+ 151)/T] 300-423 Atkinson et al., 1977 FP-RF

(3.39+ 0.34)x 1011 300
1.15x10 M exp(338+ 100)/T] 244-366 Wine etal., 1981 FP-RF
(3.37£0.41)x10° 1 298
1.01x10 M exp(347+59/T]  254-430 Wine etal., 1984 FP-RF
3.24x10° 1 298
3.69x10° 1 270 Hynes and Wine, 1987  PLP-LIF (a)
3.17x10° 1 300
Relative Rate Coefficients
(9.68+ 0.97)x10° 1 297+ 2 Cox and Sheppard, 1980 RR (b)
(3.724 0.37)x10° % 300 Barnes et al., 1986 RR (c)
(3.50+ 0.49)x 10~ 313

Comments

(a) The rate coefficients were observed to be independent of total pressure and of the presence or abseupamil @6
mbar G at 270 K or 933 mbar @at 300 K.

(b) HO radicals were generated by the photolysis of HONO-NO-air mixtures at atmospheric pressure. The deg@Hof CH
was measured relative to that ofld; by GC, and the relative rate coefficient placed on an absolute basis by use of a rate
coefficient ofk(HO + CHy4) = 8.57 x 10712 cm?® molecule? s~ at 297 K and atmospheric pressure of air (Atkinson,
1997).

(c) HO radicals were generated by the photolysis gDblin N2 at atmospheric pressure. The decay ogSH was measured
relative to that for propene by GC, and the relative rate coefficients placed on an absolute basis by use of a rate coefficient
of k(HO + propene) = 4.8510 12 exp(5041") cm® molecule'! s~ at atmospheric pressure of air (Atkinson, 1997).

Preferred Values

k =3.3x10 11 cm® molecule ! s~ 1 at 298 K.
k =9.9x10 12 exp(3561") cm?® molecule’? s~1 over the temperature range 240-430K.

Reliability

Alog k = +0.10 at 298 K.
A(E/R) = +100K.

Comments on Preferred Values
The preferred values are based upon a least-squares analysis of the absolute rate coefficients of Atkinson et al. (1977), Win
etal. (1981; 1984) and Hynes and Wine (1987), which are in excellent agreement. The relative rate study of Barnes et al. (1986)

shows that erroneous rate coefficient data are obtained in the presencaraf NO, thus accounting for the much higher value
of Cox and Sheppard (1980).
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The study of Hynes and Wine (1987) shows that there is no observable effegtaf the measured rate coefficient, and
the rate coefficients at 298 K for the reactions of the HO radical withSHD(Hynes and Wine, 1987) and G8D (Wine et
al., 1984) are within 15% of that for HO + G3H. These data indicate (Wine et al., 1984; Hynes and Wine, 1987) that the
reaction proceeds via initial addition of HO to form the adductzSEOH)H (Wine et al., 1984). Tyndall and Ravishankara
(1989) have determined, by monitoring the §3+adical by LIF, a CHS radical yield from the reaction of the HO radical with
CH3SH of 1.1+ 0.2. The reaction then proceeds by

HO ++ CH3SH — [CH3S(OH)H] — H0 + CHsS

Butkovskaya and Setser (1999) concluded, from observations of the IR chemiluminescent spectra of reactions of HO and
DO radicals with CHSH and CHSD, that direct H-atom abstraction from the £group accounts for 1% 4% of the total
of the DO radical reactions and 248% of the total of the HO radical reactions.
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1.A4.94

HO + CH3SCHz — H20 + CH2SCH3 (1)
— CH3S(OH)CH3 (2)
— CH3S + CH30H 3
— CH3 + CH3SOH 4)

AH°(1) = —105 kJmol~1

AH°(2) ~ —43 kImol~}[usesAH ; CH3S(OH)CH; =43 kdmol~1 (Turnipseed et al., 1996)]
AH°(3)=—77 kdmol~1

AH°(4)~ 0 kJmol~1

Rate coefficient data k = k1 + ko+ k3 + kg)

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

Absolute Rate Coefficients

k1 =1.15¢10 M exp—(338+ 100/ T] 248-363 Wineetal., 1981 FP-RF

k1 = (4.26+ 0.56)x 10712 298

(6.28+ 0.10)x 1012 (1 bar of air) 298 Hynes et al., 1986 PLP-LIF (a)

k1 =1.36x10 M exg—(332+£96)/T] 276-397 Hynes et al., 1986 FP-RF

k1 = 4.46x107%2 298

k1=1.18x10 M exp—(236+ 150/T] 260-393 Hsuetal., 1987 DF-RF (b)

k1 = (5.54+ 0.15)x 1012 298

k1 =1.35¢10 M exp—(285+ 135/T] 297-368 Abbatt et al., 1992 DF-LIF (c)

k1 = (4.98+ 0.46)x 1012 29742

k1= (4.954 0.35)x 10712 298 Barone et al., 1996 PLP-LIF

Branching Ratios

ki/k =0.8440.15 298 Stickel et al., 1993 (d)

k1/k =0.84+0.26 298 Turnipseed et al., 1996 (e)

k3/k < 0.04 298 Turnipseed et al., 1996 (f)

ka/k < 0.07 298 Zhao et al., 1996 (s)]
Comments

(a) Detection of HO, with the effects of {being investigated over the temperature range 261-321 K. The measured rate
coefficient was observed to depend on thecOncentration, and the rate coefficient given in the table is that measured at
1 bar (750 Torr) total pressure of air. The rate coefficient measured in the absengésatoribed to reaction (1), with
the adduct formed in (2) rapidly dissociating back to the reactants. In the presengetnog @dduct reacts rapidly with
O,, and hence the measured rate coefficient increases withpther@entration.

(b) Rate coefficient not affected by the addition of up to 1.3 mbar (1 Torryof O

(c) HO generated from the H + NGeaction. The total pressure was varied over the range 14.1-130 mbar (10.6-97.5 Torr)
of N2. The measured rate coefficient was invariant to the total pressure over this range.

(d) For the reaction DO + C¥8CHg, HDO was monitored by tunable diode laser absorption spectroscopy, and the branching
ratio obtained by assuming a unit HDO yield from the DO radical reactionavfiexane and cyclohexane. The branching
ratio was independent of total pressure of[N3—40 mbar (10-30 Torr)], temperature (298-348 K) and replacement of 13
mbar (10 Torr) total pressure ofz,Nby 13 mbar total pressure of,OFrom the temporal profiles of the HDO signals, rate
coefficientsk; for the reaction of the DO radical with G3CHs of (5.4+ 0.4)x 1012 cm® molecule ! s~ at 298 K and
13 mbar (10 Torr) M, (5.8+ 1.9)x 10~ 12 cm® molecule ! s~ at 298 K and 40 mbar (30 Torr)A\Nand (4.4t 1.0)x 1012
cm® molecule! s1 at 348 K and 13 mbar (10 Torr)Nvere also obtained, in agreement with the rate coefficients for the
HO radical reaction.

(e) Indirect measurement of GHCH, by addition of @ and NO and measuring GS formation by LIF.
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(f) Direct detection of CHS by LIF
(g) Direct detection of Chlusing TDLAS

Preferred Values

k1 =1.13x10 11 exp(~253/T) cm?® molecule ! s~1 over the temperature range 240-400 K.
ko = 1.0x10739 [O,] exp(58200)/{1 + 5.0x10730 [O,] exp(6280r')} cm® molecule! s~1 over the temperature range
240-360K.

Reliability

Alog k1 = +0.10 at 298 K.
A(E1/R) = +150K.
Alog ko = £0.3 at 298 K and 1 bar of air.

Comments on Preferred Values

It is now recognized (Hynes et al., 1986; Barone et al., 1996; Atkinson, 1994; Barnes et al., 1988; Wallington et al., 1986)
that this reaction proceeds via the two reaction steps (1) and (2). Th8(OH)CH; adduct radical decomposes sufficiently
rapidly such that in the absence of Gnly the rate coefficient; is measured. In the presence of the CHS(OH)CH; radical
reacts by CHS(OH)CH; + O, — products. Hence only in the presence ofi®the addition channel (2) observed, with the
rate coefficient being dependent on theddncentration (but, to at least a first approximation, not on the concentration of other
third bodies such asNAr or Sk (Hynes et al., 1986)). HOis formed at~ 50% yield in the reaction of C§$(OH)CHswith
Oy

The relative rate study of Wallington et al. (1986) showed that previous relative studies carried out in the presence of NO
are dubious. The rate coefficients measured in the absencelnf @ine et al. (1981), Martin et al. (1985), Wallington et al.
(1986), Hynes et al. (1986), Hsu et al. (1987), Barnes et al. (1988), Nielsen et al. (1989), Abbatt et al. (1992) and Barone et
al. (1996) confirm that the earlier absolute rate coefficients of Atkinson et al. (1978) and Kurylo (1978) were erroneously high,
and those of Mac Leod et al. (1984) were in error because of wall reactions (Martin et al., 1985). The preferred rate coefficients
k1 for the abstraction channel (1) are based on the studies of Wine et al. (1981), Hynes et al. (1986), Hsu et al. (1987), Abbatt
et al. (1992) and Barone et al. (1996) and the rate coefficient for the HO radical addition channel (2) utilizes the data of Hynes
et al. (1986) and Williams et al. (2001). The expressionkforeproduces the £andT dependence df,,s (Kops = k1 + ko+
ks+ kg = k1 + kp) of Hynes et al. (1986) and Williams et al. (2001) at pressures close to one atmosphere (where the rate
coefficients for HO addition to C¥8CHz and the reverse dissociation step may be in the falloff region). This equation fits the
room temperature data obtained at pressures of air from 0.07 to 0.93 bar, though there are large differences in measured value
of k at 100 Torr and 760 Torr at low temperatures (Hynes et al., 1986; Barone et al., 1996; Williams et al., 2001).
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1.A4.95
HO + CH3SSCH; — products

Rate coefficient data

kicm?® molecule1 s71 Temp./K  Reference Technigque/Comments
Absolute Rate Coefficients
5.9x10 1exp(380+ 160)/7T] 249-367 Wine etal., 1981 FP-RF
(1.984 0.18)x 10710 298
6.2x10 Mexp((4104+ 210/T] 297-366 Abbatt etal., 1992 DF-LIF
(2.394 0.30)x 1010 297
(2.4£0.9)x10°10 298 Domiré and Ravishankara, 1992  (a)
Relative Rate Coefficients
(2.404 0.86)x 1010 297+2 Coxand Sheppard, 1980 RR (b)
Comments

(a) Discharge-flow system with photoionization-MS detection 0688H and CHS product species. The temporal profiles
of these product species yielded the cited rate coefficient. Thi&SC&tlical formation yield from the HO radical reaction
with CH3SSCH; was measured to be 0.280.20 using a pulsed laser photolysis system with LIF detection gfSCH
The photolysis of CHSSCH; at 266 nm was used to normalize the §3+adical signal, with the C4$ radical formation
yield from the photolysis of CEESCH; being 1.8+ 0.2 at 248 nm (Turnipseed et al., 1993).

(b) A rate coefficient ratio ok(HO + CH;SSCH)/k(HO + ethene) = 28 10 was measured by GC analyses of§S8BCH;
and ethene in irradiated HONO-GHSCH;-ethene-air mixtures at atmospheric pressure. The measured rate coefficient
ratio is placed on an absolute basis by use of a rate coefficigfH® + ethene) = 8.521012 cm?® molecule ! s at
297 K and atmospheric pressure of air (Atkinson, 1997).

Preferred Values

k =2.3x10719cm® molecule ! s~ at 298 K.
k =7.0x10~ 11 exp(3501") cm?® molecule’? s~1 over the temperature range 250-370K.

Reliability

Alog k = +0.10 at 298 K.
A(E/R =+200K.

Comments on Preferred Values

The absolute rate coefficients of Wine et al. (1981), Abbatt et al. (1992) and B@méhRavishankara (1992) are in excellent
agreement. The preferred values are derived from a least-squares analysis of the absolute rate coefficients of Wine et al. (1981
and Abbatt et al. (1992). The magnitude of the rate coefficient and the negative temperature dependence indicates that the
reaction proceeds by initial HO radical addition to the S atoms:

HO + CH3SSCH — CH3SSOH)CH;3

Dominé and Ravishankara (1992) measured a€ideld of 0.28+ 0.20, independent of pressure (73—-640 mbar) and diluent
gas (N and Sk) at 298K, indicating that products other than £3Hand CHSOH are formed in this reaction. Butkovskaya
and Setser (1999), from a study of the IR chemiluminescence from the reactions of HO and DO radicals 388CE]
concluded that the major reaction pathway is that to formg&ti (or CHSD) + CH;SO, with these products dominating
by a factor of>3 over formation of CHS + CH;SOH (Butkovskaya and Setser, 1999). Hence the studies of Eoamd
Ravishankara (1992) and Butkovskaya and Setser (1999) are not inconsistent.
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1.A4.96

HO> + H>S — products

Rate coefficient data

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

Absolute Rate Coefficients

(54 1)x10712 298 Bulatov et al., 1990 FP-A (a)

<3x10715 298 Mellouki and Ravishankara, 1994 DF-LMR
Comments

(@) HO, radicals were monitored by intracavity laser absorption in the near IR.

Preferred Values

k <3x107%% cm® molecule® s~ at 298 K.
Comments on Preferred Values

This upper limit is taken from the study of Mellouki and Ravishankara (1994). It is consistent with the upper limits reported
for the corresponding reactions of H@ith CH3SH and CHSCHg. This upper limit is three orders of magnitude lower than

the value reported by Bulatov et al. (1990) from a flash photolysis study using intracavity laser absorption in the near infrared
to monitor HGQ. The results of the more direct study (Mellouki and Ravishankara, 1994) are preferred.
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1.A4.97

HO» + SO, — products

Rate coefficient data

kicm® molecule s71 Temp./K Reference Technique/Comments
Relative Rate Coefficients
(1.0+£0.2)x10°1° 300 Payneetal., 1973  RR(a)
<1x10718 300 Grahametal., 1979 RR (b)
<4.3x10°Y ~298 Burrows et al., 1979 RR (c)
Comments

(@) Photolysis of HO-CO-80,-N, mixtures at 184.9 and 253.7 nm, with formation df0, and G¢6180, being monitored

by MS. k/kl/Z(HOQ + HOy) was determined. The value tabulated here was calculated using the effective vialHOgof
+ HOy) in this system of 3.8 10~12 cm® molecule s~2 (this review).

(b) Thermal decomposition of HO, monitored by IR absorption. Upper limit toderived from the absence of a detectable
effect of added S®on the HQNO, decay rate.

(c) DF-LMR study.k/k(HO + H>O5) was determined. Value tabulated here was calculated ki@ + HoO,) = 1.7x 1012
cm® molecule ! s71 (this review).

Preferred Values

k < 1x10~8 cm® molecule! s~ at 298 K.
Comments on Preferred Values
The most recent determination of Burrows et al. (1979) confirms that the reaction is slower than some earlier results (Payne

et al., 1973) had suggested and supports the even lower upper limit set by Graham et al. (1979) which we take as the preferrec
value.
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1.A4.98
HO> + CH3SH — products

Rate coefficient data

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

Absolute Rate Coefficients
<4x10°15 298 Mellouki and Ravishankara, 1994 DF-LMR

Preferred Values

k < 4x10715 cm® molecule? s71 at 298 K.
Comments on Preferred Values

This upper limit is taken from the study of Mellouki and Ravishankara (1994). It is consistent with the upper limits reported
for the corresponding reactions of H@ith HoS and CHSCH. It is also consistent with results noted in the Barnes et
al. (1986) study of the reactions of the HO radical with various sulfur compounds. In that publication (Barnes et al., 1986) the
authors stated that previous experiments in that laboratory had shown that the rate coefficients for reactiongithf tHiDls
were<1x1015 cm® molecule ! s 1.
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1.A4.99
HO2 + CH3SCH3 — products

Rate coefficient data

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

Absolute Rate Coefficients
<5x10715 298 Mellouki and Ravishankara, 1994 DF-LMR

Preferred Values

k < 5x10715 cm® molecule? s71 at 298 K.
Comments on Preferred Values

This upper limit is taken from the study of Mellouki and Ravishankara (1994). It is consistent with the upper limits reported
for the corresponding reactions of the bifadical with HS and CHSH. It is also consistent with unpublished results of Niki,
who in a study of the decay of G3CH; in the presence of HOIn 1 bar air showed the reaction of H@vith CH3SCH; to be
very slow withk < 1x10~15 cm® molecule’! s~ (reported in Mellouki and Ravishankara (1994) as a private communication
from H. Niki).
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I.A4.100

NO3 + H2S — products

Rate coefficient data

kicm® molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<3x10°% 298+ 2  Wallington et al., 1986 FP-A
<8x10716 298 Dlugokencky and Howard, 1988  F-LIF
Relative Rate Coefficients
<2.5x10714 298 Cantrell et al., 1987 RR (a)
Comments

(a) NGO;s radicals were generated by the thermal decomposition,@fsNand the rate coefficient placed on an absolute basis
by use of an equilibrium constant for the N@ NO, < N»Os reactions of 2.9810-11 cm® molecule® at 298K
(IUPAC, current recommendation).

Preferred Values

k < 1x10715 cm® moleculel s71 at 298 K.
Comments on Preferred Values

The preferred upper limit to the rate coefficient is based upon the absolute rate coefficient study of Dlugokencky and Howard
(1988).
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I.A4.101

NO3 + CS; — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<4x10°16 298 Burrows etal., 1985  MM-A
Relative Rate Coefficients
<1.1x10°% 297+ 2 Macleodetal, 1986 RR (a)
Comments

(a) NGO;s radicals were generated by thermal decomposition@d\at atmospheric pressure of air. The decay rates of CS
and propene were monitored by FTIR absorption spectroscopy. The upper limit to the rate coefficient was obtained by
use of a rate coefficient &{(NO3 + propene) = 9.4 10 1% cm® molecule’l st at 297 K (Atkinson, 1997).

Preferred Values

k < 4x10716 cm® moleculel s~ at 298 K.
Comments on Preferred Values

The preferred value is based upon the absolute study of Burrows et al. (1985), which is consistent with the slightly higher
upper limit derived by Mac Leod et al. (1986).
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1.A4.102
NO3 + OCS — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Relative Rate Coefficients
<4.6x10°Y 297+ 2 Macleodetal, 1986 RR (a)

Comments

(a) NO;s radicals were generated by the thermal decomposition,@isNit atmospheric pressure of air. The decay rates of
OCS and propene were monitored by FTIR absorption spectrosopy. The upper limit to the rate coefficient is obtained by
use of a rate coefficient &{NOz + propene) = 9.4 10~ 1% cm® molecule’l st at 297 K (Atkinson, 1997).

Preferred Values

k <1x10~16 cm® moleculel s 1 at 298 K.
Comments on Preferred Values

The preferred value is based upon the sole study of Mac Leod et al. (1986) with a somewhat higher upper limit than reported.
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I.A4.103

Rate coefficient data

NO3 + SO, — products

kicm® molecule s71 Temp./K

Reference Technique/Comments

Absolute Rate Coefficients

<4x10°16 208 Burrows et al., 1985 MM-A
<4x10716 298+ 2  Wallington et al., 1986 FP-A
<1x10°Y 295+ 2 Canosa-Mas et al., 1988a DF-A
<1.2x10°Y7 473 Canosa-Mas et al., 1988b DF-A
<1x10715 298 Dlugokencky and Howard, 1988  F-LIF
Relative Rate Coefficients
<7x1072 303 Daubendiek and Calvert, 1975  RR (a)
Comments

(a) Derived from the lack of observation of $@rmation in NbOs-S0O,-O3 mixtures, using IR absorption spectroscopy to
measure the concentrations of $O

Preferred Values

k <1x10719 ¢cm® molecule s at 298 K.

Comments on Preferred Values

The preferred value is based upon the relative rate study of Daubendiek and Calvert (1975), with a much higher upper
limit. This preferred upper limit to the 298 K rate coefficient is consistent with the upper limits measured in the absolute rate
coefficient studies of Burrows et al. (1985), Wallington et al. (1986), Canosa-Mas et al. (1988a; 1988b) and Dlugokencky and

Howard (1988).
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1.A4.104
NO3 + CH3SH — products

Rate coefficient data

kicm?® molecule s71 Temp./K Reference Technigue/Comments
Absolute Rate Coefficients
1.0x10-1Bexp((600+ 400/T] 280-350 Wallington et al., 1986 FP-A
(8.14+0.6)x10°13 298
(7.7+£05)x10°13 298 Rahman et al., 1988 DF-MS
1.09x 10 2exp(0+50/T]  254-367 Dlugokencky and Howard, 1988  F-LIF
(1.094 0.13)x 10712 298
Relative Rate Coefficients
(1.004 0.22)x 10712 297+2 Mac Leod etal., 1986 RR (a)
Comments

(a) NGOz radicals were generated by the thermal decompositiorp@sNh N2Os-NO2-air mixtures at atmospheric pressure.
The decay rates of G4$H andtrans-2-butene were monitored by FTIR and GC respectively, and the measured rate
coefficient ratio ofk(NO3 + CHzSH)/k(NOs + trans-2-butene) = 2.57 0.55 is placed on an absolute basis by use of a
rate coefficient ok(NOjz + trans-2-butene) = 3.89 x 10 cm?® molecule! s~ (Atkinson, 1997).

Preferred Values

k = 9.2x10~13 cm® molecule’? s~1, independent of temperature over the range 250-370 K.
Reliability

Alog k = £0.15 at 298 K.
A(E/R =+400K.

Comments on Preferred Values

The preferred value at 298 K is the mean of the four studies carried out to date (Wallington et al., 1986; Rahman et al., 1988;
Dlugokencky and Howard, 1988; Mac Leod et al., 1986), which are in reasonably good agreement. Although a significant
negative temperature dependence is indicated by the absolute rate coefficient study of Wallington et al. (1986), this is due
to the rate coefficient measured at 350K, and the rate coefficients at 280 and 298K are identical (Wallington et al., 1986).
The temperature independence of the rate coefficient determined by Dluogokencky and Howard (1988) is accepted. The
experimental data indicate that there is no pressure dependence of the rate coefficient, at least over-t§eQ@hgel bar.

The magnitude of the rate coefficient and the lack of a temperature dependence of the rate coefficient shows that this reactior
proceeds by initial addition, followed by decomposition of the adduct to yieldiddicals (see also the data sheet on the
NO3 + CH3SCH; reaction)

NO3 + CH3SH <> [CH3S(ONO,)H]* — CHzS+ HNO;3

This conclusion is consistent with the product studies carried out by Mac Leod et al. (1986) and Jensen et al. (1992). Jensen
et al. (1992) identified CEBOsH (methanesulfonic acid), SOHCHO, CHONO;, CH3SNO, and HNQ@ as products of the
NOs radical reaction with CBISH at 295+ 2K and 0.99+ 0.01 bar (74Gt 10 Torr) total pressure of purified air.
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I.A4.105

AH° = —-35kJ mot?®

Rate coefficient data

R. Atkinson et al.: Evaluated kinetic and photochemical data fpHOy, NOx and SQ

NO3 + CH3SCH3 — CH3SCH;, + HNO3

klcm® molecule! 571

Temp./K Reference Technigque/Comments

Absolute Rate Coefficients

(1.0+0.2)x10°12

(9.9+ 3.5)x10°13

(754 0.5)x10713

4.7x10 B exg (170+ 130)/ 7]
(8.1+1.3)x10713

1.79x 10~ B exp((530+ 40)/ T
(1.06+0.13)x10°12

278-318 Tyndall et al., 1986 MM-A
298

298+ 2 Wallington et al., 1986a FP-A
280-350 Wallington et al., 1986h FP-A

298+ 2
256-376 Dlugokencky and Howard, 1988 F-LIF
298

(1.3+£0.3)x10°12 298+ 1 Daykin and Wine, 1990 PLP-A
Relative Rate Coefficients
(9.9240.20)x10°13 296+ 2  Atkinson etal., 1984 RR (a)

Comments

(@) NGO;s radicals were generated by the thermal decomposition,@sNn air at 1 atmosphere total pressure. The con-
centrations of CHSCHs andtrans2-butene were measured by GC, and the measured rate coefficient riahdQyf +
CH3SCHg)/ k(NO3 + trans-2-butene) = 2.55- 0.05 is placed on an absolute basis by use of a rate coefficié(ial; +
trans-2-butene) = 3.821013 cm?® molecule ! s~1 at 296 K (Atkinson, 1997).

Preferred Values

k =1.1x10"12 cm® molecule! s~ at 298 K.
k =1.9x10- 13 exp(5201") cm® molecule’! s~1 over the temperature range 250-380 K.

Reliability

Alog k = £0.15 at 298 K.
A(E/R) = +200K.

Comments on Preferred Values

The absolute (Tyndall et al., 1986; Wallington, 1986a, 1986b; Dlugokencky and Howard, 1988; Daykin and Wine, 1990)
and relative (Atkinson et al., 1984) rate coefficient studies are in reasonable agreement, although the data of Wallington et
al. (1986a, 1986b) are20% lower than the other data (Tyndall et al., 1986; Dlugokencky and Howard, 1988; Daykin and
Wine, 1990; Atkinson et al., 1984). The absolute rate coefficients measured by Tyndall et al. (1986), Dlugokencky and Howard
(1988) and Daykin and Wine (1990) and the relative rate coefficient of Atkinson et al. (1984) have been fitted to an Arrhenius
expression to obtain the preferred values. The experimental data show that the rate coefficient is independent of total pressur
over the range-0.0013-1 bar.

The magnitude of the rate constant and the negative temperature dependence indicates that this reaction proceeds by initic
addition of the NQ radical to the S atom. The kinetic data of Daykin and Wine (1990) and Jensen et al. (1992x8CBH
and C3SCD; show that the rate determining step involves H- (or D-) atom abstraction, indicating that the reaction is

NO3 + CH3SCHs <> [CH3S(ONO2)CHa]* — CH3SCH, + HNOs3
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This conclusion is consistent with the product studies of Jensen et al. (1991, 1992) and Butkovskaya and Le Bras (1994).
Butkovskaya and Le Bras (1994) used a DF-MS technique to show that the alternative reaction pathway yie{8i@ijOH
+ CHjz accounts for 2% of the overall reaction at 298 K and 1.3 mbar total pressure.
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1.A4.106
NO3 + CH3SSCH; — products

Rate coefficient data

kicm® moleculet 571 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1.9x10 B exp((290+ 50)/T] 280-350 Wallington et al., 1986 FP-A
(4.9+0.8)x10°13 298+ 2
7.4x10 Bexp(0£200/T] 334-382 Dlugokencky and Howard, 1988  F-LIF
(7.4+1.5)x10°13 298
Relative Rate Coefficients
(see comment) 29F 2 Mac Leod et al., 1986 RR (a)

Comments

(a) NG radicals were generated by the thermal decomposition,@5Nn N2Os-NO2-air mixtures at atmospheric pressure.
The relative decay rates of GHSCH; andtrans-2-butene were monitored by FTIR spectroscopy and GC, respectively.
However, the more recent study of Atkinson et al. (1988) has shown that reliable rate coefficient data cannot be obtained
from the chemical system used by Mac Leod et al. (1986).

Preferred Values

k = 7x10~13 cm® molecule'! s~1, independent of temperature over the ran@®0-380 K.
Reliability

Alogk = £0.3 at 298 K.
A(E/R) = +500K.

Comments on Preferred Values

The two absolute studies (Wallington et al., 1986; Dlugokencky and Howard, 1988) are in reasonable agreement with respect
to the room temperature rate coefficient. While the reported rate coefficient from the relative rate study (Mac Leod et al., 1986)
was an order of magnitude lower than the absolute data, the recent study of Atkinson et al. (1988) shows that this was due
to complexities in the experimental system used. Accordingly, the preferred values are based upon the absolute rate studies
and mainly on the data of Dlugokencky and Howard (1988), with the error limits being sufficient to encompass the data of
Wallington et al. (1986).

As for the NG radical reactions with Cg5H and CHSCHg, the NG; radical reaction with CBSSCH; is expected to
proceed by initial addition, followed by decomposition of the addition adduct (Mac Leod et al., 1986; Jensen et al., 1992)

NOj3 + CH3SSCH; <> [CH3SS(ONO,)CHs]* — CHzS+ CH3SO+ NO»
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I.A4.107

HS + O, — products

Rate coefficient data

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

<4x107Y7 298 Black, 1984 PLP-LIF

<1x10% 298 Friedl et al., 1985 DF-LIF

<1x10°14 298 Schoenle et al., 1987 DF-MS

<4x10719 298 Stachnik and Molina, 1987 PLP-UVA
<15x10°Y 295 Wang et al., 1987 DF-LMR

Preferred Values

k < 4x1071% cmd molecule’ s~1 at 298 K.
Comments on Preferred Values

The reaction of HS with @is so slow that attempts to measure the rate coefficient have yielded only upper limits that fall in
the range 410 1° to 4x10~17 cm® molecule ! s~ at 298 K. The preferred value is from the study of Stachnik and Molina
(1987), which gives the lowest upper limit and appears reliable.

In a theoretical study by Goumri et al. (1995), the kinetics of the reaction Hg +0HSOO were analyzed using RRKM
theory with Gaussian-2 (G2) theory being used to calculate the thermochemistry. Under atmospheric conditions the rate
constant is close to the low-pressure litit= 9.2 x 1034 (7/298) 169 cmPf molecule? s~ for 7 = 200-400 K. The low
value of the S-O bond dissociation energy (91.5rial~1) implies that HSOO formation is unimportant in the atmosphere.
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Wang, N. S., Lovejoy, E. R. and Howard, C. J.: J. Phys. Chem., 91, 5743, 1987.

www.atmos-chem-phys.org/acp/4/1461/ Atmos. Chem. Phys., 4, 1461-1738, 2004



1670 R. Atkinson et al.: Evaluated kinetic and photochemical data fpHOy, NOx and SQ

1.A4.108
HS + O3 — HSO + Oy

AH° =-290 kJmol~1

Rate coefficient data

klcm® moleculet s1 Temp./K Reference Technique/Comments
Absolute Rate Coefficients

(3.2+ 1.0)x 10712 298 Friedl et al., 1985 DF-LIF

(2.94 0.6)x 10712 298 Schoenle et al., 1987; DF-MS (a)

Schindler and Benter, 1988
1.1x10 M exp—(280+ 50)/T] 296-431 Wang and Howard, 1990 DF-LMR
(4.39+ 0.88)x 10712 298

Comments

(a) The value published in Schoenle et al. (1987) was corrected in the Erratum by Schindler and Benter (1988) to the value
given in the table.

Preferred Values

k =3.7x10~12 cm?® molecule’ s~ at 298 K.
k = 9.5x 1012 exp(—280/T") cm?® molecule ! s~ over the temperature range 290-440K.

Reliability

Alogk = £0.2 at 298 K.
A(E/R =+250K.

Comments on Preferred Values

The values oft at 298 K from the studies of Friedl et al. (1985), Schindler and Benter (1988) and Wang and Howard
(1990) agree reasonably well. A mean of the values from the three studies is taken as the preferred value. There is only one
measurement of the temperature coefficient (Wang and Howard, 1990), which is the basis of the recommended expression
with the pre-exponential factor chosen to fit the recommended valu@o298 K.

Since there is only one determination of the temperature dependek¢ard in view of the complexity of the secondary
chemistry in these systems, substantial error limits are assigned.
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I.A4.109
HS + NO + M — HSNO + M
AH° = —-139 kJmol—1

Low-pressure rate coefficients

Rate coefficient data

ko/cm® molecule! s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

2.7x10734(T /3007248 [N,] 250-445 Blacketal., 1984  PLP-LIF (a)
(1.4=+0.13)x1030[Ar] 293 Bulatov et al., 1985 PLP (b)

Comments
(a) HS formed by photolysis of #6 at 193 nm and detected at 354.5 nm. The pressure dependence was studied over the range

67—1000 mbar (50750 Torr). The falloff curve was represented Kith0.6 andk,, = 2.7x 1011 cm?® moleculet s~1.
Theoretical modeling with the given H®.

(b) Intracavity laser spectroscopic detection of HSO radicals at 583 nm in photoly&Hl8-NQ-Ar mixtures, with HSO
radicals being formed from the reaction HS + N®easurements were carried out at 16 mbar (12 Torr) total pressure.

Preferred Values
ko = 2.4x 10731 (T/300)"2° [N,] cm® molecule’! s~1 over the temperature range 250-300 K.
Reliability

Alog kg = +£0.3 at 298 K.
An = £1.

Comments on Preferred Values
The temperature-dependent measurements from Black et al. (1984) give a consistent picture for the association reaction. Pre

vious work (Tiee et al., 1981) at low pressures did not identify the termolecular nature of the reaction and yielded significantly
higher rate coefficients (5:61.0~12 cm® molecules?® s~ at 10 Torr (13 mbar) Ar and 298 K).

High-pressure rate coefficients

Rate coefficient data

ksolcm® molecule s~ Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(2.7+0.5)x10°11 250-300 Black etal., 1984 PLP-LIF (a)
Comments

(a) See comment (a) fdp.
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Preferred Values

koo = 2.7x107 11 cm? molecule ! s71, independent of temperature over the range 250-300 K.

Reliability

Alog ks = + 0.5 over the temperature range 250-300 K.

Comments on Preferred Values

The falloff extrapolation with%, = 0.6 of Black et al. (1984) towards, appears less certain thankip The preferred values
are based on the data of Black et al. (1984).
References
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Bulatov, V. P., Kozliner, M. Z. and Sarkisov, O. M.: Khim Fiz., 4, 1353, 1985.
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I.A4.110
HS + NO, — HSO + NO

AH° = —-90 kJmol~1

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(3.5+0.4)x10° 11 298 Black, 1984 PLP-LIF
(2.4+0.2)x10°11 293 Bulatov et al., 1984 PLP-A (a)
(3.0+£0.8)x10° 11 298 Friedl et al., 1985 DF-LIF
(8.6+0.9)x10°11 298 Schoenle et al., 1987 DF-MS (b)
48+1.0)x10°1 298 Stachnik and Molina, 1987 PLP-UVA
2.9x10 exp(237/T)  221-415 Wangetal., 1987 DF-LMR
6.7+ 1.0)x10° 11 298

Comments

(a) HSO radical product was monitored by intracavity laser absorption at 583 nm.

(b) Measured both HS decay and HSO formation by MS. If the HS decay data are taken alone, the rate coefficient (once
corrected according to erratum paper) increases to 1001° cm® molecule* s,

Preferred Values

k =6.7x10711 cm® molecule! s~ at 298 K.
k = 2.9x10~11 exp(240r") cm® molecule’! s~1 over the temperature range 220-420K.

Reliability

Alogk = £0.3 at 298 K.
A(E/R) =+100K.

Comments on Preferred Values

There is considerable scatter in the measured valukegBifick, 1984; Bulatov et al., 1984, Friedl et al., 1985; Schoenle et
al., 1987; Stachnik and Molina, 1987; Wang et al., 1987) with no obvious correlation with the conditions used or the technique.
The presence of H atoms in the system is known to lead to complicating secondary chemistry, and some of the differences may
be due to this, particularly where HS has been generated by photolysigSoitimore recent studies (Stachnik and Molina,
1987; Wang et al., 1987) care has been taken to eliminate or model such effects, but significant differences still persist. The
study of Wang et al. (1987) represents the only dataset in which different sources of HS have been employed to get the same
result, and the only study in which data was obtained in the absencgSofWwang et al. (1987) also showed that the reaction
DS + NG, has the same rate coeffficient as HS + N@n a further study, using £H4S as DS source, Fenter and Anderson
(1994) obtained(273-373 K) = (3.4+ 0.8)x 10~ 11 exp [(210+ 70)/T'] cm® molecule ! s~1 for the reaction of DS with N@
This is in good agreement with the result of Wang et al. (1987). The preferred value at 298 K and the temperarure coefficient
are taken from the study of Wang et al. (1987). The absence of any pressure effect on the rate coefficient at pressures up t
0.96 bar (Black, 1984; Stacknik and Molino, 1987) indicates that any addition channel is unimportant up to these pressures.
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.A4.111

HSO + O, — products

Rate coefficient data

ksolcm® moleculest  Temp./K Reference Technique/Comments

Absolute Rate Coefficients
<2.0x107Y 296 Lovejoy et al., 1987 DF-LMR

Preferred Values

k < 2.0x10717 cm® molecule ! s71 at 296 K.

Comments on Preferred Values

The reaction is slow and only an upper limitids available (Lovejoy et al., 1987).
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I.A4.112

HSO+03 — HS+20, (1)
— HO+SO+0; (2)
— HSOz + Oz 3)

AH°(1) =4 kdmol~1
AH°(2) =—95 kJmol~1
AH°(3) =—-361 kdmol1

Rate coefficient data k = k1 + ko + k3)

kicm? molecule! s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients

ks = 1x 10~ exp(—1000/ T) 296-404 Wang and Howard, 1990 (a,b)

k3=(3.54 1.5)x107 296

ks =2.1x10 2 exp—(1120+ 320/ T] 273-423 Leeetal., 1994 DF-LIF/A

k3= (4.7+ 1.0x10°14 298

Relative Rate Coefficients

ky=7x107%4 297 Wang and Howard, 1990 DF-LMR (c)

k1 =2.7x10 Bexp(—400/T) 297-405 (b)

1.1x10°13 298 Friedl et al., 1985 (d)
Comments

(a) DF-LMR. Monitoring HSO decay gives the sum of all reaction channels apart from (1). However, HO is not detected (see
below) and in the absence of further information on other reaction channels we equate this to reaction 3.

(b) No error limits given on the temperature dependence as only a very limited data set obtained.

(c) Value obtained by numerical fitting to HS profile in excess ef @alue of rate coefficient for HS + £used in simulation
(4.4x10712 cm® molecule’? s~1) was taken from the same study. Use of the recommended valuiéH&r + Oz) will
reduce the value obtained for.k

(d) Discharge flow system. The HS 43@action was studied with HS radicals being monitored by LIF. Additionpfj&ve
an initial decrease in [HS], which finally attained a steady state indicating regeneration of HS, postulated to be by the
HSO + O reaction. A rate coefficient ratio @fk(HS + Oz) = 0.031 was obtained and placed on an absolute basis by use
of k(HS + O3) = 3.7x 1012 cm?® molecule* s~1 (this evaluation).

Preferred Values

k=1.1x10"13 cm3 molecule! s~1 at 298 K.
k1 = 6x1071% cmd molecule s~1 at 298 K.
k3 = 5x10~14 cm® molecule s~1 at 298 K.

Reliability
Alogk = £0.2 at 298 K.

Alog ky = +£0.3 at 298 K.
Alog ks = £0.3 at 298 K.
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Comments on Preferred Values

In the study by Lee et al. (1994) the rate coefficient measured is that for HSO removal by all channels other than channel 1
giving HS as a product, which subsequently regenerates HSO by reaction with pgregent. However, in our recommenda-
tions the rate coefficients measured by Lee et al. (1994) are assigned to channel 3 on the grounds that Friedl et al. (1985) coul
not detect HO production (channel 2); some further support for channel 3 comes from the work of Lovejoy et al. (1987) who
found that HSQ is readily formed by the HSO + Nreaction.

Although both Wang and Howard (1990) and Lee et al. (1994) measured a similar temperature coefficietitégreferred
values are only given at 298 K until further studies are made on the effects of temperature on all of the rate coefficients.

References

Friedl, R. R., Brune, W. H. and Anderson, J. G.: J. Phys. Chem., 89, 5505, 1985.
Lee, Y.-Y,, Lee, Y.-P. and Wang, N. S.: J. Chem. Phys., 100, 387, 1994.

Lovejoy, E. R., Wang, N. S. and Howard, C. J.: J. Phys. Chem., 91, 5749, 1987.
Wang, N. S. and Howard, C. J.: J. Phys. Chem., 94, 8787, 1990.
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I.A4.113
HSO + NO — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.640.4)x10°14 293 Bulatov et al., 1985 PLP-A (a)
<1.0x10°1° 298 Lovejoy etal., 1987 DF-LMR

Comments

(a) HSO radicals monitored by intra-cavity laser absorption at 583 nm.

Preferred Values
k < 1.0x10715 cm® molecule® s71 at 298 K.
Comments on Preferred Values
The only two available measurementskdliffer by at least a factor of 26. This is unlikely to be due to the higher pressures

used in the Bulatov et al. (1985) study, but may arise from secondary chemistry in their HSO source which employed relatively
large S concentrations. Provisionally, the upper limit to the rate coefficient reported by Lovejoy et al. (1987) is preferred.

References

Bulatov, V. P., Kozliner, M. Z. and Sarkisov, O. M.: Khim. Fiz., 4, 1353, 1985.
Lovejoy, E. R., Wang, N. S. and Howard, C. J.: J. Phys. Chem., 91, 5749, 1987.
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.A4.114
HSO + NO, — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
4x10712 293 Bulatov et al., 1984 PLP-A (a)
(9.64 2.4)x10°12 298 Lovejoy etal., 1987 DF-LMR
Comments

(a) HSO radicals monitored by intracavity laser absorption at 583 nm.

Preferred Values

k = 9.6x10712 cm® molecule™® s™1 at 298 K.
Reliability
Alogk = £0.3 at 298 K.
Comments on Preferred Values
The only two measurements bfliffer by at least a factor of 2. Lovejoy et al. (1987) have suggested that the relatively high
H>S concentrations used by Bulatov et al. (1984) may have led to side reactions regenerating HSO. The value of Lovejoy et

al. (1987) is preferred, but wide error limits are assigned awaiting confirmatory studiesvé®bserved as a product of the
reaction by Lovejoy et al. (1987), which they suggest arises from the reaction sequence:

HSO+ NO; — HSG; + NO

HSG, + O — HO2 + SO,.

References

Bulatov, V. P., Kozliner, M. Z. and Sarkisov, O. M. Khim. Fiz., 3, 1300, 1984.
Lovejoy, E. R., Wang, N. S. and Howard, C. J.: J. Phys. Chem., 91, 5749, 1987.
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I.A4.115

HSO7 + O» — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
3.0x10° 13 296 Lovejoy etal., 1987 DF-LMR

Preferred Values

k =3.0x10"13 cm® molecule! s~1 at 298 K.
Reliability

Alogk = £0.8 at 298 K.

Comments on Preferred Values

There is only one study of this reaction (Lovejoy et al., 1987). The method used to obtain the rate coefficient was indirect,
and this leads us to suggest substantial error limits despite the high quality of the experimental work.

References

Lovejoy, E. R., Wang, N. S. and Howard, C. J.: J. Phys. Chem., 91, 5749, 1987.
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1.A4.116
SO+0, - SO, +0
AH° = —52.6 kdmol~?

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(1.074 0.16)x 1016 298 Black et al., 1982a (a)
2.4x10" B exp (2370539 /T 230-420 Black etal., 1982b (@)
8.4x10°17 298
1.00x 10 Bexp—(2180+ 117 /T] 262-363 Goede and Schurath, 1983  (b)
6.7x10°17 298
2.2x10 Bexp—(2340+90)/T]  250-585 Garland, 1998 ()
8.6x10°17 298
Comments

(a) Pulsed laser photolysis of $@t 193 nm, with SO radicals being detected by chemiluminescence from the SO + O
reaction. Pseudo-first-order decays of SO were monitored in the presence of exc@staDpressure = 133—-667 mbar
(100-500 Torr) of @ + He.

(b) SO produced from the O + OCS reaction in a flow system. Controlled admission of SO radicals to a static volume
where the pseudo-first-order decay of SO in excessv&s followed by SO + @chemiluminescence. Total pressure =
0.0013-0.27 mbar (1-200 mTorrpOOnly an Arrhenius expression was given with no individual rate coefficients at the
temperatures studied.

(c) PLP of CHS(O)CH; (DMSO) at 222 nm coupled with LIF detection of SO at 236.35 nm>at@ 3 mbar of DMSO,
up to 13.3 mbar of @and 27 mbar total pressure of Ar in a flowing gas experiment. The measurements were performed
under pseudo-first order conditions in the range 450-585 K and resulted in the Arrhenius expression displayed in the table
when combined with the data of Black et al. (1982b)

Preferred Values

k =7.6x10"1 cm® molecule s 1 at 298 K.
k = 1.6x10~13 exp(~2280/I') over the temperature range 230-420 K.

Reliability

Alog k = +0.15 at 298 K.
A(E/R =+500K.

Comments on Preferred Values

This reaction is very slow and measurement of the rate coeffigiensubject to errors due to impurities. For this reason,
Black et al. (1982a; 1982b) favour their lower valuekadt 298 K obtained in the temperature dependence study (Black et al.,
1982b). The Goede and Schurath (1983) values are systematically about 35% lower than those from Black et al. (1982b) but
appear to have less experimental uncertainty at temperatt8@8 K. The preferred value for the rate coefficiérat 298 K
and for the temperature dependence are from Black et al. (1982b) and Goede and Schurath (1983jacidrehas been
adjusted to give the preferred 298 K rate coefficient.
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I.A4.117
SO+ 03— SO, + Oy
AH° = —444.5 kdmol~1

Rate coefficient data

kicm?® molecule! s71 Temp./K Reference Technigque/Comments

Absolute Rate Coefficients
2.5x10 2 exg—(1057+ 202 /7] 223-300 Halstead and Thrush, 1966  DF-CL

7.2x10714 298
(8.7+ 1.6)x10°1 296+ 4  Robertshaw and Smith, 1980 PLP-CL
(1.0640.16)x 1013 298 Black et al., 1982a (@)
4.8x102exp—(1170'80)/T] 230420 Black etal., 1982b @)
9.46x10°14 298

Comments

(a) Pulsed laser photolysis of $@3 mixtures at 193 nm with SPbeing monitored by CL from the SO +z0Jeaction.
Excess @Q was determined by UV absorption. The total pressure = 267 mbar (200 Torr) of He.
Preferred Values

k =8.9x10 14 cm® molecule ! s~1 at 298 K.
k = 4.5x10"12 exp(—1170/') cm?® molecule® s~1 over the temperature range 230-420K.

Reliability

Alogk = £0.1 at 298 K.
A(E/R =+£150K.

Comments on Preferred Values

The studies of Halstead and Thrush (1966), Robertshaw and Smith (1980) and Black et al. (1982a; 1982b) are in general
agreement. The preferred 298K rate coefficient is the mean of these measurements. The temperature dependence of Black
al. (1982h) is accepted since this study covered a much larger temperature range than the earlier study of Halstead and Thrus
(1966), which nevertheless gave a valugdR within the experimental error of the later study of Black et al. (1982b).

References

Black, G., Sharpless, R. L. and Slanger, T. G.: Chem. Phys. Lett., 90, 55, 1982a.
Black, G., Sharpless, R. L. and Slanger, T. G.: Chem. Phys. Lett., 93, 598, 1982h.
Halstead, C. J. and Thrush, B. A.: Proc. R. Soc. London Ser. A, 295, 380, 1966.
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.A4.118
SO +NG; — SO, + NO

AH® = —-244.5 kJmol~1

Rate coefficient data

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

Absolute Rate Coefficients
(1.37+0.07)x10° 11 210-363  Brunning and Stief, 1986 DF-MS

Preferred Values

k = 1.4x10~ 1 cm? molecule’? s~1, independent of temperature over the range 210-360 K.
Reliability

Alog k = £0.1 at 298 K.
A(E/R) = £100K.

Comments on Preferred Values

The measurements of Brunning and Stief (1986) are the only available temperature dependent study of the rate coefficient,
and indicate no measurable change in the rate coefficiemér the temperature range 210-363 K. This finding is the basis for
our present recommendation for the rate coefficient, which agrees with three previous studies performed at ambient temperature
(Clyne and MacRobert, 1980; Black et al., 1982; Clyne et al., 1966).

References
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1.A4.119
SO3 + H>0O — products

Rate coefficient data

kicm® molecule™t s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
9x10°13 300 Castlemanetal., 1975  F-MS
<(5.7+0.9)x10°1° 298 Wang et al., 1989 (a)
<2.4x10°15 ~298 Reiner and Arnold, 1993  (b)
(1.24+0.2)x10°15 298 Reiner and Arnold, 1994  (b)
Complex mechanism 295 Kolb et al., 1994 (©)
Complex mechanism 250-360 Lovejoy et al., 1996 (d)
Complex mechanism 283-370 Jayne etal., 1997 (e)
Comments

(a) Flow system with He and N\as carrier gases anc8 in large excess over SOSGO; was monitored by the photodisso-
ciation of S@Q at 147 nm and detection of S@luorescence at 300-390 nm. A halocarbon wall coating of the flow tube
was used.

(b) Fast flow system at pressures of 31 to 260 mbar of synthetic air, using CIMS to detgdtgDand BHSO,. Small
corrections for wall reactions were applied.

(c) Atmospheric pressure turbulent flow reactor usingas a carrier gas in the pressure range 133-1013 mbar (100-760
Torr) and CIMS detection. Both the decrease i3 well as the increase inpBO, were monitored. The rate law
was found to be first-order in [SfPand second-order in [fD]. Rate constants ranging fronx201° to 1.4x10~%? cm?®
molecule~! s~ were estimated based onp® dimers and the S§&H,0 adduct, respectively.

(d) Laminar flow reactor with detection by CIMS. The observations were consistent with rapid associatioywatts,O
to form the adduct BO-SQOs, which then reacts with water to fornp80y.

(e) Details at (c). The pressure-independent first-order loss rate coefficient fom&p be expressed as= (3.9 +
0.8)x 10~*texp(68301")[H20]2s 1 over the range 283 to 370 K. The onset af3@, homogeneous nucleation was ob-
served at [S@ > 10'2 molecule cnr3.

Preferred Values

k =5.7x10% s~ at 298 K and 50% relative humidity.
Comments on Preferred Values

No recommendation was made on the basis of the work of Castleman et al. (1975), due to the likely interference of wall
reactions in their work. The studies of Wang et al. (1989), Reiner and Arnold (1993; 1994) and Kolb et al. (1994) have now
confirmed that suspicion. Wang et al. (1989) obtained an upper limit to the rate coefficient which is more than two orders of
magnitude lower than the value of Castleman et al. (1975) by treatment of the flow tube walls to reduce wall effects, and the
studies of Reiner et al. (1993; 1994), using the laminar flow tube method, obtained the lowest values for the rate constant. The
flow studies of Kolb et al. (1994), Lovejoy et al. (1996) and Jayne et al. (1997) arrive at a rate law first orderinds@cond
order in BO.
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1.A4.120
SO3 + NH3 — products

Rate coefficient data

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

Absolute Rate Coefficients

6.9+ 1.5)x10° 11 298 Shen et al., 1990 (a)

(2.0+0.6)x 10711 295 Lovejoy and Hanson, 1996  (b)

(1.8+0.5)x10° 11 300 Lovejoy, 1997 (c)
Comments

(a) Flow system with NH in large excess. [S§) monitored by observation of SOluorescence in range 280-390 nm from
photofragmentation of S£by 147 nm radiation. He carrier gas at 1.3—2.7 mbar (1-2 Torr) total pressure.

(b) Laminar flow reactor study with Nas the carrier gas in the pressure range 13-533 mbar (10-400 Torr), using CIMS
detection. Both the decrease of $£& well as the formation of SfNH3 were monitored. The rate constant was pressure
dependent witlt, = (3.9+ 0.8)x10-3% cmf molecule 2 s~ andky, = (4.7+ 1.4)x10 1 cm?® moleculet s~ at 295 K.

(c) Experimental details in (b) except for a reduced pressure range of 27—-106 mbar (20—-80 Torgraf &ltemperature
range of 280-340 K. The rate constant is pressure dependeritgwitt8.6 + 0.4)x 10-3 cm® molecule? s~ andky, =
(4.3% 1.2)x10~ 1 cm?® molecule’! s~1 at 300 K. A third law determination of the reaction enthalpy forsSCNH3 <>
H3NSO; resulted inA Hyg = —100.4- 4.2 kJ mot L.

Preferred Values

k =2.0x10" cm® molecule? s~ at 298K and 1 bar.
Reliability
Alogk = £0.2 at 298 K.
Comments on Preferred Values
The preferred value is given for one atmosphere pressure from the work of Lovejoy and Hanson (1996) in view of the
extended pressure range used. The extrapolatiérnt@fl atm has been performed following the Troe formalism. The more

recent work (Lovejoy and Hanson, 1996; Lovejoy, 1997) showed the product of the reaction to be the association complex
NH3-SG;s, sulfamic acid.
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I.A4.121

CsS+0O, —»CO+sSO (1)
— OCS+0 (2

AH°(1) =—-378 kdmol1
AH°(2) =—-165 kdmol~!

Rate coefficient data k = ky + k»)

klcm® molecule ! s71 Temp./K Reference Technigque/Comments
Absolute Rate Coefficients
ko= (45+1.7)x10°1° 203 Richardson, 1975 (a)
ko=(5.9+1.3)x10°18 495
(2.940.4)x10°1° 298 Black et al., 1983 (b)
Branching Ratios
kolk1=1.2 298 Wood and Heicklen, 1971a, 1973/74 (c)
kolky = 1.2 341-415 Wood and Heicklen, 1971b (d)
Comments

(a) Discharge flow system used. CS radicals were produced by a discharge througiC€SSQ, CO and OCS were
measured by MS. A very slow linear flow rate (00 cm s~1) was necessary to observe the reactionp,3Cproduct
formed via channel (1), was at least one order of magnitude lower in concentration than CO and OCS.

(b) CS radicals were produced by pulsed laser photolysis gfi€Be bath gas [32 mbar (24 Torr)], and were monitored by
LIF at 257.7 nm.

(c) Photolysis of C&0, mixtures, with analysis of CO, OCS, $@nd SO products by GC. Light of wavelength 313 nm
was used in Wood and Heicklen (1971a), which has insufficient energy to dissociateheu€SS was postulated to
have been formed by reaction of electronically excited @#h O,. In the later study (Wood and Heicklen, 1973/74),
= 213.9 nm was used which can photodissociate.CS

(d) Explosion limits of C%-O, mixtures were determined by GC. The [CO)/[OCS] ratio was relatively unaffected by pressure
and temperature changes, and the value of 0.84 found for this ratio is the same as that observed in photochemical studie:
(Wood and Heicklen, 1971a; 1973/74). The explosion limits were modeled on the basis of an assumed mechanism of
eight reactions, and a computer fit to the data yielded the valuefor.

Preferred Values

k =2.9x1071° cm® molecule s~1 at 298 K.
Reliability
Alogk = £0.6 at 298 K.
Comments on Preferred Values
The reaction of CS with @is slow at 298 K and difficult to study. The technique used by Black et al. (1983) seems the most
suitable for avoiding the difficulties associated with the slowness of the reaction, and their rate coefficient at 298 K is preferred.
The relative importance of the two possible reaction channels is in dispute. Evidence from the photochemical and explosion

limit studies (Wood and Heicklen, 1971a; 1971b; 1973/74) indicate a comparable importance of channels (1) and (2), but in the
more direct flow (Richardson, 1975) system studyyvas found to be at least an order of magnitude lesstbaHowever, the
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value ofk, obtained in the fast flow study (Richardson, 1975) appears to be unacceptably high. We make no recommendation

for the branching ratio.
The one available measurementkofit higher temperatures (Richardson, 1975), when combined with the 298 K values,

leads to an Arrhenius expression with an extremely low pre-exponential factor. No recommendation is hence made for the
temperature dependence.
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I.A4.122
CS+03—>0CS+0O,

AH°(1) = =557 kJmol~%

Rate coefficient data

klcm® moleculet st Temp./K  Reference Technigue/Comments
Absolute Rate Coefficients
(3.04 0.4)x10°16 298 Black et al., 1983 (a)

Comments

(a) CS radicals were produced by pulsed laser photolysis efaC$93 nm, with He as the buffer gas at a total pressure of
67-400 mbar (50-300 Torr). CS radicals were monitored by LIF at 257.7 nm.

Preferred Values

k = 3.0x10716 cm® molecule™® s™1 at 298 K.
Reliability

Alog k = £0.5 at 298 K.

Comments on Preferred Values

The only available measurement of the rate coefficigathat of Black et al. (1983). Their value is accepted, with substantial
error limits.

References
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.A4.123
CS+NO; - OCS +NO

AH° = —357 kdmol~1

Rate coefficient data

klcm® moleculet st Temp./K  Reference Technigue/Comments
Absolute Rate Coefficients
(7.64 1.1)x10°17 298 Black et al., 1983 (a)

Comments

(a) CSradicals were produced by pulsed laser photolysis ofa£$93 nm and monitored by LIF at 257.7 nm. He [32 mbar
(24 Torr) total pressure] was used as the buffer gas.

Preferred Values

k = 7.6x1071" cm® molecule™® s™1 at 298 K.
Reliability

Alog k = £0.5 at 298 K.

Comments on Preferred Values

The only available measurementiois that of Black et al. (1983). Their value is accepted, but with substantial error limits.
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1.A4.124
CH2SH + O, — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(8.5+ 1.0)x1012 298 Anastasi et al., 1992 (a)
(4.64 1.9)x10°12 298 Rahman etal., 1992  (b)
Comments

(a) Pulsed radiolysis of C§8H-0,-SF; mixtures at 1 bar total pressure. €5H and CHS radicals were generated by reac-
tions of the radiolytically produced F atoms with @&H. [CH,SH] was monitored by UV absorption over the wavelength
range 220-380 nm.

(b) Fast flow discharge study. GHH radicals were generated by reaction of F atoms with$H{ and [CHSH] was
monitored by mass spectrometry. The source reactions were simulated to check consumption of F atoms. The total
pressure was 3 mbar.

Preferred Values

k = 6.6x10712 cm® molecule? s—1 at 298 K.

Reliability
Alog k = £0.3 at 298 K.
Comments on Preferred Values
The only two measurements bfdiffer by almost a factor of 2. The values b{CH>SH + NO;) measured in these two

studies also differ, although the error limits are large enough to encompass the two results. Until further studies are carried out,
a mean of the two values is recommended, with substantial error limits.

References

Anastasi, C., Broomfield, M., Nielsen, O. J. and Pagsberg, P.: J. Phys. Chem., 96, 696, 1992.
Rahman, M. M., Becker, E., Wille, U. and Schindler, R. N.: Ber. Bunsenges. Phys. Chem., 96, 783, 1992.
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1.A4.125
CH>SH + O3 — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(354 1.2)x10°11 298 Rahmanetal., 1992 (a)

Comments

(a) Fast-flow discharge study. GHH radicals were generated by the reaction of F atoms witgSEH and monitored by
MS. Source reactions were simulated to check consumption of F atoms. The total pressure was 3 mbar.

Preferred Values

k = 3.5x10" 11 cm® molecule! s~1 at 298 K.
Reliability

Alogk = £0.3 at 298 K.

Comments on Preferred Values

The only available determination (Rahman et al., 1992) igsfaccepted, but with substantial error limits until confirmatory
studies can be made.

References

Rahman, M. M., Becker, E., Wille, U. and Schindler, R. N.: Ber. Bunsenges. Phys. Chem., 96, 783, 1992.
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I.LA4.126
CH2SH + NO — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(1.54+0.2)x107 11 298 Anastasi et al., 1992 (a)

Comments

(a) Pulsed radiolysis of C§#BH-0,-SFks mixtures at 1 bar total pressure. €6H and CHS radicals were generated by
reactions of the radiolytically produced F atoms with {31, and [CHSH] was monitored by UV absorption over the
wavelength range 220-380 nm.

Preferred Values

k = 1.5x107'1 cm® molecule'! s71 at 298 K.
Reliability

Alogk = £0.3 at 298 K.

Comments on Preferred Values

The only available determination (Anastasi et al., 1992 afaccepted, but with substantial error limits until confirmatory
studies are made.

References

Anastasi, C., Broomfield, M., Nielsen, O. J. and Pagsberg, P.: J. Phys. Chem., 96, 696, 1992.
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1.A4.127
CH2SH + NO, — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(3.84+ 1.0)x10° 11 298 Anastasi et al., 1992 (a)
(6.94 4)x10°11 298 Rahman etal., 1992  (b)
Comments

(a) Pulsed radiolysis of C§¥BH-0,-SFs mixtures at 1 bar total pressure. €6H and CHS radicals were generated by
reactions of the radiolytically produced F atoms with £3H1, and [CHSH] was monitored by UV absorption over the
wavelength range 220-380 nm.

(b) Fast flow discharge study. GBH radicals were generated by the reaction of F atoms wit§SEHand were monitored
by MS. Source reactions were simulated to check consumption of F atoms. The total pressure was 3 mbar.
Preferred Values

k= 4.4x10711 cm® molecule! s71 at 298 K.

Reliability
Alogk = £0.5 at 298 K.

Comments on Preferred Values
The only two measurements (Anastasi et al., 1992; Rahman et al., 1998)ffafr substantially but because the error limits
are large enough to encompass the two results it is difficult to know whether the difference is significant. In the same two

studies the values obtained fa(iCH,SH + ) differed to the same degree with much smaller error limits.
Until further studies are carried out, we recommend a weighted mean of the two values and substantial error limits.

References

Anastasi, C., Broomfield, M., Nielsen, O. J. and Pagsberg, P.: J. Phys. Chem., 96, 696, 1992.
Rahman, M. M., Becker, E., Wille, U. and Schindler, R. N.: Ber. Bunsenges. Phys. Chem., 96, 783, 1992.
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I.A4.128
CH3S + O, + M — CH3S00 + M
AH° = —48.9 kdmol~?

Rate coefficient data

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

<2x10°Y 298 Ballaetal., 1986 PLP-LIF

<1x1076 298 Black and Jusinski, 1986 PLP-LIF

<25x10718 298 Tyndall and Ravishankara, 1989  PLP-LIF

(1.814 0.28)x10° 13107 mbar He 216 Turnipseed et al., 1992 (@)

(1.55+ 0.23)x10-13107 mbar He 222
(1.05+ 0.20)x 1023107 mbar He 233
(9.0+ 1.6)x10°14107 mbar He 237
(8.62+ 0.84)x10-4 107 mbar He 242
(7.042.0)x10° 14107 mbarHe 250

Relative Rate Coefficients

2x10714 298 Hatakeyama and Akimoto, 1983 RR (b)

3x10°Y7 298 Grosjean, 1984 RR (c)

>2.3x10716 296 Balla and Heicklen, 1985 RR (d)
Comments

(a) Pulsed laser photolysis system with LIF detection oh8Hadicals. The measured rate coefficients were observed to
vary with the total pressure and the diluent gas. An upper limit to the rate coefficient for the reaction of48©CH
radical with @ of 4x10~17 cm?® molecule ! s~ at 258 K was also derived. The GB-OO bond energy was determined
to be 49 kJ mot! at 298 K from measurements of the equilibrium constant over the temperature range 216—258 K, with
AH(CH3SOO) = 75.7+ 4.2 kJ mof ! at 298 K.

(b) Photolysis of CHSSCH;-RONO-NO-air mixtures. The products were analyzed by FTIR and GC-MS and the yields of
SO, and CHSNO measured. From an assumed mechanism, the rate coefficierk(@ilgS + NO)k = 2x10° was
derived. A rate coefficient df(CH3S + NO) = 4x 10~ 11 cm® molecule ! s~ was used to obtain the rate coefficient given
in the table.

(c) Environmental chamber study using the oxidation of organo-sulfur compounds in air by natural sunlight. Major products
were SQ, CH3SOsH and HCHO. Production of S£and sulphur were related to an unidentified compound (assumed to
be CHSNOy) formed from CHS + NO». A rate coefficient ratio 0f(CHsS + NO»)/k = 2x 10° was derived, and placed
on an absolute basis by usei¢CH3S + NO,) = 6x1011 cm® molecule’® s~1 (this evaluation).

(d) From the photolysis of (C§8)-O2-N2 mixtures at 253.7 nm, with product analysis by GC and MS. The B€ld was
measured as a function of [(GB)], [O,] and light intensity. From an assumed mechanism, a valug/ak(CHszS +
CH3S) > 6x1022cm?® molecule ! s~ was derived. A rate coefficient 8{CHsS + CHS) = 4.1x 10~ 11 cm?® molecule
s~1 (from Graham et al., 1964) was used to obtain the rate coefficient given in the table.

Preferred Values

The data of Turnipseed et al. (1992) given in the above Table are preferred. These data at 107 mbar He are dekcribed by
(210-250 K) = 1.2 1016 exp (15807") cm® molecule’ s~1.
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Reliability

Alog k = £0.3 over the temperature range 216—250K at 107 mbar He.

Comments on Preferred Values

The study of Turnipseed et al. (1992) was the first to observe addition o6 e CHS radical to form CHSOO [and
not CH;S(0)O], because the reaction was observed to be reversible leading to equilibrium betwg®na@idals, @ and
CH3SOO radicals (Turnipseed et al., 1992). Previous studies (Balla et al., 1986; Black and Jusinski, 1986; Tyndall and
Ravishankara, 1989) of the reaction of €3+adicals with @ at 298 K did not observe the equilibrium addition of 8 CHsS
radicals, and the rate coefficients measured correspond to upper limits to the rate coefficients for the reactions

CH3S+ O2 — products other than G3$O0
and/or
CH3SOO+ O, — products

The reaction of CHS radicals with @ to form the CHSOO radical, and the reverse reaction, resul-B8% of CHS
radicals being present as the €300 adduct at 298 K and ground level (Turnipseed et al., 1992), with theg§OB]/[CH;S]
ratio being strongly temperature dependent (Turnipseed et al., 1992).

References

Balla, R. J. and Heicklen, J.: J. Photochem., 29, 297, 1985.

Balla, R. J., Nelson, H. H. and McDonald, J. R.: Chem. Phys., 109, 101, 1986.

Black, G. and Jusinski, L. E.: J. Chem. Soc. Faraday Trans. 2, 82, 2143, 1986.
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Turnipseed, A. A., Barone, S. B. and Ravishankara, A. R.: J. Phys. Chem., 96, 7502, 1992.
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1.A4.129
CH3SO0 +M — CH3S + O, + M
AH° = 48.9 kdmol~1

Rate coefficient data

kis™t Temp./K Reference Technique/Comments

Absolute Rate Coefficients

(1.99+ 0.74)x10° at 107 mbar He 216 Turnipseed et al., 1992 (a)
(3.20+ 0.80)x 10° at 107 mbar He ~ 222
(9.1+ 2.6)x10° at 107 mbar He 233
(1.00+ 0.12)x10* at 107 mbar He 237
(1.28+ 0.12)x10* at 107 mbar He ~ 242
(2.440.4)x10* at 107 mbar He 250
>3.5x10* at 107 mbar He 258

Comments
(a) Pulsed laser photolysis system with LIF detection o§Skadicals. The formation and decay rate coefficients of &BO
radicals were derived from the observed time-concentration profiles gbCatlicals in the presence of Orhe measured
rate coefficients for the reactions g&l+ O, — CH3SOO were observed to vary with total pressure and with the diluent
gas.

Preferred Values

The data of Turnipseed et al. (1992) given in above table are preferred. These data at 107 mbar He are described by:
k(216—250 K) =3.510' exp (—3560/r') s~ 1.

Reliability
Alog k = £0.3 at 107 mbar He over the temperature range 216—-250 K.
Comments on Preferred Values
The data presented by Turnipseed et al. (1992) were the first reported for the dissociation of8@CCtadical (see also
the data sheet in this evaluation for the reverse reactiogBCHO, + M — CH3SOO + M). In the atmosphere;33% of CHS

radicals will be present as the GEIOO adduct at 298 K at ground level (Turnipseed et al., 1992), with the$OD]/[CH;S]
ratio being strongly temperature dependent (Turnipseed et al., 1992).

References

Turnipseed, A. A., Barone, S. B. and Ravishankara, A. R.: J. Phys. Chem., 96, 7502, 1992.
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1.A4.130

CH3S + O3 — products

Rate coefficient data

klcm® molecule® 72 Temp./K Reference Technigue/Comments
Absolute Rate Coefficients
<8x10714 298 Black and Jusinski, 1986 PLP-LIF
(4.1£2.0)x10712 298 Tyndall and Ravishankara, 1989 PLP-LIF
(5.7+ 1.4)x10°12 300 Domiré et al., 1992 (a)
1.98x 10 2exp((290+ 40)/T] 295-359  Turnipseed et al., 1993 (b)
5.16x 10712 298
1.02¢10 2 exp((432+ 77)/T] 259-381 Martinez et al., 2000 ()
(4.6+ 0.6)x 10712 298
Comments

(a) Discharge flow study. C4%$ radicals were generated by reaction of Cl withsSH. Photoionization mass spectrometry
was used to monitor C4$ radicals. GF3Cl was added to scavenge OH radicals and hence suppress OH radical-initiated
chain reaction which regenerates §34 Some curvature was observed on fSHlogarithmic decay plots in excesgO
The initial slope was used to calculadte

(b) Pulsed laser photolysis of (GhS-03-O2-He (193 nm) mixtures. [CkS] was monitored by LIF. Pressure range 27—-267
mbar (20-200 Torr).

(c) Pulsed laser photolysis of GHCH;—O3 mixtures at 193 nm in the range 33-400 mbar He and 259-381 Kz $Was
monitored by LIF leading to the pressure-independenith a slight negative activation energy. No regeneration o§&€H
was observed under the chosen experimental conditions (5—-L5%mrity relative to [Q], observation of CHS over
up to 7-10 lifetimes).

Preferred Values

k = 4.9x1012 cm® molecule’ s~ at 298 K.
k = 1.15x 10 2exp (4301') cm? molecule ! s~1 over the temperature range 250-390 K.

Reliability

Alogk = £0.2 at 298 K.
A(E/R) = £100K.

Comments on Preferred Values

It is difficult to study this reaction because in some conditions rapid chain processes involving the reaction products occur to
regenerate CgB radicals (Tyndall and Ravishankara, 1989; Dagnéhal., 1992; Turnipseed et al., 1993). This complication
appears to be absent in the most recent studies of Turnipseed et al. (1993) and Martinez et al. (2000) under the conditions use
for rate coefficient determinations. Their valuekadit 298 K is in good agreement with other studies in which care was taken
to allow for this complication (Tyndall and Ravishankara, 1989; Dd@mhal., 1992). The mean of the values from the two
most recent studies (Turnipseed et al., 1993; Martinez et al., 2000) is taken as our recommended value at 298 K.

There are two studies of the temperature dependericélofnipseed et al., 1993; Martinez et al., 2000). The rate parameters
resulting from the most recent study covering the widest temperature range are accepted and the pre-exponential factor is
adjusted to yield the recommended valué @t 298 K.

www.atmos-chem-phys.org/acp/4/1461/ Atmos. Chem. Phys., 4, 1461-1738, 2004



1700 R. Atkinson et al.: Evaluated kinetic and photochemical data fpHOy, NOx and SQ

References

Black, G. and Jusinski, L. E.: J. Chem. Soc. Faraday Trans. 2, 82, 2143, 1986.

Doming, F., Ravishankara, A. R. and Howard, C. J.: J. Phys. Chem., 96, 2171, 1992.
Martinez, E., Albaladejo, J., Notario, A. and Jimenez, E.: Atm. Env., 34, 5295, 2000.
Turnipseed, A. A., Barone, S. B. and Ravishankara, A. R.: J. Phys. Chem., 97, 5926, 1993.
Tyndall, G. S. and Ravishankara, A. R.: J. Phys. Chem., 93, 4707, 1989.

Atmos. Chem. Phys., 4, 1461-1738, 2004 www.atmos-chem-phys.org/acp/4/1461/



R. Atkinson et al.: Evaluated kinetic and photochemical data fgiHDy, NOx and SQ 1701
1.A4.131

CH3S + NO + M — CH3SNO + M

Low-pressure rate coefficients

Rate coefficient data

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

Absolute Rate Coefficients

(3.24+ 0.36)x10°29[N,] 295 Ballaetal.,, 1986 (a)
(1.43+ 0.36)x10"2%[N,] 351
(1.13+ 0.20)x10"2%[N,] 397
(5.84+ 0.66)x10739[N,] 453

Comments
(a) Pulsed laser photolysis of (GH)-NO-N> (or SFs) mixtures at 266 nm, with CgE being monitored by LIF. Lower part

of the falloff curves were measured over the pressure range 2—400 mbar (1.5-300 Torrlafldff extrapolations were
carried out with fitted values df, of 0.6, 0.86, 0.77, and 0.94 at 295, 351, 397, and 453 K, respectively.

Preferred Values

ko = 3.3x1072% (T/300)* [N2] cm® molecule s~1 over the temperature range 290-450K. This value was obtained by
fitting to the pressure and temperature dependent data imskg a temperature independent valueF ot 0.54 andkq,
derived from data in Sf(see below).

Reliability

Alog ko =+ 0.3 at 298 K.
An = £2.

Comments on Preferred Values

The preferred values are based on the data of Balla et al. (1986). A further determinatipatia single temperature and
pressure (298 K and 33 mbar) by Turnipseed et al. (1996) is in good agreement. Although the falloff extrapolations in Balla et
al. (1986) were made with a theoretically improbable temperature coeffici¢ht tife low-pressure rate coefficients are much
less influenced by this extrapolation than the high-pressure rate coefficients.

High-pressure rate coefficients

Rate coefficient data

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

Absolute Rate Coefficients

1.81x 10 2 exp(900/ T) 295-453 Ballaetal., 1986 (a)
(3.97+ 0.44)x10in 300 Torr Sk 295

www.atmos-chem-phys.org/acp/4/1461/ Atmos. Chem. Phys., 4, 1461-1738, 2004



1702 R. Atkinson et al.: Evaluated kinetic and photochemical data fpHOy, NOx and SQ

Comments
(a) See comment (a) fap. High-pressure limit was obtained from measurements at 267 and 400 mbar (200 and 300 Torr)

of Sks.

Preferred Values

koo = 4.0x107 11 cm? molecule ! s71, independent of temperature over the range 290-450 K.

Reliability

Alog ks = 0.5 over the temperature range 290-450 K.

Comments on Preferred Values

The negative temperature coefficienkgf reported in Balla et al. (1986) is most probably due to an increasing underestimate
of the falloff corrections with increasing temperature. We recommend the use of the extrapglataldie at 298 K over large

temperature ranges together with= 0.54. Along with the values recommended&gm@above, this parameterisation accurately
reproduces all the data inoN

Intermediate Falloff Range

Rate coefficient data

kicm?® molecule1 s71 P/mbar M Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(1.694 0.04)x 1011 28 He 227 Turnipseed et al., 1993  (a)

(1.30+ 0.09)x 1011 25 He 242
(1.894 0.08)x 10~ 1 25 He 242

Comments

(a) CHsS radicals were generated by either photolysis of dimethyl sulfide at 193 nm or photolysis of dimethyl disulfide at
248 nm. The decay of C4% radical concentrations was followed by LIF. Experiments were performed under slow gas
flow conditions.

References
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I.A4.132
CH3S + NO; — CH3SO + NO

AH° = —135kJmol~1

Rate coefficient data

kicm® moleculel 571 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
8.3x10 Mexp(80+ 60)/T]  295-511 Ballaetal., 1986 PLP-LIF
9.8x1071 295
(6.10+ 0.90)x 10~ 298 Tyndall and Ravishankara, 1989 PLP-LIF
(5.14+0.9)x1071! 297 Domire et al., 1990 DF-MS
2.1x10 M exp (320+£40)/T] 242-350 Turnipseed et al., 1993 (a)
(6.28+ 0.28)x 101 298
3.8x10 M exp(160+22)/T] 263-381 Mainez, etal., 1999 PLP-LIF (b)
(6.52+ 0.65)x10~1 298
4.3x10 Y exp((241£62)/T] 222-420 Chang etal., 2000 PLP-LIF (c)
(10.14£ 0.5)x10°1 297

Comments

(a) Pulsed laser photolysis at 193 nm or 248 nm of §28-NO; or (CHz)2S;-NO2 mixtures in bath gas of He, Nor Sk.
[CH3S] was monitored by LIF. Pressure varied over the range of 27-267 mbar (20—200 Torr) He.

(b) Pulsed laser photolysis of GBCH; (193 nm) or CHSSCH(248 nm) mixed with N@ in 30—300 Torr He bath gas,
detection of CHS by LIF. Addition of up to 5 Torr @ (as scavenger of GHformed in photolysis of CEHSCH;s) had no
influence on the rate coefficient.

(c) Pulsed laser photolysis of GHSCH; (248 nm) mixed with NG in 55-202 Torr He bath gas, detection of §&3by LIF.

Preferred Values

k =6.0x107tt cm® molecule! s~ at 298 K.
k =3.0x10 11 exp(2101") cm?® molecule’? s~1 over the temperature range 240-350K.

Reliability

Alog k = £0.15 at 298 K.
A(E/R) = +200K.

Comments on Preferred Values

The recommended value at 298K is the mean of the studies of Tyndall and Ravishankara (1989% &toahir{1990),
Turnipseed et al. (1993) and Marez et al. (1999), which are in good agreement. There are four studies (Balla et al., 1986;
Turnipseed et al., 1993; Manez et al., 1999; Chang et al., 2000) of the temperature dependehk¢albfiving a negative
value of E /R but differing significantly in magnitude. Two studies, Balla et al. (1986) and Chang et al. (2000), obtained values
of k nearly twice as large as those found in the other studies. It has been suggested (Tyndall and Ravishankara, 1989) that thi
could arise from secondary chemistry arising from the higher radical concentrations used in the work of Balla et al. (1986),
though this argument does not apply to Chang et al. (2000). The temperature dependent exprasisatefired by fitting
to the data of Turnipseed et al. (1993) and Meaz et al. (1999) and the recommended valuk af 298 K.
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The lack of pressure dependencédbund in the recent (Turnipseed et al., 1993; Nzt et al., 1999; Chang et al., 2000)
and earlier studies (Balla et al., 1986; Tyndall and Ravishankara, 1989) is consistent with the major pathway for the reaction
proceeding directly to NO and G330 rather than by addition to give GENO,. The CHSO yield has been determined by
Dominé et al. (1990) to be 1.0F 0.15, the yield of NO was determined by Tyndall and Ravishankara (1989) to He @3
End product studies (Barnes et al., 1987) are in agreement with this conclusion.
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I.A4.133

CH3SO + O3 — products

Rate coefficient data

kicm® molecule s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
1x10~12 298 Tyndall and Ravishankara, 1989 PLP-LIF
(6.0+ 3.0)x10713 300 Domiré et al., 1992 (a)
Comments

(a) Discharge flow study. Photoionization mass spectrometry was used to mongBOQ#dicals. The reaction of éR) +
C,H5SCHs was used as a source of @60 radicals. The rate coefficient obtained was considered preliminary.

Preferred Values

k = 6.0x10713 cm® molecule'! s71 at 298 K.
Reliability
Alogk = £0.3 at 298 K.
Comments on Preferred Values
The measurement @by Domirg et al. (1992) is more direct than the previous study of Tyndall and Ravishankara (1989)
in which the rate coefficient was derived by a complex analysis of the reaction system. However, there are still a number of

uncertainties in the study by Don@ret al. (1992) who consider their quoted valué ¢ be preliminary. This value (Domén
et al., 1992) is accepted but substantial error limits are recommended.
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1.A4.134
CH3SO + NO, — products

Rate coefficient data

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

Absolute Rate Coefficients

(3+2)x1071 298 Mellouki et al., 1988 DF-MS

(8+5)x10712 298 Tyndall and Ravishankara, 1989 PLP-LIF

(1.2+£0.25)x10° 1 298 Domiré et al., 1990 DF-MS

(1.54+ 0.4)x10°11 300 Kukui et al., 2000 PLP-LIF, DF-LIF (a)
Comment

(@) PLP of CHSSCH-NO, mixtures at 248 nm relative to GHNO> at 351 nm in the range 16—814 mbar He at 300 K. The
temporal profile of CHO was monitored using LIF and fit to obtatrwhich was independent of pressure. Supporting
measurements on absolute £¥elds in the range 243-33K in 16—-814 mbar He have been performed, and branching
ratios of the methyl forming rate constant to the total rate constant, and absolptgedd3 at 1.3 mbar He, have been
measured.

Preferred Values

k=1.2x10"11 cm® molecule! s~1 at 298 K.
Reliability

Alogk = £0.2 at 298 K.

Comments on Preferred Values

The measured values (Mellouki et al., 1988; Tyndall and Ravishankara, 1989; ®eirah, 1990; Kukui et al., 2000) of
k at 298 K agree within their error limits, some of which are substantial. The preferred value is that ofeD&irain(1990),
which lies between the two values of Mellouki et al. (1988) and Tyndall and Ravishankara (1989), both of which have much
larger error limits. The rate coefficient for this reaction is difficult to measure because of the lack of a clean primary source
of CH3SO radicals and the complexity of the secondary chemistry. The two most recent determinationse(BXaahirl990;
Kukui et al., 2000) agree well with each other.

References

Doming, F., Murrells, T. P. and Howard, C. J.: J. Phys. Chem., 94, 5839, 1990.

Kukui, A., Bossoutrot, V., Laverdet, G. and Le Bras, G.: J. Phys. Chem. A, 104, 935, 2000.
Mellouki, A., Jourdain, J. L. and Le Bras, G.: Chem. Phys. Lett., 148, 231, 1988.

Tyndall, G. S. and Ravishankara, A. R.: J. Phys. Chem., 93, 2426, 1989.
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1.A4.135
CH3SO0O0 + O3 — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<8x10°13 227 Turnipseed et al., 1993  (a)

Comments

(a) Pulsed laser photolysis of (GhHS-O-O3 mixtures at 193 nm in bath gas of Hep; Nr Sk. CH3S + O, <+ CH3SOO
equilibrium established. [Ct$] was monitored by LIF. [CES] temporal profiles were simulated to obtaink(CH3S +
O3) obtained in the same study was used in the fitting procedure.

Preferred Values

k < 8x10 13 cm® moleculel sl at 227 K.
Comments on Preferred Values

The single study of the rate of this reaction (Turnipseed et al., 1993) has provided only an upperdiati?®@7 K, which
is accepted as the preferred value.

References

Turnipseed, A. A, Barone, S. B. and Ravishankara, A. R.: J. Phys. Chem., 97, 5926, 1993.
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1.A4.136
CH3SOO0 + NO — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(1.10+ 0.38)x10° 11 227-256 Turnipseed et al., 1993 (a)

Comments

(a) Pulsed laser photolysis of (G}S;-O2-NO mixtures at 248 nm with He or $fas the bath gas. Only a limited pressure
range could be studied [21-28 mbar (16—21 Torr) He, 25 mbar (19 Togl) 8K no effect of pressure dnwas observed.
[CH3S] was monitored by LIF and the temporal profile simulated to obitain

Preferred Values

k =1.1x10~11 cm?® molecule’! s71, independent of temperature over the range 227-256 K.
Reliability

Alog k = +0.3 over the range 227-256 K.

Comments on Preferred Values

The value ofk obtained in the only study of this reaction (Turnipseed et al., 1993) is accepted but substantial error limits are
assigned until confirmatory studies are made.

References

Turnipseed, A. A., Barone, S. B. and Ravishankara, A. R.: J. Phys. Chem., 97, 5926, 1993.
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1.A4.137
CH3SOO0 + NGO, — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(2.2+0.6)x10°11 227-246 Turnipseed et al., 1993 (a)

Comments

(a) Pulsed laser photolysis of (GHSz-O2-NO2 mixtures at 248 nm in He [107—-467 mbar (80—350 Torr)] og 887 mbar
(65 Torr)]. [CHsS] was monitored and the temporal profile simulated to obtaitNo variation ofk with pressure or
temperature was observed.

Preferred Values

k =2.2x10~11 cm?® molecule’! s71, independent of temperature over the range 227-246 K.

Reliability
Alog k = £0.3 over the range 227-246 K.

Comments on Preferred Values

The value of obtained in the only study (Turnipseed et al., 1993) of this reaction is accepted but substantial error limits are
assigned until confirmatory studies are made.

References

Turnipseed, A. A., Barone, S. B. and Ravishankara, A. R.: J. Phys. Chem., 97, 5926, 1993.
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1.A4.138
CH3S0O, + NO2 — Products (CH3SO3 + NO)

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
<1x10°1% 300 Kukui et al., 2000 (a)

Comments
(a) Discharge flow study of CI-C¢$H-NO, reaction mixtures using MS/LIF detection at 13 mbar He and 300 K. The flu-

orescence of both G0 and SQ were recorded as a function of time and the temporal profiles were fitted to @btain
using an upper limit of 5078 for the lifetime of CHSO, with respect to dissociation into GH SO».

Preferred Values

k < 1x10715 cm® molecule! s~ at 300 K.
Comments on Preferred Values

k is independent of pressure whose upper limit depends on the lifetime e8@Hand on the absolute yield of SO
approaching unity at long reaction times.

References

Kukui, A., Bossoutrot, V., Laverdet, G. and Le Bras, G.: J. Phys. Chem. A, 104, 935, 2000.
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1.A4.139
CH3SCHy + O — CH3SCH»0,

Rate coefficient data

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

(5.74 0.4)x107 1% (1 bar) 298 Wallington et al., 1993 (a)

2.3x10"13 (1.3 mbar He) 298 Butkovskaya and Le Bras, 1994  (b)

1.9x1013 (1.3 mbar He) 298

Comments

(a) Pulsed radiolysis of SFCH3SCH;s-O, mixtures. CHSCH, radicals were generated by reaction of F atoms with
CH3SCHs, and monitored in absorption at 290 nm. The total pressure was approximately 1 bar.

(b) Discharge flow study of the NQCH3SCH;s-Brp-O, system at 1.3 mbar (1 Torr) He. NQadicals were produced by
F + HNO;3 reaction and added to GBCH;s to give CHSCH,. Subsequent addition of BiO, mixtures allowed moni-
toring of competition between £and Bp for CH3SCH,. Competition followed by mass spectrometric measurement of
[CH3SCH,Br] profile. Modeling of profile giveg = 2.3x 1013 cm® molecule ! s~1. Similar study of CI-C}-CHzSCHs-
O, system in which CHSCH, was produced by Cl + CE#B5CH; reaction gave = 1.9x 1012 cm?® molecule 1 s,

Preferred Values

k =5.7x10"12 cm® molecule? s~1 at 298 K and 1 bar.

Reliability

Alogk = £0.4 at 298K and 1 bar.

Comments on Preferred Values

The preferred value df is taken from the study of Wallington et al. (1993). Until confirmatory studies are made we confine
our recommendations to 1 bar and assign substantial error limits.

References

Butkovskaya, N. I. and Le Bras, G.: J. Phys. Chem., 98, 2582, 1994.
Wallington, T. J., Ellermann, T. and Nielsen, O. J.: J. Phys. Chem., 97, 8442, 1993.
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I.A4.140
CH3SCH>02 + NO — CH3SCH,0 + NO»

Rate coefficient data

klcm® moleculet st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(1.94 0.6)x10°11 298 Wallington et al., 1993  (a)
(8.04+ 3.1)x10712 298 Turnipseed et al., 1996  (b)
4.9x10 2 exp(263+ 132 /T] 261-400 Urbanskietal., 1997  (c)
(1.144 0.05)x10° 11 298
Comments

(a) Pulse radiolysis of C§6CHs-SFs-O2-NO mixtures. Generation of G3$CHO; radicals occurred by F + G3$CH; —
CH3SCH, + HF, followed by CHSCH, + O — CH3SCHO,. [NO>] was monitored at 400 nm. Yield of N(@ompared
with yield of F atoms suggested that 80% of the reaction leads tpa@duction.

(b) Derived from pulsed laser photolysis 05@&h-NO-CHzSCHz-O2 mixtures at 29 mbar total pressure, with monitoring of
the temporal profiles of HO and GBS radicals by LIF. The cited rate coefficient was obtained from numerical modeling
using a 34 step mechanism and assuming thaiStHH, O, + CH3SCH,O, — CH3SCH,O + CH3SCH,O + O, followed
by decomposition of the C4#8CH,O radical to HCHO + CHS.

(c) CH3SCH,O, radicals were generated by the 248 nm pulsed laser photolysis of G{OMEISCHs-O2-N2 mixtures at 13
mbar total pressure, and the rate of formation of the product HCI was monitored in the presence of varying concentrations
of NO by TDLAS. Secondary reactions were shown to be unimportant, and a HCHO yield af D8 was measured,
with the HCHO arising from decomposition of GHCH,O radicals.

Preferred Values

k = 4.9x10~12 exp(2601") cm® molecule’! s~1 over the temperature range 260—-400 K.
k=1.2x10"11 cm® molecule’ s~1 at 298 K.

Reliability

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

Comments on Preferred Values

The three studies carried out to date (Wallington et al., 1993; Turnipseed et al., 1996; Urbanski et al., 1997) result in
room temperature rate coefficients varying by a factor of 2.4. In the study of Wallington et al. (1993), the formation rate of
CH3SCHO, radicals was not much faster than the loss rate by reaction with NO (Urbanski et al., 1997). The Turnipseed
et al. (1996) study was more indirect and subject to significant uncertainties. Accordingly, the preferred value of the rate
coefficient is based on the most direct study of Urbanski et al. (1997). TR&CHO radical decomposes rapidly to form
HCHO + CH;S (Urbanski et al., 1997).

References
Turnipseed, A. A., Barone, S. B. and Ravishankara, A. R.: J. Phys. Chem., 100, 14,703, 1996.

Urbanski, S. P., Stickel, R. E., Zhao, Z. and Wine, P. H.: J. Chem. Soc. Faraday Trans., 93, 2813, 1997.
Wallington, T. J., Ellermann, T. and Nielsen, O. J.: J. Phys. Chem., 97, 8442, 1993.
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1.A4.141
CH3SCH205 + NO2 + M — CH3SCH>052NO> + M

Rate coefficient data

kicm?® molecule s71 P/mbar M  Temp./K Reference Technigque/Comments

Absolute Rate Coefficients

(9.240.9)x10°12 1000 Sk 296 Nielsen etal., 1995 (a)
1+ 0.9)x

7.1+ 0.9)x10°12 300 Sk 296

Comments

(a) Pulse radiolysis of SFCH3SCHs-O2-NO2 mixtures with measurement of the rate of decay of,NAa its absorption at
400 nm. Insufficient data to obtakg or k.., although the reaction was measured near the high-pressure limit.

Preferred Values

k = 9x10~1? cm® molecule* s! at 1 bar and 298 K.
Reliability

Alog k = £0.5 at 1 bar and 298 K.

Comments on Preferred Values

The preferred value is based on the sole study of Nielsen et al. (1995). Until further studies confirm this value, we assign
large error limits.

References

Nielsen, O. J., Sehested, J. and Wallington, T. J.: Chem. Phys. Lett., 236, 385, 1995.
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1.A4.142
CH3SCH,0; + CH3SCH,0, — CH3SCH,OH + CH3SCHO + O, (1)
— 2CH3SCH0 + O (2)
Rate coefficient data k = k; + ko)
kicm® molecule ! s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
<7.9x10°12 298 Wallington et al., 1993  (a)
(1.2+0.5)x10° 11 298 Urbanski etal., 1997  (b)

Comments

(@) k is defined by -d[CHSCHO,]/dt = 2k[CH3SCHO,]2. Pulse radiolysis study of G3$CHs-0»-SFs mixtures with
monitoring of CHSCHO, radical concentrations by UV absorption withsg = (4.3 + 0.7)x 1018 cn? molecule™.
The observed value df,,; = (7.9+ 1.4)x10-12 cm?® molecule! s~ is an upper limit tac because of the possibility of
secondary reactions giving rise to an increasing decay rate g6CH,O5 radicals.

(b) CH3SCH O, radicals were generated by the 248 nm pulsed laser photolysis of GEOMZISCHs-O2-N2 mixtures at 27
mbar total pressure, and the products HCl and HCHO were monitored by TDLAS. The importance of secondary reactions
(including from photolysis products of GG3CHg) was investigated experimentally and by computer modeling, and a yield
of HCHO from the self-reaction of C4CH,O, radicals of 0.9A- 0.08 was obtained by extrapolation to zero{S€Hs
concentration. The cited value of the rate coefficient was obtained from numerical modeling. It was concluded that the
reaction leads to formation of GG3CH,O radicals via pathway (2), with the GBCH,O radical rapidly decomposing to
form HCHO (and CHS).

Preferred Values

k =1.0x10711 cm® molecule? s~1 at 298 K.
kolk = 1.0 at 298 K.

Reliability

Alog k = £0.3 at 298 K.
A(kolk) = £0.3 at 298 K.

Comments on Preferred Values

The preferred value is an average of the measured overall rate coefficients of Wallington et al. (1993) and Urbanski et
al. (1997). The product data of Urbanski et al. (1997) show that the reaction proceeds by channel (2), and that the alkoxy
radical CHSCH,O decomposes: G3$CH,O — CH3S + HCHO. Reaction of the Gi%$ radical with the CHSCH,O, radical
could lead to an enhanced decay rate of theg®EH,O, radicals, and hence the preferred value of the rate coefficient is
rigorously an upper limit.

References

Urbanski, S. P., Stickel, R. E., Zhao, Z. and Wine, P. H.: J. Chem. Soc. Faraday Trans., 93, 2813, 1997.
Wallington, T. J., Ellermann, T. and Nielsen, O. J.: J. Phys. Chem., 97, 8442, 1993.
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1.A4.143
CH3SS + O3 — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(4.6+1.1)x10°13 300 Domire etal., 1992 ()

Comments

(a) Discharge-flow study. Photoionization mass spectrometry was used to mong&SQ#dicals. CkS radicals were
generated by Cl + C§6H, and CHSS was observed to be formed in the {S+source and thought to be due to thesSH
+ S, reaction on walls. [CHSS] was monitored in the presence of exces$dbtaink.

Preferred Values

k = 4.6x10713 cm® molecule'! s~1 at 298 K.
Reliability

Alogk = £0.3 at 298 K.

Comments on Preferred Values

The only available measurement (Doriet al., 1992) ok is accepted but substantial error limits are assigned until confir-
matory studies are made.

References

Dominé, F., Ravishankara, A. R. and Howard, C. J.: J. Phys. Chem., 96, 2171, 1992.
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I.LA4.144
CH3SS + NGO — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments

Absolute Rate Coefficients
(1.840.3)x10°11 297 Domire et al., 1990 (a)

Comments

(a) Fast-flow discharge study. @G8S radicals were produced as a by-product ogEladical production. C§S radicals
were produced by the Cl + 3$H reaction. CHSS was observed to be formed in the {SHsource and thought to be
due to the CHS + S reaction on walls. [CHSS] was monitored by photoionization mass spectrometry in excegss NO

Preferred Values

k =1.8x10711 cm® molecule'! s71 at 298 K.
Reliability

Alogk = £0.3 at 298 K.

Comments on Preferred Values

The study of Domi# et al. (1990) has provided the only available value for the rate coefficient of this reaction. This value
is accepted but with substantial error limits until confirmatory studies are made.

References

Doming, F., Murrells, T. P. and Howard, C. J.: J. Phys. Chem., 94, 5839, 1990.
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I.A4.145
CH3SSO + NG — products

Rate coefficient data

kicm® molecule? st Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(45+1.2)x10712 297 Domire et al., 1990 (a)

Comments

(a) Fast-flow discharge system with photoionization mass spectrometric detection of produgBS@Hhdicals were pro-
duced by CHSS + N@ — CH3SSO + NO. Mass 47 peak was monitored in excess Bl the contributions from
CH3S and CHSSO (from CHSSO + hy — CH3S"™ + e~ + SO) were separated by modeling using data from other mass
peaks.

Preferred Values

k = 4.5x10712 cm® molecule™® s™1 at 298 K.
Reliability

Alogk = £0.3 at 298 K.

Comments on Preferred Values

The study of Domi® et al. (1990) has provided the only available value for the rate coefficient of this reaction. This value
is accepted but with substantial error limits until confirmatory studies are made.

References

Doming, F., Murrells, T. P. and Howard, C. J.: J. Phys. Chem., 94, 5839, 1990.
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I.A4.146

O3 + CH3SCH3 — products

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments

Absolute Rate Coefficients
<8.3x10°19 296 Martinez and Herron, 1978 S-MS

Preferred Values

k < 1x10718 cm® moleculel s71 at 298 K.
Comments on Preferred Values

The preferred upper limit to the rate coefficient is based upon the sole study of Martinez and Herron (1978).

References

Martinez, R. |. and Herron, J. T.: Int. J. Chem. Kinet., 10, 433, 1978.
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I.A4.147

CIO + CH3SCHs — products

Rate coefficient data

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

(3.9+ 0.5)x10°14 298 Barnes etal., 1989 DF-MS

(9.54 2.0)x10°15 298+ 1 Barnesetal, 1991 DF-MS

Preferred Values

k = 9x10715 cm® moleculet st at 298 K.
Reliability

Alogk = £0.5 at 298 K.

Comments on Preferred Values

The two available measurements (Barnes et al., 1989; 1991) of this rate coefficient are from the same laboratory using
basically the same technique. In the earlier study (Barnes et al., 1989), wall effects were evident and it was recognized that the
rate coefficienk obtained was likely to be an upper limit. Better control of wall effects was obtained in the later study (Barnes
et al., 1991), and the rate coefficient obtained was preferred (Barnes et al., 1991). The reaction is usually assumed to product
CH2S(0)CH; + Cl but, although the sulfoxide has been detected (Barnes et al., 1989), no yields have been measured.

In view of the potential for heterogeneous wall reactions (as evident from the discrepancies between the two studies of
Barnes et al., 1989; 1991) the preferred value is based on the rate coefficient reported in the most recent study of Barnes e
al. (1991) but with substantial uncertainty limits. Clearly, further studies of this reaction as a function of temperature and
pressure are required.

References

Barnes, |., Becker, K. H., Martin, D., Carlier, P., Mouvier, G., Jourdain, J. L., Laverdet, G. and Le Bras, G.: “Biogenic Sulfur
in the Environment, edited by Saltzman, E. S. and Cooper, W. J.: ACS Symposium Series, No. 393, p. 464, 1989.
Barnes, |., Bastian, V., Becker, K. H. and Overath, R. D.: Int. J. Chem. Kinet., 23, 579, 1991.
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1.A4.148
BrO + CH3SCHs — Br + CH3S(O)CHs

Rate coefficient data

kicm® moleculet s71 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(2.65+ 0.65)x 1013 298 Barnes et al., 1989 DF-MS
(2.74+0.5)x10°13 298+1 Barnesetal., 1991 DF-MS
1.5x10 4 exp((845+ 175/T] 246-320 Bedjanianetal., 1996 DF-MS (a)
(2.74+0.2)x10°13 297
(4.40+ 0.66)x 10713 2954+ 2 Inghametal., 1999  PLP-A (b)

Comments

(a) CHsS(O)CH; was observed as a reaction product, with a measured formation yield at 320K and 1.3 mbar (1 Torr) total
pressure of 0.94 0.11.

(b) BrO radicals were generated by the reaction dFQatoms (formed from 248 nm photolysis of)avith Bry, and detected
by absorption at 338.3 nm. Experiments were carried out at 80, 133 and 267 mbar total pressure, with measured rate
coefficients of (4.4Gt 0.60) x 10713, (4.40+ 0.66)x 1013 and (4.36+ 0.65) x 10713 cm? molecule’® s~1, respectively.
Formation of CHS(O)CH; was observed, with a formation yield of 1.370.34.

Preferred Values

k = 4.4x10713 cm® molecule'! s71 at 298 K.
Reliability

Alogk = £0.3 at 298 K.

Comments on Preferred Values

The most recent measurement of the rate coefficient by Ingham et al. (1999) was carried out total pressures of 80-267
mbar, compared to the earlier measurements of Barnes et al. (1989; 1991) and Bedjanian et al. (1996), which were carried
out at 0.5-6.8 mbar pressure. The higher rate coefficient of Ingham et al. (1999) may then reflect a pressure dependence
of the rate coefficient at pressures bele80 mbar. The preferred value of the rate coefficient at 298K is taken from the
more atmospherically relevant study of Ingham et al. (1999). The uncertainty is sufficient to encompass the reported room
temperature rate coefficients of Barnes et al. (1989; 1991), Bedjanian et al. (1996) and Ingham et al. (1999). Until further
confirmation of the room temperature rate coefficient is obtained, no temperature dependence is recommended.

The reaction produces G8(O)CH; + Br as the dominant, if not only, products under the experimental conditions employed
(Bedjanian et al., 1996; Ingham et al., 1999). The reaction is postulated (Bedjanian et al., 1996; Ingham et al., 1999) to proceed
by:

BrO 4+ CH3SCH; <> [CH3S(OBr)CH3z]* — CH3S(O)CH3 + Br
References

Barnes, I., Becker, K. H., Martin, D., Carlier, P., Mouvier, G., Jourdain, J. L., Laverdet, G. and Le Bras, G.: Biogenic Sulfur in
the Environment, Saltzman, E. S. and Cooper, W. J.: ACS Symposium Series, No. 393, p. 464, 1989.

Barnes, |., Bastian, V., Becker, K. H. and Overath, R. D.: Int. J. Chem. Kinet., 23, 579, 1991.

Bedjanian, Y., Poulet, G. and Le Bras, G.: Int. J. Chem. Kinet., 28, 383, 1996.

Ingham, T., Bauer, D., Sander, R., Crutzen, P. J. and Crowley, J. N.: J. Phys. Chem. A, 103, 7199, 1999.
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1.A4.149
IO + CH3SCHz — | + CH3S(O)CHg

Rate coefficient data

kicm?® molecule? s72 Temp./K Reference Technique/Comments
Absolute Rate Coefficients
(3.0+1.5)x10° 11 296+ 2 Barnesetal., 1987 (a)
(154 0.5)x10711 298 Martin et al., 1987 DF-MS
<3.5x10° 298+ 2 Daykin and Wine, 1990 PLP-A (b)
(1.540.2)x10°14 298 Maguin et al., 1991 DF-MS
(8.84+ 2.1)x10°1° 298+1 Barnesetal., 1991 DF-MS
(1.6+0.1)x10° 1 298 Knight and Crowley, 2001 DF-MS

Comments

(@) Photolysis of N@-1,-CH3SCHs-N» mixtures. Photolytic production of &®) atoms from N@formed 10 radicals via the
reaction OfP) + I, — 10 + I. The concentrations of NO, NQOCH3SCHg, and CHSOCH; were followed as a function
of time by FTIR absorption spectroscopy. A computer fit of the measured product yields to a 16-step reaction mechanism
yielded the cited rate coefficient.

(b) 10 radicals were monitored by long-pathlength absorption at 427 nm.

Preferred Values

k =1.3x10"1* cm® molecule! s71 at 298 K.
Reliability

Alog k = £0.2 at 298 K.

Comments on Preferred Values

In the earlier studies of this reaction by Barnes et al. (1987) and Martin et al. (1987), erroneously high values were obtained
which are now believed to have been due to features of the secondary chemistry and heterogeneous processes occurring und
the conditions used. The three most recent studies (Maguin et al., 1991; Barnes et al., 1991; Knight and Crowley, 2001), using
basically the same technique, give much lower values but differ from each other by almost a factor of two. Support for these
lower values comes from the laser photolysis study by Daykin and Wine (1990), where an upper limit to the rate coefficient
was obtained which is some three orders of magnitude lower than those derived in the earlier studies of Barnes et al. (1987)
and Martin et al. (1987). In the most recent study of Knight and Crowley (2001), the initial 10 radical concentrations were
about an order of magnitude lower than employed by Maguin et al. (1991) and Barnes et al. (1991), and corrections for the
concurrent self-reaction of 10 radicals were not required in the data analysis (Knight and Crowley, 2001).

CH3S(0)CH; has been detected in a number of studies (Barnes et al., 1987; 1991; Martin et al., 1987; Maguin et al., 1991;
Knight and Crowley, 2001), and a semi-quantitative measurement of the yield by Barnes et al. (1991) gave a yield of 0.84
4+ 0.40. The preferred value is the mean of the rate coefficients of Maguin et al. (1991), Barnes et al. (1991) and Knight
and Crowley (2001), with the uncertainty being sufficient to encompass the rate coefficients measured in all three studies. A
temperature-dependent study of this reaction is needed.
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[.A4.150

OCS + hv — products

Primary photochemical processes

Reaction AH°/KImolrY  Aipresholdnm
OCS+hv — CO+SEP) (1) 308 388
— CO+SEiD) (2) 419 286

Absorption cross-section data

Wavelength range/nm  Reference Comments
185-300 Molina etal., 1981 (a)

Quantum yield data (¢ = ¢1 + ¢)

Measurement Wavelength/nm  Reference Comments

¢1/¢p2 = 0.055 222 Nanetal., 1993 (b)

¢ =1.04+0.09 248 Zhao etal., 1995 (c)
Comments

(a) Ata spectral resolution of 0.2 nm at temperatures of 295 and 225 K. Data were given in figures and tables showing values
averaged over 1 nm and averaged over wavelength intervals generally used in stratospheric photodissociation calculations
A value ofo,,,, = 3.27x10719 cn? molecule ! was determined at 223 nm.

(b) Pulsed laser photolysis of OCS at 222 nm. Doppler profile #Svas monitored by LIF at 147 nm. CO used to quench
SED). SCP,) yield of 0.050 relative to $D) obtained. S{P1) and SEPy) were not monitored but if they were present in
statistical amounts then total triplet yield = 0.055.

(c) Excimer laser flash photolysis of flowing OCS$-N2O and C(O)CG4-N2-N2O gas mixtures at 248 nm. Concentration
of CO was monitored by TDLS) was measured relative to the quantum yield for production of CO from photolysis of
C(O)Chb, which is known to be unity. Measurements were carried out at 297 K and pressures of 5-133 mbar (4 to 100
Torr) N2 + N2O.

Preferred Values

anm  1Fe/cn? (295K) 1CB/KL ¢

300 0.0009

295 0.0023 8.15

290 0.0077 11.3

285 0.0218 13.6

280 0.0543 13.85
275 0.1504 12.96
270 0.376 12.57
265 0.960 1.17
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Anm  1Fe/en? (295K) 168B/K1 ¢

260 2.52 111 1.0
255 6.64 9.31 1.0
250 16.5 7.46 1.0
245 38.2 6.00 1.0
240 81.3 451 1.0
235 153.6 3.09 1.0
230 243.8 2.01 1.0
225 310.4 1.32 1.0
220 304.8 0.835 1.0
215 241.6 0.323 1.0
210 150.8 —0.0756

205 82.0 —0.0868

200 39.3 0

195 20.2 0.950

190 39.7 5.61

185 190.3 4.83

Comments on Preferred Values

There is good agreement among all cross-section measuremehts:f8B0 nm obtained since 1970 (Molina et al., 1981;
Ferro and Reuben, 1971; Breckenridge and Taube, 1970; LeRoy et al., 1981; Rudolf and Inn, 1981; Locker et al., 1983; Wu
et al.,, 1999). The data of Molina et al. (1981) is the only data set that extends beyond 280 nm, and provides the basis of
the recommendation. The temperature dependence of the cross-sections of Molina et al. (1981) are desc¢ihed) by
o (1,295)exp[B{)(T-295)] whereT is in K and wavelength dependent values of B are taken from the Table above. This simple
parameterisation perfectly reproduces the data of Molina et al. (1981) at 225K and accurately reproduces the temperature
dependence of the Wu et al. (1999) data at 170 to 370kK-a30 nm.

The preferred overall quantum yield of 1.0 is based on results reported recently by Zhao et al. (1995). Results of all studies
indicate that S atoms are produced predominately in thB)3ectronically excited state. Sidhu et al. (1966) repodigieh >
0.74 and Breckenridge and Taube (1970) repogigdd = 0.744+ 0.04. Nan et al. (1993) reported/¢, = 0.055 which, when
combined with the preferred value ¢f= ¢1 + ¢2 = 1.0, yieldspo/¢ = 0.95.
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I.A4.151

Primary photochemical processes

CS; + hv — products

Reaction AHgggkImol™t  Athresholdnm
C+hv —CS Q) >277
—~ CS+SfP) (2) 432 281
—~ CS+S{D) (3) 543 223
Absorption cross-section data
Wavelength range/nm  Reference Comments
180-230 Chen and Wu, 1995 @)
187-230 Xu and Joens, 1993 (b)
185-220 Molina et al., 1981 (c)
188-213, 287.5-339.5 Ahmed and Kumar, 1992 (d)
271-374 Hearn and Joens, 1991 (e)
318-350 Wu and Judge, 1981 ()]
280-360 Wine et al., 1981 (9)
315-330 Leroy et al., 1983 (h)
Comments

(a) Spectral resolution 0.08 nm. Synchroton radiation was used as a continuum light source. Measurements were made a
203, 295, and 385K. Significant temperature effects and hot bands were observed. Results were presented in graphica
form in the paper but the authors can provide data points at 0.005 nm intervals on request.

(b) Spectral resolution of 0.2 nm. Deuterium lamp as continuum light source.

(c) As part of their study of the OCS spectrum. Spectral resolution of 0.2 nm. Results in graphical form.

(d) Spectral resolution of 0.2 nm. Ar-arc lamp as continuum light source.

(e) Spectral resolution 0.06 nm. Deuterium lamp as continuum light source. Results presented in graphical form in the paper

but the authors can provide data points at 0.02 nm intervals on request.

(f) Spectral resolution 0.06 nm. Synchroton radiation was used as a continuum light source.

(g) Spectral resolution 0.4 nm.

(h) Spectral resolution 0.2 nm.
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Preferred Values

anm  1F%/cnm?  a/nm  1F%/cm?  A/nm  1F%/cm?  A/nm  1G%/cn?

275 0.017 299 2.017 323 5.180 347 0.328
276 0.020 300 1.879 324 3.517 348 0.109
277 0.027 301 3.269 325 8.628 349 0.368
278 0.043 302 3.166 326 5.023 350 0.239
279 0.050 303 3.131 327 3.481 351 0.127
280 0.053 304 4.438 328 2.849 352 0.255
281 0.062 305 4.461 329 2.848 353 0.066
282 0.080 306 3.658 330 3.802 354 0.172
283 0.103 307 5.122 331 1.301 355 0.247
284 0.122 308 7.101 332 3.057 356 0.052
285 0.158 309 4.930 333 1.552 357 0.133
286 0.209 310 8.838 334 1.506 358 0.055
287 0.254 311 5.611 335 1.375 359 0.059
288 0.309 312 6.692 336 0.861 360 0.119
289 0.445 313 8.148 337 1.377 361 0.042
290 0.438 314 7.842 338 0.591 362 0.048
291 0.635 315 9.440 339 1.121 363 0.021
292 0.640 316 7.039 340 0.489 364 0.037
293 0.878 317 9.462 341 0.386 365 0.012
294 0.801 318 7.159 342 0.573 366 0.036
295 1.137 319 9.803 343 0.387 367 0.023
296 1.134 320 4.518 344 0.556 368 0.020
297 1.861 321 6.122 345 0.353 369 0.011
298 2.287 322 4.221 346 0.350 370 0.018

Quantum Yields
docs < 1.2x10~2 for 290-360 nm region in 1 bar air.
Comments on Preferred Values

The UV absorption spectrum of GShows two absorption bands @t 180-210 nm ands 290-340 nm, both have fine
structure superimposed on a continuum. The cross-sections in both bands display some temperature dependence (Chen ai
Wu, 1995; Wine et al., 1981) and dependence on instrumental resolution. The measurements of Hearn and Joens (1991) on th
absorption spectrum were carried out using similar conditions of temperature, resolution, pathlength, and gas pressure to thos
used by Wu and Judge (1981). In both cases the resolution used (0.06 nm) is higher than in the other studies. The values o
the cross-section obtained by Hearn and Joens (1991) are some 10-15% higher than those obtained by Wu and Judge (198
and there are minor differences in the band structures observed. The preferred values in the long-wavelength band are those ¢
Hearn and Joens (1991) whose data set covers the largest spectral region. The data listed are averaged over 1 nm intervals.

The recommended quantum yield for OCS production from the photoinitiated oxidationo,adhG$ is that reported by
Jones et al. (1983), which is in good agreement with the value estimated by Wine et al. (1981) from the earlier data of Wood
and Heicklen (1971) (i.epocs = 0.01-0.015). The recommended value might best be considered an upper limit since the
observed slow oxidation of the G8ould have been due, at least in part, to other mechanisms, possibly involving excited CS
(Goss et al., 1995).
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[.A4.152

Primary photochemical processes

CH3SSCH; + hv — products

Reaction

AHO/kJmO|_1 )\,thresh0|dnm

CH3SSCH — CH3SS + Ch

— 2CHsS

Absorption cross-section data

Wavelength/nm  Reference

(1) 238 502
2) 274 437
Comments

201-360

Hearnetal.,, 1990 (a)

Quantum yield data

Wavelength/nm  Reference

Comments

193-248

Barone et al., 1994 (b)

Comments

R. Atkinson et al.: Evaluated kinetic and photochemical data fpHOy, NOx and SQ

(a) Cary 2300 double beam UV spectrophotometer used with a resolution of 0.10 nm. Photolysig)Sik mixtures
at a constant pressure of 133 mbar (100 Torr). Temperature =30K.

(b) Primary quantum yields for formation of #§) and CHS(E) from photodissociation at excimer wavelengths 193, 222,
and 248 nm were measured, with H atom detection by RF angBQdtection by pulsed LIF.

Preferred Values

A/nm 1F% /cm?  a/nm  1G% /cm?
201 1053.0 280 49.8
205 850.0 285 36.0
210 630.0 290 25.15
215 312.0 295 17.06
220 138.7 300 11.27
225 85.6 305 7.24

228 (min)  82.3 310 4.57
230 84.2 315 2.85
235 96.0 320 1.79
240 110.0 325 1.09
245 120.7 330 0.67
250 125.4 335 0.38

251 (max) 125.6 340 0.22
255 123.3 345 0.14
260 113.9 350 0.07
265 99.3 355 0.04
270 82.7 360 <0.01
275 65.4

Atmos. Chem. Phys., 4, 1461-1738, 2004
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Comments on Preferred Values

The preferred values far are those of Hearn et al. (1990), which agree well with the earlier values cited in Calvert and
Pitts (1966). Sheraton and Murray’s spectrum (Sheraton and Murray, 1981) agrees qualitatively with the other studies, but the
reported absorption coefficients are significantly lower.

Barone et al. (1994) report the primary quantum yield forsSkproduction to be 1.6% 0.38 at 248 nm and 1.28 0.14 at
193 nm. These authors report that no H atoms were observed at 248 nm, and that at 193 and 222 nm H atom production wa:
only a minor process and could be due to sample impurities. These results and those of Balla and Heicklen (1984) indicate
that at wavelengths of importance to atmospheric photochemistry dissociation occurs primarily by S-S bond scission to give
2 CHsS. The significantly lower value af(CH3S) at 193 nm implies the existence of an additional channel at these short
wavelengths.
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[.A4.153

CH3SNO + hv — products

Primary photochemical processes

Reaction AHC/KImol Y Aipresholdnm

CH3SNO — CH3S+NO (1)
— CHz+SNO  (2)

Absorption cross-section data

Wavelength/nm  Reference Comments
190-430 Niki et al., 1983 (a)

Quantum yield data

No data available

Comments

(a) Cary 14 double beam spectrophotometer used; the spectral resolution was not reported. MeasuremesTts wiade
over the range 190-600 nm, but only the results in the range 190—-430 nm were given in graphical form. \@alaes of
2.4x10-20 and 5.8¢10-2° cm? molecule ! were quoted for 510 and 545 nm, respectively. Values given in the table were
taken from the graph. Temperature = 298 K.

Preferred Values

A/nm 10¥% /cn? A/nm 109 /cn?

190 5 310 14.9
195 104 320 18.5
200 (max) 162 330 21.3
205 91 335 (max) 21.6
210 (min) 81 340 215
215 98 350 19.6
218 (max) 104 360 16.5
220 96 370 12.7
225 73 380 9.6
230 40 390 6.7
240 16 400 4.5
250 35 410 2.9
260 1.7 420 2.0
264 (min) 15 430 1.3
270 1.8
280 2.7 510 0.24
290 5.2 545 0.58
300 9.3
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Comments on Preferred Values

The spectrum of CEBENO consists of a weak transition in the 500—-600 nm region showing some vibrational fine structure
and stronger continuous bands at shorter wavelengths (McCoustra and Pfab, 1987). sBhR@ldissociation energy has
been estimated (Benson, 1978) to be approximately 110 kJ'nwit because more reliable data are not available we do not
give wavelength limits for the dissociation channels tabulated.

The only available data far values in the gas phase appear to be those of Niki et al. (1983) who have published their results
mainly in the form of graphs covering the range 190—430 nm. Their published spectrum shows no fine structure but appears
to consist of overlapping continua with three maxima at approximately 200, 218 and 335 nm. The preferred vaingb®f
range 190-430 nm are taken from the graphs of Niki et al. (1983) and cannot be considered to be very precise. The two values
at 510 and 545 nm are numerical values quoted in the same study (Niki et al., 1983).

There have been no quantum yield measurements. By analogy wi§®®@ photolysis the primary products are expected
to be CHS and NO. This is supported by the work of McCoustra and Pfab (1987) who studied the photodissociation of
CH3SNO in a molecular beam and by the study of Niki et al. (1983) who foundSS€H; and NO to be the only major
products from CHSNO photolysis at 300—400 nm.
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Appendix A5: Enthalpy Data

Most of the thermochemical data have been taken from evaluations or reviews. In some cases, we have selected more recel
experimental data, which appear to be reliable. The error limits are those given by the original author or reviewer.

Species  AgHSggkdmol™t A HZ/kImol~t  Reference

H 217.9984+0.006  216.03: 0.006 Coxetal., 1989

Ho 0 0 Coxetal., 1989

OCP) 249.18+ 0.10 246.79% 0.10 Coxetal., 1989

o(D) 438.9 436.6 Domalskietal., 1978

O 0 0 Coxetal., 1989

0(1A) 94.3 94.3 Domalski et al., 1978
0(':) 156.9 156.9 Domalski et al., 1978

O3 142.7 145.4 Wagman et al., 1982

HO 37.20+ 0.38 36.914-0.38 Ruscic et al., 2001

HO, 14.6 Kerr and Stocker, 2000
H>O —241.8264+0.04 —238.924+0.04 Coxetal., 1989

H>Oo —-136.31 —130.04 Wagman et al., 1982

N 472.68+ 0.40 Cox et al., 1989

No 0 0 Coxetal., 1989

NH 352410 Piper, 1979

NHo 188.7+ 1.3 Kerr and Stocker, 2000
NH3 —45.944 0.35 Cox et al., 1989

NO 90.25 89.75 Wagman et al., 1982

NO» 33.18 35.98 Wagman etal., 1982

NO3 73.72+ 1.4 78.95+ 1.4 Dauvis et. al., 1993

N>O 82.05 85.500 Wagman et al., 1982
N>O4 9.1+1.7 18.7+£ 1.7 Chase, 1998

N»Os 11.3 Davis et al., 1993, Chase, 1998
HNO 112.95+ 0.25 110.02:- 0.25 Dixon, 1996

HNO> —-79.5 Wagman et al., 1982

HNO3 —135.06 —125.27 Wagman et al., 1982
HO>NO> -52.7+8 Sander and Peterson, 1984
CH 596.4+ 1.2 Kerr and Stocker, 2000
CH2(®B1) 390.4+ 4 Kerr and Stocker, 2000
CHx(*A1) 428.3+ 4 Kerr and Stocker, 2000
CHs 146.4+ 0.4 Kerr and Stocker, 2000
CHg4 —-74.81 —66.818 Wagman et al., 1982

CN 441.4+ 4.6 Kerr and Stocker, 2000
HCN 135+ 8 Chase, 1998

HCO 43.1 Becerra et al., 1997, Chuang et al., 1987
CH>O —108.6 —104.7 Domalskietal., 1978
CH30 17.2+ 3.8 Kerr and Stocker, 2000
CH,OH -17.8+ 1.3 —11.5+ 1.3 Johnson and Hudgens, 1996
CH3OH —201.6+0.2 Cox and Pilcher, 1970

(6{0) —110.53+ 0.17 Cox et al., 1989

NCO 127.0 Kerr and Stocker, 2000
HOCO —217 +10 —205+ 10 Kerr and Stocker, 2000, Fulle et al.,1997
HCOOH —-378.840.5 —371.6 Cox and Pilcher, 1970
CH,OO0H 46 Tyndall et al., 2001

CH30, 9.0+5.1 Kerr and Stocker, 2000
CH300H —-131 Chase, 1998

HOCHxO; —-162.1+ 2.1 Lightfoot et al., 1992
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Species A fHsogkd mol=t A Hg/kImol~1  Reference
CH30ONO —65.3 Benson, 1976
CH3ONO, —-119.7 Benson, 1976
CH30,NO» —44 Patrick and Golden, 1983
CO; —393.51+ 0.13 Cox et al., 1989
CoH 566.1+ 2.9 Kerr and Stocker, 2000
CoHo 228.0+1.0 Cox and Pilcher, 1970
CoH3 300.0+ 3.4 Kerr and Stocker, 2000
CoHy 52.24+1.2 Cox and Pilcher, 1970
CoHs 120.9+ 1.6 Kerr and Stocker, 2000
CoHg —-84.0+ 0.2 Cox and Pilcher, 1970
CH>CN 243,14+ 11.3 Kerr and Stocker, 2000
CH3CN 74.0 Lide, 2000
CH,CO —47.7+ 1.6 Nuttal et al., 1971
CH3CO -10.0+ 1.2 Kerr and Stocker, 2000
CH,CHO 10.5+9.2 Kerr and Stocker, 2000
CH=CHOH 1204+ 10 Fulle et al., 1997
CH3CHO —165.8+ 0.4 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CoHs0 —-15.54+ 3.4 Kerr and Stocker, 2000
CyH4OH —23+6 Fulleetal., 1997
CH3CHOH -51.6 Kerr and Stocker, 2000
C,oHs0OH —234.8+ 0.2 Cox and Pilcher, 1970, Pedley and Rylance, 1977
(CHO) —211.9+0.8 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CH3CO, —207.5+ 4 Kerr and Stocker, 2000
CH3COH —432.14+ 0.4 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CH3CHOOH 2.0 Tyndall et al., 2001
CoH50; —27.4+9.9 Kerr and Stocker, 2000
C,Hs00H —172.0 Tyndall et al., 2001
CH300CH; —125.7+1.3 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CH3C(O)O», —-172+ 20 Kerr and Stocker, 2000
CH3C(O)OOH -337 Tyndall et al., 2001
CoHs0ONO —103.8 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CoHs50NO, —154.1+ 1.0 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CoH50,NO2 —63.2 Destriau and Troe, 1990
CH3C(O)O:NO, —2584 22 Bridier et al., 1991
CH,=CHCH, 170.7+ 8.8 Kerr and Stocker, 2000
CsHg 20.2+ 0.4 Cox and Pilcher, 1970, Pedley and Rylance, 1977
n-CsHy 100.8 + 2.1 Kerr and Stocker, 2000
i-C3H7 86.6+ 2.0 Kerr and Stocker, 2000
CsHs —104.5+ 0.3 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CoHs5CO —-32.3+4.2 Berkowitz et al., 1994, Watkins and Thompson, 1973
CH3C(0O)CH,00 —-162.0 Tyndall et al., 2001
CH3COCH; —23.9+10.9 Kerr and Stocker, 2000
CoHsCHO —187.4+ 15 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CH3COCH; —-217.2+ 04 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CH3C(O)CH,OH —367 Tyndall et al., 2001
CH3C(O)CH,OO0H —-308 Tyndall et al., 2001
CH3C(O)CHO —-271 Tyndall et al., 2001
CH3C(O)COOH -531 Tyndall et al., 2001
C3HgOH —74 Benson, 1976
n-CzH;0 —-41.4 Kerr and Stocker, 2000
i-C3H70 -52.3 Kerr and Stocker, 2000
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Species A fHggkd mol=t A HS/kImol~!  Reference
i-C3H7OH —272.5+ 0.4 Cox and Pilcher, 1970, Pedley and Rylance, 1977
CH3COCHO —271.1+ 4.7 Cox and Pilcher, 1970, Pedley and Rylance, 1977
C3H50, 87.94+5.5 Kerr and Stocker, 2000
i-C3H70» —-68.8+ 11.3 Kerr and Stocker, 2000
n-C3H7;ONO, -174.1+1.3 Cox and Pilcher, 1970, Pedley and Rylance, 1977
i-C3H7ONO, —-190.84+ 1.7 Cox and Pilcher, 1970, Pedley and Rylance, 1977
n-C4Hg 80.94+2.2 Kerr and Stocker, 2000
s-CHg 66.7+ 2.1 Kerr and Stocker, 2000
n-C4H10 —-125.7+ 0.4 Cox and Pilcher, 1970
n-CsH;CHO —211.84+0.9 Wiberg et al., 1991
CH3COGHs5 —238.54+ 0.5 Cox and Pilcher, 1970
n-C4HgO —62.8 Kerr and Stocker, 2000
s-G4HqO —69.54+ 3.3 Kerr and Stocker, 2000
S 277.174 0.15 Cox et al., 1989
HS 143.01+ 2.85 142.55+ 3.01 Nicovich et al., 1992
H.S —-20.6+0.5 Cox et al., 1989
HSO -4 Kerr and Stocker, 2000
SO 5.0+ 1.3 5.0+ 1.3 Chase, 1998
HSO, —222 Kerr and Stocker, 2000
SO, —296.81+ 0.20 Cox et al., 1989
HOSO —385 Kerr and Stocker, 2000
SOs —395.72 —389.99 Wagman et al., 1982
HSNO 94 Black et al., 1984
CH3S 124.604+ 1.84 Nicovich et al., 1992
CH3SH —22.9+0.6 Pedley et al., 1986
CH3SCH, 136.8+ 5.9 Kerr and Stocker, 2000
CH3SCH; —-37.24 —21.058 Wagman et al., 1982
Cs 278.5+ 3.8 Kerr and Stocker, 2000
CH3SO —67+10 see note 'a’ (end of refs)
CH3S00 75.7+ 4.2 87.9+ 4.6 Turnipseed et al., 1992
ocCs —142.09 —142.218 Wagman et al., 1982
S, 128.60 Cox et al., 1989
CH3SS 68.6+ 8 Kerr and Stocker, 2000
CH3SSCH —-24.3 Benson, 1978
CS 117.36 116.57 Wagman et al., 1982
HOCS 110.5+ 4.6 Murrells et al., 1990
F 79.38+ 0.30 Cox et al., 1989
HF —273.30+£ 0.70 Cox et al., 1989
HOF —-98.3+4.2 —95.44-4.2 Chase, 1998
FO 109+ 10 108+ 10 Chase, 1998
FO, 254+ 2 27.24+2 Chase, 1998
FONO 67 see note 'b’ (end of refs)
FNO, -108.8 Patrick and Golden, 1983
FONG, 10 18 Chase, 1998
CHyF -31.84+8.4 Kerr and Stocker, 2000
CHsF —-232.6 Kolesov, 1978
CH3CHoF —263+2 Lias et al., 1988
HCOF —392.54+ 6.3 Zhao and Francisco, 1990
FCO —152.1+ 12 —1724+63 Kerr and Stocker, 2000
F> 0 0 Coxetal., 1989
CHR —238.94+ 4 Kerr and Stocker, 2000
CHyF, —453+8 Lias et al., 1988
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Species A fHsogkd mol=t A Hg/kImol~!  Reference

CH3CHR -501+6 Lias et al., 1988

Ckh —184.1+ 8.4 Kerr and Stocker, 2000
COR —634.7 —631.57 Wagman et al., 1982
CHR3 —697.6 Lias et al., 1988

CR —466.1+ 3.8 Kerr and Stocker, 2000
CHyCR; —-517.1+£5.0 Kerr and Stocker, 2000
CH3CRs —748.7+ 3.2 Kolesov and Papino 1983
CH,FCHR, —691+ 10 Kolesov and Papino 1983
CRO —655.64+ 6.3 Batt and Walsh, 1982
CROH —923.4+ 134 Chyall and Squires, 1996
CROF —785 Lias et al., 1988

CR0O, —614.0+15.4 Lightfoot et al., 1992
CRCO:H —-1031 Pedley et al., 1986
CR0O,2NO» —686 Destriau and Troe, 1990
CKy —933 —927 Rodgersetal., 1974

Cl 121.301+ 0.008 Cox et al., 1989

HCI —-92.31+0.10 Cox etal., 1989

HOCI —-78 —75 Domaski et al., 1978, Molina and Molina, 1978
Clo 101.63+ 0.1 Chase, 1998

CIOoO 97.457 99.128 Baeretal., 1991

OCIO 94.6+ 1.3 Nickolaisen et al., 1994
sym-CIG; 217.24+ 21 Colussi et al., 1992

CINO 51.7 53.6 Chase, 1998

CINO, 12.5 17.95 Wagman et al., 1982
CIONO 56 Patrick and Golden, 1983
CIONO, 22.94+2.2 Anderson and Fahey, 1990
CH)CI 117.3+ 3.1 Kerr and Stocker, 2000
CH,CIO, —5.1+13.6 Kerr and Stocker, 2000
CH3Cl —81.964 0.67 —74.04+ 0.67 Rodgersetal., 1974
CH3OCI —64.4+6.2 Jung et al., 2000

CHRCI —483.74+ 5.9 Chenetal., 1976
CH3CHFCI —-313.4+2.6 Kolesov and Papino, 1983
CH3CRCI —-536.2+ 5.2 Kolesov and Papino, 1983
Cico —-21.8+ 25 —23.4+ 2.9 Nicovich et al., 1990
COFcCI —427 —423 Chase, 1998

CFCI 31.0+ 134 Kerr and Stocker, 2000
CRCI —279.14+ 8.3 Kerr and Stocker, 2000
CRCIO2 —406.5+ 14.6 Lightfoot et al., 1992
CFRCIOoNO, —480 Koppenkastrop and Zabel, 1991
CRCl —707.94+ 3.8 —702.84 3.8 Chenetal., 1976

Cl» 0 0 Coxetal., 1989

ClbO 77.2+ 3.4 Thorn et al., 1996

Cl,0Oo 127.6+ 2.9 Nickolaisen et al., 1994
Cl,03 153 Burkholder et al., 1993
CCl 230.1+ 8.4 Kerr and Stocker, 2000
CHCl 89.0+ 3.0 Kerr and Stocker, 2000
CHCILO, -19.2+ 11.2 Kerr and Stocker, 2000
CH.Cl» —95.44+0.8 —88.5+ 0.8 Rodgersetal., 1974
CHFCh —284.94+ 8.8 Chenetal., 1976

COCb —220.1 —218.4 Chase, 1998

CFCb —89.14+ 10.0 Kerr and Stocker, 2000
CFCLO, —-213.7 Kerr and Stocker, 2000
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Species A fHsogkd mol=t A Hg/kImol~!  Reference
CFChO2NO; —287.4 Koppenkastrop and Zabel, 1991
CRCl» —493.3+25 —489.1+ 2.5 Chenetal., 1976
CH,CICR,CI —5434+10 Lias et al., 1988
CRCHCl, —7404 10 Lias et al., 1988
CRCICHFCI —7244+10 Lias et al., 1988
CRCICRCI —925.5+ 4.3 Kolesov and Papino, 1983
CCl3 71.1+ 25 69.9+ 2.5 Hudgensetal.,, 1991
CCl302 —20.9+ 8.9 Kerr and Stocker, 2000
CCI302NO2 —-83.7 Koppenkastrop and Zabel, 1991
CHCl3 —-103.3+1.3 Chase, 1998
CoHCl3 —7.78 —4.318 Wagman et al., 1982
CH3CClz —144.6+ 0.8 Kolesov and Papino, 1983
CFCk —284.94+1.7 —281.1 Chenetal., 1976
CRCICFCh —726.84+2.8 Kolesov and Papino, 1983
CCly —95.8+ 0.6 —93.6+ 0.6 Rodgersetal., 1974
CyCly -12.4 —11.9 Chase, 1998
CoCls 335+54 33.9+ 6.3 Nicovich et al., 1996
Br 111.8740.12 Cox et al., 1989
HBr —36.2940.16 Cox et al., 1989
HOBr > —56 Ruscic and Berkowitz, 1994
BrO 119.7+ 5.9 Bedjanian et al., 1997
OBrO 163.9+-4.4 172.9+- 4.4 Klemm etal., 2001
BrOO 108+ 40 116440 Chase, 1998
BrNO 82.17 91.46 Wagman et al., 1982
BrONG, 42.3+8 Orlando and Tyndall, 1996
CHoBr 169.0+ 4.2 Kerr and Stocker, 2000
CH3Br -38.1+ 1.3 Cox and Pilcher, 1970
CH.CIBr —20+7 Skorobogatov et al., 1996
CRsBr —650 Lias et al., 1988
CR,CIBr —438+ 8 Lias et al., 1988
BrCl 146+ 1.3 22.1+ 1.3 Chase, 1998
Br2(g) 30.91 Cox et al., 1989
Br,O 107.1+£ 3.5 Thorn et al., 1996
Br,0O» 181+ 12 Harwood et al., 1998
CHBr, 188.3+ 9.2 Kerr and Stocker, 2000
CHBr» —-11.1+5.0 Bickerton et al., 1984
CFBry —-379+ 8 Lias et al., 1988
CRBrCrBr —789.9 Kolesov and Papino, 1983
CHBr3 23.8+ 4.5 Bickerton et al., 1984
I 106.764 0.04 Cox et al., 1989
HI 26.50 Cox et al., 1989
HOI —69.6+5.4 —64.9 Berry etal., 1998, Misra and Marshall, 1998
10 115.9+ 5.0 Bedjanian et al., 1997
(][] 76.7+ 15 Mistra and Marshall, 1998
INO 121.3+4.2 124.3t 4.2 van den Bergh and Troe, 1976, Hippler et al., 1977
INO2 60.2+ 4.2 66.5+ 4.2 van den Bergh and Troe, 1976, Hippler et al., 1977
IONO> 704+ 16 Allan and Plane, 2002
CHol 230.1+ 6.7 Kerr and Stocker, 2000
CHasl 14.2+ 0.9 Cox and Pilcher, 1970
CRsl —-589.14+-3.3 Chase, 1998
CHCII ~7.1 Kolesov, 1978
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Species A H3qgkd mol=t A HS/kImol~! Reference

CHoBrl ~61.9 Kolesov, 1978

ICI 1754+ 0.1 19.1+ 0.1 Chase, 1998

IBr 40.9+0.1 49,8+ 0.1 Chase, 1998

12(9) 62.424+ 0.08 Cox et al., 1989

CHoal» 118+ 4 Kudchadker and Kudchadker, 1978
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